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Preface to the 2nd edition

Fibre optic communications continues to be a key enabler for industrial develop-
ment, economic progress and the shaping of modern society. Despite the tremen-
dous achievements over the past twenty years there is a strong demand for further
advances. Overall data traffic will continue to grow strongly, optical communica-
tion technologies will move closer to the end user, optical technologies will take a
central role in (intra) data centre information exchange. However today’s communi-
cations and data centres already account for a few percent of the world’s total usage
of electrical energy and this is projected to continue increasing. Going forwards, the
cost of optical communication has to go down and energy efficiency must improve.
In order to achieve these goals, significant R&D effort is being spent on improving
performance of key components as well as lowering device size and fabrication cost,
and this trend is predicted to go on in the years to come.

As a consequence of the significant progress made in virtually all fields during
the last few years, we considered a 2nd updated edition of the book Fibre Optic
Communication–Key Devices appropriate some four years after the appearance of
the 1st edition. We would like to recognise the great engagement of the many con-
tributors and the publisher in making this revised book available. Existing chapters
have been appropriately updated and a few new chapters have been added in appre-
ciation of topics that have received particular attention and have made substantial
progress during the past few years.

Spatial division multiplexing (SDM), including mode division multiplexing, is
among the fields which have experienced rapid development recently. Its promise is
to enable improved cost and energy efficiency, and its implementation requires spe-
cific device developments, in particular SDM fibres and dedicated fibre amplifiers
and de/multiplexers. SDM is treated in a chapter in its own right and in SDM-related
sections in the chapters on optical fibres and fibre amplifiers as well.

Higher order modulation (HOM) formats represent another topic which has wit-
nessed tremendous advancement. Dedicated optical devices combined with exten-
sive electronic signal processing have lead to spectral efficiencies in the tens of
bit/s/Hz. As a result of the remarkable achievements related to HOM formats, the
corresponding chapter has been rewritten rather than updating the respective chapter
of the 1st edition.

v
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Photonic integration is considered a promising approach towards realizing higher
device functionality at lower cost and with lower power consumption, and various
paths are currently being pursued:

Hybrid photonic integration, which is essentially an optical micro-assembly tech-
nology, has been pursued for about two decades already and has achieved remark-
able results using different dielectric waveguide platforms, and therefore a new, ded-
icated chapter has been included in this 2nd edition.

A particular hot topic in photonics is ‘Silicon Photonics’, i.e. silicon-on-insulator
(SOI) based chips with optical functionality. A large number of exciting results have
been reported recently including improved performance of individual subcompo-
nents as well as higher levels of integration. Promising applications have emerged
in various fields, amongst them optical rack-to-rack-, chip-to-chip, and optical on-
chip interconnects. The corresponding chapter of the 1st edition focusing on silicon
photonic sources has been updated including a new section on modulators, and a
new chapter addressing key passive devices and detectors has been added to the
book.

A third path towards higher functionality and lower chip cost is monolithic in-
tegration using III–V semiconductors, primarily indium phosphide along with its
lattice-matched ternary and quaternary compounds. In contrast to Si Photonics this
approach enables the full monolithic integration of lasers and related device struc-
tures with detectors, modulators and passive functionalities. A newly written chapter
is devoted to this integration platform, particularly highlighting generic fabrication
of photonic integrated circuits following a foundry model.

“Optical switching” is a generic term which covers an extremely wide range of
techniques and solutions, ranging from simple and slow network protection to all-
optical switching. It is a topic which justifies corresponding books in their own right,
and an in-depth treatment would have been beyond the scope of the present book.
However, the range of devices treated in the 1st edition has been complemented by
a new chapter on optical switches. The chapter covers generic aspects such as larger
switching matrices and wavelength selective switches, and implementations includ-
ing opto-mechanical-, liquid crystal-, planar lightwave- and in particular MEMS
based switches. Beyond these expansions of the scope of the 1st edition, two top-
ics have no longer been considered in the 2nd edition: optical signal processing for
high-speed data transmission. In the editors’ opinion the corresponding concepts
have not experienced major progress during the last few years, and there are no
signs that such techniques may find practical applications in the near to medium
future. The chapter on optical networks is also no longer included in the book, as
there is currently significant development across multiple network domains, and it
is difficult to do the subject justice in one chapter. Access networks are seeing new
standardisation for NG-PON2, new concepts are emerging for SDM fibre, and in-
creasing levels of software defined and data centric networking. Covering all these
topics requires a book in its own right and so the editors have decided to leave this
field out.

The overall structure will essentially be similar to that of the 1st edition: The
introductory chapter on space division multiplexing is followed by a chapter on the
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optical fibre, the fundamental building element of any fibre optic communication
system. The chapter covers fundamentals, key properties of all relevant kinds of
fibre and most recent developments for SDM applications as well.

The next three chapters focus on InP semiconductor based lasers. The first of
them covers fundamental aspects and various kinds of 1.3–1.6 µm laser structures
including recent results on vertical cavity surface emitting lasers (VCSELs), and
a section on semiconductor optical amplifiers (SOA) as well. The latter replaces
the SOA chapter of the 1st edition and takes advantage of many common aspects
between lasers and SOAs. The following two laser related chapters treat ultrafast
laser sources and widely tunable laser diodes.

A chapter on photodetectors as the key elements on the receiver side is followed
by chapters on those elements which enable advanced fibre optic communication
systems with highest spectral efficiency and transmission capacity: semiconductor-
based modulators and higher order modulation formats.

The next few chapters are dedicated to wavelength filters, optical switches, pas-
sive devices including optical circulators and optical isolators, and fibre amplifiers.
The four chapters focusing on photonic integration conclude the book.

Altogether, the book follows the same principles as in the case of the 1st edi-
tion: the treatment of the topics of the individual chapters start from the fundamen-
tal physics before moving on to generic devices and commercially available im-
plementations, and covers solutions under current development before highlighting
new research directions.

The editors would like to express their deepest thanks to all the renowned authors
for their extreme engagement and their valuable time spent on writing the individual
chapters. It is them who made it possible to edit a book covering such a wide range
of diverse topics and presenting a high-level, up-to-date overview with the most
recent accomplishments. We are also very grateful to the publisher Springer Verlag,
and in particular Claus Ascheron, for their continuous support and encouragement.

Herbert Venghaus
Norbert Grote

Berlin, Germany
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APC angled physical contact connector
APC automatic power control
APD avalanche photodiode
AR antireflection
ASE amplified spontaneous emission
ASIC application specific integrated circuit
ASK amplitude-shift keying
AWG arrayed waveguide grating
AWGN additive white Gaussian noise

BB building block
BCB benzocyclobutene
BCH Bose-Chaudhuri-Hocquenghem
BDP beam displacing prism
BER bit error rate, bit error ratio
BH buried-heterostructure
BiCMOS biploar complementary metal-oxide semiconductor
BOX buried oxide layer
BPSK binary phase-shift keying
BR buried ridge
Bref reference bandwidth
BRS buried ridge stripe
BTC block turbo code
BTJ buried tunnel junction
BW bandwidth
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Ĉ Shannon capacity
C:YIG Ce substituted yttrium iron garnet
CAGR cumulated annual growth rate
CapEx capital expenditure
CB conduction band
CCD charge-coupled device
CD chromatic dispersion
CDL core dependent loss
CDP carrier density pulsation(s)
CFO carrier frequency offset
CFP compact form-factor pluggable (100G optical transceiver)
CIL coupler insertion loss
CL cylindrical lens
CLIPP contactless integrated photonic probe
CMA constant modulus algorithm
CMCF coupled multi-core fibre
CML chirp managed laser
CMOS complementary metal oxide semiconductor
CMP chemical mechanical polishing
CPE carrier phase estimation
CRM cylindrical reflective mirror
CRx coherent receiver
CSDFB curved stripe DFB (laser)
CTE coefficient of thermal expansion
CVD chemical vapour deposition
CW continuous wave
CWDM coarse wavelength division multiplexing

DA data aided
DAC digital-to-analogue converter
DBR distributed Bragg reflector
DC direct current
DCF dispersion compensated/-ing fibre
DCG dispersion-compensating (fibre Bragg) grating
DD decision directed least mean square
DD dual-drive
DDR dual-depletion region (photodiode)
D-EML dual-EML
DEMUX demultiplexer
DER dynamic extinction ratio
DFB distributed feedback
DGD differential group delay
DM discrete mode
DMA differential mode attenuation
DMD differential mode delay
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DMG differential modal gain
DML directly modulated laser
DMT discrete multi-tone
DMX de-multiplexing
DNL differential nonlinearity
DoF degree-of-freedom
DOS digital optical switch
DP dual polarization
DP-QPSK dual polarization quadrature phase-shift keying
DPSK differential phase-shift keying
DQPSK differential quadrature phase shift keying
DR distributed reflector
DRA distributed Raman amplifier
DRC design rule check
DS-DBR digital supermode distributed Bragg reflector
DSF dispersion shifted fibre
DSP digital signal processing/processor
DUV deep UV (lithography)
DVI digital visual interface
DVS-BCB divinylsiloxane-bis-benzocyclobutene
DWDM dense wavelength division multiplexing

E/E electrical/electrical
E/O electrical/optical
EA electroabsorption
EAM electroabsorption modulator
Eb energy per bit
EDFA erbium-doped fibre amplifier
E-FEC enhanced forward error correction
EIC extended wavelength independent coupler
EL electroluminescence
EMB effective modal bandwidth
EMBc effective modal bandwidth, computed
EML electroabsorption modulated laser
EML externally modulated laser
ENOB effective number of bits
EO electro-optic
ER extinction ratio
Es energy per symbol
e-XFP extended XFP
EXNOR exclusive-NOR

F-ADC flash-analogue-to-digital converter
FBC fused biconical coupler
FBG fibre Bragg grating
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FCA free carrier absorption
FDE frequency domain equalizer
FDM frequency division multiplexing
FEC forward error correction
FEM finite element method
FIC full range wavelength independent coupler
FIN finesse
FIR finite impulse response (filter)
FM frequency-shift keying modulation
FMF few-mode fibre
FO fibre-optic
FOM figure of merit
FP Fabry-Pérot (cavity)
FPI Fabry-Pérot interferometer
FPR free propagation region
FRP fibre glass reinforced plastic
FSR free spectral range
FTT fast Fourier transform
FTTH fibre-to-the-home
FTTX, FttX fibre-to-the-X, X = curb, building, home
FWHM full width half maximum

GbE Gigabit Ethernet
GC gain chip
GCSR grating-assisted codirectional coupled sampled grating reflector

(laser)
GDR group delay ripple
GE Gigabit Ethernet
GFF gain-flattening filter
GI graded index
GI-POF graded-index POF
GN Gaussian noise
GRIN graded index (lens)
GSG/GS ground-signal-ground/ground-signal
GTI Gires-Tournois interferometer
GVD group velocity dispersion

HBT heterojunction bipolar transistor
HCPS hexagonal close-packed structure
HCSEL horizontal cavity surface emitting laser
HD hard decision
HDMI high-definition multimedia interface
HFFR halogen free fire retardant
HH heavy hole
HNA high numerical aperture (fibre)
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HOM higher order mode
HOM higher order modulation
HPLD high-power laser diode
HR high reflection/reflectivity
HR-XRD high-resolution X ray diffraction
HSEP heterogeneous silicon evanescent platform
HWP half-wave plate

I in-phase
I2E impact ionization engineering
IA implementation agreement
IC integrated circuit
ICE impedance control electrode
ICP inductively coupled plasma (etching)
ICT Information and Communication Technology
IDM integratable discrete mode
IEC International Electrotechnical Commission
IFB integrated feedback
IIR infinite impulse response (filter)
IL insertion loss
IM intensity modulation
INL integral nonlinearity
IPDR input power dynamic range
IQ in-phase and quadrature, in-phase/quadrature
ISI inter-symbol interference
ITLA integrated tunable laser assembly
ITO indium tin oxide
ITRS International Technology Roadmap for Semiconductors
ITU International Telecommunication Union
ITU-T ITU- Telecommunication Standardisation Sector

LC liquid crystal
LC long cavity
LCoS liquid crystal on silicon
LD laser diode
LDPC low density parity check code
LE lumped element
LED light emitting diode
LH light hole
LISEL lens integrated surface emitting laser
LIV light-current-voltage
LMS least mean square
LO local oscillator
LP linear(ly) polarized
LPCVD low-pressure CVD
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LPE liquid phase epitaxy
LPG long-period FBG
LPIN lateral p-i-n (photodiode)
LR low-reflectivity
LSB least significant bit
LSZH low smoke zero halogen
LTOPA low-temperature oxygen plasma-assisted
LW long-wavelength
LWPF long wavelength pass filter

MAP maximum-a-posteriori
MBE molecular beam epitaxy
MCF multi-core fibre
MCS multi-cast switch
MC-SMF multi-core single-mode fibre
MCVD modified chemical vapour deposition
MDGD modal differential group delay
MDL mode-dependent loss
MEMS micro-electro-mechanical system
MESFET metal-semiconductor field-effect transistor
MFD mode field diameter
MIMO multiple-input-multiple-output
MLA micro lens array
MMF multimode fibre
MMI multimode interference
MOF micro-structured optical fibre
MOMBE metal-organic MBE
MOVPE metal-organic VPE
MPD monitor photodiode
MPW multi-project wafer
M-QAM number of symbol (M)-quadrature amplitude modulation
MQW multiquantum well
MR microring
MRR microring resonator
MSA multi-source agreement
MSB most significant bit
MSK minimum-shift keying
MSL microstrip line
MSM metal-semiconductor-metal
MUTC modified uni-travelling-carrier (photodiode)
MUX multiplexer
MWIR mid-wave infrared/medium wavelength infrared
MWP microwave photonics
MZ Mach-Zehnder
MZDI Mach-Zehnder delay interferometer
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MZI Mach-Zehnder interferometer
MZM Mach-Zehnder modulator

NA numerical aperture
NCG net coding gain
NF noise figure
NRZ non-return-to-zero
NZDSF non-zero dispersion-shifted fibre

O/E opto/electrical
OADM optical add-drop multiplexer
OBFN optical beam-forming network
ODB optical duobinary
OEIC opto-electronic integrated circuit
OEO opto-electronic-optical/optical-electrical-optical
OFDM orthogonal (optical) frequency division multiplexing
OFE optical front end
OFL over-filled launch (condition)
OH overhead
OIF Optical Internetworking Forum
OLT optical line terminal
OMi (i = 1,2,3,4) special classes of multi-mode fibre
ONU optical network unit
OOK on-off keying
OPGW optical ground wire
ORR optical ring resonator
ORS one-ring structure
OSNR optical signal to noise ratio
OSNRRX optical signal to noise ratio receiver sensitivity
OSR optical spectrum reshaper
OSSB optical single-sideband
OTDR optical time-domain reflectometry
OTN optical transport network
OTU optical transport unit
OVD outside vapour deposition

PAM pulse amplitude modulation
PAM4 4-level amplitude modulation
PAN parallel aligned nematic
PBG photonic bandgap
PBS polarization beam splitter
PC physical contact (-polished connector)
PCG planar concave grating
PCI peripheral component interconnect
PCVD plasma chemical vapour deposition
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PD photodiode
PDA partially-depleted-absorber (photodiode)
PDG polarization dependent gain
PDK process design kit
PDL polarization dependent loss
PDM polarization division multiplexing
PECVD plasma-enhanced chemical vapour deposition
PER polarization extinction ratio
PF fibre launch power
PFL passive feedback laser
PIC photonic integrated circuit
PI-IL path-independent insertion loss
PL photoluminescence
PL pipeline
PLC planar lightwave circuit
PM polarization maintaining (fibre)
PMC polarization multiplexing circuit
PMD polarization mode dispersion
PMMA polymethylmethacrylate
PM-QPSK polarization-multiplexed QPSK
POF plastic optical fibre
PON passive optical network
Popt optimum fibre launch power
PRBS pseudorandom bit/binary sequence
PS polarization splitter
PS polarization switch
PSK phase-shift keying
PSM4 parallel single-mode 4-lane
PSTFE polarization splitting thin film element
PVTEM plain-view transmission electron microscope
PWC printed wiring chip
PWG passive waveguide

Q quadrature
QAM quadrature amplitude modulation
QCSE quantum-confined Stark effect
QD quantum dot
QPSK quadrature phase-shift keying
QW quantum-well
QWI quantum-well intermixing

R&D research and development
r.m.s. root mean square
RAP right angle prism
Rc code rate
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Rc raised cosine
RCE resonant cavity enhanced (photodetector)
RF radio frequency
RFPD refracting facet photodiode
RIE reactive ion etching
RL return loss
ROADM reconfigurable optical add-drop multiplexer
RS Reed Solomon
RS ridge shape
Rs symbol rate
RSOA reflective semiconductor optical amplifier
RTA rapid thermal annealing
RW ridge waveguide
RWG ridge waveguide
Rx receiver
RZ return-to-zero
RZ-DPSK return-to-zero differential phase-shift keying
RZ-DQPSK return-to-zero differential quadrature phase-shift keying

SACM SAM APD including a charge layer
SAE selective area epitaxy
SAG selective area growth
SAM separate absorption and multiplication (APD)
SAR successive approximation register
SBS stimulated Brillouin scattering
SCEEL short-cavity edge-emitting laser
SC-FMF single-core few-mode fibre
SD-FEC soft decision forward error correction
SDM space/spatial division multiplexing
SDSDM spatial density (of SDM fibre)
SE spectral efficiency
SEM scanning electron microscope
SER symbol error rate (probability)
SFDR spurious free dynamic range
SG sampled grating
SG-DBR sampled grating distributed Bragg reflector
SGGG substituted gadolinium gallium garnet
SH sample and hold
SHA sample and hold amplifier
SI semi-insulating
SI step index
SINAD signal-to-noise-and-distortion ratio
SLE slope efficiency
SLM spatial light modulator
SM single mode
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SMF single-mode fibre
SMSR side-mode suppression ratio
SNR signal-to-noise ratio
SNRb signal-to-noise ratio per bit
SNRs signal-to-noise ratio per symbol
SO split-off (valence band)
SOA semiconductor optical amplifier
SOAG semiconductor optical amplifier gate
SOI silicon-on-insulator
SOP state of polarization
SoS silica-on-silicon
SR serial ripple
SSB single sideband
SSC spot size converter
SSC standard single-mode coupler
SSFM split step Fourier method
SSG super-structure grating
SSMF standard single-mode fibre
SVD singular value decomposition
SWIR short wave/wavelength infrared
SWP spatial walk-off polarizer

TE transverse electric (polarized light)
TEC thermally expanded core
TEC thermoelectric cooler
TEM transmission electron microscope
TFE thin-film element
TFF thin-film filter
TGG terbium-gallium-garnet
THD third harmonics distortion
TI time interleaved
TI DMD Texas Instruments digital micromirror device
TIA Telecommunications Industry Association
TIA transimpedance amplifier
TIR total internal reflection
TLA tunable DFB laser array
TM transverse magnetic (polarized light)
TMC thermometer coded
TN twisted nematic
TO thermo-optic
TOS thermo-optic switch
TOSA transmitter optical sub-assembly
TPA two-photon absorption
TPS two-pitch structure
Tx transmitter
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UMCF uncoupled multi-core fibre
UTC uni-travelling-carrier (photodiode)

VAD vapour axial deposition
VB valence band
VCSEL vertical cavity surface emitting laser
VOA variable optical attenuator
VPH volume-phase holographic
VSL variable stripe length (method)

WDL wavelength-dependent loss
WDM wavelength division multiplexing
WFC wavelength flattened coupler
WG waveguide
WGDP waveguide-photodiode
WIC wavelength independent coupler
WSS wavelength selective switch
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XRD X-ray diffraction
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Chapter 1
Spatial Division Multiplexing

Haoshuo Chen and A.M.J. (Ton) Koonen

Abstract Spatial division multiplexing (SDM) by employing few-mode fiber or
multi-core fiber is expected to efficiently enhance the capacity of optical networks
and overcome the anticipated ‘capacity crunch’ due to fast increasing capacity de-
mand. This chapter first introduces the advantages and state-of-the-art of SDM.
Second, different SDM technologies and key building blocks such as spatial multi-
plexer, optical amplifier, wavelength selective switch, splicer, connector and digi-
tal signal processing block are thoroughly analyzed. Third, commercialized SDM-
related components are summarized and discussed.

1.1 Introduction

The exploitation of the spatial domain, which is regarded as the last unexplored
physical dimension in optical communication [1, 2], has come into spotlight re-
cently and the corresponding technologies are designated as spatial division multi-
plexing (SDM).1 While the utilization of spatial channels in order to enhance system
capacity is still considered as innovative in the optical world, “SDM” has already

1“SDM” is spelled out in the literature both as “spatial” and as “space” division multiplexing. SDM
comprises various realization concepts: (1) Transmission based upon multiple parallel fibers, each
with a separate cladding comprising one or more cores, without coupling between the fibers is
one straightforward SDM concept. (2) Multi-channel transmission using fibers with a single few-
moded or highly multi-moded core inside a cladding is designated to the point as mode-division
multiplexing (MDM) although the designation SDM is also found in the literature for this case.
(3) Transmission based upon multiple cores inside a single cladding where (i) each core may be
single-moded without coupling between cores, (ii) each core may be multi-moded without coupling
between the cores, (iii) there may be coupling between the cores of a multi-core fiber resulting in
supermodes, is typically designated as SDM although MDM may also be comprised.

H. Chen (B)
Nokia Bell Labs, 791 Holmdel Road, Holmdel, NJ 07733, USA
e-mail: haoshuo.chen@nokia-bell-labs.com

A.M.J. Koonen (B)
Technische Universiteit Eindhoven, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands
e-mail: a.m.j.koonen@tue.nl

© Springer International Publishing Switzerland 2017
H. Venghaus, N. Grote (eds.), Fibre Optic Communication,
Springer Series in Optical Sciences 161, DOI 10.1007/978-3-319-42367-8_1

1

mailto:haoshuo.chen@nokia-bell-labs.com
mailto:a.m.j.koonen@tue.nl
http://dx.doi.org/10.1007/978-3-319-42367-8_1


2 H. Chen and A.M.J. Koonen

been widely applied in the electronic and wire-less worlds, which influences our
life unconsciously. PCI (Peripheral Component Interconnect) which refers to mul-
tiple parallel digital signal ports is widely used as a local computer bus. It intercon-
nects mother boards with external functioning cards for video, sound and network.
HDMI (High-Definition Multimedia Interface) and DVI (Digital Visual Interface),
both characterized by a 2-dimensional digital port structure, support the transmis-
sion of high-quality videos from players to screens. Moreover, Wi-Fi empowered by
multiple-input-multiple-output (MIMO) technology based on multiple antennas [3]
is inevitable in our daily life to provide mobile Internet access.

In the optical domain, besides arranging more parallel optical fibers together
as a fiber bundle, multiple modes co-propagating over few-mode fiber (FMF) and
parallel-signal transmission over coupled or uncoupled multi-core fiber (MCF) are
currently regarded as new-emerging SDM technologies to be exploited in optical
communication. However, the origin of the concept to employ MCF and multiple
modes co-propagating can be traced back to 1979 [4] and 1982 [5], respectively.
However, only limited attention was paid to these SDM technologies during the
past decades because capacity requirements of optical networks could nicely be sat-
isfied by other, more cost-efficient technologies such as low-loss single-mode fiber
(SMF) [6], optical amplifiers such as erbium-doped fiber amplifiers (EDFA) [7],
wavelength division multiplexing (WDM) [8], quadrature (and higher order) multi-
level modulation [9] and polarization division multiplexing (PDM) [10]. Figure 1.1
shows the evolution of the record transmission capacity and capacity demand of
optical networks [2, 11]. Due to the fast growth of capacity requirement of opti-
cal networks, it has been foreseen that future bandwidth demands will exceed the
maximum achievable capacity of SMF-based networks due to fiber nonlinear ef-
fects [12, 13]. The ‘capacity crunch’ [14] has been anticipated to happen around
2018, when commercial systems are expected to offer capacity per fiber in excess
of 80 Tbit/s [15], which is almost the cap of SMF-based networks. As the last unex-
plored physical dimension, space [16, 17], and correspondingly SDM, is proposed to

Fig. 1.1 The evolution of the record transmission capacity and capacity demand of optical net-
works
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Table 1.1 System requirements for different optical networks

Distance Spectral efficiency Component costs Reliability

Submarine <12.000 km Highest Highest Highest

Long-haul <4000 km Higher Higher Higher

Regional <1000 km High High High

Metro <200 km High High High

Access <100 km Medium Medium Medium

Datacenter <100 m Low Low Low

bring a big leap forward in spectral efficiency per fiber so that the ‘capacity crunch’
is expected to be averted.

1.2 Why SDM?

The later 1970s witnessed the upspring of optical fiber based links and more recently
copper cables have been rapidly replaced by optical fibers which offer a significant
advantage in bandwidth distance product. The optical network development moved
from long-haul to metro, access and nowadays to datacenter networks. Although
datacenters have been the last where optical technologies have been introduced,
SDM technologies have already been deployed in servers and super-computer inter-
connected networks due to their short distances, e.g. <100 m and strict requirements
for low installation and maintenance costs. Vertical cavity surface emitting lasers
(VCSELs), which are much cheaper than edge-emitting lasers and can be arranged
as 2D arrays in a single wafer, along with low-cost PIN photodiodes have become
key enabling components for the deployment of SDM in datacenters. SDM fibers
such as MMF ribbons [18, 19] and MCFs with multi-mode cores [20–22] have been
commercialized for datacenter and other short-reach applications in order to achieve
high alignment tolerance, lower cabling costs and increasing cable density. 70 Gbit/s
transmission over 100 m multi-mode 7-core UMCF was demonstrated by employ-
ing low-cost VCSELs [23]. A compact fiber link composed of a VCSEL array, MCF
and a photodiode array can be a low cost and low power consumption solution for
optical interconnects.

Datacenter development is mainly driven by cost, but in general any technology
has to prove its reliability [24, 25] before its implementation starts in telecommuni-
cation networks ranging from access to submarine links as listed in Table 1.1. More-
over, the introduction of new technologies needs to be a smooth transition based
upon existing infrastructure. For SDM technologies, the latter expectation cannot
be fully satisfied since SMF links cannot be reused and new SDM fibers have to
be deployed. Therefore the chance of SDM is expected to be primarily in new and
upgraded optical networks for which new or more fibers have to be placed in order
to meet the capacity demand. Under these circumstances, submarine networks can
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be the first opportunity for SDM deployment since these networks are mostly influ-
enced by fiber nonlinear effects due to the ultra-long length and will be confronted
with a capacity crunch in the first position. Note that submarine networks also have
the highest requirements on reliability, which means that the performance of SDM
links has to be comparable to that of commercial SMF links. For the practical im-
plementation, new-emerging SDM fibers such as FMF and MCF need to be verified
with respect to their advantages in terms of cost-efficiency and energy-efficiency
compared to simply arranging a number of parallel SMFs as a fiber bundle.

1.2.1 Cost-Efficiency

The development of SDM fibers such as MCF or FMF integrating multiple spa-
tial channels over one fiber can be regarded as an extension of the integration
trend in optical communication. Photonic integration enables fabrication of pow-
erful photonic integrated circuits (PICs) composed of a large number of optical
elements. Densely-integrated optical transmitters [26–28] and receivers [29, 30]
have been demonstrated in support of WDM signals. The cost-efficiency of PICs
through wafer-scale mass-production is more advantageous compared to the solu-
tions employing discrete components, as the total number of components is getting
larger. This is exactly the demand for SDM compatible optical transponders whose
components’ number is proportional to the spatial-channel number. Besides, SDM
opens the possibility to integrate other key optical modules such as optical ampli-
fiers [31, 32] and wavelength selective switch (WSS) based optical reconfigurable
add/drop multiplexers (ROADMs) [33, 34]. SDM solutions provide the feasibility
for network integration and therefore are able to lower the network cost per bit.
Economic aspects of SDM are treated in more detail in the Appendix (Sect. 1.7).

1.2.2 Energy-Efficiency

It was pointed out [35, 36] that the energy efficiency of optical networks has been
improving with a rate of about 15% annually, which can hardly be expected to be
followed by simply deploying more SMFs. Considering a majority of power con-
sumption comes from system management overheads [36], SDM which provides
higher spectral efficiency is able to improve overall energy efficiency. For example,
(1) a single cooling system can be used for a densely-integrated SDM transpon-
der; (2) a cladding-pumped multi-mode EDFA by employing one multi-mode laser
diode [31, 32] can amplify all spatial channels together with no need for a temper-
ature controlling system (see also Chap. 12); (3) since spatially multiplexed signals
over one specific wavelength are amplified and switched together, signals over one
SDM fiber will experience common impairments which enables joint digital signal
processing (DSP) to compensate the same impairments, e.g., frequency offset and
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Table 1.2 Potential applications of SDM technologies and key components for different telecom-
munication networks and datacenters

FMF or CMCF UMCF SDM amplifier SDM ROADM

Submarine � � �
Long-haul � � � �
Regional � � � �
Metro � �
Access � �
Datacenter �
�: high potential, applications without mark: less promising

phase distortions in coherent detection [37, 38]. Compared to independent multiple
SMFs, power consumption at the receivers can be reduced due to lower computa-
tional complexity; (4) one overhead including routing and management information
is enough for all spatially multiplexed signals and can be added into one spatial
channel. In this case, the other channels can directly send data information. After a
proof-point in submarine links has been reached, SDM can be passed down to terres-
trial networks due to the aforementioned advantages in cost- and energy-efficiency.
Table 1.2 gives expected potential applications of SDM technologies and key com-
ponents for different telecommunication networks and datacenters. Transmission of
multiple modes over FMF or coupled MCF (CMCF) and independent signal co-
propagation over different cores of uncoupled MCF (UMCF) have their advantages
and disadvantages, respectively, which also strongly depend on the development of
related components, and fibers along with electronics in the future.

1.3 State-of-the-Art

In the past few years, a series of successful experiments employing SDM has been
carried out in telecommunication networks. High capacity SDM, combined with
WDM transmission trials are listed in Table 1.3 with an increasing transmission
distance. 140.7 Tbit/s transmission [39] over a 7-core MCF of 7326 km length is
a record SDM transmission distance. All state-of-the-art SDM system trials listed
in the top half of the table have been realized by MDM over either FMF or multi-
mode fiber (MMF). The highest achieved spectral efficiency per fiber core for MDM
is 32 bit/s/Hz [40], almost 3 times larger than the maximum capacity that can be
provided by an SMF over the same distance. The MDM demonstration over a con-
ventional MMF [41] further enhances the possibility for practical applications of
SDM since already deployed MMFs can be reused. By the end of December 2014,
combined SDM and WDM trials with a transmission distance longer than 1000 km
were only demonstrated with MCFs, listed in the bottom part of Table 1.3. Com-
ponents for MCF based networks such as multi-core EDFA [42], MCF compatible
reconfigurable optical add/drop (ROADM) [33] and MCF loop [43] were demon-
strated through directly upgrading the existing SMF based ones. On the contrary to
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Table 1.3 High capacity SDM combined with MDM transmission trials (SMUXs will be treated
in detail below, see Sect. 1.4.2)

Distance
(km)

Capacity
(Tbit/s)

Spectral efficiency
(bit/s/Hz)

Fiber type SMUX solution

[44] 119 73.7 12 3-mode FMF Phase plate

[50] 120 7.68 9.6 3-mode FMF Spot coupler

[40] 177 24.6 32 6-mode FMF Photonic lantern

[51] 305 18 9 MMF Photonic lantern

[52] 500 30 3.6 3-mode FMF Phase plate

[49] 900 9.6 3 3-mode FMF Photonic lantern

[52] 1000 3.5 1.8 3-mode FMF Phase plate

[53] 1500 2 × 344 36.8 12-core MCF Fiber bundle

[54] 1705 17.82 18 6-core CMCF Photonic lantern

[55] 2688 7.5 15 7-core MCF Fiber bundle

[56] 4200 1.2 4.8 3-core CMCF Spot coupler

[42] 6160 28.8 14.4 7-core MCF Fiber bundle

[43] 7326 140.7 28 7-core MCF Fiber bundle

the MCF trials, although few-mode EDFA [44–46], few-mode re-circulation loop
[47, 48] and low-loss mode coupler [49] were verified successfully, non-negligible
mode-dependent loss (MDL) and coupler insertion loss (CIL) still exist in these
components, which limit the distance, especially in an accumulated case such as
loop measurements.

1.4 SDM Components

1.4.1 SDM Fiber

Figure 1.2 illustrates different optical fibers.
(1) SMF, see Fig. 1.2(a), is operating below the cut off frequency and guides the

fundamental LP01 mode only. Therefore, SMF provides one spatial channel with
two orthogonal polarization states.

(2) FMFs have a slightly bigger core, as shown in Fig. 1.2(b) which enables guid-
ing a few fiber modes. Linearly polarized (LP) modes are well known and usually
used to represent fiber modes. However, in SDM, especially MDM, spatial modes
are used more often since the number of spatial modes is exactly that of the spatial
channels, each of which has two orthogonal polarization states. For spatial modes,
degenerate LP modes are considered as two different modes, in other words, two
spatial channels. For example, the LP11 mode in LP mode definition is degenerate
and has two spatial modes LP11a and LP11b. One rotated by 90 degrees with respect
to the other, see Fig. 1.3(a).
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Fig. 1.2 Illustrations of different optical fibers: (a) SMF; (b) FMF; (c) MMF; (d) MCF and
(e) multi-core FMF

Fig. 1.3 (a) Relation between LP and spatial modes, and (b) index profiles for different fiber types.
Color indicates relative phase of isolated modes

Both, step-index (SI) and graded-index (GI) FMFs, see Fig. 1.3(b), can be used
in MDM transmission. The SI index profile enables to minimize mode coupling
and achieve weakly-coupled FMFs [57, 58]. The differences of propagation veloci-
ties between different modes in SI-FMF are quite large, which makes it difficult to
achieve a small modal differential group delay (MDGD) over long distance trans-
mission, i.e., <20 ps/km. If there is negligible modal crosstalk and each mode can
be individually detected, the complexity of multiple-input-multiple-output based re-
ceivers can be significantly reduced and MDGD is not an issue anymore. The prac-
tical application of this type of FMF requires precise fiber splicing along the fiber
link and excellent FMF components such as spatial multiplexers (SMUXs) to se-
lectively launch and detect each mode. The GI-FMF is generally designed with an
index trench [58, 59] in order to minimize fiber bend loss, see Fig. 1.3(b). Low
MDGMs within ps/km can be achieved by a well-designed GI index profile. More-
over, through combining FMF spools with positive and negative delays, the cas-
caded MDGDs can be fully compensated [50], which is beneficial for reducing the
size of the MIMO equalizer in the receiver. The additional advantage is that no
mode-selective SMUXs are required. Conventional MMFs are generally fabricated
with a core size of 50 µm or 62.5 µm in a 125 µm cladding. A 50 µm GI-MMF,
see Fig. 1.3(b), supports around 50 spatial modes in the wavelength regime around
1550 nm and has a maximum MDGD around 2 ns/km. Due to the modal disper-
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Fig. 1.4 UMCF integrating
(a) 7, (b) 19, (c, d) 12 cores
in a single cladding

sion, MMF is mostly used for short-distance communication. Particular attention
has been paid to explore the SDM possibilities of MMFs as an already installed
fiber which supports MDM. It has been demonstrated that low order modes can be
selectively launched and detected [41, 51] and >300 km MDM transmission over
MMF is possible.

(3) Multi-core fiber is another type of SDM fiber, which integrates multiple cores
in one cladding. MCF can be categorized into two groups depending on whether
cores are coupled with each other or not: coupled-MCF (CMCF) and uncoupled-
MCF (UMCF), respectively.

Each core of the UMCF can be regarded as an individual spatial channel. For
long-distance (i.e., >10 km) optical networks, large capacity transmission over
7-core [39, 55, 60], 12-core [53, 61] and 19-core [62, 63] has been demonstrated.
The 7-core, see Fig. 1.4(a) and 19-core, see Fig. 1.4(b) UMCFs are both based on
a hexagonal close-packed structure (HCPS). In order to reduce the crosstalk be-
tween cores, trench-assisted [64] and hole-assisted [65, 66] structures have been
proposed. The trenches and holes around cores have a smaller index which confines
the electric field distribution in each core. Two kinds of 12-core MCFs, based on
a two-pitch structure (TPS) [53] and a one-ring structure (ORS) [61], respectively,
have also been demonstrated, see Fig. 1.4(c) and (d). The significant advantage of
UMCF is that commercial polarization-diversity coherent receivers can be directly
used for signal recovery. To support long-haul transmission, UMCF needs to achieve
low fiber loss, a large effective area (Aeff ) to reduce fiber nonlinear effects, small
inter-core crosstalk, and a reasonable cladding diameter to guarantee mechanical
reliability. Another remaining issue for its practical application is scalability. The
19-core UMCF has a cladding diameter around 200 µm, which is already quite sen-
sitive to fiber bending with a small radius [67]. If the cladding has to be enlarged
in order to integrate more cores with negligible inter-core crosstalk, the fiber’s me-
chanical reliability will be a serious issue.

Coupled MCF is the other type of MCF which can have strongly- or weakly-
coupled cores [68]. For CMCFs, supermodes are generated at the coupled-core re-
gion where each supermode can be regarded as one spatial channel. Figures 1.5
and 1.6 show the schematics and simulated supermode profiles for a 3-core and 6-
core CMCF, respectively. It is worthwhile to note that the phases of the isolated
modes, the superposition of which results in the supermodes, are not always the
same. This is indicated in Figs. 1.5 and 1.6 by the different colors which indicate the
relative phases of the constituent isolated modes. In simulations, the index contrast
and core diameter d for both fibers are 3 × 10−3 and 12 µm, respectively. The circle
radii, r , where cores are located, are 17 µm and 28 µm, respectively. Compared to
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Fig. 1.5 (a) Schematic of a
3-core CMCF and
(b) simulated supermode
profiles. Color indicates
relative phase of isolated
modes

Fig. 1.6 (a) Schematic of a
6-core CMCF and
(b) simulated supermode
profiles. Color indicates
relative phase of isolated
modes

Table 1.4 Comparison between FMF and two types of MCFs

Spatial utilization
efficiency

DSP complexity Nonlinearity
tolerance [72]

Scalability

FMF/MMF High High Medium High

CMCF Medium Medium Medium/High Medium

UMCF Low Low (≈ SMF) Low (≈ SMF) Low

FMF, CMCF can be designed with larger Aeff and is therefore more tolerant to fiber
nonlinearities [69, 70]. 4200 km and 1705 km combined SDM and WDM transmis-
sion have been achieved by 3-core and 6-core CMCF, respectively [54, 71], which
is much longer than the maximum distance reached by 3-mode and 6-mode FMF.
Moreover, the MDGD of CMCF increases in proportion to the square root of the
fiber length [69, 70] instead of linearly as encountered in FMF. Similar to trans-
mission over FMF, MIMO-based DSP is needed for CMCF to fully recover signals
but with reduced computational complexity due to the smaller MDGD. Compared
to UMCF, CMCF has a higher spatial utilization efficiency and can nicely fit into a
standard 125 µm cladding. Table 1.4 gives the comparison between FMF and two
types of MCFs. Chapter 2 gives a more detailed description of optical fibers.

1.4.2 Spatial Multiplexers (SMUX)

Figure 1.7 is a schematic diagram of an SMUX, whose basic functionality is to
convert optical power from a bundle of SMFs into modes or separate cores of an
SDM fiber [73]. SMUXs have evolved from bulky optics with large footprint to re-
cent photonic integrated, 3-dimensional waveguide (3DW) and fiber-bundle based
compact solutions. In principle, these solutions can be categorized into two groups.
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Fig. 1.7 Schematic diagram
of SMUX

One is based on multiple spots, which are generally Gaussian-distributed optical
beams from SMFs or single-mode waveguides. In this chapter, these solutions are
designated as spot-based SMUXs, which enable efficient coupling not only to MCF
but to FMF as well. The second group is mode-selective based on creating similar
mode profiles to FMF and therefore only suitable to realize MDM. In the following
sections, different SMUX solutions such as bulk optics, photonic integration, fiber
bundle and 3DW are discussed subsequently. The performance of SMUXs can be
judged in terms of mode or core dependent loss (MDL or CDL) and coupler inser-
tion loss (CIL). MDL is the loss difference between the best and worst modes and
CDL is the counterpart for separate cores. CIL represents the average insertion loss
for all spatial channels which can be modes or cores.

In order to simplify the model, matrices are utilized to represent the SMUX, as
shown below:

⎡
⎢⎢⎢⎣

M1
M2
...

MN

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
M : spatial

channel
field

=

⎡
⎢⎢⎢⎣

γ1,1 γ1,2 · · · γ1,N

γ2,1 γ2,2 · · · γ2,N

...
...

. . .
...

γN,1 γN,2 · · · γN,N

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
Γ : SMUX transfer

matrix

⎡
⎢⎢⎢⎣

I1
I2
...

IN

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
I : launch

field

(1.1)

where the components of the vector I represent the launch fields from input SMFs,
M is an array of the fields of spatial channels and N is the number of spatial channels
in the SDM fiber. Γ is the transfer matrix of the SMUX, which can be quantified
with an overlap integral at the SDM fiber facet. The overlap integral is calculated
as:

γi,j =
∫

E∗
launch,i · Hspatial,j dA√∫

E∗
launch,i · Hspatial,idA

√∫
E∗

mode,j · Hspatial,j dA
≤ 1 (1.2)

where Elaunch,i and Hspatial,j are the transverse electric field of the ith launch field
at the SDM fiber facet and the transverse magnetic field of the j th spatial channel,
respectively. A is the fiber cross-sectional area. The notation * indicates the complex
conjugate.

For MCF with uncoupled cores, (1.1) can be rewritten as a diagonal matrix Γ .
CDL and CIL can be calculated immediately with the diagonal entries of Γ , which
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are identical to singular values.

⎡
⎢⎢⎢⎣

M1
M2
...

MN

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

γ1,1 0 · · · 0
0 γ2,2 · · · 0
...

...
. . .

...

0 0 · · · γN,N

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

I1
I2
...

IN

⎤
⎥⎥⎥⎦ (1.3)

CDL = max
(
γ 2
n,n

)
/min

(
γ 2
n,n

)
(1.4)

CIL =
∑(

γ 2
n,n

)
/N (1.5)

For FMF with spatial modes, Γ is diagonal only in the case of mode selective
excitation. Singular value decomposition (SVD) is arranged for Γ to get N singular
values λn (n = 1 to N ). MDL and CIL can be calculated by:

MDL = max
(
λ2

n

)
/min

(
λ2

n

)
(1.6)

CIL =
∑(

λ2
n

)
/N (1.7)

1.4.2.1 Bulk Optics

(1) Spot-Based Excitation

For free space spot-based SMUXs, prisms [50, 74–76] and sharp-edge mirrors [56]
have been applied to relocate multiple collimated optical beams closer to each other
in a certain spot arrangement. Additional imaging optics is generally chosen to op-
timize the size of the parallel optical beams to match the SDM fiber. Due to optical
reversibility, the same setup can also be used for demultiplexing. It is straightfor-
ward to design spot-based SMUXs for MCFs. In order to achieve decent coupling
performance for FMFs which have a single core, specific spot arrangements are
required as analyzed in [77, 78] (see Fig. 1.8) for unitary mode transitions.

Fig. 1.8 Spot arrangements for supporting different spatial modes. Color indicates relative phase
of isolated modes
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Fig. 1.9 (a) 3-spot SMUX for 3-mode FMF based on a single prism [50]; (b) scalable spot-based
SMUX, designed for a 19-core UMCF [74]

Three spots located at the vertices of an equilateral triangle provide efficient
mode multiplexing for the spatial LP01, LP11a and LP11b modes, which was demon-
strated by a 3-surface prism with small bevels in free space [50]. As shown in
Fig. 1.9(a), two vertical surfaces of the prism are perpendicular to each other and
the top surface is inclined by 45° with respect to the vertical. In order to ensure
the optimal injection with optical beams along the optical axis, a telecentric lens
setup is utilized to image spots into a 3-mode FMF. An ideal 3-spot SMUX can be
approximated [77] by the equation given below with spot-profile optimization [79].

⎡
⎣

M1
M2
M3

⎤
⎦=

⎡
⎣

1 1 1
1 ej2π/3 e−j2π/3

1 e−j2π/3 ej2π/3

⎤
⎦
⎡
⎣

I1
I2
I3

⎤
⎦ (1.8)

where M1, M2 and M3 represent the field profiles for the LP01, LP11a and LP11b
modes, respectively. The transfer matrix Γ is unitary, which means that both, MDL
and CIL are zero.

The schematics of a scalable spot-based SMUX in free space is illustrated in
Fig. 1.9(b) which was designed for coupling to a 19-core UMCF [74]. Fiber colli-
mators and prisms are circularly arranged around the SMUX’s central axis and more
layers can be added as the number of spots increases.

(2) Mode-Selective Excitation

For the excitation of one specific spatial mode, the optical launch field should have
the same field distribution as the mode of interest, which can be realized through
spatially tailoring the collimated optical beam. Binary phase plates [44, 47, 80, 81],
and spatial light modulators (SLM) [57, 82, 83] have been demonstrated for se-
lectively exciting modes. SLMs are usually based on polarization-sensitive liquid
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Fig. 1.10 Mode-selective
excitation of LP21 mode

crystals. To support polarization multiplexed light, extra polarization separation and
conversion setups are required [84, 85]. Phase plates can be made of glass and sup-
porting both polarization states. A 4f setup is usually applied for mode-selective
excitation. An example of LP21 mode excitation is illustrated in Fig. 1.10, where a
phase plate is placed at the Fourier plane. xp , yp and xF , yF are spatial coordinates
of the Fourier and the FMF input plane, respectively. At the Fourier plane, the col-
limated optical beam from the SMF is written as IP (xp, yp), and the transmittance
of the phase plate is given by tP (xp, yp). The launch field at the back focal point of
the 2nd lens can be described as the Fourier transform of the product of tP (xp, xp)

and IP (xp, xp) [86, 87]:

UF (xf , yf ) = F
[
IP (xp, yp) · tP (xp, yp)

]
(1.9)

where F denotes the Fourier transform. Figure 1.11(a) gives the theoretical mode
profiles (left to right: LP11a, LP21a and LP02 mode) of a 6-mode fiber. Figure 1.11(b)
shows the schematics of binary phase plates which are employed to excite each spa-
tial mode. The simulated launch field profiles at the FMF input plane correspond-
ing to different phase plates are also given, which are simulated for the case that a
Gaussian-distributed LP01 mode is the input beam. With a 90° rotation of the phase
plate, the LP11b mode can be excited. For the LP21b mode, the phase plate needs
to be rotated by 45°. Figure 1.12 gives the vertical cross-sections of the theoretical
mode profiles of a 6-mode SI-FMF with a core diameter of 24.7 µm by the blue
curves and the simulated launch field profiles are shown by the red curves. It can
been seen that binary phase plates are able to create a similar optical field at the
focal point to match the corresponding fiber mode [84].

In order to (de)multiplex N spatial modes, N − 1 lossy beam combiners need
to be used, see Fig. 1.13. Assuming that each spatial mode is efficiently excited
through an ideal phase plate and beam splitters with different splitting ratios are
used to balance the insertion loss for different ports since different launch fields go
through different numbers of beam splitters, the CIL is given by:

CIL = −1/N (1.10)

CIL will be 10 dB for 10 spatial modes. The increasing CIL limits the scalability of
phase-plate based SMUXs.
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Fig. 1.11 (a) Theoretical mode profiles and (b) simulated launch field profiles of phase plates for
LP11, LP21 and LP02 modes. Color indicates relative phase of isolated modes

Fig. 1.12 Vertical cross-section of theoretical mode profiles (blue curves) and simulated launch
field profiles of phase plates (red curves) for (a) LP11, (b) LP21 and (c) LP02 mode

Fig. 1.13 Phase-plate based
mode-selective SMUX
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1.4.2.2 Photonic Integration

Photonic integration technology based on the silicon-on-insulator (SOI) [88, 89] and
indium phosphide (InP) [90, 91] platforms enables the integration of passive and
active optical functionalities on a single chip, which is more compact, reliable and
potentially cheaper than the solution with discrete optical components. The SOI and
InP platforms generally offer planar photonic integrated circuits (PICs), and fiber-
chip coupling can be realized by edge coupling through spot-size converters [92],
lensed or tapered fibers and top-coupling through grating couplers [93–96] or verti-
cal mirrors [97, 98]. It is challenging for edge coupling to stack multiple waveguide
layers together with a small spacing to realize 2D coupling for SDM, especially
for coupling into FMFs, where 2D patterns need to be positioned with micron ac-
curacy. Top coupling provides more freedom for vertical emitters in 2D arrange-
ments. Figure 1.14(a) illustrates the schematics of a spot-based SMUX by employ-
ing three 1D grating couplers to couple to a 3-core MCF. Photonic integrated MCF
transceivers were demonstrated in [22] where eight SOI-based grating couplers were
employed for coupling to a 2 × 4 linear UMCF. A silicon photonic 7-core UMCF
receiver was demonstrated in [99]. It has been demonstrated that 1.25 dB coupling
loss to an SMF can be achieved for a 1D grating coupler which couples one po-
larization state into or out of the fiber [100]. The coupling loss increases to 3.2 dB
for a 2D grating coupler which supports dual polarization states. As illustrated in
Fig. 1.14(b), two orthogonal polarization states x and y are combined by a single
2D grating coupler, and three 2D grating couplers were employed to couple to a
3-mode FMF as a 3-spot SMUX [101].

Mode-selective excitation can also be achieved by 2D top-coupling. For instance,
in order to create a bipolar field for exciting the LP11 mode, two grating couplers
are driven in a push-pull configuration with a π phase difference [102–104], as
illustrated in Fig. 1.15. By further extending this concept, a full 6-channel integrated
mode-selective SMUX was demonstrated in [105], where one 2D grating coupler is
placed at the center for launching or detecting the LP01 mode, and four grating
couplers are distributed in an outer ring for the LP11a and LP11b modes. A scanning

Fig. 1.14 (a) Schematics of spot-based SMUX employing 1D grating couplers, and (b) top-view
of a 3-spot SMUX based on three 2D grating couplers coupling to a 3-mode FMF [101]
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Fig. 1.15 Schematics of a
push-pull based LP11 mode
excitation scheme

Fig. 1.16 (a) SEM image of region with five grating couplers and (b) image of packaged
SOI-based SMUX

electron microscope (SEM) image of the region with all five grating couplers is
given in Fig. 1.16(a). The integrated SMUX has been packaged with an SMF array
for six SMF ports and wire-bonded to an electronic circuit for controlling the phases
for selectively exciting the LP11 modes, see Fig. 1.16(b).

1.4.2.3 Fiber Bundle

A fiber bundle is an assembly of many optical fibers. Based on fiber bundles, both
spot-based and mode-selective SMUXs have been demonstrated. It is straightfor-
ward to employ fiber bundles for coupling to MCFs. Figure 1.17(a) shows a design
of a fiber-bundle SMUX for a UMCF [106, 107], where seven thin-cladding fibers
are inserted into a glass capillary, stacked by curing adhesive and then polished me-
chanically. The cladding diameter of each fiber is around 45 µm, which is similar to
the pitch of the 7-core UMCF. For fibers with larger cladding diameters, a tapering
process can be applied to downsize the fiber bundle to match the size of the MCF,
see Fig. 1.17(b) [108]. The SMUX for MCF is also designated as a fan-in/fan-out
(FI/FO) device in some articles.

In order to selectively excite fiber modes, a fiber bundle is further down-tapered
in such a way that a few-mode end guiding multiple supermodes is created, see
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Fig. 1.17 Fiber bundle (a) without and (b) with down-tapering; (c) mode-selective SMUX based
on tapered fiber bundle

Fig. 1.18 Image of 6-core
photonic lantern coupling to a
50/125 µm GI-MMF [41]

Fig. 1.17(c). This type of SMUX is also designated as a photonic lantern, which was
originally proposed for applications in astrophotonics [109–111]. Figure 1.17(c)
gives an example of a 6-mode mode-selective SMUX. Unlike the arrangement of
fiber cores in a 7-core MCF, six fibers are positioned in the glass capillary accord-
ing to the structure shown in Fig. 1.8 (see the arrangement of six spots for interfac-
ing with LP01, LP11a/b, LP21a/b and LP02 modes) in order to support the six spatial
modes [78]. In [49] and [112], respectively, 3-mode and 6-mode photonic-lantern
SMUXs have been experimentally verified. It should be noted that if all fibers are
identical, the photonic lantern cannot excite each spatial mode but creates super-
modes which are the unitary combinations of the spatial modes [78]. In this chapter,
this kind of SMUX is also classified as mode-selective since only desired spatial
modes get excited. For instance, six fully mixed spatial modes were experimentally
excited over a conventional 50/125 µm GI-MMF which guides more than 35 spatial
modes by the fiber-bundle SMUX [41] and mode mixing was compensated by DSP.
Figure 1.18 gives the image of a 6-core photonic lantern coupling to the 50/125 µm
GI-MMF.

In order to selectively launch each spatial mode, dissimilar fibers are used to
introduce degeneracy into the cores and create an asymmetric few-mode end. In this
case, spatial modes can be individually excited through corresponding isolated input
fibers [113–116].
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1.4.2.4 3-Dimensional Waveguide (3DW)

The fabrication of 3-dimensional waveguide devices is enabled by femto-second
laser pulses, which are focused inside a fused silica substrate. Both, the core and the
cladding of the waveguides are made out of pure fused silica. This concept enables
to locally modify the refractive index of a glass so that waveguides in 3D are created.
Figure 1.19 gives a sketch of a 3DW SMUX for coupling to a 7-core MCF. The 3DW
SMUX has seven single-mode waveguides arranged in a line at the one end, which
enables the efficient connection to a standard SMF array with a pitch of 127 µm
or 250 µm. Figure 1.20 shows the 3DW SMUX for coupling to a 6-mode FMF.
Single-mode and few-mode waveguides can be written by multi-scan techniques
[117, 118].

Laser-inscribed waveguides were investigated as early as 1996 [119]. More re-
cently, laser-inscribed single-mode waveguides with small propagation loss around
0.3 dB/cm at 1550 nm [120] and low coupling loss to an SMF have been realized.
However, refractive index changes induced by the laser inscription are constrained
to a small volume. Higher index contrast, i.e., �n > 6 × 10−3, has been achieved
through an additional fabrication process [121, 122], but the uniformity and the
scattering of the waveguides have not been thoroughly discussed/investigated. 3DW
devices with low �n can work properly for MCF coupling due to the single-mode
operation, whereas for FMF, larger �n is required for direct coupling between a
3DW SMUX and an FMF, especially in cases with a large number of modes [123].
As a means to overcome the design constraints of 3DW devices due to the limited

Fig. 1.19 3DW SMUX for
coupling to 7-core MCF

Fig. 1.20 3DW SMUX for
coupling to 6-mode FMF
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Fig. 1.21 Picture of
packaged dual-channel
6-mode 3DW device with
up-tapered 6-mode FMF
array [123]

�n, the employment of imaging optics [124] or up-tapering [123] has been pro-
posed.

A dual-channel 6-mode 3DW device with two photonic-lantern SMUXs has been
demonstrated as illustrated in Fig. 1.21 [123]. Two SMUXs can be used as mode
multiplexer and demultiplexer, respectively. The left inset in Fig. 1.21 gives the
microscope image of the FMF array facet where two adiabatically up-tapered 6-
mode FMFs with a cladding of 175 µm diameter are positioned and assembled in
a standard V-groove with a pitch of 127 µm. The right inset in Fig. 1.21 gives the
microscope image of the 3DW 6-core photonic-lantern structure. The SMF array,
3DW device, and FMF array are glued together using UV curing epoxy. Figure 1.21
shows the packaged 3DW device, which has a link CIL less than 8 dB and a double-
pass MDL around 7 dB. Large capacity six spatial-mode multiplexed transmis-
sion demonstrations based on the fully packaged 3DW device have been published
in [125].

1.4.2.5 Summary

Tables 1.5 and 1.6 list the measured results of a larger number of experimentally
demonstrated SMUXs for coupling to different kinds of MCF and FMF/MMF,
respectively. Decent performance of MCF SMUXs in terms of CIL and CDL is
achieved by most of the applied technologies due to single-mode operation. For
MDM applications, as shown in Table 1.6, spot-based and mode-selective solu-
tions have both been shown to enable smooth mode transitions from multiple single
modes to a group of spatial modes. Photonic lantern technology [78] based on fiber
bundle or 3DW devices is the most promising solution to achieve efficient mode
(de)multiplexing with low CIL and MDL. Moreover, photonic-lantern based 3DW
SMUXs have also been exploited for few-mode MCFs [126, 127], which further
demonstrates the photonic lantern’s flexibility and robustness in 2D optical cou-
pling.
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Table 1.5 Experimentally demonstrated SMUXs for MCF

Fiber type Technology CIL
(dB)

CDL
(dB)

[128] 7-core UMCF Tapered fiber bundle 1.48 2.3

[107] 7-core UMCF Thin-cladding fiber bundle 0.2 0.3

[129] 7-core UMCF Stacked polymer waveguide 6 6

[75] 7-core UMCF Prism based bulk optics 0.4 0.4

[130] 12-core UMCF Ferrule with a hexagonal hole 0.64 1

[74] 19-core UMCF Prism based bulk optics 1.22 0.4

[54] 6-core CMCF 3DW 4.5

Table 1.6 Experimentally demonstrated SMUXs for MDM

Fiber type Technology CIL
(dB)

MDL
(dB)

[80, 131] 3-mode FMF Phase plate based bulk opticsa 9 2.3

[132] 3-mode FMF Sharp-edge mirror based bulk optics 3.8 <2

[50] 3-mode FMF 3-surface prism based bulk optics 3.5 <2

[102, 105] 3-mode FMF Silicon integrated grating couplera 22 5

[49] 3-mode FMF Fiber based photonic lantern <2 <1

[133] 3-mode FMF Stacked polymer waveguidea 8 10

[134, 135] 6-mode FMF Trench-assisted PLCa 5 9

[73, 123] 6-mode FMF 3DW <4 <3.5

[136] 6-mode FMF Multi-plane light conversion [137]a 3.6 1

[41] 50 µm GI-MMF Fiber based photonic lantern 2.5 4.5
aMode selective excitation

1.4.3 Optical Amplifiers

Although optical fibers nowadays can be manufactured with low attenuation loss
around 0.2 dB/km, optical amplifiers such as erbium-doped fiber amplifiers and
distributed Raman amplifiers are still inevitable to compensate connector and fiber
losses of optical networks, especially for those with distances larger than 100 km.

1.4.3.1 MCF

A hybrid amplification scheme by employing both DRAs and EDFAs was demon-
strated in [138], where 9–12 dB DRA gain and less than 1 dB noise figure (NF)
were realized over a 75 km 7-core MCF. Extra SMF EDFAs were used to fully
compensate the fiber loss. In order to achieve enough amplification gain, core-
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Fig. 1.22 (a) Schematic of
core-pumped EDFA with
external WDM couplers;
(b) cladding-pumped EDFA
with multi-mode laser diode
by end-coupling and
(c) side-coupling

pumped and cladding-pumped EDFAs are both under investigation for MCF ap-
plications.

A schematic illustration of a core-pumped MCF EDFA [139–141] with external
WDM couplers to combine the signal and pump is shown in Fig. 1.22(a) where the
number of pump lasers and couplers is proportional to that of the core channels. It
has been demonstrated that the performance of the core-pumped MCF amplifiers are
comparable to that of conventional SMF EDFAs with 25 dB amplification gain and
less than 4 dB NF [139, 142]. In order to lower the power consumption and down-
size the optical amplifier, cladding-pumped MCF amplifiers have become more
attractive and are under current investigation [143–146]. Instead of using discrete
pump sources, it was demonstrated that a single multi-mode laser diode launched
into the center core can be applied to pump all outer six cores in a 7-core MCF
[143]. Cladding pumping enables the use of all cores as transmission channels, and
a corresponding solution is illustrated in Fig. 1.22(b), where a dichroic mirror acts
as a free space WDM coupler for end-coupling and combining signal and pump
light. In order to confine the pump better, Er-doped MCFs are generally designed
and fabricated with double claddings. Due to the small overlap between the cores
and the pump light, double-cladding Er-doped MCFs operate over longer distances
[144, 147] in order to increase pump absorption and pump all cores simultaneously.
However, the long Er-doped MCFs result in a low gain spectrum and large NFs in the
short wavelength regime of the C-band, e.g., 1530 nm [142, 148, 149], which limits
the full C-band (1530–1565 nm) operation of cladding-pumped MCF amplifiers. In
order to further minimize internal loss from free space coupling and downsize opti-
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Table 1.7 Experimentally demonstrated MCF EDFAs

MCF type Pumping
type

Length
(m)

Gain
(dB)

NF
(dB)

Crosstalk
(dB)

[139] 7-core (Er) Core 15 25 4 < −25

[140] 7-core (Er) Core 16 20 < 7 < −40

[141] Bundled 7-core (Er) Core 7.3 23 5.1 < −48.5

[143] 7-core (Er) Cladding 50 20 6

[144] 7-core (Er)a Cladding 10 >14 <9 < −32.7

[147] 7-core (Er)a Cladding 100 >15 <5.5 < −30

[146] 19-core (Er) Cladding 7 <23.3 <7

[145] 12-core (Er/Yb)a Cladding 5 <18.3 <13 < −33

[32] 7-core (Er)b Cladding 34 >20 <8 < −45
aDouble-cladding
bSide-coupling

cal amplifiers, a side-coupled MCF EDFA has been proposed, see Fig. 1.22(c). All
cores were pumped simultaneously by a side-coupled tapered multimode fiber [32],
and more than 25 dB was obtained in each core over the full C-band. Besides gain
and NF, core-to-core crosstalk is also essential and determines the maximum trans-
mission length and capacity. A comprehensive list of demonstrated MCF EDFAs is
given in Table 1.7.

1.4.3.2 FMF

Both DRAs and EDFAs for FMF applications have been experimentally demon-
strated. Similar to the MCF case, an FMF DRA was applied together with SMF
EDFAs due to the low DRA gain [150]. This hybrid FMF amplification scheme re-
alized 5–8 dB DRA gain and <2 dB NF covering the full C-band for three spatial
modes propagating over a 137 km FMF. Unlike the FMF DRA, an FMF EDFA is
able to offer large amplification gain to fully compensate the fiber loss [151]. The
FMF EDFA can be analyzed as a two-level model with total erbium ion concentra-
tion ρ. The power of the ith spatial mode at position z along the erbium-doped fiber
can be calculated by:

dPs,i(νs, z)

dz
= Ps,i(νs, z)

[
γe,i (νs, z) − γa,i(νs, z)

]
(1.11)

where νs is the signal frequency, and γe,i and γa,i are the emission and absorption
factors for the ith spatial mode, respectively.

γe,i (νs, z) ∝
∫

n2(z)Is,i (z)dA (1.12)
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γa,i (νs, z) ∝
∫

n1(z)Is,i (z)dA (1.13)

where A is the fiber cross-sectional area and n1 and n2 are the erbium ion popu-
lations at the upper and lower energy level, respectively, and obeying the relation
n1 +n2 = ρ. Note that amplified spontaneous emission (ASE) and mode mixing are
omitted.

The factors γe,i and γa,i are determined by the overlap integrals between the ith
spatial mode and the erbium ion populations.

In a steady state, n1 and n2 along the active fiber are fully determined by the
intensity profiles of M pump modes Ip,j (j = 1 to M) and N signal modes Is,i

(i = 1 to N ). Therefore, the erbium ion distribution and the intensity profiles of the
pump and signal modes all play crucial roles in determining the gain of each spatial
mode. A good FMF amplifier should offer a large average gain, small differential
modal gain (DMG) and low NF. Assuming that the transmission FMF and the Er-
doped active FMF have the same guided modes, a signal mode whose profile has a
better match to the profiles of the pump intensity and the Er-doping will experience
a larger gain. The DMG at the frequency νs can be calculated by:

DMG = max
[
Ps,i(νs,L)

]
/min

[
Ps,i(νs,L)

]
(1.14)

where L is the length of the erbium-doped fiber.
In order to balance the DMG, different schemes for optimizing the pump and

Er-doped FMF have been investigated. Active FMFs with different Er-doping pro-
files result in different gain for each mode. It has been demonstrated that through
concatenating two active FMFs with different Er-doping profiles, it is possible to
achieve DMG <6 dB for all six spatial modes over the full C-band using a single-
mode pump [152, 153], see Fig. 1.23(a). Besides optimizing the Er-doping profiles,
it is also beneficial to modify the transverse profile of the pump for achieving a lower
DMG. Using a few-mode EDFA supporting five [154] or six [155] spatial modes and
pumping a higher order mode, e.g. LP21, DMG <2.5 dB has been demonstrated. As
shown in Fig. 1.23(b), the LP21 mode has been excited by employing phase plates
in combination with bi-directional pumping. More details of these investigations,
including various FMF EDFAs reported so far, are compiled in Table 1.8.

As the number of modes is scaled up, more pump power will be required to keep
the same gain and NF for all modes, which means multiple single-mode pumps
need to be combined and used together. Due to the availability of high-power multi-
mode laser diodes, a cladding-pumped FMF EDFA has been proposed for simulta-
neous amplification of all modes in a more cost-efficient and simple way [31], see
Fig. 1.23(c). A recent theoretical analysis aiming at minimizing the maximum DMG
over all supported signal modes of cladding-pumped four-mode and six-mode-group
EDFAs has shown that more than 20 dB gain per mode and less than 1 dB DMG
across the whole C-band (1530–1565 nm) can be achieved for up to 10 spatial
modes. The corresponding optimum EDFA design had a step index profile with
up to four different doping levels in a circular arrangement [156]. Such active FMFs
with ring-shaped doping (see Fig. 1.23(c)) have turned out to be advantageous in
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Fig. 1.23 Schematics of
different FMF EDFA
concepts: (a) concatenated
active FMFs to balance
DMG, (b) bi-directional
pumping with high-order
pump mode,
(c) cladding-coupling and
ring-doped active FMF

Table 1.8 Experimentally demonstrated FMF EDFAs

FMF type Pumping scheme Gain
(dB)

DMG
(dB)

NF
(dB)

[46] 3-mode Core (offset pump) >20 <5

[152] 6-mode (concatenated) Core (LP01 mode pump) >18 <6 <7

[154] 5-mode (ring-doped) Core (LP21 mode pump)a >20 <2.5

[155] 6-mode (ring-doped) Core (LP21 mode pump)a >20 <2

[31] 6-mode (double-cladding) Cladding (multi-mode pump) >20 <4
aBi-directional pump

balancing the DMG [157, 158] and reducing performance degradation in macro-
bending [159]. However, with conventional fiber fabrication processes such as mod-
ified chemical vapor decomposition (MCVD), the designed Er-doping profiles are
hard to achieve mainly due to Er ion diffusion [160, 161]. It has been observed in
[155, 160] that each doped section is more like Gaussian-shaped. In order to over-
come this unwanted effect, a micro-structured core, which can be manufactured by
the stack-and-draw process, has been proposed to approximate the ring geometry
with moderate fabrication complexity [160].
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1.4.4 Wavelength Selective Switches (WSS)

A wavelength selective switch (WSS) is a 1 × N optical device which receives
multiple wavelengths at one common input port and enables dynamic routing of
any wavelength channel to any of N output ports (see also Chap. 10, Sect. 10.1.4).
Its functionality can be used reversely to combine the wavelength channels. WSSs
constitute a key component in reconfigurable optical add/drop multiplexers [162].
The schematic of an SMF WSS is illustrated in Fig. 1.24, which essentially con-
sists of (1) a fiber and a micro-lens array as input/output section, (2) a diffraction
grating which angularly disperses wavelength channels in a horizontal plane (the
x–y plane in Fig. 1.24), (3) a Fourier lens which converts the angular shifts as
beam displacements on a beam steering element, and (4) the beam steering el-
ement which can be a micro-electro-mechanical system (MEMS) [163, 164] or
a liquid crystal-on-silicon (LCoS) [165] for vertical beam steering. Note that a
polarization-diversity section and a beam expansion section have been omitted in
Fig. 1.24.

In a conventional SMF WSS, each wavelength channel can be switched individu-
ally. Investigations trying to transfer this concept to SDM by switching spatial chan-
nels individually have shown that this approach is apparently limited due to crosstalk
induced by mode mixing [166]. Moreover, it has been pointed out that MDM and
WDM are two fundamentally different concepts [24]: crosstalk in WDM can be
negligible while MDM exhibits severe linear crosstalk among parallel modes. With
respect to performance requirements such as negligible crosstalk and high spectral
resolution, all spatial channels at one wavelength should be regarded as one entity
to be switched and should therefore jointly be routed over SDM compatible WSSs
similar to the SMF case.

Fig. 1.24 Schematic of an
SMF WSS
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Table 1.9 Experimentally demonstrated SDM WSSs

SDM type SDM ports SMUX usage Remapping Steering element

[33] 7-core MCF 1 × 2 Yes No MEMS

[167] 7-core MCF 1 × 2 Yes Yes MEMS

[34] 3-mode FMF 1 × 9 No No LCoS

[168] 3-mode FMF 1 × 2 No No LCoS

[169] 3-mode FMF 1 × 2 Yes Yes LCoS

[170] 3-mode FMF 1 × 11 Yes No LCoS
aDouble-cladding
bSide-coupling

1.4.4.1 MCF WSS

In [33, 167] 7-core MCF WSSs have been demonstrated, where an SMUX is used
to demultiplex a spatially-multiplexed signal into seven parallel ones over seven
SMFs. The seven parallel signals are fed into a commercial WSS with more than 21
SMF ports (7 cores × (1 common port + 2 output ports)), jointly steered to seven
output SMF ports, which are multiplexed by another SMUX to a 7-core MCF. In
order to minimize beam steering angle and crosstalk [171], it was proposed to add
a remapping block between the SMUXs and the SMF input/output section which
interleaves the signals from different spatial channels into neighboring single-mode
ports [167]. A compilation of experimentally demonstrated SDM WSSs is presented
in Table 1.9.

1.4.4.2 FMF WSS

Since spatial modes propagate together in one fiber core, it is feasible to replace
the SMF array as shown in Fig. 1.24 directly by an FMF array to realize an FMF
compatible WSS, as demonstrated in [34, 168] for three spatial modes. In con-
trast to the conversion of mode-multiplexed signals into single-mode operation
by SMUXs [170], the port count of a WSS is not affected by the direct replace-
ment [172]. However, due to different modal characteristics such as mode field
diameter (MFD) [173, 174] and mode field profile, different modes exhibit mode-
dependent spectral responses. Figure 1.25 gives the simulated 3 × 3 amplitude re-
sponses for 3 spatial modes versus the normalized wavelength. Different amplitude
roll-offs can be observed at the passband edges in the diagonal plots (blue curves),
which are for the case that the excitation and launch modes are the same. In the other
plots (red curves), strong mode coupling can be found. Based on the 3 × 3 ampli-
tude responses, Fig. 1.26 gives the simulated transmission and MDL as a function
of normalized wavelength. It can be seen that the MDL curve is narrower than the
transmission curve due to varying spectral responses of modes, which results in a
narrower spectral passband [175, 176]. Therefore, this type of FMF WSS requires
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Fig. 1.25 Amplitude responses of FMF WSS for three spatial modes as a function of normalized
wavelength

Fig. 1.26 Transmission and
MDL of FMF WSS versus
normalized wavelength

larger spectral guard-bands compared to the conventional SMF ones. Removal of
the mode-dependencies, which at the same time minimizes the guard bands, has re-
cently been demonstrated by employing a spatial-diversity scheme with an SMUX
for demultiplexing the spatial modes into identical Gaussian beams and a remapping
network for the proper arrangement and reshuffling of these beams [169].
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1.4.5 Fiber Splicers and Connectors

Fiber splicers are used to join two fibers permanently through locally heating the
fiber ends to melt and fuse them together. The functionality of fiber splicers is
indispensable for the maintenance and installation of optical networks. Therefore,
whether high-quality splicing for SDM fibers can be realized in an efficient way is a
critical criterion to judge whether SDM will eventually become a practical solution.
Since FMF and MMF have one single core inside a standard 125 µm cladding, con-
ventional fiber fusion splicers empowered by either core or cladding alignment and
fusion splice techniques using electric arcs or carbon dioxide (CO2) lasers can still
do the job with some fusion parameters optimization for specific FMFs or MMFs.
The most popular fiber splicers based on electric arcs have shown decent perfor-
mance in FMF [50, 177] and MMF [41] splicing. In terms of core-to-core misalign-
ment induced splice losses, FMFs and MMFs for supporting MDM have higher re-
quirements compared to the SMF case. Core-to-core misalignment does only cause
power attenuation in SMF, but in fibers for MDM applications, MDL is also in-
duced which limits transmission length and capacity. Numerical analyses show that
the quality of fiber splicing determines the maximum reach of MDM systems [178],
which is also valid for FMF mechanical connectors.

In order to align all fiber cores of MCFs simultaneously, MCF compatible
splicers need to be capable of rotational alignment in addition to lateral alignment.
It was demonstrated that both fiber side view [179] and end view [180] observation
can enable rotational alignment. For side view observation, hollow-hole markers
with large refractive index contrast have been added into a 7-core MCF to enhance
visibility [179]. For end view observation, a camera has been used to monitor the
two fiber ends, detect core positions and align corresponding cores [180], which
is equivalent to the process for alignment of polarization maintaining fibers. Since
MCFs generally have a larger cladding size, traditional fusion splice techniques can-
not guarantee uniform heat distribution along the radial direction, which results in
non-identical splice losses for different cores [181]. To create a sufficiently uniform
discharge, a swing-electrode based fusion technique has been proposed to splice
large cladding fibers such as MCFs.

A 7-core MCF connector with 0.13 dB average attenuation and < −45 dB av-
erage reflection has been developed by using a floating mechanism to eliminate the
influence of deformation and physical contact to reduce the return loss [182]. The
performance of the MCF connector is comparable to that of corresponding SMFs.

1.5 Digital Signal Processing

One important enabling factor of high capacity SDM systems especially with cou-
pled spatial channels and essentially realized so far in lab trials only, is the tremen-
dous development in electronics and DSP. For almost all demonstrations, optical
coherent receivers and high-speed real-time oscilloscopes have been utilized for
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Fig. 1.27 Schematics of
optical receiver empowered
by DSP for (a) SMF with
DSP power dissipation
distribution, (b) UMCF with
N cores, and (c) CMCF or
FMF guiding N spatial
modes with a 2N × 2N

MIMO equalizer (LO: local
oscillator)

detecting and sampling the received signals. The schematics of optical receivers sup-
porting SMF, UMCF with N cores and CMCF or FMF supporting N spatial modes
are all illustrated in Fig. 1.27. The optical receiver consists of optical polarization
division multiplexing (PDM) coherent receivers and DSP blocks. In the digital do-
main, front-end impairments, chromatic dispersion (CD), timing offsets and carrier
frequency offset (CFO) are compensated by DSP [183, 184]. Carrier phase estima-
tion (CPE) is implemented after the time or frequency domain MIMO equalizer.
For UMCF applications, as shown in Fig. 1.27(b), the DSP block for SMF can be
duplicated to individually unravel the mixed PDM signals for each core. However,
due to mode mixing, an MIMO equalizer with a larger matrix dimension is required
for both, the CMCF and FMF cases, see Fig. 1.27(c).

The computational complexity of each digital module increases linearly with the
number of spatial channels except for the bigger MIMO equalizers in the CMCF
and FMF cases. Since all spatial channels at one wavelength are routed together,
common-mode impairments can be expected and therefore joint signal recovery can
be exploited. The joint CPE compensation has been demonstrated in both uncou-
pled [37] and coupled [38] spatial channels due to the phase fluctuations being cor-
related. Instead of employing N separate CPE compensation modules, one joint
CPE scheme is sufficient.

One argument for coupled SDM applications is that the MIMO equalizer has to
be applied to redo the coupling for recovering the signals, which results in higher
computational complexity. Moreover, the size of the MIMO equalizer exhibits a
quadratic growth with the number of spatial channels. For example, six spatial
modes require a 12 × 12 MIMO equalizer which is 36-fold and 6-fold larger than
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Fig. 1.28 Schematic of mode mixing and MDGD after FMF transmission (the MIMO equalizer
has a wide equalizer window to handle MDGD)

the one for SMF and 10-core UMCF, respectively. Modal differential group de-
lay (MDGD) is another effect which adds pressure on the DSP. Figure 1.28 shows
a schematic diagram of mode mixing and MDGD after transmission of two spa-
tial modes with one polarization. The MDGD is caused by the different propaga-
tion constants of the different modes. S1 and S2 in Fig. 1.28 represent two trans-
mitted signals, and it is assumed that mode mixing occurs only in the multiplex-
ing/demultiplexing stages. After transmission, the separation of two modes due to
MDGD can be observed in the time domain. A 2 × 2 MIMO equalizer with a
finite-impulse-response (FIR) filter in a butterfly structure can recover the mixed
spatial channels. In order to cover the time delay between two modes, the equal-
izer window (in other words, the number of taps L) needs to be wider than the
delay.

In early MDM demonstrations [44, 80], the time-domain data-aided (DA) least-
mean-square (LMS) algorithm has been used for initializing the taps of the MIMO
equalizer, and after convergence, decision-directed (DD) LMS or constant modu-
lus algorithms (CMA) have been employed. To recover the optical PDM signals
over N spatial modes, the MIMO equalizer requires a 2N × 2N × L FIR filter.
Through applying frequency domain equalizers (FDE) [185, 186] with block-by-
block processing and Fast Fourier Transform (FFT) implementation, a tremendous
reduction in computational complexity [187] of MIMO processing for the hand-
ling of large MDGD has been demonstrated with the complexity becoming less
dependent on MDGD [188]. Moreover, strong mode mixing shows its benefits in
the reduction of DSP complexity [189]. In Fig. 1.27(a), the distribution of power
dissipation for the different modules in the digital core of a 100 Gbit/s line card
is given [190], where the CD compensation module consumes 30% power and
the power dissipation of the MIMO equalizer consumes only 10% [187]. There-
fore, the total DSP complexity of a coupled SDM system with six spatial chan-
nels, which can be a 6-mode FMF or a 6-core CMCF, only doubles compared to
that of an uncoupled SDM system, which scales sublinearly with the SDM channel
count.
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1.6 Commercialization

SDM has not only received attention by academia, but by industry as well. SDM
components such as corresponding fiber, SMUXs, optical amplifiers and splicers
have been released into the market quickly following the research activities.
Table 1.10 lists commercialized SDM components. It can be expected that more
and more SDM components will be available from the shelf in the near future. In
addition to the components, technical standards with respect to parameter defini-
tions and component requirements, as well as standardized test procedures are also
crucial for the further development of SDM technologies.

Table 1.10 Commercially available SDM components

SDM component Manufacturer Technology

FMF OFS [191] GI-FMF with depressed cladding [59]

MCF OFS [192]

MCF YOFC [193]

SMUX (FMF) CAILabs [194] Multi-plane light conversion [136, 137]

SMUX (MCF) Chiral Photonics [195] Fiber bundle [196, 197]

SMUX (FMF) Kylia [198] Free space optics [199]

SMUX (FMF) Optoscribe [200] 3D waveguide [201]

SMUX (MCF) Optoscribe [202] 3D waveguide [201]

Mode converter Phoenix Photonics [203] Mechanical grating [204, 205]

FMF EDFA Phoenix Photonics [203]

Fiber splicer Fujikura [206] Swing electrode [181]

Appendix

1.7.1 Economic Aspects of Mode Division Multiplexed Links

Next to the technical aspects of mode division multiplexed (MDM) systems, their
economic aspects are also of major importance when deciding on the installation
of new transmission links. An analysis has been made of the capital expenditure
(CapEx) needed to install an MDM transmission link versus the CapEx for a tradi-
tional fiber division multiplexed (FDM1) link, i.e. a link using a number of single-
mode fiber links in parallel.

1In electrical engineering the acronym FDM typically denotes frequency division multiplexing, i.e.
multiplexing of frequency bands in the spectral domain. Here we use FDM to denote the multi-
plexing of fibers in the spatial domain.
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Fig. 1.29 Fiber division multiplexed transmission link using N single-mode fibers in parallel car-
rying N data channels

Fig. 1.30 Mode division multiplexed transmission link using a single few-moded fiber carrying
N data channels

1.7.1.1 Cost Modeling

The system models used for this comparison are shown in Figs. 1.29 and 1.30.
The transmission link has to carry N data channels over a link total length Ltot

which consists of M1 single-mode fiber sections having a length LFDM (or M2 few-
moded fiber sections of length LMDM) with optical amplifiers (OAs) in between
them. The N digital data channels are transmitted by N transmitters Txi (i = 1..N ),
and received by N receivers Rxi (i = 1..N ).

In the SDM link, the N data channels are carried over N single-mode fibers.
N separate OAs are needed at each coupling between two sections; they may use N

pump lasers or one shared powerful pump laser. The N OAs can be accommodated
in a single housing. (M1 − 1) of these OA-sets are needed, where M1 is the number
of link sections. The N fibers are hosted in a single protective cable sheath, which
is buried in a duct.

In the MDM link, the N data channels are carried over N mode channels in a
single few-moded fiber. These mode channels are amplified together by a single
multimode OA; (M2 − 1) of these OAs are needed, where M2 is the number of link
sections. The FMF is put in a protective cable sheath, which is buried in a duct.
At the transmitter end of the link, a mode multiplexer couples the optical output
signals of the N transmitters into the N mode channels of the FMF. At the receiver
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end, a mode demultiplexer separates the N mode channels into the N receivers.
Both at the transmitter end and at the receiver end digital signal processing is used
for pre-conditioning the signals and counteracting the crosstalk incurred between
them.

Based on these system models, the link CapEx costs for an FDM link, CFDM , can
be expressed as

CFDM = N · Tx + cableFDM + (M1 − 1)(N · OAFDM + housingOA)

+ mode mux + mode demux + N · Rx + 2 · signal proc (1.15)

where

cableFDM = LFDM(sheath + duct + N · fibreFDM) (1.16)

and Tx, Rx, OAFDM are the cost for a transmitter, a receiver, and an optical ampli-
fier, respectively, fiberFDM , cableFDM , sheath, and duct are the FDM fiber, FDM
cable, sheath and duct cost per unit length, and housingOA, mode mux, mode demux,
and signal proc are the unit cost for an OA housing, a mode multiplexer or mode
demultiplexer, and signal processing, respectively.

In a similar way, the link CapEx costs for an MDM link, CMDM , are

CMDM = N · Tx + cableMDM + (M2 − 1)(OAMDM + housingOA)

+ mode mux + mode demux + N · Rx + 2 · signal proc (1.17)

where

cableMDM = LMDM(sheath + duct + fiberMDM) (1.18)

and all other quantities are defined for MDM fibers, devices, etc. corresponding to
those in (1.15) and (1.16).

1.7.1.2 Assumptions

Table 1.11 shows preliminary cost assumptions for the three fiber types consid-
ered: standard SMF for the FDM case, and solid-core FMF (SC-FMF) and photonic
bandgap FMF for the MDM case. Note that these numbers are approximative ones,
taken for the sake of enabling a relative cost comparison of an MDM versus an FDM
system.

Due to differential mode losses in the SC-FMF, the maximum section length in
the MDM/SC-FMF case has been assumed to be somewhat smaller than for the
FDM/SMF case. Due to the (expected) much lower losses in the photonic bandgap
(PGB)-FMF, the maximum section length in the MDM/PBG-FMF case is consider-
ably larger than in the other two cases. Because of the larger complexity (amongst
others to achieve gain flatness among the modes) and the possibility of pump shar-
ing among multiple OAs in the FDM case, the costs of a multimode OA needed
in the MDM cases are assumed to be higher than for the MDM cases. The cable
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Fig. 1.31 Cost comparison between FDM case (N SMFs in parallel) and two MDM cases (solid
core FMF, and photonic bandgap FMF), versus total link length and for different numbers N of
multiplexed data channels

sheath, duct installation, OA housing, transmitter and receiver costs are expected to
be (nearly) the same for the various cases.

1.7.1.3 Results

Figure 1.31 shows the costs calculated for the FDM case using N parallel SMFs and
the two MDM cases using a single solid-core FMF using photonic bandgap FMF,
respectively. The results indicate that MDM offers increasing cost advantages when
the total link length grows, and when the number N of multiplexed data channels
grows. Figure 1.32 indicates how the various cost items contribute to the total system
costs for a total link length Ltot = 1000 km. The cost benefits of MDM are clearly
due to the reduced OA costs, which outweigh the additional costs for the mode
multiplexers and the signal processing. The contribution by the OA costs is reduced
due to OA sharing in the MDM cases, and costs are further reduced due to the use of
PBG-FMF because the section length increases and thus the number of OAs needed
decreases.

Figure 1.33 summarizes the relative cost differences between MDM and FDM
for the two MDM cases. It again shows that MDM offers cost advantages above
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Fig. 1.32 Cost items for the FDM case (N SMFs in parallel) and two MDM cases (solid core
FMF, and photonic bandgap FMF), for total link length Ltot = 1000 km and for different numbers
N of multiplexed data channels

Fig. 1.33 Relative cost differences between MDM and FDM when using (a) solid-core FMF and
(b) photonic bandgap FMF

FDM beyond a certain total link length. This break-even total link length decreases
when the number of multiplexed data channels is increased, and when PBG-FMF is
used instead of SC-FMF. For example, when using N = 10 channels MDM is ad-
vantageous beyond Ltot = 250 km for SC-FMF, and already beyond Ltot = 150 km
for PBG-FMF. And for a link length Ltot = 1000 km, MDM with SC-FMF of-
fers a cost reduction of 2.1% for N = 6 channels to 19.2% for N = 20 chan-
nels, and with PBG-FMF even a cost reduction of 8.1% for N = 6 to 23.2% for
N = 20.

1.7.2 Conclusions

MDM offers clear CapEx cost reductions with respect to FDM for long link lengths
where the total link length is sufficiently large (i.e. beyond 300 to 500 km), and
when the number of multiplexed channels is large (i.e. beyond 10).
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Chapter 2
Optical Fibers

Pierre Sillard and Denis Molin

Abstract The chapter starts with the fundamentals of light propagation in optical
fibers followed by the essentials of fiber fabrication. Subsequent sections focus on
typical loss and dispersion characteristics of single-mode and multimode fibers in-
cluding relevant information on standardization. The basic elements of fiber cables
and cables for various applications constitute another topic followed by new devel-
opments such as micro-structured and Bragg fibers, hybrid devices combining glass
fibers and semiconductors and fibers for space division multiplexing.

2.1 Introduction

Within the past forty years optical fibers have evolved from a not-so-transparent
glass tube to an extraordinarily efficient transmission medium, now acknowledged
as a central element of modern telecommunication networks. Who could have imag-
ined then, that by now several 100s million kilometers of fibers would have been in-
stalled worldwide, allowing today’s highly sophisticated World Wide Web (WWW)
to link the whole planet in real time? Since the first proposition of using glass fibers
as a data transmission medium in 1966 [1], optical fibers have had an extremely
dynamic development, always sustaining the evolution of transmission systems and
the growing needs for bandwidth.

It is the purpose of this chapter to give the reader some basic knowledge about
optical fibers: How are they fabricated? What are the key characteristics and what
are the different optical fibers? What are the latest innovations? This chapter is thus
organized as follows: The first paragraph includes some fiber basics to give the
reader a very first insight on fiber propagation and to introduce the two main cat-
egories of optical fibers, that is single-mode and multimode fibers. The following
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Fig. 2.1 Schematic of light
propagation, based on
geometrical optics

two paragraphs are dedicated specifically to multimode and single-mode telecom
fibers, respectively. In each of those two paragraphs, we describe in detail key fiber
characteristics, the different types of fibers that have been developed over the past
few years and some standardization basics. The subsequent paragraph will shortly
present fiber cables for telecom applications, and we will finish with the latest de-
velopments on novel optical fibers.

2.2 Fiber Basics

2.2.1 Principle of Light Propagation in Optical Fibers

An optical fiber is a thin cylindrical strand of silica glass, consisting of a central
core surrounded by a cladding: the core has higher refractive index nco than the sur-
rounding cladding ncl (nco > ncl), thus allowing light to be guided through internal
reflection. Typical dimensions are from 10 to a few 10s of µm for the core diameter,
depending on fiber type, and 125 µm for the cladding. The index difference between
the core and the cladding is very small, ranging from ∼5 to ∼30 × 10−3, again
depending on fiber type.

Geometrical optics is often used to get a first physical insight of light propaga-
tion. Indeed, light guidance can be simply described by a succession of total internal
reflections at the core-cladding interface, with each optical path within the fiber cor-
responding to one ‘mode’ of propagation. This is illustrated in Fig. 2.1. Fibers al-
lowing several modes to propagate are called multimode fibers (MMF), while fibers
allowing only one mode to propagate are called single-mode.

Snell-Descartes’ law can be used in a straightforward way to derive the angle
of acceptance, or critical angle θ0, which defines how much light is captured and
guided through a multimode fiber. Any light coming into the fiber at an incident
angle larger than θ0 will not experience total internal reflection and will thus not be
guided through the fiber. The following relation relates θ0 to the fiber characteristics:

sin θ0 =
√

n2
co − n2

cl = NA (2.1)

where NA is the numerical aperture. The larger NA, the larger the number of modes.
Classical silica-based multimode fibers have NA ranging from 0.2 to 0.3. Again,
geometrical optics cannot replace a full description based on electromagnetic theory
and Maxwell’s equations. Basic principles will be given in the next section. Let’s
also underline that total internal reflection is not the only mechanism that allows
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Fig. 2.2 Step index profile
(left) and parabolic index
profile (right)

light to be guided. Over the past ten years, much research has been devoted to new
fiber types that rely on different physical mechanisms to guide light. This will be
described in the last Sect. 2.6 of this chapter.

We conclude this section with a few words about the refractive-index profile n(r)

that describes the change of index over the fiber cross-section. The index profile
fully defines the properties of light propagating through the fiber. The most simple
index profile consists of a step, i.e. a core with a constant index of refraction, but
we will see in Sect. 2.4 that profile shapes have become increasingly complicated
as fiber requirements have become more stringent. Figure 2.2 illustrates the two
most common index profiles, that is the step and parabolic profiles. The parabolic
shape, also called graded-index, is essentially used for multimode fibers while a
large variety of shapes can be used for single-mode fibers, ranging from the simple
step to more complex segmented structures.

2.2.2 Modal Theory of Light Propagation in Optical Fibers

Light propagation in optical fibers is governed by Maxwell’s equations, like all
electromagnetic phenomena. For a detailed theory, the reader can refer to well-
established textbooks about optical fibers [2, 3]. In this section, we intend to give
a short overview of the most important equations and to introduce the concept of
modes from an electromagnetic perspective.

Recall that for an isotropic, non-conducting, non-magnetic medium, Maxwell’s
equations can be written as:

∇ × E = −∂B

∂t
(2.2)

∇ × H = ∂D

∂t
(2.3)

∇ · D = 0 (2.4)

∇ · B = 0 (2.5)

where E and H are the electric and magnetic vectors, respectively, and D and B the
corresponding flux densities. In a dielectric medium, they are related to field vectors
by:

D = εE (2.6)
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B = μ0H (2.7)

where ε = ε0εr is the dielectric permittivity, ε0 is the vacuum permittivity and εr is
the relative permittivity, and μ0 is the vacuum permeability.

The wave equation is obtained by combining the equations above to isolate the
electric vector E. Assuming that loss is low enough so that the permittivity ε is
real and replacing ε by ε0n

2, where n is the refractive index profile, leads to the
following wave equation:

∇2E − n2

c2
· ∂2E

∂t2
= ∇(∇ · E) = −∇(∇(lnn2) · E) (2.8)

We saw in the preceding section, that in optical fibers the index difference between
the core and the cladding is small, on the order of ∼10−2. This feature allows to
fully neglect the term on the right side of (2.8). This is called the ‘weakly-guiding
approximation’ [4], which allows for a simpler description of guided wave propa-
gation.

Cylindrical symmetry of the guiding structure is another important feature that
allows to write any of the field components in cylindrical coordinates (r, θ ) as:

E = F(r)G(θ)ei(ωt−βz) (2.9)

where ω is the angular frequency and β the propagation constant of the field propa-
gating along the z-axis.

Inserting (2.9) into the wave equation (2.8) within the weakly guiding approxi-
mation yields the following important equations:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

d2F

dr2
+ 1

r
· dF

dr
+
(

k2n2 − β2 − ν2

r2

)
· F = 0

d2G

dθ2
+ ν2G = 0

(2.10)

Here, k is the wavenumber, equal to ω/c or 2π/λ and ν is the azimuthal number,
that can only take integer values due to the 2π field periodicity.

In the case of a simple step-index profile, with constant index values in the core
with radius a and in the cladding, the solution of (2.10) is well-known and takes
the form of Bessel functions. In the case of more complicated index-profile shapes
within the core, even though many strategies have been developed in the past to
solve this scalar wave equation, numerical methods have to be applied.

There are many solutions to (2.10), each solution being called a mode and being
defined by its propagation constant and field distribution. However, we are mainly
interested in the guided modes, whose radial distributions should be finite at r = 0
and decay to 0 at infinity. It is then possible to show that all the guided modes have
a propagation constant that obeys:

ncl <
β

k
< nco (2.11)
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where β/k is the effective refractive index neff , nco is the maximum index within the
core, and ncl is the cladding index. In some cases, like for trench assisted profiles
(described in Sect. 2.3.2), it may be necessary to take into account modes with
complex propagation constant and field distribution that oscillates at infinity: the
leaky modes. In the particular case of trench assisted profiles, the real part of the
propagation constant of these modes typically follows:

n− <
real(β)

k
< ncl (2.12)

where n− is the lowest refractive index of the depressed area surrounded by the
outer cladding of constant refractive index. These leaky modes are confined by the
depressed index area within the core but leak out energy to the outer cladding by
tunneling effect [5], even without bending. The leakage losses of the leaky modes,
expressed in dB per unit of length, are a function of the imaginary part of the pro-
pagation constant:

Loss = 20

ln 10
· Im(β) (2.13)

Whatever the index profile is, it is necessary to apply the boundary conditions, that is
the electric field and its derivative are continuous at the core/cladding interface, lead-
ing to the well-known eigenvalue equation which only depends on the index profile,
the wavelength, and the azimuthal number, and whose solution is the propagation
constant β . Depending on the profile parameters and wavelength, this equation will
have one or more solutions for each integer value ν. Each solution is labeled βνμ,
(where μ = 1,2 . . .) and corresponds to a mode of propagation labeled LPνμ whose
optical field distribution is obtained from (2.10) knowing βνμ, where LP stands for
Linearly Polarized. Indeed, it is possible to show that modes are nearly transverse.
Figure 2.3 shows examples of radial distributions of different modes.

In a single-mode fiber profile parameters are chosen so that the only mode that
propagates is the LP01 mode. As can be seen in Fig. 2.3, this mode is nearly Gauss-
ian.

Fig. 2.3 Schematic of radial distribution of LP01 mode (left graph) showing a 3D computed plot,
and LP85 mode (right) showing a computed cross-section of the intensity



54 P. Sillard and D. Molin

2.2.3 Fiber Fabrication

Over the past 40 years silica glass has proven to be the material of choice for optical
fibers, combining both low loss and good reliability and being easy to process. Re-
search is still going on to find alternative materials, but current interest is directed
towards very specific applications in the field of nonlinear optics. In the case of
silica glass the index profile can be tailored by the addition of a small quantity of
dopants: Ge-P in some cases- to increase the index of refraction and F-B in some
cases- to lower it. For example, changing the index of refraction by 1 × 10−3 with
respect to silica requires about 1 wt% of Ge only.

Fiber manufacturing has become an extremely well-mastered process. Geometry
is controlled to the µm level, while material purity is controlled to well below ppb
levels.

Fiber manufacturing is a two-step process. The first step is the fabrication of
a high-purity rod called preform. This rod has exactly the same composition and
cross-sectional profile as the fiber but its diameter is a few centimeters. Because
of its larger size it is possible to achieve a very good control of the index profile.
Different techniques are currently used by fiber manufacturers to make preforms [6]:
MCVD (Modified Chemical Vapor Deposition), PCVD (Plasma Chemical Vapor
Deposition), VAD (Vapor Axial Deposition) and OVD (Outside Vapor Deposition).
For all these methods glass is created from a high-temperature reaction between
gases. In the case of MCVD, glass is formed layer after layer on the inner surface
of a tube through the oxidation of SiCl4 gas (1400 °C to 1600 °C).

SiCl4 + O2 → SiO2 + 2Cl2

The high temperature is usually obtained by a burner or a furnace. PCVD, as
MCVD, is an inside deposition process but reactions occur within a microwave-
generated plasma. For OVD and VAD, as opposed to MCVD and PCVD, soot is
formed through hydrolysis:

SiCl4 + O2 + 2H2 → SiO2 + 4HCl

Thus, both methods require an extra-step consisting of dehydration and vitrification
in a heating furnace (∼1500 °C) to eventually obtain glass. OVD is an external-
deposition process, where soot layers are deposited one after another onto a starting
rod. In the case of VAD, the rod is built vertically with core and cladding made at
the same time.

The second step consists in drawing the preform rod into the 125 µm fiber, which
becomes an exact smaller-size replica of the rod. This is usually done in a drawing
tower, over 10 m high, that includes a high-temperature furnace at the top to melt
down the preform and a spooling device at the bottom to wind the fiber. The end of
the preform rod is thus heated in the furnace (∼2000 °C) above the melting point
to allow the fiber to be drawn by the winding device with a controlled bare-fiber
tension. Fiber is also coated with polymer during the drawing process to ensure
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mechanical protection. Two polymer coatings are generally applied onto the glass
fiber: a first soft material to protect the fiber from lateral pressure when cabled, and
a more rigid layer to provide mechanical protection. Coating is usually transparent,
but color components can be directly added to the secondary layer, thus eliminating
the need for an extra inking-process step before cabling. Final diameter of coated
fiber is typically 250 µm.

2.2.4 Fiber Loss

Fiber loss is a fundamental limiting factor as it reduces signal power propagating
through the fiber. It is described by an attenuation coefficient (α) in dB/km. As for
any material, loss is linked to either absorption or scattering mechanisms.

Pure silica absorbs in the ultraviolet (electronic transitions) and in the far-infrared
region (molecular vibrations of SiO2). Metallic impurities could give rise to addi-
tional absorption peaks [7], but the fiber fabrication process has improved to a point
where impurities are no longer a significant concern, with much less than ppb levels
and no impact on loss. Hydrogen is also one of the well-known impurities, which
has to be avoided during fiber fabrication and once the fiber is installed. Hydro-
gen diffuses easily and can undergo chemical reactions with the network of silica
glass, leading to the formation of numerous defects, the most detrimental one be-
ing SiOH. The SiOH vibration has a fundamental absorption peak at 2.73 µm and
overtones at 1.38 µm and 0.95 µm, and a concentration of 1 ppmw only leads to a
few tens of dB/km attenuation at 1.38 µm [8]. From the early days of fiber fabrica-
tion much work has been devoted to the reduction of the so-called OH peak. Latest
advances at the end of the 90’s have allowed manufacturers to produce virtually OH-
free fibers with additional loss of less than 0.1 dB/km at 1.38 µm. These fiber types
are now very well described by standardization bodies and referred to as G.652.D
for single-mode fibers.

Rayleigh scattering is the dominant scattering mechanism in silica fibers. It varies
as λ−4 and is also dependent on fiber composition. In most cases, the higher the
dopant concentration is, the higher the corresponding scattering is. In pure silica,
the Rayleigh scattering coefficient is of the order of 0.6 to 0.8 dB µm4/km and de-
pends on fabrication process and thermal history of the glass measured through
its fictive temperature [9]. The influence of Ge doping on Rayleigh scattering has
been extensively studied in the past and it can be considered to grow linearly with
composition: Rayleigh scattering is doubled compared to pure silica at a germa-
nium incorporation equivalent to a refractive index increase of about 25 × 10−3 [9].
Additional scattering can also be generated by any defects or small fluctuations at
the core/cladding interface, also referred to as ‘waveguide imperfection’ [10]. This
component is negligible for standard single-mode fibers, but can be significant for
higher dopant contents [11].

When summing up all these contributions minimum loss is found around 1.55 µm
where most of today’s telecommunication systems operate. Figure 2.4 shows a typi-
cal loss spectrum for commercially available single-mode fibers with typical values
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Fig. 2.4 Spectral loss of a
commercial single-mode fiber

of 0.2 dB/km at 1.55 µm. In this wavelength range Rayleigh scattering is the main
contribution. Even though these values are very close to the fundamental limit for
silica, there is still some research to further reduce fiber loss with a record loss of
0.152 dB/km recently reported and achieved through careful profile design and fiber
fabrication [12].

One important feature of optical fibers is that they can be bent. However, light is
not guided as well in a bent fiber as it is in a straight fiber, it scatters away and loss
occurs. The smaller the bending radius the higher is the loss. Also, when fibers are
in cable form, they are pressed against a surface that is never perfectly smooth, thus
generating random axial oscillations for the fibers and referred to as micro-bending.
Both, macro- and micro-bend loss, will be further discussed in Sect. 2.4 as their
control is important when designing fibers.

2.2.5 Fiber Dispersion

Dispersion is the other important limiting factor when considering data transmis-
sion. It is the mechanism that causes a light pulse to broaden as it propagates through
the fiber and limits transmission capacity whether the system is digital or analog.
Dispersion is very different in multimode and single-mode fibers.

In a multimode fiber it can be very well understood with the geometrical-optics
description. Injected light is coupled to the different modes that the fiber can sus-
tain (or part of them, depending on how injection is made). Modes have different
paths, thus leading to different time-of-flight at the output of the fiber. This is called
intermodal dispersion. Very simple geometrical-optics computations show that in a
multimode step-index fiber it is of the order of 10s of ns/km. This is exactly why
graded-index profiles have been developed: to decrease the intermodal dispersion
and allow higher data rates to be transmitted. This will be further discussed in the
next section dedicated to multimode fibers.

In a single-mode fiber intermodal dispersion does not occur because all the light
is carried within one mode. However, pulse broadening is still present because any
given source emits over a range of wavelengths, and different wavelengths travel at
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a different speed. This is called intra-modal dispersion or chromatic dispersion. The
chromatic dispersion coefficient is given in ps/(nm km). Chromatic dispersion exists
in all dielectric materials and is intrinsically related to the wavelength dependence
of refractive index. In fibers, dispersion can be computed easily when knowing the
wavelength dependence of the effective index neff , through:

D = dτg

dλ
= −λ

c
· d2neff

dλ2
(2.14)

where τg is the group delay. It can be shown that dispersion can be very well ap-
proximated by the sum of two contributions: that of silica itself, called ‘material
dispersion’, and that of the guiding structure, called ‘waveguide dispersion’.

In the telecom wavelength range, silica dispersion increases with wavelength. It
zeroes near 1.28 µm and is ∼20 ps/(nm km) at 1.55 µm [13]. On the other hand,
waveguide dispersion is negative over a broad spectral range. Waveguide disper-
sion depends on profile shape and can thus strongly modify material dispersion.
Chromatic dispersion is a very important characteristic, and many fiber types have
been developed with different dispersion properties. This will be further discussed
in Sect. 2.4 devoted to single-mode fibers.

2.3 Multimode Fibers

Multimode fibers were the first fibers to be commercialized in the 1970’s, being used
for both short and long distance telecommunications, operating mainly at 0.85 µm
with LED (Light-Emitting Diode) sources. Single-mode fibers were of course re-
cognized for their higher bandwidth, but there were no sources to couple light effi-
ciently into the narrower core of single-mode fibers. At the beginning of the 80’s,
research on sources resulted in reliable semiconductor lasers suited for smaller core
single-mode fibers, which narrowed down the application of multimode fibers to
short-distance systems.

Multimode fiber development has continued from the 1980’s up to now mainly
in the framework of Ethernet dedicated to data communications that successively
promoted bit rates from 10 Mbit/s to 10 Gbit/s (2002) and to future 100 Gbit/s.
Multimode fibers have been able to follow this increase in bit rate thanks to process
improvements and technological breakthroughs in sources that provided low-cost
10 Gbit/s sources at the end of the 90’s, in particular the Vertical Cavity Surface
Emitting Laser (VCSEL) operating at 850 nm (see also Chap. 3).

Compared to single-mode fibers, multimode fibers offer much more relaxed con-
nectorization tolerances between fibers and to sources.
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2.3.1 Key Characteristics

2.3.1.1 Modal Bandwidth

Bandwidth is one of the main characteristics of multimode fibers: it quantifies the
light carrying capacity, the higher, the better. It is generally normalized by the fiber
length and thus expressed in MHz km, referring to the analog world, but a relation
between maximum bit rate and modal bandwidth can be derived.

Fiber can be seen as a passive low-pass filter. Its bandwidth is then defined as the
modulation frequency that is reduced by 3 dB as compared to the zero frequency
(DC) response. This is illustrated in Fig. 2.5. Bandwidth can be measured either
in the time or frequency domain [14]. In the time domain, it consists of measuring
the temporal response of the fiber by injecting a short pulse. The transfer function
TF(f ) can then be computed from the recorded input sin(t) and output sout(t) sig-
nals as the ratio of their respective fast Fourier transform s̃in(f ) and s̃out(f ):

TF(f ) = 10 · log10

(
s̃out(f )

s̃in(f )

)
(2.15)

One of the main features of multimode fibers is that many of their characteristics
depend on the way light is coupled, more commonly called the launching condi-
tions. The launching condition defines which modes are excited or not, and what the
corresponding power distribution is. However, the launching conditions provided by
LEDs and VCSELs are very different, and very different even within the VCSELs
family. LEDs usually excite almost all the guided modes, while VCSELs excite a
smaller number of modes, which varies widely from one VCSEL to another.

So, in order to ensure consistent bandwidth measurements and enable a compar-
ison of fibers on the same basis, bandwidth is measured under what is called the
Over-Filled Launch (OFL) condition, which corresponds to a uniform excitation of
all guided modes in the fiber. In practice, a mode scrambler is inserted between the
laser and the fiber to provide a spatially, angularly and uniformly over-filled launch.
Typical values of OFL modal bandwidth are several hundreds of MHz km, with the

Fig. 2.5 Computed transfer
function of a multimode fiber
(fc : modal bandwidth)
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best modern fibers exhibiting values over 10 GHz km at 850 nm. The OFL modal
bandwidth renders fiber properties very well when fiber is coupled to an LED.

Modal bandwidth under VCSEL launch is called Effective Modal Bandwidth
(EMB). Due to the plurality of VCSEL patterns, no standardized launching condi-
tions have been defined, but dedicated measurement strategies have been developed
to best characterize fiber performance. It mainly relies on differential mode delay
measurements as explained in the next paragraph.

2.3.1.2 Differential Mode Delay

Differential Mode Delay (DMD) measurement is another way of characterizing the
modal properties of multimode fibers. It is now widely used by fiber manufactur-
ers to assess performance of fibers dedicated to high-speed networks operating at
10 Gbit/s and beyond and using VCSEL sources. Because VCSELs excite only a
limited number of modes, OFL bandwidth is thus less relevant for such applica-
tions.

Examples of DMD measurements at 850 nm are shown in Fig. 2.6 for two differ-
ent multimode fibers with a core radius of 50 µm. DMDs provide cartographies of
modal dispersions across the fiber radius. Indeed, each line of this plot corresponds
to the power evolution as a function of time when a short laser pulse (20 ps to 1 ns)
is launched – through a single-mode fiber – at one specific position across the multi-
mode fiber radius, called the ‘offset launch’ on the graph. The mode field diameter
of the single-mode fiber is of the order of several µm – below the diameter of typical
multimode fibers – so that it can only excite a sub-set of modes. A centered launch
(offset launch equal to 0 µm) excites mainly the lowest order modes, while large-
offset launches excite the highest order modes. Here, the fiber is scanned from its
center to the edge of its core with 1 µm steps. The DMD plot depends on several
settings such as the spot size used at the launching stage, the pulse duration, the fiber
length and so on. In order to ensure consistent measurements, DMD measurements
have been standardized in 2003 [15] for 50 µm-core multimode fibers.

Fig. 2.6 Measured DMD plots of two different multimode fibers
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The DMD plot on the left of Fig. 2.6 reveals that the highest order modes, those
excited by the largest offset launches, travel faster than the lower order modes, ex-
cited by the lowest offset launches. This fiber thus exhibits a large modal dispersion,
especially when compared to the fiber whose plot is on the right of Fig. 2.6. For this
last fiber, group delays are well equalized.

In addition, the standards provide a set of tools dedicated to the analysis of the
DMD plot: the DMD values, expressed in ps/m [15]. They roughly correspond to
the delay between the fastest and the slowest pulses within a given sub-group of
offset launches, also called templates. The standards define three DMD values with
their respective templates and named inner, outer and an unofficially called sliding.
For instance, the inner DMD value corresponds to offset launches between 5 µm
and 18 µm only. The fibers of Fig. 2.6 have an inner DMD value of 0.141 ps/m
(left) and 0.025 ps/m (right). As further developed in Sect. 2.3.3 (Standardization),
specifications have been defined for those DMD values, to allow for a minimum
EMB value.

The same standards also propose an alternative to the DMD values: the EMBc
(Effective Modal Bandwidth, where “c” stands for computed), which has been de-
fined to evaluate the worst effective modal bandwidth the fiber may exhibit when
coupled to VCSELs [15]. Indeed, DMD plots also allow to simulate fiber response
– that is the output pulse shape – from a linear combination of each individual trace.
Standards define ten different sets of weights to compute this linear combination and
to render the variety of VCSEL launches. EMB can then be computed from those 10
output pulses and the worst value is called EMBc. The fibers of Fig. 2.6 have EMBc
values of 4,140 MHz km (left) and greater than 15,000 MHz km (right) with respec-
tive OFL modal bandwidth of 3,300 MHz km and greater than 14,000 MHz km.

2.3.1.3 Loss

Loss in a multimode fiber may be more complex than in a single-mode fiber because
each mode may experience different attenuation levels. This effect is called DMA
(Differential Mode Attenuation). In practice, DMA is negligible in modern silica
multimode fibers, and loss does not depend on the launching condition and linearly
increases with fiber length. As for single-mode fibers, it is expressed in dB/km.
Typical loss values of a 50 µm multimode fiber are about 2.2 dB/km at 850 nm and
0.5 dB/km at 1300 nm.

2.3.1.4 Bend Loss

Multimode fibers generally do not behave like single-mode fibers under bend-
ing. Each mode exhibits significantly different bend sensitivities: the highest order
modes are weakly guided compared to the lowest order modes and thus far more
sensitive to bending than the lowest order ones. As a consequence bend-loss level
strongly depends on launching conditions: a launching condition that mainly excites
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Fig. 2.7 Bend loss as a
function of wavelength for
two 50 µm-core multimode
fibers with respective NA of
0.205 and 0.185 after 9 turns
around a 15 mm radius
mandrel

the highest order modes yields higher bend loss whereas injection that confines the
light in the lowest order mode may exhibit a very good bend resistance. Another
consequence is that bend loss of multimode fibers cannot be expressed in dB/turn
or dB/m as for single-mode fibers. It is recommended to express them in dB for a
given number of turns and a given launching condition [16].

Another very different feature of bend loss of multimode fibers compared to
single-mode fibers is their spectral dependence. Indeed, bend loss does not expo-
nentially increase with wavelength as it is the case with single-mode fibers, but,
under the OFL condition, it oscillates around a fairly constant value over the whole
spectrum, as shown in Fig. 2.7. The oscillations come from the cutoff of the highest
order modes [17].

2.3.2 Different Types of Multimode Fibers

2.3.2.1 Silica Step-Index Multimode Fiber

Step-index multimode fibers were the first ones to be developed in the early days of
optical communication. As briefly explained in Sect. 2.2.5, the difference of arrival
times between the slowest mode and the fastest one can be written as:

�t = L · NA2

2cncl
(2.16)

where ncl is the refractive index of the cladding, NA is the numerical aperture, L the
fiber length and c the speed of light. Modal dispersion in such fibers depends on the
square of the numerical aperture. OFL bandwidth of step-index multimode fibers
usually does not exceed a few tens of MHz km, making these fibers definitively not
suited for high-speed transmissions.

2.3.2.2 Silica Graded-Index Multimode Fiber

Graded-index multimode fibers were soon introduced to improve and reduce modal
dispersion of step-index fibers [18]. The idea consists of equalizing the various op-
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Fig. 2.8 Computed OFL
modal bandwidth vs.
wavelength for α = 2.07 and
α = 1.98 for a 50 µm-core
multimode fiber

tical paths followed by all rays of light by lowering the refractive index experienced
by the longest paths. The core profile follows a power law parameterized by the α

parameter:

n(r) =
{

nco ·
√

1 − 2�( r
a
)α r ≤ a

ncl r ≥ a
(2.17)

where nco is the core maximum refractive index, ncl is the cladding index, and a is
the core radius and � is defined in (2.18).

� = n2
co − n2

cl

2n2
co

(2.18)

With such an α-parameterized profile and by a proper choice of the α parameter it
is possible to maximize the OFL bandwidth at a given wavelength [19, 20]. Indeed,
multimode fibers can be used either around 850 nm (LEDs or VCSELs) or around
1300 nm (LEDs). The α values typically used for maximizing the OFL bandwidth
at wavelengths of 850 and 1300 nm are ∼2.07 and ∼1.98, respectively, as shown in
Fig. 2.8.

One can see from Fig. 2.8 that it is not easy to achieve very high bandwidths
in a reproducible way because bandwidth strongly depends on the α value: a slight
variation of less than 0.01 shifts the optimal wavelength by tens of nanometers.
Also, any index profile deviation reduces the bandwidth. This indicates that the
achievement of very high bandwidths requires an extremely accurate process control
because a slight error on the refractive index profile leads to a dramatic decrease of
fiber performance.

Nowadays, two classes of graded-index multimode fibers dominate: the 50 µm
and the 62.5 µm multimode fibers that have 50 µm and 62.5 ± 2.5 µm core dia-
meters and numerical apertures of 0.200 and 0.275±0.015, respectively. The 50 µm
multimode fiber is historically the first fiber that has been developed, followed very
rapidly by the 62.5 µm type that is still the most widely installed multimode fiber
in the world. This trend is about to reverse due to the advent of the VCSEL sources
at the end of the 1990’s, which are able to sustain the high modulation speeds re-
quired for multi-Gbit/s transmission. This breakthrough pushed the fiber manufac-
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Fig. 2.9 Computed EMBc
vs. α at 0.85 µm for a 50 µm
core multimode fiber

turers to improve their process control in order to allow today’s mass production of
the new class of 50 µm multimode (also known as OM3 and OM4 fibers and further
explained in Sect. 2.3.3), that exhibits the high bandwidths required for 10 Gbit/s
transmission. Their effective modal bandwidths at 850 nm are typically greater than
2,000 MHz km for OM3 and 4,700 MHz km for OM4, and their OFL modal band-
width at 850 nm is typically greater than 1,500 MHz km and 3,500 MHz km, respec-
tively, at this wavelength. As illustrated by Fig. 2.9, α tolerances of OM4 fibers are
more than twice tighter than those of OM3 fibers.

Another aspect, that has recently been the center of attention, is the bending sen-
sitivity of multimode fibers. The important rise of traffic in data centers, subject
to harsh environments (massive cabling, plurality of connectors, reduced footprint),
has spurred the development of a new type of multimode fibers: bend-resistant OM3
and OM4 fibers. These fibers typically exhibit macro-bending sensitivities that are
about 10 times lower than those of legacy OM3 and OM4 fibers, with macro-bend
losses below 0.2 dB for 2 turns at 7.5 mm bend radius at 850 nm. They all have
a depressed-index area in the cladding, i.e. a trench near the graded-index core
(see Fig. 2.10) that allows for better light confinement. These new trench-assisted
graded-index multimode fibers are paving the way to more reliable cable manage-
ments in data centers, and to innovative and more compact cable designs [21, 22].

Fig. 2.10 Refractive index profiles of a regular (left) and a trench-assisted (right) 50 µm-core
multimode fiber
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Basically, the larger the trench is (in depth and width), the lower the macro-bend
losses are. However, a too large trench favors the guidance of leaky modes that
might be problematic from characterization, backward compatibility and transmis-
sion points of view. The trench design is thus a trade-off between macro-bend-loss
improvement and leaky-mode resistance [21, 23]. The introduction of the trench
also requires careful engineering to meet the DMD specifications of OM4 fibers
because the trench influences the group velocity of the highest-order modes. There
are several ways to deal with this issue either by optimizing the trench, the inner
cladding between the core and the trench or the core-inner cladding interface. In the
end, trench-assisted multimode fibers offer similar bandwidths to those of regular
multimode fibers with a 10-fold macro-bend-loss improvement while maintaining
backward compatibility [24, 25].

In order to meet the future increase of demand, the multimode fiber capacity
will ultimately have to be increased [26]. The combination of wide-band multimode
fibers [27, 28] and longer-wavelength VCSELs for multiple-wavelength operation
appears today as the most promising option. In this context, the feasibility of wide-
band multimode fibers with high bandwidths over a broad wavelength range is the
most challenging issue (see Fig. 2.8). Recently, however, a trench-assisted wide-
band multimode fiber with OM4 bandwidths over the 850 to 950 nm window has
been demonstrated [29].

2.3.2.3 Plastic Optical Fibers

Plastic Optical Fibers (POF) are multimode fibers whose core and cladding are made
out of plastic material. They usually have a larger core than silica fibers, up to the
millimeter range, and can be operated down to the visible. POFs are easy to connec-
torize and easy to bend. They offer a cheap alternative to silica multimode fibers,
but are limited to very short distances due to their inherent higher loss and lower
bandwidth. POFs were first used in automation, mainly in the visible, but the past
few years have witnessed a shift to the Ethernet world with operating wavelength of
850 and 1300 nm.

The original POF design consists of a step-index profile, also known as the stan-
dard POF, with a large core of 980 µm made of poly-methylmetacrylate surrounded
by a thin 10 µm cladding of fluorinated polymer. The typical numerical aperture is
about 0.5. This material exhibits high absorption of about 100 dB/km at 520 nm,
560 nm and 650 nm.

A graded-index profile is mandatory for higher transmission speed and/or dis-
tance. The early trials did not yield satisfactory loss results, but in the early 90’s,
thanks to the use of perfluorinated polymer, feasibility of low-loss graded-index
plastic optical fibers (GI-POF) was demonstrated [30] and first fibers were commer-
cialized in 2000. Nowadays, losses of GI-POF are kept below 20 dB/km over the
800–1300 nm range [31], and fibers with core sizes as small as 50 µm are available.
They show good transmission capabilities and can provide OFL-bandwidths larger
than 400 MHz km [32, 33].



2 Optical Fibers 65

2.3.3 Standardization

The concern for standardization has started at the early stage of fiber development.
Several bodies are active: the Telecommunication Standardization Sector of the
International Telecommunication Union (ITU-T), the International Electrotechnical
Commission (IEC), the ISO/IEC jointly operated by the International Organization
for Standardization and the IEC, and the Telecommunications Industry Association
(TIA). The first ITU-T recommendation on multimode fibers has been published in
1984 (G.651).

One of the most common classifications is that of ISO/IEC, which defines four
main multimode fiber classes known as OM1, OM2, OM3 and OM4 [34]. OM1
and OM2 define specifications for both 50 µm and 62.5 µm multimode fibers and
known as A1a.1 for 50 µm and A1b for 62.5 µm in IEC [35], while OM3 and OM4
deals with 50 µm multimode fibers only and known as A1a.2 and A1a.3 in IEC, as
shown in Table 2.1 published in 2002 and closely linked to the IEEE 802.3 10GbE
Ethernet Standard released the same year. An OM4 fiber, when operated at 850 nm
in combination with VCSEL sources, allows to bridge 400 m at 10 Gbit/s (10GbE
links) and up to 100 m at 40/100 Gbit/s ((40/100)GbE links) in parallel solutions.

In the early 2000’s, in the framework of the IEEE 802.3 standards, it was shown
through extensive modeling that an error-free 10 Gbit/s transmission over 300 m re-
quires an EMB larger than 2,000 MHz km. The OM3 standard translates this system
requirement into specifications on the DMD values computed from the DMD plots,
the definition of which has been given in Sect. 2.3.1.2 [36]. These specifications
are summarized in Table 2.2. They include six different sets of DMD values. To be
compliant, fibers need to fulfill one of the six sets only.

Since the introduction of the OM3 fiber, fiber manufacturers have developed a
higher grade of laser optimized multimode fibers, with tighter DMD specifications
intended to ensure EMB greater than 4,700 MHz km. Such a fiber could offer longer
distances for the 10GbE, e.g. up to 550 m, or additional margins for Data Centers
where more connectors are used. In November 2009, such fibers, labeled OM4, were
added to the TIA 492AAAD. They provide point-to-point 40 and 100GbE links over
4 or 10 pairs of fibers up to 150 m (cf. IEEE 802.3ba-2010 standard) and 10GbE
up to 400 m, extending the 300 m reach of OM3 fibers. These specifications are
summarized in Table 2.3, which includes three different sets of DMD values. To be
compliant, fibers need to fulfill one of the three sets only.

Table 2.1 OFL bandwidth specifications for OM1, OM2, OM3 and OM4 fibers

Fiber class
ISO/IEC

Fiber type IEC Core diameter
(µm)

OFL-BW
at 850 nm
(MHz km)

EMB
at 850 nm
(MHz km)

OFL-BW
at 1300 nm
(MHz km)

OM1 A1b 62.5 >200 – >500

OM2 A1a.1a & A1a.1b 50 >500 – >500

OM3 A1a.2a & A1a.2b 50 >1,500 >2,000 >500

OM4 A1a.3a & A1a.3b 50 >3,500 >4,700 >500
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Table 2.2 DMD specifications ensuring EMB higher than 2,000 MHz km

Specifications Outer DMD
(ps/m)

Inner DMD
(ps/m)

Sliding DMD
(ps/m)

1 ≤0.33 ≤0.33 ≤0.25

2 ≤0.27 ≤0.35 ≤0.25

3 ≤0.26 ≤0.40 ≤0.25

4 ≤0.25 ≤0.50 ≤0.25

5 ≤0.24 ≤0.60 ≤0.25

6 ≤0.23 ≤0.70 ≤0.25

Table 2.3 DMD specifications ensuring an EMB greater than 4,700 MHz km

Specifications Outer DMD
(ps/m)

Inner DMD
(ps/m)

Sliding DMD
(ps/m)

1 ≤0.10 ≤0.30 ≤0.11

2 ≤0.11 ≤0.17 ≤0.11

3 ≤0.14 ≤0.14 ≤0.11

Finally, bend-resistant 50 µm-core multimode fibers have been standardized as
A1a.1b for bend-resistant OM2, A1a.2b for bend-resistant OM3 and A1a.3b for
bend-resistant OM4. The “b” suffix has been added to the former fiber type in IEC
for the bend-resistance feature. The maximum macro-bend loss of these different
fiber types are summarized in Table 2.4. Since macro-bend losses do not vary lin-
early with the number of turns, the macro-bend losses are expressed in dB per num-
ber of turns. The launch condition for the macro-bend-loss measurement shall fulfill
that described in IEC 61280-4-1.

2.4 Single-Mode Fibers

Single-Mode Fibers (SMF) have replaced multimode fibers for long-distance trans-
missions in the early 1980’s, when semiconductor laser sources became available.
Since then steady progress in transmission capacity has been made, with bit rates
as high as several Tbit/s being now transmitted over several thousands of kilome-
ters [37]. SMFs have kept evolving all along to fit the always more demanding sys-
tem and capacity requirements, yielding several fiber types as we will see in this
section.

2.4.1 Key Characteristics

We discuss here the main characteristics of single-mode fibers that are of impor-
tance to assess fiber performance with respect to given applications, that are loss,
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Table 2.4 Maximum macro-bend loss of standardized 50 µm-core multimode fibers

Fiber type IEC A1a.1a
A1a.2a
A1a.3a

A1a.1b
A1a.2b
A1a.3b

0.85 µm
37.5 mm bend radius
100 turns

0.5 dB 0.5 dB

0.85 µm
15 mm bend radius
2 turns

1.0 dB 0.1 dB

0.85 µm
7.5 mm bend radius
2 turns

– 0.2 dB

1.3 µm
37.5 mm bend radius
100 turns

0.5 dB 0.5 dB

1.3 µm
15 mm bend radius
2 turns

1.0 dB 0.3 dB

1.3 µm
7.5 mm bend radius
2 turns

– 0.5 dB

dispersion, cutoff wavelength, mode field diameter and effective area. Loss and dis-
persion have been described earlier in the fiber basics Sects. 2.2.4 and 2.2.5. Recall
that loss is in the range of 0.20 dB/km at 1.55 µm for straight fibers. When a fiber is
bent on a macro-scale or subject to micro-deformations causing micro-bends, light
scatters away and loss occurs. Macro-bend loss mainly depends on the optical prop-
erties of the fiber, and proper profile design allows to make it negligible for bend
radii around 15 mm or down to 5 mm for some applications (see sections below).
Micro-bend loss depends on both optical and material properties of the fiber, and
careful choice of both profile and coating renders it negligible when fiber is put into
a cable or under compression or lateral stress. Extensive literature exists on both
topics, starting from the early days of fiber optics history. The reader is referred to
[2, 3] for a theoretical treatment.

Chromatic dispersion is especially important in single-mode fibers, because of
its double impact on light pulse broadening and pulse distortions due to nonlinear
effects. We have seen in Sect. 2.2.5, that chromatic dispersion can be made very
different from that of silica, thanks to profile design. Indeed, all along fiber history,
much research work has been done to tailor chromatic dispersion through proper de-
sign to best fit telecommunication systems requirements. Usually, dispersion char-
acteristics are given in terms of zero-chromatic dispersion wavelength λ0, chromatic
dispersion and dispersion slope (first derivative of chromatic dispersion with respect
to wavelength) at the operating wavelength. Fibers with dispersion values ranging
from 17 ps/(nm km) to well below −100 ps/(nm km) at 1.55 µm are now commer-
cially available.
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Another source of dispersion arises in single-mode fiber when circular symmetry
is broken, yielding a slight birefringence and different group velocity for orthogonal
modes of polarization. It is referred to as Polarization-Mode Dispersion (PMD) [38].
Because fiber birefringence is small and varies in a random fashion along the fiber,
PMD is not linear with length, but is given in ps/

√
km. PMD of recent single-mode

fibers is well mastered and below 0.10 ps/
√

km.
The cutoff wavelength characterizes the wavelength range above which a fiber is

single-moded and carries only the fundamental LP01 mode as seen in Sect. 2.2.2. In
theory, each higher-order mode is allowed to propagate for wavelengths below its
cutoff wavelength, so that the term “cutoff wavelength” refers to the longest cutoff
wavelength of all higher-order modes, being in most cases that of the LP11 mode.
In practice, one speaks of fiber and cable cutoff wavelengths (μcf and λcc, respec-
tively), which are measured by standardized methods (FOTP-80 EIA-TIA-455-80)
and correspond to the wavelength above which higher-order modes can be neglected
due to their high losses. Transmission fibers are specified with λcc < 1.26 µm or
<1.45 µm, or even <1.53 µm.

Two quantities are used to characterize the mode spatial extension: the Mode
Field Diameter (MFD) in units of µm and the effective area Aeff in µm2:

MFD = 2

√√√√
∫∞

0 F(r)2rdr
∫∞

0
dF(r)

dr

2
rdr

(2.19)

Aeff = 2π · (
∫∞

0 |F(r)|2rdr)2

∫∞
0 |F(r)|4rdr

(2.20)

where F is the electric field as defined in Sect. 2.2.2.
The MFD definition was first proposed in 1983 [39] and is related to the r.m.s.

width of the far-field intensity. It is commonly used to evaluate splice losses. On the
other hand, the effective area is used as a measure of non-linear effects that might
occur in fibers. The larger the effective area, the more effectively can non-linear
effects be avoided since they are proportional to the signal intensity through the
non-linear index n2 [40, 41]. Transmission fibers have Aeff ranging from ∼50 to
∼150 µm2 and n2 ranging from 2.5 to 2.7 × 10−20 m2/W.

2.4.2 Standardization

As it is the case with multimode fibers, standardization bodies have always been
very active in following closely or even anticipating fiber developments. The most
common classification is that of the Telecommunication Standardization Sector of
the International Telecommunication Union (ITU-T) defining a range of fiber values
for each recommendation or fiber type. They are named G.652, G.653 and so on.
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2.4.2.1 ITU-T Recommendation for Standard Single-Mode Fibers (G.652)

This recommendation describes what is also called the “Standard” Single-Mode
Fiber (SSMF), whose main feature is a zero chromatic dispersion wavelength around
1.31 µm. This recommendation was released in 1984, and at that time fiber was
optimized for 1.31 µm operation. The recommendation has been updated several
times, again to follow the latest advances in fiber development, essentially regarding
loss and PMD. Concerning this latter parameter, the manufacturer shall supply a
PMD link design value, PMDQ, that serves as a statistical upper bound for the PMD
coefficient of the concatenated optical fiber cables within a defined possible link of
M cable sections. The upper bound is defined in terms of a small probability level, Q,
which is the probability that a concatenated PMD coefficient value exceeds PMDQ
(see Table 2.5).

By now, this fiber is mostly operated at 1.55 µm and it is the most widely installed
fiber in the world. Overall, these fibers have chromatic dispersion curves very close
to that of silica with values around 17 ps/(nm km) at 1.55 µm. There is no need for
complicated fiber design in that case, and a simple step-index profile is used, with
typical core-cladding index difference of ∼5 × 10−3 and core diameter of ∼9 µm.

2.4.2.2 ITU-T Recommendations for Dispersion-Tailored Fibers (G.653,
G.655 and G.656)

Recommendation G.652 was soon followed by G.653 in 1988, describing
Dispersion-Shifted Fibers (DSFs) with the zero-dispersion wavelength λ0 shifted
to 1.55 µm instead of previous 1.31 µm, intended to be used for single-channel
operation at 1.55 µm and thus to benefit of the lowest-loss window of silica fibers.

At the same time, however, the discovery of Erbium Doped Fiber Amplifiers
(EDFAs) made possible the amplification of signals within a whole band around
1.55 µm (the C-band from 1.53 to 1.565 µm) and paved the way for multiple
wavelength channel transmission, well known as Wavelength-Division Multiplexing
(WDM) systems. It was soon recognized that DSFs favored deleterious inter-
channel non-linear effects and were thus not suited for WDM transmission. As a
consequence Non-Zero Dispersion-Shifted Fibers (NZDSFs) have been developed
featuring a zero-dispersion wavelength (λ0) between ∼1.4 and ∼1.6 µm and a small
but non-zero chromatic dispersion value at 1.55 µm.

The ITU-T recommendation G.655 was first released in 1996 to cover NZDSFs.
G.655 fibers have an absolute value of chromatic dispersion between 0.1 and
6 ps/(nm km) over the C-band. Over the past few years it was amended twice,
and now includes five different sub-types: G.655.A (the original description);
G.655.B and G.655.C to allow the maximum absolute value of dispersion to reach
10 ps/(nm km) over the C-band, further handling parasitic inter-channel nonlinear
effects for Dense WDM (DWDM); G.655.D and G.655.E to better account for the
wavelength dependence of dispersion over the S-, C- and L-bands, ranging from
1.46 to 1.625 µm, as depicted in Fig. 2.11.
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Fig. 2.11 Ranges of
dispersion values allowed
across the S-, C- and L-bands
for: (top) G.656 dark-grey
shaded area and G.655.D,
light-grey shaded area;
(bottom): G.656 dark-grey
shaded area and G.655.E,
light-grey shaded area

The last recommendation, G.656, was introduced in 2004 and covers NZDSFs
optimized for wideband operation in the S-, C- and L-band. The zero-chromatic
dispersion wavelength λ0 is below 1.46 µm, thus reducing inter-channel nonlinear
effects compared to G.655-only compliant NZDSFs and allowing for efficient
multiple-wavelengths Raman pumping. This recommendation was also updated in
2006 by expressing the chromatic dispersion requirements as a pair of bounding
curves versus wavelength from 1.46 to 1.625 µm. Note that G.655.E fibers are also
G.656 compliant, which is not the case for G.655.D fibers (see Fig. 2.11).

All these categories allow for longer λcc (up to 1.45 µm) than those specified in
G.652. This can offer higher margins in profile designs (see Sect. 2.4.3) but at the
expense of losing 1.31 µm applicability.

2.4.2.3 ITU-T Recommendation for Bend-Optimized Fibers (G.657)

Over the past few years, fiber penetration deeper into the network – that is for
Fiber-to-the-X (FttX, X = curb, building, home, . . . ) applications – has spurred the
development of fibers with reduced bending sensitivity compared to that of G.652
fibers. Increased resistance against bending is needed for such applications because
of a greater risk of encountering incidental bends, sharp bends when installed in
corners or when stapling the cable along a wall.

These bend-insensitive fibers are described in recommendation G.657, released
in 2006. The first version included two classes: G.657.A is G.652 compliant and
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exhibits a reduced bending sensitivity; G.657.B shows further reduced bending sen-
sitivity, but it is not G.652 compliant because it contains a wider range of charac-
teristics, especially concerning chromatic dispersion parameters (see Table 2.5). For
both categories, the cable cutoff wavelength is specified to be below 1.26 µm to en-
sure single mode operation in the O-band, ranging from 1.26 to 1.36 µm. In 2009,
this recommendation was updated to include 2 new subclasses G.657.A1 (former
G.657.A) & G.657.A2, and G.657.B2 (former G.657.B) & G.657.B3 with bend-
loss specifications at bend radii down to 5 mm. And in 2012, the MFD, chromatic
dispersion and attenuation parameters were also revised, resulting in specifications
closer to those of G.652 (see Table 2.5).

2.4.3 Fiber Types

2.4.3.1 Dispersion-Tailored Transmission Fibers

As outlined earlier, the shift to the 1.55 µm transmission wavelength region in order
to benefit from the lowest-loss window of silica fibers and the subsequent advent of
WDM systems have both triggered much research to design dispersion-optimized
fibers. However, other parameters such as the MFD or effective area (the larger
the better) and the dispersion slope (the smaller the better) are also important, and
depending on system constraints an optimum compromise has to be found.

For those fiber types, step-index profiles offer limited possibilities only: a higher
index difference (from ∼6 to ∼10 × 10−3) and a smaller diameter (from ∼8 to
∼5 µm) are required to lower chromatic dispersion, yielding small Aeff (≤50 µm2

at 1.55 µm) for standard dispersion slopes (∼0.055 ps/(nm2 km) at 1.55 µm), as
illustrated in Fig. 2.12(a).

To overcome such a problem multi-layered core index structures have been pro-
posed quite early in the history of optical fibers [42]. Larger Aeff are then obtained
at the expense of more complicated profile structures and, sometimes, longer λcc.
For a given profile family, Aeff is unfortunately proportional to the dispersion slope
thus leading to trade-offs: a large Aeff with a relatively high dispersion slope or a
small dispersion slope with a small Aeff [43, 44]. Two profile families are of par-
ticular interest: the coaxial family, which includes a depressed center (negative in-
dex difference with respect to cladding) surrounded by one or several rings; and
the multiple-clad family, which includes a central step surrounded by rings with
alternate negative and positive index differences, as illustrated in Figs. 2.12(b)
and 2.12(c), respectively. Figure 2.12(c) shows a quadruple-clad design. Coax-
ial profiles offer very large Aeff for acceptable dispersion slopes (>95 µm2 for
∼0.060 to 0.070 ps/(nm2 km) at 1.55 µm [45, 46]) but exhibit relatively large loss
(>0.21 dB km) because of their unusual shape. Multiple-clad profiles offer low
dispersion slopes for acceptable Aeff (<0.030 ps/(nm2 km) for ∼45 to 55 µm2 at
1.55 µm [47–49]) and loss around 0.20 dB/km.
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Fig. 2.12 G.655 fibers, index
profiles and mode shapes at
1.55 µm. (a) Step profile with
Aeff ∼ 45 µm2 and slope
∼0.050 ps/(nm2 km) and
λcc < 1.1 µm; (b) coaxial
profile with Aeff ∼ 105 µm2

and slope
∼0.060 ps/(nm2 km) and
λcc ∼ 1.375 µm [46];
(c) quadruple-clad profile
Aeff ∼ 50 µm2 and slope
∼0.010 ps/(nm2 km) and
λcc ∼ 1.395 µm [48], all
compared to G.652 step
profile with Aeff ∼ 80 µm2

and slope
∼0.058 ps/(nm2 km) and
λcc ∼ 1.18 µm

2.4.3.2 Ultra-Long Haul Transmission Fibers

For ultra-long-haul WDM terrestrial or submarine networks the picture is somewhat
different. Research has focused on the two factors that directly limit optical trans-
mission: loss with the early demonstration of record loss values [50], and, more
recently in the early 2000’s, non-linear effects. In this context, fibers with low loss
(from 0.17 to 0.18 dB/km at 1.55 µm) and large Aeff (>100 µm2 at 1.55 µm) have
been developed [51–58] and dispersion is dealt with using newly developed and
high-performance DCFs, either in modules or in cables (see Sect. 2.4.3.4), or using
advanced coherent detection and digital signal processing techniques.

Complicated index profiles are not needed and simple step-index profiles with
small index difference (around 4 × 10−3) and a large diameter (around 12 µm) can
be used, contrary to NZDSFs. The drawback of this option, however, is that smaller
fractions of the modes propagate in the cladding, yielding larger chromatic disper-
sion (∼20 ps/(nm km) at 1.55 µm) and longer λcc compared to those of standard
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G.652 step-index fibers. These fibers are called cutoff-shifted and are described in
the ITU-T recommendation G.654 that specifies λcc < 1.53 µm.

To limit this λcc increase without jeopardizing the macro- and micro-bending
performances, a slightly depressed cladding can be added next to the step core. In
this way, Aeff around 105 µm2 at 1.55 µm was demonstrated in the beginning of
the 2000s [51–53] and more recently Aeff of 134 µm2 has been demonstrated [56].
An alternative to these depressed-cladding structures has been presented in [54]. It
consists in using a trench in the cladding. As will be seen in the next section, the
trench can be used to reduce the bending sensitivity of fibers while keeping the same
MFD (or Aeff ) and the same λcc as those of G.652 step-index fibers. Here, the trench
is used to enlarge Aeff and to control λcc while slightly improving macro- and micro-
bending performance compared to those of G.652 step-index fibers. With such a
profile Aeff of around 155 µm2 at 1.55 µm has recently been demonstrated [58].

2.4.3.3 Bend-Insensitive Fibers

As mentioned in Sect. 2.4.3.2, the reduction of bend losses is mandatory for FttX
networks. For a given bend radius, macro-bend losses are proportional to the power
fraction of the mode propagating after the radiation caustic. As explained in [59],
the radiation caustic is the radius for which the effective index of the mode (see
Sect. 2.2.2) intersects the index of the cladding of a tilted index profile representing
the bent fiber.

One way to reduce the bending sensitivity is to decrease this power fraction with-
out changing the shape of the power profile. For step-index profiles this means to
use a higher index difference and/or a larger diameter than those of G.652 fibers.
This results in smaller MFDs and/or larger λcc, which might be a problem when
splicing to G.652 fibers. This is illustrated in Fig. 2.13(a) which shows a step-index
fiber that is G.657.B2 compliant except for the MFD that has a small value of 8.0 µm
at 1.31 µm. This value is also much smaller than the typical MFD value of 9.1 µm
for SSMFs. Finally, the bend loss levels remain significantly high when applying
incidental kinks with radii in the order of 1 to 10 mm.

The alternative and much more efficient way to reduce the bending sensitivity is
to change the shape of the power profile for a given set of MFD and λcc. For this
purpose new index profile types have to be used. The common feature of these pro-
files is a trench (either made with solid down-doped silica or with random voids or
holes) that is added in the cladding close to the core [60–64]. The trench confines the
tail of the mode without modifying its intrinsic nature, as illustrated in Fig. 2.13(b).
MFD, λcc and chromatic dispersion characteristics are kept unchanged. As a con-
sequence, bend loss can be significantly reduced by a factor of ∼100 compared to
SSMFs while ensuring full compliance with G.652 attributes.

2.4.3.4 Dispersion-Compensating Fibers

The demonstration that fibers can exhibit very negative dispersion at 1.55 µm was
soon recognized in the development of optical fibers [65]. Its application to compen-
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Fig. 2.13 Power distribution
and index profiles of
bend-insensitive fibers.
(a) G.657.B2-compliant fiber
except for the MFD: step
profile with MFD ∼ 8.0 µm at
1.31 µm and λcc < 1.26 µm;
(b) G.657.A2 and G.657.B2
fiber: step with trench profile
with MFD ∼ 8.9 µm at
1.31 µm and
λcc ∼ 1.21 µm [9] both
compared to G.652 step
profile with MFD ∼ 9.0 µm at
1.31 µm and λcc ∼ 1.18 µm

sate the dispersion accumulated over already-installed SSMFs started in the early
90’s [66, 67] and allowed upgrades of existing infrastructure to 10 Gbit/s. Currently
there are two different kinds of Dispersion Compensating Fibers (DCFs), whether
the fiber is put inside a module at the amplifier location or into a cable as part of the
transmission link. Because of the increase in data rates compensating dispersion for
all fiber types (SSMF of NZDSF) has become mandatory.

DCF design is similar to NZDSF design (a triple clad index profile is most com-
monly used) only more extreme: the fraction of the mode that propagates in the
cladding becomes so huge, in order to get very large waveguide dispersion and neg-
ative chromatic dispersion, that the mode is only weakly guided. This is achieved
with cores with very high index differences (>15 × 10−3) and small diameters
(<5 µm). As a result, DCFs suffer from small Aeff (<30 µm2 at 1.55 µm), high loss
(>0.25 dB/km at 1.55 µm) and high bending sensitivities. DCFs characteristics are
also more sensitive to small core index variations and to core ovalities than SSMFs
or NZDSFs. Fiber manufacturing has to be done extremely carefully to tightly con-
trol longitudinal and radial core homogeneities and thus chromatic dispersion and
PMD of the DCF [68].

When used in modules that are not part of the transmission distance, the extra
loss introduced by DCFs depends on fiber loss but also on length. A commonly used
Figure Of Merit (FOM) for such DCFs is the ratio of the absolute value of chromatic
dispersion to fiber loss, measured in ps/(nm dB). Considerable work has been per-
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formed to improve this parameter and DCFs with values ranging from 200 to more
than 300 ps/(nm dB) for chromatic dispersions between −100 and −200 ps/(nm km)
at 1550 nm are now available [54, 69–71]. Aeff ∼ 20 µm2 and PMD ∼0.10 ps/

√
km

at 1.55 µm are generally associated with such features. When used in cables that are
part of the transmission distance, the situation is different [72]. Loss of spans con-
sisting of transmission fibers and DCFs should be minimized and high FOM DCFs
are no longer the optimum. Chromatic dispersion around −40 ps/(nm km) with loss
around 0.25 dB/km at 1.55 µm proves to be better suited for such applications
[51–53]. In addition, larger Aeff (∼30 µm2) and smaller PMD (∼0.06 ps/

√
km)

can be obtained.
To achieve optimum WDM performance, DCFs must not only compensate for

chromatic dispersion at a given wavelength but also over the whole range of wave-
lengths used. This implies that both chromatic dispersion and dispersion slope
should be negative. Simple step-index profiles are again insufficient for such a pur-
pose. Adding a depressed cladding next to the core provides a better control of the
wavelength dependence of the waveguide dispersion, and negative dispersion slope
can be obtained [67]. A ring surrounding the depressed region can also be included
to improve bending sensitivities. In the last few years, DCFs with negative chro-
matic dispersions and negative dispersion slopes that match those of all types of
transmission fibers have been introduced [44, 69, 70].

Chromatic dispersion, however, does not vary linearly as a function of wave-
length, and chromatic dispersion and dispersion slope are insufficient to describe
how well a DCF matches a transmission fiber within a wide bandwidth (>30 nm).
Variations of the dispersion slope have to be considered. These variations are re-
sponsible for the chromatic dispersion excursion, or residual dispersion, that re-
mains in the waveband after the compensation. This residual dispersion has a direct
impact on WDM performance and depends on the transmission fiber type that is
used [73].

Figures 2.14 and 2.15 show the two extreme cases of DCFs adapted to com-
pensate for G.652 fibers and for large-Aeff G.655.D fibers (with chromatic disper-
sion of 4 ps/(nm km), dispersion slope of 0.080 ps/(nm2 km) and Aeff ∼ 70 µm2 at
1.55 µm) [74]. The typical chromatic dispersion spectrum of a DCF can be described
as follows [69]: first, the chromatic dispersion starts to decrease with wavelength and
passes through an inflection point where the dispersion slope can be made ∼constant
over a certain waveband; then it reaches its minimum (where the dispersion slope is
null), and finally it increases. What is noticeable is that the inflection point of G.652
DCFs is inside, or below, the C-band and that it moves away from this band when the
chromatic dispersion value at 1.55 µm decreases (see Fig. 2.14(a)). On the contrary,
the inflection point of large-Aeff G.655.D DCFs is always above the C-band, which
imposes high variations of the dispersion slope in this band whatever the chromatic
dispersion value might be at 1.55 µm (see Fig. 2.14(a)). As a consequence, for G.652
DCFs the residual dispersion in the C-band is relatively small and it increases when
the chromatic dispersion value at 1.55 µm decreases (see Fig. 2.14(b)), whereas for
large-Aeff G.655.D DCFs the residual dispersion is intrinsically high and almost
independent of the chromatic dispersion value at 1.55 µm (see Fig. 2.15(b)). For
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Fig. 2.14 G.652: Chromatic
dispersion spectra of DCFs
for different dispersion values
at 1.55 µm detailed on each
curve (a); residual dispersion
of the compensated links (b);
indicated dispersion values
given in ps/(nm km)

Fig. 2.15 Large-Aeff
G.655.D: Chromatic
dispersion spectra of DCFs
for different dispersion values
at 1.55 µm detailed on each
curve (a); residual dispersion
of the compensated link (b);
indicated dispersion values
given in ps/(nm km)
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G.655.E and G.656 DCFs, the situation is in-between these two cases: the residual
dispersion is slightly larger than that of G.652 DCFs but the impact of the chromatic
dispersion value at 1.55 µm is smaller.

These considerations help to choose the appropriate DCF for a dedicated appli-
cation. Note that within a given residual dispersion limit DCFs with high negative
chromatic dispersion are often preferable because they limit the impact of loss and
non-linearity [69, 71, 75], thereby improving the performance of optical networks
[74, 75].

2.5 Optical Fiber Cables

We have seen in the previous sections the different kinds of optical fibers for
telecommunication. For this application, fibers will eventually be installed and op-
erated in many different environments: they can be buried underground or undersea,
strung aerially between poles, or running through intricate paths within buildings,
and so on. Cabling is then the packaging of optical fibers that will protect them
from anything that may damage them. And the list is long and diverse: rodents at-
tacks, lightning, more gradual degradation mechanisms like long-term exposure to
moisture, heat and extreme temperatures, crush, and of course tensile strength when
cables are installed. Cables also allow for easier handling and grouping of optical
fibers.

There is a large variety of cables due to the differing environments and require-
ments they must fulfill. The simplest cable includes one fiber at its center and has
a diameter of a few millimeters, while the most complex cables can include up to
several hundreds of fibers, and their diameter can be as large as several centimeters.
In this section, we will briefly review some cable basics, that is the key elements
of an optical cable, the different types of environments and associated cables. The
interested readers can refer to some textbooks dedicated to cables [6, 76].

2.5.1 Basic Elements of a Cable

As stated above, cables can be very different to fit the diverse environments they en-
counter. However, their design always comes down to the same few basic elements.
There are four basic cable constructions: loose tube, micro-module, tight-buffered
and ribbon. Cables that include a large number of fibers are built-up in a modular
structure, starting from those basic elements. For example, a 96-fiber cable can be
made from eight loose tube modules containing 12 fibers each.

A loose tube simply consists of a larger tube, containing several ∼250 µm coated
optical fibers. Fiber length is slightly longer than that of the tube, so that the fiber can
adjust itself within the tube, thus nearly eliminating micro-bend losses. The loose-
tube construction is widely used for outdoor applications, but can also be found for
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Fig. 2.16 Schematic of
cables, the upper part (a)
shows a loose tube
construction consisting of
6 × 12-fiber tubes stranded
around the central strength
member, the lower part (b)
shows a tight-buffered
construction including 12
tight-buffered optical fibers

indoor applications. Figure 2.16(a) shows an example of a cable which is based on
a loose-tube construction.

The micro-module structure consists of several fibers, typically 12, which are
put together and covered by a thin and flexible plastic layer. This structure allows to
build high-count fiber cables in a very compact and flexible way. They are also easy
to handle within splice boxes.

Tight-buffered cables, as the name implies, only contain tight-buffered fibers, and
are mainly used for indoor applications. A tight-buffered fiber consists of a 250 µm
fiber with an additional layer of plastic extruded on top of it. The resulting element
is typically 900 µm in diameter and can be easily terminated with connectors. This
forms also the basic element of patchcords, which only include one or two additional
protective layers. Figure 2.16(b) depicts a tight-buffered cable.

At last, ribbon is manufactured by aligning several fibers (from 4 to 24) side by
side and binding them together using a UV-curable matrix. This structure is quite
popular in the USA. Ribbons ensure that fibers are precisely located so that splicing
can be automated easily with dedicated splicers. Mass splicing is seen as one of the
key advantages of ribbons.

A key role of cables is to protect fibers from longitudinal stress, for example
when the cable is pulled during installation. A strength member, made out of metal
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or hard plastic like FRP (Fiber glass Reinforced Plastic) and located at the center of
the cable is then used to isolate the fibers from stress and cable is built by stranding
the fiber-containing-tubes around the strength member. For further protection, one
or more layers can be added. For smaller count and smaller size cables, glass-yarns
or aramid-yarns protective layers insure a good tensile strength. Finally, crush resis-
tance is accomplished by adding protective layers of metal or hard plastic material.
Metal is also a good protection against rodents that can chew away cables.

Water protection is another key feature for cables. Water causes micro-cracking
in the glass that can weaken the fiber significantly and eventually break it. Wa-
ter protection is especially relevant for outdoor cables. The moisture can enter the
cable in two ways, radially if the sheath is damaged during installation or longitudi-
nally when moisture can enter through the unprotected ends of the cables. Several
strategies have been deployed all along, mainly including hydrophobic gel-filling of
tubes or using water swelling tape.

Layers of metal conductors can also be included in fiber-optic cables when elec-
trical power is needed. This is especially true for submarine applications, in order
to supply power to the repeaters.

As described above, cables can include one or more of the basic structures con-
taining the fibers, which, for large-count cables, are stranded around a strength
member or loosely stranded in a bigger tube. Then one or more layers are added
to ensure protection against crush, water, rodents, etc., until the last outer jacket or
sheath. Several materials can be used for outer jacketing: polyethylene, which is
most widely used and which offers a good durability, but also PVC, polypropylene,
and others. For some applications, essentially indoor, special fire-code requirements
have to be fulfilled and specific classes of materials have to be used: LSZH (Low
Smoke Zero Halogen) or HFFR (Halogen Free Fire Retardant) that retard fire and
avoid toxic fumes to be released.

2.5.2 Cable Environment and Cable Types

Cables are especially designed for each environment to withstand particular con-
ditions. As it is the case with fibers, cable specifications and characterization are
standardized (CENELEC EN 187 000 and IEC 60794). The range of cable char-
acteristics is very broad and diverse, including tensile performance, kinking, cable
crush, but also temperature cycling, water penetration, flame propagation, and so
on.

It is customary to classify the cables between outdoor and indoor applications.
For outdoor cable, there is a further sub-classification mainly depending on the final
resting place: outdoor direct-burial cables, outdoor ducted cables, outdoor aerial,
and undersea cables.

Outdoor direct-burial cables usually contain a large number of SMFs. They are
designed with very extensive waterproofing, strength members and often armoring
to protect against gnawing by all kind of rodents. This is illustrated schematically in
the upper part of Fig. 2.16(a).



2 Optical Fibers 81

Outdoor ducted cables are installed in plastic ducts buried underground. Very
often, it is a large main duct that includes smaller sub-ducts (called micro ducts)
for progressive installation. Those cables are installed by pulling or blowing. Cor-
responding cables are usually lighter and smaller and they need to combine good
flexibility, high tensile strength and a good friction factor.

Outdoor aerial cables have been developed to benefit from the existing pole in-
frastructure, thus avoiding the need to dig roads to bury cables of new ducts. They
can be either directly suspended between the poles or lashed to a messenger wire
that runs between poles and takes the stress outside of the fiber cable. Aerial ca-
bles have to sustain environmental extremes (ice and wind loadings, solar radiation,
lightning, . . . ) and need heavy strength membering, both central and radial. When
lightning is a hazard, they do not include any metal. There is a special subset of
aerial cables, called OPGW (OPtical Ground Wire), which is included in the earth
wire of a high voltage electrical system.

The most sophisticated undersea cables are the transoceanic ones that run thou-
sands of kilometers between continents. Long-distance cables have to protect fibers
from strain during cable laying and repair, from pressure in the ocean depth and
from water. They do not include such a large number of fibers, from 12 to 24 gen-
erally, but include a large number of protective layers of all kinds and as mentioned
earlier a conductor to carry power for repeaters that lie undersea. Cables that are
intended to operate over short distances are essentially rugged and water-proof ver-
sions of direct burial cables. Those cables can either be buried in the sea floor or just
laid, but with extra armoring to account for any damages due to shipping or fishing
activities.

There is a large variety of indoor cables as well, and with the advent of FTTH,
a lot of activities have been devoted to develop optimized cable structures over the
past few years. One of the main requirements for indoor cables is flexibility and
compactness. Indoor cables usually include a smaller number of fibers and there
is less need for waterproofing and armoring, but some protection from rats is still
needed. In addition, cable materials have to be chosen following fire-code require-
ments. A typical indoor cable structure would then consist of a number of 900 µm
tight-buffered elements wrapped either around a central strength member or within
a yarn-based layer surrounded by an outer jacket made out of HFFR or LSZH ma-
terial, as depicted in the right part of Fig. 2.16(b).

2.6 New Developments

Research in the area of silica-based optical fiber is very active. In this section, we
give a brief overview of innovative research works on micro-structured optical fibers
(Sect. 2.6.1), Bragg fibers (Sect. 2.6.2), fibers mixing glass and semiconductors
(Sect. 2.6.3) and fibers for space division multiplexing (Sect. 2.6.4).



82 P. Sillard and D. Molin

Fig. 2.17 Schematic of micro-structured optical fiber, left: TIR-MOF, right: PGF-MOF

2.6.1 Micro-Structured Optical Fibers

A Micro-structured Optical Fiber (MOF) contains an arrangement of air holes that
run along its length. Light is guided using modified Total Internal Reflection (TIR)
or the Photonic-Band-Gap (PBG) effect. In TIR-MOFs, holes act to lower the index
in the cladding so that light is confined in the solid core that has a higher index,
similarly to conventional solid fibers [77]. In PBG-MOFs, the holes that define the
cladding are arranged on a periodic lattice and a hole that breaks the periodicity of
the cladding acts as the core. As a result, certain ranges of propagation constants
are forbidden in the cladding and allowed in the core [78]. These fibers are usually
made by stacking an array of hollow silica rods to form the preform, which is then
drawn into a fiber. Figure 2.17 shows a schematic of both fiber types.

TIR-MOFs exhibit novel optical properties. Broadband single-mode guidance
was the first one to be experimentally demonstrated in 1997 [79]. At long wave-
lengths, TIR-MOFs act as solid fibers, i.e. higher-order modes are cut off because
they are less confined in the solid core and their propagation constants decrease and
become equal to that of the cladding (see Sect. 2.4.1). At short wavelengths, unlike
solid fibers, higher-order modes are cut off because they are more confined in the
silica regions and avoid the holes, thus raising the effective propagation constant
of the cladding that becomes equal to theirs. Eventually, the single-mode range is
extended. These “endlessly single-mode” TIR-MOFs have been used to transmit
WDM signals in the 1 µm region [80]. Such transmissions have also been possible
thanks to an impressive work on loss reduction [81, 82]: from a few 100 dB/km in
the late 90’s down to 0.18 dB/km in 2007 [82].

TIR-MOFs are also attractive because of the high index difference between silica
and air that cannot be achieved with solid fibers. This specific feature can be used
to design bend-optimized fibers (also called hole-assisted fibers) for which air holes
in the cladding act as a trench that confines light at bends (see Sect. 2.4.3.3). It also
offers more degrees of freedom when tailoring the waveguide dispersion that can be-
come very negative (similarly to solid DCFs but in a more extreme way) with values
below −1000 ps/(nm km) at 1.55 µm [83], or very positive thus shifting λ0 below
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1 µm [84]. Unlike solid fibers, anomalous dispersion arises because a large fraction
of the mode propagates in the holes. This latter feature is used to extend generations
of supercontinua or soliton techniques to shorter wavelengths [85, 86]. Tailoring the
mode area to reach extremely small or large Aeff (ranging from a few µm2 to more
than 500 µm2) is also possible. This leads to highly nonlinear fibers [87, 88] used
for all-optical signal processing, Raman amplification and broadband sources, or to
large mode area fibers [89, 90] used for high power applications (delivery, amplifier
or laser).

PBG-MOFs offer even more unusual features because light propagates in a “hol-
low core”. This opens the door to ultra-low nonlinearity and thus to high power
deliveries [91], but also to new spectral regions both in terms of dispersion and loss
characteristics [92]. Concerning loss, some mechanisms are common to solid fibers
(see Sect. 2.2.4), but roughness of the hole surfaces also causes scattering loss. This
can be of importance for some TIR-MOFs for which modes overlap with the holes,
however, it is a fundamental limit for PBG-MOFs for which 1.2 dB/km obtained
at 1.62 µm [93] might be close to the ultimate lower limit [94]. Finally, filling the
core with gas leads to sustainable light interactions with gas over long lengths and
enables applications such as gas sensing [95].

All these new features make possible a wide array of applications. Practical reali-
zations, however, remain critical. Issues such as loss, bending sensitivity, polariza-
tion effects, splices, and mechanical strength are still subject to intense research.

2.6.2 Bragg Fibers

There are three types of PBG fibers: hollow-core PBG-MOFs, described in the
previous section, where the cladding is composed of two-dimensional arrays of
holes; solid versions of these structures where the core is made of doped or non-
doped silica and the cladding holes are replaced by high-index rods [96–98]; and
one-dimensional PBG fibers where a low-index core is surrounded by a cladding
made of cylindrical layers with alternating high and low indices, also called Bragg
fibers [99]. Bragg fibers were first demonstrated using all-dielectric structures (for
CO2 laser transmission) in 1999 [100], closely followed by all-silica [101] and air-
silica [102] realizations.

All-silica Bragg fibers are of particular interest because they offer the unique
properties of PBG fibers with the advantage of solid cores that can be used to
write Bragg gratings or can be doped to realize fiber amplifiers or lasers. In ad-
dition, Bragg fibers have one-dimensional structures that allow for low index differ-
ences [98] that can easily be made with standard CVD techniques [101, 103, 104]
(see Sect. 2.2.3) thus avoiding the inherent drawbacks of holey structures.

Such Bragg fibers can be designed to exhibit large mode areas together with good
bending sensitivities making them suitable for high power applications [104].

Many theoretical studies have also investigated the potential of Bragg fibers for
chromatic dispersion tailoring, but most examples concern air-core structures that
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are difficult to realize [105, 106]. Few examples of all-silica structures have been
reported [107–109], among which one experimental demonstration of a large-Aeff

Bragg fiber with chromatic dispersion below −1000 ps/(nm km) at 1.48 µm, ob-
tained at the expense of high loss (>100 dB/km) [109].

Bragg fibers were first proposed in the 1970’s [99], but it is only recently that
they have received more attention. Experimental demonstrations and applications
are in their early stages and many researches have still to be made to exploit the full
potential of such fibers.

2.6.3 Fibers Mixing Glass and Semiconductors

Modern telecommunications do not only use 100s of millions of optical fiber km to
transmit light but also 100s millions of semiconductor devices to generate, control
and detect the light. Nowadays, these two technologies are heterogeneously inter-
faced using costly and complex optical-electronic conversion techniques.

Recently, efforts have been made to combine these two technologies [110–113],
the ultimate goal being the realization of fiber-integrated optical-electronic devices
that bring together capabilities to manipulate photons and electrons. Silica glass and
crystalline semiconductors, however, have different properties at high temperature
and cannot be drawn together into a fiber. To overcome this difficulty, research has
focused on MOFs (see Sect. 2.6.1) that offer the possibility to embed semiconduc-
tors into their capillary holes. Traditional chemical vapor deposition methods for the
formation of semiconductors cannot efficiently be applied to such a confined space;
as a consequence new techniques such as high-pressure micro-fluidic chemical de-
position have been developed [112].

With these processes, realizations of hybrid devices have been reported. In-fiber
silicon wires have proved to function as field-effect transistors and light wave-
guides [112], and all-optical modulation of light has been demonstrated in amor-
phous silicon-filled MOFs [113].

This new field of research exploits the design capabilities of both technolo-
gies but fundamental materials science has still to be developed to fully realize its
promises.

2.6.4 Fibers for Space Division Multiplexing

2.6.4.1 Introduction

Space-Division Multiplexing (SDM) [114, 115] is currently subject to intense re-
search due to its ability to increase by more than a tenfold the current 10s of Tbit/s
capacity of Single-Core Single-Mode (SC-SM) systems and thus avoid the foreseen
capacity crunch [116, 117].
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Significant efforts have been spent to develop Multi-Core Single-Modes Fibers
(MC-SMFs), Single-Core Few-Modes Fibers (SC-FMFs) and MC-FMFs adapted to
SDM transmissions [118]. These fibers can be classified into 3 categories depend-
ing on the way the crosstalk issue is addressed. In the 1st, weakly-coupled category
[119–151], the crosstalk is minimized so that each (group of) SDM channel(s) is
separately detected without using complex Multiple-Input-Multiple-Output Digital
Signal Processing (MIMO-DSP). In the 2nd, low-Differential-Group-Delay (low-
DGD) category [152–180], the DGDs between all the SDM channels are minimized
so that they can be simultaneously detected at reception and that MIMO-DSP can ef-
ficiently compensate for crosstalk. The 3rd category [181–191] is a hybrid category
in which low-DGD SDM channels are arranged in weakly-coupled groups.

One way to compare their performance is to use the spatial density parameter
that is a measure of the space efficiency. The generalized form of the Spatial Density
(SD) of an SDM fiber [183] depends on the number of SDM channels (cores and
modes), the Aeff and the glass diameter (D), and is normalized to the spatial density
of the standard SC-SMF as follows:

SDSDM =
[

C∑
c=1

M∑
m=1

(Aeffc,m)
/(π

4
D2

)]/
SDstandard SC-SMF (2.21)

where C is the number of cores, M is the number of spatial modes and

SDstandard SC-SMF = Aeff

/(π

4
D2

)
= 80 µm2

/(π

4
(125 µm)2

)
(2.22)

2.6.4.2 Weakly-Coupled Fibers

Single-Core Few-Mode Fibers

Orbital-angular-momentum fibers [130–132] and ring fibers [133–135] belong to
this category because of their potential great resistance to mode coupling. But these
fibers are still in their early stages and 1st prototypes are only few km long and have
high attenuations (>1 dB/km at 1550 nm).

Standard SC-FMFs [119–129] can be made with usual manufacturing processes
that allow for large-scale productions. 2-LP-mode [120, 124, 125, 127] and 4-LP-
mode [122, 127] fibers (3 and 6 SDM channels, respectively) have already been
reported with attenuations of ∼0.20 to ∼0.22 dB/km at 1550 nm. To increase the
number of SDM channels supported by these SC-FMFs, the Aeff have to be de-
creased to maintain sufficiently high effective index differences, �neff , between the
LP modes to limit crosstalk [126]. This has a direct impact on spatial density. If it in-
creases from 5 [120] (3 SDM channels) to 9.5 [122] (6 SDM channels), as illustrated
in Fig. 2.18, and to 17 (12 SDM channels for an optimized step-index SC 7-LP-mode
fiber with min |Aeff | = 90 µm2 and min |�neff | = 1 × 10−3 between the LP modes),
it then decreases to 15 despite the 15 SDM channels of 15 (SC 9-LP-mode fiber) be-
cause of a much smaller min |Aeff | of 70 µm2 (min |�neff | = 1 × 10−3) [126]. The
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Fig. 2.18 Normalized Spatial Density vs. number of SDM channels for the different fiber cate-
gories

spatial density is, nevertheless, high for this type of fiber thanks to SDM channels
that spatially overlap and that allow to keep D at 125 µm.

This is an advantage for spatial density but this is a drawback for crosstalk.
The SC 4-LP-mode fiber of [9] with min |�neff | = 0.8 × 10−3 has a crosstalk of
−33 dB/km. It has recently been used to transmit 5 SDM channels at 100 Gbit/s at
1550 nm over 80 km with a mid-span few-mode amplifier [128] and 6 SDM chan-
nels at 1 Gbit/s at 1310 nm in a 20 km PON [129]. Further increasing the number
of SDM channels to 12 or 15 is likely to degrade the crosstalk and consequently to
decrease the achievable distance. Indeed, taking −25 dB as an overall upper limit
for crosstalk in order to maintain low optical signal-to-noise ratio penalties without
MIMO-DSP (≤0.5 dB for QPSK and 16 QAM modulation formats) [192] means
that only few 10s of km can be achieved.

Weakly-coupled SC-FMFs with their high spatial densities and relatively high
crosstalks and are thus more adapted to short-reach applications.

Multi-Core Single-Mode Fibers

Contrary to SC-FMFs, MC-SMFs have spatially separated SDM channels, i.e.
cores, which naturally allows for low crosstalk. This is why most MC-SMFs
[136–151] belong to this category, for which attenuations of ∼0.20 dB/km and
∼0.17 dB/km [140] at 1550 nm with germanium-doped-core and pure-silica-core
structures, respectively, have been demonstrated. The crosstalk is much smaller
(< −45 dB/km) than that of weakly-coupled SC-FMFs. It increases, however, with
the number of SDM channels. This increase is due to the mechanical reliability
constraint that limits D to ∼225 µm [138] and that imposes a closer position-
ing of the higher number of SDM channels. Trenches [140] around the cores and
specific core arrangements (circular [144], dual ring [33] and heterogeneous [148]
structures) have nevertheless allowed to reach crosstalk ≤ −60 dB/km for 7, 19
and 30 SDM channels which permits to achieve several 1000s of km without
MIMO-DSP. This has notably allowed to demonstrate a record capacity × distance
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of 1.031 Ebit/s × km with 7 SDM channels (140.7 Tbit/s over 7326 km) [145].
A record capacity of 2.15 Pbit/s with 22 SDM channels over 31 km [151] has also
recently been reported, but the 22-core SMF used in the experiment had a D of
260 µm, which questions its mechanical reliability.

These low crosstalks have been obtained at the expense of spatial density (see
Fig. 2.18). It is much smaller than that of SC-FMFs. The increase of spatial den-
sity with the number of SDM channels is also much more moderate, from 4.8 [140]
(7 SDM channels) to 6.5 [144] (19 SDM channels) and 8.7 [148] (30 SDM chan-
nels), primarily because of the increase of D to ∼225 µm. Going to a 37-core struc-
ture with Aeff of 80 µm2 and D of 225 µm would allow to reach 11.4, but this would
eventually increase the crosstalk to values > −55 dB/km, preventing from reaching
more than several 100s of km.

Weakly-coupled MC-SMFs, with moderate spatial densities and very low
crosstalk, are thus very well adapted to long-haul applications, but their limits in
term of space efficiency are close by. It is also worth noting that, so far, they have
been fabricated by drilling or stack-and-draw processes [143] that are not fully
adapted to large-scale productions.

2.6.4.3 Low-DGD Fibers

Single-Core Few-Mode Fibers

Hollow-core-photonic-bandgap fibers can be classified into this category. These
fibers, however, still have high attenuations (>1 dB/km at 1550 nm) and exhibit
high DGDs (>1 ns/km) that prevent from achieving long distances [171, 172]. Ring
fibers, designed to exhibit strong coupling between their low order LP modes in
order to reduce the DGDs [173], also fall into this category.

Regarding standard SC-FMFs [152–170], 2-LP-mode [152, 153, 156, 162],
4-LP-mode [155, 162], 6-LP-mode [158, 159] and 9-LP-mode [163, 164] fibers
(3, 6, 10 and 15 SDM channels, respectively) have been reported with attenuations
≤0.22 dB/km at 1550 nm. Recently, an SC-MMF with a standard core diameter of
50 µm and for which the 20 lowest-order LP modes (36 SDM channels) can be se-
lectively excited and detected for SDM use [168, 169], has also been reported [170].
For this low-DGD category, the main concern is not the crosstalk but the DGD that
increases with the number of SDM channels, and the increased MIMO complex-
ity that goes with it. The max|DGD| between the LP modes increases from less than
10 ps/km for 2 LP modes [156] to 73 ps/km for 6 LP modes [159] and 153 ps/km for
9 LP modes [163]. These relatively high DGDs are mainly due to the high sensitiv-
ity of the SC-FMFs to process variability that prevents from reaching the minimum
theoretical values (that can be one order of magnitude lower) [123]. The SC-MMF,
being less sensitive thanks to its large core diameter of 50 µm, has lower DGDs than
those of SC-FMFs: 115 ps/km for 9 LP modes, 127 ps/km for 12 LP modes and
160 ps/km for 20 LP modes [170]. One way to further reduce these values is to con-
catenate fibers with DGDs with opposite signs and thus realize DGD-compensated
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links. Values of ∼1 ps/km for 2-LP-mode links [153], ∼6 ps/km for 4-LP-mode
links [157] and ∼ 25 ps/km for 6-LP-mode links [159] have been reported. Calcu-
lations show that values < 50 ps/km can realistically be obtained for 9-LP-mode
links [163], which would allow to achieve long distances with 30 × 30 MIMO-DSP
with few 10s of ns memory. For 12-LP-mode links (21 SDM channels), tighter pro-
cess control might be required to reduce the ∼100 ps/km for practical use, while for
20-LP-mode links (36 SDM channel), made with SC-MMFs, values are expected to
be <70 ps/km.

These low-DGD SC-FMFs have much larger Aeff than those of weakly-coupled
SC-FMFs (min |Aeff | ≥ 90 µm2 for 2- to 12-LP-mode fibers) mainly because there
is no constraint on crosstalk and thus on �neff . This ensures small nonlinearity and
high spatial density. These fibers also benefit from the spatial overlapping of the
SDM channels and the resulting D of 125 µm. Values of ∼8 [156, 162] (3 SDM
channels), 9.5 [155] (6 SDM channels), 28 [158] (10 SDM channels) and 38 [163]
(15 SDM channels) have been obtained (see Fig. 2.18). These latter results have
notably allowed to demonstrate a record spectral efficiency of 43.6 bit/s/Hz for the
low-DGD category with 15 SDM channels over 22.8 km [164] and a record capacity
of 115.2 Tbit/s for a SC fiber with 10 SDM channels over 87 km [167]. Spatial densi-
ties of 55 could then be reached with 21 SDM channels (12-LP-modes fibers) [126]
but, as previously mentioned, the increase of DGDs might prevent from reaching the
levels required for ultra-long-haul transmissions with MIMO-DSP. SC-MMFs can
be interesting because they have much larger Aeff that allow to reach much higher
spatial densities of 67 for 9 LP modes, 105 for 12 LP modes and 220 for 20 LP
modes [170] (see Fig. 2.18).

Low-DGD SC-FMFs and SC-MMFs with high spatial densities are thus very
promising for long-haul applications if MIMO-DSP complexity can be contained
thanks to careful fiber design and tight controls of the manufacturing processes.

Multi-Core Fibers

Some MCFs [174–180] also belong to this low-DGD category. Their main advan-
tage compared to weakly-coupled MC-SMFs is that they have higher spatial densi-
ties thanks to cores that can be put closer together because there is no more crosstalk
constraint. Spatial densities are, however, smaller than those of low-DGD SC-FMFs
because cores are separated and have smaller Aeff than those of the higher-order LP
modes (see Fig. 2.18).

In the single-mode version, spatial densities of 4.8 [176] (3 SDM channels)
and 8 [178] (6 SDM channels) have been reported with attenuations of ∼0.19 to
0.24 dB/km at 1550 nm (see Fig. 2.18). Further increasing the number of SDM
channels to 19 and 37 would give spatial densities of 28 and 34, respectively, for
D = 125 µm. Then, D has to be increased to accommodate the higher number of
cores, and a value of 38 could be obtained for a 61-core SMF. Another key ad-
vantage of this fiber type is that lower DGDs than those of low-DGD SC-FMFs
can be obtained. Indeed, the DGDs now scale with the square-root of distance
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thanks to the strong coupling resulting from the close positioning of the cores [176].
A max|DGD| of 515 ps over 31 km has been reported for the 6-core SMF [178]
(6 SDM channels) without using DGD-compensating techniques, which allowed to
demonstrate a record capacity × distance of 0.031 Ebit/s × km for the low-DGD
category (18 Tbit/s over 1705 km).

In the few-mode version [174, 177, 180], the spatial densities are even higher
because D can be kept at 125 µm and because SDM channels that strongly overlap,
i.e. higher-order modes, are now used. A moderately-coupled 6-core 2-LP-mode
fiber [180] (18 SDM channels) with a spatial density of 25 has recently been
reported (see Fig. 2.18). A spatial density of 80 could then be reached with a
7-coupled-core 4-LP-mode fiber (42 SDM channels). In principle, very low DGD
can also be obtained, but this still needs further investigations and experimental val-
idations. If this was the case, these fibers would be very promising because they
could provide very high spatial densities without scarifying DGD. Note, however,
that because of their multi-core structures, they have to be made with non-standard
manufacturing processes.

2.6.4.4 Hybrid Weakly-Coupled and Low-DGD Fibers

MC-FMFs, that can have standard attenuations of ∼0.20–0.23 dB/km at 1550 nm,
preferably belong to this category [181–190] (low-DGD LP modes inside weakly-
coupled cores). MC-SMFs, in which low-DGD cores are arranged in weakly-
coupled groups, also belong to this category [191].

Similarly to weakly-coupled MC-SMFs, crosstalk between (groups of) cores,
that has to be minimized to avoid complex MIMO-DSP, increases with the num-
ber of SDM channels because of the D <∼ 225 µm boundary condition. It in-
creases from −66 dB/km for a 12-core 2-LP-mode [188] (36 SDM channels)
to −47 dB/km for a 12-core 4-LP-mode [189] (72 SDM channels) fibers. Both
fibers use optimized trenches and heterogeneous square lattice core arrangements
to minimize the crosstalk. For the same number of SDM channels, this category
exhibits lower crosstalks than those of weakly-coupled MC-SMFs because of the
use of more-densely-packed low-DGD SDM channels, i.e. modes. As for the low-
DGD SC-FMFs, the DGDs of the different cores increases with the number of LP
modes, going from 63 ps/km for the 2 LP modes [188] to 430 ps/km for the 4 LP
modes [189]. These values are higher than those of SC-FMFs and SC-MMFs for the
same number of LP modes because DGDs have to be minimized for all the cores of
the structure which, given the high sensitivity to process variability, is much more
challenging.

Not surprisingly, spatial density is in between those of the weakly-coupled
MC-SMFs and of the low-DGD SC-FMFs (see Fig. 2.18). Spatial densities of 18
and 37 have been demonstrated with a 12-core 2-LP-mode fiber [188] (36 SDM
channels) and a 12-core 4-LP-mode fiber [189] (72 SDM channels), respectively.
This has allowed to demonstrate a record spectral efficiency of 247.9 bit/s/Hz for a
fiber with D <∼ 225 µm (12 cores with 2 LP modes) over 40.4 km [185]. The spatial
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density can then be further increased by using more cores and/or more LP modes.
But, as for the weakly-coupled category, these structures might suffer from high
crosstalks (> −55 dB/km) if D is kept <∼ 225 µm. Recently, 2 such MC-FMFs
have been reported but with D > 300 µm which led to smaller spatial densities
(<30): a 36-core 2-LP-mode fiber (108 SDM channels) with D = 306 µm [187],
and a 19-core 4-LP-mode structure (114 SDM channels) with D = 318 µm [190],
the latter allowing to demonstrate a record spectral efficiency of 456 bit/s/Hz over
9.8 km.

2.6.4.5 Conclusion

SDM fibers can be classified in different categories, depending on the way
crosstalk is dealt with. Weakly-coupled and hybrid fibers, that minimize crosstalk,
have already allowed to significantly improve spectral efficiency, capacity and
capacity×distance. But they might soon reach their limits in term of space effi-
ciency. Low-DGD fibers, that use MIMO-DSP to compensate for crosstalk, have
a greater potential in terms of space efficiency. They have already offered impor-
tant improvements in terms of spectral efficiency and capacity, but they still have to
demonstrate their ability to reach high capacity×distance, the main issue being to
maintain low DGDs to allow for efficient MIMO-DSP.

The active research to develop ever improved SDM fibers might soon meet the
remaining challenges and allow for practical deployments.
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Chapter 3
Laser Components

Norbert Grote, Martin Möhrle, and Markus Ortsiefer

Abstract The chapter covers InP based laser diodes (1.3–1.6 µm wavelength range)
deployed as transmitter devices in today’s optical communication systems. Only dis-
crete directly modulated devices are considered in this chapter which is followed by
two other laser related articles dealing specifically with ultra-fast and wavelength-
tunable devices. In the first part a description of basic laser structures and techno-
logy, of relevant gain materials and their impact on lasing properties is given. This is
followed by summarizing fundamental characteristics of Fabry-Pérot devices. Re-
cent achievements on the derivative semiconductor optical amplifiers (SOA) will
then be addressed which are no longer treated in a dedicated chapter in this re-edited
book. The second part is devoted to single-wavelength lasers focusing on design as-
pects and various implementations. Essentially distributed feedback (DFB) devices
are treated but other options like so-called “discrete mode” laser diodes will also be
outlined. The third part of this chapter is devoted to surface emitting laser diodes,
mainly vertical cavity surface emitting lasers (VCSEL) are also including horizontal
cavity DFB structures designed for surface emission.

3.1 Introduction

Semiconductor laser diodes used as optical transmitters represent one of the prin-
cipal components in any fiber based communication system. Laser diodes are used
because these devices can be directly current modulated with modulation rates of
up to several tens of Gb/s being achievable today, they are extremely small in size
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and power efficient, and can be made at very low cost due to the use of semiconduc-
tor wafer batch fabrication. Nowadays market prices of state-of-the-art Fabry-Perot
(multi-wavelength) laser chips are well below 1 US$ in high volumes, and even
the more demanding single-wavelength diodes have reached the lower single-digit
US$ range. The first functioning semiconductor laser devices came into existence
as early as in 1962 [1, 2], and a major breakthrough was achieved in 1969 [3, 4]
by demonstrating a heterojunction design which was honored recently with the year
2000 Nobel prize. Those laser diodes were based on Ga(Al)As generating laser
emission in the wavelength window around 850 nm. This spectral range is still pre-
vailing for short reach (<300 m) data communications (data centers, local area and
storage area networks, office communication, etc.) using multimode fibers (MMF)
and GaAs based laser diodes in the form of VCSELs (vertical cavity surface emit-
ting laser). In the telecommunications arena and for longer datacom transmission
distances, however, the 1.3–1.6 µm infrared wavelength range is dominating due
to optimal transmission properties (attenuation, dispersion) of the optical fiber, as
outlined in the previous chapter. Laser diodes covering this spectral range are made
on InP, rather than on GaAs, more specifically using the compounds InGaAsP and
InGaAlAs. Development of InGaAsP/InP lasers commenced already in the mid of
the mid-1970’s, for example [5, 6]. Although more than 40 years have passed since
then, development efforts are continuously strong worldwide targeting the optimiza-
tion of specific laser parameters to meet enhanced and new systems requirements
without compromising the wide range of other relevant properties. Wavelength tun-
ability, enhancement of modulation capability, and uncooled operation up to 85 °C
and above, and lower power consumption are in the focus of current developments,
not to forget the never ending call for cost reduction.

In this article, we focus on laser diodes for the “long-wavelength” range (1.3–
1.6 µm). In the first part some basics including material aspects and device struc-
tures will be addressed. A more in-depth description of the fundamentals of laser
diodes may be found in distinct text books, for example [7]. In the second part
of this chapter, a review of single-mode laser diodes will be presented. Finally,
we will deal with surface-emitting lasers, mainly VCSELs but also variants build-
ing on horizontal-cavity structures. Two special topics of high relevance, namely
wavelength-tunable and very high bit-rate laser devices, will be treated in the sub-
sequent separate Chaps. 4 and 5.

3.2 Materials for “Long-Wavelength” Laser Diodes

To create semiconductor laser diodes two basic requirements have to be fulfilled:
The semiconductor needs to possess a direct band structure to efficiently generate
laser light, and allow the band gap energy to be adjusted to the desired emission
wavelength. For the wavelength range of interest here, the material of choice are
the III–V semiconductor InP and the related quaternary compounds InGaAsP and
InGaAlAs illustrated in the “bandgap vs lattice constant” diagram in Fig. 3.1. The
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Fig. 3.1 Band gap vs lattice
constant diagram for “long
wavelength” III–V compound
semiconductors (solid line:
direct bandgap; broken line:
indirect bandgap; dotted)
vertical line between InGaAs
and InP/InAlAs:
lattice-matched quaternary
compositions

Fig. 3.2 Dependence of
optical refraction index on
material composition of
InGaAsP and InGaAlAs
lattice-matched to InP at
1.55 µm wavelength (taken
from [8] and references
therein; relationship for
InGaAsP after [9])

binary semiconductors, such as GaAs and InP, are characterized by a naturally given
band gap and a fixed lattice constant. By mixing binaries, i.e. by replacing a frac-
tion of the group (III) and/or group (V) elements, generally any ternary and qua-
ternary composition can be adjusted within the area spanned between the binaries
concerned. In practice, such composites are deposited as crystalline layers onto a
binary substrate wafer utilizing well established epitaxial techniques, and to achieve
layers of high crystal quality virtually perfect lattice matching (<0.1% deviation) is
required.

Hence, starting from InP, only layers can be stacked that have a composition
which is defined by a vertical line through the InP point. Thus restricted, only those
InGaAsP materials covering the compositional range between InP and the ternary
end constituent In0.53Ga0.47As can be used, associated with a band gap span from
1.35 eV to 0.75 eV, or—in terms of wavelengths—from 920 nm to 1650 nm. An-
other InP related material family is InGaAlAs ranging from In0.52Al0.48As (1.48 eV,
840 nm) to again In0.53Ga0.47As. The optical index of refraction, which is a crucial
parameter for optical waveguiding properties (Fig. 3.2), varies along with the band
gap.

The indicated band gap values refer to room temperature but change with tem-
perature, roughly by—in terms of wavelengths—0.5 nm/K. This means a variation
of the order of 60 nm over the full temperature range of practical interest for fiber
optics components, i.e. from −40 to +85 °C in the extreme case. This behavior has
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substantial implications for the design and operation of laser diodes, in particular
regarding wavelength stability and adjustment.

There is one important exception to the stringent lattice-match requirement: Be-
low a certain layer thickness, which is dependent on the mismatch in lattice con-
stant and referred to as the critical thickness, the layer may be elastically strained by
purposely introducing lattice mismatch without affecting crystalline integrity. The
figure-of-merit here is the “thickness × strain” product which as a rule of thumb
should not exceed the critical value of around 20 nm%, with the strain, ε, repre-
senting the percentage of relative lattice-mismatch to the unstrained materials. The
lattice deformation is associated with a modification of the band structure which is
beneficially exploited in strained multi-quantum well layer structures widely em-
ployed as the active medium in laser diodes today.

3.3 Laser Diode Structures

3.3.1 Layer Structure

To build a real laser diode, the lasing layer is embedded between layers of higher
band gap and thus lower refractive index. In this way an optical waveguide is
formed in which the light traveling back and forth within the laser cavity is ver-
tically confined. Concurrently, the injected carriers interact with the optical wave to
generate stimulated light emission. Such a layer stack design is called a double-
heterostructure comprised of inner quaternary layers and n- and p-doped InP
cladding layers to create a pn-diode. The quaternary layers may also be lightly
doped. By applying an electrical forward current to the diode hole and electron
carriers are injected from the doped InP layers into the active layer where they are
electrically confined and converted into photons by recombination. Once the car-
rier densities have reached critical levels to yield so-called population inversion in
the conduction and valence band light amplification can occur by the process of
stimulated emission. A basic layer structure is sketched in Fig. 3.3.

The highly doped InGaAs cap layer facilitates formation of ohmic p-contacts of
very-low resistivity (∼10−6 �cm2) which is essential for achieving high modulation
bandwidth and for minimizing heat dissipation. Additional layers may be inserted
for performance or fabrication reasons (e.g., etch stop layer). Altogether, advanced
lasers may contain even more than 20 different layers yielding a total thickness of
about 3 to >5 µm. Mainly n-type InP substrates are used but inverted designs build-
ing on a p-doped substrate (Zn doped) are being employed as well [10]. Substrate
wafers of 2- and 3-inch diameter are common.

3.3.2 Lateral Structure

Whereas in the vertical direction the laser waveguide is defined by the layer stack,
structural measures have to be taken that define the waveguide in the lateral direction
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Fig. 3.3 Basic layer structure of an InP based double-heterostructure laser diode; inserted profile
schematically indicating vertical intensity distribution of laser light propagating along the laser
cavity (MQW multi quantum well (refer to Sect. 3.4); Q quaternary composition)

Fig. 3.4 Schematic cross-section of basic configurations of InP laser diodes: (a) ridge waveguide
(RW); (b) buried ridge (BR) structure; (c) buried heterostructure (BH) with pn current blocking
layers; (d) scanning electron microscopy (SEM) image of real BH cross-section; dotted ellipse and
circle illustrate near-field profile (not drawn to scale) of laser beam

too. Simultaneously carrier injection needs to be efficiently restricted to this active
region which is typically ∼2 µm wide to guarantee monomode waveguiding. In ac-
tual lasers two fundamentally different designs are used (Fig. 3.4(a)–(d)): (a) ridge
waveguide (RW) and (b) buried-heterostructure (BH). In the former, a mesa ridge is
etched into the upper layers along the laser cavity resulting in a lower effective re-
fractive index outside the ridge and thus lateral optical confinement. The p-contact is
applied to the ridge area, thereby confining the current flow. Because of lateral cur-
rent spreading and unavoidable lateral diffusion of carriers inside the active layer,
current-dependent broadening of the lasing region occurs, and this outdiffusion ef-
fect causes a certain portion of carriers to no longer contribute to lasing.
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In BH-type laser diodes the active region is fully surrounded by InP thus creating
a well-defined buried waveguide. This is achieved by a special selective regrowth
process of InP layers at both sides of the previously etched active stripe. Because
these layers are n–p doped to provide a built-in reverse-biased junction, current flow
is effectively blocked such that it is completely funneled into the active stripe. Out-
diffusion of carriers is suppressed by the energetic barrier between the lower band
gap of the active material and the higher band gap of the adjacent InP. As opposed to
the RW design, the upper InP cladding layer extends over the full structure. There-
fore the p-contact can be made significantly wider implying lower series resistance.

While BH lasers with pn current-blocking layers are the most common, there are
other variants that are being successfully used. Instead of pn blocking layers semi-
insulating InP has been employed the high resistivity (∼108 � cm at room temper-
ature) of which is achieved by doping with Fe (conc. ∼1017 cm−3). Such semi-
insulating layers are advantageous regarding parasitic capacitance and therefore for
high-speed laser devices. However, the specific resistivity decreases by almost three
orders of magnitude between 20 °C and 85 °C, and Fe diffusion effects may raise
reliability concerns. Another version is the so-called buried ridge stripe laser (BRS)
which may be considered a hybrid of the RW and BH structure. Here the etched
laser ridge is conformally overgrown with the p-InP cladding layer. Whereas most
of this layer is rendered electrically insulating by means of ion implantation, par-
asitic current flow through the small remaining conductive InP regions adjacent to
the active part is suppressed due to the higher built-in voltage at the InP pn junction.

Generally, the overall performance of BH-type lasers is superior to their RW
counterparts: lower threshold current, better high-temperature output power and
high-frequency characteristics, and almost circular rather than elliptical beam pro-
file. Conversely, fabrication of RW lasers is less complex and hence more cost-
efficient, thanks to fewer epitaxial steps. If high performance is required, the major-
ity of the long-wavelength lasers made today are BH devices.

The RW design is, however, still preferred today when any Al containing lay-
ers are involved. This is particularly the case with 1.3 µm uncooled 10 Gb/s lasers
widely deployed in datacom networks, as well as for even higher bit rate devices in-
cluding externally modulated lasers, EML (see Chap. 4), the latter benefiting from
the better electroabsorption behavior of InGaAlAs structures. The issue encountered
with BH lasers is that InGaAlAs materials are prone to surface oxidation when ex-
posed to air, an effect that is practically unavoidable in the fabrication process. Any
residual oxide on the regrown BH interface may introduce nonradiative recombi-
nation centers and may be a potential source for lifetime issues with these lasers.
There have been several approaches for fabricating InGaAlAs-BH laser diodes in
the past: Among them is the use of narrow-stripe selective-area growth whereby the
InGaAlAs MQW layers are buried in-situ with an InP layer [11]. Primarily, however,
studies were focused on cleaning the oxidized surface with an etching gas inside the
epitaxy reactor. Using such a measure achievement of reliable 1.3 µm devices was
already claimed some ten years ago [12]. Apparently, however, that achievement
did not yet lead to the technology maturity required for industrial commercializa-
tion, and only incremental progress was made since then. Only recently significant
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progress was made employing in-situ thermal desorption as the presently preferred
process. As a result low threshold currents and superior temperature dependence
compared to InGaAsP-BH devices, and most importantly long-term stability of laser
operation have been accomplished and published [13, 14].

3.4 Active Medium

In its simplest form the active medium of the laser diode consists of a bulk layer
made of InGaAsP. Basically, the lasing transitions occur between the conduction
and the valence band edges to generate laser wavelengths corresponding to the
composition-dependent band gap, Eg . However such “bulk” lasers exhibit compa-
rably high threshold currents because of moderate material gain resulting in low
output power and poor high temperature performance.

InGaAsP and InGaAlAs Based Quantum-Well Layers More advantageous are
the so-called quantum-well (QW) structures. In such a structure a thin well layer is
sandwiched between two barrier layers of higher band gap. If the thickness of the
embedded well layer is smaller than the De Broglie wavelength of the electrons and
holes in this material, quantization of the electron and hole energy levels occurs. The
optical transitions then take place between the quantized electron and hole levels in
the QW rather than between the virtual conduction and valence band (Fig. 3.5). The
well/barrier (QW) layer stack is either made of InGaAsP or InGaAlAs but mixed
InGaAsP/InGaAlAs-QW’s have also been employed and have shown distinct bene-
fits for enhancing the modulation bandwidth (30 GHz [15]). Typical well and barrier
thicknesses range from 4–8 nm and from 7–15 nm for the well and barrier layer, re-
spectively. The former thickness has a substantial effect on the emission wavelength

Fig. 3.5 Schematic energy band structure and corresponding optical transitions in a bulk (left) and
a multi-quantum-well structure (right); CB = conduction band; VB = valence band
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Fig. 3.6 Schematic representation of density of states and corresponding spectral carrier den-
sity dn/dE at transparency condition for (a) bulk, (b) lattice-matched quantum well struc-
ture, and (c) compressive strained quantum-well structure (LH = light hole; HH = heavy hole;
n = carrier density; E = band energy)

which increases with decreasing well width. Commonly, a series of QW layers is
vertically stacked to result in multi-quantum-well (MQW) structures.

Physically the advantage of QWs originates from the density of states. As a con-
sequence of the quantized electron and hole states the respective energy dependence
of the density of states in the conduction (CB) and valence band (VB) changes from
parabolic curves in case of a bulk layer to step-like functions with QW-layers. If
electrically pumped these carrier states are filled according to Boltzmann’s ther-
mal occupation statistics resulting in spectral carrier densities, dn/dE, as depicted
in Fig. 3.6(a), (b). Due to the fact that, as a first approximation, the optical gain of
semiconductor material for a specific optical transition is proportional to the product
of the respective spectral carrier densities in the conduction and the valence band, it
is obvious that QW-structures exhibit higher optical gain than their bulk counterparts
(Fig. 3.6(b)). MQW-structures therefore show lower threshold current densities and
accordingly superior temperature behavior and high-frequency characteristics.

Strained QWs By incorporating strain into the quantum wells the gain character-
istics can be further improved considerably. Typical strain values used here range
from −1.5% (tensile strain) to +1.5% (compressive strain). The main physical ef-
fect of strain in the quantum wells is the breakup of the energy degeneration of
the heavy hole (HH) and light hole (LH) valence bands at k = 0 and correspond-
ing significant changes in the shape of the respective in-plane energy dependence
(Fig. 3.7). By applying compressive strain in the quantum well the in-plane HH mass
is reduced and the density of states in the HH valence band decreased. Accordingly,
band filling at the same electrical pumping level increases to yield lower threshold
current densities and also higher differential gain values. Furthermore the effect of
optical intraband losses due to absorption between the HH- and the split-off- (SO)
valence band at the optical transition energy is substantially reduced. The benefit of
strained layer MQW laser was recognized already at the end of the 1980’s [16], and
nowadays commercial laser diodes are commonly designed this way using compres-
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Fig. 3.7 Schematic energy band structure of strained InGaAsP-material on InP for the cases: ten-
sile-strained (left), lattice-matched (middle), and compressive-strained (right)

sively strained wells in the MQW structures. 1% of compressive strain was discov-
ered to be optimal [17]. The barrier layers may be tensile-strained for (partial) strain
compensation to allow for implementing higher period MQW structures without ex-
ceeding the critical thickness. It should be noted that unstrained and compressively
strained QWs strongly support TE polarized laser emission whereas tensile strain
results in TM polarization. This behavior is exploited e.g. in semiconductor optical
amplifiers (SOA) to balance TE/TM gain [18] and has to be taken into account with
vertically emitting lasers where TE gain is needed.

For many applications the high-temperature performance of laser diodes is of
crucial importance. Optical datacom links and fiber-to-the-home (FTTH) networks
demand uncooled operation up to ambient temperatures of +85 °C. At higher tem-
peratures the optical gain reduces due to thermal broadening of the energetic band
filling distribution of the carrier resulting in smaller dn/dE values at a specific en-
ergy. Material inherent optical losses such as Auger absorption also increase with
increasing temperature. Both effects lead to an increase of laser threshold current
and a decrease of external power vs. current efficiency (slope efficiency) with in-
creasing temperature. This is also true for the electrical pumping efficiency of an
MQW-structure which tends to get lower at higher temperatures. This is because
carriers may be thermally released from the well into the adjacent barrier and wave-
guide layers (referred to as carrier leakage). Due to their lower mass this mecha-
nism mainly affects electron injection and is largely dependent on the conduction
band discontinuity between well and barrier layer (Fig. 3.8). In InGaAsP/InGaAsP
MQW-structures the conduction band discontinuity makes up only some 40% of
the band gap difference, �Eg , of the layers involved. More advantageous with re-
spect to this carrier overflow issue are InGaAlAs/InGaAlAs-MQWs and also the
combination InGaAsP/InGaAlAs. Here the conduction band discontinuity amounts
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Fig. 3.8 Schematic energy band structure of a typical InGaAsP/InGaAsP- (left) and In-
GaAlAs/InGaAlAs-MQW-structure (right); quantization effects are not regarded for the sake of
clarity. Note the “inverted” MQW band structure

to 72% and 80% of �Eg , respectively. To further avoid electron leakage into the
surrounding optical waveguide regions, an additional very thin InAlAs layer is of-
ten inserted into the laser layer stack to serve as an electron stopper.

Another advantage of the Al containing QW option is related to the modula-
tion capability. The lower valence band discontinuity, in accordance with a higher
conduction band discontinuity, of InGaAlAs/InGaAlAs-MQW-structures favors the
hole transport in and out of the quantum wells allowing for significantly faster high-
frequency response and thus larger modulation bandwidth compared to InGaAsP/
InGaAsP. In accordance with this, a higher number of QWs can be uniformly
pumped with holes. Uncooled 1.3 µm lasers with 10 Gb/s modulation capability
which are receiving greatest attention today for 10 Gb/s datacom links are com-
monly relying on InGaAlAs technology (refer to Chap. 4).

Quantum Dots Quantum-dot (QD) materials have attracted a lot of attention in
recent years as a novel active laser medium. QD are tiny pyramidal nanocrystals of
about 10–20 nm footprint that are embedded in host layers. Formation of such QD
structures is accomplished using highly lattice mismatched material (e.g. InAs) de-
posited at dedicated epitaxial growth conditions. QD feature δ-function-like density
of states functions and thus much higher maximum gain values than QW structures.
Ideally, they offer unique lasing properties, such as ultra-low threshold current den-
sity, high temperature stability, zero chirping, low noise, and ultrahigh frequency
capability. In reality, however, the hitherto unavoidable size dispersion of the QD
particles and their low total active volume to a great deal inhibit these features to
become into effect.

The bulk of QD research has been devoted to GaAs based lasers and has pro-
duced a range of impressive single laser parameters, for instance threshold den-
sities approaching 10 A cm−2 at λ = 1.22 µm emission [19] and low tempera-
ture dependence of output power and threshold current, even negative To-values
were observed [20]. A special feature of GaAs-based QD lasers is that their
emission wavelengths can be shifted into the 1.3 µm range thus competing with
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Fig. 3.9 Output
characteristics of a GaAs
based quantum dot laser
emitting at 1300 nm. Laser
operation is achieved even at
>220 °C

laser diodes on InP in this wavelength domain. In particular, such devices have
shown laser operation at >220 °C (Fig. 3.9) [21] and are commercially available
[www.qdlaser.com]. The same is true for such long-wavelength laser diodes specif-
ically designed for high optical output power (pump lasers), emitting >250 mW of
fiber coupled power [www.innolume.com]. Regarding achievable laser wavelengths,
however, 1300 nm appears to represent a practical upper limit for QD laser de-
vices on GaAs; all attempts to significantly raise the emission wavelengths virtually
failed.

On InP quantum-dot structures appear to be more challenging to grow, and quan-
tum dashes rather than dots may be generated depending on growth conditions. The
basic laser properties achieved until today generally do not outperform those of QW
lasers. Among the apparent advantages of QD lasers, also encompassing so-called
“quantum dash” material, is their improved noise behavior exploited in superior
mode-locked lasers and all-optical clock recovery devices [22]. The QD size distri-
bution resulting in an excessively broad gain spectrum has been exploited to create
so-called comb lasers [23]. Specific advantages of QD based optical amplifiers have
been well recognized. A unique future application may be as active medium for sin-
gle photon sources for quantum cryptography applications. Despite these achieve-
ments QD technology may be claimed to enhance specific laser parameters but has
not led to revolutionize semiconductor laser technology.

3.5 Fabry-Pérot Lasers

The simplest form of a laser diode is the Fabry-Pérot (FP) type. The laser cavity
length is defined by cleaving, and the resonator mirrors are simply provided by the
resulting crystal facets. Assuming an effective refraction index of the laser mate-
rial of nl = 3.5 the resulting mirror reflectivity against air (n = 1) amounts to some
30%. By applying optical reflection coatings to the facets other values can be easily
adjusted. In particular, using a high-reflectivity (HR) coating at the back-facet and a
low-reflectivity (LR) one at the front facet the optical output power from either facet
can be made highly asymmetric. This way, compared to symmetrical mirror condi-

http://www.qdlaser.com
http://www.innolume.com
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Fig. 3.10 Representative P –I curves (left) and emission spectrum (right) of an InGaAsP/InP
MQW BH-FP laser. These characteristics are basically similar for any other emission wavelengths
in the accessible 1.3–1.6 µm range (Rf ,Rb = reflectivity at front and back facet, resp.)

tions, the optical power from the front-side may almost be doubled at the expense
of the power from the backside. The latter is commonly exploited for optical power
control by means of a monitor photodiode for which an only moderate intensity is
sufficient.

For the reflection coating the wafer needs to be cleaved into bars several tens of
which can be simultaneously coated by evaporation or (ion beam) sputtering, one
run for either facet. Due to the large handling effort involved this process is rather
costly. The coating films consist of periodic pairs of quarter-wavelength dielectric
layers of different refractive index, e.g. SiO2 and TiO2. Care has to be taken to min-
imize undesirable spilling on the surface and backside of the laser chips. Besides
their optical function the coatings also serve to protect the facets against detrimen-
tal environmental effects. Following the coating process individual laser chips are
singulated by a scribe-and-break process. To ease this process and the previous bar
cleaving the full processed wafer is thinned to a thickness of only some 100 µm.
The dimensions of a representative laser chip used for optical data transmission has
a cavity length of 200–400 µm and a width of 250–400 µm, to some extent depend-
ing on the targeted bit rate.

A typical emission spectrum of an InP based FP laser diode is represented in
Fig. 3.10. Since the gain spectrum of the laser material is fairly broad (� 30 nm full
width at half maximum) and the reflectivity of the facet mirrors practically wave-
length independent, multiple emission wavelengths appear reflecting the longitudi-
nal Eigen modes of the cavity.

Taking into account the chromatic dispersion of optical fibers the width of the
emission spectrum is crucial for the maximum achievable transmission length at
a given bit rate. A measure for the spectral width is the RMS-value which is a
weighted quantity according to (3.1) considering all modes (i) with intensities pi

within the −20 dB range relative to the prevailing one (λc):
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λRMS =
√

M

I
=
√∑

pi · (λi − λc)2
∑

pi

; λc =
∑

pi · λi∑
pi

(3.1)

Typical RMS values are in the 1–2 nm range, with 3 nm representing a specified
upper limit for e.g. 1.3 µm 10 Gb/s FP lasers at any operational condition.

Also shown in Fig. 3.10 are optical power vs current characteristics of a BH-FP
transmitter laser diode at various temperatures. Threshold currents in the <5–10 mA
region and optical output power well exceeding 40 mW are representative for those
lasers at room temperature. Due to physical effects outlined in the previous section,
the output power tends to significantly decrease with increasing temperature (T )
whereas the threshold current (Ith) increases exponentially according to the empiri-
cal equation (3.2) (Tr = reference temperature, e.g. 20 °C):

Ith(T ) = Ith(Tr ) exp
[
(T − Tr)/To

]
(3.2)

Here To denotes the so-called characteristic temperature which for InP laser diodes
comprising an active InGaAsP MQW region ranges from ∼40 to ∼60 K, depend-
ing on active volume, cavity length and facet reflectivity. Using InGaAlAs instead
higher values up to some 80 K are achievable. These values hold for operation up
to some 60 °C but tend to be lower beyond that point. Altogether, compared to
Ga(Al)As the temperature behavior of InP based laser diodes proves to be substan-
tially worse which largely impacts practical applications and has demanded large
R&D efforts in recent years to accomplish uncooled laser operation.

As opposed to other laser systems the output beam of semiconductor lasers is
highly divergent due to optical diffraction. The far-field of the laser beam is essen-
tially determined by the design of the laser waveguide. RW lasers exhibit a pro-
nounced elliptical intensity profile whereas the one of BH structures is fairly circu-
lar. The circular shape is highly desirable because it matches well to single mode
fibers for the benefit of efficient optical coupling. The far-field pattern is often char-
acterized by the divergence angle, taken as the full angle at half intensity maximum
(FWHM angle). The following values (vertical × lateral) may be considered rep-
resentative for transmitter laser diodes: 45° × 20° for RW, and >30 × 30° for BH
structures.

To accomplish lower values so-called tapered lasers have been developed. A sim-
ple yet efficient method is to gradually narrow the active stripe in the lateral direction
towards the front facet, as illustrated in Fig. 3.11(left). As optical guiding becomes
weaker the more the waveguide narrows, the optical mode broadens accordingly
to result in lower beam divergence. This design does not require any extra process
steps but is applicable to BH structures only. Depending on the taper design the far-
field angle can be nearly halved to angles down to as small as 15° by this means. An
example is depicted in Fig. 3.11(right), with the FWHM angle amounting to some
20° in this case. In [24] it is shown that such a reduction leads to an improvement
in coupling efficiency by 6 dB when directly butt-coupled to a flat SMF, comparing
tapered and non-tapered laser diode of otherwise the same design. Other taper tech-
niques that provide even smaller far-fields have been published but these involve
a much higher fabrication complexity [25], including selective area growth [26]. It
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Fig. 3.11 Schematic representation of a tapered laser diode exploiting the concept of a laterally
tapered active stripe leading to mode expansion due to weaker optical guidance (left); optical far-
field pattern of a tapered BH laser in vertical and lateral direction (right): the value of 20° has to
be compared to >30° for non-tapered structures

should be noted that VCSELs (see Sect. 3.8.1) inherently provide a circular-shaped
far-field of low divergence angles which is one of their great advantages.

For efficient laser-fiber coupling tapered lasers are advantageous but not really
mandatory because low-cost lenses can be used. They are, however, extremely help-
ful in hybrid integration technology where such diodes are to be directly coupled to
optical waveguides without any beam shaping optics. In addition to the enhanced
coupling efficiency they also provide larger alignment tolerances.

High-Power Laser Diodes The main application of FP lasers in optical commu-
nications has been for uplink transmission (1310 nm) in FTTH passive optical net-
works. Generally, the relative importance of FP lasers has been decreasing in recent
years, mainly because of the spectral bandwidth related restrictions in transmis-
sion bit rate and distance, and because of the drastic price decay of their superior
DFB counterparts (refer to Sect. 3.7). One prominent application area, however, is
high-power laser diodes (HPLD), either in the form of (spatially) single mode or
broad-area devices. The design of such laser diodes which are normally operated
in cw (continuous wave) or pulsed mode is substantially different from transmitter
lasers. Key to achieving high output power is to minimize series resistance and in-
ternal optical losses. The former issue mainly requires optimizing doping profiles
and layer transitions whereas the latter aspect relates to the waveguide design. One
has to bestow great care on keeping the portion of the optical intensity profile pen-
etrating into the lossy p-doped waveguide region low. This leads to an asymmetric
waveguide design associated with a relatively small confinement factor of the active
region. To compensate for this the HPLDs are built excessively long (∼2–3 mm).
Reported optical output power of 1460 nm HPLD lasers emitting in the fundamental
mode has exceeded the 1 W level at room temperature [27].

Figure 3.12 shows the optical power/current curve of a BH-type HPLD deliver-
ing about 700 mW @ 1480 nm of ex-facet output power which may be regarded
more as state-of-the-art. Such lasers are mainly used as pump sources for Er doped
fiber amplifiers (pump wavelength: 1480 nm) and for Raman fiber amplification
(14xx nm wavelengths) [28]. Besides that there are diverse applications outside the
telecom field, e.g. for LIDAR (light detection and ranging). To date, leading edge
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Fig. 3.12 Optical output
power characteristic of a
BH-HPLD emitting at
1480 nm (source: Fraunhofer
HHI)

research results of single-emitter broad-area HPLDs in this spectral range, typically
made with a stripe width of 100 µm, are characterized by ∼6 W (at 18 A) of opti-
cal output power in cw operation [29] associated with maximum power conversion
efficiency of >40%, and on bar level (1 cm) by 50–72 W, depending on cooling
conditions [30]. Commercial products typically deliver up to around 5 W.

3.6 Gain Elements and Optical Amplifiers

As discussed before, for making an active medium lase optical feedback is required
which in the case of the FP lasers is provided by the (coated) front and rear facet
serving as broadband mirrors. If these facets—or at least one of them—are non-
reflecting and no other feedback mechanism present, the device only supports am-
plification of light. In this configuration the devices are called gain chips (GC) and
semiconductor optical amplifiers (SOA), respectively. The former term is mainly
used when such elements are employed as “gain provider” inside the cavity of more
complex laser components, for example in wavelength-tunable lasers with external-
cavity or hybridly integrated designs (refer to Chaps. 5 and 13). As SOAs they are
capable of covering diverse functions: pre-amplification in conjunction with detec-
tors; post-amplification (booster) in laser devices; in-line amplification in optical
fiber links; on-chip amplification in photonic integrated circuits (see Chap. 16); opti-
cal switching, and functions exploiting non-linear effects, like frequency conversion.

It is obvious that there is no single established GC/SOA design, instead for each
application an optimized structure will have to be adapted. For instance, whereas for
laser related applications (GC, booster) only TE polarization needs to be taken into
account most of the others demand coping with random polarizations and, hence,
need polarization-insensitive active regions. Extremely low reflectivity of the AR
coated facet(s) is a must for both GC and SOA devices. To this end, angled facets
(∼5°. . . 9° off) are commonly used making residual reflectivities down to the 0.01%
range feasible. Tapered inputs and outputs, e.g. as sketched in Fig. 3.11, are benefi-
cial to reduce fiber-coupling losses.

Semiconductor optical amplifiers have been extensively treated in a chapter on
its own in the 1st edition of this book. Here we will limit ourselves to show current
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Fig. 3.13 Schematic structure and chip image of an electro-absorption modulated DFB laser
(EML) with integrated booster SOA. The same active layer is used for the DFB, the modulator
(EAM), and the SOA section. The AR coated output facet is tilted to enhance suppression of back-
reflection [32]

trends and achievements. In earlier years, SOAs were believed to have the potential
of becoming the standard linear optical amplifier component in fiber optical net-
works, superseding fiber optical amplifiers (see Chap. 12). However, until to date
this did not happen because SOAs haven’t reached comparable overall performance
yet. However, in recent years application areas have emerged where GC/SOAs play
a significant role, especially in the framework of photonic integration.

SOAs have been widely used in monolithic tunable lasers to boost the output
power (e.g. [31]). More recently, this measure was also successfully adopted to
electro-absorption modulated laser devices (EML). This type of transmitter (see
Chap. 4) exhibits unrivaled speed capability but concurrent achievement of mod-
ulated optical output power proves to be challenging. Additional integration of a
SOA section helps overcome this restriction. Starting from a fairly simple EML
structure with identical active region a SOA section was added as a third section,
again exploiting the same layer structure [32]. Figure 3.13 shows the scheme of such
a device along with a photograph of a fabricated chip. Although SOA operation is
often believed to be limited to data rates of 10–20 Gb/s region those SOA enhanced
EMLs were capable of generating 56 Gb/s signals with fiber-coupled optical power
of 7.8 dBm (1574 nm).

In recent years, WDM-PON systems have been the subject of comprehensive
R&D activities worldwide. One of the concepts uses a so-called reflective-SOA
(RSOA) as upstream “colourless” transmitter placed in each optical network unit
(ONU) at the subscriber end. In these devices, the rear facet is HR-coated, and the
input facet AR coated. Unmodulated light with an assigned wavelength is gener-
ated in the central office and sent to the respective ONU where it is amplified and
reflected by the RSOA and concurrently encoded with the data of the subscriber.
The main advantage of this scheme is that the wavelength generation and control
is concentrated in the central office. RSOA devices that have been deployed could
be readily modulated up to 2.5 Gb/s. Operation at 10 Gb/s was also demonstrated,
however, at the expense of involving complex electronics as well as degraded per-
formance [33]. This issue could be mitigated by introducing RSOAs that are inte-
grated with an electro-absorption modulator (EAM, see also Chap. 4). In this com-
ponent, named R-EAM-SOA, modulation takes place in the EAM section whereas
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Fig. 3.14 Gain chip (here denoted as RSOA) hybridly integrated with a silicon-on-insulator (SOI)
chip carrying a thermally tunable ring reflector to form a tunable laser (adapted from [35]). The
1 mm long angled (7°) gain chip is edge-coupled via a SiNx spot-size converter (SSC) providing
mode-matching between the SOI waveguide and the gain chip (note: GC in this image means
grating coupler to fiber)

the SOA “only” acts as reflecting amplifier. High-quality 10 Gb/s operation with
added functionalities was achieved using such “colourless” devices in WDM-PON
systems [34].

Recently, various hybrid solutions have emerged for implementing tunable lasers.
In those builds the gain chip forms the optical gain section, and its HR coated facet
the back-mirror of the laser. Wavelength tunability is accomplished by tunable filter
structures acting as the wavelength-selective front mirror. Various integrated waveg-
uide platforms made of silicon-on-insulator (SOI), polymers, silica (SiO2), and sili-
conoxynitride (SiON) have been used. For the tunable reflector both Bragg gratings
and ring resonator structures have been applied. Figure 3.14 shows a tunable laser
component based on SOI [35].

SOAs are also very attractive for fast optical switching devices because they not
only offer large dynamic extinction ratio and switching speed in the nanosecond
regime but concurrently allow for loss-less switching components or even compo-
nents with built-in gain. In [36] a high-radix photonic switch array is shown which
is comprised of SiNx waveguides on Si with embedded flip-chipped angled SOA
sub-arrays. In contrast to the device shown in Fig. 3.14 two-sided waveguide cou-
pling is required in this hybridized concept. To meet the tight fabrication tolerance
of the SOA lengths these devices were etched rather than cleaved thus guaranteeing
lithographic dimensional precision. A monolithic 8 × 8 optical switch matrix has
been reported in [37]. It incorporates 64 SOAs in its switching and features on-chip
gain between 4 and 8 dB for all of the optical paths.

3.7 Single-Mode Laser Diodes

To cope with the effect of optical fiber dispersion which restricts achievable bit
rate and transmission distance transmitter lasers are demanded that emit a single
rather than multiple wavelengths. Typically residual side wavelengths need to be
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Fig. 3.15 Schematic views of DFB gratings: (a) uniform real index coupling, (b) index cou-
pled grating with integrated λ/4 phase shift, and (c) complex coupling. Not drawn are the upper
cladding layers which are grown on top for completing the laser structure. In part (d) a SEM im-
age of a real λ/4 phase shifted DFB grating is depicted made by electron beam lithography and
subsequent reactive ion etching. The grating period (1st order) for a 1550 nm DFB laser amounts
to some 220 nm only

suppressed by at least 35 dB, commonly referred to as side-mode suppression ratio
(SMSR). Various types of single mode laser diode devices are well known including
distributed feedback (DFB) lasers, distributed Bragg reflector (DBR) lasers, external
cavity lasers, coupled cavity lasers, discrete mode lasers (Sect. 3.7.2), and vertical
cavity surface emitting lasers (VCSEL, Sect. 3.8.1).

3.7.1 Distributed Feedback (DFB) Lasers

DFB lasers the concept of which was already introduced some 45 years ago [38]
have become the most established single-wavelength laser type. The key structural
element of such lasers diodes is the so-called DFB grating providing a periodic
change of the effective optical index of refraction along the laser cavity and thereby
partial reflection at each index step (real or complex) to generate distributed opti-
cal feedback by constructive interference. This mechanism is strongly wavelength-
selective to support longitudinal single mode operation. The DFB grating is real-
ized by etching a “washboard”-like structure into the optical waveguide stack of
the laser heterostructure (Fig. 3.15) which is subsequently overgrown with the p-
cladding/contact layers. This way the DFB coupling relies on the periodic variation
of the real part of the refractive index which represents the commonly used solution.
Alternative embodiments, though less often applied, are gratings that are formed in
the substrate, i.e. below the active region; in the sidewalls of the ridge of RW laser
structures; and metal gratings placed aside this ridge [39].
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Fig. 3.16 Typical spectra at laser threshold (simulation) of an (a) uniformly index coupled,
(b) λ/4-phase shifted index coupled, and (c) complex coupled DFB structure with both facets
AR-coated (L = 300 µm, κ = 50 cm−1)

In order to obtain longitudinal mode selection the grating period Λ has to fulfill
the so-called Bragg condition:

Λ = λ · m/(2 · neff ) (3.3)

where Λ denotes the grating period, λ the emission wavelength, neff the effective
refractive index of the laser structure, and m the grating order (m = 1,2, . . .). 1st
order gratings (m = 1) have the advantage that virtually all the light is reflected
back and forth only in the direction of the waveguide thus resulting in very effi-
cient optical feedback. In case of higher order gratings part of the light is vertically
coupled out of the waveguide causing excess optical loss for the laser. Therefore
1st order gratings are predominantly utilized, whereas 2nd order gratings have been
exploited in special surface-emitting DFB laser designs (see Sect. 3.8.2), and higher
order gratings in high-power DFB devices owing to their particularly long cavity.
Mathematically DFB lasers can be described and simulated by the well-proven cou-
pled mode and transmission line model, respectively. Both theoretical models are
thoroughly described e.g. in [40].

Basic DFB Design In order to fully exploit the longitudinal mode selection mech-
anism of the DFB grating any back-reflections from the facets have to be avoided.
This is commonly achieved by applying anti-reflection (AR) coating layers to ei-
ther end facet. Index-coupled DFB lasers with AR-coated facets (Fig. 3.15(a)) how-
ever show a two-mode spectrum at the Bragg grating stop band, as depicted in
Fig. 3.16(a). To achieve true single-mode operation an additional λ/4 phase shift in
the center part of the grating can be implemented (Fig. 3.15(b)). In that case single
mode operation at the Bragg wavelength (3.3) is obtained (Fig. 3.16(b)). Alterna-
tively multiple phase shifts distributed along the DFB grating can be used here [41].
Another means to obtain single-mode operation is to use so-called complex cou-
pling in which case an additional imaginary index (gain or absorption) coupling
component adds to the real index coupling. As a result single-wavelength emission
is obtained that corresponds to the “red” (gain) or “blue” (absorption) side stop
band mode (Fig. 3.16(c)). In reality, as one approach, such complex coupling is ac-
complished by etching the DFB grating further into the active layer (Fig. 3.15(c)).
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Fig. 3.17 Dependence of
threshold gain · length
product, gth · L, on the
coupling coefficient · length
product, κ · L, for λ/4-phase
shifted DFB-lasers with
AR-coated facets (optical
losses neglected). L denotes
the length of the DFB-grating

Fig. 3.18 Normalized
intensity distribution along
the DFB cavity at laser
threshold for different
coupling coefficients κ

(L = 300 µm, both facets
AR-coated)

Though there have been concerns about reliability of such DFB structures it could
be demonstrated that good lifetime behavior is achievable if the fabrication is done
properly. Because of the oxidation issue (see Sect. 3.3.2), however, this “active layer
etching” approach is hardly applicable to Al-containing layer structures.

A key parameter in the design of DFB lasers is the coupling strength of the DFB
grating, denoted by the coupling coefficient κ and defined as the fraction of light
intensity reflected back at each periodical index step. κ depends on the amount
of light confined in the grating layer, i.e. on the grating depth and on the effec-
tive refractive index difference between the materials that compose the grating. The
value of κ largely impacts, amongst others, the threshold current of a DFB laser.
Figure 3.17 exemplarily shows the dependency of the threshold gain, gth, on the
coupling strength κ for a λ/4 phase shifted DFB laser.

Another effect governed by the κ-coefficient is the intensity distribution inside
the DFB laser structure. This is illustrated in Fig. 3.18 where the resulting optical
intensity profile along the cavity is drawn for different κ-values in case of a 300 µm
long phase shifted DFB device. Strong coupling leads to pronounced intensity peak-
ing at the phase shift position that may cause local depletion of the optical gain in
that region of the cavity, also known as spatial hole burning [42]. As a consequence
the side mode suppression will get deteriorated and the lasers will tend to become
spectrally multi-mode. For this reason strong index coupling is generally avoided;
mostly, κ · L product values between 1 and 2 are used.

DFB laser devices with AR-coated facets generate equal optical output power
from both cavity sides (Fig. 3.18). In most practical applications, however, asym-
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Fig. 3.19 Normalized
intensity distribution at laser
threshold along the DFB
cavity for different positions
of the λ/4 phase shift
(L = 300 µm, κ = 50 cm−1,
both facets AR-coated)

metrical output power distribution is desired to increase the usable power from the
front facet at the expense of the light emission from the rear facet, the latter com-
monly utilized to feed a monitor photodiode. This can be accomplished in two
alternative ways. The first one is to implement gratings with an off-center phase
shift (Fig. 3.19). By this means the optical intensity can be lifted such as to yield
higher values at the front facet, and accordingly increased output power. However,
as a trade-off side-mode suppression tends to decrease with increasing phase shift
displacement from the center position of the DFB grating. Typically a front/back
optical power ratio up to 2–3 can be achieved using this method.

The second solution is to employ a cleaved (R = 30%) or high reflection (HR,
R ∼ 60–90%) coated back facet. Depending on the chosen HR value the optical
output, or in other terms the external slope efficiency (SLE = �P/�I ), at the front
facet can almost be doubled, associated with a very high front-to-back asymmetry
factor. However, this cavity design again largely affects the statistical single-mode
yield which tends to drop significantly as a consequence of the random phase value
of the reflective back facet relative to the DFB grating. Laser facets are created by
a cleaving process the positional precision of which is limited to values between
±5 µm to ±10 µm, unless special demanding technological measures are taken. In
any case, it is impossible to perform the cleaving so as to result in a facet with a
well-defined phase value relative to the DFB grating. This would require nanometer
scale accuracy.

The strong influence of the back facet phase condition on the single-mode be-
havior is illustrated in Fig. 3.20. Here the optical output spectra at laser threshold of
a λ/4 phase shifted DFB laser are depicted for different phase values. Their strong
effect on the onset of the competing DFB modes is clearly visible. At phase 0° the
lasers behave purely single-moded whereas at 180° they emit at the Bragg grat-
ing stop band modes (see Fig. 3.15). As a consequence, assuming an even phase
distribution such lasers typically exhibit a single-mode yield of around 50% only,
depending on the specified SMSR limit. Along with this a statistical fluctuation of
the output power occurs.

To conclude, with traditional DFB laser designs there is a distinct trade-off be-
tween SM yield and achievable optical output power/slope efficiency: Two-sided
AR coated devices give high SM yield (virtually 100%) but limited SLE values
(typical ∼0.25 mW/mA). With AR/HR coated DFB lasers, on the other hand, the
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Fig. 3.20 Normalized calculated optical output spectra at laser threshold of a λ/4 phase shifted
DFB laser (L = 300 µm, κ = 50 cm−1, AR/60% facet coating) for different phase values at the
back facet

SM yield is significantly reduced to the 50% range but high SLE values are achiev-
able (>0.4 mW/mA). For commercial applications actually both high SM yield and
high slope efficiency are desired for obvious reasons.

DFB lasers are widely deployed in wavelength-division-multiplex (WDM) net-
works. To this end special demands are posed on the accuracy of emission wave-
length. With dense WDM (DWDM) precisely defined transmission wavelength
channels with optical frequency spacing down to 50 GHz of optical frequency
(equivalent to 0.4 nm at 1550 nm) are used. Respective DFB devices have to be
assigned by selection. Due to the temperature dependence of the material refractive
index the wavelength of a DFB laser changes with temperature at a rate of about
+0.1 nm/K, i.e. by a factor of 5 smaller than the gain spectrum (∼0.5 nm/K) shifts.
For DWDM lasers precise temperature adjustment and stabilization using a Peltier
cooler is therefore mandatory to match the specified DWDM wavelengths (“ITU
grid”). For such temperature controlled conditions DFB lasers have been commod-
ity items for up to 10 Gb/s modulation rates for many years. More recently, there has
been a strong trend to deploy wavelength tunable transmitter devices (see Chap. 5)
rather than fixed wavelength devices to avoid costly selection and to reduce inven-
tory costs.

Clearly, uncooled laser operation is desirable to eliminate cooling power and
cooler costs. This is particularly true for access applications like FTTX PON net-
works. In the extreme case those lasers need to operate in the range from −40 °C
to +85 °C. To support WDM technologies though coarse WDM (CWDM) schemes
have been introduced which typically feature a channel spacing of �λ = 20 nm.
Nonetheless, quite a challenging fabrication tolerance of the lasing wavelength of
only ±2.5 nm has to be met to stay within a specified transmission window of
12.5 nm over the temperature range from 0–75 °C. To compensate for the lower
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Fig. 3.21 Schematic illustration of wavelength detuning of DFB lasers to optimize laser charac-
teristics at high operation temperatures (90 °C). The drawn curve represents the gain profile, and
the arrow the position of the emission wavelength as defined by the DFB grating

gain at higher temperature—at least to a certain degree—the difference in tempera-
ture shift of spectral gain and DFB wavelength is exploited to optimize DFB laser
diodes for high temperature operation, as illustrated in Fig. 3.21.

At room temperature the DFB wavelength is intentionally positioned on the long-
wavelength side of the optical gain spectrum by adjusting the DFB grating accord-
ingly. This design measure is referred to as “wavelength detuning”. With increasing
temperature, differently from FP lasers, the emission wavelength shifts to the gain
peak region to benefit from the higher gain and hence to assure still low thresh-
old currents even at high operation temperatures. In this case the resulting effective
T0-value is no longer related to material properties alone but is also detuning depen-
dent.

In applications where cooled operation is used wavelength detuning can also
be applied to optimize modulation parameters. If the DFB wavelength is detuned
to the short-wavelength side left of the gain peak, an increase in differential gain
and thus a higher modulation bandwidth can be achieved (for further reading see
Chap. 4). This design measure is limited by the associated increase of the threshold
current with increasing distance from the gain peak. However, this effect may be
compensated for by adjustment of the grating coupling strength or use of suitable
HR back facet coating [43]. Along with the increase of the differential gain also the
Henry (or α-) factor tends to decrease which has a decisive impact on the static and
dynamic spectral linewidth of the emission wavelength. The static linewidth is cru-
cial for coherent detection schemes requiring a local oscillator laser of very narrow
linewidth whereas the dynamic one characterized by linewidth broadening under
modulation (“chirp effect”) largely affects dispersion related transmission proper-
ties.

Performance of DFB Lasers Representative output power characteristics are
shown in Fig. 3.22 for an AR/HR coated BH-DFB transmitter laser based on In-
GaAsP/InP and designed for uncooled operation. Room temperature threshold cur-
rents around 5 mA and optical output power levels even exceeding 50 mW are ob-
tainable with elaborated designs and today’s highly developed fabrication techno-
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Fig. 3.22 Representative P –I curves of a 1490 nm BH-DFB laser diode designed for uncooled
operation, 10 K temperature steps (left), and current dependent emission spectra taken at 20 °C
(right)

Fig. 3.23 Small-signal modulation curves of a InGaAsP/InP BH-DFB-laser diode at 20 °C and
90 °C; indicated bias currents including threshold currents

logy. Inherent to InP laser diodes is the relatively large material related degrada-
tion of maximum output power and slope efficiency with increasing temperature.
SMSR values >50 dB are readily achievable. It may not be taken for granted,
however, that such values are maintained over the full operational current and tem-
perature range. Instead, the single-mode behavior may get worse and even out-of-
specification which is of particular concern in the low-temperature regime.

The frequency performance can be characterized by small-signal modulation
curves, as shown in Fig. 3.23 for a device similar to the one demonstrated in
Fig. 3.22. The characteristic −3 dB cut-off frequency is well known to increase with
increasing bias current until a saturation limit is reached. At high operation temper-
ature the maximum modulation bandwidth tends to diminish rendering it hard to
modulate uncooled InGaAsP/InP DFB devices at 10 Gb/s, at least at practical cur-
rent conditions. InGaAlAs/InP based lasers provide superior performance in this
respect, thanks to their “inverse” QW band structure (Sect. 3.3), and are therefore
prevailing for uncooled 10 Gb/s applications and mandatory for even higher bit rates
(see also Chap. 4)
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3.7.2 Advanced Single-Mode Laser Structures

From the previous section it becomes apparent that ordinary DFB lasers do not
meet all the requirements that the fiber optics industry desires. Hence much effort
has been spent over the recent years on achieving improved performance.

Complex-Coupled DFB Lasers One approach has been the introduction of
complex-coupled DFB lasers [44], already introduced above (see Fig. 3.15). Using
this concept in conjunction with a reflective back facet the single-mode yield in-
deed tends to substantially increase, compared to the conventional purely real index
coupled DFB devices. Another benefit is their reduced optical feedback sensitiv-
ity [45]. Optical feedback in fact represents a major issue with DFB lasers: When
laser light is reflected back from any external reflection site this light, depending on
the phase conditions, may render the laser to become multi-mode and even chaotic.
Feedback sensitivity—described by the threshold ratio of reflected-to-emitted inten-
sity at which multi-mode behavior starts to occur—as high as possible is desired to
avoid the use of an optical isolator. In most cases, such an optical isolator placed in
front of the laser is needed to sufficiently eliminate this detrimental feedback effect.
In spite of these advantages complex-coupled DFB variants seemingly play an only
minor role yet in commercial applications because of the more challenging fabrica-
tion technology and potentially larger reliability risks although good lifetime results
have indeed been demonstrated [46].

Curved Stripe DFB Laser An alternative innovative concept relying on conven-
tional index coupling has been introduced recently, named Curved Stripe DFB (CS-
DFB) [47]. Initially designed to realize a tapered DFB diode by pursuing an im-
plementation similar to the one sketched in Fig. 3.11 it turned out that the CSDFB
structure offers additional features overcoming drawbacks of traditional DFB lasers.
A schematic view of such a device is shown in Fig. 3.24. Inherent to the design is
a curved active BH stripe tapered towards the front side. The resulting angled front
facet provides an effective AR behavior enabling these lasers to emit single mode
even without any anti-reflection coating on the front facet. The purpose of the curved
active stripe is as follows: Due to the tapered design the effective index neff of the
laser structure decreases in longitudinal direction towards the front facet, and the
Bragg condition (3.3) varies accordingly along the cavity. Rather than using a DFB

Fig. 3.24 Schematic top
view of a Curved Stripe DFB
laser indicating the basic
architecture (AC =
as-cleaved; AR =
anti-reflection; HR = high
reflection, as-cleaved (30%)
or coated)
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Fig. 3.25 Emission spectra
of a CSDFB laser diode in the
temperature range from
−40 °C to +80 °C

grating with a gradually varying period which would be quite expensive to imple-
ment the required spatial effective index variation is created by a properly designed
curvature in conjunction with a constant period grating. This way, established tech-
niques for grating formation can be utilized, such as the inexpensive UV interference
exposure technique.

The combined effect of decreasing optical gain and index coupling strength to-
wards the front facet and the bending of the active stripe consistently leads to an
efficient suppression of the short-wavelength Bragg mode. This feature is of special
advantage if tight wavelength tolerances are required. Calculations similar to those
depicted in Fig. 3.16 clearly indicate that the adverse effect of the phase variation at
the as-cleaved (or HR) back facet on the single-mode yield is significantly reduced
in CSDFB structures. As a consequence these lasers were found to exhibit a single-
mode yield in the higher 90% range even in the absence of any facet coating [47].

The apparently superior mode stability becomes manifest also when regarding
the single-mode behavior over the operating temperature range. It has been verified

Fig. 3.26 Comparative optical feedback measurements on conventional (straight stripe) and com-
plex-coupled curved stripe DFB laser of otherwise comparable design but slightly different wave-
lengths (measurements according to IEEE Standard 802.3aeTM-2002, 1 mW in fiber); dashed lines
indicate onset of multimode emission depicted by the lobes; note the different scale of the feedback
ratio (= reflected/launched optical power)
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that stable single-mode emission is well maintained particularly in the lower range
(<0 °C). An example is given in Fig. 3.25.

Another evidence is the fact that CSDFB lasers prove to be less sensitive to opti-
cal feedback effects. Comparative measurements on CSDFB and straight structures
of otherwise comparable design indicated enhanced immunity against optical feed-
back by a factor of more than 3 dB [48]. By combining the CSDFB laser concept
with complex coupling further improvement by 3–4 dB could be achieved [49], as
illustrated in Fig. 3.26.

Discrete Mode Laser Diode Discrete mode (DM) laser diodes are single longitu-
dinal and spatial mode laser diodes based on ridge waveguide Fabry-Perot (FP) laser
diodes [50]. DM laser diodes are produced by etching reflective defects (slots) into
the ridge of a ridge waveguide FP laser diode. The etched slots have a small overlap
with the transverse field profile of the optical mode and act as refractive index dis-
continuities in the laser cavity which introduce a perturbation to the optical mode
in the laser. By judicious placement of a sequence of low-loss slots with respect
to the facets pre-selected FP modes are significantly enhanced leading to robust
single-frequency lasing with narrow linewidth and wide temperature stability [51].
These slots cause a selective reflectivity at a certain predetermined wavelength caus-
ing strong feedback at this wavelength, while including a low scattering loss to all
wavelengths. The total round trip gain can be expressed as shown in (3.4) and has
an internal loss component including slot scattering loss, and also a mirror loss term
which includes the enhanced reflectivity which is strongly wavelength dependent
due to the slot period.

1 = exp
[(

Γ g(λ) − αi

)
L
]
R(λ) (3.4)

This additional wavelength dependent reflectivity determines which longitudinal
mode of the cavity experiences higher total round trip gain and therefore reaches
threshold at a lower laser bias current. The placement, etch depth and distance be-
tween slots all play a role in the strength, and wavelength position of the single-
mode peak in the DM spectrum. As the slots add additional scattering loss to all
longitudinal modes of the cavity, the lasing threshold is slightly higher than that of
a FP cavity, while the efficiency is slightly lower. The slots are etched only into the
upper cladding of the waveguide therefore they do not impact on the Al contain-
ing layers of the QW and barrier regions meaning there are no additional lifetime
and failure issues with DM lasers over conventional FP lasers. Figure 3.27 shows a
schematic representation of a DM laser diode with a scanning electron microscope
(SEM) image of a typical slot pattern.

In DM lasers the mechanism used to achieve single-mode operation relies on
a combination of the slot reflectivity and the facet reflectively, however integrat-
able discrete mode (IDM) type lasers are also available which rely on the slots in
their entirety for feedback from the front of the cavity. These type of lasers are
used when cleaving of one facet is not possible or when the laser is to be mono-
lithically integrated with other photonics components in i.e. laser integrated with
electro-absorption modulator (EAM), or a laser array integrated with multi-mode
interference (MMI) coupler for single output of many wavelengths.
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Fig. 3.27 Schematic representation of a DM laser diode (left), and SEM image of a typical slot
pattern etched into the ridge of a DM laser diode (the slots are typically a few µm apart)

Fig. 3.28 Typical 1310 nm DM LIV at 25 °C and optical spectrum at 40 mA, 25 °C

Both DM and IDM lasers are fundamentally different to DFB type single-
frequency lasers. DM lasers are used extensively for similar applications to DFB
lasers in optical communications at 2.5 and 10 Gb/s direct modulation. Many of
the previously mentioned techniques for achieving good temperature and modula-
tion bandwidth for DFB lasers hold true for DM lasers, not least in detuning the
DM peak from the gain peak for −40 to 85 °C uncooled operation. Mode-hop free
operation over this temperature range is ready available for most DM laser diode
wavelength ranges.

A typical LIV (light-current-voltage) curve at 25 °C and an optical spectrum at
40 mA, 25 °C for a at 1302 nm DM are shown in Fig. 3.28 below, with typical
values of threshold current of 10 mA, slope efficiency of 0.28 W/A and SMSR close
to 50 dB.

Due to the relative ease of processing compared with DFB lasers, DM lasers
require only a single epitaxial growth step and no regrowth steps and as such have
a significant cost reduction for low and high volume production. DM lasers can
access regions that have been historically difficult for DFB lasers such as in the
400–750 nm spectral range due to the grating dimensions and problems associated
with manufacture of Al containing materials. DM lasers have no such issues and as
such have been developed over an extremely wide wavelength range from 650 nm to
2450 nm, using the material systems GaInP, GaAs, InGaAlAs and InGaAsSb, grown
on GaAs, InP and GaSb substrates [52]. Single mode lasers at particular wavelengths
over this wide wavelength range are required for multi-species gas detection where
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Fig. 3.29 Extracted
linewidth versus inverse
optical power at T = 20 °C
for a DM laser diode at
1550 nm. Inset delayed
self-heterodyne spectrum at
400 mA with Lorenztian fit
linewidth = 70 kHz

many molecular species have strong absorption lines in this range, such as oxygen,
methane, carbon dioxide and water vapor among many others.

DM laser diodes have also been fabricated that have excellent linewidth char-
acteristics, with linewidths down below 100 kHz, while maintaining good optical
power and single mode behavior as shown in Fig. 3.29 [53, 54]. This behavior is
achieved by waveguide design coupled with custom epitaxial design whereby the
optical loss is reduced and the cavity length in increased.

3.8 Surface-Emitting Laser Diodes

3.8.1 Vertical-Cavity Surface-Emitting Laser (VCSEL)

The concept for a vertical-cavity surface-emitting laser (VCSEL) was first published
in the late 1970s [55]. One decade later, a significant breakthrough occurred with
the first demonstration of VCSELs operating continuous-wave at room tempera-
ture [56]. Since the mid 1990s, VCSELs became commercially available, with main
applications in optical sensing and interconnects ranging from the laser mouse to
Ethernet modules. These devices are usually designed for 850 nm emission wave-
length and based on GaAs. A detailed overview on the fundamentals, technology
and applications of VCSELs can be found in [57]. The importance of VCSELs to-
day is reflected by the fact that they are on the way to reach or even have passed the
largest production volume among all types of lasers exceeding many tens of million
of units per year.

The impressive success of VCSELs is mainly due to a number of unique ad-
vantages for this laser type as compared to conventional edge emitting lasers. The
most important features of VCSELs include low beam divergence associated with
circular beam profile leading to relaxed fiber alignment tolerances; sharply reduced
power consumption with threshold currents around 1 mA; excellent capability for
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Fig. 3.30 Schematic VCSEL structure with top and bottom DBR, active region and illustration of
the internal field intensity. The propagation of the light output is perpendicular to the wafer plane.
The reflectivity of each DBR can be tailored by the number of mirror pairs and is typically well
above 99%

high speed modulation; integration into one and two dimensional laser arrays; com-
plete on-wafer testability with enormous cost reduction compared to edge-emitters;
and high reliability. High performance, cost effectiveness and low power consump-
tion as a step towards “green photonics” are fundamental prerequisites for most
applications and can be ideally served by VCSELs.

While GaAs-based VCSELs with emission wavelengths below 1 µm have
reached a remarkable maturity and widespread applications, the development of
their long-wavelength counterparts designed for emission wavelengths at 1.3 µm
and beyond has been severely delayed. Application capability and commercializa-
tion has only been achieved recently with highly advanced device concepts. This as-
pect is even more astonishing since huge efforts in industry and academia have been
made and significant market potentials exist for such devices. Since all above men-
tioned advantages also hold for long-wavelength VCSELs, low power consumption
single-mode VCSELs with long emission wavelengths are highly attractive devices
for numerous applications in optical communications and sensing. The following
sections address the specific aspects and needs of such lasers and present innovative
state-of the-art device concepts allowing for superior device performance.

VCSEL Fundamentals As opposed to conventional edge emitting laser diodes,
the optical beam of a VCSEL is perpendicular to the wafer plane. The laser resonator
as shown in Fig. 3.30 consists of two Distributed Bragg Reflector (DBR) mirrors
parallel to the wafer surface with an active region in between. A multi-quantum-
well structure is typically used for laser light generation. The planar DBR-mirrors
consist of layers with alternating high and low refractive indices. The thickness of
each layer corresponds to a quarter of the laser wavelength in the material.

Like with other laser types, lasing in a vertical cavity is enabled when the gain in
the active region balances the losses. The latter ones are given by reflection losses
in the mirrors and internal losses (αi ) by free-carrier absorption, potential scattering
and diffraction. With Rt,b as reflectivities for top and bottom mirror, Γr as relative
confinement factor, gth as net gain in the active region, da as active region length
and Leff as effective cavity length defined as the inner distance between the two
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Bragg reflectors plus a penetration depth of the optical field into the reflectors, the
round trip condition for lasing threshold becomes

RtRb exp
{
2
[
Γrgthda − αi(Leff − da)

]}= 1 (3.5)

The relative confinement factor Γr (or gain enhancement factor) describes the over-
lap of the active layers of total thickness da with the standing-wave pattern of the
optical field E(z) and is defined by

Γr = L

da

∫
da

|E(z)|2dz∫
L

|E(z)|2dz
(3.6)

Equation (3.6) can be regarded as average intensity in the active layers normalized
to that in the inner cavity. While the theoretical limit of Γr is 2, typical values of
Γr amount to 1.8 when the quantum wells are properly placed in an antinode of the
standing-wave pattern. By exploiting the standing-wave effect, the optical amplifica-
tion can therefore be almost doubled. Since optical losses are also locally varying in
the resonator, the absorption coefficient αi in (3.5) should be regarded as an average
value weighted with the intensity profile.

Compared to edge emitting lasers where the resonator length is usually equi-
valent to the length of the gain section and typically amounts to some hundreds of
micrometers, the axial length of the gain section in a vertical cavity structure where
the light passes through amounts only to a few tens of nanometers. Even for a high
material gain coefficient of 1000 cm−1 that can be achieved in semiconductor quan-
tum wells, the mirror reflectivities have to exceed 99% in order to fulfill (3.5). To
achieve such high values, a multilayer DBR is commonly used in VCSELs the layer
thicknesses of which are designed such that the reflections at the different inter-
faces are all in phase. In a VCSEL DBR, two alternating materials with different
refractive indices are used where each layer thickness equals a quarter of the optical
wavelength in the material (n1d1 = n2d2 = λ/4). Assuming a plane wave without
any diffraction and absorption losses in the DBR, the reflectivity R of a DBR con-
sisting of N pairs of layers with refractive indices n1, n2 is expressed by

R =
[1 − nt

ni
( n1
n2

)2N

1 + nt

ni
( n1
n2

)2N

]2

(3.7)

ni, nt indicate the refractive indices for the medium of incidence (i.e. medium from
which light enters the DBR) and the medium of transmission (i.e. medium in which
light propagate after passing the DBR), respectively.

Challenges of Long-Wavelength VCSELs Despite the very first VCSEL proto-
types were demonstrated on InP-based material and intensive efforts paid also in the
aftermath to realize VCSELs for emission wavelengths beyond 1.3 µm, the devel-
opment of application suitable devices has been significantly delayed particularly
in comparison to their short-wavelength counterparts. Long-wavelength VCSEL
research mainly has to cope with the inferior intrinsic properties of the material
systems that are principally available for this wavelength regime. A major draw-
back is that mature active region materials such as InGaAsP or InGaAlAs cannot
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Fig. 3.31 Overview of
different concepts for
long-wavelength VCSELs
and possible realization
schemes divided by
substrate/material systems

be grown together with GaAlAs layers on GaAs substrates with adequate crystal
quality needed for lasing action. While GaAs-based VCSELs benefit from the large
refractive index difference between GaAs and AlAs that are almost lattice matched
and enable high-reflective DBRs even with relatively small numbers of layer pairs,
the long-wavelength VCSELs based on InP suffer from almost by a factor of two
smaller index contrast of the InGaAsP or InGaAlAs mirror layers [58]. Accord-
ingly, larger numbers of layer pairs are required for achieving reasonable mirror
reflectivity. Together with the larger layer thicknesses due to the longer wavelength,
the epitaxial mirror stacks of the InP-based VCSELs become rather thick. Consid-
ering further the small thermal conductivity of the ternary/quaternary layers being
about an order of magnitude smaller than with GaAs and AlAs [59], the thermal
resistance of equally reflecting epitaxial mirrors for the InP-based long-wavelength
VCSELs is 20–40 times larger. Using AlAsSb lattice-matched on InP, the index
contrast can—in principle—be increased up to about the same magnitude as in the
GaAs-based material system. However, the small thermal conductivity still prevents
effective heat dissipation through the corresponding epitaxial mirrors. The enhanced
self-heating caused by high thermal resistances is even more critical with respect to
increased temperature sensitivity of the optical gain of commonly used InP-based
active regions. Due to gain saturation, stronger electrical pumping leads to unaccept-
able internal temperature rise which in turn deteriorates the radiative recombination
efficiency. Furthermore, the perfected lateral steam oxidation technique to create in-
sulating films from AlAs that represents an effective and well-established method
in the GaAs-based devices for self-adjusted current and photon confinement [60] is
not available in the InP-based material systems. In principal, steam oxidation can be
applied onto AlAsSb, which can be grown lattice-matched on InP [61]. However,
the performance of the oxidized regions has not yet proven to be sufficient for the
realization of InP-based devices.

The fundamental approaches for long-wavelength VCSELs can be classified by
the substrate used, as shown in Fig. 3.31. For the classical optical telecommuni-
cation wavelengths from 1.3–1.6 µm, InP-based materials show the highest matu-
rity for the design of active regions whereas superior thermal and optical charac-
teristics are found for GaAs-based layers. While emission with high optical qual-
ity on GaAs substrates is somewhat limited to 1.3 µm employing diluted nitrogen
containing InGaAs quantum wells or quantum dot layers as active region, the en-
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Fig. 3.32 Band diagram of a p+-InGa(Al)As/n+-InGaAs tunnel junction. High doping on both
sides in conjunction with small band gaps leads to a very small depletion region enhancing tunnel-
ing of charge carriers to result in ohmic behavior under applied bias

tire communications wavelength range can be served by straightforward combina-
tion of InP-based active regions and GaAs-based mirrors by means of wafer bond-
ing [62]. The incorporation of tunnel junctions when using InP-based active regions
has shown to be of paramount importance for the achievement of high-performing
long-wavelength VCSELs and will be addressed in detail in the following section.

For the sake of completeness, GaSb-based VCSELs have already been demon-
strated for wavelengths beyond 2 µm and offer some inherent advantages similar to
those of their GaAs-based counterparts [63]. While wavelengths in the mid infrared
range would allow for ultra-low attenuation in fluoride fibers, these still suffer from
high cost and fragility which makes them less suited compared to silica fibers.

InP-Based Buried Tunnel Junction (BTJ) VCSELs Following the outline
above, an indispensable precondition for long-wavelength VCSELs to be highly
performing and to be practically applicable aims at a reduction of internal de-
vice heating. In this context, minimization of both the thermal resistance and the
excess heat generation must be achieved. The latter one is significantly reduced
by Buried Tunnel Junctions (BTJ) [64]. Low-bandgap and highly-doped materials
based on InP are particularly well suited and show contact resistances of only some
10−6 � cm2. Accordingly, only a very small voltage drop occurs in the tunnel junc-
tion ifself. With the substitution of highly resistive p-doped layers by low-resistance
n-doped material, however, a significantly reduced series resistance in the spreading
layers becomes possible. The BTJ approach also supports lateral current injection
in conjunction with electrically insulating dielectric or undoped epitaxial mirrors.
Figure 3.32 shows the band structure of an InP-based tunnel junction and its incor-
poration in a VCSEL structure. Taking into account the high absorption of the tunnel
junction layers and for avoiding excessive loss, they have to be placed in a node of
the standing wave pattern. Buried Tunnel Junctions are fabricated by laterally etch-
ing the uppermost n+-layer outside of a well defined mesa and subsequent regrowth
with moderately n-doped material. As shown in the inset of Fig. 3.32, this results in
an ohmic tunnel junction region in the non-etched center region and a reverse biased
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Fig. 3.33 Schematic cross-section of InP-based BTJ-VCSEL incorporating an (a) epitaxial out-
put mirror for long-cavity VCSELs or (b) dielectric output mirror for short-cavity VCSELs with
ultra-high speed modulation capability

p+–n junction in the etched region. The current flow is therefore restricted to the
tunnel junction area with several orders of magnitude of current density difference
between these two regions. In addition to the strong current confinement, the dif-
fering optical lengths in the etched and non-etched regions lead to self-aligned and
strong index-guiding, comparable to oxide confined GaAs-based VCSEL [65].

While excessive heating can be significantly reduced by a buried tunnel junction,
the reduction of the thermal resistance is accomplished by the build of the VCSEL
chip, as shown in Fig. 3.33 [66]. The upside-down arrangement incorporates a hy-
brid dielectric/gold back reflector. By selecting proper material combinations with
high refractive index difference of the alternating quarter-wave layers, only 2–3 mir-
ror layer pairs are needed for achieving reflectivities of around 99.9%. The dielec-
tric layers are made of insulating and amorphous materials such as fluorides and
sulphides. In conjunction with a thermally high-conductive InP heat spreading layer
for the tunnel junction regrowth and an integrated Au heatsink, the structure allows
for highly efficient heatsinking. The bottom plated Au layer also serves to provide
mechanical stability since the former InP-substrate on top is completely removed
exposing the epitaxial layers which can be used in the front mirror irrespective of
their poor thermal conductivity. Small diameter pillars are etched and planarized
with benzocyclobutene (BCB) to feature a low parasitic capacitance structure and
to enable high modulation rates.

As shown in Fig. 3.33, two different configurations are commonly used for high-
speed capability which differ in the type of output mirror. In the first approach, also
referred to long-cavity (LC) design, an epitaxial mirror with typically 30–40 layer
pairs, depending on wavelength, is used. Due to the small index difference of only
0.2–0.3 in the mirror layers, the optical field intensity penetrates to a large extent
in this epitaxial DBR leading to an increased effective cavity length. By substitut-
ing the epitaxial DBR by a dielectric DBR, the effective cavity length can be sig-
nificantly reduced allowing for shorter photon lifetimes and enhanced modulation
characteristics. This short cavity (SC) design is particularly useful for ultra-high
speed VCSELs with modulation rates of 25 Gb/s and beyond [67].
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Fig. 3.34 (a) Representative temperature dependent LIV-characteristics of 1.3 µm LC-BTJ-VC-
SELs, (b) eye diagram at 10 Gb/s, 90 °C, and extinction ratio of ∼5 dB

Figure 3.34 shows the light-current-voltage (LIV) characteristics of a 1.3 µm LC-
BTJ-VCSEL. Optical output powers of more than 5 mW and 2 mW are achieved at
20 °C and 90 °C, respectively. A single-mode emission spectrum with side-mode
suppression ratios around 40 dB is obtained over the whole current and tempera-
ture range. The incorporation of mostly n-doped material yields very small series
resistance of only 30–40 � even for single-mode aperture diameters of 5–6 µm.
Thanks to their low electrical resistance and parasitics, BTJ-VCSELs as shown in
Fig. 3.33 are ideal for high-speed modulation even at high temperatures [68, 69].
As an example, Fig. 3.34(b) shows an eye diagram for a 1.3 µm LC-BTJ-VCSEL at
a modulation rate of 10 Gb/s and heat sink temperature of 90 °C. The rectangular
mask for SONET STM64/OC192 has no mask hits even at 15% mask margin.

The improved dynamic performance of SC-VCSELs is demonstrated in Fig. 3.35.
The maximum modulation bandwidth as given by the 3 dB cut-off frequency, and
the maximum resonance frequency can be seen to amount to 18 GHz and 20 GHz,
respectively. By analyzing the small-signal response, one can deduce a theoreti-
cal maximum internal bandwidth of 32 GHz assuming no parasitics to be present.
Accordingly, even higher modulation bandwidths are anticipated when parasitics
may be further reduced. Figure 3.35(b) shows eye diagrams at different modulation
rates at room temperature. The eyes were recorded under standard on-off keying
condition and extinction ratios between 3–5 dB.

VCSEL-Based Wavelength Division Multiplexing The increasing demand of
bandwidth in optical backbone networks as well as in data centers favors wavelength
division multiplexing (WDM) techniques in combination with compact integration
of light sources for delivering scalable and flexible optical data links with low power
consumption, high data throughput, longer transmission distance, and the cost ef-
fectiveness needed to efficiently cope with present and future stringent bandwidth
requirements. With respect to light sources, VCSELs offer an attractive combination
of high bit rates, low power consumption and array integration that, along with their
tuning capabilities, make them highly suitable for compact and wideband optical
interconnects.
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Fig. 3.35 Modulation characteristics of a 1.55 µm SC-BTJ-VCSEL (a) 3 dB cut-off frequency
and resonance frequency, (b) eye diagrams for different modulation rates at 25 °C

Fig. 3.36 (a) Light-current-voltage characteristics of a 1 × 4 BTJ-VCSEL array at 20 °C. (b) cur-
rent tuning characteristics of single VCSEL. The vertical lines represent ITU channels with a
100 GHz separation

Wavelength tuning in VCSELs can be accomplished by different means. The
very small active region and resonator volume is associated with a high thermal
load under electrical pumping and leads to a significantly higher efficiency of cur-
rent tuning via internal heating as compared to edge emitters. Figure 3.36(a) shows
the stationary characteristics of a monolithic 1 × 4 BTJ-VCSEL array with an emis-
sion wavelength around 1.57 µm. A representative current tuning curve for each of
these VCSELs is depicted in Fig. 3.36(b). From this, a typical current tuning coef-
ficient of 0.2–0.3 nm/mA is derived. In a VCSEL array with stabilized temperature,
the emission wavelength can thus be simply tuned to the desired WDM channel by
adjusting the bias current to each of the VCSELs within the array [70]. On the other
hand, the wavelength is not affected when operating the VCSELs under GHz mod-
ulation since transient heat effects are too slow. While controlling the wavelength
by bias current proves to be a simple method, an issue may arise from the differ-
ent output powers associated with the different wavelength of each of the VCSELs.
A system specification usually includes the minimum power level, data rate and
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Fig. 3.37 (a) Schematic
cross-section of a widely
tunable MEMS-VCSEL,
(b) optical spectra for
different MEMS actuation

channel spacing. By setting a minimum output power of 2 mW, the VCSELs as
shown in Fig. 3.36 can still achieve 10 Gb/s at the lowest channel around 8 mA
bias current and up to 4 channels with 100 GHz spacing can be addressed. One so-
lution to simultaneously achieve uniform output powers at different wavelengths is
to use altering cavity lengths. For BTJ-VCSELs as shown in Fig. 3.33, this can be
realized by controlled etching of semiconductor material or different thicknesses of
dielectric mirror layers. New approaches include the application of a high-contrast
grating (SWG) as front mirror which also inherently provides polarization pinning.
A multi-wavelength VCSEL-array for WDM applications can be realized by vary-
ing the grating period and duty cycle [71].

While the approach described above is usually limited to several nanometers
of tuning range in practical applications, significantly larger tuning ranges have
been demonstrated by combining VCSELs with micro-electro-mechanical system
(MEMS) mirrors. The basic idea is to use a high-reflective DBR which can be de-
flected to change the length of an air gap between the lower “half-VCSEL” and the
upper MEMS-DBR. Figure 3.37(a) shows the design of a widely tunable VCSEL
based on the BTJ-concept. The MEMS DBR consists of micro-machined dielectric
SiO/SiN layers. A thin electrode on top of this DBR enables heating which leads
to an upward bending to increase the air gap. Accordingly, the cavity length and
the emission wavelength increase. An alternative to thermal actuation consists in
electrostatic deflection with downward bending of the MEMS DBR. The maximum
achievable tuning speed for the latter method is faster and can reach to the kHz
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range. Figure 3.37(b) shows 60 nm tuning of a C-band BTJ-MEMS-VCSEL. Over
the entire tuning range, the spectra exhibit high side-mode-suppression ratios of at
least 40 dB. In addition, 10 Gb/s modulation is also feasible over the whole tuning
range. Record tuning ranges of more than 100 nm have been achieved for electri-
cally pumped non high-speed BTJ-MEMS-VCSELs [72]. A distinct advantage of
widely tunable MEMS-VCSELs compared to widely tunable edge emitting solu-
tions is the truly continuous tuning behavior over the free spectral range without
any mode hops occurring in between.

Long-Wavelength VCSELs Using Wafer Bonding The basic idea of wafer
bonded long-wavelength VCSELs is to combine an InP-based active region offering
high optical gain with the superior optical and thermal properties of Al(Ga)As/GaAs
Bragg mirrors. Since both material systems have strongly different lattice constants
with a mismatch of around 3.7%, no relaxation-free combination of both crystal
structures can be grown by regular epitaxy methods. For this reason, the layer stacks
of the DBR mirrors and of the active region are first grown independently on GaAs
and InP-substrates, respectively, and subsequently bonded to a uniform structure us-
ing high temperature and pressure conditions. During this process, covalent bonds
are formed across the material interfaces. Figure 3.38 shows a wafer bonded LW-
VCSEL with two fused interfaces. Both the top and the bottom mirror are formed
by GaAs-based DBRs which are wafer bonded to an InP-based central region in-
cluding the active region. Using a double intracavity contacting scheme, undoped
DBR mirrors can be implemented allowing for very small optical losses along with
low electrical device resistance. Furthermore, this contacting scheme avoids current
flow across the bonded interfaces which may exhibit rather poor electrical charac-
teristics. For current confinement, a BTJ aperture is incorporated. If bottom and top
DBR are grown independently with a different number of mirror pairs, the entire
structure needs however 4 epitaxial growths on three different wafers. While these
wafer-fused VCSELs need higher epitaxial and processing efforts compared to other
types of VCSELs, the concept allows for advantageous device parameters such as
low optical loss and very good thermal characteristics. High single-mode optical

Fig. 3.38 Schematic
cross-section of a
double-fused
long-wavelength VCSEL
combining GaAs-based top
and bottom mirror and an
InP-based active region
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output powers of 6.7 mW at 20 °C and 1.5 mW at 100 °C have been demonstrated
on wafer fused long-wavelength VCSELs around 1.55 µm wavelength. In addition,
such VCSELs at 1.3 µm have shown 10 Gb/s operation up to 100 °C [73, 74].

GaAs-Based VCSELs with Extended Emission Wavelength For obvious rea-
sons, a straightforward approach would be to preserve the advantages of the proven
GaAs-based technology and just extend the emission wavelength from values be-
low 1 µm to longer regimes. In this context, emission wavelengths around 1.3 µm
appear of special interest for many applications in optical communications. Usually,
a value of 1.3 µm cannot be achieved with conventional strained GaInAs quantum
wells since the increasing compressive strain acts as a limiting factor and only al-
lows emission wavelengths up to approximately 1.1 µm. The reason of unacceptable
crystalline strain at long wavelengths also holds for GaAsSb quantum wells [75]. As
a consequence, alternative materials have been extensively studied. A widely inves-
tigated material consists of GaInNAs quantum wells (dilute nitrides) [76]. In prin-
cipal, this alloy allows lattice matching to GaAs substrates by adjusting the amount
of indium and nitrogen. For example, emission around 1.3 µm can be obtained with
only 1.5–2% of nitrogen in conjunction with 35–38% of indium content. VCSELs
incorporating such dilute nitrides have shown high output powers of several milli-
watt with good temperature stability and modulation speeds up to 10 Gb/s [77–79].
While most of the research activities on GaInNAs active material have shown lasers
with emission wavelengths shortly below 1.3 µm, accomplishment of longer wave-
lengths appears to increasingly suffer from degrading optical gain properties. For
applications such as optical links based on the IEEE 40GBASE-LR4 specification
including four wavelengths from 1270–1330 nm with 20 nm spacing, the consistent
utilization of GaAs-based technology seems unlikely. Further, long-term stability
still seems to represent a major issue.

Another approach to extend the emission wavelength of GaAs-based VCSELs
is to use self-assembled In(Ga)As quantum dots (QD) [80]. In theory, the zero-
dimensional quantum dot system promises unique material gain properties. In prac-
tice, however, QD-based VCSELs suffer from the small active volume limiting the
total achievable gain. Because of this restriction, achievement of ultra-high modula-
tion speeds requiring high gain conditions is challenging [81]. It remains therefore
rather questionable whether QD technology may eventually represent the techno-
logy of choice for the realization of long-wavelength VCSEL devices.

For even longer wavelengths, e.g. 1.55 µm, all of the above mentioned concepts
prove to be more and more complicated [82, 83]. For example, it proves to be very
difficult to incorporate a higher content of nitrogen whilst maintaining high pho-
toluminescence efficiency. Owing to a miscibility gap of dilute nitrides, they also
tend to decompose under stress conditions such as high current densities. The latter
conditions are, however, typical for VCSELs particularly for achieving high modu-
lation speeds which require high carrier and photon densities to boost the relaxation
oscillation frequency. Therefore, high speed performance and reliability often turn
out to represent contradicting features. Nevertheless, innovative concepts for imple-
menting novel active materials are still subject to intensive research, and the quality
of such materials has seen a significant progress in recent years.
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3.8.2 Horizontal Cavity Surface Emitting Laser Concepts

There have been several approaches recently to combine surface emission with “nor-
mal” laser structures, that is lasers with horizontal cavities. The aim of these devel-
opments is to benefit from the laser performance of those lasers whilst simulta-
neously retaining the economical advantages (e.g. on-wafer testability) of VCSEL
devices. Like VCSELs, horizontal cavity surface-emitting lasers are also attractive
light sources for hybrid integration technology as surface-mount devices on optical
waveguide boards. In fact, nowadays they are considered an option for source lasers
for silicon integrated photonic circuits.

Surface Emitting Lasers with Turning Mirrors This laser type, known under
the acronym HCSEL, is basically an edge-emitting laser comprising a 45° mirror
facet for vertical out-coupling of the laser-beam, as represented in Fig. 3.39. Both
FP and DFB embodiments are feasible. The characteristics of HCSELs, including
output power, beam shape, polarization stability and wavelength precision, are ba-
sically the same as with their edge-emitting counterparts, whereas full on-wafer
processing and on-wafer testability, packaging cost, and monolithic 2D-array fabri-
cation are advantages that are shared with VCSELs. Further, epitaxial growth and
manufacturing processes are identical to those utilized in mature edge-emitter tech-
nology, apart from the additional etching process needed to form the 45° turning
mirror. HCSELs can outperform VCSELs regarding specific advantages of edge-
emitters, like higher output power and the possibility of monolithically integrating
further devices in the horizontal plane, namely a monitor photodiode as indicated in
Fig. 3.39. Conversely, HCSELs exhibit higher power consumption and larger beam
divergence than VCSELs. Nonetheless, recent HCSEL developments have led to
achieving appreciably low laser currents [84] which eventually may allow for em-
ploying the low-power laser driver circuits used with VCSEL.

Recently, a concept similar to HCSELs was realized but with the 45° turning
mirror formed such as to direct the output beam downwards through the substrate.

Fig. 3.39 Schematic structure of a single-mode (DFB) HCSEL integrated with a monitor photo-
diode (MPD, left) and optical output characteristics (right)
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Fig. 3.40 Schematic
cross-section of a facet-free
1.3-µm LISEL DFB laser
diode [87]

At the backside of the substrate, a collimating lens was formed by etching to result
in a very low beam divergence of only 2.5° [85]. Using a 1.3 µm InGaAlAs/InP
RW laser structure, 25 Gb/s direct modulation up to 100 °C was demonstrated on
such lasers [86], called LISEL (lens integrated surface emitting laser). Thanks to the
substrate-side emission they could be flip-chip mounted directly on high-frequency
coplanar lines. This concept was taken further to create a surface-emitting laser de-
vice claimed to be facet-free. At the rear side of a DFB laser a DBR grating along
with a monitor photodiode and a window section has been implemented to provide
a residual reflection-less back-side mirror. At the front side there is also a trans-
parent window section separating the active DFB part from the integrated turning
mirror. Laser parameters were reported to be very similar to those of comparable
conventional DFB laser diodes [87]. The absence of facet coating in the lasing path
is regarded advantageous with respect to non-hermetic packaging [88].

Surface-Emitting Lasers with 2nd Order Grating Another approach for
surface-emitting lasers relies on exploiting 2nd order DFB gratings to generate ver-
tical emission. In contrast to 1st order gratings providing optical feedback only in
longitudinal direction, with 2nd order designs a substantial portion of the light is re-
flected into vertical direction. Both 2nd order DBR [89, 90] and DFB structures [91]
have been demonstrated. In the former case one laser facet is replaced by a DBR
grating, enabling longitudinal mode selection, optical feedback into the laser res-
onator as well as vertical out-coupling of the laser light. In SE-DFB lasers the 2nd
order grating can provide surface emission in the center of the DFB-resonator [91]
and can be designed to shape the optical output beam of the laser. It is, for instance,
possible to focus the output beam into one or more spots or to optimize the beam
quality [90]. Compared to HCSELs the challenge in manufacturing is shifted from
the formation of a smooth 45° plane to lithographically defining complex high pre-
cision gratings with nano-scale accuracy. Despite the existent advantages such 2nd
order grating deflection devices have not been commercialized so far.

In this chapter we have covered the basics of InP based long-wavelength semi-
conductor laser diodes, including material options, laser structures and related tech-
nologies, multi- and single-mode emitting lasers, and different variants of surface-
emitting laser devices. Many of these components are commercially available today,
nonetheless continuous efforts are made to improve on their overall performance
and on specific parameters, and to reduce fabrication costs. Reliability issues have
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been largely overcome but need to be revalidated whenever structural and technol-
ogy changes are introduced. The different laser diodes addressed essentially are
capable of up to 10 Gb/s modulation, at least at room temperature conditions. How-
ever, there is a strong market demand these days to push this limit to much higher
values −25 Gb/s, and 40 Gb/s, and 56 Gb/s and even more (or GBaud when apply-
ing more sophisticated modulation schemes)—to enable 100–400 Gb/s transmitter
implementations. Those developments are dealt with in the next chapter. A second
major focus is on wavelength tunability which will be the subject of a third laser
related article, Chap. 5.
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Chapter 4
Ultra-Fast Semiconductor Laser Sources

Masahiro Aoki and Ute Troppenz

Abstract The chapter focuses on ultra-fast light sources for achieving small foot-
print and lower-power-consumption optical transceivers and covers various impor-
tant light sources such as directly-modulated diode lasers with high optical-gain ma-
terials, low chirp externally-modulated diode lasers, and ultra-fast diode lasers with
new structure and modulation scheme. The chapter starts with an in-depth theoreti-
cal treatment of key characteristics and dependences, illustrates typical realizations
of ultra-fast diode lasers and integrated laser-modulators, and includes relevant op-
eration and performance characteristics as well. In response to strong demand for
datacom and access network applications selected variants of edge emitting trans-
mitters are presented with particular emphasis on spectral and bandwidth efficiency.

4.1 Introduction

Since the recovery from the ‘dot-com bubble’ (or ‘information technology bubble’)
that occurred at the beginning of this century, demand for highly efficient trans-
mission of huge amounts of data has soared with the explosive growth of broad-
band/broadgather data networks. Core/edge routers, switches, and data servers are
now essential for the information and communications technology (ICT) that pro-
vides the infrastructure for our daily lives and our business activities in today’s ICT-
based society. High-end ICT equipment depends heavily on fast optical data trans-
mission technologies. Such technologies are essential not only in communication
networks (for both telecommunications and mobile backhaul communication), but
also in storage networks (so-called fiber channels) as well as in local area networks.
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Fig. 4.1 Footprint area and
power consumption of
10 Gbit/s optical transceivers

Common technological keys enable high data throughput, high port densities and
at the same time cost effectiveness. The total system performance depends heavily
both on the data throughput of each channel port and on the integration density de-
termined by the assembly size and power consumption of the components. That is
why gigabit-per-second (Gbit/s) class optical transceivers with low power consump-
tion and small footprints are so important. An example of the technology trend of
optical transponders used for 10 Gbit/s systems is shown in Fig. 4.1, which plots
the relationship between module footprint and total power consumption for several
types of standard transceiver modules.

The standard 10 Gbit/s optical transceivers started with 300 pins in 2000 [1] with
a large footprint (ca. 100 cm2) and high power consumption (ca. 15 to 20 W). To
meet the demands for reduced size and power consumption, several types of de facto
standard 10 Gbit/s transceiver packages, XENPAK [2], XPAK [3] X2 [4], XFP [5],
and SFP+ [6] have been developed and, as a result, the footprint and power con-
sumption have been reduced in rapid succession. Moreover, the optical connector
has changed from a pigtail to a receptacle to simplify the assemblies. Currently,
the members of the CFP Multi-Source Agreement (MSA) group are defining CFP,
CFP2 and CFP4 form factors for the next generation 100G/400G transceiver pack-
ages [7] to support ultra-high bandwidth requirements of data communications and
telecommunication networks.

10 Gbit/s components are insufficient to meet current and, in particular, future
system requirements, and therefore 40- and 100 Gbit/s optical transceivers have
been developed. In mid 2010 a new standard (IEEE 802.3ba [8]) for 40G- and 100G-
Ethernet was approved relying on wavelength-multiplexed 4 × 10 Gbit/s, and 10 ×
10 Gbit/s and 4 × 25 Gbit/s transmission schemes. For the latter scheme, laser
sources with specified emission wavelengths around 1.3 µm (four wavelengths with
800 GHz spacing, referred to as LAN-CWDM) are required that are capable of gen-
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erating 25 Gbit/s bit streams. To achieve 400 Gbit/s transmission serial 50 Gbit/s
and 100 Gbit/s lanes are under development for the next generation of 400 Gigabit
Ethernet (400GbE) with a new standard expected in 2017 [9]. For the implementa-
tion of respective multi-lane transmitter modules lasers for bit rates up to 56 Gbit/s
will be needed as key building blocks.

In order to reduce the size and power consumption of optical modules, lower-
current/voltage drivability is crucial, and the elimination of thermo-electric coolers
is highly desired. The keys to meeting these requirements are high-speed, uncooled
semiconductor laser sources with small drive current/voltage. This chapter reviews
recent technological progress in ultra-fast light sources for achieving small foot-
prints and lower-power-consumption optical transceivers. We will address several
important light source devices such as directly-modulated diode lasers with high-
optical gain materials, externally-modulated diode lasers, ultra-fast diode lasers ex-
ploiting new structures and modulation schemes, and, in response to strong demand
for datacom and access network applications, selected variants of edge emitting
transmitters with particular emphasis on spectral and bandwidth efficiency.

4.2 Ultra-Fast Directly-Modulated Laser Sources

4.2.1 High-Speed Characteristics of Directly-Modulated Lasers

The small-signal frequency response R(f ) of a diode laser can be derived from
the rate equations that describe the interaction between the carrier density N and
the photon density S in the active medium of a laser [10]. Above the threshold
condition, these are expressed as

dN

dt
= I

eV
− vg

dg

dN
(1 − εS)(N − NT )S − N

τN

, (4.1)

dS

dt
= vg

dg

dN
(N − NT )(1 − εS)S − S

τP

+ ξβ
N

τN

, (4.2)

where I is the current injected into the active region of total volume V , e the electron
charge, vg the group velocity of light in the laser medium, dg/dN the differential
gain, ε the gain saturation coefficient, NT the transparency carrier density, τN the
carrier life time, τP the photon life time, ξ the optical confinement factor, and β is
the spontaneous emission fraction for lasing. Assuming small signal current modu-
lation, i.e., I (t) = I0 + δI1e

jωt , R(f ) is expressed as

R(f ) = f 4
r

(f 2 − f 2
r )2 + f 2Γ 2/(2π)2

· 1

1 + (2πCldRldf )2
, (4.3)

where fr is the relaxation oscillation frequency, Γ the damping constant, and CldRld

is the laser parasitic constant (the index ‘ld’ denotes laser diode). fr and Γ are
expressed as
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fr = 1

2π

√
vg

dg

dN
(1 − εS)ηi

ξ

eV
(I − Ith), (4.4)

Γ = 1

τN

+ vg
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dN
S + εS

τP

= 1

τN

+ Kf 2
r , (4.5)

where ηi is the internal quantum efficiency. K is called the nonlinear K-factor and
is expressed as

K = 4π2

vg

(
ε

dg
dN

+ 1

αm + 2αth

)
, (4.6)

with αm and αth being the mirror loss and lasing threshold gain, respectively.
It is apparent from (4.3), that in order to achieve high-speed lasers, it is impor-

tant to enhance the relaxation oscillation frequency fr or to reduce the laser parasitic
constant CldRld and the damping constant Γ . The quantitative effects of these fac-
tors on the high-speed performance are discussed below.

Reduction of Laser Parasitic Constant CldRld From (4.3), the CR- (capacitance-
resistance) limited frequency bandwidth f CR

3 dB, where f3 dB is the 3-dB-down band-
width, is expressed as

f CR
3 dB = 1

2πCldRld
. (4.7)

With today’s device/process techniques in III–V semiconductor-based optoelec-
tronics, laser capacitances Cld can be designed to be less than a few hundred femto-
Farad (fF). Moreover, the laser series resistance R is in the range from several Ohm
to several tens of Ohm (�). If we assume Cld = 400 fF and Rld = 10 �, then the cal-
culated value of f CR

3 dB is 40 GHz. This simply means that 40 Gbit/s direct modulation
is theoretically feasible in terms of laser parasitics.

Enhancement of Relaxation Oscillation Frequency fr By solving

R
(
f

fr
3 dB

)= 1/2

for the condition CldRld = 0, Γ = 0, we get

f
fr
3 dB =

√
1 + √

2 · fr
∼= 1.55 · fr . (4.8)

The relaxation oscillation frequency fr is governed by the resonant oscillation
behavior between carriers and photons that occurs in a laser resonator, and the laser
light output can never respond to a rapidly changing electrical input signal any faster
than fr . In other words, fr is the essential parameter that determines the dynamic
limit of semiconductor diode lasers.

Reduction of Damping Constant Γ Damping is known to originate from non-
linear gain saturation, and it adversely affects the laser dynamics. It does not only
lower the resonant peak in R(f ), but also reduces the frequency bandwidth, espe-
cially in the high frequency range above 20 GHz.
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Fig. 4.2 (a) Example of small-signal frequency responses R(f ) measured for a 1.3 µm wavelength
range diode laser [11] compared with (b) fitted responses calculated using (4.3)

Again, by solving R(f K
3 dB) = 1/2 for CldRld = 0, fr = ∞, we get

f K
3 dB = 2

√
2π/K. (4.9)

In fact, the nonlinear K-factor is typically 0.3 ns for InGaAsP/InP-based quantum
well lasers, and the corresponding f K

3 dB is calculated to be about 30 GHz. This
essentially implies that the effect of damping can never be neglected in ultra-fast
diode lasers modulated in the range of a few tens of GHz.

An example of small-signal frequency responses (R(f )) measured for a 1.3 µm
wavelength range diode laser [11] is shown in Fig. 4.2(a).

The laser has an active region composed of InGaAlAs (see Sect. 4.2.4 and also
Chap. 3) formed on an InP substrate. It is designed with a 300 µm long cavity and a
ridge waveguide as the striped structure. Data for R(f ) measured at various temper-
atures ranging from 25 to 85 °C are plotted in Fig. 4.2(a). By fitting the measured
R(f ) using (4.3), the temperature dependence of fr and the nonlinear K-factor
were both extracted; they are plotted in Fig. 4.3.

Fitted responses calculated using these data as parameters are drawn in Fig. 4.2(b).
The results clearly reveal the good agreement between measured and fitted curves,

Fig. 4.3 Temperature dependence of fr and nonlinear K-factor
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evidencing the correctness and accuracy of the laser dynamics modeling provided
by (4.3).

Lastly, it is important to note here that there could be significant contributions
of carrier injection and carrier transport that occur inside or in the vicinity of the
active region other than the above limiting factors of the laser dynamics; i.e., the
parasitic constant, the relaxation oscillation frequency and the damping factor. Slow
carrier transport or poor carrier injection efficiency into quantum wells easily de-
teriorate the high-speed modulation performance, leading to low frequency roll-off
and excess increase of damping. These negative effects can be diminished, and by
employing a proper active region design the inherent high-speed capability can be
retained [12, 13].

4.2.2 Large-Signal Dynamic Analysis of Rate Equations

Assuming digital modulation of laser sources, large-signal analysis has been per-
formed to understand the dynamic behavior of a laser, which is closely related
to fiber transmission performance [14–17]. The large-signal modulation was sim-
ulated to obtain the temporal variations in optical intensity S(t) and carrier den-
sity N(t). The rate equations (4.1) and (4.2) were solved numerically using the
time-developed Runge-Kutta method. A drive-waveform with a maximum 32-bit
non-return-to-zero (NRZ) pseudo-random pattern was used in this calculation. A bit
sequence of “01010111” was used to simulate dynamic changes in S(t) and N(t).
The electrical circuit model of the parasitic is shown in Fig. 4.4.

The laser drive current waveform with a trapezoidal pattern (meaning finite rise
and fall times) was filtered to account for the parasitics of the modulator and as-
semblies. The model includes laser capacitance Cld , internal resistance Rld , wiring
inductance L, and a termination resistor to match the impedance of the radio fre-
quency (RF) signal lines with a standard characteristic impedance of 50 �. In the
computation procedures, a signal rate of 10 Gbit/s was used to investigate the fea-
sibility of 10 Gbit/s direct intensity modulation. Most of the parameters used in the
computation were extracted from experiment data [11]. As mentioned earlier, the
active material was assumed to be an InGaAlAs/InP-based multiple quantum well

Fig. 4.4 Electrical circuit model of laser parasitics. Cld : laser parasitic capacitance (5.0 pF) Rld :
laser internal resistance (15 �); Rc : characteristic impedance of RF line (50 �); Rterm: termination
resistance (50 � − Rld); L: wiring inductance (0.4 nH)
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Fig. 4.5 Calculated eye diagrams for 10 Gbit/s modulation at various values of relaxation oscilla-
tion frequency fr and CR parasitic constant

Fig. 4.6 Calculated eye diagrams for 10 Gbit/s modulation with various values of relaxation os-
cillation frequency fr and gain saturation coefficient

(MQW). Calculated eye diagrams for 10 Gbit/s modulation with various values of
relaxation oscillation frequency fr , CR parasitic, and gain saturation coefficient ε

are shown in Figs. 4.5 and 4.6.
The results directly indicate the importance of a higher fr and a smaller CR con-

stant for obtaining better eye opening. Moreover, note here as well that a too small
value of ε results in large peaking in the leading edge of the optical waveform. This
implies that the nonlinear gain in high-speed lasers acts to reshape the waveforms
through damping effects.
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4.2.3 Chirp Characteristics of Directly Modulated Lasers

In optical fiber transmission systems, the transmission distance and the transmis-
sion capacity of a single-channel data stream are mainly limited by the optical loss
as well as by the chromatic dispersion of the fiber medium. The latter limiting fac-
tor is linked to the spectral purity of the modulated light source, which is known as
dynamic spectrum linewidth or chirp. This chirp is closely related to the broadening
that an optical pulse suffers as it propagates over long-distance dispersive fibers. In
long-haul transmission systems, fiber-inline amplifiers such as erbium-doped fiber
amplifiers (EDFAs) are commonly used to compensate for the accumulated propa-
gation loss. This makes the chirp-induced pulse broadening to severely limit the
bit rate and maximum transmission distance [17]. The chirp observed in directly
intensity-modulated diode lasers is characterized by the spectral linewidth enhance-
ment factor, also simply known as the α parameter (αld), which is described by

αld = −4π

λ
·

dn
dN
dg
dN

, (4.10)

where dn/dN is the differential index in the laser medium and λ is the wavelength
of the laser light. The numerator in (4.10) denotes the changes in refractive index
in the laser cavity, i.e. the wavelength/frequency fluctuation. On the other hand, the
denominator dg/dN , the differential gain, expresses the degree of intensity modu-
lation. So the α-parameter of a laser diode, αld , can be regarded as the ratio of
frequency modulation depth to amplitude modulation depth.

Calculation results showing how the maximum fiber transmission distance
(Lmax) is limited by αld are presented in Figs. 4.7(a) and (b). We assumed a
Gaussian-shaped optical signal pulse propagating through a normal single-mode
fiber line. Two different signal wavelengths in the 1.3 and 1.55 µm range were used,
referring to Figs. 4.7(a) and (b), respectively. We found, as appears reasonable, that
Lmax strongly depends on αld . Note that αld of typical directly modulated lasers
operated in a single longitudinal mode is within a range between 2 to 8 depending
mainly on the active material. This limits the maximum transmission distance at
10 Gbit/s, for example, to 10 km in Fig. 4.7(b). The figure also shows that the dis-
tance is severely restricted by the transmission data rate. These results directly indi-
cate the importance of ultra-fast, low-chirp light sources for longer-reach transmis-
sion. For achieving maximum transmission distances, it is apparent that reduction
of αld is crucial. In general, the use of a laser direct modulation scheme is limited
to shorter-reach applications, while external modulation is utilized to enhance the
link distance. Chirp suppression is very important for this purpose, and the use of
external modulators is discussed in Sect. 4.3.

4.2.4 High-Gain Active Materials for Ultra-Fast Uncooled Lasers

In present long-reach optical fiber communication systems, different types of light
sources are used in the 1.3- and 1.55 µm wavelength windows where the optical
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Fig. 4.7 Calculated results showing how the maximum fiber transmission distance is limited by
αld . (a) 1.3 µm range transmission (with chromatic dispersion of 6.5 ps/(nm km)) and (b) 1.55 µm
range transmission (with chromatic dispersion of 20 ps/(nm km))

loss or effect of fiber chromatic dispersion is minimum. If we focus on the III–V
compound materials used for these laser sources, we see that InGaAsP grown on
a standard InP substrate has been the most widely used material. This is because
it can provide 1.3/1.55 µm range operation along with the superior long-term sta-
bility (more than a decade) required for the communication infrastructure. Initially,
bulk InGaAsP-based laser sources were used, and these were assembled on thermo-
electric coolers to compensate for their poor temperature stability. Recently, wide-
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temperature range or so-called uncooled operation has been demonstrated with this
material system through the use of MQWs which are a new artificial form of ma-
terial (see also Chap. 3). In particular, strained-layer MQWs have been successful
in producing uncooled InGaAsP diode lasers [18–26]. However, with the wide and
rapid spread of optical fiber links, faster operation at 10 Gbit/s or beyond has be-
come essential. Besides, cost effectiveness is naturally important from the commer-
cial perspective. That is why new high-speed, and hopefully uncooled, diode lasers
are key devices and therefore in the focus of current component developments.

It is apparent from (4.4) that higher differential gain dg/dN is very effective
for faster direct modulation. In general, the optical gain g of an optically active
material is determined by the electric dipole moment |Mb|2, the reduced density of
states ρred , and the Fermi-Dirac functions of carriers in the conduction and valence
bands fc and fv , respectively. It is written as

g(E) = πe2
�

nm2
0ε0cE

|Mb|2ρred(E)
[
fc(E) − fv(E)

]
, (4.11)

where n is the refractive index of the laser medium, m0 the electron mass, ε0 the
permittivity of free space, c the velocity of light in vacuum, � Planck’s constant,
and E is the photon energy. It is important to note that the band structure in ac-
tive materials has a strong impact on the laser gain g. The three factors, i.e., |Mb|2,
ρred , and [fc − fv], in (4.11) are dominated by the quantum size effect in the active
materials we use. By introducing the quantum size effect using low-dimensional
nano-scale structures such as quantum wells, we can greatly enhance ρred due to the
step-like density of states. Furthermore, the transition probability between electrons
and heavy holes is enhanced since degenerate heavy holes and light holes are split
in the quantum wells. This directly increases the dipole moment |Mb|2, leading to
greater optical gain. Quantitatively, the quantum size effect can be described by the
energy depth of the potentials in both the conduction and valence bands, which cor-
respond to the confinement of electrons and holes, respectively. Band diagrams of
the quantum well structures for three types of material systems are schematically il-
lustrated in Fig. 4.8 for (a) InGaAsP/InP, (b) InGaAlAs/InP, and (c) GaInNAs/GaAs,

Fig. 4.8 Band diagrams of quantum well structures for three types of material systems.
(a) InGaAsP/InP, (b) InGaAlAs/InP, and (c) GaInNAs/GaAs. �Ec , and �Ev are the typical
band-offsets for the respective material
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Fig. 4.9 Calculated
characteristic temperature as
a function of conduction band
offset [27]

all designed for 1.3 µm range light emission. Note that in the latter case GaAs is used
as substrate material.

The important band offset numbers between quantum wells and barriers are pre-
sented for each of the cases in the figures. The conventional InGaAsP/InP system
(a) has a small conduction band offset �Ec for electrons of about 100 meV and a
large valence band offset �Ev for heavy holes of about 250 meV, meaning an in-
convenient band structure. Since electrons are much lighter than holes, �Ec should
be greater than �Ev in order to achieve strong quantum confinement of electrons.
A small �Ev is desired for simultaneously achieving smooth heavy hole injection.

On the other hand, InGaAlAs/InP (b) and GaInNAs/GaAs (c) both possess dis-
tinctly superior band diagrams in these respects. In particular, GaInNAs/GaAs has
a large �Ec of 300 meV to 500 meV, which should efficiently suppress electron
leakage/overflow from the quantum wells. The calculated temperature stability of
diode lasers made from these materials is shown in Fig. 4.9 [27].

The diagram indicates how the characteristic temperature T0 depends on �Ec.
Here T0 is employed as a figure-of-merit for high-temperature stability of the
threshold current of a diode laser. Using T0 the temperature dependence of the
threshold current Ith(T ) is expressed as: Ith(T ) = Ith(0) exp(T /T0), with T being
the absolute temperature. The calculation is based on the thermo-ionic emission
model developed by Suemune [28]. Quasi-Fermi levels for electrons were assumed
to be 50 meV and 70 meV at 300 K and 360 K, respectively. For deep quantum
wells (�Ec > 400 meV), the calculated T0 has a very high value of 180 K, meaning
that electron leakage from the wells can be largely neglected.

To illustrate the effectiveness of using a high-gain active material, high-
temperature/high-speed characteristics of a GaInNAs diode laser operated at 1.3 µm
are presented in Fig. 4.10. This GaInNAs laser [27, 29] was grown on a (100)-
oriented n-type GaAs substrate by molecular beam epitaxy (MBE) with the nitrogen
atoms supplied in the form of radicals. The nitrogen flux was produced by an RF
discharge in an appropriate nitrogen radical cell. The laser comprises three GaInNAs
quantum wells (TQW) separated by GaAs barriers. The important quantities �Ec
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Fig. 4.10 (a) Light output power versus current characteristics of GaInNAs RWG laser and
(b) 10 Gbit/s directly modulated waveform at 100 °C

and �Ev amount to 400 meV and 150 meV, respectively. To characterize its high
temperature stability due to the superior band structure, a high T0 of over 100 K,
uncooled 10 Gbit/s direct modulation at 100 °C, and even 40 Gbit/s direct modu-
lation were obtained [29]. However, with GaInNAs lasers it proves very difficult to
extend the emission wavelength significantly above 1.3 µm whilst retaining good
lasing properties, and lifetime issues are still existing.

As discussed earlier, the InGaAlAs MQW structure also possesses fairly large
�Ec and small �Ev (�Ec : �Ev = 7 : 3). Accordingly, sufficient electron confine-
ment in the conduction band and uniform hole injection are expected with this class
of material too, again leading to high differential gain and good high-temperature
performance.

After the initial demonstration of narrow linewidth InGaAs/InAlAs MQW lasers
operating in the 1.55 µm range [30], superior uncooled operation of 1.3 µm range
InGaAlAs MQW ridge waveguide (RWG) lasers was demonstrated [31]. Experi-
mental studies have evidenced that the differential gain of InGaAlAs lasers was
distinctly higher than that for InGaAsP lasers. With the explosive growth of In-
ternet traffic, 10 Gbit/s InGaAlAs MQW RWG distributed feedback (DFB) lasers
have been actively developed and demonstrated by various groups [11, 31–37].
In 10 Gbit/s DFB lasers with InGaAlAs active medium, the maximum operating
temperature and bit rate have reached 115 °C at 12.5 Gbit/s [26, 34] and 120 °C
at 10 Gbit/s [35], while those for InGaAsP appear to be limited to near 100 °C
at 10 Gbit/s [24]. These results provide direct evidence that InGaAlAs offers pro-
nounced advantages with respect to high-temperature and high-speed operation. On
the basis of these superior material characteristics, 1.3 µm DFB lasers have been
successfully demonstrated for use in de facto standard 10 Gbit/s small form factor
transceiver modules like SFP+ or XFP. A photograph of an XFP module (10 Gbit/s
form factor module pluggable) incorporating a 1.3 µm InGaAlAs-based DFB laser
is shown in Fig. 4.11. As a result of the high-gain properties of InGaAlAs a clearly
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Fig. 4.11 (a) XFP transponder module incorporating a 1.3 µm InGaAlAs DFB laser (Opnext,
TRF5010/TRF5020) and (b) 10 Gbit/s optical waveform

Fig. 4.12 (a) Device structure and (b) light-current curves of a 1.3 µm InGaAlAs DFB laser
[34, 35]

opened eye diagram was obtained at 10 Gbit/s modulation. The structure of the
InGaAlAs-based laser chip and light-current characteristics measured at elevated
temperatures of up to 115 °C are depicted in Fig. 4.12 [34, 35].

4.2.5 Short-Cavity Ultra-Fast Lasers

This section discusses how the downsizing of the laser cavity has a positive effect
on the laser dynamics. At a first glance, (4.4) would suggest that the relaxation
oscillation frequency fr can be raised by minimizing the total volume V of the laser
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active region. In reality, however, the gain saturation and strong damping in a small
active region severely limit the high-speed performance. To explore the optimum
design of the laser cavity for higher-speed characteristics, analytical expressions for
the optical gain and carrier life time are used.

The optical gain generated in an active quantum well laser region can be empiri-
cally written using the injection current density J as [38]

g = G0 ln

(
J

NwJ0

)
, (4.12)

where G0, Nw , and J0 denote the gain coefficient, the number of MQWs, and the
transparency current density. Here, J = I/Wa/Lc, where Wa and Lc are the lateral
width and the length of the laser active region, respectively. The first term of the rate
equation for the carriers, (4.1), denotes the number of injected carriers, and it can
be rewritten using the carrier density N as

I

eV
= JWaLc

eV
= AN + BN2 + CN3, (4.13)

where A, B , and C are coefficients that describe non-radiative and radiative re-
combination, and the Auger process. Using (4.12) and (4.13), the differential gain
dg/dN is then calculated as

dg

dN
= dg

dJ

dJ

dN
= G0

A + 2BN + 3CN2

AN + BN2 + CN3
. (4.14)

Using (4.14) and (4.4), we can derive the current efficiency of fr , indicated by ηfr ,
as

ηfr = fr√
I − Ith

∝
√

dg

dN

αi + αm

αm

1

Lc

. (4.15)

Here, Ith is the threshold current for lasing, αm the mirror loss at the laser facets,
and αi the internal loss of the laser cavity. In the case of Fabry-Pérot-type lasers,
αm is a function of Rf and Rr , which describe the mirror power reflectivities at the
end facets, and it is given by

αm = 1

2Lc

ln

(
1

Rf Rr

)
. (4.16)

By solving the lasing condition

Γ Nwg = αi + αm, (4.17)

we can calculate dg/dN at the threshold to determine ηfr .
The calculated ηfr is shown in Fig. 4.13 as a function of laser cavity length Lc .

The parameters used in this simulation, which are indicated in the figure caption,
are typical for InGaAlAs-based 1.3 µm diode lasers used in recent 10 Gbit/s sys-
tems. First, ηfr for a 200 µm long InGaAlAs laser is calculated and used as a
reference. The ratio ηfr (Lc)/ηfr (200 µm) (for Lc < 200 µm) illustrates the posi-
tive effect of a short-cavity design. The calculation was performed for several sets
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Fig. 4.13 Calculated ηfr as a function of laser cavity length Lc . Parameters are: G0 = 850 cm−1,
J0 = 1254 A/cm−2, αi = 20 cm−1, Γ = 0.1, d = 0.1 µm, A = 9.5 × 107 sec−1,
B = 7.7 × 10−17 m3/s and C = 1.1 × 10−40 m6/s

of Rf and Rr to fairly well compare short-cavity edge-emitting lasers (SCEELs)
and vertical cavity surface emitting laser (VCSELs) versus “normal-length” cavi-
ty edge-emitting lasers. The results show that ηfr is definitely enhanced by short-
ening Lc. We also find that the optimum Lc strongly depends on facet reflectiv-
ity; i.e., stronger facet reflection is essential for shorter Lc in order to compen-
sate for the increased mirror loss factor of 1/2Lc ln(1/Rf Rr). For example, for
Rf = 70% and Rr = 95%, the optimum Lc was calculated to be 5 µm with a re-
sultant ηfr (Lc)/ηfr (200 µm) enhancement ratio of about 3. It is noteworthy that in
the case of a VCSEL (Rf = 99.0% and Rr = 99.5%) the optimum Lc lies naturally
within the submicrometer range, and ηfr (Lc)/ηfr (200 µm) enhancement turns out
to be close to 4.

The above findings indicate the potential of achieving faster diode lasers by em-
ploying short cavity designs. However, since thermal effects were neglected in the
above model, we next simulated light-current curves of these short-cavity diode
lasers taking into account the electrical resistance Rld and thermal resistance Θld .
When a short-cavity laser is used, both resistances adversely affect the static laser
performance. Typical I–L curves for a range of short-cavity devices are drawn in
Figs. 4.14(a) and (b), which have linear and logarithmic vertical scales (light power),
respectively.

It is obvious that severe power saturation is encountered with short-cavity de-
vices. This suggests that the maximum fr should saturate due to this thermal satu-
ration as well. Taking this effect into account, we have calculated the maximum fr

as a function of Lc . The results are shown in Fig. 4.15.
It is apparent from this figure that there is an optimum Lc to suit the drivable laser

current swings (If ). For example, if we assume a drive current swing of 20 mA, the
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Fig. 4.14 Typical I–L curves
for a range of short-cavity
devices on (a) linear scale
and (b) logarithmic scale

best fr of 13 GHz would be achieved with a short Lc of about 40 µm. It is interesting
to note that this maximum fr for the SCEEL is much higher than those for VCSELs
(Lc < 1 µm). This simply underlines the promising future potential for very higher
speed operation of SCEELs.

Results calculated using (4.3), (4.4), and (4.5) are shown in Fig. 4.16. They show
the requirements for the parameters fr and K which essentially govern laser dynam-
ics. The combination of the two parameters was computed using the three equations
so that they achieved certain levels of f3 dB, as indicated in the figure. To highlight
the capability of 40 Gbit/s direct modulation, the bold line indicates the criterion
for reaching f3 dB = 40 GHz. Moreover, 40 Gbit/s eye diagrams were simulated for
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Fig. 4.15 Maximum fr

calculated as a function of Lc

considering thermal effects
and with respect to limits of
current driver swing If

Fig. 4.16 Calculated results indicating the capability of 40 Gbit/s direct modulation

several sets of Lc and dg/dN using the method described in Sect. 4.2.2. The results
directly indicate that a high fr value of at least close to 40 GHz is necessary to ac-
complish 40 Gbit/s opened eyes with a small amount of jitter caused by inter-symbol
interference. Also evidenced is the effectiveness of a shorter laser cavity via fr en-
hancement. The results of successful 40 Gbit/s direct modulation of an SCEEL [39]
designed in accordance with the rules given above are shown in Fig. 4.17.

The corresponding 1.3 µm range InGaAlAs laser had a 100 µm long short cav-
ity realized by using a conventional cleaving technique. The short-cavity length
of 100 µm only led fr to increase to 28 GHz, and this enhancement successfully
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Fig. 4.17 Successful
40 Gbit/s direct modulation
achieved with a 100 µm long
SCEEL

resulted in room temperature 40 Gbit/s modulation capability as demonstrated by
the eye-opened optical waveforms represented in Fig. 4.17. Since then appreciable
progress has been achieved with such directly modulated short-cavity laser diodes.
The practical fabrication difficulties associated with cleaving and handling such
devices was essentially overcome by incorporating passive waveguide sections by
butt-joint growth to extend the physical device length. A DFB laser designed in such
a way featured a 3-dB bandwidth of 28 GHz at 60 °C and a bias current of 45 mA
only enabling 40 Gbit/s operation at that temperature with well opened eyes [40].
In another structure a waveguide based Bragg mirror has been formed at either side
of the short-cavity DFB laser section to increase feedback to the active region and
thus to reduce the threshold gain [41]. A buried heterostructure- (BH-) design using
semi-insulating blocking layers was successfully adopted despite the Al containing
active medium. A relaxation oscillation frequency fr well beyond 25 GHz was ob-
tained at 25 °C, and still some 20 GHz even at 70 °C. Threshold currents were as
low as 4 mA at 25 °C, and below 10 mA at 70 °C. These values enabled error-free
40-Gbit/s transmission over 5 km of SMF even at the higher temperature. These re-
cent developments appear to be quite promising, nonetheless it needs to be seen how
competitive such directly modulated ultra high-speed lasers will be with respect to
alternative transmitter devices to be discussed in the following.

4.3 Ultra-Fast, Low-Chirp Externally-Modulated Laser Sources

With the development of high-performance Er-doped fiber amplifiers (EDFA), the
loss-limited transmission distance in multi-gigabit optical-fiber communication sys-
tems could be increased dramatically [42]. In high-speed long-haul transmission
systems employing such inline fiber amplifiers, the transmission distance is no
longer limited by the optical loss in the fiber but by the chirp of the light source.
With chirp-limited transmission, the key requirements include high-modulation-
speed and spectrum-stabilized transmitter light sources operating at a wavelength
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of 1.55 µm. Therefore, to overcome the problem of chirp-induced pulse broaden-
ing, intensive efforts have been made to produce various types of external optical
modulators (see Chap. 7, Sect. 7.1). Using these modulators substantially helps to
avoid the large wavelength chirping that occurs with conventional laser diodes un-
der direct current modulation. The impact of chirp (α) reduction on the extended
fiber transmission distance was discussed earlier with reference to Fig. 4.7.

Among the various kinds of optical modulators, MQW optical modulators con-
sisting of III/V compound semiconductors are promising candidates. MQW modu-
lators can operate at high frequencies with low chirp and low drive voltage [43–50].
These favorable properties arise from the large field-induced variations in the ab-
sorption coefficient (or refractive index) resulting from the quantum-confined Stark
effect (QCSE) [51, 52]. In particular, QCSE-based electroabsorption (EA) modu-
lators have a high potential for practical use because of the simplicity of their de-
vice physics as well as the good structural feasibility of monolithically integrating
them with laser diodes [53–63]. Monolithic laser integration not only reduces size
and cost but also improves performance. The light output, for example, increases
substantially because the insertion loss is very low compared with that of discrete
modulators, and the long-term reliability is also improved because the packaging is
more robust.

Most of the 1.55 µm band EA modulators developed so far use MQW structures
with InGaAsP or InGaAlAs quaternary wells and barriers. Note that in these MQW
modulators, barrier materials with optimized well/barrier band discontinuities are
chosen to achieve sufficient quantum confinement for enhancing the QCSE as well
as for better high-power capacity. The latter requirement is related to the sweep-
out of photo-generated carriers outside the quantum wells, which is very important,
especially when the light source is monolithically integrated with the modulator.

One major difficulty in fabricating photonic integrated circuits has been to repro-
ducibly produce good optical waveguide coupling between the functional elements.
Although the modulators and lasers are fabricated in the same way, it has still been
difficult to create a nanometer-sized smooth high-quality crystal interface between
the components. Nowadays, several monolithic integration methods are available to
solve this issue (see also Chap. 16). An in-plane bandgap energy control integration
technique based on selective area growth [55, 56, 61, 62] and a butt-joint integration
technique [53, 54, 57–59, 63], in which each functional element is implemented
separately by selective etching followed by epitaxial regrowth are now widely used.
These methods enable the integration of different MQW structures, and, as a result,
the performance of both the modulator and the laser has been dramatically improved
through the exploitation of the quantum size effect in MQW structures.

4.3.1 High-Speed Characteristics of Externally Modulated Lasers

This section focuses mainly on modulators integrated with a light source rather than
on the solitary modulator itself. After describing the basics of EA modulators, the
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important technical issues associated with laser integration, such as modulator/laser
interactions, are discussed. A more general description of external modulators is
given in Chap. 8.

The small-signal frequency response R(f ) of an external modulator can be
expressed in a much simpler way than that of directly-modulated diode lasers.
Basically, it is determined by the parasitics and the transport/sweep-out time of
photo-generated carriers. Here, we assume a lumped element model in which the
modulator is regarded as being much smaller in size than the wavelength of the
microwave signal driving the modulator. We also assume that the photo-generated
carriers are swept out of the quantum wells so fast that they do not influence
the modulator dynamics. A device structure model and an electrical circuit model
of an EA-modulator integrated with a DFB laser (EA/DFB laser) are depicted in
Fig. 4.18.

The EA/DFB device structure is composed of an EA-modulator and a DFB-laser
with an automatically aligned optical axis. The optical coupling efficiency between
them is defined as Cout. As with the standard DFB-laser, several crucial optical pa-

Fig. 4.18 (a) Physical model of an EA/DFB structure. Cout: optical coupling efficiency, Cld : laser
parasitic capacitance, Rf : front facet reflectivity, Rr : rear facet reflectivity, θf : front facet phase,
θr : rear facet phase, Lmod : modulator length, Lld : laser length, κ : coupling efficiency in grating,
Φsft : phase shift in grating, αmod : α-parameter of the modulator, αld : α-parameter of the laser.
(b) Electrical circuit model of assembled EA/DFB laser. Cmod : modulator parasitic capacitance,
Cld : laser parasitic capacitance, Rmod : modulator internal resistance, Riso: laser/modulator isola-
tion resistance, Rc : characteristic impedance of RF line, Rterm: termination resistance, L1: wiring
inductance 1, L2: wiring inductance 2, Iph: photo-generated current
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rameters such as facet reflectivity along with the optical phase with respect to the
DFB grating have to be considered. The electrical circuit model starts with standard
modulator parameters, namely capacitance Cmod , internal resistance Rmod , wiring
inductances L1 and L2, and a 50 � termination resistor Rterm for matching the
impedance of RF signal lines with the characteristic impedance of 50 �. Newly
added in this model are the laser capacitance Cld connected via an isolation resis-
tor Riso and a constant current source. During operation of the EA/DFB laser, a
photo-generated current Iph always flows in the modulator section. Iph is treated as
a constant current source, as indicated in the figure because it seriously degrades the
electric reflection properties. This effect of Iph on the modulation characteristics is
discussed in the next section.

If we neglect the effects of Iph and wiring inductances, the frequency response
R(f ) is simply expressed as

R(f ) = 1

1 + {πCmod(Rmod + Rterm/2) · f }2
= 1

1 + {πCmod(Rmod + 25 �) · f }2
.

(4.18)

By solving R(f3 dB) = 1/2, we get

f3 dB = 1

πCmod(Rmod + 25 �)
. (4.19)

The light extinction ratio (on/off ratio) ER of the EA-modulator is proportional to
the modulator length Lmod and the field-induced change in the absorption coefficient
�αabs and is given by

ER(dB) = 4.34 · ξMQW�αabsLmod, (4.20)

where ξMQW is the optical confinement factor of the MQW absorption layer.
It is apparent from (4.19) that in order to achieve higher-speed externally mod-

ulated lasers, it is important to reduce the capacitance Cmod and the internal resis-
tance Rmod of the modulator. As with high-speed diode lasers, shorter modulator
lengths are effective in lowering Cmod for this purpose. However, since shortening
Lmod has a direct adverse impact on Rmod and the amount of light absorption (and
hence light extinction), there is a trade-off between high-speed characteristics and
the operating voltage needed to achieve a given extinction ratio. Thus, a simple fig-
ure of merit (FOM) of the modulator can be formulated as f3 dB/Vm (or inversely
Vm/f3 dB), where Vm is the modulation voltage swing. A more accurate FOM is de-
fined in [64]; it considers the amount of modulation drive power P = V 2

m/Rterm. It
should be emphasized that a clear trade-off exists between f3 dB and Vm for all kinds
of modulators reported so far [64].

Regarding high-speed limitations associated with the mobility of photo-generated
carriers, related effects can be expected to be strongly dependent on their den-
sity and on the band discontinuities in the quantum wells. Similar to the case of
directly-modulated lasers, a small valence band offset �Ev is important for achiev-
ing smooth sweep-out of heavy holes under higher light power operation [65–67].
This will be of particular concern when a light-source laser is monolithically inte-
grated.
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4.3.2 Chirp Characteristics of Externally Modulated Lasers

External modulation techniques can provide high-speed, low-chirp optical signals
that are suitable for high-bit-rate long-haul trunk communication. These techniques
can avoid the large chirp generated by carrier fluctuations in directly modulated
lasers.

As in the case of the latter devices, the chirp observed in external intensity modu-
lators is characterized by an α-parameter for modulators, which is expressed as

αmod = 4π

λ
·

dn
dE

dαabs
dE

(4.21)

where the numerator dn/dE in (4.21) represents the electric-field-induced varia-
tion of the refractive index in the modulator medium which is associated with a
phase change in the light signals. On the other hand, the denominator dαabs/dE ex-
presses the degree of intensity modulation by light absorption. Like the α-parameter
for diode lasers αld given in (4.10), αmod corresponds to the ratio of two modula-
tion depths, but in this case to the ratio of phase modulation depth to amplitude
modulation depth. More importantly, αmod for EA-modulators is typically within
the range between −0.5 and +1.0, which is much smaller than the α-parameter
of directly modulated lasers of typically 2 to 8 (as noted in Sect. 4.2.3). The simple
reason for the smaller EA-modulator chirp is that the field-induced change in refrac-
tive index (dn/dE · �E) is much smaller than the carrier-induced refractive index
change (dn/dN · �N ) in (4.10). This is the primary advantage of EA-modulators
over directly modulated diode lasers. In the case of laser-integrated EA-modulators,
however, careful attention must be paid to any interactions (or signal crosstalk) be-
tween the modulator and the laser which may induce an additional chirp factor. In
general, the possible physical origins of those interactions may be electrical, optical,
and thermal crosstalk effects. Among these, electrical interaction can be efficiently
eliminated by state-of-the-art electrical isolation techniques. For example, isolation
(separation) resistance (Riso) between the two device elements can be increased to
more than 20 k� by forming a shallow isolation trench in the cladding layer. If the
modulator voltage swing Vpp is assumed to be 2 to 3 V, this value of Riso corre-
sponds to a leakage modulation current Ipp to the laser section of less than 150 µA
which is sufficiently small compared to the laser driving current of several tens of
milliamperes. Thermal interaction may also be neglected because of the slow re-
sponse of thermal effects in the order of milliseconds. Keep in mind that a normally
applied NRZ pseudo-random modulation with a 231 − 1 bit sequence corresponds
to a lowest modulation frequency of several hundreds of kilohertz.

The remaining interaction effect, optical crosstalk, in fact represents a serious
factor in achieving reproducible low-chirp operation. This is why the reduction of
modulator facet reflection has been an issue. Any optical reflection at the modulator
facet could produce an undesirable fluctuation in the lasing mode leading to con-
siderable optical feedback-induced excess chirp produced in the laser section. Al-
though, qualitatively, this phenomenon is quite well understood, only few attempts



4 Ultra-Fast Semiconductor Laser Sources 173

have been made to quantitatively clarify the influence of optical feedback-induced
chirp on the performance of high-bit-rate transmission over long-distance dispersive
fibers [68–70]. In this section an outline is given how fiber transmission can nu-
merically be simulated by taking into account the optical feedback-induced excess
chirp. The simulation results allow for designing robust low-chirp EA/DFB lasers.
Eye distortion and the resulting transmission penalties are derived as a function of
the residual modulator facet reflectivity, and these characteristics are shown to be
consistent with experimental results. In getting the required system performance, it
is found that not only the modulator facet reflection but also the chirping parameters
(α-parameters) in both the laser (αld) and the modulator section (αmod) as well as
the optical coupling coefficient in the DFB cavity are critical parameters that need
to be well controlled.

Another possible interference is associated with the impact of laser power-
induced photo-generated current on modulator performance. Although this ef-
fect has been widely neglected and studied very little only, it appears to be of
great importance in practical applications. In particular, if the modulator driver
circuit and the EA-modulator are DC-coupled, a photo-generated current might
flow in the driver circuit which would directly deteriorate the drivability. This
type of interference will therefore be quantitatively analyzed and discussed in
Sect. 4.3.5.

4.3.3 Facet-Reflection Induced Chirp in Externally Modulated
Lasers

The model that accounts for the facet-reflection induced chirp is shown in
Fig. 4.18(a). It shows an EA/DFB structure with a corrugation and a phase shifter
in the middle of the laser cavity. The laser parameters are the cavity length Lld ,
coupling coefficient of the corrugation κ , facet reflectivity Rr at the laser rear end,
relative phase θr (with respect to the corrugation phase) at the laser rear end, and
the period of the corrugation Λ. The main parameters of the modulator part are the
modulator length Lmod , the relative corrugation phase θf , and the facet reflectivity
(Rf ) at the modulator front end.

The calculation of the facet-reflection induced chirp is based on coupled-mode
and rate equations, respectively. The facet-reflection induced chirp under DC condi-
tions (static chirp) is calculated by solving the coupled-mode equations of a modi-
fied DFB cavity with a variable front facet [68–70]. The EA-modulator section is
modeled simply as a piece of waveguide that has variable loss and a propagation
constant according to digital modulation. Since the waveguide is directly attached
to the front end of the DFB-laser section, it can be regarded as a reflector with vari-
able reflectivity and phase.

The static chirp �λs_chirp (also designated as adiabatic chirp) was calculated as
follows: The static chirp corresponds to the amount of wavelength variation that oc-
curs between the on- and off-states when the EA-modulator is driven by DC signals.
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Fig. 4.19 Comparison of the static chirp yield between bulk- and MQW-based devices.
(a) λ/4-shifted DFB structure with an MQW active region (αld = 3, κLld = 2, �αthLld > 0.3)
and (b) λ/4-shifted DFB structure with a bulk active region (αld = 8, κLld = 2, �αthLld > 0.3)

To obtain the static chirp, we solve the time-independent rate equation (d/dt = 0).
The 16 × 16 combinations of phase at the front (θf ) and rear (θr ) facets are varied
in π/8 steps with respect to the grating. The dependence of the calculated �λs_chirp

yield on Rf for κLld = 2.0 is shown in Fig. 4.19.
Here, κLld expresses the amount of distributed Bragg reflection occurring in the

DFB-laser cavity, and it corresponds to the Q-factor in the laser resonator. The cal-
culation was performed for two αld values: αld = 3 (Fig. 4.19(a), the case for an
MQW active region) and αld = 8 (Fig. 4.19(b), the case for a bulk active region).
The figures clearly indicate that for both αld cases any increase in Rf leads to a
poorer yield in obtaining a certain level of �λs_chirp. This is reasonably understood
from the enhanced perturbation in the lasing mode induced by the fraction of mod-
ulated light that is reflected at the modulator front facet back into the laser cavity.
The figures also show that the �λs_chirp yield depends strongly on αld , which is
another important parameter that governs the chirp behavior in EA/DFB lasers. It
can be clearly seen from the figures that the �λs_chirp yield for αld = 3 is much
higher than that for αld = 8. This tendency can be understood more naturally if we
consider the fact that facet-reflection induced chirp is produced in the laser medium,
and not in the modulator. The above results directly indicate that not only reduction
of the modulator chirp αmod but also of the laser chirp αld is essential in obtaining
low-chirp EA/DFB lasers. The reduction of αld can be achieved in several ways,
for instance by introducing strained MQWs [71–73] combined with negative wave-
length detuning [74] of the DFB-laser structure. Indeed, MQW active regions offer
a superior robust design for achieving low �λs_chirp operation of an EA/DFB laser.
Furthermore, it can be concluded from the obtained results that a small αld value
is essential for suppressing facet-reflection induced chirp even though the device is
based on an external modulation scheme.
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4.3.4 Transmission Simulation of Externally Modulated Lasers
Considering Facet-Reflection Induced Chirp

The dynamic chirp of EA/DFB lasers was analyzed by combining the coupled-mode
and the rate equations [70]. Again as with directly modulated diode lasers, large sig-
nal analysis was performed using the time-developed Runge-Kutta method to obtain
the temporal variations in the optical intensity and phase. A trapezoidal drive wave-
form with a 32-bit 2.5 Gbit/s NRZ pseudo-random pattern was filtered to account
for the parasitics of the modulator and assembly. Most of the parameters for devices
and fiber transmission (Table 4.1) were extracted from experiment data.

Table 4.1 List of device and transmission parameters used to simulate the impact of facet-
reflection induced chirp on fiber transmission performance

Parameter Symbol Unit Value

Laser parameters

Wavelength λ µm 1.557

Optical confinement factor ξ – 0.027

Carrier lifetime τN ns 0.22

Photon lifetime τP ns variable

Differential gain dg/dN m2 5 × 10−12

Laser chirp parameter αld – 3.0

Gain saturation coefficient ε m3 5 × 10−23

Cavity length Lld µm 400

Active region width Wact µm 1.5

Well number Nw – 7

Coupling coefficient κL – 1.5

Rear facet reflectivity Rr % 90

Rear facet phase θr – variable

Modulator parameters

Modulator chirp parameter αmod – 0.4

Front facet reflectivity Rf % variable

Rear facet phase �f – variable

Modulator length Lmod µm 200

Extinction ratio ER dB 16

Parasitic capacitance Cmod pF 1.0

Driver impedance Rz � 50

Transmission parameters

Bit rate B Gbit/s 2.5

Fiber dispersion D ps/(nm km) 17

Fiber loss L dB/km 0.2

Nonlinear coefficient n2 m2/W 2.6 × 10−20

Fiber input power Pin dBm 10
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Assuming InGaAsP/InP-based MQW material, the important chirp parameters
for the modulator and laser, αmod and αld , were taken to be 0.4 and 3.0, respec-
tively. The 8 × 8 combinations of phases at the front and rear facets with respect to
the grating were varied in steps. The transmission behavior over normal-dispersion
(17 ps/nm/km) single-mode fibers was analyzed using the model given in [75, 76],
with receiver parameters adjusted to the ones used in the experiments. The calcula-
tion was done for different front facet reflectivity values (Rf ) ranging from 0% to
2% while the rear facet reflectivity (Rr ) was kept constant at 90%.

Simulated modulation waveforms and dynamic wavelength shifts (total chirp)
occurring in an AR-HR coated device are shown in Fig. 4.20.

The optical feedback was calculated for (a) Rf = 0%, (b) Rf = 0.001%,
(c) Rf = 0.01%, and (d) Rf = 0.1%. The rise and fall times used in the compu-
tation were 80 ps, and the facet phase combination (θf , θr ) was (0,π). This facet
phase combination yielded the largest chirp, i.e. corresponds to the worst-case chirp
calculation. As is clearly seen in Fig. 4.20(d), for Rf = 0.1% the time-resolved
chirp represents a relaxation oscillation which arises from the dynamic nature of the
laser.

It was also found that a reduction in Rf leads to lower oscillation peaking. Here,
the peak-to-peak height of the dynamic chirp is defined as �λd_chirp. The residual
�λd_chirp that exists even at Rf = 0% (Fig. 4.20(a)) is due to the phase chirp caused
by the refractive index modulation in the modulator medium. This modulation is
determined by the modulator chirp parameter αmod . It is interesting to note that
when Rf is less than about 0.01%, �λd_chirp is not determined by αmod rather
than Rf . This might indicate that, with this chirp combination of αld and αmod ,
Rf of 0.01% is low enough to eliminate the effect of facet reflection on the hybrid
chirp behavior. Simulation results showing how the eye diagrams before and after
transmission through 125 km, 250 km, 375 km and 500 km-long fibers depend on
Rf are presented in Fig. 4.21.

Facet phase combinations (θf , θr ) of (a) (0π,0π) and (b) (π/2,π/2) were cho-
sen as examples. The results clearly indicate serious eye distortion caused by the
optical feedback chirp when Rf is larger than 0.5%. To determine the criterion for
Rf , the simulated transmission power penalty (Pd ) was plotted against Rf for all 64
facet phase combinations. The calculation was performed for transmission through
125 km, 250 km, and 500 km lengths of normal fibers. The results are plotted in
Fig. 4.22, which illustrates the Rf criteria for achieving 2.5 Gbit/s transmission
with reproducibly low Pd values.

Figure 4.22 suggests that the Rf values that reproducibly allow Pd < 1 dB are
roughly 0.3%, 0.1%, and 0.04% for 125 km, 250 km, and 500 km transmission
distances, respectively. A linear dispersion limit of 0.4 is also indicated at about
500 km. This means that the maximum transmission distance is no longer limited
by Rf but by αmod itself when Rf is less than 0.04%. This finding is in qualitative
agreement with the Rf dependence of the dynamic chirp shown in Fig. 4.20.

Next, the measured eye patterns before and after transmission over 120 km and
240 km long fibers are compared with the simulated ones using the facet phases as
fitting parameters. This comparison is shown in Fig. 4.23(a) for a device with a large
Rf of about 2%.
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Fig. 4.20 Calculated modulation waveforms and corresponding dynamic chirp under 2.5 Gbit/s
digital modulation for various values of modulator facet reflectivity

By roughly choosing facet phases with an accuracy of π/4, close correspon-
dences were obtained. This provides a reasonable explanation of the inter-symbol
interference shown in Fig. 4.23(a), where faster propagation of the energy at the
leading edge caused by the blue chirp is seen. This behavior is very similar to that
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Fig. 4.21 Calculated transmitted eye diagrams at a signal rate of 2.5 Gbit/s for various values of
modulator facet reflectivity: (a) θf = 0, θr = 0, (b) θf = θ/2, πr = θ/2. πf and θr denote the
relative corrugation phases at the front and rear facet, respectively

Fig. 4.22 Criteria for
modulator facet reflectivity to
achieve 2.5 Gbit/s
long-distance fiber
transmission
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Fig. 4.23 Comparison of
eye-diagrams between
experiment and simulation
for: (a) Rf = 2% and
(b) Rf = 0.02%

of directly modulated lasers [76, 77]. It is important to note, however, that the sign
of the excess chirp is determined randomly by the facet phase combination, which is
difficult to control deliberately. This means that reduction of Rf is essential to repro-
ducibly attain low-chirp operation independently of the facet phases. Figure 4.23(b)
shows the same results for a device with a lower Rf (∼0.02%) achieved through
the combination of a window structure and/or multilayer antireflection coating tech-
niques. In this case, good agreement was obtained between the experiment and
simulation for all 16 combinations of the facet phases, suggesting that Rf of 0.02%
is small enough for 240 km transmission, in agreement with the theoretical predic-
tion made above.

4.3.5 Effect of Photo-Generated Current on Modulation
Characteristics

When the EA/DFB laser is under operation, photo-generated current Iph is pro-
duced due to light absorption in the EA-modulator section. This continuous current
may flow in the assembly circuits, which adversely affects the modulator perfor-
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Fig. 4.24 Electrical circuit
model of an EA/DFB laser
combined with
(a) a DC-coupled and
(b) an AC-coupled driver IC.
Cmod : modulator capacitance,
Rterm: termination resistance

mance. Circuit models of high-speed EA/DFB lasers considering Iph are shown in
Fig. 4.24.

The DC-coupled scheme corresponds to the normal EA/DFB assembly method.
Iph can flow in a 50 � impedance-matching resistor along with the bias current
of Imatching = Vmod/50 � induced by the modulator bias voltage Vmod because the
driver circuit of the modulator is usually designed to have high impedance. This
extra Iph flow into the resistor can severely affect RF reflection. The scattering pa-
rameters S11 and S21 of the EA/DFB laser, taking into account the existence of Iph
flow, are modeled in Fig. 4.24 and given by the following equations [77]:

S21(ω) = 10 log10

∣∣∣∣
H(ω)

H(0)

∣∣∣∣
2

[dB], (4.22)

where

H(ω) = {kRmod + (1 + k)(Rterm + jωL2)}/jωCmod

(Rc + jωL1){(Rmod + 1/jωCmod) + (Rterm + jωL2)} + (Rterm + jωL2)[Rmod + (1 + k)/jωCmod]
(4.23)

with k = RtermIph/Vmod , and

S11(ω) = 10 log10

∣∣∣∣
G(ω)

G(0)

∣∣∣∣
2

[dB], (4.24)

with

G(ω) = jωL1 + (Rterm + jωL2){Rmod + (1 + k)/jωCmod}
(Rmod + 1/jωCmod) + (Rterm + jωL2)

. (4.25)
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Fig. 4.25 Calculated frequency responses of (a) S11 and (b) S21 parameters for several photo-cur-
rents

Here, the parameter k as defined is a constant that represents Iph. Calculated fre-
quency responses of the S11 and S21 parameters for several values of Iph are shown
in Fig. 4.25.

The calculated S11 parameter largely decreases with increasing Iph. The mea-
sured frequency dependence of S11 for various values of Iph is shown in Fig. 4.26,
and the response curves and can be seen to be similar to those of the theoretical
results illustrated in Fig. 4.25(a).

It is meaningful to qualitatively explain the S11 dependence. In the circuit model
in Fig. 4.24(a), any current Iph that flows in the 50-� matching resistor reduces
the voltage at the input port. This voltage reduction leads to a deviation in the ac-
tual terminal resistance Rterm from the ideal value of 50 �. Under DC conditions
(f = 0 Hz), Rterm is given by

Rterm(�) = 50 �

1 + 50 �·Iph
Vmod

, (4.26)
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Fig. 4.26 S11 parameters
measured at several
photo-currents

(4.26) indicates that Rterm becomes smaller than 50 � once a photo-current is gen-
erated, and that this reduction of Rterm can directly deteriorate S11. Fortunately,
as shown in Fig. 4.25, the measured S11 at 5 GHz under the worst condition (i.e.,
Iph > 10 mA) is at least 10 dB. Such an S11 value does not cause a critical problem
at a data rate of 2.5 Gbit/s. However, it must be improved if higher bit rate transmis-
sion as used in 10- to 40 Gbit/s systems are envisaged. The curves in Fig. 4.25(b)
reveal the Iph sensitivity of S21. When Iph amounts to 15 mA, the 3-dB-down band-
width is reduced by about 20%. This reduction should also be taken into account in
the design of higher speed EA/DFB lasers.

Another vital issue is the Iph-induced reduction of the effective modulation volt-
age swing of EA-driver ICs. A non-negligible amount of Iph can flow in the driver
circuit when this circuit is directly connected to the modulator (DC-coupled scheme,
Fig. 4.24(a)). This leakage current easily produces a voltage drop in the output sig-
nal swing of the driver, and this reduces the dynamic extinction ratio. This indi-
cates that careful attention should be paid to this voltage drop when designing RF-
signal connections between EA/DFB lasers and driver circuits. One simple solution
for this could be to introduce a bypass line for Iph, as shown in Fig. 4.24(b). If
this bypass circuit is integrated into the driver IC, most of the Iph flow will take
this path to effectively suppress the adverse effects of Iph on modulator perfor-
mance.

4.3.6 High-Speed Externally Modulated Lasers in System Use

An example of a high-speed low-chirp EA/DFB laser that operates in the 1.55 µm
wavelength range [78, 79] is shown in Fig. 4.27(a).

43 Gbit/s operation and 2 km transmission over a standard single-mode fiber has
been demonstrated employing those devices. Note that an extended data rate of up to
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Fig. 4.27 Example of a 43 Gbit/s low-chirp EA/DFB laser in the 1.55 µm range [79]. (a) Chip
schematic and module photograph and (b) 43 Gbit/s, 2 km transmission performance over standard
single-mode fiber

43 Gbit/s is needed to meet the system demands for forward error correction (FEC).
The reported device consists of a short InGaAsP MQW-based EA-modulator mono-
lithically integrated with a DFB-laser light source made of the same material. It was
bonded onto a chip carrier with a 50-� termination resistor and then packaged in
a high-speed module involving lenses, a thermo-electric cooler, a thermistor, and
a high-speed standard electrical connector. The module was hermetically sealed for
reliability reasons. Evidencing the small parasitics in EA/DFB chips and assemblies,
a 3-dB-down bandwidth of over 40 GHz was measured on this device, and 43 Gbit/s
operation was successfully demonstrated at a modulator voltage swing Vpp of 2.5 V
(Fig. 4.27(b)). Currently, 40 Gbit/s EA/DFB lasers are mainly deployed in so-called
very-short-reach router-to-router interconnections and/or client interfaces in com-
munications.

Devices capable of even 50 Gbit/s modulation have been developed recently
which may be used as building blocks in future >100 Gbit/s multi-lane trans-
mitters, e.g. for 400GbE-applications [80], and 50 Gbit/s does by far not yet
represent an upper speed limit of EA/DFB devices. In fact, the world’s first
serial 100 Gbit/s lumped-element EA/DFB laser, shown in Fig. 4.28, was al-
ready introduced a few years ago [81]. This particular component contained an
InGaAlAs-based 10-quantum-well absorption layer structure that was buried by a
low-capacitance semi-insulating buried heterostructure. Using a 50 µm short mod-
ulator co-assembled with a very-high-speed driver IC 100 Gbit/s open eye dia-
grams could be successfully accomplished at such an ultrahigh bit rate for the first
time.
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Fig. 4.28 World’s first serial 100 Gbit/s EA/DFB laser [81]. (a) EA/DFB laser assembled on a
high-speed carrier and (b) 100 Gbit/s optical waveform

4.3.7 Uncooled, High-Speed, Low-Chirp Externally Modulated
Lasers

EA/DFB lasers have been playing an important role in telecommunication networks
owing to their distinctly advantageous features, namely ultrahigh speed capability,
low chirp, low power consumption, and compactness. With the explosive spread
of broadband services, power consumption is becoming more and more critical,
and one of the key issues of related photonics/electronics is to find ways to reduce
it. Focusing on the environmental temperature of these components, most directly
modulated diode lasers have been evolving from temperature-stabilized (cooled) de-
vices to temperature robust (uncooled) ones. Uncooled operation of directly modu-
lated diode lasers in short-link applications has successfully eliminated the electric
power consumed by thermo-electric coolers. Accordingly, cooler-free operation has
been strongly desired also for EA/DFB lasers deployed in modules for long-distance
transmission. However, this goal proves to be highly challenging, the main reason
being that EA/DFB lasers behave very sensitive to changes in operating temperature.
This fact essentially arises from the large mismatch in the temperature coefficients
of the electroabsorption peak wavelength (typically 0.7 nm/K) and the DFB-lasing
wavelength (typically 0.1 nm/K). The phenomenon is widely known, and the mis-
match has often been compensated for by controlling the DC bias voltage applied
to EA-modulators [82, 83]. In most cases, the DC bias has been adapted to the
operating temperature set for tuning the DFB wavelength to a targeted wavelength-
division-multiplexing (WDM) grid channel [83]. This technique has also been ap-
plied to extending the operating temperature range of the device [82]. An uncooled
EA/DFB laser for short-reach (10 km) applications has been proposed using this
voltage-offset method [84]. When the offset DC-bias applied to the EA modulator
was adjusted to suit the temperature variation, the device was able to handle the mis-
match in wavelength shift over a wide temperature range. One key issue involved is
how to keep the detuning parameter (i.e. the difference between the DFB lasing and
the electroabsorption peak wavelength) nearly constant. In addition to this, careful
attention must be paid to the increase in optical loss and the change in chirp when
applying an offset bias. As to the optical loss, any increment of the applied bias
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Fig. 4.29 Schematic chip
structure of the first 1.55 µm
uncooled EA/DFB laser [85]

voltage as well as of the temperature is certain to lead to increasing light absorption.
Whereas this would be unlikely to occur in case of an ideal step-function-shaped
absorption spectrum, in reality it will occur because of the existing tail-shaped ab-
sorption spectrum. For these reasons, a properly designed detuning parameter is
so important from a practical viewpoint to keep the optical loss within a tolerable
range. It should be noted here that the device reported in [84] was designed for
short-reach transmission in the 1.3 µm wavelength range where chirping virtually
does not matter so much. For 1.55 µm range long-reach applications, however, there
have been serious difficulties in managing the severe trade-off between the extinc-
tion ratio and optical loss plus chirp. This renders 1.55 µm uncooled EA/DFB lasers
much more difficult to achieve compared to their 1.3 µm counterparts.

The first successfully accomplished uncooled high-speed, low-chirp EA/DFB
laser operating in the 1.55 µm range is schematically illustrated in Fig. 4.29 [85].

The device comprised a temperature-robust InGaAlAs EA-modulator, an
InGaAsP DFB laser, and an InGaAsP bridge waveguide in between, monolithi-
cally integrated on an InP substrate. As with directly modulated diode lasers,
the InGaAlAs material effectively enhances the temperature tolerance of the EA-
modulator owing to its favorable band structure. The large �Ec associated with
InGaAlAs is beneficial for the extinction ratio at low temperatures by effectively
maintaining the QCSE under the high electric field applied to the quantum wells.
On the other hand, a small valence band offset �Ev supports prompt sweep-out
of photo-generated holes over shallow valence band barrier walls, implying high
optical power robustness.

Measured eye diagrams obtained under 10 Gbit/s, 231 − 1 PRBS modulation are
shown in Fig. 4.30 for 15 °C and 95 °C. Clearly opened eye diagrams were obtained
at both operating temperatures even after transmission through an 80 km long nor-
mal dispersion fiber. The measured error-free bit error rate (BER) performance after
80 km transmission with power penalty (Pd ) of less than 2 dB and dynamic extinc-
tion ratio (DER) of greater than 9 dB are sufficient for practical use in 10 Gbit/s
intermediate-reach (40 km) and long-reach (80 km) applications [86–88].

Another emerging application of high-speed EA/DFB lasers is 100-Gigabit
Ethernet (100GbE) [89] which has become the high-speed network standard to meet
the explosive increase in network traffic [8]. The world’s first standard-compliant
100GbE transceiver module using EA/DFB light sources operating in the 1.3 µm
range is shown in Fig. 4.31.

Four sets of 25 Gbit/s-driven EA/DFB lasers are integrated inside a 100GbE
compact form-factor pluggable (CFP) module (144 × 78 × 13.6 mm3) [7]. The four
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Fig. 4.30 10 Gbit/s, 80 km (1600 ps/nm) single-mode fiber transmission characteristics us-
ing an uncooled 1.55 µm EA/DFB. (a) 15 °C: DER = 9.8 dB, Pd = 1.7 dB, and (b) 95 °C:
DER = 10.9 dB, Pd = 1.5 dB

Fig. 4.31 First parallel 100 Gbit/s transceiver using 25 Gbit/s 4λ-WDM EA/DFB light sources.
(a) Schematic structure of a 100GbE transponder, (b) 100 Gbit/s CFP transceiver, and (c) 25 Gbit/s
optical waveform for uncooled operation

25 Gbit/s EA/DFB lasers arranged in a 4λ-WDM channel assignment yielded a total
data rate of 100 Gbit/s. Moreover, 25.8 Gbit/s 12 km single-mode-fiber transmission
over a wide temperature range from 0 °C to 85 °C was also achieved, which is at-
tractive for low-power 100GbE systems. This module is a promising candidate for
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cost-effective 100GbE client-side technology. A 40 Gbit/s uncooled EA/DFB laser
using similar technologies has also been successfully demonstrated [88]. Ideally,
the four laser devices and the wavelength multiplexer needed in the above 4-lane
transmitter configuration would be monolithically integrated on one chip to reduce
packaging expenditures and to enable the use of small-size packages. Such a trans-
mitter chip incorporating four monolithic EA/DFB devices, emitting at four differ-
ent wavelengths ranging from 1.297 µm to 1.309 µm (LAN-CWDM grid), and a
multi-mode interference (MMI) coupler to form the multiplexer was realized and
successfully tested for 100GbE applications at semi-cooled conditions [90].

4.4 New Challenges for Ultra-Fast Semiconductor Light Sources

4.4.1 High-Speed Active/Passive Feedback Diode Lasers

The physical limit of the modulation speed of semiconductor diode lasers could be
artificially controlled by the modulation scheme employed. In 1985, K. Iga made a
clear theoretical prediction for improving laser dynamics [91]. He showed that in-
stead of modulating the injection current into a diode laser, one could alternatively
modulate the optical gain, loss, or photon lifetime. He pointed out that the maximum
modulation frequency for gain and photon lifetime (cavity Q-factor) modulation can
exceed the relaxation oscillation frequency fr . The degree to which the small signal
response R(f ) is improved, for example, by Q-factor modulation (i.e., photon life-
time modulation) or by gain modulation is illustrated in Fig. 4.32 [91]. This figure
clearly points out the possibility of achieving faster response in diode lasers by a
factor of more than ten through Q-factor/gain modulation.

Fig. 4.32 Calculated responses for various modulation schemes [91]. (A) injection current modu-
lation, (B) carrier loss modulation, (C) gain modulation, (D) cavity Q modulation
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Fig. 4.33 Effect of optical
feedback on small-signal
response (inset: laser
structure) [107]

Based upon this suggestion, there have been several practical approaches for ap-
plying alternative modulation schemes to high-speed diode lasers. These include
optical injection locking [92–97], gain switching [98–100], and multi-section wave-
guide lasers including an active/passive feedback mechanism [101–107].

Here, we focus on active/passive feedback lasers. The high-speed characteristics
of diode lasers can be improved by optical feedback to the laser cavity or, in other
terms, by modulating the mirror reflectivity [105]. The high-speed operability relies
on an enhanced frequency bandwidth achieved by photon lifetime modulation. The
relatively slow response associated with carrier-photon interaction that governs the
relaxation oscillation in diode lasers is replaced by photon-photon interaction. This
effect leads to an additional photon-photon resonance peak at frequencies that po-
tentially exceed the usual carrier-photon resonance frequency several times. Using
the passive-feedback DFB laser depicted in Fig. 4.33, 40 Gbit/s direct current modu-
lation at an emission wavelength of 1.55 µm could be demonstrated for the first time
[107]. The basic laser structure is an active/passive monolithic two-section laser
with a standard section length of a few hundred micrometers. AR and HR (>90%)
coatings were applied to the DFB and integrated feedback (IFB) facets, respectively.

When the optical modulation response was recorded under different IFB biasing,
a strong change in the modulation bandwidth was observed. The feedback effect
is shown in more detail in Fig. 4.33. Without any support from the feedback sec-
tion (absorbing IFB section, dashed line) the behavior was found to be similar to
that of a single-section DFB laser, the modulation bandwidth of which is limited
by the carrier-photon resonance frequencies of typically 8 to 12 GHz. On the other
hand, a drastically enhanced modulation bandwidth of about 30 GHz was measured
under optimum feedback conditions, thus exceeding the normal relaxation oscilla-
tion frequency limit by a factor of 3. Figure 4.34 illustrates successful large signal
modulation at 40 Gbit/s achieved with no bit errors when measured for 27 − 1
PRBS data streams for NRZ signals [107]. The passive feedback DFB laser exhib-
ited high modulation bandwidth >30 GHz for 1.5 µm and 1.3 µm ridge waveguide
lasers [108]. It should be emphasized that 40 Gbit/s operation was accomplished
with low-gain active material, InGaAsP, at a moderate current level of 40 mA. With
a similar concept and the support of well designed photon-photon resonances au-
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Fig. 4.34 Results of
back-to-back BER
measurements for 40 Gbit/s
large-signal modulation [107]

thors in [109] could even realize the record 3-dB modulation bandwidth of 55 GHz.
Their laser device comprises a particular DBR structure having a 50 µm DFB gain
section of InGaAlAs MQWs and 200 µm DBR grating section. The 1.3 µm laser was
successfully applied for serial 112 Gbit/s PAM-4 transmission over 2.2 km SMF.

4.4.2 Traveling-Wave EA Modulators

As discussed in the previous sections, the EA-modulated laser is currently one of
the most promising candidates for high-speed compact light sources for use in long-
distance communications. The present EA-modulators are based on lumped element
designs and models (see Fig. 4.18(b)), and their high-speed capability is limited by
the CR time constant Cmod(Rmod + Rterm/2), as expressed in (4.19). Here again,
Cmod , Rmod , and Rterm denote modulator capacitance, modulator internal resistance,
and a 50-� termination resistor, respectively. With this conventional technology,
EA/DFB lasers operating at 40 Gbit/s driven by signals with a voltage swing of 2 to
3 Vpp have been deployed in practical subsystems. These values result in a figure
of merit of roughly 17 to 20 GHz/V. It will be difficult to further improve this FOM
significantly in a practical way by simply exploiting conventional schemes because
the reduction of Cmod by using even shorter modulator structures leads to poor ex-
tinction ratio and hence high driving voltage. It should also be mentioned by the way
that even if a higher-speed EA-modulator, for example a 100 Gbit/s EA-modulator,
is realized, we will still face the inherent fiber dispersion limitation. According to
the data discussed in Sect. 4.3.2, the maximum transmission distance of 100 Gbit/s,
1.3 µm range signals produced by the EA-modulator will be a few km. To extend
the high-speed limitation of lumped EA modulators, structures featuring “traveling-
wave” designs have been demonstrated to overcome the RC-limitation [110–113].
The aim in the traveling-wave is to reach very-high-speed intensity modulation by
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exploiting the electrical/optical velocity matching effect. With traveling-wave EA-
modulators, the lumped short electrode is replaced by a relatively long transmission-
line electrode. This approach was initially developed for Mach-Zehnder interfero-
meter modulators formed on lithium-niobate (LiNbO3) (see Chap. 8, Sect. 8.1.3),
and on III–V compounds (GaAs [114, 115]) as well as InP [116–118]). In the trav-
eling wave design, the electrical drive signal propagates in the same direction as
the optical modulated signal. Ideally, both signals run at the same speed, permitting
the light modulation to accumulate monotonically as they propagate together, which
could, in principle, lead to non-RC-limited operation, irrespective of the operating
frequency. In reality, however, it is not very easy to perfectly match the velocities
of the two waves. This causes a walk-off between the electrical and optical signal
waves, which tends to severely degrade the high-speed capability. It can be readily
shown that the frequency response R(f ) of an idealized traveling-wave modulator
is expressed as [114]

R(f ) =
[

sin(
πf |nopt−nele|Lmod

c
)

πf |nopt−nele|Lmod
c

]2

, (4.27)

where nopt and nele denote the optical and electrical effective refractive indices,
respectively, and Lmod is the modulator length (being equal to the length of the
traveling-wave electrodes). From (4.27), the 3-dB-bandwidth can be derived:

f TW
3 dB = 1.39c

π |nopt − nele|Lmod
. (4.28)

Because of the negative dependence on Lmod , the bandwidth and drive voltage can
be traded for in the same way as with lumped element (LE) modulators; thus, the
bandwidth-voltage FOM is equally applicable [114]. In the case of traveling-wave
EA modulators, however, there is a large mismatch between nopt and nele, which
inevitably makes their characteristic impedance small, ∼25 �, about half of the
standard 50-� RF connections. This difference is likely to seriously degrade the
optical waveforms owing to large electrical reflection. In response, several veloci-
ty/impedance matching techniques have been developed for improving conventional
low-impedance traveling-wave EA-modulators.

Such a refined traveling-wave EA-integrated laser [113] is shown in Fig. 4.35(a).
To compensate for the inherently low characteristic impedance of EA-modulators,
a high-impedance transmission line is integrated with a low-impedance traveling-
wave EA-modulator. This simple method is quite successful in achieving quasi-
impedance matching between the modulator and driver circuit, which greatly en-
hances the high-frequency performance (Fig. 4.35(b)), and this kind of artificial
impedance control electrode (ICE) was found to be very effective in achieving a
compact low-power-consumption 40 Gbit/s EA/DFB laser. A packaged device with
an InP/lnGaAs hetero-bipolar-transistor (HBT) based IC driver was able to provide
40 Gbit/s, 2 km single-mode-fiber transmission with a 0.3 dB penalty [113].

Another important advanced traveling-wave EA-modulator [112] is shown in
Fig. 4.36(a). Here a segmented transmission-line electrode was used. This solu-
tion enabled us to design a traveling-wave EA-modulator with a characteristic
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Fig. 4.35 Improved traveling-wave EA-integrated laser [113]. (a) View of an EA/DFB laser with
an impedance controlled electrode and (b) improved frequency responses compared to lumped-ele-
ment (LE) and conventional traveling-wave (TW) designs

Fig. 4.36 (a) Device structure and (b) optical small-signal frequency responses of a segmented
transmission-line EA-modulator [112]

impedance close to 50 �. The device exhibits low electrical reflection (return loss:
>15 dB) and excellent frequency response up to 50 GHz. A maximum 3 dB electri-
cal bandwidth of 90 GHz was obtained by modeling-based extrapolation of experi-
mental data (Fig. 4.36(b)).

4.4.3 Management of Chirp and Chromatic Dispersion
Impairments in High Speed C- and L-Band Transmitters

As demonstrated in Sects. 4.2.3 and 4.3.2 to 4.3.4 a positive chirp factor (α) [119])
of directly modulated lasers (DML) and EA/DFBs (also designated as electroab-
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Fig. 4.37 Operation scheme
of 10 Gbit/s chirp managed
laser (CML) [123]

sorption modulated lasers, EMLs) causes a significant reduction of link lengths in
uncompensated systems. Signals of ≥10 Gbit/s from transmitters with operation
wavelengths away from the zero-dispersion wavelength (∼1310 nm) experience
pronounced pulse broadening due to chromatic dispersion. Typical alpha factors
of DMLs in the range from 2 to 8 (αld , see (4.10)) limit the transmission of typ-
ical 10 Gbit/s C-band lasers to about 10 km in standard single mode fibers (see
Sect. 4.2.1). In order to alleviate or even overcome the negative impact of chromatic
dispersion, different approaches have been investigated. The most straightforward
way is to reduce the alpha factor. A particularly low alpha value of αld ∼ 1 has been
reported for a DML with the structure of a passive feedback laser (PFL) as described
in Sect. 4.4.1 [120]. Reduction of the alpha factor was achieved by an appropriate
setting of the phase of the internal optical feedback. This chirp is almost comparable
to typical chirp values of EA/DFBs which allows a 40 Gbit/s transmission reach up
to 2 km (see Fig. 4.7), and it is also interesting to note that such laser chirp tuning
has been successfully employed for the demonstration of the phase coding format
DPSK as well [121].

A different concept for increasing link distances in systems with chromatic dis-
persion is using ‘chirped managed lasers’ (CML) [122, 123]. A CML comprises a
directly modulated DFB laser in combination with a multi-cavity etalon filter serv-
ing as an optical spectrum reshaper (OSR). Figure 4.37 shows the schematic of a
CML and the operation principle [123].

A conventional high-speed DFB laser is biased high above threshold and modu-
lated directly. This results in intensity modulation (IM) with a low ER (approx.
2 dB) and, in parallel, the DFB laser generates frequency-shift keying modulation
(FM) and adiabatic chirp.

The adiabatic chirp �λs_chirp is proportional to the modulated power and causes
‘1’ bits to experience a blue shift of the signal relative to the ‘0’ bits. The laser
emission is aligned to the transmission of the OSR filter in such a way that the
blue shifted ‘1’ bits pass almost unaffected while the red shifted 0 bits are attenu-
ated. This FM-IM conversion can increase the ER at the output of the OSR filter to
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>10 dB. Furthermore, the operation conditions of CMLs are typically chosen such
that the peak-to-peak adiabatic chirp of the DFB laser corresponds to half the bit
rate frequency, e.g. 5 GHz chirp for a 10 Gbit/s signal, known as the minimum-shift
keying (MSK) condition. By passing the OSR filter the chirped waveform is con-
verted into flat-top chirped pulses with abrupt transitions at the intensity minima of
isolated ‘0’ bits. This constant phase envelope of the optical signal with an abrupt
π change at a ‘0’ bit is the decisive feature of CML’s dispersion tolerance. After
propagation through dispersive fiber, two ‘1’ bits which are separated by only one
‘0’ bit will interfere destructively. They remain well separated and produce an open
eye and a low bit error rate (BER). The CML concept enables record lengths of NRZ
transmission without optical dispersion compensation (e.g. 250 km at 10 Gbit/s have
been reported in [122]). An extension of the CML concept to bit rates >10 Gbit/s
requires an adjustment of the FM and OSR filter characteristics. CML operation
was recently demonstrated in combination with a 25 nm tunable C-band laser. The
fully integrated hybrid III–V/SOI (silicon-on-insulator) CML chip uses SOI-based
ring resonators for the functionality of the optical reshaper and a 10 Gbit/s directly
modulated tunable laser. The compact chip has been realized using wafer bonding
technology [124].

Besides taking advantage of their dispersion tolerance, the phase-coding property
of CMLs has been used to demonstrate generation and transmission of alternative
formats like return-to-zero alternate mark inversion (RZ-AMI) and RZ differential
phase-shift keying (DPSK) [125, 126].

The output power of EA/DFBs is inherently lower than for directly modulated
lasers, however, their low alpha values αmod ≤ 1 (see (4.21)) make EA/DFBs supe-
rior to DMLs as far as modulation bandwidth and extinction ratio are concerned,
and enable C- and L-band transport with bit rates ≥40 Gbit/s. At the typical EAM
operation point, characterized by the highest slope of output power as a function
of EAM voltage, the chirp parameter αmod is in the range of 0.3 to 1. Under these
EAM bias conditions the 40 Gbit/s NRZ transmission distance of 1.55 µm EA/DFB
transmitters is limited to about 2 km SSMF. However, zero or even negative alpha
values as needed for improved transmission properties, require significantly higher
negative (reverse) EAM bias, and this causes an increased absorption by the EA
modulator and a further reduction of the overall optical output power.

One obvious means to overcome low output power is the integration of an SOA
section in front of the EAM, and this EML device concept has been investigated by
different researchers. In [127] the authors investigated C-band devices and focused
on the optimization of SOA length and driving conditions for low power consump-
tion under 45 °C operation temperature. With a 50 µm long SOA section they could
transmit 40 Gbit/s NRZ signals over an increased link distance of 5 km. The EMLs
have been operated with a dynamic extinction of 8 dB and an average optical power
of 5 dBm. The implementation of an SOA section in front of the EAM works well
also for designing low chirp and high speed L-band transmitters. Due to a larger im-
pact of chromatic dispersion for longer wavelengths low chirp operation will be of
particular importance for L-band transmitters. In [128] the concept of an integrated
SOA was applied to an L-band EML comprising one common active layer for the
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Fig. 4.38 Low chirp and high output power operation of high speed L-band EML based on com-
mon active layer: device schematic (left) and chirp parameter αmod as function of EAM bias (right)
(after [128])

DFB, EAM, and SOA-sections (see Fig. 4.38). The operation point of the EAM
was chosen close to zero chirp while driving the amplifier up to 40 mA enabled an
average optical power >4 dBm. Successful 40 Gbit/s NRZ signal transmission was
demonstrated for up to 3 km link distance.

Dual-EMLs (D-EML) operate in a way similar to CMLs and constitute another
EA/DFB variety which enables increased transmission distances in dispersive sys-
tems [129] D-EMLs consist of a DFB laser with an integrated EAM section as in
conventional EA/DFBs. However, the operation conditions of the D-EML differ.
Both the DFB laser and the EAM are modulated separately by a dual RF signal.
The laser works in a high FM regime and the EAM under high IM conditions. In
this way optical single-sideband (OSSB) signals are generated for NRZ modulation
formats. The right choice of IM and FM parameters allows to suppress one of the
harmonic sidebands and results in a flat channel response of the OSSB. The D-EML
concept relies, similar to the CML approach, on the appropriate amount of FM that
has to be adjusted to half the bit rate. In case of D-EMLs the FM to IM conversion
is realized by the EAM transfer function and can be controlled by properly setting
the DC and RF operation points of the EAM. Using a D-EML, 40 Gbit/s NRZ trans-
mission over 12 km SSMF without compensation for chromatic dispersion effects
has been demonstrated in [129].

4.5 Directly Modulated Transmitters in 100G/400G Applications

4.5.1 High Speed 40/56 GBd 1.3 µm Transmitters

The technical recommendations for 100 Gbit/s transmitters and receivers have been
fixed in the Ethernet standard IEEE 802.3ba, agreed in 2010 [130]. The standard
defines four parallel bit streams with symbol rate of 25.8 GBd in optical systems
with link distances of 10 km (LR – ‘long reach’) and 40 km (ER – ‘extended reach’)
single mode fibers. The bit streams are wavelength division multiplexed (WDM)
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with lanes specified at 1295.56 nm, 1300.05 nm, 1304.58 nm and 1309.14 nm for
the 100GBASE-LR4 and 100GBASE-ER4 standards. The demand for an extinction
ratio of 8 dB for 40 km links makes EML transmitters the preferred choice. A much
lower extinction ratio of 4 dB is requested for the 10 km solutions (LR4) and can be
achieved also by directly modulated lasers.

4.5.1.1 Short Cavity DMLs with BH Type Laser Structure

Active layers based on InGaAlAs QWs represent the preferred material solution
for components designed for uncooled or semi-cooled operation. The Al containing
MQW stack enables the operation of optical components at high ambient tempera-
tures (see Chap. 3, Sect. 3.4) which is the key to decrease power consumption of
TEC controllers and hence reduce the overall power budget. A further objective of
DML development is the reduction of driving currents and voltages. The reduced
level of laser current is accompanied by a smaller value of DC power consump-
tion. The more significant effect, however, is expected with respect to RF power
consumption of the driver ICs which require lower input power as the modulation
output swing of the RF circuits gets lower.

For that reason novel high speed DML designs take advantage of buried hetero-
structure type lasers. A high lateral confinement of BH lasers (see Chap. 3, Sect. 3.3)
enables low threshold currents as well as low driving currents. However, the growth
of BH type lasers using Al in the active layer stack is rather challenging. The ex-
posure of Al-containing layers to an oxygen containing atmosphere causes surface
oxidation and requires additional technological effort for subsequent overgrowth.
Consequently, after forming the active laser stripe a well-developed surface passi-
vation of the InGaAlAs layers is mandatory prior to the growth of blocking layers.
Several groups have successfully demonstrated technological progress with high
speed DFB-BH lasers based on InGaAlAs-MQWs active layers. A selection is pre-
sented in the following paragraph.

The authors of [131] describe the performance of a 1.3 µm DFB-distributed re-
flector (DR) laser which is applicable for symbol rates up to 50 GBd [132]. The
InGaAlAs lasers are built on semi-insulating InP comprising 12 QWs in the active
layer, and the longitudinal laser design is based on a DFB section embedded in be-
tween DBR sections at the front and the rear side as well. The operation of such
lasers was also investigated in a monolithic 4-array structure [131]. With wave-
lengths fitting to the Ethernet channels the individual lasers have been tested at
25.8 GBd and an ambient temperature of 50 °C. Driving the lasers at a low DFB
bias current of 30 mA with a modulation swing of 20 mA resulted in an extinction
ratio of 5 dB. Other authors reported 25.8 GBd BH-DFB lasers operating at tem-
peratures up to 85 °C where the 200 µm long BH laser consisted of a 150 µm long
DFB section and an integrated passive waveguide section at the front side of the
laser [133].

More recently DMLs enabling symbol rates as high as 56 GBd at 45 °C and even
higher temperatures have been reported. One example utilizes a ‘ridge shaped’ (RS)
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Fig. 4.39 High speed DML with ridge shape RS-BH design: device structure (left) and relaxation
oscillation frequency versus square root of current above threshold (right) [134]

type BH laser as schematically shown in Fig. 4.39(left) [134]. The authors claim
that their RS-BH laser design allows a reduced lateral leakage current and a higher
confinement factor compared to conventional BH lasers. The longitudinal design
in [134] consists, similar to the example in [133], of an active DFB part in combi-
nation with an integrated passive section. The overall device length is 170 µm and
combines the 120 µm long laser section with a passive InGaAsP waveguide in front,
embedding the Al-containing layers. At 85 °C the DML still exhibits a modulation
bandwidth of 22 GHz. Figure 4.39(right) shows the relaxation oscillation frequency
versus the square of the current above threshold for the RS-BH laser at different
temperatures. The slope yields the efficiency ηfr according to (4.15) which can be
taken as a figure-of-merit for high speed DMLs. For the laser in [134] a high ηfr of
3.2 GHz/(mA)1/2 was obtained at 85 °C.

A further DML variant supporting 56 Gbit/s NRZ signals has been described
in [135]. The device scheme and the large signal eye diagram are depicted in
Fig. 4.40. The BH laser has been fabricated with conventional pn-blocking layers.
The overall device with a length of 200 µm comprises a 150 µm long DFB section
and a butt-joint coupled passive waveguide section. Driving the laser with a moder-
ate current of 60 mA resulted in a 3 dB modulation bandwidth of 30 GHz at 55 °C
device temperature. These properties allowed extinction ratios of 4.5 dB and higher
at symbol rates of 56 GBd.

Reliability has also been investigated and reported in [135]: Accelerated ageing at
85 °C over 7000 hours resulted in 2% reduction of output power only for a constant
current of 60 mA.

The results of different research groups indicate similar approaches for the im-
plementation of 28/56 GBd DMLs. For single mode fiber based Ethernet and data-
com applications the focus is on DFB lasers with a BH type lateral structure and
active layers based on InGaAlAs MQWs. In accordance with the SCEEL concept
(see Sect. 4.2.5) the length of DFB lasers is typically in the range from 100 µm



4 Ultra-Fast Semiconductor Laser Sources 197

Fig. 4.40 BH laser structure with pn-blocking layers (left) and 56 Gbit/s NRZ eye pattern at
T = 55 °C (right) [135]

to 150 µm integrated with a short Al-free passive waveguide section at the output
facet completing the chip to an overall length of about 200 µm. The passive sec-
tion is beneficial for chip handling, however, it is also helpful in order to protect the
Al-containing active layers. The novel lasers allow NRZ signals up to 56 Gbit/s at
typical driving currents of 60 mA and lower, the output power of the DFB lasers
is about 10 mW, and these high speed edge emitting lasers are characterized by an
ηfr > 3 GHz/(mA)1/2 and operation temperatures up to 85 °C.

4.5.1.2 Arrays of EA/DFB (EML) Transmitters

Despite the success in increasing the modulation bandwidth of DMLs for the ap-
plication of NRZ modulation formats up to 56 GBd, EA/DFBs (EMLs) are still
the components with the higher modulation bandwidth and an unsurpassed high
extinction ratio. Recent trends in the development of EML transmitters focused
on cost effective fabrication technologies, high output power and, in particular, on
the implementation of monolithic EML arrays. As for DMLs the design relies on
Al-containing quantum wells allowing semi-cooled or uncooled operation. High-
est modulation bandwidths ≥50 GHz that could be demonstrated in single EAMs
are currently under investigation for integrated versions. The simplest laser integra-
tion concept based upon a common active layer stack and the formation of separate
laser and modulator sections, is advantageous in terms of processing technology
and yield [136]. Such EML devices enable small chip size, and even NRZ bit rates
as high as 70 Gbit/s in a single lane have been achieved with on chip impedance
matching to overcome the RC limitation of the absorber structure [137].

Integrated chips with 4-fold or even 8-fold EML arrays are of interest for fu-
ture 400G-systems and have already been demonstrated. The success of monolithic
integration of EMLs in array-structures in combination with multiplexer devices
is shown in [138, 139]. The authors demonstrated a total of 400 Gbit/s with a
single chip carrying an array of eight 50 Gbit/s modulators. The channel spacing
was 800 GHz. The whole chip including integrated monitor diodes and the 8:1
MMI multiplexer was prepared for flip-chip technology and could be successfully
mounted into a transmitter package [140].
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4.5.2 Advanced Modulation Formats for Higher Spectral
Efficiency in Short Reach Applications

In contrast to coherent systems where an increase of spectral efficiency can be
achieved by various advanced modulation schemes, short reach systems require
low cost optical components and favor direct detection. Novel DSP supported solu-
tions for transmitters and receivers allow higher numbers of bits per symbol. Since
the same bit rate can be realized with a lower symbol rate, the bandwidth require-
ments for electronic and opto-electronic components can be relaxed. On the other
hand, higher order modulation formats help reducing the number of optical chan-
nels and relaxing the bandwidth requirements resulting in cost savings of the sys-
tems. Preferred higher order modulation formats in IM/DD systems are the discrete
multi-tone (DMT) and the m-fold pulse amplitude modulation (PAM-M) concepts.
They are under intensive discussion for the next generation of short reach 400GbE-
systems (see e.g. [141]). DMT is a version of orthogonal frequency division mul-
tiplexing (OFDM) technology in the baseband (see [142]) which transmits optical
data using the intensity domain only and does not use the phase domain. DMT
is a water-filling technique that allocates optimal power and modulation order to
each subcarrier. The spectral efficiency is improved by assigning a high modulation
level to “high quality” subcarriers while low modulation levels are assigned to “low
quality” ones. In this way the transfer characteristics of the transmitter can be used
very efficiently, even if the modulation response is not flat. By utilizing bit-loading,
DMT has the unique ability to maximize the capacity of a frequency-selective chan-
nel [143]. Compared to conventional NRZ modulation an improvement of spectral
efficiency by a factor of 4 is possible [144]. With DMT schemes applied to DML
transmitters bit rates of 100 Gbit/s and higher have already been demonstrated in a
single optical channel [145].

The spectral efficiency for PAM modulation can be increased by a factor of 2 in
the case of PAM-4 or by a factor of 3 in case of PAM-8, respectively (see Chap. 7,
Sect. 7.3.1). For the same bit rate PAM-4 modulation needs higher transmitter band-
width than DMT coding but much lower power consumption by IC drivers is ex-
pected [146].

The progress of DML development paved the way for novel high speed lasers for
56 Gbit/s implementation using PAM-4 modulation. The first demonstration of a
50 Gbit/s PAM based signal exploiting a DML transmitter was shown in [147] with
four intensity levels generated by 3 × 12 mA current swing around a 70 mA bias
current. Although the total extinction ratio (taken from the power of the lowest and
highest intensity levels) was lower than 3 dB, well separated amplitude levels have
been achieved. With a higher total ER of 4.7 dB an optical 56 Gbit/s PAM-4 has
been shown in [135], the respective eye diagram is presented in Fig. 4.41(left). With
its high bandwidth of 55 GHz the DML introduced in [109] allowed the PAM-4
modulation with clearly separated levels even at symbol rates of 56 GBd.

More than four intensity levels, e.g., PAM-8 or PAM-16 formats, based on DML
transmitters look rather challenging for symbol rates of ≥28 GBd.
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Fig. 4.41 Optical eye diagrams (back to back) of 1.3 µm signals from PAM-4 modulated 56 Gbit/s
DML [135] (left) and PAM-8 modulated 84 Gbit/s EML [148] (right) at symbol rate of 28 GBd

The situation is different for the use of EML transmitters. As they offer higher
modulation bandwidth and higher achievable ERs, EMLs are particularly suited as
directly modulated optical sources for PAM-M formats. If the electronic ICs allow
flexible level spacings, the impact of nonlinearities of the e/o transfer function can
be mitigated and their high total ER can be taken advantage of. By working with
EMLs even PAM-8 schemes for symbol rates of 28 GBd and above look realistic.
Figure 4.41(right) shows the PAM-8 optical signal of a 1.3 µm EML transmitter
chip at 28 GBd [148] where eight well separated intensity levels can be seen. It
demonstrates the potential of PAM-8 based modulation of EMLs for the realization
of higher spectral efficiency in future IM/DD schemes.

The implementation of a single carrier 100G solution based upon a PAM-4 modu-
lated 56 GBd EML was successfully demonstrated in [149] and [150]. The flip-chip
version of EMLs in [149] with bandwidth >50 GHz was realized for emission at
1.3 µm and enabled equalizer free transmission of 56 GBd and 112 GBd PAM-4
signals over a 10 km fiber link [151, 152]. With a 1.55 µm EML as part of a trans-
mitter module a 112 Gbit/s PAM-4 transmission over 2 km with only a 3 tap digital
equalizer (for details see Chap. 7, Sect. 7.5) and without any optical amplification
has been reported in [150].

In conclusion, PAM-4 and PAM-8 as well as DMT are very promising tech-
niques that enable cost effective 100 Gbit/s transmission in a single optical channel.
Progress and applications of corresponding DML- and EML transmitters will de-
pend to a significant extent on the further development of high speed electronic ICs
such as drivers, DAC/ADC components, and DSP chips.
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Chapter 5
Widely Tunable Laser Diodes

Hélène Debrégeas

Abstract The chapter provides a comprehensive overview over widely tunable laser
diodes and includes a description of the different tuning mechanisms and relevant
implementations: sampled grating- and superstructure grating-DBR lasers, Y-lasers,
multiple peak grating- and widely tunable filter lasers. The treatment covers funda-
mentals of the various solutions, typical performance characteristics and control is-
sues as well. The focus is primarily on edge emitting semiconductor lasers, however,
VCSELs and external cavity tunable lasers, integrated tunable laser-modulators, and
tunable laser subsystems are also contained.

Widespread deployment of dense wavelength division multiplex (DWDM) systems
calls for transmitter lasers that can emit with extreme accuracy at any WDM spe-
cific wavelength, as defined by the ITU (International Telecommunication Union)
standardization body. Predominantly these wavelengths cover the whole C-band
(1525–1565 nm), but will eventually extend over the L-band (1570–1610 nm) as
well. A basic approach consists in using standard DFB lasers, the emission wave-
length of which is determined by the Bragg grating pitch, fixed by fabrication. Any
DFB laser can be slightly thermally tuned over a small range of typically 4 nm with
0.1 nm/°C tuning efficiency, thus covering a limited number of WDM transmission
channels only. A largely superior and preferred solution is to employ widely tun-
able lasers which allow adjusting the laser wavelength to any ITU channel within
the transmission bands. Such tunable laser devices are mandatory for a large range
of applications today.

In long distance networks, tunable lasers are either used as spare source to re-
place any failing DFB laser, or as a universal source dramatically reducing main-
tenance and inventory management costs. Today, 50% of newly deployed long-
distance transmitters comprise tunable lasers, and deployment is expected to reach
90% within the next 10 years.

Tunable lasers provide both flexibility and adaptability in long-distance and
metropolitan networks. They represent a key element of Reconfigurable Optical
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Add and Drop Multiplexers (ROADMs) – components that can extract or insert any
wavelength to dynamically reconfigure wavelength allocation according to traf-
fic evolution. They are used for all-optical routing without the need for optic –
electronic – optic conversion, ensuring independence from protocols and bit rates.
In packet switching transmission schemes they would allow for real-time network
reconfiguration with packet granularity, demanding extremely fast wavelength tun-
ing within the guard time of the optical packets (∼100 ns).

In future WDM-based access networks, each end user may be equipped with a
receiver configured for a specific wavelength. This wavelength can be used as an
address to route traffic to the desired user. Tunable lasers are foreseen at the optical
line terminal in order to rapidly tune the data for routing to the final users.

For all these applications, performance data similar to standard DFB lasers are
required such as 13 dBm coupled output power, more than 40 dB side-mode sup-
pression ratio (SMSR), low noise, linewidths below 5 MHz, wavelength accuracy
compliant with the ITU standard, and others. In addition, however, they must be
capable of wavelength tuning over the whole 40 nm C-band (48 channels, 100 GHz
spaced), and in coming years over the full C + L band (1525–1610 nm). For real
mass deployment in DWDM systems, the cost premium compared to fixed wave-
length lasers has to remain below 20% which imposes the following general design
requirements:

• To reach high industrial production yield, the tuning mechanism must be based
on robust, fabrication tolerant processes.

• Power, wavelength and SMSR feedback loops must be simple enough to ensure
fast characterization and reliable servo-control algorithms.

Monolithic integration can be advantageous for avoiding costly alignment proce-
dures and multiple bulky mechanical elements. In particular, for metro and access
applications the laser must fit into a TOSA type module (Transmitter Optical Sub-
Assembly) that is compatible with low-cost e-XFP modules (extended eXtra Flat
Packaging). Last but not least, the possibility to integrate additional functionalities
like external modulation, variable optical attenuation, optical gating, and fast tuning
capability are important assets too. They enable compatibility with different network
configurations and reductions in system costs.

Tunable lasers have been studied for several decades, leading to a wide variety
of technology solutions based on thermal, mechanical, and current injection tuning
mechanisms [1]. Several types of devices are commercially available now while re-
search strongly continues to further improve performance, increase functionalities,
and reduce costs.

Tunable lasers based on current injection tuning allow for monolithic integra-
tion with additional functionalities, including fast tuning. Derived from Distributed
Bragg Reflector lasers (DBR), solutions incorporating several gratings with multi-
ple peak reflections can provide more than 40 nm wavelength tuning and are widely
used in today’s networks. Yet, control complexity remains the main drawback, and
many studies have been dedicated to propose simpler tuning methods and robust
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feedback algorithms. Recently, photonic integration has even led to the demonstra-
tion of complete sub-systems monolithically integrated on InP that comprise tunable
lasers, modulators, photodiodes, and optical amplifiers (see Sect. 5.5).

Other approaches rely on the selection of a laser from an array of thermally tuned
lasers or use an external cavity with a moveable Bragg grating. These device struc-
tures are, however, not fully integrable in semiconductor technology, and they are
not suited for fast tuning or integrated modulation. Nonetheless, as they are based on
robust technologies and use simple control mechanisms, they may be commercially
competitive with applications requiring less sophisticated laser functions.

5.1 Basics of Current Injection Tuning, DBR Lasers

5.1.1 Current Injection Tuning Mechanisms

All tunable laser structures relying on current injection integrate a section with a
p–i–n junction containing an intrinsic layer made of quaternary passive material
(typically InGaAsP with 1450 nm photoluminescence wavelength, in the following
referred to as Q1.45). Under carrier injection, the non-equilibrium excess carrier
concentration creates variations of the index of refraction in this quaternary ma-
terial via three main mechanisms: free-carrier absorption, band filling, and band
gap shrinkage [2]. Physically, these effects are the consequence of a modification
of material absorption α(E) over the whole spectrum which can be linked via the
Kramers-Krönig relation to the index variation at the operating energy E0:

�n(E0) = �C

π
Princ

∫ ∞

0

�α(E)

E2 − E2
0

dE (5.1)

where Princ means principal value of the integral. The effects are represented
schematically in Fig. 5.1 and detailed below.

Free Carrier Absorption This intra-band mechanism illustrated in Fig. 5.1(a)
corresponds to the absorption of a photon by a free carrier (electron or hole), raising
its energy within the conduction (or valence) band. Conservation of the wavevector
k is ensured by the interaction with a phonon or an impurity. This absorption at very
low energies implies a free-carrier related decrease of the refractive index given
by [2]:

�nfc = − e2λ2

8π2c2ε0n

(
N

me

+ P

m
3/2
hh +m

3/2
lh

m
1/2
hh +m

1/2
lh

)
(5.2)

with n denoting the effective refractive index, me , mhh and mlh the effective masses
of electrons, heavy and light holes, respectively, P the hole density, and N the elec-
tron density, and ε0 the permittivity of free space. As me � mlh,hh, the effect is
dominated by electron absorption in the conduction band.
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Fig. 5.1 Schematic representation of the different types of absorption relevant under current tun-
ing (a) intra-band free-carrier absorption, (b) inter-band absorption (E = carrier energy; indices c

and v refer to the conduction and valence band, respectively, and EFc and EFv represent the Fermi
energy level of the conduction and valence bands, respectively)

Band-filling Assuming a parabolic approximation for the band diagram and using
the notations of Fig. 5.1(b), absorption without carrier injection α(E) at an energy
E close to the band gap, Eg , is given by [2]:

α(E) = C

E

√
E − Eg if E ≥ Eg and α(E) = 0 otherwise (5.3)

where C is a material dependent constant (given in cm−1 eV1/2).
Under current injection electrons and holes fill conduction and valence band

states at low energy levels (Fig. 5.2(a)). Now photon absorption at energy E, with
electron transfer occurring from the valence band energy Ev to the conduction band
energy Ec, is possible only if firstly E = Ev + Ec, and secondly if level Ev is oc-
cupied and level Ec vacant. Then (5.3) must be expanded to take into account the
occupation probability of either energy state:

α(E) = C

E

√
E − Eg

[
fv(Ev) − fc(Ec)

]
if E ≥ Eg,

α(E) = 0 otherwise
(5.4)

Here fv(Ev) and fc(Ec) indicate the probability that valence band level Ev and con-
duction band level Ec, respectively, are occupied by an electron. They are expressed
by Fermi-Dirac distributions:

fc(Ec) = 1

1 + e(Ec−EFc)/kT
, fv(Ev) = 1

1 + e(Ev−EFv)/kT
(5.5)
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Fig. 5.2 Illustration of band-filling: (a) band diagram under current injection, and (b) impact on
absorption spectrum. N ∼ 0 and N > 0 correspond to the case without and with current injection,
respectively

where EFc and EFv represent the Fermi levels in the conduction and valence band.
Under carrier injection, the energy values of the Fermi quasi-levels tend to increase.
For energies E slightly larger than Eg , fc(Ec) becomes non-zero and fv(Ev) be-
comes lower than unity. Absorption is no longer possible, and injected carriers can
even create gain by stimulated emission as shown in Fig. 5.2(b) (negative absorp-
tion).

Band Gap Shrinkage Injected carriers occupy bands of lower energy levels, and
their wavefunctions overlap. They repel each other (electrons–electrons, and holes–
holes) due to Coulomb forces and for statistical reasons when their spins are iden-
tical. These repulsions screen the electric field built in the semiconductor crystal
network, and as a consequence the band gap energy Eg is reduced. An approximate
model gives [2]:

�Eg = − e

2πε0ε

(
3N

π

)1/3

(5.6)

where ε represents the dielectric constant of the semiconductor material.

Cumulative Impact on Refractive Index Variation The index variation due to
carrier injection corresponds to the sum of the three effects. Simulations of index
variation as a function of wavelength are presented in Fig. 5.3 for a bulk layer of
Q1.45 composition. For the data shown in Fig. 5.3 the factor C in (5.3), which de-
termines the absorption coefficient, has been extrapolated from experimental values
[3] to be 2.82 × 104 cm−1 eV1/2. Band diagrams are derived from effective elec-
tron and hole masses [4] (me = 0.065 m0, mhh = 0.49 m0 and mlh = 0.07 m0, with
m0 = 9.1095 × 10−31 kg being the free electron mass), the refractive index n is
3.49, and the dielectric constant ε is 13.8.

Band-filling and band gap renormalization result in a modification of the ab-
sorption behavior close to the band gap energy. Due to the denominator E2 − E2

0
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Fig. 5.3 Index variation calculated as a function of wavelength for Ga0.35In0.75As0.74P0.26 (Q1.45)
at N = 3 × 1018 cm−3. An experimental value at 1550 nm is indicated by the dot and g represents
the bandgap equivalent wavelength

in the Kramers-Krönig relation (see (5.1)), they generate a maximum index vari-
ation around Eg . On the contrary, the free-carrier plasma leads to an increase of
absorption at energies much smaller than the band gap energy: the impact on index
variation around wavelengths corresponding to the band gap is very weakly depen-
dent on energy. At a typical operation wavelength of 1550 nm free carrier absorption
accounts approximately for one third of the overall index variation, and band filling
and band gap shrinkage for two thirds. A typical experimental value at 1550 nm is
�n ∼ −0.05, plotted in Fig. 5.3 for comparison.

5.1.2 DBR Lasers: Principle of Operation

DBR Cavity and Mode Selection Exploiting index variation under carrier injec-
tion, the first current injection tunable laser was the DBR laser, proposed in the
1970’s and subsequently optimized by many laboratories [5–7]. A typical DBR
laser, as shown in Fig. 5.4, comprises three different monolithically integrated sec-
tions each controlled by separate currents: one active and two passive sections, the

Fig. 5.4 Schematic cross-section of a DBR laser
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Fig. 5.5 Equivalent
reflectivity Req of a Bragg
grating as a function of
wavelength (κ = 40 cm−1,
L = 300 µm, loss = 15 cm−1)

latter called Bragg and phase section, respectively. The rear facet is antireflection
coated and the front facet provides low reflectivity (∼3%) to create a Fabry-Pérot
(FP) cavity between the front facet and the mirror formed by the Bragg section. The
active section has a Multi Quantum Well (MQW) vertical structure. Injecting the
current Iactive gives rise to gain around 1550 nm and generates an FP comb.

The Bragg section is made of bulk Q1.45 material and contains a Bragg grating.
This section acts as a wavelength selective mirror with maximum reflectivity at the
Bragg wavelength λBragg given by

λBragg = 2neff Λ (5.7)

where neff is the effective waveguide index of the Bragg section and Λ the grating
pitch. For ∼1550 nm emission, neff values are typically 3.2, which yields a pitch
of around 0.24 µm. The reflection bandwidth and its maximum value are closely
related to the length of the grating and to the coupling coefficient κ , defined as the
grating reflectivity per unit length and expressed in cm−1. For a rectangular grating
it is given by:

κ = 2�neff

λ
(5.8)

where �neff represents the effective index difference between the mark and space
regions of the grating. Figure 5.5 shows the calculated equivalent reflectivity spec-
trum for a 300 µm long Bragg grating, assuming κ = 40 cm−1 and 15 cm−1 material
loss.

We define an effective penetration length, Leff , into the Bragg grating corre-
sponding to the penetration distance at which the optical power is decreased by
a factor e. For high κ values Leff is equal to 1/(2κ). A laser cavity of length
Lcavity = La + Lph + Leff generates a comb of FP modes separated by a Free Spec-
tral Range (FSR) according to:

FSR = λ2

2ngLcavity
(5.9)
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Fig. 5.6 FP mode selection
by a Bragg grating

Here ng indicates the group index that takes into account the wavelength dependent
dispersion of neff :

ng = neff (λ) − λ
dneff

dλ

∣∣∣∣
λ

(5.10)

The Bragg filter selects the FP mode nearest to λBragg that benefits from lowest
cavity losses, and as a result monomode emission occurs at λemission (Fig. 5.6).

DBR Coarse Tuning with Bragg Section In a DFB laser the Bragg grating is
inside the active section. Above threshold, injected carriers are almost totally con-
sumed by stimulated photon emission so that the carrier density is clamped. There-
fore the effective index cannot be varied through the carrier related effect anymore,
and the only index variation occurs via heating due to current injection, typically
leading to a maximum 3 to 4 nm tuning range. The possibility to tune λBragg is spe-
cific to DBR lasers. As the Bragg section is made of passive material and separated
from the gain section, the carrier density is no longer clamped. When injecting a
current IBragg, the carrier density increases and the effective index neff is reduced
via the processes presented in Sect. 5.1.1. This gives rise to a decrease of λBragg
with a relationship derived from (5.7):

�λBragg = 2�neff Λ (5.11)

Maximal achievable neff variation by current injection is in the range of 4 × 10−2,
allowing up to 16 nm tuning. When the Bragg filter is tuned by IBragg, FP modes are
successively selected, but this selection leads to tuning characteristics which exhibit
mode hops (Fig. 5.7). Apart from those mode hops the SMSR remains higher than
40 dB, corresponding to the case where adjacent FP modes are situated on both sides
of the Bragg reflectivity spectrum.

DBR Fine Tuning with Phase Section The FP modes in the DBR cavity are
defined by the phase condition

2(neff,aLa + neff,phLph + neff,BLeff ) = mλ, m ∈ ℵ (5.12)

where neff,a , neff,ph and neff,B are the effective indices in the active, phase, and Bragg
section, respectively. When a current Iph is injected into the passive phase section,
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Fig. 5.7 (a) DBR tuning mechanism, where FP modes are successively selected with decreasing
wavelength by injecting current IBragg, (b) example of experimental tuning characteristics illus-
trating emission wavelength and SMSR as a function of IBragg

neff,ph decreases due to the same mechanisms as in the Bragg section. By taking the
derivative of (5.12) we obtain:

�λFP

λ
= �neff,phLph

ng,aLa + ng,phLph + ng,BLeff
(5.13)

with ng,a , ng,ph and ng,B denoting the group indices of the three sections. The FP
comb can be continuously shifted to lower wavelengths as illustrated in Fig. 5.7, and
the position of the mode hops in the DBR tuning curve can be finely adjusted along
the tuning curve. In this way, emission at any wavelength λ in the tuning range can
be achieved with high accuracy and high SMSR by adjusting IBragg in order to align
λBragg with λ, and Iph to align an FP mode with λ.

Overall DBR Performance The design of a DBR laser requires multiple compro-
mises in order to simultaneously reach a wide tuning range, high output power, and
high SMSR. The tuning range, given by (5.11), can be rewritten as:

�λBragg = 2ΓQ

dnQ

dN
�NΛ (5.14)

where ΓQ is the mode’s optical confinement factor in the undoped quaternary Q1.45
waveguide material of the Bragg section into which carriers are injected, dnQ/dN
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is the quaternary index variation with changing carrier density (negative value), and
�N represents the increase of carrier density with current injection. In order to
maximize the tuning range, one aims at achieving:

– high ΓQ by using a thick bulk quaternary guiding layer
– large dnQ/dN by using a quaternary material in the Bragg section which has

a band gap wavelength close to the emission wavelength where the band filling
effect is particularly pronounced (Fig. 5.3)

– high �N by reducing current leakage and by reducing the Bragg section length
to limit radiative recombination through amplified spontaneous emission

In order to reach high output power the following targets must be reached at the
same time:

– maintaining a high mode overlap between active and passive sections
– using a quaternary material in the Bragg section with a band gap wavelength

sufficiently shorter than the emission wavelength so that absorption at low IBragg

or carrier consumption at high IBragg by stimulated emission is limited
– increasing fiber coupling efficiency via a spot-size converter in the active section
– maximizing κ in the Bragg section to ensure high Bragg mirror reflectivity while

keeping mode selectivity sufficiently high
– optimizing the length of the active section regarding the trade-off between a long

section ensuring low current threshold density and low thermal effects, and a

Fig. 5.8 (a) Coupled output
power versus Iactive for
minimum (0 mA) and
maximum (75 mA) IBragg
values, (b) superimposed
spectra, each at well adjusted
current conditions, for Iactive,
Iphase and IBragg, covering a
tuning range of 16 nm with
20 mW constant coupled
output power and more than
40 dB SMSR
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moderate section length to retain a sufficiently high FSR for efficient Bragg mirror
selectivity.

Typical optimized parameters are

– for the passive sections: 0.42 µm thick Q1.45 material providing ΓQ ∼ 75%, with
κ ∼ 45 cm−1, LBragg ∼ 300 µm, and Lph ∼ 50 µm

– for the active section: six 8 nm thick Q1.55 quantum wells with Q1.18 barriers
sandwiched between two 100 nm thick Q1.18 confinement heterostructures, pro-
viding 96% overlap between active and passive section modes.

Such DBR lasers can emit at any ITU channel over a 16 nm tuning range with
SMSR > 40 dB and 20 mW of constant coupled output power, as illustrated in
Fig. 5.8 [7]. The output power decreases with increasing Iph or IBragg (Fig. 5.8(a))
because of free carrier absorption, but constant output power can be ensured by
adjusting Iactive for each channel (see Fig. 5.8(b)).

5.2 Widely Tunable Lasers by Current Injection

DBR lasers represent basic current-injection-tunable laser devices that exploit a
rather simple operation principle relying on the selection of an FP mode with a
tunable filter and fine wavelength adjustment by means of a phase section. Their
tunability, directly correlated to the limited achievable effective index variation, is
limited to around 16 nm, that is nearly half of the C band. To further increase the
tuning range and in particular to cover the whole 40 nm C-band with a monolithic
device involving current injection, several approaches have been proposed by dif-
ferent laboratories. Basically, these are utilizing the same principle as DBR lasers,
but the Bragg section is replaced by two independently controlled passive sections
designed with more complex Bragg gratings. The wavelength tunable selective mir-
ror is the result of the interaction between these two section gratings, thereby widely
enhancing the tuning range.

5.2.1 Sampled Gratings

The most widely used grating design for such devices is the Sampled Grating (SG),
illustrated in Fig. 5.9. As explained in detail in [8], it consists in a grating with
periodically sampled pitch Λ, leading to grating burst lengths ZG at a sampling
period ZS . The resulting reflectivity spectrum is the convolution of the reflectivity
of an equivalent Bragg grating with pitch Λ and the reflectivity of a periodic square
function of length ZG and period ZS . As a consequence, the reflectivity spectrum
shows several reflectivity peaks, centered at λBragg = 2neff Λ and separated by:

�λ = λ2/2ngZS (5.15)
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Fig. 5.9 Sampled grating scheme and calculated reflectivity spectrum (L = 580 µm, ZS = 58 µm,
ZG = 6 µm, κ = 300 cm−1, losses = 15 cm−1)

Each reflectivity peak number n (n = 0 corresponds to the central peak) is equivalent
to the reflectivity of an unsampled Bragg grating with SG length L, but with a
coupling coefficient κ(n) given by:

κ(n) = κ0
ZG

ZS

sin(πnZG/ZS)

πnZG/ZS

exp

(−iπnZG

ZS

)
(5.16)

Thus the peaks are not phase-matched, and they correspond to a smaller coupling
coefficient than that of the central peak which is given by κ(0) = κ0ZG/ZS . The
envelope of the reflectivity peaks widens when the duty cycle ZG/ZS is reduced,
and the number of peaks in the 3 dB envelope can be approximated by:

N3dB = int

(
ZG

ZS

)
(5.17)

To obtain a large number of peaks, the duty cycle must be reduced which necessi-
tates a higher κ0 in order to retain a sufficiently large κ(n)-value for the required
reflectivities. Such SGs typically use κ0 as high as 300 cm−1, with a 10% ZG/ZS

duty cycle.

5.2.2 SG-DBR Lasers

The first device incorporating dual passive grating sections is the SG-DBR struc-
ture, initially developed at the University of California at Santa Barbara [8]. It is
composed of an active section and an adjacent phase section, sandwiched between
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Fig. 5.10 SG-DBR laser structure: (a) schematic cross-section, (b, c) superimposed SG spectra
providing Vernier effect

two SGs (Fig. 5.10(a)). The laser cavity itself is delimited by the two SGs: the re-
flectivity for the FP modes is given by the multiplication of the two SG reflectivities.
Both SGs have the same pitch Λ, but their sampling periods ZS1 and ZS2 are slightly
different, thus generating different spacings, �λ1 and �λ2, between the respective
reflectivity peaks. By an appropriate choice of ZS1 and ZS2 one can ensure that only
two peaks are in coincidence between the two zeros of the spectrum envelope. This
coincidence leads to a higher reflectivity for the specific FP modes and selects the
lasing mode (Fig. 5.10(b)).

By injecting current for example into SG2 corresponding to the smaller �λ, the
associated reflectivity comb shifts to lower wavelengths by δλ = λ�neff 2/ng ac-
cording to (5.11). When δλ reaches �λ1 − �λ2, the coincidence shifts to adjacent
peaks to the left-side. Tuning one SG by δλ = �λ1 − �λ2 thus generates a shift of
the maximum reflectivity by �λ1. This behavior is called Vernier effect and leads
to a tuning enhancement given by:

F = �λ1

�λ1 − �λ2
(5.18)

By applying the same current density simultaneously to both SGs, the two reflectiv-
ity spectra shift equally. Coincidence can be kept on the same peaks, simply tuned by
δλ = λ�neff 1,2/ng , all wavelengths within the reflections’ envelope can be reached
by an appropriate coincidence.
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Fig. 5.11 Two-dimensional
tuning map of an SG-DBR
laser (after [9])

Sampled grating DBR lasers are hence characterized by two-dimensional tuning
curves λ = f (ISG1, ISG2) as illustrated in Fig. 5.11. If the currents in the front and
rear sampled grating areas (ISG1 and ISG2, respectively) are changed essentially in
the same way (corresponding to a movement along a +45° diagonal in Fig. 5.11),
SG coincidences remain the same and hops occur between FP cavity modes, de-
signated by a number. On the other hand, if the current of only one of the sampled
gratings is changed (ISG1 or ISG2), “super-mode hops” occur, due to a change of
SG coincidences (corresponding to a horizontal or vertical movement in Fig. 5.11).
Different super-modes are designated by different capital letters.

In order to precisely reach any ITU channel, currents are injected into SG1 and
SG2 to position the emission wavelength in the middle of a mode-hop free area of
the 2D tuning curves. Subsequently the FP wavelength is finely tuned by current
injection into the phase section. SG-DBR type tunable lasers demand a precise de-
sign in order to simultaneously guarantee stable modal behavior, high SMSR, and
a 40 nm tuning range required for covering the whole C-band. To ensure full cov-
erage, the reflection peak spacings �λ1,2 are typically chosen to be around 5 nm,
leading to SG periods ZS1,2 of some 60 µm. The overall tuning range is limited by
the wavelength spacing between two coincidences, which is given by the enhance-
ment factor F multiplied by the spacing difference �λ1 − �λ2 between the SG
reflectivity peaks. To reach 40 nm, this difference must be kept very small, entailing
each reflectivity peak to be extremely narrow in order to avoid SMSR degradation
by adjacent channels. This design requirement leads to quite extended SG sections
with lengths of around 600 µm and many grating bursts (about 10). Such an op-
timized design is presented in [10]. There a front grating was applied comprising
10 × 6 µm bursts and a 58 µm long sampling period, a rear grating with 11 × 6 µm
bursts and a 64 µm long sampling period, and a κ of 300 cm−1. Such a device pro-
vides a tuning enhancement factor F of 10, and 50 nm tuning range with SMSR
>35 dB.
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With the laser light being emitted through the front SG, a Semiconductor Op-
tical Amplifier (SOA) structure (see also Chap. 3) can be inserted between that
SG section and the front facet as a booster to enhance the output power. The
emitted light is amplified by a single pass through the SOA, while the FP cav-
ity is kept unaffected. Given a typical SOA gain of 15 dB, an input power of
1 mW into the SOA is sufficient to achieve more than 20 mW of optical output
power from the laser. Under these conditions, the SOA is operated in the satura-
tion regime: the carrier density in the SOA is low, leading to reduced amplified
spontaneous emission and high signal-to-noise ratio. A tilted output and a high
quality 10−4 antireflection coating are necessary to avoid creating any parasitic
cavity between the output facet and the Bragg section, and to ensure a low noise
level [10, 11].

5.2.3 SSG-DBR Lasers

The overall envelope of the reflectivity peaks represents one of the limitations of SG-
DBRs, as it reduces reflectivity far from the central wavelength. To overcome this
restriction, it was proposed to replace one or both SGs by more complex gratings,
so-called Super-Structure Gratings (SSG), that consist of periodically repeated grat-
ings with varying pitch (Fig. 5.12). Numerically calculated optimal pitch variations
within one period can generate a reflection spectrum with a square envelope [12]. As
an example, a device has been designed with a rear SSG to provide uniform reflec-
tivity peaks, and a short front SG to minimize free carrier absorption of the emitted
light. In this way more than 18 mW of output power and 40 dB SMSR over a 30 nm
tuning range have been achieved. Even more than 45 mW could be obtained with an
integrated booster SOA [13].

Fig. 5.12 Super-structure grating scheme and calculated reflectivity spectrum for optimum grating
pitch variations [12]
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Fig. 5.13 Schematic
structure of a Y-laser
(after [14])

5.2.4 Y-Lasers

Another approach very close to the SG-DBR variant consists in using a Y-coupler in
order to place the two SGs parallel on the same side of the active section (Fig. 5.13)
rather than on either side of the active gain section. Likewise, the Vernier effect is
exploited to reach 40 nm tuning, but contrary to SG-DBR lasers, the reflectivity for
the FP modes is given by the vector sum of the SG reflectivities, instead of multipli-
cation. Waveguides need to be carefully designed in order to adjust the differential
phase between both SGs and to get opposite phase conditions between competing
adjacent channels, and to improve super-mode selection. Such a device can deliver
an output power of more than 10 mW with more than 40 dB SMSR over a 40 nm
tuning range [14, 15].

5.2.5 Multiple Peak Grating and Tunable Wide Filter Lasers
(GCSR, DS-DBR)

There are other sophisticated solutions that use an active and a phase section sand-
wiched between a multiple peak grating (SG or SSG) and a tunable wide filter sec-
tion. Instead of making use of the Vernier effect, the wide filter simply selects one
of the reflectivity peaks. The first example of this kind was the Grating-assisted
Codirectional coupled Sampled grating Reflector (GCSR) laser [16]. The filter is
formed by a vertical coupler composed of two waveguides with a long-period grat-
ing. The tunability is given by:

�λ = λ
�n1

ng1 − ng2

(5.19)

where �n1 represents the refractive index change of the upper waveguide due to
current injection, and ng1 , ng2 the group indices of the upper and lower waveguide,
respectively. Using an optimized coupler design and a specially tailored reflector
grating, wavelength tuning over 32 nm was demonstrated, along with SMSR higher
than 40 dB and 25 mW output power [17]. This concept has been taken further
more recently by employing a grating assisted codirectional coupler filter that is
formed by laterally rather than vertically arranged asymmetric waveguides [18]. It
was claimed that the adiabatic coupling conditions at the input and output of this



5 Widely Tunable Laser Diodes 225

Fig. 5.14 DS-DBR (-SOA) structure: (a) tuning mechanism, (b) top view, (c) photo image of a
mounted device [19]

filter variant provided more stable characteristics. A very wide quasi-continuous
tuning range of 65 nm (1510 nm to 1575 nm) with SMSR >35 dB was obtained at
50 °C and appreciably low operating currents.

Furthermore, the Digital Supermode DBR (DS-DBR) has been proposed which
involves an SSG grating, and a series of eight short Bragg gratings with slightly
different pitches (Fig. 5.14) to provide the filter function. Each Bragg grating sec-
tion is controlled by an individual current. Without current injection, they gene-
rate a sequence of reflection peaks separated by 5 nm to result in a wide weak
reflectivity spectrum. When current is applied to Bragg section number i, its re-
flectivity shifts from λi to lower wavelengths and adds to the reflectivity at λi−1

of the adjacent Bragg section i − 1 with lower pitch. As a result, the SG peak
closest to λi−1 will be preferentially selected (Fig. 5.14(a)). Although such a de-
vice requires many electrodes, it may be simpler to control than SG-DBR type
lasers because it is not relying on the critical Vernier effect, and the currents con-
trolling the short Bragg sections are digitally fixed at 0 or ∼5 mA. The draw-
back of this structure is the poor selectivity of the multiple Bragg peaks. The uni-
formity of the rear SSG peaks has to be very carefully optimized to ensure effi-
cient peak selectivity. Again, more than 40 nm tuning together with SMSR better
than 40 dB has been demonstrated. As with SG-DBR designs a booster SOA has
been incorporated in front of the multiple gratings giving 14 dBm fiber coupled
power [19].
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Fig. 5.15 Wavelength tunable laser design (top) employing three selectable DBR structures com-
bined by an MMI coupler, and fabricated device chip (bottom). Only one of the three branches is
operated at the same time

5.2.6 DBR-MMI

Another means to increase the tuning range consists in using 3 DBR lasers in par-
allel, each of them covering one third of the C-band. A Multi-Mode Interference
(MMI) coupler combines the three outputs, while a common SOA section guar-
antees high output power (Fig. 5.15). This device requires quite a few electrodes,
on the other hand the tuning scheme proves to be fairly simple. Only one DBR is
operated at the same time, and the tuning characteristics are determined by only
one Bragg current rather than the two currents simultaneously feeding the grating
sections in the afore-mentioned designs. A total tuning range of 40 nm has been
demonstrated whilst maintaining the SMSR level above 40 dB [20].

5.3 Control Issues

All current injection based tunable lasers described above are very attractive because
they are monolithically integrated on InP-based semiconductors, offering small foot-
print and packaging costs, and compatibility even with e-XFP modules. They are
also well suited for fast tuning applications as the tuning speed is limited intrinsi-
cally only by carrier lifetime (∼1 ns). From a practical perspective, however, the
major challenge with all these approaches arises from control measures needed to
guarantee constant output power, extremely precise emission wavelength, and to
avoid any SMSR degradation or even mode-hopping. Control accuracy has to be
maintained during the full time of operation when the laser is kept running, and
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when the laser is turned on after a period without operation. To this end tunable laser
components require exhaustive and complex initial characterization to precisely de-
fine the optimum operating conditions and feedback loop parameters. Changes in
performance and settings due to ageing effects are demanded to be limited to levels
as low as possible but nonetheless to be well controlled in order to ensure stability
over the entire life cycle. These constraints lead to limited fabrication yield and high
characterization costs.

5.3.1 Control Algorithms

Tunable lasers are operated at constant temperature, monitored on submount by
means of a temperature-dependent resistive probe, and controlled by a Peltier ele-
ment. Commonly, a tap coupler is positioned between the front facet and the fiber
coupling optics to extract a small amount of light for monitoring purposes. This
light is split by a second tap and received by a photodiode PD1 in the one axis
and by another photodiode PD2 in the other axis after passing a Fabry-Pérot etalon
(Fig. 5.16(a)). PD1 monitors the output power, which is controlled by the drive cur-
rent of the active laser section or of the booster SOA via a feedback loop. The signal
received by PD2 varies periodically with wavelength, with a period equal to the
etalon’s free spectral range (typically the 100 GHz ITU spacing, i.e. 0.8 nm at C-
band wavelengths). By adjusting the FP etalon transmission characteristic such that
the positions of maximum slope coincide with the ITU channels, the ratio IPD2/IPD1
can be normalized to unity and used to monitor the position of the emitted wave-
length relative to an ITU channel (Fig. 5.16(b)): if IPD2/IPD1 > 1 then λemission will
be >λITU , whereas IPD2/IPD1 < 1 indicates λemission to be < λITU . In this way the
emission wavelength of the tunable laser is finely tuned to be precisely aligned to
the ITU wavelength, controlled by the phase section current in conjunction with a
feedback loop.

The major difficulty is to avoid both SMSR degradation and mode hops. For
adjusting and maintaining maximum SMSR it is necessary to extract a monitoring
parameter that can easily be measured inside the module. SMSR is optimized when

Fig. 5.16 (a) Scheme of wavelength and power locker inside the module, (b) ratio IPD2/IPD1 vs
wavelength characteristic
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Fig. 5.17 Servo-control loops for controlling an SG-DBR laser

an FP mode matches a maximum of cavity reflectivity, corresponding to the center
of mode-hop-free areas in the 1D or 2D tuning curves. This situation is characterized
by minimal loss in the cavity, and accordingly yields minimum threshold current.
Then, the voltage at the active section, Vactive, will exhibit a local minimum and the
output power a local maximum.

The method used to avoid mode hops in DBRs consists in superimposing
a small and slow dithering signal on the current IBragg. Then dP/dIBragg (or
dVactive/dIBragg) is measured at the same frequency, and maintained on a local
extremum by controlling IBragg via a feedback loop. In the case of tunable lasers
comprising simultaneously controlled multiple Bragg sections (SG-DBR, Y-laser, or
GCSR), the individual currents are dithered at different frequencies, leading to dou-
ble monitoring of e.g. dP/dISG1 and dP/dISG2, involving two feedback loops [21].

Dedicated algorithms are applied to adjust the servo control loops and to ensure
stable behavior. But these loops, schematically illustrated in Fig. 5.17 for an SG-
DBR-SOA, are interdependent. For example, when ISG is increased to maintain
maximum SMSR, the effective refractive index in the SG section is reduced, thus
causing the FP modes to shift towards lower wavelengths: the emitted wavelength
is decreased. Likewise, when increasing Iphase or ISG, cavity losses tend to increase
due to free-carrier absorption, and the output power decays. If the power is adjusted
by increasing the active current accordingly, the associated heating shifts FP modes
and SG reflectivity peaks to higher wavelengths.

Adjusting the optical power by using an SOA is advantageous since the SOA
is located outside the FP cavity. Any heating effects do not impact the emitted FP
mode wavelength. The SOA requires an additional control current, however Iactive

can be set to a constant value (e.g. 50 mA) sufficient for lasing. Hence the number
of adjustable currents is kept unchanged. Moreover, the SOA can fulfill the needed
functionality of optical gating: when tuning from one wavelength to another, or
when turning on the laser, light is emitted on adjacent channels during the transition
interval, which is unacceptable for WDM networks. The SOA can be switched off
during those transition time slots and turned on only once the laser is fully stabilized.

Aiming at simplifying the servo-control of SG-DBR type lasers, a Tunable Twin
Guide laser (TTG) has been proposed [22]. In this approach the sampled gratings
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Fig. 5.18 (a) Scheme of a TTG laser and (b) 2D tuning characteristics: the thin solid lines within
the supermodes indicate 1 nm spaced iso-wavelength contours for visual aid [22]

SG1 and SG2 are incorporated in a passive waveguide layer which is placed above
the active waveguide (Fig. 5.18(a)). The phase section can be omitted, because
SG1 + SG2 cover the whole cavity length. When SG1 and SG2 are simultaneously
tuned such that coincidence is retained for the same reflectivity peaks, the FP comb
will be tuned similarly and the FP mode remains aligned to this coincidence. Con-
tinuous mode-hop free wavelength tuning up to 8 nm is achievable within the su-
permodes (Fig. 5.18(b)). The difficulty to be solved in such devices is to achieve
efficient, independent current injection into the two overlaying active and passive
p–i–n junctions.

5.3.2 Influence of Cavity Length and Non-linear Effects

The complexity of the control mechanisms is strongly influenced by two fac-
tors: the FP cavity length of the tunable laser structure and non-linear intra-
cavity effects. The free spectral range represents the width of a mode-hop-free
area in the tuning characteristics in the center of which the emission wave-
length must be kept. According to (5.9) the FSR is inversely proportional to
the cavity length. Therefore, tunable laser designs aim at reducing the cavity
length to allow for larger tolerances of the current settings and for more tol-
erant control algorithms with reduced mode hops risks. As an example, for a
DBR laser the total cavity length Lcavity = Lactive + Lphase + Leff amounts to
∼400 µm + 50 µm + 150 µm = 650 µm. With a typical value of 3.8 for ng ,
this yields an FSR value of ∼0.5 nm. For widely tunable lasers, on the other
hand, such as SG-DBR lasers, the respective length is defined by the active
and the phase section, and by the two sampled grating sections, which leads to
Lcavity = Lactive +Lphase +2Leff,SG ∼500 µm + 100 µm + 2 × 400 µm = 1400 µm.
Effective lengths in SGs are long due to the reduction of coupling coefficient by the
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Fig. 5.19 (a) Tuning
characteristics of DBR laser:
Emission wavelength (red
curve), SMSR (blue curve),
and output power (black
curve). SMSR and output
power exhibit a sequence of
maxima around 45 dB and
15 mW, respectively, shifted
to the left side (lower Bragg
current) of mode hop-free
areas (after [20]). (b) Output
power characteristics of
SSG-DBR laser as a function
of current in rear and front
SSG-DBR sections. Mode
hop-free areas have
maximum power away from
the center or even no power
maximum [21]

sampling effect (5.16). The width of mode-hop-free areas is thus reduced to about
0.23 nm.

The other drawback associated with long cavities is the occurrence of non-
linear effects. When experimentally observing SMSR or power maxima on tun-
ing characteristics, they appear not to occur at the center of mode-hop free areas
but to shift towards a higher wavelength mode. Sometimes, maxima even tend to
move outside this area which renders SMSR monitoring impossible (Fig. 5.19).
A hysteresis effect may be noticed as well: the currents corresponding to mode
hops are different depending on whether the Bragg current is increased or de-
creased.

This phenomenon was thoroughly studied in [23] and has been attributed to the
non-linear Four Wave Mixing (FWM) effect. As detailed in [24], the beating of FP
modes generates modulation of the carrier density and carrier energies within the
conduction or valence bands at a frequency determined by:

�ν = c

λ2
FSR (5.20)

For tunable lasers, where the FSR remains within 0.2 to 0.5 nm, �ν is in the 25
to 60 GHz range. At these frequencies, the dominant effect turns out to be Carrier



5 Widely Tunable Laser Diodes 231

Fig. 5.20 Normalized
gain/loss behavior at the
different FP wavelengths
around the mth emitted mode,
taking into account the carrier
density pulsation (CDP)
effect

Density Pulsation (CDP), whereas intra-band effects like spectral hole burning or
carrier heating can be neglected. CDP generates an asymmetric gain modification
around the emission wavelength [24], as illustrated in Fig. 5.20.

In a tunable laser, assuming the mth FP mode to be emitted, the gain charac-
teristics behave asymmetrically, centered at λm, in that the gain of mode m + 1 at
λm+1 > λm is larger than the gain of mode m − 1 at λm−1 < λm. Mode hopping to-
wards decreasing wavelengths is then impeded, while mode hopping towards higher
wavelength is favored. This explains why SMSR and power maxima always tend to
shift towards the higher wavelength sides, as mentioned above. When a mode hop
occurs, the center of the asymmetric gain characteristics shifts to the new mode and
generates an abrupt change in the gain. This results in SMSR or power discontinu-
ities (Fig. 5.19) and causes the hysteresis phenomenon. Indeed, initial gain values
for the FP modes are different depending on the initial lasing mode, i.e. whether the
Bragg current is being increased or decreased.

Aiming at reducing these non-linear effects to get regular tuning characteris-
tics with clear power maxima, it proves necessary to shorten the cavity length to
increase the spacing of the FP modes and reduce their beating. Secondly, the intra-
cavity power should be reduced. In this respect the integration of an output SOA is
another benefit in that, by providing external amplification, the requirements for the
emission power from the cavity itself are highly relaxed. The current driving the ac-
tive section as well as the section length can be reduced, typically from 600 µm in a
DBR to 400 µm for a DBR with SOA. This measure immediately damps non-linear
effects and leads to more regular hysteresis-free characteristics.

Despite all these difficulties, simultaneous control of optical power, wavelength
and SMSR is possible via interleaved feedback loops on control currents of the
different sections. This is done at the cost of extremely precise measurements, elec-
tronics, and algorithms. Some companies have developed sufficiently reliable algo-
rithms to obtain stable behavior despite ageing or variation of external conditions
(e.g. [25]), and to eventually meet Telcordia qualification standards.
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5.3.3 Fast Tuning

The transmission of individual packets at different wavelengths leads to very high
granularity and offers high flexibility for coping with fast traffic fluctuations in
metropolitan or access networks. For such emerging applications to become reality
the laser tuning speed should be shorter than the 50 ns packet guard time. Current-
injection tunable lasers are the only possible candidates for such applications due to
the intrinsic fast tuning mechanism, limited only by carrier lifetime (∼1 ns). Studies
on widely tunable lasers such as SG-DBR or DS-DBR lasers with optimized elec-
trical current signals have indeed shown extremely fast tuning [9, 26]. Practically
however, the wavelength switching period must also encompass the time needed for
precise stabilization of the output power and of the emission wavelength onto the
ITU grid including sufficiently good single-mode behavior (SMSR).

The altered injection currents enabling tuning give also rise to transient heating
effects, and these are very slow processes. As a consequence the effective tuning
speed for this type of lasers is limited by the servo control feedback loops. The
efficiency of these loops, i.e. the possibility to run them very fast without mode-
hop risk, is closely related to the robustness of the tuning mechanisms and to the
tolerance with respect to control current variations. With extremely fast electronics,
50 ns tuning with 3 GHz wavelength accuracy has been demonstrated on GCSR
lasers [27].

5.4 Other Wavelength Tunable/Selectable Lasers

Monolithically integrated tunable lasers based on current injection are attractive as
they offer low cost potential, reduced footprint and fast tuning, and various kinds
of such lasers have been introduced into current commercial systems. This has be-
come possible thanks to a large effort on design, process development, character-
ization and electronics that led to devices meeting Telcordia specifications (extra-
polated lifetime of 25 years with stable performance) and an industrial yield com-
patible with commercially viable production. Researchers and manufacturers have
suggested many other approaches including lasers with mechanical or thermal tun-
ing. In general, these devices tend to be larger but in exchange they offer relaxed
control mechanisms. Depending on their design, they can provide even larger tun-
ing ranges, e.g. over the complete C + L bands, very high output powers, or record
low spectral linewidth.

5.4.1 Thermally Tuned DFB Array

A very simple and efficient approach is an array of typically 12 DFB lasers with a
stripe-to-stripe wavelength spacing of about 3 nm obtained by an appropriate vari-
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Fig. 5.21 (a) DFB array with
funnel combiner and output
SOA [29], and (b) DFB array
with MEMS tilt mirror [30]

ation of the grating pitch. For operation only one of the lasers is selected and elec-
trically turned on while the array temperature is varied within a range of 30 °C
to finely tune to the desired wavelength. This solution benefits from an extremely
simple control scheme, absence of mode hops, and from the high performance, ma-
turity and reliability of standard DFB lasers. On the other hand, fabrication of such
lasers requires a high level of process control to meet yield requirements. Especially
single-mode behavior must be guaranteed for each laser device on the array (see also
Chap. 3). In addition, thermal tuning requires a large operation temperature range
and is not compatible with fast tuning applications.

One option for selecting any of the DFB lasers is to use a monolithically in-
tegrated coupler, such as an MMI [28], or alternatively and preferably a funnel
combiner (Fig. 5.21(a)) [29] which relaxes fabrication tolerances. With an in-
tegrated output SOA to compensate for around 15 dB coupler losses, achieve-
ment of up to 40 mW coupled output power has been demonstrated over the C-
band. Another alternative is to make use of an external Micro Electro-Mechanical
System (MEMS) tilt mirror placed at the focal plane of a collimating lens
(Fig. 5.21(b)) [30]. The InP chip is simplified, losses of the passive combiner
are suppressed, and packaging remains simple thanks to an electronic fine align-
ment of the mirror. Today, this solution has found widespread use in DWDM sys-
tems.
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Fig. 5.22 Tunable VCSEL with a movable top mirror membrane [31] (see also Sect. 3.7.1)

5.4.2 Tunable Vertical Cavity Surface Emitting Lasers (VCSELs)

Another very simple-to-control solution is a VCSEL composed of an active structure
sandwiched between a bottom Bragg mirror and a movable mirror membrane on
top [31], as sketched in Fig. 5.22. Due to the extremely short cavity, only one FP
mode exists in the wavelength range where gain is available. This FP mode can be
continuously tuned by changing the cavity length accomplished by moving the top
mirror. Electrically pumped devices were realized featuring a 76 nm tuning range
albeit the output power remained limited to a few mW only.

5.4.3 External Cavity Tunable Lasers

External cavity tunable lasers consist of a long cavity built from discrete elements,
including an InP chip as the gain medium (basically an anti-reflection coated FP
laser) and wavelength-selective mirrors. These long cavities have the advantage of
enabling fairly small linewidths compared to integrated solutions but at the same
time they generate extremely dense FP combs. As a consequence the laser design
must incorporate solutions which assure that both, the FP modes and the wavelength
selective mirror(s), can automatically be tuned in a correlated fashion so that uncon-
trolled mode hops are avoided.

Design with Diffraction Grating An InP gain chip is placed within a cavity de-
limited by a fixed mirror and a wavelength tunable external grating. A first example
is the Littman/Metcalf cavity configuration depicted in Fig. 5.23(a) [32]. The beam
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Fig. 5.23 Designs of external cavity tunable lasers: (a) with rotating Bragg grating [32], and
(b) with integrated vertical concave grating and dispersive element for fine tuning [33]; IDE , IPCS ,
ISOA, and ICH1-M denote the currents of the dispersive element, phase-controlled section, optical
amplifier, and of the active elements (channel 1-M), respectively

emerging from a diode with a rear high-reflection coating is collimated by a lens
and then diffracted by a grating. A voltage is applied to an MEMS actuator, thereby
rotating the grating plane to allow a particular wavelength to be coupled back into
the laser diode. The first order diffracted beam is used to automatically adjust the
actuator voltage. By careful choice of the Bragg grating rotation with respect to the
pivot point an equal shift of the cavity FP modes and Bragg grating can be achieved
during tuning, and thereby continuous mode-hop free tuning over 40 nm along with
55 dB SMSR.

A widely tunable multichannel grating cavity laser is another variant which has
been proposed more recently [33]. The laser operates in a Littrow configuration and
comprises: a number of active sections arranged in parallel to each other and all las-
ing at different wavelengths, an output SOA, a phase-controlled section, a current-
tunable dispersive element, and an etched vertical diffraction grating, all monolithi-
cally integrated on a single InP chip (Fig. 5.23(b)) [33]. The cavity is formed by
the front facets of the active elements and the rear diffraction grating (the center of
which is designated by “pole”). Coarse wavelength tuning is accomplished by se-
lecting an appropriate active element while fine tuning is managed by modifying the
angle of the back-reflected beam in that the effective refractive index in the disper-
sive element is varied via current injection. More than 50 nm tuning without mode
hops has already been demonstrated. Nonetheless, the design still needs further im-
provements so that the output power can be raised above its present values which
range from −5 to 0 dBm.

Design with Fabry-Pérot Etalon In another concept an FP etalon is placed inside
the cavity. Its maximum transmittance is adjusted to the ITU wavelengths so that
these are the only possible wavelengths to be emitted from the cavity. A widely
tunable filter selects the desired ITU channel and again a phase section is used to
finely align a cavity mode. In principle, this approach is very similar to the DS-DBR
laser, except that the multiple peak grating is replaced by an FP etalon.
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Fig. 5.24 External cavities
based on an FP etalon and an
LC tunable mirror [34]

A more advanced device consists of a chip with active and phase section and a
front SOA section separated by an on-chip mirror (a deeply etched gap). Light emit-
ted from the active section is collimated by a lens into an FP etalon and reflected by
a Liquid Crystal (LC) based widely tunable mirror (Fig. 5.24) [34] the reflectivity of
which is tuned to the desired transmission peak of the etalon. The phase current is
used for fine tuning in the established way. With the SOA section arranged outside
the cavity, external modulation or Variable Optical Attenuator (VOA) functionali-
ties are feasible, and more than 100 mW output power is achievable over the whole
C-band.

Some companies have proposed an external cavity containing two thermally
tuned FP etalons of slightly different wavelength periodicity such that tuning is ob-
tained by the Vernier effect between the two FP etalons.

Design with Polymer Waveguide Gratings Another type of tunable external cav-
ity laser comprises a thermo-optically tunable waveguide grating that is based on
polymer material and coupled to an InP based gain chip by means of a collimating
lens [35] or in a hybrid integration fashion [36, 37]. Such devices offer the potential
of very cost-efficient fabrication. Tuning over more than 26 nm was reported [36].

5.4.4 Tunable Lasers with Ring Resonators

A microring (MR) coupled to a waveguide represents a microring resonator (MRR)
which exhibits periodic high transmission peaks. Their periodicity (FSR for Free
Spectral Range) is determined by the effective refractive index of the MR waveguide
and the diameter of the microring (see also Chap. 9, Sect. 9.10.1). The behavior of
such an MRR is similar to that of an FP etalon, and therefore an MRR can also be
used for locking laser emission wavelengths to predetermined channels.

In the case of widely tunable lasers it is advantageous to combine an MRR, which
transmits channels with narrow spacing, with another element for coarse wavelength
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Fig. 5.25 Ring resonator type monolithically integrated tunable laser with ring resonator and lad-
der filter [38]

selection. One such example is shown in Fig. 5.25 [38]. The monolithic laser struc-
ture comprises a gain section, a phase section, a ring resonator, a ladder filter for
coarse wavelength selection, and an output booster SOA. The diameter of the ring
resonator has been chosen in such a way that the transmission maxima coincide
with ITU channels. The ladder filter consists of an input and an output waveguide
plus a number of interconnecting waveguides coupled via multimode interference
(MMI) couplers. The ladder filter is conceptually equivalent to an Arrayed Wave-
guide Grating (AWG, see also Chap. 9). It may either exhibit periodic peaks with
equal transmission [39] or, alternatively, a single transmission peak can be made
significantly more pronounced than all the others by chirping (more than 5.4 dB
are reported in [38]) so that the coarse wavelength selection is improved. Tuning
of this single transmission peak is accomplished by varying the effective refractive
index of the input or output waveguide by means of current injection. In essence, the
tuning involves three steps: the transmission maximum of the ladder filter assures
wide wavelength tuning, the ring resonator selects an ITU channel, and the phase
section finely tunes the corresponding cavity mode. A total tuning range of 38 nm
and 9 dBm output power thanks to the booster SOA have been demonstrated with
this device.

Another embodiment, recently developed by multiple teams as a simple solution
to provide even larger tuning ranges, combines an SOA gain section with two or
three rings inside a cavity. The device can only lase on wavelengths correspon-
ding to maxima of the rings transmission characteristics, operating as a succession
of selective narrow filters. By using rings with slightly different FSRs, only one
wavelength can be selected within the cavity, corresponding to the coincidence of
transmission maxima of the complete sequence of rings. Tuning is obtained via the
Vernier effect between the rings, and the individual transmission characteristics are
swept by means of thin metal heaters. Multiple technological combinations of an
InP-SOA and rings have been explored for widely tunable lasers: hybrid integration
of SOAs with silica or silicon rings, or monolithic integration with InP rings.

An example of hybrid solution with silica rings is illustrated Fig. 5.26 [40]. Due
to the small index contrast of SiON/SiO2 waveguides (typically 2 to 4%), ring dia-
meters have to be above hundreds of microns, leading to FSRs about 100 GHz maxi-
mum. Three rings are therefore necessary to ensure sufficient wavelength selectivity
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Fig. 5.26 Multiple rings
tunable laser with three
successive SiON/SiO2
rings [40]

Fig. 5.27 Schematic views of widely tunable lasers using two Si-photonic rings, by butt-joint
integration of SOA (a) [41], by wafer-bonding of SOA on top of Si waveguide (b) [44]
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among the cavity. In this example, one ring with 100 GHz peak spacing acts as an
ITU etalon, the second ring with 101.25 GHz periodicity provides coarse tuning,
and the third ring with 78.95 GHz peak separation the fine tuning. Cavity is limited
by a loop mirror with 3 dB coupler and the SOA back facet where light is coupled
into a fiber. Ring thermal tuning efficiency is increased by etching Si around the
waveguides, resulting in an air-bridge structure with high thermal resistance. Such
a device delivers C-band tuning with 45 dB SMSR and more than 16 dBm coupled
output power.

Silicon photonic or monolithic integrated solutions on InP have attracted much
interest owing to their strong index contrast that enables small rings with FSRs as
large as 500 GHz. Only two rings are sufficient within the cavity to ensure single
mode operation, leading to simpler control and smaller footprint.

For Si photonics, one first approach is shown in Fig. 5.27(a). It is a hybrid device
with an SOA directly butt-jointed in front of a Si photonic chip [41, 42]. A more
recent implementation relies on hybrid multi-chip integration by passive alignment
which enables high reliability and low cost, and a chip with integrated booster SOA
exhibited >100 mW fiber coupled output power over the whole C-band [43].

A second approach, illustrated in Fig. 5.27(b), consists in direct wafer bonding
of active InP material on top of SOI waveguides [44]. Adiabatic tapers at both edges
of the SOA enable to transfer light from the gain material to the passive Si wave-
guides [44, 45].

The same design can be implemented by monolithic integration as shown
Fig. 5.28(a) [46], with two serial rings inside the laser cavity, using a deep etch
process in the passive sections to reach high FSRs for the rings. A solution based on
parallel rings (Fig. 5.28(b) [47]) takes advantage of phase opposition between the

Fig. 5.28 Photography of
monolithically integrated
widely tunable lasers using
two InP-rings serial [46] or
parallel [47]
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coincidences of adjacent rings, in the same way as Y-lasers with sampled gratings
presented in Sect. 5.2.4 compared to serial SG-DBR of Sect. 5.2.2.

All these ring-based tunable lasers can at least cover the whole C-band with high
SMSR. Some of them reach up to 40 mW output power. Based on thermal tuning
rather than current injection, they benefit from linear and predictable tuning char-
acteristics, leading to a simple control procedure. These solutions are particularly
adapted to be used for coherent transmission systems as sources or local oscillators,
owing to their narrow linewidths. Indeed light is trapped for multiple paths inside
the rings, leading to long equivalent cavities. Si photonics or InP devices reach about
100 kHz linewidths, and SiO2 solutions with equivalent cavity lengths up to a few
centimeters even demonstrate record 2 kHz linewidths [48].

5.5 Subsystems and Tunable Photonic Integrated Circuits

Tunable lasers covering the C-band have now become commercially available, and
as a next development step various approaches aim at expanding the tuning range
to the C + L bands in order to reduce cost and simplify control. In addition, a large
amount of current work focuses on the integration of tunable lasers with other opto-
electronic devices in order to improve performance and provide new functionalities,
apart from cost aspects.

One option is to introduce hybrid integration in optical packaging. For example,
an InP Mach-Zehnder modulator mounted between collimating lenses has been suc-
cessfully added to the DFB array with selective MEMS of Fig. 5.21(b), and to the
DS-DBR-SOA of Fig. 5.14, to implement a 10 Gbit/s transmitter capable of low
chirp and adaptable to a small form factor optical module. To further reduce foot-
print and packaging costs, additional optoelectronic devices may be monolithically
integrated with the tunable laser chip, leading to so-called Photonic Integrated Cir-
cuits (PICs). Each device requires a different material band edge according to its
functionality, whether it is an active section with gain, a passive tuning section, a
photodetector, an electro-absorption modulator, and maybe others. Different opti-
cal integration schemes exist such as butt-joint coupling, selective area growth, and
quantum-well intermixing (QWI) [49] so that material of different composition can
be epitaxially grown on the same wafer. The University of Santa Barbara in Cali-
fornia appears to be the most active group in the field of widely tunable PICs. They
have focused on the QWI technique and have applied it to demonstrate various PICs
around their widely tunable SG-DBR design (see e.g. [49]).

5.5.1 Tunable Laser Integrated with Modulator

Direct modulation of tunable lasers has been investigated using several designs but
the maximum achievable transmission distances remained limited to around 10 km
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Fig. 5.29 (a) Photo image of a mounted SG-DBR-SOA-EAM [50], and (b) schematic structure of
an SG-DBR-SOA-MZ [51]

at 10 Gbit/s due to laser chirp. Improved transmission distances and modulation bit
rates can be expected if an external modulator is integrated with a widely tunable
laser, similar to the concept of integrating DFB lasers with a modulator.

One example in this respect is an SG-DBR-SOA integrated with a 40 Gbit/s
Electro-Absorption Modulator (EAM) as shown in Fig. 5.29(a) [50]. The EAM
bandgap is detuned to 1500 nm by QWI and provides more than 20 dB static ex-
tinction ratio for SG-DBR emission ranging between 1540 nm and 1560 nm. 1 V
peak-to-peak voltage has been sufficient to provide a clear 40 Gbit/s eye diagram
with 8 dB dynamic extinction ratio. However, the integration of EAMs with widely
tunable lasers remains critical because the operation of EAMs relies on the Quan-
tum Confined Stark Effect (QCSE) which is a band edge effect and therefore highly
dependent on the detuning between the lasing wavelength and the (photolumines-
cence) wavelength of the EAM. As a consequence it is necessary to adapt the driving
voltages to the emitted wavelengths, and the performance in terms of power, peak-
to-peak voltage, chirp, etc. varies considerably over the whole tuning range.

Mach-Zehnder modulators (MZM), which are based upon the interference be-
tween two phase-modulated arms (see also Chap. 8), intrinsically provide almost
wavelength-independent characteristics and their chirp can be adjusted arbitrarily,
allowing for longer reach, virtually penalty-free transmission. The disadvantages
of Mach-Zehnder modulators are more stringent processing specifications, higher
complexity with monolithic integration, and larger device size. An example of a
successful integration is shown in Fig. 5.29(b) [51] featuring 300 µm long MZ arms,
more than 10 GHz bandwidth, and 20 dB static extinction for less than 5 V oper-
ation voltage. Higher bandwidth and lower driving voltages can be obtained if the
MZM is operated in push-pull configuration and traveling wave electrodes are used
on the MZ arms. Clear eye diagrams have been demonstrated at 40 Gbit/s over a
tuning range of 34 nm with 3.2 V drive voltage [52].

Finally, the device illustrated in Fig. 5.27(b) has also been monolithically inte-
grated with an EAM on silicon operating in the 1.55 µm wavelength regime. Wave-
length tunability of the integrated device was limited to 10 nm because the laser and
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the EAM had the same layer structure, and the dynamic extinction ratio amounted to
6 to 10 dB with 1 Vpp drive voltage [53], however, the device concept is promising
with respect to the large volume and low cost perspectives of silicon photonics.

5.5.2 Tunable Subsystems

Monolithic integration can be pushed even further so that complete widely tunable
subsystems are obtained as shown in Fig. 5.30(a) for example [54]. The transmit-
ter is composed of an SG-DBR laser integrated with a 125 µm long EAM and an
output booster SOA that provides 3 dB penalty only for 40 Gbit/s transmission over
5 km. The tuning range exceeds 30 nm and the driving voltages are as low as 1.5 to
2.5 V. The receiver consisted of two SOAs and a Uni-Traveling-Carrier (UTC) type
photodiode yielding −20 dBm sensitivity at 40 Gbit/s.

A 40 Gbit/s tunable all-optical wavelength converter for packet-switched optical
networks is illustrated in Fig. 5.30(b) [55]. The input signal pulses are split into two
arms with a relative delay of 10 ps, then amplified by two linear SOAs, and subse-
quently they generate time delayed carrier depletion in the non-linear SOAs of the
MZ interferometer. The corresponding phase changes lead to a short time window
during which the MZ interferences are constructive. Because the continuous wave
(cw) signal emitted by the SG-DBR tunable laser is coupled into both MZ arms
and recombined at the output, the resulting signal is a replica of the input pulses,
however, converted to the cw wavelength. In this device QWI for implementing the
SG-DBR sections and linear SOAs is combined with butt-joint technology for in-
tegrating non-linear SOAs containing highly confined bulk material. Very low jitter

Fig. 5.30 (a) Complex monolithically integrated 40 Gbit/s components: tunable transceiver [54],
and (b) wavelength converter [55]
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and more than 12 dB output extinction ratio have been obtained at 40 Gbit/s with
less than 1 dB penalty across the whole C-band.

5.6 Conclusion

Research has been carried out for more than a decade to achieve widely tunable
lasers for DWDM systems featuring high performance, reduced footprint, simple
control, and cost-efficient fabrication. This topic is extremely rich in terms of overall
design innovation, and an impressive variety of approaches have been pursued. None
of them, however, appears to be a universal solution so far, instead there may be
optimum designs for different specific applications.

Designs like the SG-DBR or DS-DBR lasers appear to be the prevailing solu-
tions for metropolitan networks and for ROADMs. DFB arrays are widely used
solutions that are commercially available. This is especially true for long distance
transmission based upon coherent modulation formats (like QPSK or QAM) where
both amplitude and phase are modulated and the signals decoded by interference
with a local oscillator (see also Chap. 7). A narrow linewidth is mandatory for these
applications in order to assure low phase noise at the detection site.

Tuning can be accomplished thermally, mechanically and by current injection.
The lasers can be monolithically integrated on InP or made of discrete elements.
Many embodiments are fundamentally based on the same principles. Most of them
comprise an FP cavity and require alignment of a cavity mode to the desired wave-
length via a phase section current or via cavity length adjustment (in an external
cavity). Coarse tuning relies essentially on three generic concepts and elements:

• Use of highly-selective tunable filters. Examples are the current injection tuned
Bragg section in a DBR or a Bragg grating with tunable angle in an external
cavity.

• Use of the Vernier effect between multiple peak elements. Multiple peak elements
can be multiple peak gratings such as sampled gratings and superstructure grat-
ings in SG-DBR, SSG-DBR or TTG lasers. Alternatively, they can be formed by
Fabry-Pérot etalons in external cavities with dual FPs or by ring resonators in ring
reflector lasers.

• Use of a multiple peak element and a widely tunable coarse filter. For example,
in DS-DBR lasers a super structure grating and multiple Bragg gratings are uti-
lized, in an external cavity laser an FP etalon and a liquid crystal type mirror are
employed, and a tunable ring laser involves a ring resonator and a ladder filter.

The main approaches for widely tunable lasers are summarized in Table 5.1, which
includes the tuning principles and mechanisms, and state-of-the-art pros and cons
for each device.

Some of these tunable lasers are commercially available and deployed in DWDM
systems to a varying degree where they offer enhanced flexibility (SG-DBR-, SSG-
DBR-, Y-, DS-DBR-, DFB array + Funnel-, DFB array + MEMs-, and External
Cavity + FP etalon + LC mirror laser). Other innovative solutions are still in the
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laboratory stage, and these include lasers based upon an external cavity with mono-
lithically integrated concave mirror, with an FP etalon and an LC mirror, and more
recent developments based upon multiple ring resonators. These innovations are ex-
pected to further improve performance, e.g. by offering tuning across the full C + L
band, allowing for faster switching in future WDM PON access networks, reaching
very low linewidths, or fitting to very cost-efficient assemblies.

Another important research target is the extension of tunable lasers to photonic
integrated circuits to eventually arrive at complete monolithically integrated subsys-
tems. This opens the way towards multiple combinations of various subcomponents
and to a wide range of future devices and system functionalities.
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51. J.S. Barton, E.J. Skogen, M.L. Mašanović, S.P. DenBaars, L.A. Coldren, A widely tunable
high-speed transmitter using an integrated SGDBR laser-semiconductor optical amplifier and
Mach-Zehnder modulator. IEEE J. Sel. Top. Quantum Electron. 9, 1113–1117 (2003)
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Chapter 6
Photodetectors

Andreas Beling and Joe C. Campbell

Abstract In optical communication systems semiconductor photodetectors are
used for the optoelectronic conversion of the modulated light signal into the electri-
cal domain. This chapter focuses on p–i–n, metal-semiconductor-metal (MSM), and
avalanche photodiodes. The basic concepts of the light receiving process as well as
advanced high-speed high-power photodiode types are introduced. Photodetectors
based on group III–V materials and Silicon/Germanium are described.

6.1 Fundamentals

The light absorption process in a semiconductor photodetector for photogeneration
of electron-hole-pairs is based on the internal photoelectric effect and requires the
photon energy hν to be at least equal to the bandgap energy Eg (bandgap equiva-
lent wavelength: λg) of the absorber material. Only then is the available energy of
one photon sufficient to excite an electron from the valence band to the conduction
band leaving a hole in the valence band. For this band-to-band transition, the upper
wavelength limit for photon absorption is given by:

λg [µm] = 1.24

Eg [eV] (6.1)

Under the influence of an electric field, that is established by an applied bias volt-
age, electrons and holes are swept across the absorber which results in a flow of
photocurrent in the external circuit [1]. The external quantum efficiency ηext quan-
tifies the ability of the photodiode (PD) to transform light into an electrical current
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and is defined as the number of charge carrier pairs generated per incident photon:

ηext = Ipd

q
· hν

Popt
(6.2)

where Ipd is the photogenerated current by the absorption of the optical input power
Popt at frequency ν, and q is the elementary charge (−1.602 × 10−19 C). Ideally
ηext = 1, that is each photon generates one electron hole pair. However, it will be
shown below that in practice photodiodes usually exhibit ηext < 1 because of several
effects including finite absorber thickness, carrier recombination, optical reflections
and coupling losses. A common figure of merit is the responsivity Rpd , defined as
the ratio of photocurrent to optical input power. Based on (6.2) we write:

Rpd = Ipd

Popt
= ηextλ [µm]

1.24

A

W
(6.3)

Using (6.3), ηext = 1, and a wavelength of λ = 1.55 µm we find that the maximum
achievable responsivity is Rpd = Rideal = 1.25 A/W. Whenever Rpd depends on the
state of polarization of the incoming light, the definition of the polarization depen-
dent loss is useful:

PDL = 10 log

(
Rmax

Rmin

)
[dB] (6.4)

Here, Rmax and Rmin are the maximum and minimum responsivities for all states
of polarization. In telecommunication systems photodiodes are required to detect
optical signals modulated at high data rates. Thus, another important figure of merit
is the opto-electrical 3 dB bandwidth, which is defined as the frequency range from
DC to the cut-off frequency f3 dB. The latter is the frequency at which the electrical
output power has dropped by 3 dB below the power value at very low frequency.
The RC-time constant and the carrier transit times are the two crucial bandwidth
limitations of a photodiode. Considering the RC-effect, Fig. 6.1 shows a simple
equivalent circuit of a lumped element photodetector for which the device length
is much shorter than the electrical signal wavelength. The photodiode is described
as an ideal current source I (f ) in parallel with the junction capacitance, Cpd , and
resistance, Rp , and a series resistance, Rs . Rl is the external load resistor and is
usually 50 �. In order to achieve a matched transition to the load impedance, Rl ,
an optional termination resistor, R50 (= 50 �), may be implemented close to the

Fig. 6.1 Equivalent circuit of
a lumped element
photodetector
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photodiode. Thus, the effective load is reduced to 25 �, but at the expense of losing
half the output current. In most cases the parallel leakage current is small compared
to the photocurrent and therefore Rp becomes very high and can be omitted. The
inductance Lpd may originate from electrical interconnections or air bridges. It is
usually in the pH-range and can be neglected in photodetectors with bandwidths
up to 20 GHz. With these simplifications the RC-limited 3 dB cut-off frequency is
calculated from the equivalent circuit as

fRC = 1

2πReff Cpd
(6.5)

with Reff = Rs + RlR50/(Rl + R50).
The second bandwidth constraint is the carrier transit time, which is the time a

photogenerated electron or hole takes to travel through the active region prior to
being collected by the contacts. Assuming uniform photogeneration in an absorber
with thickness dabs, the transit time-limited bandwidth, ft , can be well estimated
using [2]:

ft ≈ 3.5v̄

2πdabs
(6.6)

where v̄ is the averaged carrier velocity. The resulting 3 dB bandwidth is given by
the expression:

f3 dB ≈
√√√√ 1

1
f 2

RC
+ 1

f 2
t

(6.7)

Taking the product of the bandwidth (6.7) and quantum efficiency (6.2) one can
define the bandwidth-efficiency product in units of [GHz]. As will be shown in the
following paragraphs, the bandwidth-efficiency product of photodiodes is generally
limited.

In the absence of light the photodiode’s dark or leakage current dominates. Gen-
erally several effects contribute to the dark current with their actual magnitudes
depending on the bias voltage, material properties, and detector design. The cur-
rent that is common to all junction diodes is the diffusion current. However, in most
photodiodes the diffusion current is considerably smaller than the generation current
[3, 4], which originates in the depleted absorption layer from impurities within the
bandgap and can be reduced by improving material quality. Additionally, tunnel-
ing and impact ionization currents can be observed once the electric field exceeds
100 kV/cm. While the tunneling current is generally undesirable, impact ionization
can be used to provide an internal gain mechanism to amplify the photocurrent.
Photodiodes that exploit impact ionization effects are referred to as avalanche pho-
todiodes (APD) and will be discussed in Sect. 6.2.3.

Photocurrent and dark current generate shot noise, which, together with thermal
noise, degrades the sensitivity of the photodiode. Shot noise accompanies any gen-
erated current within a photodetector and is related to the statistical nature of the
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carrier transport and the photon detection process. The mean square noise current
of shot noise for a photodiode is given by

〈
i2
shot

〉= 2q(Ipd + Id)�f (6.8)

Ipd is the photocurrent, Id the dark current and �f is the bandwidth.
The thermal noise or Johnson noise is due the thermal motion of electrons in

conductors and is generated in all resistances of the photodiode. The mean square
thermal noise current of a resistor R for a given bandwidth �f is given by the
expression

〈
i2
th

〉= 4kT �f

R
(6.9)

where k is Boltzmann’s constant and T is the temperature. It is worth noting that
〈i2

th〉 does not depend on the photocurrent and dark current whereas 〈i2
shot〉 does.

Since shot noise and thermal noise are uncorrelated, the total noise is found from
adding individual noise contributions as sums of squares. Once the total noise in a
photodiode is known, the signal-to-noise ratio, SNR, can be determined. The electri-
cal SNR is defined as the ratio of signal power to noise power and can be computed
for a given average photocurrent, Ipd , using the relation

SNR = I 2
pd

〈i2
shot〉 + 〈i2

th〉
(6.10)

which assumes that the power varies as the square of the current.
An important measure in digital communication systems is the bit-error rate

(BER) given by the probability of false identification of a bit by the decision cir-
cuit in the receiver. The decision circuit compares the sampled signal to a reference
value, the decision threshold. If the signal is greater than the decision threshold, it
indicates that a “1” was detected, otherwise a “0”. As in binary systems there are
only two possible signal levels, that for a “1”, I1, and that for a “0”, I0. Each of
these signal levels may have a different average noise associated with it. In order to
calculate the overall probability of a bit error, the SNRs of both signal levels have
to be taken into account which leads to the definition of the Q-factor:

Q = I1 − I0√
〈i2

1 〉 +
√

〈i2
0〉

(6.11)

In this expression I1, I0, and 〈i2
1 〉, 〈i2

0 〉 are the photocurrents and the Gaussian mean
square noise currents associated with the received bits “1” and “0”, respectively.
Assuming a constant but optimum threshold level in the decision circuit, the BER is
related to the Q-factor by the following equation:

BER = 1

2
erfc

(
Q√

2

)
≈ exp(−Q2/2)

Q
√

2π
(6.12)
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where erfc represents the complementary error function. The approximate form of
(6.12) is accurate for Q > 3. A bit-error rate of 10−12 or a Q-factor of 7 corresponds
to a probability of 1 : 1012 that a bit is identified incorrectly and is commonly called
“error-free” reception.

The receiver sensitivity is a common figure in optical communication systems.
It is the minimum received average optical power Prec that is necessary to achieve
error-free detection at a given bitrate. Considering on-off modulated signals with
optical power P1 and P0 in bits “1” and “0”, respectively, the average power is
0.5(P1 + P0). Here we consider a more general case, that is P0 �= 0. The fact that
some optical power is received during “0” bits is common to most fiber links and is
quantified by the extinction ratio, re = P0/P1. Using (6.3) and (6.11), the receiver
sensitivity can be approximated as:

Prec =
(

1 + re

1 − re

)
Q

2R

(√〈
i2
1

〉+
√〈

i2
0

〉)≈
(

1 + re

1 − re

)
Q

R

√〈
i2
th

〉
(6.13)

where shot noise from Ipd and Id has been neglected.
It should be noted, that the sensitivity is usually used to characterize the entire

optical front-end including photodiode and electrical amplifiers. This requires mod-
ification of (6.13) in order to include noise contributions from the amplifier. Simi-
larly, if the receiver contains an optical pre-amplifier, the amplifier’s noise figure has
to be taken into account. In this case Prec is typically referred to the optical power
before amplification.

The ultimate detection limit of an ideal receiver (i.e. no thermal noise, no dark
current, 100% quantum efficiency, and re = 0) is given by the quantum limit. As-
suming an ideal receiver, the sensitivity for a BER of 10−12 is given by [5]:

P ∗
min ≈ 13.5 · hν · B (6.14)

where hν is the photon energy, B is the bitrate and 13.5 is the average number of
photons per bit. For example, at a bitrate of 40 Gbit/s and an optical signal wave-
length of 1.55 µm, the quantum limited sensitivity P ∗

min is −42 dBm.

6.2 Photodiode Types

6.2.1 p–i–n Photodiode

In order to achieve a high optoelectronic conversion efficiency and high bandwidth
the p–i–n photodiode is widely used. The p–i–n PD consists of an intrinsic absorber,
sandwiched between highly doped n+- and p+-layers which give rise to a space
charge region. Compared to a simple p–n-junction, this design allows for a lower
junction capacitance and provides an additional degree of freedom in designing the
thickness of the depleted high-field region. In contrast to a homojunction PD where
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Fig. 6.2 (a) Top and (b) back
illuminated p–i–n photodiode

the p-, i-, and n-layers have the same bandgap, a heterostructure p–i–n PD poten-
tially provides higher speed, as slow diffusion photocurrents arising from carriers
generated in undepleted material are suppressed. In this design the contact layers
exhibit bandgap energies higher than the photon energy and are consequently trans-
parent at the operation wavelength. In order to avoid slow carrier trapping effects at
the heterojunction interfaces grading of the bandgap can be employed to smooth the
discontinuities in the band structure [6].

A schematic of a top-illuminated p–i–n photodiode is shown in Fig. 6.2(a); this
simple structure has become a standard commercial product. For high-speed oper-
ation the device is reverse biased by an externally applied voltage to completely
deplete the absorber and create an electric field to facilitate carrier transport. Once
an electron-hole-pair is created, the carriers drift at their saturation velocities in
opposite directions toward the electrodes and contribute to the photocurrent. The
device responsivity can be written as

Rpd = Rideal(1 − R0)
(
1 − e−αdabs

)
(6.15)

where α is the absorption coefficient, dabs is the absorber thickness and R0 is the
reflectance at the air-semiconductor interface. Assuming negligible carrier trapping
at energy band discontinuities the bandwidth is well approximated by (6.7).

It is well known that for this device structure there is a performance trade-off
between quantum efficiency and bandwidth associated with the thickness of the ab-
sorber region. As thicker absorption layer provides higher quantum efficiency this
also results in longer carrier transit time which reduces the bandwidth. A second
bandwidth constraint is due to the photodiode RC time constant. Since the resis-
tance is usually governed by the fixed load resistor (50 �), reducing the RC time
constant is achieved by decreasing the device capacitance. In a p–i–n photodiode
this can be achieved by minimizing the active junction area (Cpd ∼ A) and maxi-
mizing the depleted absorber thickness (Cpd ∼ d−1), which, in turn, results in longer
transit times. As a result of these considerations, the bandwidth-efficiency-product
of normal-incidence p–i–n photodiodes is limited to approximately 20 GHz [7],
which enables operation up to 40 Gbit/s. However, due to device miniaturization,
integration of matching circuits on chip and improvements in the vertical layer
structure, several very high-speed vertically-illuminated p–i–n photodiodes with ac-
ceptable quantum efficiencies have been demonstrated. Wey et al. achieved a 3 dB
bandwidth of 110 GHz with a back-illuminated p–i–n PD [6]. Even though a thin
absorber (200 nm) was employed the external quantum efficiency was 30% as an en-
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hanced efficiency was obtained by “double pass” of the light from the top electrode
(Fig. 6.2(b)). To increase the resistance-capacitance (RC)-bandwidth limitation a
matched resistor (50 �) was integrated on chip. Hence, the effective load was re-
duced to 25 �, however, since the resistor forms a current divider with the load,
half the output current was lost which resulted in a 6-dB reduction in output power
at low frequencies. If a reduced spectral width can be accepted, the resonant cavity
enhanced (RCE) photodetector represents another solution. With the integration of
mirrors at the top and bottom of the structure multi-pass absorption can be achieved,
leading to doubled quantum efficiency as reported in [8].

6.2.2 Metal-Semiconductor-Metal Photodetector

A metal-semiconductor-metal (MSM) photodetector consists of an undoped semi-
conductor absorption layer on which two interdigitated metal electrodes have been
deposited. Hence, it can be basically described as two Schottky diodes connected
back-to-back. For operation a voltage has to be applied to the electrodes to com-
pletely deplete the absorber and generate an electric field within the absorber
(Fig. 6.3). Since one of the diodes is in reverse bias while the other is forward bi-
ased, the MSM detector exhibits symmetric current-voltage and capacitance-voltage
characteristics. Figure 6.4 shows the simplified band structure of an MSM detector
under bias condition. Due to the Schottky barriers, Φn and Φp , formed at the metal-
semiconductor interfaces, carriers are prevented from entering the semiconductor
from the metal contacts which lowers the dark current. This is in contrast to photo-
conductors which consist of Ohmic metal-semiconductor contacts. Under illumina-
tion photogenerated carriers drift to the electrodes and contribute to the photocur-
rent. Compared to p–i–n PDs this type of planar photodetector generally exhibits
lower capacitance, a simple fabrication process, and is well suited for monolithic
integration with metal-semiconductor field-effect transistors (MESFET) [9]. How-
ever, the responsivity of top-illuminated MSM photodetectors is significantly lower

Fig. 6.3 MSM photodetector

Fig. 6.4 Schematic band
diagram of MSM PD
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compared to p–i–n PDs due to shadowing of the electrode fingers. This issue has
been addressed by using either semitransparent electrodes made, for example, from
cadmium tin oxide [10] or thin metal [11], or by back-illumination [12, 13]. Us-
ing back-illumination through the substrate, the responsivity can be at least dou-
bled [13]. Similar to p–i–n photodiodes the bandwidth of an MSM photodetector is
generally governed by RC- and carrier transit time effects. Since the MSM PD has
lower capacitance per unit area compared to PDs based on p–n junctions, its band-
width is usually determined by carrier transit times. Although the optical radiation
propagates perpendicular to the direction of the charge carrier transport (Fig. 6.3),
the MSM PD suffers from a trade-off between the quantum efficiency and band-
width: In order to increase the quantum efficiency of a front-illuminated MSM de-
tector the absorber has to be made thicker and the electrode finger spacing needs to
be enlarged, which, in turn, leads to an increase in carrier transit times and hence
lower bandwidth. Back-illuminated MSM photodetectors are even more adversely
affected by longer transit times since the carriers are predominantly generated fur-
ther away from the high electric field regions near the top electrodes. Compared to
their front-illuminated counterparts they achieve lower bandwidths. In some cases
the bandwidth reduction is as great as 50% [13].

In the last three decades, high-performance GaAs-based MSM photodetectors
operating in the 0.85 µm-wavelength window have been extensively studied. Owing
to their large Schottky barrier of 0.7 eV, these MSM photodetectors have achieved
low dark currents and high speed [14]. For operation at the longer telecommuni-
cation wavelengths MSM photodetectors with a narrow-bandgap InGaAs absorber
are required. However, as the Schottky barrier height of undoped InGaAs is only
0.2 eV, the direct deposition of the electrode on the InGaAs results in unacceptably
large leakage currents at low bias voltage. To solve this problem a thin undoped
barrier-enhancement layer (GaAs, InAlAs or InP) has been introduced between the
electrode and the absorption layer [9]. Since the resulting bandgap discontinuity
may be responsible for some performance degradation due to charge pile-up at the
interface, additional compositionally graded layers or a graded superlattice region
have been placed between the hetero-interfaces to improve device performance [15].

Due to the low capacitance of the MSM structure very large area detectors with
notable bandwidth have been reported. In [16] a 350 × 350 µm2 MSM detector with
0.4 A/W responsivity and 900 MHz bandwidth has been achieved. A 1 × 1-mm2

area MSM photodetector with 1.02 A/W responsivity at 1.53 µm wavelength and
210 MHz bandwidth was reported in [17]. To reduce carrier transit times and thus
achieve higher speed the electrode finger widths and gaps were further downscaled
into the sub-micron range. By applying direct electron beam lithography, front-
illuminated InGaAs MSM photodetectors with 0.2 µm feature size finger electrodes
with 70 GHz bandwidth have been demonstrated [18]. Recently, a compact MSM
waveguide-integrated Germanium-on-insulator photodetector with 10 fF capaci-
tance and operating speed sufficient to support data rates at 40 Gbit/s was demon-
strated in [19]. The barrier height and the dark current of a 30-µm long photodetector
at 1 V bias voltage were determined to be 0.08 eV and 90 µA, respectively.
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6.2.3 Avalanche Photodiodes

Unlike the previously described photodiode structures, the avalanche photodiode
(APD) can achieve substantially better sensitivity due to an internal gain mecha-
nism. In an APD the photogenerated carriers are accelerated in a high-field drift
region to such an extent that they generate new electron-hole pairs by impact ion-
ization. Thus, a single photon is able to produce multiple electron-hole pairs. The
multiplication factor M quantifies the photocurrent enhancement and is typically
between 10 and 100 for fiber optic receivers. Although APDs require more complex
epitaxial wafer structures and bias circuits, they have been successfully deployed in
optical receivers that operate up to 10 Gbit/s. Due to their gain APDs provide higher
sensitivity in optical receivers (PD + amplifier) than p–i–n photodiodes [20–23].
This advantage, however, applies only to thermal-noise-limited receivers since the
gain mechanism is accompanied by an excess noise which depends on the carrier
multiplication statistics. The excess noise also affects the speed of an APD through
the avalanche build-up time which gives rise to the gain-bandwidth product of an
APD.

The multiplication region of an APD plays a critical role in determining its per-
formance, specifically the gain, the multiplication noise, and the gain-bandwidth
product. According to McIntyre’s local-field avalanche theory [24–26], both the
noise and the gain-bandwidth product of APDs are determined by the electron-,
α, and hole-, β , ionization coefficients of the semiconductor in the multiplication
region, or more specifically, the ionization coefficient ratio, k = β/α if β < α and
k = α/β if β > α. The shot noise current for mean gain M is given by

〈
i2
shot,APD

〉= 2qM2(Ipd + Id)F (M)�f (6.16)

where F(M) is the excess noise factor, which arises from the random nature of
impact ionization. Under the conditions of uniform electric fields and injection of
the carrier with the highest ionization coefficient, the excess noise factor is

F(M) = kM + (1 − k)

(
2 − 1

M

)
(6.17)

Equation (6.17) has been derived under the condition that the ionization coeffi-
cients are in local equilibrium with the electric field, hence, the designation “local
field” model. This model assumes that the ionization coefficients at a specific po-
sition are determined solely by the electric field at that position. It is clear from
(6.17) that lower noise is achieved when k � 1. The gain-bandwidth product results
from the time required for the avalanche process to build up or decay; the higher
the gain, the higher the associated time constant and, thus, the lower the bandwidth.
Emmons [27] has shown that the frequency-dependent gain can be approximated by
the expression

M(2πf ) = M0√
1 + (2πf M0kτ)2

(6.18)
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where M0 is the DC gain and τ is approximately (within a factor of ∼2) the carrier
transit time across the multiplication region. It follows from this expression that for
M0 > 1/k the frequency response is characterized by a constant gain bandwidth-
product that increases as k decreases.

There are three documented methods to achieve low excess noise in an avalanche
photodiode. The best-known approach is to select a material with low-noise char-
acteristics, i.e., k � 1, such as Si [28–31]. Si APDs were widely used in first-
generation optical fiber communication systems which operated in the wavelength
range 800 nm to 900 nm [32]. Since the attenuation and dispersion characteristics
of optical fibers favor operation in the now standard telecommunication wavelength
range of 1.3 µm to 1.6 µm, subsequent generations employed materials appropri-
ate for longer wavelength operation, primarily those lattice-matched to InP. One
such material, In0.53Ga0.47As (referred to in the following as InGaAs), which has a
bandgap energy of 0.75 eV, is widely used as the absorbing layer in a wide range
of telecommunication detectors. However, the narrow bandgap, which enables high
responsivity in the short wavelength infrared (SWIR) spectrum also results in ex-
cessive dark current due to tunneling at the high electric fields required for im-
pact ionization in InGaAs homojunctions [33, 34]. This led to the development of
separate absorption and multiplication (SAM) APD structures [35]. In these APDs
the p–n junction and thus the high-field multiplication region is located in a wide
bandgap semiconductor such as InP where tunneling is insignificant and absorp-
tion occurs in an adjacent InGaAs layer. By properly controlling the charge density
in the multiplication layer, it is possible to maintain a high enough electric field
to achieve good avalanche gain while keeping the field low enough to minimize
tunneling and impact ionization in the InGaAs absorber. However, the frequency
response of SAM APDs, as originally implemented, was very poor owing to accu-
mulation of photo-generated holes at the absorption/multiplication heterojunction
interface [36]. To eliminate the slow release of trapped holes a transition region con-
sisting of one or more latticed-matched, intermediate-bandgap InGaAsP layers was
introduced [37, 38]. A second modification to the original SAM APD structure has
been the inclusion of a high-low doping profile in the multiplication region [39–41].
In this structure the wide-bandgap multiplication region consists of a lightly doped
layer where the field is high, and an adjacent, doped charge layer or field control re-
gion. This type of APD, which is frequently referred to as the SACM structure with
the “C” representing the charge layer, decouples the thickness of the multiplication
region from the charge density constraint in the SAM APD. Most of the initial work
on InP/InGaAsP/InGaAs SAM and SACM APDs utilized mesa structures owing
to their fabrication simplicity and reproducibility. However, the consensus that pla-
nar structures can effectively suppress edge breakdown spurred their development.
Figure 6.5 shows a schematic cross section of an InP/InGaAsP/InGaAs SACM APD
with a double diffused floating guard ring [42]. The adjacent graph shows the elec-
tric field profile normal to the surface and illustrates how the charge layer is used to
tailor the relative fields in the multiplication and absorption layers.

Low excess noise and high gain-bandwidth product have also been achieved by
submicron scaling of the thickness of the multiplication region, wm. This is some-
what counterintuitive since it appears to contradict the local field model. As wm
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Fig. 6.5 Schematic cross section of InP/InGaAsP/InGaAs SACM APD with double-diffused float-
ing guard ring configuration [42]

is reduced, in order to maintain the same gain, the electric field intensity must in-
crease in order to reduce the distance between ionization events. However, for high
electric fields the electron and hole ionization coefficients tend to merge so that
k approaches unity. Consequently, based on the excess noise expression in (6.17),
higher excess noise would be expected for the same gain. However, in contrast to
the basic assumption of the local-field model, it is well known that impact ioniza-
tion is non-local in that carriers injected into the high field region are “cool” and
require a certain distance to attain sufficient energy to ionize [43]. This also applies
to carriers immediately after ionization because their final states are typically near
the band edge. The distance in which essentially no impact ionization occurs is fre-
quently referred to as the “dead space”. If the multiplication region is thick, the dead
space can be neglected and the local field model provides an accurate description
of APD characteristics. However, for thin multiplication layers the non-local nature
of impact ionization has a profound impact as the ionization process becomes more
deterministic. Several models [44–50] have successfully been developed to accu-
rately include the effect of the dead space. Practical noise reduction in thin APDs
has been demonstrated for a wide range of materials [51–53]. Figure 6.6 shows the
excess noise figure versus gain for GaAs APDs with wm in the range from 0.1 µm
to 0.8 µm [46]. The dashed lines are plots of (6.17) for k = 0.2 to 0.5. These lines
are not representative of the actual k values; they are presented solely for reference
because the k value has become a widely used indirect figure of merit for excess
noise. For constant gain, it is clear that the excess noise falls significantly with de-
creasing wm.

While shrinking the multiplication region thickness is an effective approach to
noise reduction, it should be noted that this is relative to the characteristic noise
of the bulk (thick) material. Thus, it appears that lower noise can be achieved by
beginning with “low-noise” semiconductors. For this reason, InAlAs, which can
be grown lattice-matched on InP substrates, is an attractive candidate for telecom-
munications APDs. Watanabe et al. [54] measured the ionization coefficients for
InAlAs and found that k = β/α ∼ 0.3 to 0.4 for electric fields in the range from



260 A. Beling and J.C. Campbell

Fig. 6.6 Comparison of
calculated noise curves (solid
lines) with experimental data
for GaAs homojunction APD
of different thickness 0.1 µm
("), 0.2 µm (2), 0.5 µm (Q),
and 0.8 µm (a) [46]

Fig. 6.7 Schematic cross-sectional view of an inverted InAlAs/InGaAs p-down APD with
triple-mesa structure [59]

400 to 650 kV/cm which compares favorably with k = α/β ∼ 0.4 to 0.5 for InP.
Thin layers of InAlAs have also been incorporated into the multiplication region of
SACM APDs. Ning Li et al. [55] reported that mesa-structure undepleted-absorber
InAlAs APDs with 180 nm-thick multiplication regions exhibited excess noise
equivalent to k = 0.15 and a gain-bandwidth product of 160 GHz. Several planar
InAlAs/InGaAs SACM APDs have also been developed. An AlInAs/InGaAs planar
SACM APD without a guard ring has achieved gain >40, high external quantum
efficiency (88%), 10 GHz low-gain bandwidth, and a gain-bandwidth product of
120 GHz [56, 57]. Higher operating bandwidth and gain-bandwidth product have
been achieved with a triple mesa p-down InAlAs/InGaAs APD. A schematic cross
section of the structure is shown in Fig. 6.7. In order to optimize the transit time, the
InGaAs absorber is partially depleted similar to that in partially depleted absorber
UTC-type photodiodes [58]. The 100 nm InAlAs multiplication layer enabled a
gain-bandwidth product of 235 GHz [59]. A triple-mesa configuration is employed
to eliminate edge breakdown by reducing the electric field at the periphery of the
device [60]. Devices designed for 25 Gbit/s have achieved 72% external quantum ef-
ficiency, bandwidths of 18.5 GHz and 23 GHz at gains of M = 10 and 4.47, respec-
tively, and an excess noise factor corresponding to k = 0.2. A four channel receiver
utilizing these APDs demonstrated 100GbE over 50 km; all channels achieved re-
ceiver sensitivities better than −20 dBm at 10−12 BER [59].
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Fig. 6.8 Schematic cross section of a Ge/Si SACM APD [64]

The low noise of Si APDs has motivated several approaches to merge Si multi-
plication regions with long-wavelength absorbers. Si/InGaAs APDs have been fab-
ricated by wafer bonding [61–63]. These APDs have achieved low dark current
(4 × 10−5 A/cm2 @ M = 50) [62], excess noise levels comparable to Si homojunc-
tion devices (k ∼ 0.02) and bandwidths up to 4.8 GHz [61]. However, these APDs
have not displaced InP/InGaAs SACM APDs owing to materials issues related to
the bonded interface between InGaAs and Si. The SACM structure has been suc-
cessfully applied to a monolithically grown Ge/Si APD in which light absorption
and carrier multiplication occur inside Ge and Si, respectively [64]. A schematic
cross-section of the device structure is shown in Fig. 6.8. A 1 µm-thick Ge absorber
was grown on the Si multiplication layer (0.5 µm) by chemical vapor deposition.
A Si charge layer was used to maintain a low electric field at the SiGe interface. Of
particular note, these APDs achieved gain-bandwidth product of 340 GHz, which
is two to three times higher than InP/InGaAs APDs. The effective noise factor, k,
was only 0.09. Optical receivers built with these APDs demonstrated a sensitivity
of −28 dBm at 10 Gbit/s and a bit error rate (BER) of 10−12 [64]. Using a similar
structure, M. Huang et al. reported 18 GHz at a gain of 8, responsivity =0.55 A/W
at 1310 nm, and successful operation at 25 Gbit/s; the receiver sensitivity was
−20 dBm [65].

It has been shown that the noise of APDs with thin multiplication regions can
be reduced even further by incorporating new materials and impact ionization en-
gineering (I2E) with appropriately designed heterostructures [66–73]. Structurally,
I2E is similar to a truncated multiple quantum well, however, operationally there is
a fundamental difference in that these APDs do not invoke heterojunction band dis-
continuities. Their function relies instead on the differences in threshold energies for
impact ionization between adjacent wide-bandgap and narrower-bandgap materials.
The structures that have achieved the lowest excess noise to date, utilize multipli-
cation regions in which electrons are injected from a wide bandgap semiconductor
into adjacent low bandgap material. Recently, InGaAlAs/InP implementations that
operate at the telecommunications wavelengths have been reported. Using both a
single-well structure and a pseudo-graded bandgap based on InAlAs/InGaAlAs ma-
terials Wang et al. [72] demonstrated excess noise equivalent to k ∼ 0.12 and dark
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Fig. 6.9 Excess noise factor,
F(M), versus gain for an
SACM APD with I2E
In0.52Ga0.15Al0.33As/In0.52-
Al0.48As multiplication
region [73]

current comparable to that of homojunction InAlAs APDs. Duan et al. have in-
corporated a similar I2E multiplication region into an MBE-grown InGaAlAs I2E
SACM APD [73]. Based on Monte Carlo simulations of similar GaAs/AlGaAs I2E
APDs [69], it can be inferred that there are relatively few ionization events in the
In0.52Al0.48As layer, owing to the combined effects of “dead space” and the higher
threshold energy in In0.52Al0.48As. Figure 6.9 shows the excess noise factor, F(M),
versus gain. The dotted lines in Fig. 6.9 are plots of F(M) for k = 0 to 0.5. For
M ≤ 4, it appears that k < 0, which is unphysical and simply reflects the inapplica-
bility of the local field model for this type of multiplication region. At higher gain,
the excess noise is equivalent to a k value of ∼0.12. For reference, the excess noise
factor for InP/In0.53Ga0.47As SACM APDs is shown as the shaded region in Fig. 6.9.

Interest in extending the transmission of optical communications into the 2 µm
band has been stimulated by the development of hollow core photonic bandgap
fibers. Detectors that operate in the mid-wave infrared (MWIR) spectrum are not
as advanced as those in the SWIR. A promising candidate for 2 µm APDs utilizes
InAs as the gain material. InAs APDs have also demonstrated k ∼ 0 with mode-
rately low dark current at room temperature [74, 75]. InAs APDs employing 10 µm-
thick intrinsic regions and AlAsSb blocking layer to suppress electron diffusion
current achieved gain as high as ∼300 at 15 V bias. The gain-bandwidth product
was >500 GHz, however, the bandwidth was transit-time limited in the range 2 to
3 GHz independent of gain owing to the thick depletion width required to minimize
the tunneling component of the dark current.

6.2.4 Advanced Photodiode Structures

Driven by the requirements of coherent fiber optic links and high-speed analogue
systems there has been increased interest in high-speed photodiodes that achieve the
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requisite bandwidths without sacrificing responsivity, linearity, or output power sig-
nal levels [76–78]. In analogue fiber optic links high output photocurrent levels help
to minimize the noise figure and hence increase the dynamic range [79, 80]. How-
ever, there are several physical mechanisms that impact saturation in photodiodes,
including space-charge screening [81, 82], and thermal [83, 84] effects. The space
charge effect has its origin in the spatial distribution of the photogenerated carriers
as they transit the depletion layer. At high current densities, as electrons and holes
travel in opposite directions, an internal space-charge field is generated that opposes
the bias electric field. For sufficiently high optical input power levels, the space-
charge induced electric field can be strong enough to make the bias electric field
collapse, which will result in reduced carrier drift velocities, longer transit times,
and hence RF photocurrent compression [85]. Higher applied voltages help to mit-
igate these effects, however, eventually the added Joule heating increases junction
temperatures which can cause device failure. The thermal limit is determined by the
heat dissipation characteristics of the constituent semiconductor layers, the photodi-
ode geometry, and by the heat sink design. Joule heating can result in temperatures
as high as 500 °C in the depletion region [84] which can cause device thermal and/or
electrical failure. When large output photocurrent is delivered to the load, the volt-
age drop across the load and the device series resistance can effectively remove the
available voltage bias from the depletion region and thus negatively impact the pho-
todiode saturation. A measure of the photodiode saturation is the saturation current
which is defined as the average photocurrent at which the electrical output power at
the cut-off frequency deviates by −1 dB from an ideal current-power relation at the
load resistor.

To address the space-charge effect several photodiode structures have been devel-
oped including the dual-depletion region (DDR) photodiode [86], the uni-traveling
carrier (UTC) photodiode [87, 88] and the partially-depleted-absorber (PDA) pho-
todiode [89].

The DDR PD is characterized by a transparent drift layer between the intrinsic
absorber and the n-type contact layer (Fig. 6.10(a)). Compared to a p–i–n PD with
the same depleted absorber thickness it allows for a reduced junction capacitance for
the same hole transit time. In the structure the photogenerated holes transit only the
InGaAs absorbing layer whereas the electrons travel across both the absorbing layer
and the InP drift layer. Since electrons are faster than holes, the overall bandwidth
in otherwise RC-limited devices can be reasonably increased when the layer thick-
nesses are designed properly. To date, DDR PDs with bandwidths up to 50 GHz and
0.7 A/W responsivity have been published [90]. Using a graded-index (GRIN) lens
for uniform illumination, which mitigates the space-charge effect [81], saturation
photocurrents of 45 mA at 10 GHz were achieved [91].

The band diagram of the UTC PD is schematically shown in Fig. 6.10(b). The ac-
tive part of the UTC PD consists of a p-type narrow-bandgap light absorption layer
and an undoped, wide-bandgap (transparent) depleted carrier-collection layer. The
photogenerated minority electrons in the neutral absorption layer are transported by
diffusion and/or drift into the depleted collection layer. In order to accelerate the
electron diffusion process, a built-in electric field can be generated in the p-doped
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Fig. 6.10 Schematic band diagrams of (a) DDR PD, (b) UTC PD, (c) PDA PD and (d) MUTC
PD with InGaAs absorbing layers and InP contact layers on semi-insulating (SI) InP substrate. The
transit paths of photogenerated electrons (e) and holes (h) are indicated

absorber by well-controlled bandgap- or doping-grading. Once the electrons reach
the high-field collection layer, they drift toward the n-contact at a high saturation ve-
locity. On the other hand, since the absorption layer is quasi-neutral, photogenerated
majority holes respond very fast within the dielectric relaxation time by their collec-
tive motion. This is an essential difference from the conventional p–i–n PD, in which
both electrons and holes contribute to the response current and the low-velocity
hole-transport dominates the speed performance and exacerbates the space-charge
effect [92]. Since electrons maintain their high velocity at relatively low electric
fields, the UTC PD can achieve high speed and high saturation output photocurrent
even at low bias voltage [93].

In the UTC PD the transit time for electrons has two components corresponding
to the undepleted absorber and the drift region with widths WA, and WC , respec-
tively. The total transit-time is [94]:

τi = WC

3.5v̄
+
[

W 2
A

3De

+ WA

vth

]
(6.19)

where De is the electron diffusion coefficient and vth is the electron thermal velocity.
W 2

A/3De is the diffusion transit time and WA/vth is the correction factor associated
with the finite thermal velocity.

The reduction of absorber and drift region widths and the miniaturization of the
active area has led to UTC photodiodes that achieved high saturation current and
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very high-speed. Shimizu et al. reported a 20-µm2 back-illuminated UTC PD with
a 3 dB bandwidth of 152 GHz, an output peak voltage of 0.7 V, and 13% external
quantum efficiency [95]. A UTC PD with bandwidth of 220 GHz at 25 � effective
load and 0.13 A/W was presented in [96]. In addition, the carrier transit time in
UTC photodiodes can be further reduced by exploiting the velocity overshoot of
electrons in the depletion layer [97]. By introducing an additional p-type charge
layer between collector and n-contact layer, the electric field inside the structure can
be adjusted to benefit from the electron velocity overshoot [98]. Using this structure
Wu et al. have reported a 64 µm2 device having a 3 dB bandwidth of 120 GHz at
25 � effective load. The back-illuminated PD with an integrated micro-lens on the
substrate showed a responsivity of 0.15 A/W [98]. Recently, a similar device flip-
chip bonded onto an AlN substrate for improved heat sinking achieved a saturation
photocurrent of 37 mA [99].

In [58] Li et al. proposed a structure where a thin InGaAs depletion layer was
combined with undepleted InGaAs absorbers to increase responsivity (Fig. 6.10(c)).
This structure is called a partially-depleted-absorber (PDA) photodiode and pro-
vides higher responsivity than a UTC PD with the same undepleted absorber thick-
ness. Balancing the hole and electron densities within the depletion region was pre-
viously suggested as a technique for minimizing the space charge effect and for in-
creasing photocurrents [85]. In the PDA, photodiode charge balance is accomplished
by the p-doped absorber and an n-doped absorber on each side of the i-region. The
p-doped absorber injects electrons into the i-region while the n-doped absorber in-
jects holes. In the implementation, electron injection is stronger than that of holes
due to the different thicknesses of the absorbers on each side of the i-layer. Since
thin depletion layers are essential to obtain high currents, the PDA PD was de-
signed with a thinned i-layer (250 nm) which reduces space-charge screening and
minimizes thermal effects across the depletion layer [92]. Due to the poor thermal
conductivity of InGaAs high-power InP/InGaAs PDs need to avoid thick InGaAs
depletion layers to prevent thermally-induced degradation and potential device fail-
ure at high optical photocurrents [85]. The measured compression photocurrent of a
back-illuminated 8 µm-diameter PDA PD was 24 mA at 48 GHz with responsivity
of 0.6 A/W [58].

A hybrid structure of UTC and PDA has been proposed by Jun et al. in [100].
This structure, called a modified UTC (MUTC), is formed by inserting an un-
doped i-InGaAs layer between the p-type InGaAs absorber and the InP drift layer
(Fig. 6.10(d)). Thus the MUTC PD provides an additional design parameter which
allows higher responsivity and higher bandwidth when the layer design is optimized
[101]. The epitaxial layer structure of an MUTC PD that reached very high satura-
tion current is shown in Fig. 6.11 [102]. The InGaAs absorber region was com-
prised of a 150 nm-thick depleted layer and 700 nm step-graded p-doped layers.
The latter create a quasielectric field that enhances the electron diffusion toward the
drift region [95]. The 900 nm InP electron drift layer was slightly n-type doped for
space charge compensation [103]. The incorporated positive charges pre-distort the
electric field to partially compensate the field change caused by the space charge
in the presence of high photocurrents. A “cliff” layer was incorporated between
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Layer Material Doping (cm−3) Thickness
(nm)

p-contact InGa0.47As0.53 p+ doping, 2 × 1019 50

Block layer InP p+ doping, 1.5 × 1018 100

Quaternary layer InGaAsP, Q 1.1 p+ doping, 2 × 1018 15

Quaternary layer InGaAsP, Q 1.4 p+ doping, 2 × 1018 15

Graded doped absorber InGa0.47As0.53 p+ doping, 5 × 1017 ∼ 2 × 1018 700

Depleted absorber InGa0.47As0.53 n− doping, 1 × 1016 150

Quaternary layer InGaAsP, Q 1.4 n− doping, 1 × 1016 15

Quaternary layer InGaAsP, Q 1.1 n− doping, 1 × 1016 15

Cliff layer InP n doping, 1.4 × 1017 50

Drift layer InP n− doping, 1 × 1016 900

n-contact InP n+ doping, 1 × 1019 1000

Substrate InP, semi-insulating, double side polished

Fig. 6.11 Epitaxial layer structure of charge-compensated MUTC photodiode [102, 106].
Q 1.1 (1.4) represents quaternary GaInAsP with 1.1 (1.4) µm bandgap equivalent wavelength

the absorber and charge-compensated transparent drift layers to enhance the elec-
tric field in the depleted absorber layer [104, 105]. To improve thermal dissipa-
tion these MUTC-PDs were flip-chip bonded onto high-thermal conductivity sub-
mounts. Using a Au–Au thermo-compression bonding process the maximum dis-
sipated DC power (Ipd × Vbias) of the photodiodes was increased by up to 90%
as the result of flip-chip bonding onto an AlN substrate [106]. Even higher val-
ues were obtained when using diamond substrates. Photodiodes with diameters of
28 µm and 50 µm achieved RF output powers of 26 dBm at 25 GHz, and 32.7 dBm at
10 GHz, respectively, the average photocurrent reached 300 mA [102]. Recently, de-
vice miniaturization and optimization of the on-chip microwave transmission lines
enabled MUTC PDs with 3-dB bandwidths up to 65 GHz and 16 dBm RF out-
put power [107]. In this design an air-bridge connected the photodiode to a high-
impedance transmission line (∼85 �) which was also the bond pad in the flip-chip-
bonding process. As the transmission line was designed to provide slight induc-
tive peaking, the bandwidth was expanded by 30% beyond the conventional RC-
limitation.

6.2.5 High-Speed Side-Illuminated Photodiodes

To overcome the bandwidth-efficiency trade-off side-illuminated waveguide-photo-
diodes (WGPD) have been developed for p–i–n [108, 109], MSM [18, 19], UTC
[110–113], PDA [114], and APD photodiodes [115–118]. WGPD structures are
illustrated in Fig. 6.12. The primary benefit of this type of photodetector is that
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Fig. 6.12 Side-illuminated
(a) WGPD and
(b) evanescently-coupled
WGPD

high efficiency and short carrier transit times can be achieved simultaneously [119].
Waveguide-photodiodes utilize an input optical waveguide with embedded absorb-
ing layer. The photogenerated carriers transit only the thin absorption/depletion re-
gion perpendicular to the epitaxial layers which enables high bandwidths. Since
electrical and optical transports are not collinear, the carrier transit times are deter-
mined by the thickness of the absorber while the length of the detector primarily
controls the responsivity. Assuming a single mode WGPD, the responsivity is given
by [7]:

RWGPD = Rideal(1 − R0)ηc

[
1 − exp(−Γxyαlabs)

]
(6.20)

Here, ηc is the input coupling efficiency determined from the overlap integral be-
tween the optical fields of the input (fiber) and WGPD, Γxy is the confinement
factor in the xy-plane (perpendicular to the propagation direction) which quantifies
the fraction of power confined within the absorbing layer, and labs is the PD length.
For high-speed WGPDs with thin absorbers (<1 µm) either ηc or Γxy is <1. This
is because the diameter of the fiber input light spot, even when focused by lenses,
is no less than 2 µm, while the optical field distribution well confined within the ab-
sorbing layer is narrower than 1 µm. On the other hand, having a wider optical field
distribution in the WG-PD improves ηc, however, at the expense of a reduced Γxy .

Using a double core, i.e. large multimode optical cavity, Kato et al. presented a
WGPD with a record bandwidth-efficiency product of 55 GHz in 1994 [120]. The
12 µm-long p–i–n WGPD achieved a quantum efficiency as high as 50%. The mush-
room mesa approach developed for this photodiode yielded low resistance (10 �)
while minimizing the p–n junction area to realize very low capacitance (∼15 fF)
which enabled an RC-limited bandwidth of 110 GHz.

The disadvantages of WGPDs are the limited high-power capability due to non-
uniform carrier distribution along the optical path and the low tolerance to lateral
and vertical displacement of the input signal. The latter implies the use of addi-
tional optics or a tapered fiber in order to efficiently illuminate the small active
region. Thus, in general, a low tolerance to lateral and vertical displacement of the
input signal is obtained which makes the fiber-chip coupling more crucial and com-
plex. Recently, coupling tolerances at 1 dB extra loss of ±0.85 µm and ±1.3 µm
in the vertical and horizontal direction, respectively, were reported for a 5 µm-wide
tapered waveguide photodiode [121]. This photodiode had an absorption layer of
only 100 nm thickness embedded within thicker depleted transparent layers to re-
duce capacitance and balance electron and hole drift times. The reported bandwidth
was 42 GHz with a responsivity of 1.08 A/W. In another approach Fukano et al.
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proposed the edge-illuminated refracting facet photodiode (RFPD) in which the in-
cident light that is parallel to the top surface is refracted at an angled facet and tran-
sits the absorption layer with a certain refracted angle [122]. With this design, the
fiber-chip −1 dB-misalignment tolerances in the horizontal and vertical direction
were as large as 13.4 µm and 3.3 µm, respectively. Furthermore, since this design
leads to an increased absorption length compared to a vertically-illuminated pho-
todiode, a high responsivity of 1 A/W with <0.3 dB polarization dependent loss
(PDL) was measured for a p–i–n RFPD with a 1-µm thick absorber [123]. Applying
the UTC structure to the RFPD and further downscaling of the active area has led to
high-speed, high-power UTC PDs with 3 dB bandwidths up to 310 GHz (at 12.5 �

effective load) [124]. In [125] a refracting-facet UTC PD module with responsivity
of 0.21 A/W and 0.5 dB PDL for the detection of 100 and 160 Gbit/s return-to-zero
(RZ) data rates was reported. Similar detector modules have been further optimized
for W-band (75–110 GHz) [126], F-band (90–140 GHz) [127] and D-band (110–
170 GHz) [128] operation; the latter exhibited a maximum RF output power of
2 dBm at 150 GHz.

In contrast to these side-illuminated devices the evanescently-coupled WGPD
consists of a photodiode located on top of a passive waveguide. In the structure
shown in Fig. 6.12(b) the light couples evanescently from a single mode input wave-
guide to the PD mesa which ensures a more uniform absorption along the device
length and leads to an improved high-power capability [129]. This WGPD is well-
suited for the monolithic integration with additional components, such as planar
lightwave circuits resulting in advanced detector structures with increased function-
ality or photonic integrated circuits [130]. Furthermore, independent of the active
device, a mode field transformer (taper) can be integrated in order to improve the
fiber-chip coupling efficiency. This enables the use of a cleaved fiber instead of a
tapered/lensed fiber, which simplifies the fiber-chip coupling process and also pro-
vides large alignment tolerances of ±2.5 µm and ±3.5 µm in the vertical and hori-
zontal directions, respectively [108]. A highly efficient waveguide-integrated p–i–n
photodetector was reported in [131]. The photodetector chip comprised a p–i–n pho-
todiode with an active area of 5 × 20 µm2 and an InGaAsP/InGaAs heterostructure
absorption layer stack, a vertically tapered mode field transformer, a biasing net-
work, and a 50 � load resistor. An optimized impedance of the electrical output line
of the detector led to an increase of the cut-off frequency to >100 GHz. Figure 6.13
shows (a) a schematic of this photodiode structure, (b) the p–i–n layer stack, and (c)
the monolithically integrated bias circuitry. The chip was assembled into a package
equipped with a 1 mm coaxial output connector and a fiber pigtail (Fig. 6.14, inset).
Figure 6.14 shows the calibrated frequency response of the photodetector module
at −2 V bias. A 3 dB bandwidth of 100 GHz with a maximum RF output power
of −7 dBm was measured with an optical heterodyne setup [132]. The responsivity
was 0.73 A/W.

Similar PD modules have been evaluated in several back-to-back transmission
experiments [133]. Figure 6.15 shows the received electrical 80 Gbit/s return-to-zero
(RZ) eye patterns at different optical input power levels using a 70 GHz-sampling
oscilloscope. All measured eye patterns exhibit wide opening with a peak voltage up
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Fig. 6.13 (a) Evanescently-coupled WGPD, (b) p–i–n mesa, and (c) monolithically integrated
bias circuitry [131]

Fig. 6.14 Relative frequency
response of the PD module
(+2.3 dBm optical input
power), inset: photograph of
the PD module [132]

Fig. 6.15 Electrical 80 Gbit/s
return-to-zero (RZ) eye
pattern at 3, 6, 9 and 12 dBm
optical input power detected
by the PD module at −2.5 V
bias (x: 5ps/div) [133]

to 0.6 V revealing only negligible saturation effects at +12 dBm. Figure 6.16 shows
the detected 160 Gbit/s RZ data stream at +12 dBm optical input power. Due to
the insufficient bandwidth of the sampling head and the PD module an RZ-to-NRZ
conversion can be observed. Nevertheless, the eye amplitude is still notable and the
inner eye opening reached 160 mV.
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Fig. 6.16 Detected eye
pattern under 160 Gbit/s RZ
excitation [133]

Fig. 6.17 Measured
frequency responses for
5 × 7 µm2 p–i–n photodiodes
with 430 nm, 350 nm, and
200 nm thick absorbers

A fully packaged photodiode of this type capable of providing a flexible DC
offset voltage at its RF output achieved a bandwidth of 90 GHz. The on-chip bias
network of this photodetector was modified to supply a voltage to the postamplifier
or demux IC without the need of an external bias tee [134]. The responsivity of the
photodetector module was 0.53 A/W with a PDL of only 0.1 dB.

The reduction of absorber thickness and PD length allowed to further enhance
the bandwidth of similar p–i–n photodiodes in [135, 136]. By downscaling the PD
length to 7 µm the reduced capacitance enabled transit-time limited bandwidths at
25 � effective load of 100 GHz, 120 GHz and 145 GHz for 430 nm-, 350 nm- and
200 nm-thick absorbers, respectively (Fig. 6.17). Owing to an optimized evanescent
coupling scheme the fiber-coupled responsivities were 0.51 A/W, 0.48 A/W and
0.35 A/W, respectively. To avoid a decrease in responsivity, which generally fol-
lows the reduction in PD length, the n-contact layer was extended by a well-defined
length L toward the single mode input waveguide (Fig. 6.18). Since both, the PD
mesa and the protruding section L form multimode waveguides, mode beating ef-
fects can be exploited in order to facilitate an efficient coupling from the single
mode waveguide into the absorber [137, 138], and thus increase Γxy . Since Γxy is a
function of z (in propagation direction) and L, the responsivity of the evanescently
coupled WGPD, ReWGPD, can be estimated using the relation:

ReWGPD = Rideal(1 − R0)ηc

[
1 − exp

(
−α

∫ labs

0
Γxy(z,L)dz

)]
(6.21)
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Fig. 6.18 Responsivity vs.
PD length. Each circle
displays experimental data for
a different device from a
previously fabricated wafer
with L = 2 µm. The star
indicates the optimized
design with L = 7 µm [140]

Fig. 6.19 Cross-sectional view of the PD with extended n-contact layer (matching layer). All
refractive indices at 1.55 µm wavelength. The light is injected from the left into the mode field
transformer (not shown) and couples evanescently from the semi-insulating waveguide into the
p–i–n mesa. The insets depict the optical 2D field intensity profiles calculated in the single mode
waveguide (left), multimode matching layer (center) and multimode PD mesa (right) [140]

where the input waveguides are assumed to be lossless. It should be noted that
designing a WGPD with a non-constant confinement factor can be beneficial for
high-power applications [139]. To achieve a more uniform absorption profile and
thus current density the confinement factor should increase toward the end of the
WGPD.

Numerical simulations of the optimized structure showed that illumination, and
thus absorption, are strong in the first few microns of the absorber (Fig. 6.19, insets)
[140]. For maximum responsivity the protrusion length L can be estimated from the
beat length of the two most prominent modes in the multimode structure reduced by
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Fig. 6.20 Schematic of
photodiode with planar
multimode input waveguide
and two optical matching
layers. The lower image is the
simulated optical intensity as
light propagates through the
integrated waveguide/PD
structure [142]

the PD length. Experimentally L = 7 µm was found for a 7 µm-long PD which is
in good agreement with the calculation using a numerically determined beat length
of 13 µm. Compared to previous devices with L = 2 µm a twofold responsivity
increase to 0.51 A/W was reached with the optimized structure (Fig. 6.18).

It has been shown that high fiber-coupled efficiencies can be achieved without
the need of a mode field transformer if a short multimode input waveguide is used
[141]. The photodiode in [142] utilized a planar diluted input waveguide and two
optical matching layers designed to provide a gradual increase of the optical refrac-
tive index from the diluted waveguide to the absorbing layer which resulted in a
significant enhancement in the quantum efficiency. Figure 6.20 depicts a schematic
of an evanescently-coupled photodiode that utilizes a planar diluted waveguide and
two optical matching layers. The diluted waveguide is a stack of 10-periods of un-
doped InP/InGaAsP (1.1-µm bandgap equivalent wavelength) layers. The number
of periods was optimized to achieve high coupling efficiency with an input fiber and
low TE/TM polarization dependence. The two optical matching layers are n-doped
InGaAsP with bandgaps corresponding to 1.1 µm and 1.4 µm for the first and sec-
ond optical matching layers, respectively. For this approach, since the waveguide to
photodiode coupling is based on mode beating effects, the coupling efficiency os-
cillates along the propagation direction. The solid line in Fig. 6.21 presents the re-
sponsivity simulation of 20-µm long photodiodes versus the input waveguide length.
Oscillations related to inter-modal interferences are clearly visible in this figure. In
agreement with the modeling, the responsivity was 1.07 A/W for an optimal input
waveguide length when using a lensed fiber. The reported bandwidth was 48 GHz.
It has been demonstrated that the length of the planar multimode waveguide can be
controlled precisely by dry etching of the waveguide input facet. In addition, it was
found that etching a lensed facet improved horizontal fiber-chip 1-dB alignment tol-
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Fig. 6.21 Responsivity of
photodiode with planar
multimode input waveguide
versus guide length for a
20-µm long active region: the
solid line is the simulated
responsivity and the filled
circles are measurements
[142]

erances to >20 µm [143]. The reported lensed facet waveguide UTC PDs achieved
0.55 A/W and a bandwidth of >50 GHz [144].

Lateral tapering of diluted input waveguides was demonstrated in [145] using
an asymmetric twin-waveguide technology [146]. In this PD the incident light is
collected by a single mode diluted waveguide and transferred via a taper to a thinner
coupling waveguide from where it couples evanescently into the absorber. Using a
lensed fiber for input coupling a responsivity of ∼1 A/W and a bandwidth 42 GHz
were demonstrated. Using a similar waveguide taper Rouvalis et al. reported UTC
waveguide PDs with a bandwidth of 110 GHz and 0.32 A/W [147]. The PD active
area and absorber thickness were 4 × 15 µm2 and 70 nm, respectively. For sub-
THz applications similar PDs with traveling wave electrodes and integrated resonant
antennas achieved a maximum extracted power of 150 µW around 460 GHz.

The WGPD approach has also been applied to APDs. Demiguel et al. [148] have
reported an evanescently coupled In0.52Al0.48As/In0.53Ga0.47As SACM APD having
a planar short multimode input waveguide. A schematic cross section of this APD is
shown in Fig. 6.22. The input diluted waveguide is similar to that reported for p–i–n
PDs in [142]. The photocurrent, dark current, and gain versus reverse bias are plotted
in Fig. 6.23. The breakdown occurred at ∼18.5 V and the dark current at 90% of
the breakdown was in the range 100 to 500 nA. The responsivity was 0.62 A/W
with a PDL <0.5 dB. Figure 6.24 shows the bandwidth versus gain; at low gain
the maximum bandwidth was 35 GHz and the high-gain response exhibits a gain-
bandwidth product of 160 GHz. Nakata et al. [116] have reported an edge-coupled
InAlAs/ InGaAs APD that achieved 0.73 A/W responsivity, low-gain bandwidth of

Fig. 6.22 Schematic cross
section of
evanescently-coupled
InAlAs/InGaAs waveguide
APD [148]
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Fig. 6.23 Photocurrent, dark
current, and gain versus
reverse bias of
evanescently-coupled
InAlAs/InGaAs waveguide
APD [148]

Fig. 6.24 Bandwidth versus
gain of evanescently-coupled
InAlAs/InGaAs waveguide
APD. GB: gain-bandwidth
product

35 GHz, and 140 GHz gain-bandwidth product. A similar waveguide APD with a
gain-bandwidth product of 170 GHz and a minimum received power of −19.6 dBm
at 40 Gbit/s (for BER of 10−9) was recently reported in [149].

6.2.6 Material Systems

The group III–V semiconductor InP with its lattice-matched compounds continues
to be a leading material system for the fabrication of high-performance photodiodes
in the C and L bands. Owing to its high absorption efficiency, high carrier drift
velocities, and good material quality (low dark current) the InGaAs/InP PD has
become a standard solution for today’s high-speed applications.

Varying compositions of the alloys (bandgap engineering) allow the bandgap to
be varied between 0.75 eV (1.65 µm) and 1.35 eV (0.92 µm). Thus the material
system allows a composition of highly absorbing and transparent layers at telecom-
munication wavelengths. Another advantage of the InP material system arises from
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the potential for monolithic integration. To date monolithic integration of all active
and passive optical functions and electronic devices has been demonstrated. Hence,
InP is a leading platform for photonic integrated circuits (PICs) which have the po-
tential to enhance performance, reduce footprint, and decrease packaging costs of
complex photonic devices. Due to steady progress in the field of components and
manufacturing, large-scale PICs have reached sufficient reliability for deployment
in optical networks [150].

However, with the rapid progress in Silicon photonics there has been in-
creased research effort toward Si-compatible waveguide photodiodes that operate
at the telecommunication wavelengths. Although Si is transparent at wavelengths
>1.1 µm numerous approaches have been reported to enable efficient light detection
at 1.55 µm wavelength, including ion-implanted all-silicon [151], InGaAs/GaAs
growth on Si [152, 153], polycrystalline Ge films [154, 155], Si–Ge hetero-epitaxy
[156–158], and III–V on Si bonding [159].

6.2.7 Germanium Photodiodes on Silicon

Since Ge can be grown on silicon substrates, this approach ultimately promises
large-scale photonic-electronic integration using the available CMOS infrastruc-
ture [160–162]. To reduce defect densities arising from the ∼4% lattice mis-
match between Ge and Si various growth techniques including the deposition of
graded SiGe buffer layers [163], high/low temperature growth [157], area-selective
growth [164, 165], and cyclic annealing have been successfully developed [166]. In
[161], surface-normal PDs with a bandwidth of 36 GHz and 0.47 A/W responsivity
achieved a low dark current of <100 nA. Using a two-step MBE growth technique
consisting of a silicon buffer followed by a very thin Ge virtual substrate grown at
low temperature for lattice mismatch accommodation low-dark-current, high-speed
photodiodes were demonstrated in [167]. These n–i–p photodiodes with 10 µm-
diameter achieved a high bandwidth of 49 GHz and 0.05 A/W responsivity at 2 V.
The absorption coefficient of Ge depends on the growth conditions, and typical val-
ues range between 1000 cm−1 and 4000 cm−1 at 1.55 µm wavelength [168, 169].
Thus, when compared to InGaAs/InP photodiodes, surface-normal Ge photodiodes
typically exhibit lower bandwidth-efficiency products. Waveguide structures have
the potential to achieve larger bandwidth-efficiency products and to date several
high-performance Ge waveguide PDs have been demonstrated [170, 171]. Due to
their nature, they have become key devices in silicon-on-insulator (SOI) photonic
integrated circuits [172]. In [19], a high-speed CMOS-compatible evanescently-
coupled Ge MSM waveguide photodetector was reported. In this device a 150 nm-
thick Ge layer served as the absorption layer and the MSM detector was formed by
implementing 150 nm-wide inter-digitated metal fingers on top of the waveguide.
The dark current and the internal responsivity at 1.3 µm wavelength were 90 µA
and 0.42 A/W at 1 V, respectively. The bandwidth was 40 GHz due to the detector’s
small active area of 0.7 × 20 µm2 [19]. An even higher 3 dB bandwidth of 45 GHz
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Fig. 6.25 TEM cross section
of a Ge-photodiode on SOI
and a SiGe:C HBT fabricated
in an adjacent bulk
region [180]

was achieved with an n–i–p Ge waveguide photodiode with an active area of only
1.3 × 4 µm2 in [173]. The dark current and responsivity were 3 nA at 1 V and
0.6 A/W at 1.55 µm, respectively. Recently, a lateral Ge photodetector with a large
cross-section SOI waveguide was demonstrated in [174]. In this design an intrinsic
Ge layer with a width of 650 nm was butt-coupled to a tapered SOI waveguide that
enabled low-loss input coupling to the fiber. The demonstrated photodiode reached a
bandwidth of 32 GHz and responsivity of 0.8 A/W at 1.55 µm wavelength. The dark
current was 1.3 µA at 1 V. In [175], Vivien et al. reported a butt-coupled lateral p–i–n
photodiode with >110 GHz bandwidth. At zero bias the measured responsivity was
0.8 A/W. The device was fabricated using a silicon recess etch followed by a selec-
tive Ge-regrowth. Dopants were implanted to form a horizontal p–i–n junction with
a nominal intrinsic Ge width of 500 nm. Recently, Liow et al. demonstrated a wave-
guide photodiode with a high responsivity of 1.3 A/W at 1.61 µm wavelength [176].
In their experiments they applied a bias voltage of 9 V to achieve a moderate amount
of multiplication gain. The dark current and bandwidth were 1.3 µA and 27 GHz,
respectively.

It should be mentioned that much of the recent development has been focused on
CMOS-compatible processing techniques of Ge photodiodes [177, 178] including
the thermal budget of Ge epitaxy and post-growth annealing [179]. To reduce the
dislocation density it is often required to anneal the Ge at very high temperatures
(≥900 °C). However, this anneal can degrade the CMOS-device performance if the
Ge photodiode layers are integrated after the formation of the CMOS electronics. In
another approach Knoll et al. recently used a BiCMOS process to develop a wave-
guide Ge p–i–n photodiode on SOI waveguide [180]. The PD had a low dark current
of 50 nA at 1 V and an internal responsivity of more than 0.6 A/W at 1.55 µm wave-
length. The device showed a bandwidth of 35 GHz and was integrated with a high-
performance SiGe:C HBT that was designed for 25 Gbit/s data detection (Fig. 6.25).

6.2.8 Heterogeneously Integrated Photodiodes

To integrate group III–V material based active devices onto SOI waveguides several
hybrid and heterogeneous integration schemes have been developed. While these
approaches are particularly interesting for transmitters on silicon [181], they also
led to low dark current photodiodes with high efficiencies beyond 1.55 µm. Further-
more, heterogeneous integration has the potential to fully exploit bandgap engineer-
ing available in III–V materials to design more complex detector heterostructures.
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Fig. 6.26 Coupling schemes for III–V photodiodes on SOI waveguide: (a) evanescent, (b) adia-
batic taper, (c) vertical coupling grating, (d) 45° polished facet or mirror, and (e) butt-coupling

There have been five documented optical coupling schemes reported for III–V pho-
todiodes on SOI waveguides (Fig. 6.26).

In [182], Park et al. demonstrated evanescently-coupled waveguide photodi-
odes utilizing an absorber consisting of both compressively and tensile strained
AlGaInAs quantum wells wafer-bonded onto an SOI waveguide (Fig. 6.26(a)). The
photodiode layers were grown on an InP substrate and then transferred to the pat-
terned silicon wafer using a low temperature oxygen assisted bonding process. The
photodetector had low dark current of 100 nA at 2 V and fiber-coupled responsivi-
ties of 0.31 A/W and 0.23 A/W at 1.55 µm and 1.65 µm wavelengths, respectively.
In [183] it was demonstrated that a similar bonding process can be used for se-
lective area bonding to integrate two different III–V epitaxial layers on a silicon
chip simultaneously. The demonstrated chip comprised an InGaAs/InP p–i–n pho-
todiode and an AlInGaAs MQW laser that were part of a triplexer. Using a similar
wafer bonding technology, Xie et al. recently demonstrated InP-based MUTC PDs
on SOI waveguides for high-power high-speed applications [184]. The structure was
adopted from a normal-incidence InGaAsP/InP MUTC photodiode that had previ-
ously achieved high saturation current and high linearity [185]. A schematic of the
layer stack is shown in Fig. 6.27. The demonstrated bandwidth was 48 GHz and at
6.5 V bias the photodiode delivered more than 12 dBm RF output power at 40 GHz.
Typical dark currents were below 10 nA at 5 V reverse bias voltage, and the in-
ternal responsivities were as high as 0.95 A/W at 1.55 µm wavelength. In [186]
Piels et al. showed that InGaAs/InP p–i–n photodiodes can also be integrated on
low-loss Si3N4 waveguides. The III–V material was wafer-bonded onto an inter-
mediate silicon layer that, due to its lateral tapering, facilitated adiabatic coupling
between the Si3N4 waveguide and the photodiode (Fig. 6.26(b)). A photodiode with
4 × 30 µm2 active area had a fiber-coupled responsivity of 0.36 A/W and 30 GHz
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Fig. 6.27 Layer stack of heterogeneously integrated MUTC PD on SOI waveguide. Doping con-
centrations in cm−3 [184]

bandwidth. Using a tapered InP membrane input waveguide to couple light out of
a Si photonic wire on the SOI wafer, Binetti et al. demonstrated a p–i–n PD with
a bandwidth of 33 GHz in [187]. Heterogeneous integration on SOI was achieved
by direct molecular bonding of InP dies using a 300-nm-thick SiO2 interface layer.
For a photodiode with a mesa area of 50 µm2 the responsivity and dark current were
0.45 A/W and 2 nA at 4 V, respectively. In [188], Roelkens et al. demonstrated a
grating coupler to diffract light from an SOI waveguide into an InP/InGaAsP pho-
todiode (Fig. 6.26(c)). The InP die was bonded onto the SOI waveguide structure
using adhesive bonding with benzocyclobutene (BCB) as a bonding layer. Since this
vertical coupling scheme allows thicker bonding layers (∼3 µm), the requirements
on roughness, flatness, and cleanliness of the two wafers that have to be joined,
were somewhat relaxed. The measured dark current at 1 V and the responsivity at
1.55 µm were 0.3 nA and 0.02 A/W, respectively. The low responsivity was mainly
attributed to the thin InGaAsP absorber that was only 120 nm. Recently, the same
wafer bonding technology was also used to integrate GaInAsSb photodiodes onto
SOI waveguides for detection in the SWIR range [189]. At 2.3 µm wavelength, pho-
todiodes using evanescent coupling exhibited a responsivity of 1.4 A/W and devices
utilizing a grating coupler achieved a responsivity of 0.4 A/W. The dark current was
4 µA at 1 V at room temperature.
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In another approach shown in Fig. 6.26(d) the photodiode chip is integrated onto
the silicon chip surface, where an etched or polished reflective mirror redirects the
light beam to the detector surface [190]. Using a 45° polished facet, Zimmermann
et al. demonstrated that high-speed vertically illuminated photodiodes can be as-
sembled on the waveguide using epoxy [191]. Typical insertion loss and photodiode
bandwidth were 5 dB and 28 GHz, respectively.

Geng et al. studied InGaAs pin photodiodes that were butt-coupled to SOI wave-
guides (Fig. 6.26(e)) in [192]. The authors used a selective-area MOCVD technique
to grow the photodiodes on 2.6 µm-thick InP/GaAs buffers on Si. Photodiodes with
an area of 64 µm2 had a dark current of 400 µA and a bandwidth of 15 GHz at
5 V.

6.3 Summary

The continuing demand for higher and higher speed and the need for photonic
integration have spurred the development of UTC-type structures and waveguide
photodiodes. To date, high-efficiency evanescently coupled waveguide PDs with
bandwidths well above 100 GHz have been demonstrated. Recently, there has been
increased emphasis in achieving similar performance goals in photonic integrated
circuits on Si. This has required novel column IV and III–V compound materi-
als efforts, process developments, and optimized device designs. While signifi-
cant progress has been achieved, challenges to reduce dark current and increase
bandwidth-efficiency products in combination with achieving process compatibility
with existing CMOS remain.
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Chapter 7
Higher-Order Modulation Formats – Concepts
and Enabling Devices

Wilfried Idler and Fred Buchali

Abstract The chapter gives a general introduction to higher-order modulation
(HOM) formats and reviews the current status of concepts of coherent transceivers
applied in optical fiber communications. The chapter presents an overview on the
major enablers of HOM formats in optical transmission: forward error correction,
digital signal processing, data converter, DP-IQ modulator, receiver frontend and
application-specific integrated circuit (ASIC) technology. Based on the examples of
current and future 400 Gbit/s and 1 Tbit/s transceivers the chapter illustrates feasible
transmission capacities and transmission reach with HOM formats based on EDFA
repeated C-band transmission over dispersion uncompensated standard single mode
fiber.

7.1 Introduction

Over the past 20 years the worldwide Internet traffic has grown exponentially and
cumulated annual growth rates (CAGRs) have been of the order of 100% during the
period from 1995 to 2000, and even after the “burst of the bubble” impressive ∼40%
CAGRs have been achieved up to 2013, primarily driven by data-centric users. This
growth in traffic has been enabled by tremendous increments of transport capacity
of the fiber optical networks, and this development is still going on. Latest forecasts
in 2016 [1] predict that until 2020 the global Internet traffic will still continue to
grow worldwide with a CAGR of about 22%.

Figure 7.1 shows the progress and status of single fiber capacities on the optical
C-band and transmission bit rate achievements in research and product implementa-
tions from 1988 until 2014, and Fig. 7.1 also illustrates a CAGR trend of 22% (grey
arrow) for the fiber capacity utilization between 2014 and 2020.

In DWDM fiber networks the capacity of a single fiber has been increased from
1 Gbit/s with a single carrier modulated with 1 Gbit/s NRZ in the mid-1980s to al-
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Fig. 7.1 C-band fiber capacities and increase of bit rates over the years in research and products

most 1 Tbit/s by 2000. Based upon progress in TDM technology single carrier bit
rates have been raised from 1 Gbit/s to 2.5 Gbit/s and 10 Gbit/s NRZ, and in com-
bination with the introduction of WDM technology in 1995 [2], five years later in
2000, 880 Gbit/s total capacity was achieved on a single fiber with 10 Gbit/s × 88
channels in the C-band on the 50 GHz standard grid. Determined by the optical
bandwidth of EDFA repeaters we are considering throughout this chapter 4.4 THz
optical bandwidth (∼35 nm) for the C-band and the supported single fiber capaci-
ties.

In order to further increase the capacity from 10 Gbit/s towards the next transport
hierarchy of 40 Gbit/s, research has focused on modulation formats other than NRZ
which spectrally fit into the 50 GHz grid. First 40 Gbit/s WDM products started in
2004 and were based on optical duobinary (ODB) and differential quaternary phase
shift keying (DQPSK) for Metro applications with direct detection receivers. They
achieved spectral efficiencies (SE) of 0.8 bit/s/Hz and enabled up to 3.5 Tbit/s fiber
transport capacity in 2004. DQPSK was the first product implementation in optical
transport with a multi-level higher order modulation (HOM) format, modulating 4
phase levels. Six years earlier a multi-level format on the basis of 4 amplitude modu-
lated levels (4ASK), also denoted as 4PAM (pulse amplitude modulation), had been
proposed in research as an early solution for 40 Gbit/s bit rates [3] based on 20 GBd
symbol rate electronics. Recently the 4PAM format became of high interest for 400
Gigabit Ethernet (GE) transport [4]. All 40 Gbit/s direct detection Metro and long
haul transport systems have been challenged with fiber polarization mode dispersion
(PMD) as well as the need for a further increase of the SE by including polariza-
tion division multiplexing (PDM). A major breakthrough of reaching SE beyond
1 bit/s/Hz and the mitigation of issues related to PMD and PDM has been achieved
after 2008 with coherent receiver technology and the implementation of 100 Gbit/s
systems based on PDM or dual-polarization (DP) and QPSK modulation formats in
2010. The key of the rediscovery of coherent receiver technology and the key en-
abler for the effective use of HOMs were the introduction of analogue-to-digital data
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converters (ADCs) and digital signal processing (DSP) in optical communication
enabled by the continuous progress of complementary metal-oxide semiconductor
(CMOS) technology.

In recent years complex HOM formats based on quadrature amplitude modula-
tion (QAM) became indispensable in all digital communication areas in order to
increase transmission bit rates over existing infrastructures by increasing spectral
efficiency and capacity [5]. In telephone modems or at cable based digital video
broadcast (DVB-C2) very high constellation sizes of 4096QAM are applied. How-
ever, in optical communication the transmission bit rates are significantly higher and
signal-to-noise-ratio values at optical receivers are significantly lower, and there-
fore constellation sizes applicable for optical communication products are signifi-
cantly lower. Nevertheless, constellation sizes as high as 1024QAM [6] and even
2048QAM [7] have been demonstrated in optical communication research, requir-
ing very narrow linewidth lasers and Raman amplification for transmission demon-
stration.

100 Gbit/s based on DP-QPSK with coherent detection became a preferred solu-
tion [8] as it can be applied on existing 50 GHz grid fiber infrastructure, operating
with 28 GBd symbol rate. QPSK is encoding two bits/symbol and together with
PDM four bits are encoded on each symbol. Since the first commercial deployment
of 100 Gbit/s line cards with DP-QPSK on a single carrier in 2010, about 300,000
line cards [9] have already been deployed until mid 2016. According to [10], until
2020 the demand for 100 Gbit/s (and higher) line cards will grow with a CAGR of
about 120%. On the other hand, 40 Gbit/s line card deployments are continuously
dropping, they became less than 10% of 100 Gbit/s line card shipments in 2016 [9],
as many operators apparently move from 10 Gbit/s directly to 100 Gbit/s systems.

The most recent bit rate hierarchy started in 2014 with 400 Gbit/s systems based
on 200 Gbit/s and the DP-16QAM HOM format with an SE of 4 bit/s/Hz. In-
cluding frequency division multiplexing (FDM) by combining two sub-carriers,
2 × 200 Gbit/s can also be transported over the 50 GHz grid capturing two fre-
quency slots of 50 GHz. Thus the C-band capacity of a single fiber with 4.4 THz
bandwidth reaches ∼18 Tbit/s.

The use of HOM formats together with orthogonal frequency division multi-
plexing (OFDM) has been intensively investigated for optical transmission appli-
cations. OFDM is somewhat less spectrally efficient than the corresponding single
carrier schemes can be when they are modulated with the same HOM formats, due
to cyclic prefix, pilot, and training symbol overhead requirements [11]. Further-
more, as OFDM uses a rather high number of sub-carriers and low symbol rates,
OFDM is severely impaired by inter-channel and intra-channel fiber non-linear ef-
fects, especially at dispersion managed transmission. The latter is dominated by
strong self-phase modulation (SPM) due to the narrow spectral width of the individ-
ually modulated carriers as SPM tolerance is increasing with the symbol rate [12].
This is one reason why OFDM systems have not yet been deployed and will not be
considered further in this chapter.

Recently, HOM formats together with discrete multitone transmission (DMT) us-
ing directly modulated lasers and direct detection have been proposed as a low cost
alternative for 100 Gbit/s [13] and for 400 Gbit/s [14] short reach transmission (see
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Fig. 7.2 Applications
triangle

also Chap. 4, Sect. 4.5.2). DSP in direct detection DMT is comparable with OFDM
but DMT rejects the complex part of the received signal. However, even if a high
constellation size such as 128QAM [13] is applied, DMT is not spectrally efficient
for DWDM networks due to the poor frequency stability of directly modulated and
uncooled DFB lasers, and therefore the proposed application area of DMT is short
reach CWDM [15] with 20 nm channel spacing. Similar to OFDM, DMT does also
apply a very high number of sub-carriers (>1000) and symbol rates per sub-carrier
in the few Mbd regime. Therefore DMT does also suffer from SPM so that its appli-
cation space is limited to short reach or intra campus applications. As OFDM, DMT
will also not be treated in this chapter.

The application areas of optical transmission systems have different requirements
on capacity (spectral efficiency), the supported transmission distance (reach) and
cost per transported bit, as depicted in Fig. 7.2. Application areas we will focus on
in this chapter are intra data center, Metro and long haul. Connections between data
centers (inter) are usually point-point long haul transmission links. Depending on
country and continent the required distances for Metro and long haul are different
but can roughly be separated: Metro below 500 km fiber distances and long haul
between 500 km and 1000 km in Europe and up to 3000 km in North America. Intra
data center distances are typically well below 50 km. Except for campus and access
applications, for intra data center, Metro and long haul high spectral efficiencies are
required but with different sensitivities to cost.

The application areas and corresponding capacity limits of HOM formats are
determined by their OSNR (optical signal to noise ratio) constraints or sensitivi-
ties and the fiber infrastructure. Taking long haul fiber infrastructures for compar-
ison, capacities can be increased by 150% by including L-band transmission [16],
implementation of new fiber types with lower insertion loss and higher effective
area [17], or including Raman amplification. Finally, depending on the development
progress and future cost of regenerators, the use of high constellation sizes for 3R-
regenerators could become very attractive for shifting the application boundaries of
HOM formats towards higher constellation sizes.

If only widely deployed C-band transmission with standard single mode fibers
(SMF) and EDFA repeaters are taken into account, the capacity limits per fiber of
long haul networks in the order of 15 to 20 Tbit/s are reached with 8QAM and
16QAM, respectively. Metro network backbones supported by HOM formats can
reach 35 Tbit/s with DP-64QAM, potentially implementable before 2020. Further
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increments of the spectral efficiency and capacities up to 40 or 50 Tbit/s are feasible
by 128QAM or 256QAM, but due to increasing OSNR constraints with increasing
the constellation size of HOMs, regeneration for long haul transmission will be
required or potential future application areas are limited to short reach, access and
data centers.

SDM [18] has been proposed as the only way-out of potential future capacity
bottlenecks for long haul and Metro networks and significant research has been per-
formed in the past few years with amazing results (see also Chap. 1). Recently, very
high spectral efficiencies above 300 bit/s/Hz [19] have already been demonstrated
with transmission over a 19 core fiber where six modes appear coupled. Multiple-
input and multiple-output (MIMO) DSP has become an essential element of wire-
less communication as a method for multiplying the capacity of a radio link using
multiple transmit and receive antennas to exploit multipath propagation. In opti-
cal transmission research MIMO has been successfully demonstrated in multimode
fiber transmission or in transmission of multi-core fibers where modes can also be
coupled. The highest MIMO complexity has been reported with transmission over
15 coupled spatial modes in MMF by massive 30 × 30 MIMO processing [20].
However, from today’s perspective, the potential market maturity and implementa-
tion start of SDM are unknown as these are determined by many factors, mainly
driven by future capacity requirements of operators’ backbone and by the perfor-
mance and cost of the new SDM technology.

A perpetual question is the degree of capacity utilization of operations backbone
and when investments are needed for new technologies and higher fiber capacities.
Today it appears very uncertain by what time single fiber capacities higher than
35 Tbit/s will be required and when SDM technologies will be needed or alter-
natively transmission including the optical L-band will be favored or regenerators
for HOM formats become available or Raman amplification will be further pushed
for implementation. Fiber utilization and capacity requirements vary significantly
between applications, countries and operators, and neither analyst studies can pro-
vide reliable predictions of future developments. One often reported message is that
0.88 Tbit/s capacity per fiber is utilized and that operators had begun in 2014 al-
ready a capacity upgrade moving directly from 10G to 100G launching for a future
completion of an 8.8 Tbit/s capacity. The arrow (CAGR 22%) in Fig. 7.1 indicates
an optimistic case that with 3.6 Tbit/s capacity (e.g.: 88 × 40 Gbit/s) already uti-
lized in operators’ Metro fiber backbone in 2014 and a 22% increase per year the
capacity requirements will be ∼10 Tbit/s in 2020. Thus operators may not require
single fiber capacities of 35 Tbit/s in earlier than 2020.

This chapter reviews the current status of concepts and enabling devices for
HOM formats in optical transmission, comprised in current and future coher-
ent transceivers: DP-MQAM formats are generated with transmitter DSP, digital-
analogue converters (DACs) and IQ modulators and received with a coherent re-
ceiver frontend followed by ADCs and DSP. This chapter will be organized as
follows: In Sect. 7.2 on optical transceivers we will highlight coherent receiver
technology concepts and building blocks. In Sect. 7.3 we will focus on HOM for-
mats suitable for three application areas (intra data center, Metro and long haul)
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and analyze the transmission performance for the case without optical dispersion
compensation and analyze achievable fiber transmission capacities versus appli-
cation areas. In the following three sections we will present an overview on the
key electronic concepts, the major enablers of HOM formats in optics: forward
error correction (Sect. 7.4), digital signal processing (Sect. 7.5) and data convert-
ers (Sect. 7.6). Section 7.7 will focus on the enabling optical devices for HOM
formats: DP-IQ modulator, receiver frontend and application-specific integrated cir-
cuit (ASIC) technology, including data converter and DSP, as the key components
for the realization and implementation of QAM formats and reception for very high
bit rate transmission.

7.2 Coherent Transceiver

7.2.1 Reinvention of Coherent Receiver Technology

In optical fiber communication, coherent receivers with free running local oscilla-
tor (LO) lasers, which exploit information in amplitude and phase, were extensively
studied in the late eighties and early nineties of the last century [21–24]. This re-
ceiver concept was called “Intradyne Receiver” to be distinguished from a hetero-
dyne receiver where the transmit laser frequency and the LO frequency can differ
by more than the signal bandwidth.

Basically, we distinguish between three different coherent receiver concepts:
Homodyne: the optical signal spectrum is converted to the electrical baseband

and a single common laser source is used for the transmitter (Tx) and as LO.
Intradyne: the optical signal spectrum is converted to the electrical baseband and

two independent lasers for Tx and LO corresponding to the same channel number
are applied but any frequency offset must be significantly smaller than the electrical
baseband.

Heterodyne: the converted optical signal spectrum is converted outside the elec-
trical baseband as the offset between Tx and LO lasers is larger than the signal
bandwidth or the symbol rate.

Coherent detection of amplitude and phase is performed by mixing the modulated
carrier signal with an LO into the baseband, a technique widely used in RF wireline
and wireless telecommunication systems. The baseband signal is amplified by the
LO and subsequently down-converted including appropriate filtering.

With the emergence of the EDFA in the early nineties of the last century, the
advantage of higher receiver sensitivity of a coherent receiver compared to direct
detection vanished and coherent receiver technology disappeared for more than
10 years. Since 2006 coherent optical systems are rediscovered as an area of very
high interest again [25] and have revolutionized long haul and high-speed optical
communication systems. Corresponding R&D activities were significantly pushed
by Si hardware, in particular as high speed ADCs and electronic signal processors
have become mature. In optical communications digital signal processing at the op-
tical receiver has been commercialized at bit rates of 10 Gbit/s at first and coherent
receivers at 40 Gbit/s later. Due to further progress in CMOS technologies until to-
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day, data converters and DSP can now be realized by a single chip for 100 Gbit/s
and 400 Gbit/s transceivers.

By coherent detection, all optical field parameters (amplitude, phase and po-
larization) become available in the electrical domain. Therefore the demodulation
schemes are not limited to the detection of phase differences as for directly detected
DPSK or DQPSK formats, but arbitrary modulation formats and modulation con-
stellations including polarization multiplexed signals can be analyzed. The preser-
vation of the temporal phase enables electronic compensation of linear transmission
impairments such as chromatic dispersion [26, 27], and polarization mode disper-
sion (PMD), and even fiber nonlinearities can be partly mitigated at the electrical
baseband. Many limitations and obstacles which existed in the past for the deploy-
ment of coherent detection have now been overcome: Carrier linewidth requirements
become relaxed with increasing channel data and symbol rates so that standard com-
mercial communication lasers can be used [28]. In addition, high-speed digital sig-
nal processing allows to perform fast polarization tracking, channel equalization,
frequency and phase recovery, all processed in the electronic domain, which lifts
the main barriers which have so far prevented to exploit the advantages of coherent
detection.

7.2.2 Coherent Optical Transceiver – Concepts and Building
Blocks

After a start of coherent system implementations with 40 Gbit/s in 2008, single car-
rier 100 Gbit/s DP-QPSK coherent systems have been shipped since 2010 [29]. In
2010 various modulation format options had been proposed for 100 Gbit/s applica-
tions [30], however, in the following years the optical transport market has rapidly
accepted DP-QPSK with coherent reception due to its superior performance: Un-
til today DP-QPSK had been massively deployed, it has reached a market share of
more than 80%, and this is still growing.

The major driver of the 100G coherent transceiver commercialization was the
OIF, which had initiated the “100G Ultra Long Haul DWDM Framework Docu-
ment” [8] and component related documents [31, 32], with the intention of pushing
interoperability and cost reduction by various implementation agreements in which
the main building blocks of optical transceivers are described.

After 40 Gbit/s, 100 Gbit/s has been the 2nd bit rate hierarchy where client GE
bit rates of 100GE [33] met optical transport client bit rates. The first commercially
available 100 Gbit/s DP-QPSK transceiver operates at ∼112 Gbit/s transmission line
rate or gross rate and ∼28 GBd symbol rate or baud rate. Line rate and symbol rate
are related via the modulation efficiency of 4 bits/symbol for DP-QPSK. The exact
line rate is defined by the OTU4 line rate = 111.809973 Gbit/s given in G.709 [34],
and the maximum net rate is defined by the 100GE rate [35]: 103.125 Gbit/s. The
difference to the OTU4 line rate includes protocol overhead (OH) and 7% forward
error correction (FEC) OH. If transceivers work on the OTU4 line rate, there is no
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Fig. 7.3 Channel allocation of bit rate hierarchies, showing line rates per carrier and modulation
formats: four channels at 10.7 Gbit/s, 43 Gbit/s, 112 Gbit/s and 256 Gbit/s

capacity available for further bits potentially required for training sequences, for
more details see Sect. 7.5.2, and the coherent receiver has to operate with blind
adaptation. Transceivers from different suppliers operating on the OTU4 line rate
are potentially interoperable if they include the same FEC encoding.

The 3rd hierarchy where GE rates meet transport bit rates will be 400 Gbit/s.
It is targeted for 2018 and will support future 400GE rates [35] with a true net
rate of 412.5 Gbit/s. 400 Gbit/s transceivers based on dual-carrier frequency divi-
sion multiplexing (FDM) and DP-16QAM modulation format (8 bits/symbol) have
been developed and entered the optical transport market in 2014 already. 16QAM
modulation plus the higher line rate causes a degradation of about 10 dB in OSNR
compared to 100 Gbit/s transceivers. In order to mitigate this penalty more power-
ful FEC has been developed (i.e. SD-FEC) leading to the 3rd FEC generation [36]
(Sect. 7.4.2). The consequence of 400 Gbit/s transmission was the need for higher
FEC overhead of ∼25% resulting in higher transmission line rates of 512 Gbit/s
(2 × 256 Gbit/s FDM sub-carriers). The latter are based on 32 GBd symbol rate
and can cope with bit error ratios (BER) before SD-FEC of 0.04.

The diagram most to the right in Fig. 7.3 shows the spectral characteristics of
400 Gbit/s transmitters based upon two FDM sub-carriers. For comparison pur-
poses Fig. 7.3 also illustrates the spectral characteristics of commercially avai-
lable 10 Gbit/s, 40 Gbit/s and 100 Gbit/s transceivers, from left to right, all on the
50 GHz channel grid. Figure 7.3 includes the respective spectral efficiencies, the
line rates, the modulation formats, the symbol rates (GBd) in case of HOM formats
(at 40 Gbit/s we exemplarily selected DQPSK), and the respective spectral efficien-
cies. The spectral efficiency is generally related to the information bit rate or net
rate and the channel spacing (W). Spectral shaping or spectral pre-emphasis (cf.
Section 7.5.1) has been applied for the 256 Gbit/s/32 GBd signals while the other
signals in Fig. 7.3 are not spectrally pre-shaped.

Current 400 Gbit/s and next generations of optical coherent transceivers are based
on the indispensable concepts of: HOM formats, polarization division multiplexing,
FEC, digital-analogue and analogue-digital conversion, and DSP.

Polarization division multiplexing means transmission of data in both optical
polarizations, thus PDM or dual polarization operation doubles the modulation ef-
ficiency and the spectral efficiency of any HOM format. DP operation of HOM
became a common method together with coherent technology as fast and reliable
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Fig. 7.4 Block diagram of a coherent transceiver

polarization demultiplexing became feasible by coherent detection and the follow-
ing DSP.

A single carrier or FDM based optical transceiver with coherent detection as
shown in Fig. 7.4 comprises four electronics and two optical building blocks: (1) the
data framer as interface to client data structures, (2) FEC for data encoding and de-
coding, (3) the large DSP block including the HOM format generation and various
algorithmic processing steps, (4) four DACs and four ADC data converters which
support modulation and reception of the four tributaries: Ix , Iy , Qx and Qy , (5) the
transmitter optical frontend (Tx-OFE) including linear amplification and modula-
tion of light of a C-band tunable laser, and finally (6) the optical receiver frontend
(Rx-OFE) consisting of a local oscillator (C-band tunable) and a coherent optical
frontend.

A Client data framer realizes the mapping (multiplexing/demultiplexing) of vari-
able length, higher-layer client signals (today mostly IP) over a circuit switched
transport network like OTN [34]. Client interface considerations are beyond the
scope of this chapter and will not be discussed further.

Forward Error Correction (FEC): Transmitted data are encoded on an FEC en-
coder and the received and processed data are verified and corrected in an FEC de-
coder. FEC became inevitable in coherent transceivers as (a) error free transmission
with BERs below 10−15 cannot be achieved with coherent receivers and (b) high
coding gain is required with high pre-FEC BERs above 10−2 ensuring post-FEC
BERs <10−15. Due to the need and inclusion of SD-FEC, the FEC requires a sig-
nificant part of the transceiver complexity and power consumption. More details
about SD-FEC are reported in Sect. 7.4.

Digital Signal Processing (DSP): DSP together with data converters are the key
enablers of coherent technology. DSP comprises the implementation of all necessary
algorithmic processing steps to recover single carrier related transmission impair-
ments of a single fiber. However, space division multiplexing and transmission over
multi-core fibers requiring massive M ×M MIMO algorithm implementations [18],
related to M spatial coupled fiber modes and M polarization modes, will not be
treated further in this chapter (but it is covered in detail in Chap. 1). Transmission
over a single fiber on a single carrier with two polarizations reduces the MIMO
space to a 2 × 2 MIMO as applied at the polarization demultiplexing algorithm.

At the transmitter side the algorithms include encoding of bits onto HOM for-
mats, spectral equalization and pre-emphasis which has become an important con-
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cept for optimization of spectral efficiency. More details are given in Sects. 7.5.1
and 7.5.2. At the receiver side the most important algorithms required are: chro-
matic dispersion compensation, timing recovery, polarization demultiplexing, chan-
nel equalization, frequency and phase estimation adapted to HOM formats. Chro-
matic dispersion compensation requires high complexity at the receiver DSP due to
the very high amount of dispersion of typically 35,000 ps/nm to be compensated.
More details about the transceiver DSP are given in Sect. 7.5.

High Speed Data Converters: DACs and ADCs have enabled digital modulation
and digital detection and have become inevitable interfaces to the optical frontends
(OFE) of coherent transceivers. Due to the very high bit rates and the required com-
plexity of DACs and ADCs, the digital revolution arrived in fiber optics several years
later than in other technologies. More details on architectures and technologies of
data converters are given in Sects. 7.6 and 7.7.3.

Optical Frontends (OFE) including the data modulator and polarization diversity
receiver will be described in Sect. 7.7.

7.3 Higher-Order Modulation Formats

In electrical communication technologies very high constellation sizes up to 4096
(m = 12) became standard applications but in optical communication the bit rates
are significantly higher and the noise at the receiver is significantly lower and thus
feasible constellation sizes for optical communication products are significantly
smaller. However, a constellation size as high as 2048QAM including transmis-
sion over 150 km of fiber has already been demonstrated in fiber optics research [7].
The main challenges of applying high constellation sizes are laser phase noise and
OSNR constraints, thus smaller constellations potentially up to 64QAM might be
implementable in real systems in the near future and potentially up to 256QAM
might be expected in about five to ten years. In this chapter we include constellation
sizes up to 1024QAM for the comparison of HOM formats.

The main objective of HOM formats is to raise the spectral efficiency by increas-
ing the bit rate together with keeping or reducing the modulation symbol rate and its
signal spectral width. HOM formats are defined by their number of encoded bits on
transmitted symbols. While in the standard NRZ modulation format 1 bit is encoded
per symbol and the symbol rate corresponds to the bit rate, with HOM formats more
bits are encoded per symbol so that the symbol rate and thus the spectral width of
the modulated signal becomes significantly smaller than the bit rate.

Figure 7.5 shows exemplarily a 16QAM (M = 16 symbols) constellation dia-
gram of one polarization measured with a dual carrier DP-16QAM 512 Gbit/s
transceiver. With 16QAM constellations 4 bits are encoded per symbol, as depicted
in Fig. 7.5 with Gray mapped bits. Gray mapping [37] is a commonly applied map-
ping scheme that minimizes the number of bit errors between neighborings symbols
as only 1 bit out of 4 is changed.
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Fig. 7.5 Measured 16QAM
constellation diagram with
Gray mapped bits

7.3.1 Quadrature Amplitude Modulation

The most commonly applied HOM formats are MQAM (multiple-quadrature-
amplitude-modulation) formats, where M symbols have specific amplitude and
phase states or in-phase (I ) and quadrature (Q) components in the electric field
as defined by their complex constellation diagram. The I and Q states have 90 °
phase difference and are modulated independently onto the same carrier.

According to information theory [38] the mapping of m bits onto the M symbols
of HOM formats is referred to as coded modulation. The number M is the total
number of symbols and determines the constellation size of an MQAM format. The
number m of bits carried by each symbol is determined by:

m = RC × log2(M) [bits/symbol] (7.1)

RC represents the encoding rate or code rate which satisfies 0 < RC ≤ 1. The chan-
nel encoder is adding a redundancy or a code OH to a stream of bits like forward
error correction OH. The code overhead, usually given in percentage, is defined as:

OH = (1 − RC)/RC (7.2)

In the absence of coding (code rate RC = 1) the total number of M different symbols
is determined by:

M = 2m [symbols] (7.3)

Each symbol is transmitted in a time slot TS = 1/RS , and the symbol rate RS is
related to the bit rate B following Hartley’s law [39]:

RS = B/m [GBd] (7.4)

In (7.4) m represents a nominal spectral efficiency and determines the maximum
number of bits per symbol, m is also denoted as modulation efficiency which is
determined by the ratio of the bit rate B and the symbol rate RS . We denote a
modulation format as HOM format if more than only 1 bit is encoded per symbol,
e.g. QPSK or “4QAM” encodes 2 bits/symbol.
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Fig. 7.6 Examples of constellation diagrams, the columns indicate respective numbers of
bits/symbol

7.3.1.1 Constellation Diagrams

Figure 7.6 illustrates examples of QAM constellation diagrams including pure ASK
(OOK) options (OOK and 4ASK) and various pure PSK formats, ASK-PSK com-
binations and MQAM options up to 64QAM. The columns indicate the modulation
efficiencies by the number of m bits encoded per symbol. While a few examples
of constellations consider only the real part or in-phase of the electric field, most
constellations use the real and imaginary part, or in-phase (I ) and quadrature (Q)
of the electric field.

The first row of Fig. 7.6 starts with only one amplitude value modulated: this is
standard NRZ-OOK or binary ASK or 2ASK encoding 1 bit/symbol (m = 1). By
adding a second amplitude and a second phase shifted by 180° we obtain 2ASK-
2PSK which encodes 2 bits/symbol: as 00, 01, 10, 11. In the following constellation
2ASK-4PSK, corresponding to the conventional 8QAM format, 3 bits/symbol are
encoded. The next constellations are square-16QAM, 32QAM and square-64QAM
which were introduced in 1962 [40] and which encode 4, 5 and 6 bits/symbol, re-
spectively.

The constellations of the second row of Fig. 7.6 show purely phase modulated
signals. They all have one constant amplitude ring. Only the first two are of prac-
tical interest: BPSK (DPSK) and (D)QPSK which encode 1 and 2 bits/symbol, re-
spectively. The following constellations from 8PSK to 32PSK are included here for
illustration purposes only. The Euclidian distance or minimum distance between the
symbols is a measure for the robustness of the constellations to noise, thus from left
to right, especially visible for the constellations in row two, sensitivity to noise in-
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Fig. 7.7 Capacity in
bits/symbol versus SNRb for
AWGN channels (Shannon
limit) and for various
modulation formats, numbers
indicate maximum
modulation efficiencies
(bits/symbol). (Dashed red
curve corresponds to
4ASK-2PSK)

creases significantly, so that BPSK has the highest robustness and 32PSK the lowest
robustness to noise.

The constellation examples of the third row have up to four amplitudes and up to
eight phase values. By 4ASK or Quaternary-ASK or 4PAM, 2 bits are encoded per
symbol. All constellations of row three have significantly lower Euclidian distances
than the constellations of the first row for corresponding modulation efficiencies.

7.3.1.2 Shannon Capacity Limit

HOM formats, that have widely been used in wireless and wireline and optical com-
munication systems are square-MQAM formats, where the symbols are arranged
in a square, leading to optimized Euclidean distances between the symbols which
determine sensitivity performance or robustness versus noise.

According to Shannon [38] increasing the spectral efficiency by using higher
constellation sizes of any HOM format comes at the price of higher signal to noise
ratio (SNR) requirements. The Shannon-Hartley theorem describes that the ultimate
capacity (limit) Ĉ versus SNRS (SNR per symbol) is given by a complex additive
white Gaussian noise (AWGN) channel in the simple form of (7.5): For the same
SNRS , the capacity of any HOM format cannot be higher than the capacity of the
AWGN channel.

Ĉ = log2(1 + SNRS) [bits/symbol] (7.5)

The Shannon capacity Ĉ expresses error free transmission for the case of ideal chan-
nel coding and appears in the dimension of bits/symbol, as modulation efficiency.
Figure 7.7 illustrates the Shannon capacity for the AWGN channel (limit) and in-
cludes the maximum achievable capacity (upper bound) of most HOM formats from
Fig. 7.6, but including up to 256QAM formats versus SNRb (per bit) according to
[41, 42]. The difference between SNRS and SNRb is obtained by a comparison of
(7.6) and (7.7), below.

Error free transmission is achieved in all cases if the SNRb exceeds −1.59 dB. As
shown in Fig. 7.7, for sufficiently high SNRb all formats saturate at their theoretical
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maximum spectral efficiency, e.g. 4 bit/s/Hz for 16QAM, and at their theoretical
maximum modulation efficiency of log2(M) bits per symbol. Comparison of for-
mats with the same maximum capacity reveals that the formats modulating in one
dimension only (4ASK) reach their maximum capacity at higher SNRb than formats
with modulation in both dimensions (QPSK). A comparison of 8QAM with 8PSK
(red line) shows that 8QAM achieves higher capacity at lower SNRb , in agreement
with the observation of higher Euclidian distances of the constellation points of
8QAM compared to 8PSK.

It is interesting to note the following observation in Fig. 7.7: A specific target
capacity, e.g. 5 bit/symbol, can be achieved with 32QAM at a high SNRb > 12 dB.
Alternatively, one might use constellations larger than 32QAM and encode them
with the appropriate code rate or redundancy to achieve a lower SNR requirement
(∼9 dB) for the same capacity. This is in contrast to the BER performance without
coding, described in the following section where larger constellations sizes always
require higher SNR than smaller constellations.

By including the nonlinear properties of the transmission fiber the theoretical
maximum capacity of a fiber channel modulated with an HOM format is reduced as
analyzed in [43]. These capacities have been denoted as the lower bound capacities.

7.3.1.3 BER Performance

According to communication theory [42] error probabilities can be calculated in
terms of signal to noise ratio (SNR), which may be the SNR per bit (SNRb) or per
symbol (SNRS ), represented by (7.6) and (7.7):

SNRS = ES/N0 (7.6)

SNRb = Eb/N0 (7.7)

with

Eb = ES/m (7.8)

ES and Eb are the energies per symbol and per information bit, respectively, and N0

is the corresponding noise power.
Figure 7.8 represents the theoretical electrical sensitivity performance of dedi-

cated HOM formats in terms of their symbol error probability (SER) versus SNRS ,
left diagram, and bit error probability or bit error ratio (BER) versus SNRb , right
diagram. Note, that the BER curves shown in Fig. 7.8 hold for the absence of cod-
ing (RC = 1).

BER versus SNRb represents the more realistic case compared to SER versus
SNRS , as SNRb takes into account how many bits are comprised and transported
by a given symbol. For MQAM constellations and BER values smaller than 0.08
a good approximation for BER versus SNRb can be found in [42] and is given by
(7.9)
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Fig. 7.8 SER vs. SNR per symbol (left) and BER vs. SNR per bit (right) of various constellation
diagrams, including the number m of modulation efficiency

BER =
√

M − 1√
M log2(M)

erfc

(√(
3 log2(M)

2(M − 1)

)
SNRb

)
(7.9)

At first we compare the various HOM formats of Fig. 7.6 with respect to their sym-
bol Euclidian distances in Fig. 7.8, left diagram, and focus on formats with equal
modulation efficiency:

(1) BPSK significantly outperforms ASK by about 3 dB lower SNRb ,
(2) QPSK outperforms 2ASK-2PSK,
(3) 8QAM outperforms 8PSK and more significantly 4ASK-2PSK, as 8QAM has

higher Euclidian distances between symbols, and
(4) square-16QAM outperforms 2ASK-8PSK (star 16QAM).
(5) A comparison of 64QAM with 16PSK, which perform both with similar

Euclidian distances and SER versus SNRS , demonstrates that 64QAM has a
significant advantage as it encodes 2 bits/symbol more than 16PSK.

If we look into the diagram of BER versus SNRb (right diagram of in Fig. 7.8) and
take into account the number of bits (m) each symbol is carrying, we can conclude
that for the same SNRb value square-MQAM formats perform with twofold higher
modulation efficiencies compared to formats transporting symbols in a single state
only: QPSK (2) versus BPSK (1); 16QAM (4) versus 2ASK-2PSK (2), and 64QAM
(6) versus 4ASK/2PSK (3).

The main outcome of Fig. 7.8 is that the highest modulation efficiencies together
with the best SNRb performance are obtained with quasi square-MQAM constel-
lation diagrams which outperform star-QAM and alternative ASK-PSK formats.
Thus, MQAM formats became standard HOM formats and have received highest
interest for optical transmission systems.

In order to compare the system sensitivities of HOM formats, their respective
SNRb at one common pre-FEC BER (e.g. of 0.04) can be used, as shown by the
dashed red line in Fig. 7.8, right side. The BER of 0.04 is considered as an imple-
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Table 7.1 Signal to noise ratio per bit (SNRb) and OSNR values at 128 Gbit/s line rate versus
number of bits per symbol (m) of MQAM formats, required for 0.04 pre-FEC BER, SNRb values
at theoretical limit of pre-FEC BER

m (bits/symbol) 2 3 4 5 6 7 8 9 10

SNRb = Eb/N0
(dB)

@ pre-
FEC BER

limit 1.1 2.6 4.2 5.9 7.7 9.6 11.5 13.5 15.6

0.04 1.8 3.4 5.2 7.0 8.9 10.9 13.0 15.2 17.4

OSNR (dB)
@ 128 Gbit/s

0.04 8.9 10.5 12.3 14.1 16.0 18.0 20.1 22.3 24.5

mentable pre-FEC BER of HOM formats with 25% SD-FEC OH with margin with
respect to a theoretical limit, as described in more detail in Sect. 7.4.2.

The use of pre-FEC thresholds in case of SD-FEC has been questioned in [44]
and generalized mutual information (GMI) has been suggested as a better predictor.
However, for an SD-FEC OH of 25% which we consider throughout this chapter, it
was also shown in [44] that deviations of pre-FEC BERs required in order to obtain
a specific post-FEC BER appear to be rather small and are within the errors of SNR
data which are summarized in Table 7.1.

Table 7.1 summarizes the required uncoded SNRb(Eb/N0) values versus the
number m of bits/symbol of QPSK and square-MQAM formats related to a pre-
FEC BER of 0.04 and at the theoretical limit of pre-FEC BER related to SD-FEC
with 25% OH. Note, that the corresponding coded SNRb values with 25% of OH
would be 0.96 dB smaller. The estimated accuracy of the SNR values given in
Table 7.1 is ± 0.1 dB up to m = 6 (64QAM) and ± 0.2 dB for m between 6 and 10
(1024QAM).

The lower SNRb values for the theoretical limits of per-FEC BER are apparently
more optimistic compared to the higher SNRb values at a constant pre-FEC BER of
0.04. For further comparison of HOM formats in this chapter we will consider only
the SNRb values at constant pre-FEC BER of 0.04. The differences or penalty steps
of formats between QPSK (m = 2) and 1024QAM (m = 10) are about 2 dB, more
precisely between 1.6 dB and 2.2 dB.

In optical communication, the optical signal to noise ratio (ONSR) is the parame-
ter corresponding to the electrical parameter SNRb [43] given by (7.10). The OSNR
data are in reference to the gross bit rate or the line rate BL including the coding
with 25% of OH and the considered SNRb values are, according to Table 7.1, the
uncoded values at a BER of 0.04.

OSNR = BL/(2 × Bref ) × SNRb (7.10)

Bref is the reference bandwidth, usually expressed as a 12.5 GHz (0.1 nm) band-
width. The relation (7.10) is valid for single polarization as well as for dual po-
larization operation. For HOM formats with constant line rates, e.g. with constant
FEC-OH, the OSNR penalties are identical to the SNRb penalties and increase be-
tween the HOM formats roughly also in steps of 2 dB.
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Table 7.1 includes the corresponding OSNR required for 128 Gbit/s line rate. The
8.9 dB of OSNR at 128 Gbit/s DP-QPSK will serve as OSNR reference through-
out this chapter. The penalty of 15.6 dB between QPSK (m = 2) and 1024QAM
(m = 10) is the price for the five-fold higher modulation efficiency.

7.3.1.4 Dual-Polarization MQAM

Polarization division multiplexing means transmitting data in two orthogonal opti-
cal polarizations (x and y) which doubles the modulation efficiency and the spectral
efficiency of any HOM format. PDM or dual polarization operation of HOM for-
mats in combination with coherent technology has become a commonly applied
method after coherent receivers have enabled fast and reliable digital polarization
demultiplexing.

For the investigation of bit rates beyond 100 Gbit/s on a single carrier and multi-
ple carriers as well we will focus in the following on standard HOM formats and will
generally include PDM. Dual polarization operation simply multiplies the modula-
tion efficiency according to mDP = 2 × m, and the granularity of mDP for standard
DP-MQAM formats appears in steps of 2 bits/symbol. Corresponding to this granu-
larity, the theoretical OSNR penalty is usually considered to vary in steps of 2 dB.
OSNR sensitivities determine the application area as 2 dB OSNR penalty results in
2 dB lower transmission distance. However, in practice the OSNR penalties are even
higher than the theoretical OSNR predictions as HOM formats are usually associ-
ated with implementation penalties.

Table 7.2 illustrates the DP-BPSK and the DP-MQAM constellations up to
DP-64QAM formats, including their modulation efficiencies mDP expressed by the
number of encoded bits per symbol. Table 7.2 includes the theoretical OSNR penal-
ties of the DP-MQAM formats with BPSK and QPSK taken as a reference, for the
case of SD-FEC with 25% OH and a pre-FEC BER of 0.04. The OSNR penalties
versus HOM formats correspond to the SNRb penalties according to (7.10) with the
assumption of constant line-rate for all formats. The DP-MQAM formats illustrated
in Table 7.2 are considered to be the most attractive ones for current and future
generations of long haul and Metro transmission distances.

For transceivers operating with flexible adaption of the modulation format the
2 bits/symbol granularity of standard HOM formats is not always an optimum
choice, and depending on the application finer granularities can be advantageous.
Time domain hybrid modulation formats (TDHM) have been proposed [45–47]
by generating so-called supersymbols with standard HOM format constellations
alternating in the time domain. With this approach finer granularities can be ob-
tained, e.g. 0.5 bits/symbol [48] and superior transmission performance has been
demonstrated including filtering of Reconfigurable Optical Add Drop Multiplexers
(ROADMs).
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Table 7.2 Dual-polarization BPSK and higher order modulation MQAM formats: DP-modulation
efficiency mDP (bits/symbol), constellations illustrated on both polarizations, OSNR penalties ref-
erenced versus DP-QPSK

HOM format

DP-BPSK DP-QPSK DP-8QAM DP-16QAM DP-32QAM DP-64QAM

mDP
(bits/symbol)

2 × 1 2 × 2 2 × 3 2 × 4 2 × 5 2 × 6

DP-constellation

OSNR penalty
(dB)

0 0 1.6 3.4 5.2 7.2

Fig. 7.9 16QAM generation
with 4 level modulator
driving signals (left) and
64QAM generation with 8
level modulator driving
signals using a single IQ
modulator

7.3.1.5 Principle of DP-MQAM Modulation and Reception

A 16QAM signal in optical transmission by modulating a single IQ modulator with a
4-level drive signal (4PAM signal) has been demonstrated in 2008 [49] and together
with a 6-bit DAC in 2010 [50], and a 64QAM signal has been generated with an
8-level drive signal (8PAM signal) using a DAC with only 3 bit resolution [51].

The examples in Fig. 7.9 depict the principle of generating e.g. 16QAM or
64QAM constellations by a 2-bit DAC (22 = 4 signal levels) or by a 3-bit DAC
(23 = 8 signal levels), respectively, with a single polarization IQ modulator as E/O
converter. The levels or number of states of the electrical driving signals correspond
to the number of projections of the symbols onto the in-phase and the quadrature
axis. The I/O modulator acts as a PAM to QAM converter. Each symbol of the com-
plex electrical output field of the transmitter is addressable, provided that the chain
DAC-driver-modulator is highly linear.

With one IQ modulators per polarization, the I and Q components of both, the
optical x- and y-polarization, can be generated at the transmitter output resulting in
a quasi 4D modulation format by 4 different optical fields [52].

High speed DACs implemented in ASICs (see Sect. 7.7.3) of deployed optical
transceivers have a limited resolution between 6 and 8 bits and support sampling
rates between 32 and 64 GSamples/s, and very recently up to 92 GSamples/s. For
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Fig. 7.10 Transmitter and receiver setup with IQ modulator and receiver details (schematic),
ϕ: 90° phase shifter; PBS: polarization beam splitter

measurement equipment DACs with 10 bit and more are available which support
sampling rates up to a few GSamples/s. The effective number of bits (ENOB) is
typically 1 to 3 bits lower than the theoretical resolution. In the case of SiGe based
6 bit DACs the ENOB is ∼5 bits and for CMOS based 8 bit DACs the ENOB is in
the range of 4.5 to 6 bits. Table 7.3 compiles the analogue modulation levels of the
DAC output and the minimum DAC resolution required to encode various standard
HOM formats. The modulation efficiency mDP (bits/symbol) includes polarization
multiplexing or dual-polarization operation.

Figure 7.10 shows the schematics of a state-of-the-art DP-MQAM transmitter
and a coherent receiver. The transmitter includes DSP, four DACs for four tributaries
and a dual polarization I/O modulator on the basis of two nested Mach-Zehnder
modulators (MZM) per polarization, described in more detail in Sect. 7.7.1. The
transmitter includes a C-band tunable laser in an integrated tunable laser assembly
(ITLA).

Four parallel linear amplifiers are required after the DAC to amplify their out-
put of typically 1V differential to ∼ 6Vpp (∼ 2Vπ ) single ended as required at the
modulator input.

An MZM has sinusoidal electrical field modulation characteristics and not lin-
ear as required for PAM to QAM conversion. Two alternative approaches are ap-
plied to compensate or counteract the shortcomings of the MZM characteristics:
(a) pre-compensation of the multi-level driving signals with DACs and modulation
with non-equidistant levels, (addressed in Sect. 7.5.1), or (b) modulation with lower
amplitude of ∼ Vπ or even less, so that the MZM is operated in the quasi linear
regime. This approach results in higher insertion loss as the lowest insertion loss
under modulation is obtained only when the modulator is driven with the full 2Vπ

modulation amplitude.
The receiver also shown in Fig. 7.10 includes an LO laser and the polarization

diversity O/E frontend. Key elements of the latter are polarization beam splitters
(PBS) and optical 90° hybrids which enable interference of the signal, in phase
and quadrature components in x- and y-polarization, with the light of the LO laser,
and four balanced photodiodes which convert the received signal spectrum to the
electrical baseband, linear TIAs, (for more details see Sect. 7.7.2), and four ADCs
for conversion of the four tributaries followed by the receiver DSP, to be discussed
in more detail in Sect. 7.6.2.
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7.3.2 Spectral Efficiency and Fiber Capacity

After 2009, with the availability of high resolution high speed DACs, significant
progress in research has been made with the demonstration of HOM formats and
constellation sizes of 16QAM and beyond targeting very high spectral efficiencies
and very high capacities on a single fiber. By using DP-16QAM an SE of 6.4 bit/s/Hz
and a very high fiber transmission capacity of 69.1 Tbit/s was demonstrated [16],
and with DP-36QAM, a non “standard” HOM format which has a non integer mod-
ulation efficiency by encoding 10.34 bits/symbol, the SE was increased to 8 bit/s/Hz
and the demonstrated fiber transmission capacity was 64 Tbit/s [53]. In both exper-
iments the SE was supported by appropriate wavelength interleavers and a WDM
crosstalk penalty was tolerated. Finally, the high capacities were achieved including
L-band transmission.

With DP-64QAM [54, 55] the spectral efficiency has been further increased and
including FDM 10 bit/s/Hz has been reported [56]. A transmission capacity of
45 Tbit/s using the C-band only has been achieved including spectral shaping to
minimize the linear WDM crosstalk. By moving to DP-128QAM, a spectral effi-
ciency of 11 bit/s/Hz has been demonstrated and an extremely high fiber transmis-
sion capacity of 101.7 Tbit/s including L-band transmission was reported. In all high
capacity WDM transmission experiments mentioned above an HD (hard decision)
-FEC with 7% OH has been included.

Even higher constellation sizes and spectral efficiencies have been achieved by
DP-256QAM enabling a spectral efficiency of 11.8 bit/s/Hz [57], by DP-512QAM
resulting in a spectral efficiency of 13.2 bit/s/Hz [58], by DP-1024QAM with
13.8 bit/s/Hz SE [6] and finally by DP-2048QAM with the record spectral effi-
ciency in optical transmission of 15.3 bit/s/Hz [7] without use of SDM. The highest
constellation sizes have been obtained using arbitrary waveform generators (AWG)
including DACs with 10 bit theoretical resolution operated at 12 GSample/s. These
DACs support low symbol rates (∼6 GBd) only and thus very narrow linewidth
lasers are required as well. As these narrow linewidth lasers are available only for
a limited number of wavelengths, no DWDM experiments and no new record ca-
pacities could be demonstrated so far based upon the highest constellation sizes. In
the transmission experiments with particularly high constellation sizes the OSNR
constraints were mitigated by Raman amplification. Table 7.4 summarizes se-
lected high capacity experiments with modulation formats between DP-16QAM
and DP-128QAM [59] and compiles the various parameters for comparison: the
modulation efficiency mDP, the spectral efficiency SE, the total fiber transmission
capacity achieved, the line rate (BL), the applied number of sub-carriers for the case
of FDM, the symbol rates (RS ), the net rate (BN ), the channel spacing (W ), the
bandwidth efficiency η (described below by (7.13)) and the corresponding C- and
L-band fiber bandwidths.

For the selected experiments in Table 7.4 the modulation efficiency and spectral
efficiency, the bit rates and symbol rates, the number of sub-carriers and the C- and
the L-band bandwidths vary significantly. Only the FEC OH remains constant and
the bandwidth efficiency η remains comparable.
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In the following part of this section we will compare potential spectral efficien-
cies and total fiber capacities of HOM formats for an optical C-band fiber bandwidth
of 4.4 THz and exclude L-band transmission. We will not discuss potential applica-
tion areas and consider constellation sizes between DP-QPSK and DP-1024QAM,
we will include throughout 25% OH for SD-FEC, to counteract OSNR constraints
of HOM. Our transmission line rates are generally 28% higher than the net rates,
e.g. 128 Gbit/s and 100 Gbit/s, respectively while the true net rates are always ∼3%
above our depicted net rates, as we include GE rates of e.g. 103.125 Gbit/s. As we
consider 25% of FEC OH, the SE will be correspondingly smaller than achievable
with 7% OH only.

Symbol rates and bit rates of HOM formats are linked via Hartley’s law (7.4) and
using modulation efficiencies in dual polarization operation (mDP) symbol rates RS

as given by (7.4) are modified by:

RS = BL/mDP (7.11)

BL is the transmission line rate and the transported net rates BN and the channel
spacing (W ) determine the spectral efficiencies (SE) according to:

SE = W/BN (7.12)

In DWDM transmission the channel allocation scenarios are described by the band-
width efficiency parameter η given by:

η = RS/W (7.13)

According to [60] DWDM channel allocation scenarios are distinguished and de-
signated as:

(1) η > 0.2: legacy WDM or coarse WDM
(2) 0.2 > η > 0.83: common DWDM
(3) 0.83 > η > 1.0: quasi Nyquist WDM
(4) η = 1: Nyquist WDM
(5) η > 1: super-Nyquist-WDM (faster than Nyquist)

For the fiber capacity discussion in this chapter we will focus on three different
cases of DWDM bandwidth efficiency with the following terminology:

η ≈ 0.64: “far Nyquist DWDM” (7.14)

η ≈ 0.85: “near Nyquist DWDM” (7.15)

η = 1: “Nyquist DWDM” (7.16)

For example, “far Nyquist” DWDM (7.14) corresponds to a 50 GHz channel grid
with a transmitted format of 32 GBd symbol rate, e.g. using 128 Gbit/s DP-QPSK, as
also illustrated in Fig. 7.11, left side. The center and right side of Fig. 7.11 represent
“near Nyquist” DWDM (7.15) cases with 32 GBd symbol rate on a 37.5 GHz grid
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Fig. 7.11 Illustration of “far-Nyquist DWDM” (left) and “near Nyquist DWDM” (center and right
with 32 GBd and 43 GBd of symbol rates

and with 43 GBd on a 50 GHz grid, respectively. 50 GHz is the standard ITU-T
channel grid and 37.5 GHz an example of a flexible channel grid with a granularity
of 12.5 GHz [61]. In all three examples of Fig. 7.11 the signals are spectrally pre-
shaped and show no linear crosstalk, more details will be given in Sect. 7.5.1.1.

The gain of spectral efficiency and capacity by going from “far-” to “near Nyquist
DWDM” and to “Nyquist DWDM” are 33% and 56%, respectively. Further capa-
city advantages potentially feasible with “faster than Nyquist” (η > 1) approaches
will not be considered here.

The bandwidth efficiency is a very sensitive measure for the routing capabilities
of transmitted formats and determines the acceptable number of ROADMs included
in a transmission link [48]. In case of η ≈ 0.64 many ROADMs (>10) can be passed,
while for η ≈ 0.85, only a few (<4) can be included.

Figure 7.12 illustrates the full range of spectral efficiencies and maximum sin-
gle fiber transmission capacities in the optical C-band (4.4 THz) available with
DP-MQAM formats, indicated versus constellation size M or modulation efficiency
mDP. The SE and capacity data are bit rate independent and can be considered for
single carrier solutions as well as for FDM or superchannel solutions [60].

At far Nyquist DWDM (η ∼ 0.64) the SE (capacity) increases with the constel-
lation size from 2 bit/s/Hz (8.8 Tbit/s) to 10 bit/s/Hz (44 Tbit/s) with DP-QPSK
and DP-1024QAM, respectively. At Nyquist DWDM (η = 1), the SE (capacity) in-

Fig. 7.12 Spectral efficiency
and C-band fiber capacity
versus M or mDP of
DP-MQAM formats with
bandwidth efficiencies of
η ∼ 0.64 (green-), η ∼ 0.85
(yellow-) and η = 1 (red bars)
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creases from 3.1 bit/s/Hz (13.8 Tbit/s) to 15.6 bit/s/Hz (69 Tbit/s), and at the inter-
mediate case of near Nyquist DWDM (η ∼ 0.85), the SE (capacity) increases from
2.7 bit/s/Hz (11.7 Tbit/s) to 13.3 bit/s/Hz (59 Tbit/s).

Any future gain of spectral efficiency and fiber capacity which may be poten-
tially realized in the future with “faster than Nyquist” will scale with the achieved
bandwidth efficiency. If transmission within the L-band is also included, the total
fiber transmission capacity of HOM formats can be further increased, as illustrated
by three experimental demonstrations included in Table 7.4, with as much as about
150% capacity increase reported in [16].

7.3.3 High Bit Rate Transmission

According to Hartley’s law (7.4) implementation of HOM formats is a promising
approach for achieving very high bit rates (line rates) provided sufficiently fast elec-
tronics are available. Table 7.5 is a compilation of research demonstrators from the
last few years where symbol rates beyond 40 GBd have enabled to achieve the high-
est line rates realized on a single carrier so far. The examples include different for-
mats and modulation efficiencies (mDP), different DAC approaches and technolo-
gies, different net rates and spectral efficiencies, different FEC OH and different
experimentally achieved OSNR values for the given FEC thresholds.

Table 7.5 shows that significant progress in research has been achieved to ob-
tain single carrier line rates of 400 Gbit/s [62] and beyond in order to approach
the 1 Tbit/s net rate which has finally been achieved in 2015 with a line rate of
1.24 Tbit/s reported in [63]. However, this result may be questioned to be a true sin-
gle carrier 1 Tbit/s demonstration as the Nyquist shaped 124 GBd signal has been
synthesized from four 32.5 GHz spectral sub-bands (spectral slices) merged into a
125 GHz frequency slot.

The two research demonstrators in Table 7.5 using a “DAC resolution” of 2 bits
were applying a passive combination of binary data to obtain a 4PAM signal for
the 16QAM generation [64, 65]. The demonstrator in Table 7.5 with a 3-bit DAC
applies an InP based power-DAC [66]. The demonstrators in Table 7.5 close to pro-
ducts including high resolution DACs with more than 6 bits theoretical resolution
are: 552 Gbit/s transmission [67] with 46-GBd DP-64QAM using 65-GSample/s
DACs with 8 bit theoretical resolution in CMOS technology, 864 Gbit/s transmis-
sion [68] with 72-GBd DP-64QAM with a SiGe DACs, and finally the 1240 Gbit/s
demonstrator with 124 GBd DP-32QAM using also the 65-GSamples/s DACs with
8 bit theoretical resolution in CMOS technology, but required in total 16 DACs
while a true single carrier and single sub-band transceivers would include only 4
DACs for the 4 tributaries.

Single-carrier 1 Tbit/s solutions combine high constellation sizes [73] together
with ultimate symbol rates [74], while few carriers 1 Tbit/s solutions [69–74] are
based upon the superchannel concept [60] targeting the use of two, three or four
FDM sub-carriers, that the requests on constellation size or symbol rate become
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less demanding. The first commercially available 100 Gbit/s transceiver introduced
in 2009 uses a two sub-carrier FDM solution based on the first 40 Gbit/s coher-
ent receiver technology using the DP-QPSK modulation format. Current 400 Gbit/s
transceivers introduced in 2014 also use two sub-carrier FDM but with DP-16QAM
modulation format providing a 2-fold higher spectral efficiency than DP-QPSK
which raises the SE from 2 bit/s/Hz to 4 bit/s/Hz.

The superchannel or FDM concept cannot provide higher spectral efficiencies
than single carrier solutions and therefore superchannels are considered as an in-
termediate stage only. The final target is a single carrier transceiver which will be
more cost-effective and will have less components and lower power consumption.
The higher symbol rates of single carrier implementations match better with the
granularity and the spectral properties of optical routing components. While the first
single carrier 100G transceiver was available only one year after the two sub-carrier
FDM product, the product maturity of a single carrier 400G transceiver e.g. based
on DP-16QAM with 64 GBd symbol rate will require a longer development time.
The development of a single carrier 1 Tbit/s transceiver is significantly more de-
manding, as the symbol rate or the modulation efficiency has to be 2.5 times higher
than for a 400G single carrier solution.

In the following part of this section we will investigate potential future 400 Gbit/s
single carrier product implementations, address the particular challenge of 1 Tbit/s
single carrier options, and compare the performance of 400 Gbit/s solutions with
dual and single carrier(s) in detail, and finally depict realistic scenarios for 1 Tbit/s
few carrier product options.

7.3.3.1 400G and 1T Single Carrier Options

Table 7.6 illustrates the symbol rate correlation and OSNR penalties of MQAM
HOM formats for 400 Gbit/s net rate, based upon 512 Gbit/s line rate with 25% SD-
FEC OH. Symbol rates supported by corresponding transceivers are mainly limited
by the data converters (DACs and ADCs) and to a lower extent by the O/E converters
as modulators and receivers have already been demonstrated to operate at symbol
rates higher than 64 GBd [71]. The MQAM constellation sizes shown range from
QPSK (4 bits/symbol) up the 1024QAM (20 bits/symbol), and dual-polarization
operation is generally included.

As already indicated in Table 7.1 for SNRb , the OSNR penalty for 512 Gbit/s or
any other constant bit rate exhibits a difference of about 2 dB between adjacent stan-
dard MQAM formats. The colors at the symbol rates in Table 7.6 indicate the prob-
ability of the data converter availability within the next 5 to 10 years (red: unlikely,
orange: likely; green: currently available). Symbol rates up to 32 GBd are supported
by current DAC and ADC technologies implemented in commercial 100 Gbit/s and
400 Gbit/s transceivers. DAC technologies available in 2015 [75] support symbol
rates of at least 43 GBd, but symbol rates above 70 GBd appear to be very challeng-
ing for data converters with more than 6 bits of theoretical resolution. Apparently,
the current main development targets of the data converter industry are to reduce
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power consumption of DACs and ADCs while to increase their sampling speed has
lower priority.

On the other hand, in research significantly higher symbol rates such as 80 to
107 GBd [74] have already been reported from experiments in which a passive
combination of binary data have enabled to obtain 100 GBd four level signals. For
commercial products high resolution DACs become mandatory in order to optimize
the spectral efficiency by pulse shaping which requests additional 2 to 3 bits of DAC
resolution (for details see Sect. 7.5.1).

As an example, we will compare two DP-MQAM format options which both en-
able 400 Gbit/s on a single carrier. According to Table 7.6 these are 64 GBd symbol
rate with 16QAM or 32 GBd symbol rate with 256QAM, and they differ by a factor
of two in modulation efficiency and capacity: DP-16QAM with 8 bits/symbol and
DP-256QAM with 16 bits/symbol. The second option has about 8 dB higher OSNR
requirement and in addition a 3 dB lower robustness to SPM [12] due to half the
symbol rate compared to the first option. The price for the 2-fold higher capacity
is about 11 dB penalty in transmission performance or more than 90% of transmis-
sion reach reduction. Therefore the second option might be attractive for shorter
reach and future data center communication while the first option is an attractive
400G single carrier transceiver solution for longer reach applications. Finally we
will shortly look on the very challenging 1 Tbit/s options on a single carrier, as de-
picted in Table 7.7. The realization of 1 Tbit/s on a single carrier and with a single
sub-band might be feasible only with the three HOM options highlighted in orange,
however, by what time or whether at all will primarily depend on the future progress
of data converters. Moreover, as these options have significant OSNR penalty, they
are expected to be suitable for short reach applications only.

7.3.3.2 Transmission Reach of 400 Gbit/s Single Carrier and Dual
Carrier FDM

In this section we will analyze the transmission reach performance of 400 Gbit/s sin-
gle and dual carrier FDM options (2 × 200 Gbit/s) over dispersion uncompensated
fiber. As in the previous section the line rate will be kept constant at 512 Gbit/s with
25% FEC OH, and the symbol rates will vary with the HOM formats. As a reference
we will take again the performance of 2nd generation 100 Gbit/s transceivers with
128 Gbit/s line rate and 32 GBd DP-QPSK including 25% OH, related to a pre-FEC
BER of 0.04.

We will limit the maximum constellation size to 256QAM and consider trans-
mission over dispersion uncompensated fiber links where the statistics of HOM can
be described by Gaussian noise (GN) [76]. We will also assume that differences
in nonlinear impairments from constellation sizes can be neglected and that the
transmission performance can be described by the GN [77] or the enhanced GN
model [78].

Independent of the transmission format and optical fiber type, transmission dis-
tances achievable with EDFA repeaters over N spans of fiber are determined by
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amplified spontaneous emission (ASE) noise accumulation and the received OSNR.
Measured with 0.1 nm resolution bandwidth, OSNR is for instance given by [79]:

OSNR (0.1 nm) [dB] = PF − αF − NF − 10 log(N) + 58 dB (7.17)

Equation (7.17) assumes constant fiber launch power (PF ) into each fiber span,
constant fiber attenuation (αF ) of each span, and constant noise figure (NF) of each
repeater amplifier. In order to achieve a targeted BER (e.g. of 0.04) after transmis-
sion with a specific modulation format over a specific type of fiber, the achievable
transmission distance DN (7.18) or the number of spans N are determined only
by the OSNR receiver sensitivity (OSNRRX) and the optimum fiber launch power
(Popt) into each transmission fiber span N :

DN [dB] = 10 log(N) ∝ Popt − OSNRRX (7.18)

The required OSNR sensitivities (penalties) scale with the bit rates according to
(7.10) and with the constellation size of HOM formats, as e.g. shown in Table 7.6 for
400 Gbit/s net rate. The optimum launch power for dispersion uncompensated trans-
mission with HOM formats is dominated by intra-channel nonlinear effects [12].
These depend on the spectral shape and the spectral width of the transmitted sym-
bol rate. In a simplified picture we assume that Popt doubles (3 dB Popt gain) if the
symbol rate is doubled. According to (7.18) we simply can express the transmis-
sion reach penalty by the OSNR penalty and the Popt penalty or gain. Inter-channel
nonlinear effects at uncompensated transmission are not negligible but of minor im-
portance and will not be considered in this chapter.

In Fig. 7.13 we illustrate the transmission performance over a few spans of dis-
persion uncompensated SMF fiber at two different bit rates (red and green curves)
by their respective Q2 factor versus PF and OSNR. The Q2 factors are calculated
from the BERs according to [79] and the OSNR is related to PF according to (7.17).
In both cases we have significant Q2 factor margins above Q2 ∼ 4.9 dB as BERs
are lower than the targeted pre-FEC BER of 0.04. In the low PF regime (below
−4 dBm) both cases perform in the linear transmission regime where the Q2 factor
increases linearly with PF . The linear increase of the Q2 versus OSNR represents
the back-to-back performance of the case with OSNRRX obtained at Q2 ∼ 4.9 dB
(BER = 0.04). In the high PF regime (above +3 dBm) both cases perform in the
non-linear transmission regime where the Q2 factor decreases with PF . Optimum
transmission performance is obtained in between where Popt at highest Q2 factors
(lowest BERs) are obtained, respectively. The two cases show different OSNRRX
and different Popt , but their differences in terms of OSNR penalty and Popt gain
appear comparable. Thus both cases perform with comparable transmission reach.

In the following part of this section we will analyze 400 Gbit/s and 1 Tbit/s
options of HOM formats with respect to their transmission reach penalty (reach
reduction) versus our reference format 128 Gbit/s DP-QPSK.

A comparison of the single carrier performances at 200 Gbit/s (a) and 400 Gbit/s
(b) at the same HOM format shows: (a) has 3 dB lower OSNR sensitivity compared
to (b), while (b) supports 3 dB higher launch power compared to (a) due to the
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Fig. 7.13 Q2 factor versus
fiber launch power (PF ) for
two different bit rates cases
(red and green curves) with
respective OSNR penalty and
Popt gain

twofold higher symbol rate and spectral width as well. Thus both solutions have the
same transmission reach, and the same reach is obtained also for 2 × 200 Gbit/s as
a dual carrier FDM option for 400 Gbit/s is compliant with 2 × 200 Gbit/s DWDM
channels.

The dual carrier FDM option has the same OSNR sensitivity and the same Popt

as the single carrier 400 Gbit/s option because the bit rate and the total power Popt

are identical. As a consequence distance penalties of HOM formats are independent
of the transmission bit rate and independent of the number of FDM sub-carriers.
In Fig. 7.14 we display OSNR penalty, Popt gain and reach penalty of single and
dual carrier 400 Gbit/s options together with their symbol rates as a function of the
constellation size of the MQAM HOM format. 128 Gbit/s DP-QPSK with 32 GBd
symbol rate is taken as the reference for the penalty values shown.

Compared to the previously introduced SNRb and OSNR penalty versus con-
stellation size which increases by steps of ∼2 dB between the standard MQAM
formats (�mDP = 2), the reach penalty increases more significantly between the

Fig. 7.14 Reach penalty,
OSNR penalty, Popt gain and
symbol rates per carrier
versus constellation size for
single and dual carrier
400 Gbit/s solutions, penalty
and gain values given relative
to those of 128 Gbit/s
DP-QPSK (32 GBd)
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standard MQAM formats by steps of ∼3 dB due to the optical gain (Popt) which
varies by steps of ∼1 dB.

The reach penalty is the main tribute to be paid for the capacity advantage of
HOM formats. A 3 dB reach penalty reduces the transmission reach by 50% when
going from one standard MQAM format to the next higher one (�mDP = 2). These
3 dB steps express a significant granularity of transmission penalty. Transceivers
operating with TDHM formats which reduce the step size of the modulation effi-
ciency to e.g. �mDP = 0.5 [48] are advantageous as they reduce at the same time
the transmission penalty between the TDHM formats to 0.75 dB (16% transmis-
sion reach reduction) according to the slope of the reach penalty curve in Fig. 7.14
of 1.5 dB/bits/symbol.

A significant transmission reach advantage can be expected using probabilisti-
cally shaped HOM formats instead of standard HOM formats as probabilistically
shaped constellations perform closer to the Shannon limit. In [80] a reach advan-
tage of 35% has been demonstrated using a probabilistically shaped 64QAM format
versus a standard 16QAM format.

The OSNR performance and reach penalty data presented in Fig. 7.14 are theo-
retical values and unfortunately real world OSNR values are coming with “imple-
mentation penalties” which are related to hardware limitations depending on con-
stellation size and symbol rate. Minimum implementation penalties in the order of
about 2 dB are observed for 32 GBd DP-QPSK, the penalties increase to about 3 dB
for 32 GBd DP-16QAM, and they may reach more than 4 dB, as experimentally
demonstrated for 21 GBd [81]. In general implementation penalties increase with
the constellation size, however, this penalty can partly be overcome by coding gain
improvements brought by empowered FEC.

7.3.3.3 Channel Grid for 400 Gbit/s Single Carrier and Dual Carrier FDM

In the following paragraph we will compare the 400 Gbit/s single with the dual-
carrier option (2 × 200 Gbit/s) with respect to channel grid allocations at far
(7.14) and near Nyquist (7.15) DWDM with bandwidth efficiencies of η ∼ 0.64
and η ∼ 0.85, respectively. As in the previous section, we will include constellation
sizes such as 128QAM and 256QAM as potential options for future short reach data
center applications. Figure 7.15 illustrates the different channel spacing options of
HOM formats including the corresponding symbol rates (blue bars), and the left and
right parts of the figure correspond to 200 Gbit/s and 400 Gbit/s channel net rates
(line rates in brackets), respectively. Green and red bars indicate the far and near
Nyquist cases. The solid, colored bars show applications on the flexible grid with
a frequency grid granularity of 12.5 GHz, according to the ITU-T standard [61].
The open colored bars show applications not covered by the flexible grid. We de-
signate these as open grid applications as they do not match with the frequency grid
granularity of 12.5 GHz and are not compliant with the ITU-T standard [61].

Due to the 2-fold higher symbol rate at 400 Gbit/s, the flexible grid granularity
with 12.5 GHz appears to be sufficient up to high constellation sizes as a compar-
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Fig. 7.15 Channel spacings of HOM formats at 200 Gbit/s (left) and 400 Gbit/s (right), corre-
sponding to η ∼ 0.64 and η ∼ 0.86 for flexible (solid green and red bars) and open grid allocation
(open green and red bars)

ison of the solid and open bars in Fig. 7.15 demonstrates. At 200 Gbit/s, the flex-
ible grid granularity is apparently rather insufficient as it is limited to DP-16QAM
only. For example, DP-32QAM on a 37.5 GHz flexible grid (η ∼ 0.64) does not
offer any spectral efficiency advantage compared to DP-16QAM for η ∼ 0.86, as
DP-32QAM with η ∼ 0.86 is on the open grid. If compliance with the flexible grid is
requested, a further spectral efficiency gain would be provided only by DP-64QAM
with η ∼ 0.86 on the 25 GHz flexible grid.

At 200 Gbit/s the use of hybrid modulation formats [48] would increase the spec-
tral efficiency granularity and make it fit into the flexible grid granularity but for
400 Gbit/s hybrid modulation formats are not required in this respect. As already
mentioned, the highest constellation sizes of the standard HOM formats, 128QAM
and 256 QAM, are only suited for short reach (intra data center) applications where
no flexible grid standard is targeted.

7.3.3.4 1 Tbit/s Few Sub-carriers FDM Options

In the past few years, significant research has been performed on the development
of 1 Tbit/s transceivers, and the focus has mainly been on FDM. Like the first
100 Gbit/s and first 400 Gbit/s solutions, also future first 1 Tbit/s solution will be
based upon FDM and the superchannel concept and the number of sub-carriers and
the applied symbol rates will be determined by the available converter technologies.

Table 7.8 shows single carrier and superchannel (FDM) options for the realiza-
tion of 1 Tbit/s net rate and 1.28 Tbit/s line rate. As for 100 Gbit/s and 400 Gbit/s
net rates, the true net rates include GE client rates and the line rates include 25%
OH for SD-FEC. As in the case of Table 7.6 and Table 7.7, the color codes chosen
for the symbol rates indicate the availability of the required digital converter techno-
logy within the next 5–10 years. Red (orange) indicates unlikely (likely) availability
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Fig. 7.16 Reach penalty,
OSNR penalty, Popt gain and
symbol rates per carrier
versus constellation size for
single and multiple carrier
1.28 Tbit/s options, penalty
and gain values given relative
to those of 128 Gbit/s
DP-QPSK (32 GBd)

while DACs and ADCs required for the symbol rates highlighted in green are al-
ready available.

With current converter technology, which supports symbol rates of about
43 GBd, a 1 Tbit/s transceiver requires four sub-carriers e.g. together with
DP-16QAM at 40 GBd or two sub-carriers e.g. together with DP-128QAM at
46 GBd, respectively. With future converter technologies which may support sym-
bol rates up to ∼70 GBd or even 80 GBd, attractive two sub-carrier solutions can
be based upon DP-64QAM with 53 GBd or on DP-32QAM with 64 GBd or even
on DP-16QAM with 80 GBd.

Similar to the 400 Gbit/s case shown in Fig. 7.14, Fig. 7.16 illustrates various
1 Tbit/s options (1.28 Tbit/s line rate) including: the development of OSNR penalty,
fiber launch power (Popt) gain, and the reach penalty versus constellation size of the
MQAM HOM formats with 128 Gbit/s DP-QPSK (32 GBd) taken as a reference.
Figure 7.16 includes the symbol rates required for potential single carrier options
and for two, three, and four sub-carrier FDM options.

The ten-fold higher bit rate compared to 128 Gbit/s DP-QPSK leads to 10 dB
higher OSNR (penalty) at 1.28 Tbit/s DP-QPSK but comes together with 10 dB
Popt gain due to ten times broader spectral width. The resulting 0 dB reach penalty
is in accordance with the case of 10 × 128 Gbit/s DWDM as the spectral efficiency
remains unchanged. If the spectral efficiency is increased by the constellation size,
the OSNR penalty and the Popt gain scale bit rate independently as in the case of
400 Gbit/s options shown in Fig. 7.14: the reach penalty increases in steps of 3 dB
between the standards MQAM formats or with a slope of 1.5 dB/bits/symbol.

7.3.3.5 Transmission Reach Versus Capacity

Figure 7.17 summarizes the trade-off between maximum fiber capacities in the C-
band for different constellation sizes of standard HOM formats and the maximum
transmission reach over terrestrial SMF links with EDFA repeater and without dis-
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Fig. 7.17 Maximum single
fiber capacities for dedicated
application areas and
maximum fiber (SMF)
transmission distances
(triangles: optimistic, points:
pessimistic case) versus
HOM formats for far Nyquist
DWDM: η ∼ 0.64 (green
bars) and near Nyquist
DWDM: η ∼ 0.85 (red bars)

persion compensation. Potential application areas are indicated. A distinction be-
tween flexible and open grid has not been made here. The capacity as well as
the maximum transmission data are bit rate independent and hold for 200 Gbit/s,
400 Gbit/s or even 1 Tbit/s on a single carrier and are also valid for multiple carrier
FDM solutions.

The maximum distance values designated as “pessimistic” correspond to the
1,500 km product performance of 112 Gbit/s DP-QPSK, data labeled “optimistic”
correspond to 10,000 km research performance, and 14,000 km reach has been
demonstrated with 128 Gbit/s DP-QPSK for EDFA repeated SMF transmission [82].

The advantage of pulse shaping together with HOM formats can be seen in
Fig. 7.17 (similar to Fig. 7.12), as indicated by the arrows: by pulse shaping
(η ∼ 0.85, red bars) the same channel spacing, spectral efficiency, and capacity can
be obtained as that achieved by the next higher HOM format without pulse shaping
(η ∼ 0.64, green bars), i.e., pulse shaping enables a modulation efficiency increase
by 2 additional bits/symbol.

From today’s perspective the maximum single fiber capacities in the optical C-
band feasible with standard HOM formats are ∼24 Tbit/s, 35 Tbit/s and 46 Tbit/s for
long haul, Metro and short reach applications, respectively. The corresponding spec-
tral efficiencies are 5.3, 8, and 10.7 bit/s/Hz achieved by DP-16QAM, DP-64QAM,
and DP-256QAM, respectively. If the optical L-band is included, the available fiber
bandwidths increase from 4.4 THz up to 11 THz [16], and the single fiber capacities
can reach ∼60 Tbit/s, 87 Tbit/s, and 115 Tbit/s, respectively.

The application limitations visible in Fig. 7.17 can still be shifted significantly.
For example, DP-64QAM may become an option for long-haul transmission by
including (a) Raman amplification, so that the OSNR constraints and penalties of
high constellation sizes become relaxed or (b) 3R regeneration, depending on the
future cost development of coherent transceivers.

Recently probabilistically shaped DP-64QAM constellations [83] have been pro-
posed for reach extensions. It has also been demonstrated [83], at same spectral ef-
ficiencies that probabilistically shaped DP-16QAM and DP-64QAM constellations
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constellations perform with longer reach than regular DP-16QAM and DP-64QAM
formats.

In submarine transmission configurations with gridless channel allocations, the
channel spacing chosen and bandwidth efficiencies η are usually closer to Nyquist:
0.85 < η < 1, enabled by the use of very low signal roll-off factors (<0.1) resulting
in respective higher spectral efficiencies.

7.4 Forward Error Correction (FEC)

7.4.1 Hard Decision FEC

FEC has a long history in optical communication systems. It has been introduced
in 2.5 Gbit/s OOK systems first and has become indispensable in today’s co-
herent transmission systems. In 1995, the first FEC, using Reed-Solomon block
codes, was applied in optical transport to bridge submarine transmission distances.
In 10 Gbit/s NRZ terrestrial DWDM long-haul systems, the well-known Reed
Solomon RS(255,239) block code was widely implemented as described by ITU-T
recommendations G.975.1 [84] and G.709 [85] and was classified as first genera-
tion FEC. This RS(255,239) code requires an OH of 6.7% and corrects a pre-FEC-
BER of 2 × 10−4 to post-FEC-BER <10−15, corresponding to a net coding gain
(NCG) of 6.2 dB. During the development of 40 Gbit/s systems system engineers
were looking for stronger FECs with higher NCG to compensate the 6 dB higher
OSNR required by the new 40 Gbit/s bit rate systems compared to the installed
10 Gbit/s solutions. Most of the improved FEC schemes applied concatenated pro-
duct codes [86] with e.g. inner-RS and outer-RS codes. More precisely, a bit stream
is first encoded by an inner algorithmic code, code words are jointly interleaved, and
after partitioning the product is encoded a second time by an outer algorithmic code.
These codes achieve very good performance and low error floors with limited im-
plementation complexity. The inner and outer codes of such schemes are often BCH
(Bose-Chaudhuri-Hocquenghem) and/or RS codes. The advantage of BCH codes is
that very efficient closed-form solutions exist for computing the error locations at
the decoder [87]. Keeping the OH at 7%, the NCG could be improved significantly
with these new FEC schemes, also denoted as enhanced FEC (E-FEC), summarized
in G.975.1 [84]. These E-FEC codes have been classified as second generation FEC
schemes, they provide NCG between ∼8 dB and ∼9 dB, and correct pre-FEC-BERs
between 10−3 and 3.8 × 10−3 to post-FEC-BER <10−15.

Figure 7.18 summarizes the NCG of different realized versions [84] of 2nd
generation FEC including the NGC of 6.2 dB for the 1st generation FEC. Both
generations are so-called hard decision FECs, as “0-1” decisions are performed.
Figure 7.18 also includes the NCG of further implemented HD-FEC schemes with
11% and 25% FEC OH [84].
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Fig. 7.18 Net coding gain
(NCG) of 1st and 2nd
generation HD-FEC codes
and theoretical limit of
HD-FEC and SD-FEC
schemes versus FEC OH

7.4.2 Soft Decision FEC

Since the first implementations of 100G transponders which used second generation
HD-FEC, there has been intensive research to develop even more powerful FEC
codes with NCG beyond 10 dB by soft-decision [88, 89] but also allowing higher
OH than 7% only. Soft-decision means that no “0-1” decisions are made prior to
FEC decoding but all information coming from the DSP is exploited. If hard “0-1”
decisions are made at an early stage of signal processing, information is lost which
could otherwise be used to improve the FEC performance.

Figure 7.18 includes the theoretical limit of NCG for HD-FEC and SD-FEC
depending on the FEC OH, which has been described by Shannon’s second the-
orem [38]. A performance gain between 1 and 1.5 dB is observed for SD-FEC
compared to HD-FEC in the range between 2% and 50% of OH, respectively. For
example, the ultimate NCG limit for SD-FEC with 25% OH is 12.9 dB which we
will consider in this chapter for the comparison of HOM formats.

SD-FEC schemes are designated as third generation FEC, they are significantly
more complex and consume significantly more power than the first and second gene-
ration HD-FEC schemes, at the encoder as well as at the decoder side but they also
allow higher flexibility. In general, for HD-FEC less information needs to be trans-
ferred between the receiver DSP and the FEC decoder. In the case of SD-FEC the
data flow is significantly higher and a fast interface is required between SD-FEC and
the coherent receiver DSP, thus both have to be implemented together in one ASIC.
Since the introduction of 35 nm CMOS technology this became feasible and has
been realized with reasonable power consumption. Second generation 100 Gbit/s
transponders already include SD-FEC with ∼25% OH and a small amount (typi-
cally ∼3%) of HD-FEC to correct for error-floors [90].

Two competing classes of SD-FEC are currently investigated for 100 Gbit/s sys-
tems and beyond. The first class uses block turbo codes (BTC) and is in principle an
extension of second generation concatenated codes and applies so-called iterative
soft-decision decoding [91]. BTC decoders are highly parallelizable while keeping
the internal decoder data flow low, they converge rather fast and require a small
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number of decoding iterations only. The main disadvantage of these codes is their
relatively large block length leading to larger delays. Further disadvantages include
inflexibility with respect to varying frame sizes and overheads.

The second class are low-density parity-check (LDPC) codes applying maxi-
mum a posteriori (MAP) soft-decision decoding. LDPC codes have been invented
in 1963 [92] and were rediscovered in the 90ies of the last century and are applied
in wireless (WLAN, IEEE 802.11, DVB-S2) and powerline communication (IEEE
1901) and 10G Ethernet (IEEE 802.3). The first LDPC code implemented in optics
was an HD-FEC scheme included in the second generation FEC scheme in G.975.1.
Latest developments of LDPC codes for future optical communication systems are
given in [93]. Compared to BTC schemes LDPC codes have relatively simple al-
gorithms allowing a high degree of flexibility as there exists no common design
rule. Various algorithms have been proposed for 100G and beyond systems with
advantages and disadvantages. The target design is a code that yields high coding
gain, fast convergence and that is implementable in the considered CMOS techno-
logy with reasonable power consumption. LDPC codes usually suffer from an error
floor at BERs between 10−6 and 10−10. Therefore, modern FEC systems are typi-
cally constructed using an SD-LDPC inner code which reduces the BER to a level
of 10−3 to 10−5 and an HD outer code which pushes the post FEC-BER to levels
well below 10−12, as proposed in [94]. With the latest generation of LPCD codes
floorless error correction [95] is achieved so that no additional HD-FEC is required.

For the application of HOM formats which come along with increasing OSNR
sensitivity constraints, improved FEC performance becomes more and more essen-
tial. One option to meet this challenge is to trade off part of the modulation efficiency
of HOM formats against higher overhead and thus for stronger SD-FEC so that the
higher OSNR demands can at least partially be relieved.

The curves in Fig. 7.19 show the theoretically maximum correctable pre-FEC
BER (pre-FEC threshold) as a function of OH for SD-FEC for four examples of
HOM formats. The use of pre-FEC threshold as theoretical limit in the case of SD-
FEC has been questioned [44] and the generalized mutual information has been
claimed to be a better predictor. However, at an SD-FEC OH of 25% under consid-
eration here it was also pointed out in [44] that the differences for the pre-FEC in
order to obtain a required post-FEC are very small and become significant only for
much higher OH.

Realistically achievable values of maximum pre-FEC BERs with SD-FEC were
confirmed for different OH and different HOM formats as illustrated by the points
in Fig. 7.19. These maximum pre-FEC BER values were obtained for a class of
spatially coupled LDPC codes [96], currently one of the best known schemes for
SD-FEC. This class of codes has been successfully verified in various transmission
experiments, e.g., for high spectral-efficiency ultra long-haul submarine transmis-
sion [97]. It can be seen that this class of codes allows one to operate close to the
theoretical limits, shown by the curves in Fig. 7.19 where a dependency on HOM
formats can be observed. These theoretical limits of pre-FEC BER at 25% OH ap-
pear to be in the range between 0.054 and 0.057 for QPSK and 64QAM, respec-
tively. Extrapolation to 1024QAM suggests that the maximum pre-FEC BER should



7 Higher-Order Modulation Formats – Concepts and Enabling Devices 329

Fig. 7.19 Maximum
tolerable pre-FEC BER vs.
SD-FEC overhead for QPSK,
16QAM and 32QAM, curves
show theoretical
performance, points show
simulated SD-FEC decoder
performance

not exceed 0.059 at 25% OH. The use of a single common pre-FEC BER of 0.04
at 25% OH for the comparison of HOM formats appears pessimistic according to
Fig. 7.19 and therefore we conclude that the performance of very high constellation
sizes appears to be slightly underestimated compared to low constellation sizes.

7.5 Digital Signal Processing

7.5.1 Transmitter Digital Signal Processing

If DACs and DSPs are included in a transmitter, a single transceiver with enor-
mous flexibility is obtained. The DSP and DAC allow for the generation of HOM
formats together with spectral pre-shaping which becomes a mandatory feature for
the optimization of the spectral efficiency of near Nyquist shaped flat top signal
spectra. In addition, the modulation format of the transceiver can be dynamically
changed on the fly by the DSP if the routed signal path is changed and transmission
impairments vary. Besides standard HOM, modulation formats with different FEC
codes can also be included [98]. Furthermore, hybrid HOM formats like time do-
main hybrid modulation formats can be included to further increase the granularity
of standard HOM [47, 48], to better adapt for targeted transmission distances. Fi-
nally, a variety of equalization functions can be addressed in addition to spectral
pre-shaping (pulse shaping): (a) equalization of the frequency modulation response
given by the concatenation of the DAC, the driver, and the modulator, (b) compen-
sation of the sinusoidal modulation characteristics of the MZM, (c) dispersion pre-
compensation, (d) SPM pre-compensation etc. Thus software defined transceivers
can be implemented if DACs and transmitter DSP are included.

As reported in Sect. 7.3.1.5, high speed DACs implemented in ASICs for optical
transceivers have a limited available resolution, determined by the ENOB, typically
between 4 and 6 bits, and the degree of realizable equalization functionality is de-
termined by the target constellation size. Apparently there is a trade-off between
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Fig. 7.20 Transmitter building blocks

the desired constellation size and the realizable equalization [99]. For example, as
shown in Table 7.3, if DP-64QAM is targeted with DACs and if an ENOB of 5 bits
is assumed, there are two bits available for equalization functions. In [100] it has
been estimated that pulse shaping requires 1 bit in effective resolution, and 1 ad-
ditional bit is required for equalization of the frequency modulation response, as a
consequence, the application of 64QAM is possible in that example.

Figure 7.20 shows the main transmitter building blocks, consisting of Tx DSP
and four DACs which convert the digital representations of the four tributaries Ix ,
Qx , Iy and Qy to multi-level analogue signals. These are subsequently amplified
by linear amplifiers and launched to a DP-IQ modulator. In the following discussion
we will restrict ourselves to the Tx DSP block consisting of client data mapping,
FEC encoding, modulation format encoding, and digital equalization.

Data Mapping: At the input of a transceiver so-called client signals arrive. Since
the GE Ethernet and optical transport hierarchy met with 100GE and 100 Gbit/s
(OTU-4) standards in 2010, the client data are mostly GE based. Including synchro-
nization and data skewing, these data are mapped onto the four tributaries Ix , Qx ,
Iy , and Qy , where I and Q are the in-phase (I ) and quadrature (Q) components of
the signal in x and y polarization, respectively.

FEC Encoding includes encoding of data by HD-FEC or by SD-FEC. If only SD-
FEC is used, the applied LDPC code must allow for error floor free performance at
the receiver side. More details on FEC were summarized in Sect. 7.4.2.

Modulation Encoding includes the mapping of the FEC encoded bits onto the
desired HOM format. Depending on the available resolution, modulation encod-
ing potentially includes the equalization of the MZM sinusoidal characteristics by
adapting the digital representation of the amplitude and phase levels to the symbol
constellations.

Digital Equalization at the transmitter side uses fixed static none adaptive equal-
izers usually implemented by time-domain FIR filters. The equalization includes
the equalizing function shown above. The equalization of the frequency response
of DAC, driver, and modulator is performed with the target of achieving a flat top
output spectrum which is achieved by signal pulse shaping.
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Fig. 7.21 Raised-cosine filter response (spectrum) and eye-diagrams for various roll-off factors α

7.5.1.1 Spectral Pre-shaping

The key motivations for spectral pre-shaping or Nyquist pulse shaping are (a) rais-
ing the spectral efficiency in order to maximize the fiber capacity (see Sect. 7.3.2)
by appropriate control of the transmitter signal spectrum, (b) minimizing intersym-
bol interferences (ISI) and (c) increasing the nonlinear tolerance of the transmitted
signal. A widely used filter function is the raised cosine (rc) function Hrc(f ) given
by (7.19)

Hrc(f )

⎧⎪⎨
⎪⎩

1; |f | < 1−α
2TS

cos2
(

πTS

2α

(|f | − 1−α
2TS

)); 1−α
2TS

< |f | < 1+α
2TS

0; else

(7.19)

and filtering is typically implemented in such a way that the filtering is shared be-
tween the transmitter and the receiver. The corresponding filter function at both
sides is a root raised cosine filter Hrrc(f ) with TS = 1/RS (RS = symbol rate) and
α as the roll-off factor. Figure 7.21 represents the rc filter function (spectrum) with
variable roll-off factors between 0.01 and 1. The function Hrc(f ) acts as an ideal
low pass filter for the case of α = 0 and it eliminates all undesired out of band
signal contributions. The full width at half maximum (FWHM) of the spectrum cor-
responds to the symbol rate RS for all roll-off factor cases. Figure 7.21 includes
simulated binary eye-diagrams with rc modulation and the corresponding roll-off
factor. As a compromise between remaining eye-opening and spectral properties,
actually implemented roll-off factors are usually between 0.1 and 0.2 for terrestrial
transmission applications.

Figure 7.22 shows a comparison of the spectral characteristics of two 43 GBd
(DP-16QAM modulated) signals on the 50 GHz grid with bandwidth efficiency
of η ∼ 0.85 (near Nyquist DWDM), one with and the other without spectral pre-
shaping. Spectral pre-shaping (left channel pair) provides significantly better chan-
nel separation and significantly lower linear crosstalk than what can be obtained
without pre-shaping (right channel pair), measured crosstalk penalties are less than
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Fig. 7.22 Spectral
characteristics of 43 GBd
DP-16QAM signal pairs for
50 GHz channel spacing; left
side: with spectral
pre-shaping with Hrrc(f ) and
α = 0.15, right side: no
spectral pre-shaping

0.2 dB and more than 2 dB, respectively. If targeting without pre-shaping together
with less than 0.2 dB cross talk penalty between neighboring channels, the channel
spacing must be higher and the spectral efficiency becomes 30 to 40% lower. In
addition, higher nonlinear tolerance of pre-shaped signals has been demonstrated
in [101].

7.5.2 Receiver Digital Signal Processing

In general there are two different approaches for the receiver signal processing: ei-
ther signal processing using training sequences or signal processing using full blind
adaptation; in this section we will concentrate on full blind adaptation. Figure 7.23
shows the building blocks of the coherent receiver. The four analogue tributaries (Ix ,
Qx , Iy , and Qy ) received from the phase and polarization diversity receiver front-
end are linearly amplified and digitized by four high speed ADCs and fed to the
receiver DSP. The DSP comprises the following stages: timing recovery, frontend
corrections, dispersion equalizer, polarization recovery, carrier frequency recovery,
and phase recovery. After passing these blocks the symbols are recovered and the
HOM has to be decoded. Finally the FEC has to be decoded and the signals have to
be mapped to client rates.

Timing Recovery is the first DSP building block to resample/synchronize the
oversampling ratio of the signal to a 2-fold ratio. In favor of that the phase of the
received signal has to be estimated using the Gardner timing recovery [102] or the
square timing recovery [103]. Due to operating the system in the digital domain

Fig. 7.23 Coherent receiver building blocks
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without closed feedback loop a full synchronous sampling is impossible. Therefore
any phase offset has to be compensated by an interpolation filter. In order to mini-
mize the offset the phase estimation may be used to adjust the ADC’s sampling
frequency.

Frontend Corrections are applied to compensate for quadrature imbalances that
may originate from imperfect phase reception of the optical 90° hybrid. Quadrature
imbalance compensation is well known in wireless communication and has been
proposed to be used in optical communications as well [104]. A detailed example
of I–Q imbalance compensation is reported in [105] by measuring and minimizing
the cross correlation between the in-phase (I ) and quadrature (Q) components of
the received signal, employing a feedback structure. The I–Q output results from a
linear combination of the received I–Q signals.

Chromatic Dispersion Compensation is performed in two steps: at first by static
dispersion equalization with slow update rates for compensation of high chromatic
dispersion values while fast residual dispersion compensation by an adaptive equali-
zation is performed in the following polarization recovery part. The target filter
function is a simple all pass filter for the compensation of differential group delay.
The number of required filter taps for compensation of the CD increases linearly
with the dispersion and therefore linearly with fiber length.

A static equalizer [106, 107] can be implemented either in the time [108] or
in the frequency domain [109] with different degrees of complexity which rises
proportional to N or log2 N , respectively, where N is the number of filter taps. The
number of taps is typically large and suitable for the compensation of the CD of a
few 1000 km of SMF. Therefore an implementation of the CD filter in the frequency
domain is advantageous. The tap weights are complex numbers in the time domain
implementation, while the tap weights in the frequency domain implementation are
complex numbers with modulus 1.

Polarization Recovery including PMD Compensation is typically performed in a
2 × 2 MIMO configuration [107]. Also designated as a butterfly structure including
four independent adaptive filters partitioned into three parts: The actual FIR filter
bank, error estimation, and calculation of updated filter coefficients [110].

The actual filter bank consists of simple FIR filters. At this point in the processing
chain the carrier frequency and the phase are not yet estimated nor compensated. At
the polarization recovery output the constellations are still rotating in the complex
plain. Therefore decision directed adaptation schemes are more difficult to imple-
ment for polarization recovery including PMD compensation.

A very popular blind adaptation scheme for error estimation is the constant mod-
ulus algorithm (CMA) [111] which optimizes deviations of the amplitude of the
equalized signal from a desired fixed value. In the case of rotating symbols the unit
circle is used as adaptation target. The standard CMA is optimally suited for purely
PSK modulated signals, including QPSK, with all symbols on a ring corresponding
to constant intensity (constant modulus). For HOM formats multi-modulus algo-
rithms (MMA) have been proposed [112] although the standard CMA is applicable
for HOMs too. The most widely used implementation for the calculation of filter
coefficient updates is the least-mean-squares algorithm [113]. The idea of the LMS
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algorithm is to estimate the gradient of the error by partial derivatives of the mean
squared error with respect to the filter coefficients. The exact formulation of this
algorithm and a comparison with a decision feedback structure can be found for
instance in [114]. The update of the filter coefficients and the resulting convergence
speed must be fast enough for the compensation of the fastest expected polarization
changes. On the other hand the filters must also be long enough to simultaneously
compensate for the maximum expected polarization dependent delays. These are
determined by the maximum differential group delay (DGD) expected for the trans-
mission link at the end of which the transceiver is expected to operate. The filter
acts as a channel equalizer, too. If Hrrc(f ) pulses are applied with very low roll-off
factors, the long impulse response of the channel equalizer may dominate the filter
length. At the filter input oversampled data are applied, and at the output baud rate
sampled data are required for further processing.

Carrier Frequency Recovery or Frequency Offset Compensation: The frequency
offset between the Tx laser and the LO determines the rotation frequency of the
whole constellation in the I–Q plane and can be estimated in the frequency do-
main. A common method is using the M th power nonlinearity in order to find the
frequency with the maximum power in the Fourier transform of the residual signal
after the modulation has been removed [115]. The estimated carrier frequency is
used to downconvert the signal into the baseband by one complex multiplication.

Carrier Phase Recovery is required to finally remove phase differences or phase
walk-off between the Tx and LO carriers by either using a joint-polarization ap-
proach [116], feed-forward M th power phase estimation [117] or a Viterbi-Viterbi
algorithm [118]. More details can be found in [119]. After application of the M th
power of the symbols the modulation is removed, the carrier phase can be estimated,
and one more complex multiplication finally compensates the carrier phase. At the
output of the carrier phase recovery the symbols are regenerated completely.

Modulation Decoding and FEC Decoding: The modulation has to be decoded
depending on the Tx encoding scheme in order to regenerate the binary data, and
these data are finally FEC decoded according to the applied FEC scheme.

7.6 Data Converters (DAC and ADC)

Enabled by the progress on integration of Si technology, first high speed DAC and
ADC technologies have been implemented in 2005 in 10 Gbit/s direct detection
systems [120, 121] supporting sampling rates of ∼20 GSamples/s, and the target
was the compensation of chromatic dispersion in the electronic domain by pre-
compensation or by post-compensation, respectively. Initially coherent 40G and
100G transponders required ADCs at the receiver only but DACs at the transmitter
side became the key enabler for HOM formats and DACs enabled flexible adaptation
of formats, equalization of components frequency response and spectral pre-shaping
in order to optimize spectral efficiencies.

Several DAC and ADC concepts or architectures are known today, and their suit-
ability for a specific application is determined by: physical size, power consumption,
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resolution, speed, accuracy and cost. While the architectures of high-speed DACs
and high speed ADCs are significantly different, the common attributes of both are:
effective resolution, linearity, maximum sampling rate, total harmonic distortions,
noise floor, clock speed, jitter, bandwidth, suitability for integration with the DSP
and power dissipation.

The realization of data converters for first generation and current state-of-the-art
coherent transceivers is summarized in Sect. 7.7.3 on ASIC technologies.

7.6.1 Digital-to-Analogue Converters

In this section we will describe the main parameters which characterize DACs and
summarize the principles of typical high speed DAC architectures that have been
realized for optical communication. We will focus here on high speed DACs with
a minimum resolution of 6 bits that can be applied for ASICs including transmitter
DSP in commercial transceiver implementations.

7.6.1.1 DAC Performance Parameters

DACs are characterized by static and dynamic parameters as described in detail be-
low. Dynamic performance measurements are based on spectral analysis: The DAC
is loaded with a digital image of a single or multi-tone sine-wave signal with fre-
quency smaller than the Nyquist frequency (half the maximum sampling frequency
of the DAC) and the DAC’s output spectrum is measured with a spectrum analyzer.

Two static parameters characterize the DAC’s linearity: the differential non-
linearity (DNL) and the integral nonlinearity (INL). Both parameters are measures
of the linearity of the level transitions of the converter and both affect the converter’s
quantization performance, so that due to the effects of DNL and INL the static ef-
fective number of bits is already less than the theoretically expected resolution. The
basic dynamic DAC parameters are: the 3 dB electrical bandwidth, the maximum
sampling rate, the signal-to-noise ratio without harmonics, the signal to total har-
monic distortion ratio (THD), the signal to noise and distortion ratio (SINAD), the
spurious free dynamic range, and finally the dynamic number of bits, as explained
below.

DAC Resolution: The resolution of a DAC is determined by the number (n) of bits
of possible output levels (2n) the DAC is designed to reproduce. For instance, a 1 bit
DAC is designed to reproduce only 2 (21) levels while an 8 bit DAC is designed for
256 (28) levels. This designed resolution corresponds to a theoretical resolution, and
in reality the quantization of a signal with higher resolution leads to an unavoidable
quantization error [99].

Maximum Sampling Rate: A measurement of the maximum speed at which the
DAC’s circuitry can operate and still produce the correct analogue output.
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Signal-to-Noise-and-Distortion Ratio (SINAD or SNDR): SINAD is a good in-
dication of the overall dynamic performance of a DAC because it includes all
components which contribute to noise and distortion. Signal-to-noise-and-distortion
(SINAD, or S/(N + D) is the ratio of the signal amplitude to all other spectral com-
ponents, including noise and harmonics while SNR and THD are the signal to noise
and signal to distortion ratios, respectively.

SINAD = 20 log

(
S

N + D

)
= 20 log

√(
10−SNR/20

)2 + (
10−THD/20

)2 (7.20)

Effective Number of Bits (ENOB): A measure of the actual resolution of a DAC
is ENOB which is generally smaller than the theoretical or designed resolution of
a DAC. ENOB is frequency dependent and usually decreases towards the high-
est sampled frequency. ENOB (7.21) is calculated from SINAD measurements
using the relationship for the theoretical SNR of an ideal n-bit DAC or ADC:
SNR = 6.02n + 1.76 dB [122]. The equation is solved for n, and the value of
SINAD is substituted for SNR:

ENOB = SINAD (dB) − 1.76

6.02
(7.21)

Spurious Free Dynamic Range (SFDR): The SFDR is the ratio of the rms value of
the signal to the rms value of the worst spurious signal regardless of where it occurs
in the frequency spectrum. The worst spurious signal may or may not be a harmonic
of the original signal. SFDR is an important specification in communication systems
because it represents the smallest value of signal that can be distinguished from a
large interfering signal (blocker). SFDR can be specified with respect to full-scale
(dBFS) or with respect to the actual signal amplitude (dBc).

7.6.1.2 DAC Architectures

During the past 10 years four different DAC concepts have been considered, all
based on current steering logic and differential analogue output [122], thermometer-
coded, R-2R resistor ladder, binary weighted, or segmented DAC. Figure 7.24 shows
the architectures of these DACs, all in an 8-bit theoretical resolution configuration.

Thermometer-Coded DAC (TMC-DAC): The TMC-DAC, or “fully decoded
DAC”, in a version with active current sources, contains 2n − 1 identical current-
source segments, one segment for each possible value of DAC output, i.e. 257 ele-
ments in the case of an 8 bit DAC. Thermometer-coded DACs require decoder logic
and are very large but are fast and ensure very high monotonicity.

R-2R Resistor Ladder DAC (R-2R-DAC): The R-2R-DAC is based on an R and
2R resistor ladder network with two resistors with ratio of 2:1 per stage. An n-bit
DAC requires 2n resistors. In this architecture, all stages have identical devices and
matched resistors which can be trimmed easily. The output impedance of the DAC
is equal to R (relatively low). A distinct advantage is that only a 2:1 resistor ratio
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Fig. 7.24 Principles of
various DACs all 8-bit
resolution

is required regardless of the resolution. This architecture requires no decoding logic
but dissipates significant power (mainly in the internal resistors), and high resolution
converters perform slowly due to increasingly large RC-constants for each added
R-2R link.

Binary-Weighted DAC (BW-DAC): A BW-DAC with n-bit resolution contains n

individual current sources. These precise currents are weighted with powers of two
(1 : 2 : 4 : 8 : · · · : 2n−1) and sum up to the correct output value. This is a very fast
conversion method but it suffers from poor accuracy because of the high precision
required for each individual voltage or current. Such high-precision components are
expensive, and therefore this type of converter is usually limited to 8-bit resolution
or less, it dissipates less power than R-2R-DACs, requires smaller area, however,
glitching (transients) is an issue.

Segmented DAC (SEG-DAC): An SEG-DAC or hybrid DAC uses combinations
of the techniques explained above in a single converter. If a DAC with a specific per-
formance is required, a single architecture is often not ideal, therefore most DACs
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Table 7.9 Advantages and disadvantages of various DAC concepts

DAC concept Advantages Disadvantages

TMC-DAC identical stages, monotonicity 2n current sources, decoding
logic, large area

R-2R-DAC only 2 resistor values, identical stages,
no decoding logic

power dissipation of resistors

BW-DAC n current sources, no decoding logic large current ratios

SEG-DAC overshoot reduction additional logic

are of segmented type in response to the challenge to achieve low cost together with
high speed and high resolution in one device. A segmented DAC is divided into two
sub-DACs including e.g. one thermometer-coded DAC for the most significant bits
(MSBs) and one binary weighted DAC for the least significant bits (LSBs). Seg-
mentation allows higher-resolution DAC implementations at the cost of additional
logic. Finally, transients are also reduced significantly by this method.

Table 7.9 summarizes the advantages and disadvantages of the DAC concepts.

7.6.2 Analogue-to-Digital Converters

Fast ADCs followed by DSP are the key concept and enabler of coherent receivers.
In this section we will discuss the main parameters characterizing ADCs and sum-
marize the architectures of typical high speed ADCs [123] applied in optical com-
munication.

7.6.2.1 ADC Performance Parameters

ADCs have similar static and dynamic parameters as DACs and dynamic characteri-
zation is also performed by spectral analysis [124]. If an ADC operates at a sampling
rate greater than twice the bandwidth of the signal, then a reliable digital reproduc-
tion of an analogue signal is possible according to the Nyquist sampling theorem,
provided the ADC can be considered ideal and quantization errors can be neglected.
In contrast to DACs, ADCs require sampling and hold of the analogue input signal
as ADCs cannot perform an instantaneous conversion. The input value must be held
constant during the time in which the converter performs a conversion. An input
circuit called a sample-and-hold or a sample-and-hold amplifier (SHA) performs
this task, e.g. a capacitor plus a gate. SHAs are affected by noise, distortions, and
aperture jitter.

The static parameters DNL and the INL characterize the ADC linearity. The dy-
namic parameters are: 3 dB electrical bandwidth, signal to noise ratio and distortion
ratio, sampling rate, aliasing, jitter, and the effective number of bits.

ADC Resolution: The resolution of n bits of an ADC indicates the number of
2n discrete values or voltage levels it can produce. The minimum change in voltage
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required to guarantee a change in the output code level is called the least significant
bit (LSB) voltage, corresponding to the resolution of the ADC according to (7.22)

LSB = EFSR/2n (7.22)

where n is the ADC’s resolution in bits and EFSR is the full scale voltage range (also
called span).

Sampling Rate of ADC: The sampling rate (GSamples/s) of ADCs defines the
rate at which digital values are sampled from the analogue signal.

Effective Number of Bits (ENOB): Similar to the case of DACs, the ADC can
resolve a signal to a certain number of bits of resolution only (ENOB, see (7.21))
and the resolution of the ADC is limited mainly by the SNR of the digitized signal.
One effective bit of resolution changes the SNR by a factor of 21 or by 6 dB in
voltage. TIAs in front of an ADC introduce further noise and may further reduce
the ENOB. A non-ideal sampling clock or aperture including unavoidable clock
jitter will result in additional recorded noise that will also reduce the ENOB. As for
ADCs the ENOB of DACs is frequency dependent as illustrated e.g. by the so-called
Walden plot [125] which shows the ENOB versus ADC input frequency.

Aperture Jitter is phase noise of the sampling clock. Care must be taken to mini-
mize this sampling jitter on the sampling clock in the sample-and-hold circuit. Aper-
ture jitter limits the sampling rate and also the ENOB.

Signal to Noise and Distortion Ratio (SINAD or SNDR): If aperture jitter is the
only determining factor, the SNDR [126] is given by

SNRD (dB) = −20 log(2πf tj ) (7.23)

where f is the analogue input frequency and tj is the rms aperture jitter of the ADC.
Signal-to-Quantization-Noise Ratio (SQNR): Quantization error is the noise in-

troduced by “quantization” in an ideal ADC. The resolution determines the mag-
nitude of the quantization error and therefore determines the maximum possible
average signal to noise ratio. For an ideal ADC the SQNR can be calculated by:

SQNR (dB) = 20 log 2n ∼ 6.02n (7.24)

where n is the number of quantization bits or the bit resolution. For example, an
8-bit ADC has a maximum signal-to-noise ratio of 6.02 × 8 = 48.16 dB, and thus
the quantization error is 48.16 dB below the maximum level. Quantization error is
distributed from DC to the Nyquist frequency. If part of the ADC’s bandwidth is
not used, as in the case of oversampling, some of the quantization error will fall
out of band which effectively improves the SQNR. In an oversampled system, noise
shaping can be used to further increase the SQNR by forcing more quantization
error out of the band.

Aliasing: If sampling above the Nyquist rate (i.e. more than twice the highest
frequency) is possible, then all frequencies in the signal can be reconstructed (over-
sampling). Sampled frequencies above half the Nyquist rate are incorrectly detected
compared to lower frequencies, and this process is designated as aliasing. In order
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to avoid aliasing, the input of an ADC can be low-pass filtered which removes fre-
quencies above half the sampling rate. Such a filter is called an anti-aliasing filter
and is essential for ADC systems that are designed for analogue signals with higher
frequency content.

7.6.2.2 ADC Architectures

As already mentioned, ADC and DAC architectures are significantly different and
ADCs can be implemented in various ways with different pros and cons. The most
popular high speed ADCs for DSP applications are flash-, successive approximation
register-, pipelined-, ripple-, and time-interleaved ADC architectures. Various con-
cepts of ADCs that have been considered and realized for optical coherent receivers
will be summarized in the following section. The corresponding ADC architectures
are shown in Fig. 7.25, all in 8-bit theoretical resolution configuration.

Flash ADC (F-ADC): Direct-conversion or parallel or flash ADCs have a large
number (2n −1) of comparators which sample the input signal in parallel. The com-
parators are separated by resistors which reduce the reference voltages by 1 LSB
voltage between comparators. Each comparator is followed by a logic circuit which
generates a code for each voltage range. This kind of a direct conversion is very fast,
capable to operate at GBd sampling rates, but has limited resolution of ∼8 bits or
fewer, due to the high number of comparators and resistors needed, e.g. a 8-bit flash
ADC requires 28 − 1 = 255 comparators. ADCs of this type have a large die size
and high power dissipation.

Successive Approximation Register ADC (SAR-ADC): An SAR-ADC executes
conversion on demand based on SHAs and comparators. The approximation is
stored in a successive approximation register after each comparator step, fed back
to a DAC, and compared again until the desired resolution is reached. The overall
accuracy and linearity is determined by the DAC. Bit by bit, the SAR-ADC is suc-
cessively narrowing the range of input voltages from the MSB voltage down to the
LSB voltage. An n-bit conversion takes n steps. This serial operating procedure of
an SAR-ADC limits its operating speed.

Pipeline ADC (PL-ADC): PL-ADCs or sub-ranging ADCs combine the advan-
tages of SAR- and flash-ADCs. After the SHA a first flash ADC works on 4 bits
and results in a coarse conversion, the difference between that value and the input
signal is determined with a DAC (4 bit resolution) and then converted finer by a
further flash-ADC. A pipeline ADC enables higher resolution and has lower power
consumption than a pure flash ADC.

Serial Ripple ADC (SR-ADC): SR-ADCs are converting with a cascade of one
stage per bit. Each of the n stages has a bit output and a residue output. The residue
output of one stage is the input to the following stage. Finally, the LSB is detected
with a single comparator as shown in Fig. 7.25. This architecture is slightly slower
than the flash topology. It is a simple architecture since the number of amplifiers and
flip-flops is equal to the resolution. However, propagation delay through each stage
is critical.
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Fig. 7.25 Various ADC architectures (all with 8-bit resolution)
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Table 7.10 Strengths and weaknesses of ADC concepts

Concept Speed Latency Accuracy Area

FL-ADC ++ ++ ++ −−
SAR-ADC − −− + ++
PL-ADC + ++ + 0

SR-ADC + 0 0 −
TI-SAR-ADC ++ + + 0

Time-interleaved SAR ADC (TI-ADC): TI-ADCs use m parallel sub-ADCs where
each sub-ADC samples data every mth cycle of the effective sampling clock. Thus,
each sub-ADC needs to manage an m-times lower sampling rate only which re-
sults in a very high aggregate throughput. The sub-ADCs in the time-interleaved
approach are usually SAR ADCs. The challenges of TI-SAR ADCs are the clock
distribution and the handling of mismatch and de-skew between the sub-ADCs. The
time-interleaving concept enables the use of lower speed CMOS circuits for ADCs
with multi-G sampling rates [25]. The input bandwidth of the TI-SAR ADC is de-
termined by the first set of SHAs.

Table 7.10 indicates where the different ADC concepts have particular strengths
(++ or +), weaknesses (− or −−) or exhibit neutral performance (0).

ADCs and DACs for optical communication have been realized by different tech-
nologies and their performance will be discussed in the section on ASIC technolo-
gies (Sect. 7.7.3).

7.7 Devices for Coherent Transceivers

As mentioned above IQ modulators are particularly suited for square-QAM for-
mats due to the regular structure of the constellation projected onto the in-phase-
and quadrature axis. Various alternative modulator and transmitter structures with
separate amplitude and phase modulator stages to better support the modulation
of various ASK-PSK modulation formats and which are suited for direct detection
(DD) have been discussed in detail in [127]. In addition, a variety of hybrid optical
structures for coherent and DD receivers have also been treated in [127].

The laser phase noise issue, one of the biggest problems of coherent systems in
the past, has been overcome by the implementation of better frequency and phase
correction algorithms. As laser phase noise scales with the symbol rate, the use of
high symbol rates relaxes phase noise issues even further. By continuously increas-
ing sampling rates of DACs and ADCs, the symbol rate of transmission systems has
been increased significantly compared to the first coherent transceivers operating
at 40 Gbit/s with symbol rates of 10 GBd. The pessimistic picture of laser phase
noise given in [127] had been derived from the idea of applying HOM formats at
40 Gbit/s on a single polarization which would have resulted in symbol rates well
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below 10 GBd, e.g. 6.4 GBd for 16QAM. Finally, low linewidth lasers for coher-
ent transceivers with 100 kHz linewidth and even 4 kHz lasers [128] have become
commercially available.

In the following section we will concentrate on dual-polarization IQ modula-
tors and coherent receiver frontends for coherent detection for a single and for dual
sub-carrier FDM solutions. Beyond the OE frontends, the ASIC technology require-
ments and limitations for the realization of data converters and DSP are addressed
and recent ASIC chips realized for optical communications are summarized.

7.7.1 Dual Polarization IQ Modulators

We will focus on the ideal modulator for square-QAM operated in a dual polariza-
tion mode. This is the dual polarization IQ modulator which has become commer-
cially available in 2009, and the package and performance parameters of this DP-IQ
modulator have been specified by the OIF Implementation Agreement (IA) [31] in
2010. Initially the OIF-IA was intended to specifically address 100G DP-QPSK ap-
plications including FEC and supporting symbol rates up to 32 GBd.

7.7.1.1 Single and Dual Carrier IQ Modulators

Figure 7.10 of Sect. 7.3.1.5 illustrated the generic structure of a DP-IQ modulator
for the modulation of a single carrier wavelength in x and y polarization by two
separate nested or mother MZM structures. We call this structure version 1 (v1).
A potential future integrated 2nd version (v2) of a DP-IQ modulator is shown in
Fig. 7.26 (left side), including integrated lasers, either monolithically integrated on
InP or hybridly integrated on GaAs or Si. Another important feature is related to
the driving path from the DAC to the modulator. The modulator requires voltages
which cannot be delivered fully by the converter itself. Therefore driver-less oper-
ation or an integrated driver option are important alternatives to save volume and
reduce power consumption. Figure 7.26 also includes a future two sub-carrier FDM
modulator which has significantly higher complexity.

Each IQ mother MZM consists of two child MZMs, the I- and Q-MZM, and a
90° phase shifter (π/2). The OIF-IA specifies four single ended GPPO modulation
inputs per child MZM while all DC bias segments are usually implemented differ-
entially (n and p) at the bias segments of both child and the mother MZM. This is
in contrast to the principle shown in Fig. 7.26 where only one branch of the mother
MZM includes the 90° phase shift element. Laser light is injected via a polariza-
tion maintaining fiber and split and separately modulated by the mother MZMs.
The modulated output of one mother MZM is polarization rotated and combined
with the second in a polarization beam combiner resulting in two modulated signals
having two polarizations orthogonal to each other.
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Fig. 7.26 Single and dual sub-carrier (FDM) dual-polarization IQ modulator structures in future
(potentially integrated) version (v2). Pol: polarization rotator, ϕ: 90° phase shifter

In order to modulate BPSK or MQAM signals, the DC bias voltages of all four
child MZMs are set to the minimum transmission point Vbias = Vπ , and the modu-
lation swing is chosen to be Vmod = V2π . Modulators with low Vπ are desirable in
order to minimize driver voltages and power consumption. A major design issue of
MZMs is the trade-off between achieving low Vπ and high modulation bandwidth
at the same time. The main performance parameters of DP-IQ modulators are: total
minimum insertion loss, modulation voltage Vπ at 1 GHz, modulation bandwidth,
minimum extinction ratio including all child and mother MZMs, and skewing of
the four modulation paths Ix , Qx , Iy , and Qy . The minimum insertion loss is mea-
sured when all modulators are biased at maximum transmission. Extinction ratios
are measured between bias at maximum and minimum transmission corresponding
to the individual child or mother MZM.

The first commercially available DP-IQ modulator was based upon a LiNbO3

z-cut modulator structure and since 2013, InP- and GaAs technology based dual-
polarization IQ modulators compliant with the OIF-IA have also become commer-
cially available which have the advantage of enabling significantly smaller form
factors. The same holds for Si-based modulators [129] which have already been
integrated together with a coherent frontend [130].

In [127] modulation voltages Vπ specified for various LiNbO3 modulators have
been summarized, and they vary between 4 V and 7.5 V so that a four child
DP-IQ MZM requires four channel drivers with 4 × 8 V and 4 × 15 V, respectively.
None of these drivers is available today. However, due to an attractive Vπ value re-
ported in [131] (reduced to ∼3 V) in combination with attractive volume prices of
dual polarization modulators, thousands of LiNbO3 DP-IQ modulators have been
shipped since 2010 and have been implemented in most 100G transceivers.

The first 400G transceivers which include two sub-carrier FDM DP-16QAM
have been implemented using two separate DP-IQ modulators with two separate
four channel modulator drivers. Since 2015 a LiNbO3 modulator package is com-
mercially available which includes two DP-IQ modulators and also eight integrated
channel modulator drivers to be connected with 8 × G3PO connectors for modula-
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tion of the eight child MZMs. Figure 7.26 includes a future two sub-carrier FDM
DP-IQ modulator with integrated laser and drivers.

1 Tbit/s two sub-carrier FDM transceivers require symbol rates of 53 GBd or
64 GBd together with DP-64QAM or DP-32QAM modulation, respectively, as
shown in Table 7.8.

7.7.1.2 Multiple Carrier IQ Modulators

The first integrated multiple sub-carrier IQ modulators have been based upon InP
technology with a monolithically integrated PIC [132] implemented in FDM trans-
mitters. The PIC comprises 10 IQ modulators, 10 tuneable DFB lasers and an ar-
rayed waveguide grating (AWG) serving as wavelength combiner. InP PIC chips
were also incorporated in coherent FDM transceivers including 10-fold QPSK
modulations.

These FDM transmitters did not include DACs and focused on binary modu-
lation only, as a transceiver with 40 DACs and ADCs can hardly be realized due
to power consumption issues. Thus, these FDM transmitters with a high number
of sub-carriers have no potential for the optimization of the spectral efficiency by
higher constellation MQAM formats including shaping.

7.7.2 Optical Receiver Frontend

Similar to the modulator case, component providers agreed also on a preferred so-
lution for a polarization diversity coherent receiver frontend. In 2010 the OIF pub-
lished the implementation agreement for an integrated intradyne coherent receiver
also suitable for 100 Gbit/s DP-QPSK systems up to symbol rates of 32 GBd.

The basic structure of the frontend was shown in Fig. 7.10 (Sect. 7.3.1.5).
Figure 7.27 includes a potential future integrated two sub-carrier FDM solution on
Si with hybridly integrated local oscillator lasers. The chip has two input fibers al-
lowing highest flexibility. For each single carrier path the received signal (coupled in
from a standard fiber) is split by a polarization beam splitter, and the x and y polari-
zation components of the signal interfere with the light of the LO laser in 2 × 2 90°
hybrids. The splitting of the LO light by another PBS is shown schematically but
in reality the separated polarization components of the information signal exhibit
the same linear polarization state at the PBS outputs, and it is therefore sufficient
that the LO light, the polarization of which must be aligned to the polarization of
the signal at the two PBS outputs, is equally split by a 3 dB coupler. The output
signals of the 2 × 2 90° hybrids are detected by four pairs of balanced photodiodes
and amplified by linear TIAs. The outputs of the O/E frontend provide the in-phase
and quadrature photocurrents of both polarization components: Ix , Qx , Iy , and Qy

for both carriers, digitally converted by four ADCs and then further processed by
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Fig. 7.27 Future two
sub-carrier FDM frontend

digital signal processing. A two sub-carrier receiver simply doubles the components
and complexity.

The key elements of the receivers are SMF input fibers for each sub-carrier which
allow highest flexibility at the Rx, PM fiber inputs for external local oscillator lasers,
90° hybrids, balanced photodetectors, linear TIAs, all channels selectable with man-
ual or automatic gain control, and coplanar RF input interfaces.

7.7.3 ASIC Technologies

The first DACs and ADCs were implemented in fiber optic communication in
10 Gbit/s intensity modulated and direct detection (IM-DD) systems in 2005. The
purpose was the compensation of linear transmission distortions such as chro-
matic dispersion in the electronic domain. The first ADC chip supported over-
sampling with 20 GSamples/s and 3-bit resolution, and was applied at the receiver
side together with a digital equalizer (DEQ) chip for electronic dispersion post-
compensation. In a multi-chip transceiver the ADC was implemented based upon
200 GHz SiGe bipolar technology while the DEQ chip based on a Viterbi decoder
was realized by 130 nm CMOS technology. The first dual DAC supporting sam-
pling with 22 GSamples/s and 5-bit resolution integrated in a single ASIC together
with the transmitter DSP with FIR filter taps for electronic pre-compensation, was
realized by 130 nm SiGe BiCMOS [133] technology.

Silicon technologies underwent significant progress by doubling the transistor
count every two years. Between the introduction of digital converters and DSP in
optical communication in 2005 and 2015 the number of gates and functionalities
realized and implemented in application-specific integrated circuits has been in-
creased very significantly. It is worthwhile to note that Moore’s law is still alive but
applies to the chip density and not anymore to transistor speed, and 16 nm CMOS
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technology reaches four times higher density than 28 nm CMOS technology applied
in the 2014 generation of optical transceiver ASICs.

High-speed data converters have been realized in CMOS- or in SiGe-based
bipolar technology. Due to a high degree of parallelization, CMOS favors high-
sampling rate designs while SiGe bipolar supports higher bandwidth. Dual-chip so-
lutions with a SiGe-based data converter and DSP in CMOS technology provide
converters with optimum frequency response and allow the use of advanced CMOS
technology for the DSP part. Unfortunately, this dual-chip approach leads to signifi-
cant challenges with respect to high volume data transfer between the data converter
ASIC and the DSP ASIC, and with respect to the resolution and sampling rate re-
quirements of current and future 400G implementations, it becomes mandatory to
co-integrate converters with the DSP. For example, in the 28 nm CMOS ASIC gen-
eration for optical transceivers, four DACs, each performing at least theoretically
with 8-bit resolution and 92 GSamples/s maximum sampling rate, require a total
transfer rate between DAC and DSP of 4 × 8 × 92 = 2.944 Tbit/s. This can only be
handled in a single CMOS ASIC chip solution.

In the first coherent transceiver generation the FEC was not fully integrated with
DSP ASIC chips while in 2015 commercial coherent transceiver products comprise
fully customized CMOS ASICs which offer best performance and lowest power
consumption, however, at the expense of complexity and costly design cycles. DSP
and FEC require purely digital functions and can be realized best in CMOS tech-
nology. Data converters include analogue and digital functions and are therefore
also called ‘mixed signal’ circuits. Because of the stringent requirements concern-
ing sampling speed, bandwidth, and signal integrity, they require a different design
methodology than DSP and FEC. Typically, a full custom design procedure is im-
plemented for the design of data converters and sampling speeds considered for
symbol rates beyond 32 GBd. For analogue parts and even critical digital parts, the
circuit layout is done manually and parasitic extraction is performed to augment
the circuit simulation with more realistic models. In latest generation 28 nm CMOS
technology, SD-FEC as well as Tx DSP and Rx DSP, eight DACs and eight ADCs
required for a 400 Gbit/s transceiver with two sub-carriers can be implemented in a
single ASIC chip. Single ASICs for 1 Tbit/s transceivers with up to five sub-carriers
and twenty DACs and twenty ADCs are not expected to pose major problems ari-
sing from the number of supported carriers per ASIC chip if the ASIC is fabricated
using the newest 16 nm CMOS technology, however, how to get the signals out of
the ASIC package will probably be a demanding task.

Tables 7.11 and 7.12 summarize technologies which are used in optical commu-
nication and the focus is on data converters and integration (yes or no) with DSP
functions. The tables indicate converter concepts, their maximum sampling rate and
theoretical resolution, the die size, and power consumption. For most recent CMOS
based DACs and ADCs the integration of DSP became mandatory and the applied
concepts are usually segmented DACs and time-interleaved SAR ADCs. The ta-
bles also show the progress in sampling speed and power consumption obtained
by CMOS technologies. Attractive high sampling speed has been achieved with
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CMOS and the power consumption has been continuously decreased with techno-
logy progress. Even higher sampling rates than 100 GSamples/s are probably feasi-
ble with CMOS but the current trend of ASIC design is to further reduce the power
consumption instead of increasing the sampling speed.
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Chapter 8
Semiconductor-Based Modulators

Hiroshi Yasaka and Yasuo Shibata

Abstract The chapter starts with a comparison of methods to generate digital op-
tical signals: direct laser modulation, electroabsorption and Mach-Zehnder interfer-
ometer modulators. Next follows an in-depth treatment of physical effects which are
utilized for semiconductor-based modulators (plasma-, Franz-Keldysh-, quantum-
confined Stark-, and electro-optic (Pockels) effect), and their exploitation for InP-
and GaAs-based modulators with specific emphasis on aspects of high-speed modu-
lator design. Modulator characteristics including eye diagrams obtained for different
implementations and various operation conditions illustrate the current state-of-the-
art, and the chapter concludes with a section on modulators for higher order modu-
lation formats.

Semiconductor-based modulators are particularly promising for applications in fiber
optic communication systems owing to various characteristics which include com-
pactness, low power consumption, and the potential for monolithic integration with
other devices.

Key features of semiconductor-based modulators and typical performance pa-
rameters will be the topic of this chapter, and it is organized as follows: First, gen-
eral methods for digital optical signal generation by using semiconductor photonic
devices and their features are described (Sect. 8.1). In Sect. 8.2, fundamentals and
features of semiconductor-based Mach-Zehnder interferometer (MZI) modulators
are elucidated. The way for designing a high-speed semiconductor MZI modulator
is discussed in Sect. 8.3. Properties of current semiconductor-based MZI modulators
and high performance modulators for future optical fiber transmission systems are
shown in Sects. 8.4 and 8.5, and a general summary is given in the final Sect. 8.6.
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8.1 Overview of the Methods to Generate a Digital Optical
Signal

The generation of high-speed intensity modulated digital optical signals is one of
the key functions in fiber optic communication systems. Digital optical signals can
either be generated by directly modulating single-mode semiconductor lasers, or
by using external intensity modulators, and the characteristics of such signals af-
ter transmission through spans of single mode optical fibers (SMFs) significantly
depend on the way the digital optical signals had been generated. This will be dis-
cussed in more detail below.

The transmission distance of digital optical signals through an SMF is limited
by the group velocity (chromatic) dispersion of the SMF and the amount of spec-
tral broadening (spectral width) of the digital optical signal. In principle, the op-
tical spectrum is broadened when the optical intensity is coded by a high-speed
digital signal. The spectrum is additionally broadened by the instantaneous fre-
quency change of the signal light, a phenomenon normally designated as “chirp”.
The amount of chirp is expressed by using a chirp parameter αcp, and the parameter
is defined by [1]

αcp = �n/�n′, (8.1)

where �n and �n′ are the relative changes in the real part and the imaginary part
of the complex refractive index, respectively. The imaginary part of the complex
refractive index n′ is related to the propagation loss or gain of the material. In this
chapter, the character n with no subscript or superscript is used as the real part of the
complex refractive index and also the term “refractive index” expresses the real part
of the complex refractive index in all cases unless otherwise stated. In an external
modulation scheme, an instantaneous frequency change due to a phase change is
obtained by using a time differential of the phase:

�ω = −∂φ/∂t, (8.2)

where ω and φ are the angular frequency and the phase of the light, respectively.
The phase change is derived by using αcp according to [2]

dφ

dt
=
(

αcp

2

)(
1

S

)(
dS

dt

)
, (8.3)

where S is the intensity of the light. The chirp parameter varies over a certain range
depending on the modulation methods used for the digital optical signal generation.

The waveform after SMF transmission can be calculated by using a split step
Fourier method (SSFM) [3]. Using this technique, the Fourier component having an
instantaneous angular frequency ω at the position z, U(z,ω), is expressed by using
the chromatic dispersion coefficient D of the SMF:

U(z,ω) = U(0,ω) × exp

(
−j

λ2

4π · cDω2z

)
, (8.4)
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where λ and c are the signal light wavelength and the velocity of light, respectively.
The chromatic dispersion coefficient of conventional SMFs takes a value around
17 ps/(nm km) at 1550 nm wavelength.

In the following, we will focus on three ways to generate high-speed digital op-
tical signals: (i) direct modulation of semiconductor lasers, (ii) external modula-
tion with electroabsorption modulators and (iii) external modulation using Mach-
Zehnder modulators. We will illustrate characteristics such as waveform, chirp, etc.,
but we will also discuss features related to SMF transmission such as waveform
distortions, eye opening penalties, dispersion tolerances and so forth.

8.1.1 Direct Modulation of Semiconductor Lasers

In directly modulated single-mode semiconductor lasers, the mode of chirping is
slightly different from that in external modulation schemes expressed by (8.2). The
lasing wavelength (i.e., the lasing optical frequency) itself changes when the output
light intensity is directly modulated with high-speed digital signals superimposed
on the injection current. The wavelength change is due to the fact that the carrier
density in the laser cavity changes dynamically, and as a consequence, the refractive
index in the laser cavity also changes through the plasma effect (see Sect. 8.2.1.1).
The chirp parameter αcp for a semiconductor laser is defined as

αcp ≡ 4π

λ
× dn/dN

dg/dN
, (8.5)

where n, g, and N are the real part of the refractive index of the laser cavity, the
modal gain of the laser, and the carrier density in the laser cavity, respectively. The
parameter αcp is well-known as the linewidth enhancement factor for semiconductor
lasers (see also Chap. 4, Sect. 4.2.3), and it typically takes values around 3 to 5 for
conventional single-mode semiconductor lasers. The optical frequency change �ν

due to a carrier density change �N can be expressed by using the chirp parameter:

�ν = c

4π · n × αcp × Γoc × Ag × �N, (8.6)

where Γoc and Ag are the optical confinement factor of the laser cavity and the
differential gain coefficient of the laser material, respectively. �N can be derived
by using the well-known semiconductor laser rate equations for the carrier density
and the photon density of the laser under the condition that the injection current is
modulated by a high-speed digital signal.

Figure 8.1 shows the calculated waveforms for injected and generated pulses
with 100 ps width, which corresponds to one bit of a 10 Gbit/s non-return-to-zero
(NRZ) signal. Figure 8.1(a) represents the pulse shape of the input electrical signal
with limited bandwidth of some tens of GHz. Figure 8.1(b) illustrates the corre-
sponding optical output signal from the laser. The waveform is distorted due to the
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Fig. 8.1 Calculated output waveforms for a directly modulated semiconductor laser. (a) Input
electrical signal with pulse width of 100 ps, (b) output waveform from the laser, (c) optical fre-
quency change of the laser under modulation

Fig. 8.2 Calculated characteristics of semiconductor laser output under 10 Gbit/s NRZ signal
operation. (a) Output eye diagram from the laser under direct modulation, (b, c) eye diagrams after
6 km SMF transmission for 1550 nm wavelength (total dispersion ∼100 ps/nm) without and with
low-pass filter, (d) calculated eye opening penalty as a function of SMF transmission length

well-known relaxation oscillations. Finally, Fig. 8.1(c) shows the optical frequency
change. In the calculation, a value of three has been used for the chirp parameter.
The changes of the optical frequency and that of the optical intensity are correlated
by the dynamic carrier density change in the laser cavity. Based on these results,
eye diagrams before and after SMF transmission are calculated for a 10 Gbit/s NRZ
signal using the semiconductor laser rate equations and the SSFM.

Figure 8.2(a) represents an eye diagram for the laser output under modulation
where relaxation oscillations and pattern effects are clearly visible. Figures 8.2(b), (c)
are the eye diagrams after 6 km SMF transmission for a 1550 nm wavelength signal
without and with a low-pass filter (4th order Bessel-Thomson low-pass filter with
cut-off frequency f0 of 7.5 GHz). The total amount of fiber chromatic dispersion is
around 100 ps/nm. A pronounced waveform distortion is observed even after a fairly
short SMF transmission distance such as 6 km. Figure 8.2(d) is the calculated eye
opening penalty as a function of SMF length. The chromatic dispersion coefficient
is approximated to be 17 ps/(nm km). The eye opening penalty, which is used to
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Fig. 8.3 Extinction ratio
(solid line) and chirp
parameter (dotted line) of an
EAM as a function of applied
reverse bias

quantitatively discuss the waveform distortion, is calculated by using

Eye opening penalty = −10 × log10

(
B

A

)
, (8.7)

where A and B are the eye openings of the eye diagrams before (actually, for the
filtered eye diagram) and after SMF transmission as shown in Figs. 8.2(a), (c). The
penalty increases drastically as the SMF transmission distance gets longer, while
the penalty remains below 1 dB only as long as the SMF transmission distance is
shorter than 6 km. This means that a 10 Gbit/s NRZ optical signal generated from
a directly modulated single-mode semiconductor laser has a dispersion tolerance
of about 100 ps/nm only. As a consequence, directly modulated single-mode semi-
conductor lasers are mainly used in systems that operate in the 1300 nm wavelength
band where the chromatic dispersion of an SMF is almost zero.

8.1.2 Electroabsorption Modulators (EAMs)

Electroabsorption modulators (EAMs) utilize the property of semiconductors that
the band-edge wavelength changes under the influence of an applied electric field.
The phenomenon is called Franz-Keldysh effect in the case of bulk material [4, 5]
and the quantum-confined Stark effect (QCSE) for multiquantum well (MQW)
structured materials [6–13]. Until now, the latter one is commonly used for EAMs
because the change in the photoabsorption coefficient is steeper for the QCSE com-
pared to the Franz-Keldysh effect, and large optical extinction ratios can be obtained
in MQW-EAMs with low bias voltages. Because the EAMs are operated at the band-
edge wavelengths, they have large wavelength dependences. Moreover, EAMs also
exhibit chirp caused by the refractive index change due to the applied bias voltage.
The changes of the refractive index and that of the absorption under the influence
of the applied voltage are related to each other by the Kramers-Kronig relations
[14, 15]. Figure 8.3 shows an example of the measured extinction of an MQW-EAM
as a function of reverse bias voltage.

The absorption rises rapidly as the reverse bias voltage increases. The chirp pa-
rameter measured by utilizing the fiber response method [16, 17] is also shown in
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Fig. 8.4 Calculated characteristics of EAM output under 10 Gbit/s NRZ signal operation. (a) Out-
put eye diagram from the EAM, (b) calculated chirp for fixed 010 pattern, (c, d) eye diagrams after
50 km SMF transmission without and with low-pass filter, (e) calculated eye opening penalty as a
function of SMF transmission length

the figure. The chirp parameter decreases gradually as the reverse bias voltage in-
creases, and it takes negative values when the reverse bias voltage exceeds 1 V.

The waveforms for a 10 Gbit/s NRZ signal are calculated by using the charac-
teristics shown in Fig. 8.3, and corresponding results are illustrated in Fig. 8.4. In
this calculation, the DC bias and modulation voltages are set to −1.3V and 2Vp-p ,
respectively. The operation wavelength is assumed to be 1550 nm and therefore
the chromatic dispersion coefficient is set to 17 ps/(nm km). Figure 8.4(a) shows
the intensity modulated output eye diagram from the EAM. Due to the nonlinear
extinction characteristic, the cross-point of the eye diagram becomes low which is
one of the drawbacks of EAMs. The instantaneous frequency chirp for a fixed 010
pattern is also calculated and the result is shown in Fig. 8.4(b). Pronounced chirp
due to the phase change in the EAM can be observed at the leading and falling
edges of the pattern. Figures 8.4(c), (d) are the eye diagrams after 50 km SMF
transmission without and with a low-pass filter, respectively. The total amount of
fiber dispersion is calculated to be 850 ps/nm. Waveform distortion due to chro-
matic dispersion is observed, but the eye is still open. Figure 8.4(e) is the calculated
eye opening penalty as a function of propagation distance along the SMF. As ex-
pected, the penalty rises as the SMF transmission distance gets longer. Less than
1 dB penalty can be obtained as long as the SMF transmission distance is shorter
than 40 km. This means that a 10 Gbit/s NRZ optical signal generated by an EAM
has around 800 ps/nm dispersion tolerance. Research has been devoted to increase
the dispersion tolerance. Recently, EAMs having a dispersion tolerance of around
1600 ps/nm have been developed for 10 Gbit/s NRZ optical signals [18–20]. Here,
the amount of stress or strain and the thicknesses of the well and barrier layers in
the EAM core are designed strictly to make the chirp parameters to have negative
values. Moreover, core layers are also fabricated in the InGaAlAs material system
in order to enlarge the dispersion tolerance and improve the temperature-dependent
characteristics. A DFB laser monolithically integrated with a traveling-wave EAM
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has recently been operated even at 100 Gbit/s, however, no information on chirp nor
on maximum transmission distances has been given so far [21].

Research on raising the operation speed of lumped electrode EAMs integrated
with DFB lasers has been performed and 56 Gbit/s operation at 1305 nm has been
demonstrated [22]. In this integrated light source an identical InGaAlAs MQW core
in the DFB laser and the EAM section was introduced, and a 50-� matching circuit
was fabricated on the chip simultaneously which contributed to an enhancement of
the 3 dB bandwidth of the EAM to 39.4 GHz. The EAM integrated light source
emitted a fiber coupled output power of +5 dBm at an operation temperature of
45 °C. Four channel arrays of EAMs with integrated DFB lasers have also been re-
alized which offer the potential to be used in small size transponders for future 100G
Ethernet systems [23–25]. The EAMs operated at a bit rate higher than 25 Gbit/s,
and the total capacity of the light sources was more than 100 Gbit/s which is suffi-
cient for 100G Ethernet systems.

Transmitters in PONs should enable long reach (up to ∼100 km), high bit rate
operation and low power consumption, and reaching these targets by tailoring the
chirp is one focus of current EAM development [26, 27]. Low (or negative) chirp
is favorable in this respect, and such chirp values can be achieved by raising the
bias voltage applied to the EAM as illustrated in Fig. 8.3. However, as already men-
tioned, the absorption increases under these conditions, and one possibility to com-
pensate for the reduced output power is to monolithically integrate a semiconductor
optical amplifier (SOA) to the EAM [26]. A negative chirp of −1.4 provided a net
power gain after fiber transmission and also extended the available modulation band-
width (∼6.7 GHz after 100 km reach). As a result, a 23 Gbit/s OFDM signal with
6-GHz bandwidth and fixed 16-QAM format reached the FEC limit in the range
of 60 ∼ 100-km fiber transmission without any need of adaptive bit- and power-
loading.

In an alternative approach the chirp of an EAM was canceled by a short cavity
SOA monolithically integrated with the EAM and a DFB laser [27]. The carrier den-
sity of a saturated SOA changes when the power of the incoming light power varies,
and therefore the refractive index of the SOA also changes. This index change gives
rise to a chirp of the optical signal, which is opposite in sign to the chirp induced by
the EAM. As a consequence the total chirp at the output of the integrated device is
significantly reduced [28]. In addition, the integrated SOA-EA-DFB laser device has
been designed in such a way that its total power consumption was lower than that of
a comparable stand-alone EAM integrated with a laser, and it was successfully used
for transmitting a 40 Gbit/s signal over 5 km SMF.

Single side band (SSB) optical signal generation was also demonstrated by us-
ing an EAM integrated with a DFB laser [29]. In this trial, the EAM was used as
an intensity modulator while the DFB laser was used for phase modulation by di-
rect injection current modulation. 11.11 Gbit/s SSB optical signal generation has
been demonstrated, and successful transmission over 200 km SMF has also been
achieved.
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Fig. 8.5 Schematic structure
of an MZI modulator

8.1.3 Mach-Zehnder Interferometer (MZI) Modulators

Mach-Zehnder interferometer (MZI) modulators are very versatile devices which
can be used for many purposes, for example, high-speed modulation or the realiza-
tion of advanced modulation formats (see also Chap. 7, Sect. 7.3), and they have
been fabricated in various material systems including III–V semiconductors (to be
covered in more detail below), in LiNbO3 and based upon electro-optic polymers as
well [30, 31].

The generic structure of an MZI modulator is that of a symmetric Mach-Zehnder
interferometer as schematically shown in Fig. 8.5.

The electric field of an incoming CW light, Ein, can be represented by

Ein(z, t) = E0 exp
[−j (βz − ωt)

]
(8.8)

with the propagation constant β defined by

β = 2πneff

λ
, (8.9)

and neff and λ being the effective refractive index of the medium in which the wave
propagates (dielectric waveguide for example) and the propagating light’s wave-
length in vacuum, respectively. Light is assumed to propagate along the z-direction.
The incoming electromagnetic field is equally split into both interferometer arms by
a splitter. After traveling along the two branches, it is recombined by a combiner
and the output electromagnetic field Eout at the cross-port output is given by

Eout(z, t) = −j
E0

2

[
exp(−jβuL) + exp(−jβlL)

]
, (8.10)

where βu and βl are the propagation constants along the upper and lower MZI
branches, respectively. (The factor (−j ) reflects the fact that the output signal from
the cross-port is advanced by 90° with respect to the through-port signal.)

For the following considerations, it is useful to rewrite the propagation constants
as

βu,l = β + �βu,l, (8.11)
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where �βu,l may be positive or negative as well (see below). According to (8.9),
�βu,l can be directly related to a change in the effective refractive index, �neff , and
as outlined in detail in Sect. 8.2, different physical effects can be used to induce
effective refractive index changes �neff by a voltage VRF applied to the waveguide
arms of the MZI.

Intensity-modulated optical signals are generated by modulating the refractive
indices of the two interferometer branches differently, i.e.,

�βu �= �βl, (8.12)

which results in a corresponding phase difference between the two light waves in-
terfering at the MZI output. The interferometer branches can thus be designated as
phase control waveguides and modulation is normally realized by applying a radio
frequency (RF) signal to one or both phase control waveguides of the MZI modula-
tor.

The following cases are of particular interest:
(i) A modulation voltage is applied to one of the MZI arms only (“single arm

operation”):

βu = β + �β and βl = β (8.13)

and under these operation conditions, the output electric field becomes

Eout = −jE0 cos

(
�βL

2

)
× exp

[
−j

(
β + �β

2

)
L

]
. (8.14)

Eout is characterized by a sinusoidal intensity variation plus an additional �β-
induced phase change (given by the second term in (8.14)), i.e., the output signal
exhibits chirp.

(ii) A voltage of equal amplitude but different sign (designated as the “push-pull
operation”) is applied to the two MZI arms, i.e.,

�βu = +1

2
�β and �βl = −1

2
�β. (8.15)

Inserting (8.15) into (8.10) and taking (8.11) into account yields

Eout(z, t) = −jE0 cos

(
�βL

2

)
× exp(−jβL). (8.16)

This operation mode is characterized by a �β-dependent sinusoidal variation of the
output signal without any modulation-induced chirp. In addition, it is worthwhile
to note that the required propagation constant change �β/2 (which is proportional
to the driving voltage swing for each differential RF signal) in the differential drive
scheme is half of that needed in the single arm operation scheme, �β .

Figure 8.6 illustrates the output intensity of an MZI modulator which changes
sinusoidally as a function of applied bias voltage (black solid curve).
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Fig. 8.6 Output intensity dependence of an MZI modulator as a function of bias voltage applied
to phase control waveguide (black solid curve). Chirp parameter measured (black open circles) and
calculated for a differential drive MZI modulator (grey lines) for various values of δ (see text)

One parameter which characterizes MZI modulators is the so-called half-
wavelength voltage Vπ , which corresponds to an applied voltage resulting in a
π -phase difference between the lightwaves in both phase modulation waveguides.
Hence the half-wavelength voltage Vπ is defined by the voltage needed to change
the output power of MZI modulators from the maximum to the minimum value. In
Fig. 8.6, the half-wavelength voltage Vπ is ∼3 V.

The measured chirp parameter under the single arm operation conditions, shown
by the black open circles in Fig. 8.6, depends on the bias voltage. The chirp vanishes
when the output intensity becomes zero and it diverges when the output intensity
gets close to the maximum value. The sign of the chirp parameter depends on the
sign of the extinction slope, d(Intensity)/dV . When the slope is positive, the chirp
parameter takes positive values, and the parameter becomes negative when the slope
is negative.

Another specific advantage of the differential drive scheme for an MZI modulator
is that the chirp of the output optical signal can be freely controlled by adjusting the
ratio of the modulation voltages of the differential RF signals. The chirp under un-
balanced differential drive conditions can be discussed by introducing an unbalance
parameter δ into (8.11) as

βu = β + (1 + δ) × �β/2, (8.17)

βl = β − (1 − δ) × �β/2 (8.18)

with −1 ≤ δ ≤ +1. The single arm (i) and balanced differential drive (ii) operation
conditions discussed above are described by setting the parameter δ to +1 and to
zero, respectively. By inserting (8.17) and (8.18) into (8.10), we get

Eout = −jE0 cos(�βL/2) × exp
(−j (β + δ × �β/2)L

)
. (8.19)

The output intensity Sout and its phase change �φ can now be expressed by

Sout = E2
0 cos2(�βL/2) (8.20)

with

�φ = (�βL/2) × δ. (8.21)
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Fig. 8.7 Calculated
maximum SMF transmission
distance for eye opening
penalty of <1 dB as a
function of an MZI
modulator’s unbalance
parameter δ (black solid
curve) and modulated optical
signal’s chirp parameter (grey
dotted curve)

It is worthwhile to note that the output intensity does not depend on the unbalance
parameter δ and remains constant if the parameter δ is changed, while the phase
varies linearly with δ. The chirp parameter for the MZI modulator defined by (8.3)
can be derived by using (8.20) and (8.21) as

αcp = 2S
�φ

�S
= −2 cos2(�βL/2)

sin(�βL)
× δ = − tan−1(�βL/2) × δ. (8.22)

The calculated chirp parameters for various values of δ are shown in Fig. 8.6 as grey
curves. The horizontal axis of the calculated chirp parameter is adjusted by fitting
the measured and calculated output intensity curves. The calculated chirp parameter
for δ = +1 agrees quite well with the measured one displayed by black open circles.
As one can see, that the chirp parameter and hence the amount of phase change can
be controlled by an appropriate choice of the unbalance parameter δ and hence by
adjusting the ratio of the modulation swing voltages of the differential RF signals.
However, the chirp parameter depends on the bias voltage as well (�β ∼ VRF), and
hence, in a complicated way, on the output intensity of the MZI modulator. Chirp-
less operation (αcp = 0) can be obtained by setting the parameter δ to zero as shown
by the dash–dotted line in the figure and also indicated by (8.21).

Calculated SMF transmission characteristics of 10 Gbit/s NRZ optical signals
generated by an MZI modulator are illustrated in Figs. 8.7, 8.8 and 8.9. In this
calculation, the operation wavelength is set to 1550 nm. The calculated maximum
SMF transmission distance for an eye opening penalty of less than 1 dB is shown
by the solid black curve in Fig. 8.7 as a function of the unbalance parameter δ.

The transmission distance increases (decreases) as the unbalance parameter de-
creases (increases) related to a corresponding change of the chirp parameter as
shown in Fig. 8.6. Commonly, the SMF transmission characteristics of digital in-
tensity modulated optical signals are discussed by using the approximation that the
chirp parameter is constant when changing the optical intensities (see [2, 3]), which
helps to clarify the SMF transmission characteristics easily and simply using the pa-
rameter αcp and the simple relation between the phase change and the optical inten-
sity change given in (8.3). When one adopts the constant chirp parameter approx-
imation to the output from the MZI modulator, the slight distortion of the optical
signal waveform in E/O conversion with an MZI modulator caused by the nonlinear
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Fig. 8.8 Calculated eye diagrams after 50 km SMF transmission for various chirp parameter val-
ues, (a) αcp = −1, (b) αcp = 0, (c) αcp = +1

transfer function (8.16) and the complicated relation between the chirp parameter
and the propagation constant change �βL (see (8.17) and (8.18)) are ignored. In
order to find out the validity range of the constant chirp parameter approximation,
the dependence of the transmission distance on the unbalance parameter δ is fitted
by calculated results using the constant chirp parameter approximation. The calcu-
lated transmission distances for intensity modulated optical signals with constant
chirp parameter are given in Fig. 8.7 by the grey dotted curve. The horizontal axes
for these results are adjusted in order to get optimum agreement between the two
calculated curves which turns out to be quite good. The change in the unbalance
parameter δ from −1 to +1 is approximately equivalent to a change of the chirp
parameter of the modulated optical signal from −1.4 to +1.4. It indicates that the
SMF transmission characteristics of the MZI modulator’s output can be discussed
to a good approximation by using the intensity modulated signal with constant chirp
parameter αcp in the range from −1.4 to +1.4. To generalize the discussions below,
the SMF transmission characteristics for the MZI modulator outputs are discussed
by using the chirp parameter αcp. Here, the chirp parameter is defined for the modu-
lated optical signal and is assumed to be constant. One can see from the figure that a
slightly negative value of the chirp parameter (around −1) enlarges the SMF trans-
mission distance and raises the chromatic dispersion tolerance. Figure 8.8 shows the
eye diagrams of modulated optical signals with various chirp parameter αcp values
after 50 km SMF transmission.

The eye opening is enhanced when αcp = −1 (Fig. 8.8(a)) compared to the case
of αcp = 0 (Fig. 8.8(b)). On the other hand, it is reduced when αcp = +1, as shown
in Fig. 8.8(c). In this case, strong intersymbol interference occurs, which determines
the maximum SMF transmission distance. Figure 8.9 summarizes the characteristics
of the MZI modulator output having a chirp parameter of −1.

Figure 8.9(a) shows the intensity modulated output eye diagram from the MZI
modulator. The instantaneous frequency chirp for a fixed 010 pattern is shown in
Fig. 8.9(b). Clear chirp due to the phase change in the MZI modulator can be ob-
served at the leading and falling edges of the pattern. Figures 8.9(c), (d) are the eye
diagrams after 100 km SMF transmission without and with a low-pass filter, respec-
tively. The total amount of the fiber dispersion is 1700 ps/nm. Waveform distortion
due to chromatic dispersion is observed, but the eye is still open. Figure 8.9(e) is
the calculated eye opening penalty as a function of SMF transmission length with a
chromatic dispersion coefficient of 17 ps/(nm km). The results suggest that less than
1 dB penalty can be obtained as long as the SMF transmission distance is shorter
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Fig. 8.9 Calculated characteristics of MZI modulator output with chirp parameter of −1 under
10 Gbit/s NRZ signal operation. (a) Output eye diagram from MZI modulator, (b) calculated chirp
for fixed 010 pattern, (c, d) eye diagrams after 100 km SMF transmission without and with low-pass
filter, (e) calculated eye opening penalty as a function of SMF transmission length

than 96 km, and this means that a 10 Gbit/s NRZ optical signal generated by an MZI
modulator has a dispersion tolerance of more than 1600 ps/nm if the modulator is
operated under proper driving conditions.

8.2 Semiconductor-Based MZI Modulators

Semiconductor-based MZI modulators offer various advantages including their
small size, low driving voltage, and absence of DC drift problems. In addition,
they have been investigated and developed in the GaAs- [32–44] and in the InP-
material system as well [45–52]. In this section, fundamentals and relevant features
of semiconductor MZI modulators are summarized. The refractive index control
methods for semiconductor materials are explained in Sect. 8.2.1. In particular,
the plasma (Sect. 8.2.1.1), Franz-Keldysh (Sect. 8.2.1.2), quantum-confined Stark
(Sect. 8.2.1.3), and electro-optic (Sect. 8.2.1.4) effects are described. In Sect. 8.2.2,
features of GaAs- and InP-based MZI modulators utilizing the effects mentioned
above are described.

8.2.1 Fundamentals/Refractive Index Control of Semiconductor
Materials

Intensity modulation with an MZI modulator is realized by varying the refractive
indices of the two phase control waveguides in the MZI modulator. The refractive
index of semiconductor materials can be changed in various ways: by injecting car-
riers through the plasma effect or by applying electric fields via the Franz-Keldysh,
the quantum-confined Stark, or the electro-optic effect. The features of these effects
are summarized below.
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8.2.1.1 Plasma Effect

Free carriers in semiconductor materials change the refractive index of these materi-
als. Following the Drude model, the refractive index n of a material can be expressed
as

n ≈ 1 − ω2
p

2(ω2 + Γ 2
d )

, (8.23)

ωp =
√

Nd × q2

ε0 × m
,

where, ωp is the plasma angular frequency, and Nd , q , m, ε0, ω, Γd are den-
sity, charge, and mass of carrier, permittivity of free space, angular frequency of
light, and damping constant, respectively. From the equations, one can see that the
plasma frequency ωp increases (decreases) when the carrier density Nd increases
(decreases), so the refractive index of the material n decreases (increases). The
change in the refractive index for semiconductor material is derived in [53, 54] and
can be expressed as

�n = − e2 · λ2

8π2c2ε0n
×
(

N

me
+ P

mh

)
, (8.24)

where e, λ, c, n, me, mh, N and P are electron charge, incident light wavelength,
velocity of light, refractive index, electron effective mass, hole effective mass, elec-
tron density, and hole density, respectively. The hole effective mass, mh, in (8.24)
includes contributions of heavy and light holes. But as the light hole mass is usually
much smaller than the heavy hole mass, the hole effective mass is mainly determined
by the heavy hole. A precise expression including heavy and light hole masses is
given in (21) in [54]. According to (8.24), the refractive indices of semiconduc-
tors can be varied by changing the amount of free carriers by injection. However,
the refractive index change is accompanied by a large increase in free carrier ab-
sorption. The absorption coefficient αfc (in cm−1), for example, has the following
dependence on the electron (N in cm−3) and hole (P in cm−3) densities for GaAs
material [55]:

αfc ≈ 3 × 10−18 × N + 7 × 10−18 × P. (8.25)

8.2.1.2 Franz-Keldysh Effect

When an electric field is applied to a bulk semiconductor, the band structure of the
semiconductor is modified and the tails of the electron and hole wave functions
penetrate into the forbidden band which is equivalent to a bandgap shrinkage (or a
long-wavelength shift of the bandgap-equivalent wavelength) [4, 5]. The refractive
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index change of the semiconductor material is related to a change in the correspond-
ing absorption spectra, and the following relation between the complex refractive
index nc(ω), the real part of the complex refractive index n(ω) and the absorption
coefficient α(ω) holds

nc(ω) = n(ω) + j
c × α(ω)

2ω
. (8.26)

The change in the real part of the complex refractive index �n(ω) can be derived
by using the absorption coefficient change �α(ω), following the Kramers-Kronig
relations [14, 15, 56]

�n(ω) = 2c

e2
× Pv

∫ ∞

0

�α(ω′)
ω′2 − ω2

dω′

≡ 2c

e2
lim
δ→0

(∫ ω−δ

0

�α(ω′)
ω′2 − ω2

dω′ +
∫ ∞

ω+δ

�α(ω′)
ω′2 − ω2

dω′
)

, (8.27)

where Pv denotes taking the Cauchy principal value. Thus, (8.27) illustrates how
the refractive index of a semiconductor can be changed by applying an electric field
through the Franz-Keldysh effect. The Franz-Keldysh effect exhibits a pronounced
wavelength dependence because it is a band-edge related phenomenon.

8.2.1.3 Quantum-Confined Stark Effect (QCSE)

The nonlinear electroabsorption characteristics in quantum wells have been studied
theoretically and experimentally since the 1980s [6–11]. The absorption spectrum
of a multiquantum-well (MQW) structured semiconductor material shifts to longer
wavelengths when an electric field is applied perpendicularly to the MQW structure.
The shift, called the Stark shift, is analogous to the energy shift of a hydrogen atom
under applied electric fields [6]. In the absorption spectrum of MQW structures,
resonance peaks appear at the absorption edge, which are due to electron-hole pairs
held together by the Coulomb attraction between the opposite charges and which
are designated as Wannier excitons. The exciton resonances can be observed even at
room temperature due to the confining potential of the barrier material surrounding
the quantum wells. The presence of the exciton absorption and its shift in low-
dimensional semiconductor systems is referred to as the quantum-confined Stark
effect (QCSE). If the applied electric field is weak [12, 13, 54, 57], the bandgap
energy shift Δshift can be expressed as

Δshift = π2 − 15

24π4�2
(me + mh) × e2 × E2 × W 4, (8.28)

where E and W are the applied electric field and the thickness of the well layer,
given in units of V/m for E and in m for W . Δshift is then given in J, which can
be converted to eV by applying the following relation: 1 eV = 1.6022 × 10−19 J.
The shift is proportional to the square of the applied electric field E and the fourth
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power of well width W . The change of the refractive index of the MQW semicon-
ductor material is accompanied by a change in the absorption spectrum through the
Kramers-Kronig relations as given by (8.27). The electric-field induced change in
the absorption is much steeper for the QCSE than that due to the Franz-Keldysh
effect, and as a consequence, almost all electroabsorption modulators and some
semiconductor MZI modulators utilize the QCSE. However, similar to the Franz-
Keldysh effect, the QCSE also exhibits a strong wavelength dependence as it is also
a band-edge related phenomenon.

8.2.1.4 Electro-Optic (Pockels) Effect

The refractive index of semiconductors also changes via the electro-optic (or
Pockels) effect when an electric field is applied to the material [58–60]. In
anisotropic materials like crystals, an electric displacement field D0i can be ex-
pressed by using the electric field components Ej as

D0i =
3∑

j=1

εij × Ej , (8.29)

where εij is the dielectric constant having the form of a symmetric tensor of rank
two. Generally, the tensor is expressed as an ellipsoid according to

3∑
i=1

3∑
j=1

εij × xi × xj = 1, (8.30)

where xi and xj (i, j = 1,2,3) denote three axes of a rectangular coordinate system.
It can be converted into the following standard expression by choosing an appropri-
ate rectangular coordinate system

εx × x2 + εy × y2 + εz × z2 = 1. (8.31)

This expression is formally equal to the following index ellipsoid whose principal
values of the refractive indices are nx, ny, and nz, that is,

x2

n2
x

+ y2

n2
y

+ z2

n2
z

= 1. (8.32)

The relation between the electric displacement field and the electric field can also
be written as

Ei =
3∑

j=1

bij × D0j (8.33)
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using coefficients bij defined as

bij = ∂Ei

∂D0j

. (8.34)

For the case of an electric field applied to a material, the following relation holds
with respect to the reciprocal dielectric constant and the electric field:

bij = b0
ij +

3∑
k=1

γijk × Ek + 1

2

3∑
k=1

3∑
l=1

Qijkl × Ek × El + · · · , (8.35)

where γijk and Qijkl are called the coefficients of the Pockels and Kerr effect, re-
spectively. The quantity b0

ij is the reciprocal dielectric constant without electric field.
The Pockels (or linear electro-optic) effect gives rise to a change in the refractive
index which is linearly proportional to the electric field. The Pockels effect requires
inversion asymmetry, and thus it is only observed in certain crystalline solids. On the
other hand, in the case of the Kerr (or quadratic electro-optic) effect, the change in
the refractive index is proportional to the square of the electric field and all materials
exhibit the Kerr effect, but it is generally much weaker than the Pockels effect. Thus,
electro-optic modulators are usually made from crystals exhibiting the Pockels ef-
fect.

III–V semiconductor materials such as GaAs and InP exhibit the Pockels effect.
They have zincblende crystal structure with space group of T2

d–F4̄3m. The index
ellipsoid of this type of crystal structure with no external electric field is a sphere
whose principal values of the refractive indices nx , ny , and nz are equal, which will
be designated as n0 in the following. The crystal structure has determinants for the
tensors of rank 2, 3, and 4 and these are given by (8.36)–(8.38) [58–60]. For the
tensor of rank 2 (the reciprocal dielectric constant tensor),

b0
ij =

⎡
⎣

b11 0 0
0 b11 0
0 0 b11

⎤
⎦ (8.36)

holds, for the tensor of rank 3 (coefficient for the linear electro-optic effect) is given
by

γijk =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 0 0
0 0 0
0 0 0

γ41 0 0
0 γ41 0
0 0 γ41

⎤
⎥⎥⎥⎥⎥⎥⎦

, (8.37)
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while the tensor of rank 4 (coefficient for the quadratic electro-optic effect) is

Qijkl =

⎡
⎢⎢⎢⎢⎢⎢⎣

Q11 Q12 Q12 0 0 0
Q21 Q11 Q12 0 0 0
Q21 Q21 Q11 0 0 0

0 0 0 Q44 0 0
0 0 0 0 Q44 0
0 0 0 0 0 Q44

⎤
⎥⎥⎥⎥⎥⎥⎦

. (8.38)

Here, the subscripts for higher rank tensors are expressed as {11} → {1}, {22} →
{2}, {33} → {3}, {23}, {32} → {4}, {31}, {13} → {5}, and {12}, {21} → {6}.

It is interesting to note that the principal values of the refractive indices keep the
value n0 even when an electric field E = (Ex,Ey,Ez) is applied, i.e.,

b11 = 1

n2
0

(8.39)

holds. This is due to the fact that the components γ11, γ22 and γ33 in (8.37) are
equal to 0, and the components bij in (8.36) are equal to b11 only when i is equal to
j (moreover, the Kerr effect has been assumed to be negligible).

For the case of an applied electric field, the index ellipsoid can be expressed as

1

n2
0

(
x2 + y2 + z2)+ 2γ41(yz × Ex + zx × Ey + xy × Ez) = 1. (8.40)

Here, a rectangular coordinate system has been chosen with the x-, y-, and z-axes
oriented along the (100), (010), and (001) crystal axes, respectively.

If an electric field is applied parallel to the (100) direction, which is the stan-
dard direction of epitaxial growth of semiconductor material and hence the direction
perpendicular to the epitaxial layers, Ey and Ez in (8.40) become zero and (8.40)
reduces to

1

n2
0

(
x2 + y2 + z2)+ 2γ41 × yz × Ex = 1, (8.41)

which means that the Pockels effect does not contribute to the refractive index
change when the input light propagates along the z- or y-axis because this con-
figuration corresponds to y = 0 or z = 0. From the discussion it becomes clear that
the maximum refractive index change is obtained for light propagating at an angle
of 45° from the y- and z-axis, that is, along the (011) or the (01̄1) direction. By
rotating the y- and the z-axis to the (011) (new y′-axis) and (01̄1) direction (new
z′-axis), (8.41) can be converted into

x2

n2
0

+
(

1

n2
0

+ γ41 × Ex

)
· y′2 +

(
1

n2
0

− γ41 × Ex

)
· z′2 = 1. (8.42)
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For the refractive index of a semiconductor under the influence of an electric field
and for light propagating along the y′ direction,

ny′ =
(

1

n2
0

+ γ41 × Ex

)−(1/2)

(8.43)

holds and for light propagating along the z′ direction, one gets

nz′ =
(

1

n2
0

− γ41 × Ex

)−(1/2)

. (8.44)

By assuming small changes of the refractive index due to the applied electric field,
these equations can be expressed as

ny′ ≈ n0 − 1

2
n3

0 × γ41 × Ex, (8.45)

nz′ ≈ n0 + 1

2
n3

0 × γ41 × Ex. (8.46)

According to (8.45) and (8.46), the refractive index exhibits opposite changes if
the light propagation direction is along the y′ and the z′ directions, while input
light having an electric field component parallel to the (100) axis is not affected by
the Pockels effect. Thus, semiconductor electro-optic modulators exhibit a strong
polarization dependence.

The parameter γ41 for III–V semiconductors takes values around −1.0 to
−2.0 × 10−12 m/V, while the parameter for LiNbO3 is 10 to 30 × 10−12 m/V,
which is about 20 times larger than that of semiconductor material. However, the
larger refractive index in semiconductors helps to raise the Pockels effect (nLiNbO3 ∼
2.2, nGaAs ∼ 3.4, nInP ∼ 3.2) because the refractive index change is proportional
to the third power of the refractive index itself. Moreover, the small dimensions
of waveguide structures in semiconductor devices are also favorable for getting a
strong electric field at the waveguide core region. Thus, one can obtain a compara-
ble or even larger refractive index change in semiconductor electro-optic modulators
compared to the change achievable in LiNbO3 waveguide devices.

8.2.2 GaAs- and InP-Based MZI Modulators

In long haul optical fiber transmission systems, the 1550 nm wavelength region is
widely used due to the small propagation loss of optical fibers (see Chap. 2). GaAs-
based MZI modulators operating in that wavelength region utilize the Pockels effect
to control the refractive index and to modulate the optical phase. This is because
the GaAs material has a bandgap-equivalent wavelength of 870 nm which is far
from the operation wavelength. So band-edge related effects such as the QCSE can-
not be applied. On the other hand, InP-based MZI modulators can utilize both, the
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Fig. 8.10 (a) Schematic structure of Schottky electrode waveguide, and (b) p–i–n structure wave-
guide

QCSE and the Pockels effect as well. The core layer of InP-based modulators is
composed of quaternary materials such as InGaAsP, InGaAlAs, and so forth, whose
bandgap wavelength can be set close to the operation wavelength range. Particularly
low driving voltages in InP-based MZI modulators can be obtained by utilizing the
QCSE, however, this is achieved at the expense of a strong wavelength dependence.
Moreover, an increasing optical absorption under the influence of an applied elec-
tric field, which distorts the output optical signal waveform, is also a problem. In
order to reduce the wavelength dependence and the optical absorption change in
InP-based modulators, it is desirable to only utilize the Pockels effect to control the
refractive index of the modulators.

Two types of structures have found widespread use in semiconductor-based MZI
modulators in order to efficiently apply the electric field to the core layer and prevent
unwanted current flow at the same time.

One solution is a Schottky electrode structure [35–42] as schematically shown
in Fig. 8.10(a), where a Schottky barrier between a metal electrode and the semi-
conductor material blocks the unwanted current flow. This option is primarily used
for GaAs-based traveling-wave electrode modulators (see Sect. 8.3). A drawback
of the structure is that the strength of the electric field applied to the core layer is
lower compared to a p–i–n structure (see below) due to the low optical confinement
to the core layer and a long distance between the RF electrode and the ground. The
second alternative is a p–i–n structure [34, 45–49, 51]. It is schematically shown in
Fig. 8.10(b). A thin insulating (i) layer (core layer) is sandwiched between p-type
and n-type cladding layers. The structure blocks the current flow as a reverse biased
diode. The strength of the electric field at the core layer is very high because the
electric field is concentrated at the very thin i-layer. This is one of the reasons why
p–i–n structure modulators can be made very compact. The electric field applied to
the core layer of a p–i–n structure modulator is more than 100 times stronger than
in LiNbO3 modulators because the waveguide width is ∼1/4 and the thickness of
the core layer is less than ∼1/30 compared to those of LiNbO3 devices. Drawbacks
of the p–i–n structure are:

1. Large absorption loss in the p-doped cladding layer, and
2. A large parasitic capacitance due to the thin i-layer.
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Fig. 8.11 Schematic structure of electrodes formed on MZI modulators. (a) Lumped electrode
structure, (b) traveling-wave electrode structure

The p-type cladding layer has ∼20 times larger absorption loss than an n-type one
due to intervalence band absorption [61, 62].The resistivity of the p-type cladding
layer is also one or two order(s) of magnitude larger than that of n-type layers.
Therefore, it is difficult to use sufficiently long traveling-wave electrodes which
would meet the velocity and impedance matching conditions in p–i–n structure mod-
ulators. The large capacitance due to the thin i-layer is also unfavorable for extend-
ing the length of traveling-wave electrodes, and thus lumped electrodes are often
used with p–i–n structure modulators, although the maximum achievable operation
speed is limited for such designs.

8.3 High-Speed Modulator Design

Two types of electrode structures are essentially used with semiconductor MZI
modulators, as mentioned above. One is the lumped electrode structure which is
schematically shown in Fig. 8.11(a).

The core and cladding layers of the modulator’s waveguide are sandwiched be-
tween the lumped electrode and the ground electrode which is located at the reverse
(substrate) side of the chip, and an electric field is applied between the two. The
structure is very simple and can be easily fabricated. The operation speed of the
modulator with a lumped electrode structure is usually limited by the parasitic ca-
pacitance (CR time constant) of the electrode. The modulation efficiency of the
modulator can be increased by extending the length of the phase control waveguide
in the MZI modulator. However, a long electrode causes a large parasitic capaci-
tance and the operation speed becomes low, i.e., it is limited to less than 10 Gbit/s
for almost all MZI modulators with lumped electrode structure [45, 47, 48].

The other MZI modulator variant is illustrated schematically in Fig. 8.11(b):
high-speed operation at low driving voltage is enabled by a coplanar traveling-wave
structure where the RF drive signal is applied to one side of the electrode and ex-
its from the other side. The output side of the electrode is usually terminated by a
terminator resistance which prevents that the RF signal is reflected from the output
end. Figure 8.12 shows the principle of the traveling-wave electrode.
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Fig. 8.12 Principle of a traveling-wave electrode

Fig. 8.13 (a) Schematic of transmission line, and (b) equivalent circuit segment for a small portion
in the transmission line with a very short length of �x

The RF signal, which propagates along the electrode, influences the light propa-
gating along the waveguide core. When the velocity of the light is equal to that of
the RF signal, the RF signal affects the propagating light all along the modulator
and the efficiency is highest. Because the change of the refractive index, induced by
the electro-optic effect, is smaller than that introduced by the QCSE, it is important
to raise the modulation efficiency of the MZI modulator by using the traveling-wave
electrode structure. This concept is free from the RC time constant limitation of the
electrode, and one can, at least in principle, increase the modulation efficiency by
extending the electrode length of the phase control waveguides in the MZI modula-
tor without reducing the bandwidth.

Important requirements when designing traveling-wave electrodes are:

1. Impedance matching between the electrodes and the driving equipment (Z0)
2. Velocity matching between the electrical signal and the propagating light (β),

and
3. Sufficiently low transmission loss of the electrode (α0).

The characteristics of a traveling-wave electrode can be discussed conveniently
by using a transmission line (distributed element) model based on Maxwell’s equa-
tions [63] as illustrated schematically in Fig. 8.13(a).

The transmission line is divided into small sections and an equivalent circuit seg-
ment for a small section with a very short length of �x is illustrated in Fig. 8.13(b).
In this figure, R, Li, G and C denote resistance, inductance, conductance and ca-
pacitance of the electrode, respectively, and the parameters are expressed in values
per unit length. These parameters depend on the structure of the electrode (electrode
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width, gap width between the electrode and ground, etc.), the dielectric constant of
the semiconductor material the waveguides are made of, and so forth.

It is assumed that the voltage V , applied to the equivalent circuit segment, drops
to V − �V due to the resistances (R/2)�x and the inductances (Li/2)�x while
the current I , flowing along the equivalent circuit segment, reduces to I − �I due
to the leakage current �I through the conductance G�x and the capacitance C�x.
�V and �I are assumed to be small.

The voltage drop �V in the equivalent circuit segment is given by

�V =
(

R

2
+ jω

Li

2

)
× I × �x +

(
R

2
+ jω

Li

2

)
× (I − �I) × �x

= (R + jωLi) × I × �x −
(

R

2
+ jω

Li

2

)
× �I × �x

≈ (R + jωLi) × I × �x = Z × I × �x, (8.47)

where Z is the impedance per unit length of the equivalent circuit segment. The final
result in (8.47) has been obtained by neglecting the second order product of small
terms �I�x. It is straightforward to derive

dV

dx
= Z × I (8.48)

from (8.47).
Analogous to (8.47), the decrease of the current along the equivalent circuit seg-

ment, �I , is given by

�I = (G + jωC) ×
(

V − �V

2

)
× �x

= (G + jωC) × V × �x − (G + jωC) × �V

2
× �x

≈ (G + jωC) × V × �x = Y × V × �x, (8.49)

where Y is the admittance per unit length of the equivalent circuit segment. Once
again, the final result in (8.49) has been obtained by neglecting the second order
product of small terms �V �x, and (8.49) immediately yields

dI

dx
= Y × V. (8.50)

The combination of (8.48) and (8.50) leads to

d2V

dx2
= Z × Y × V (8.51)

and the general solution of (8.51) is

V (x) = V1e
γe×x + V2e

−γe×x, (8.52)



382 H. Yasaka and Y. Shibata

where V1 and V2 are arbitrary values, and γe is given by

γe = √
Z × Y =√

(R + jωLi) × (G + jωC). (8.53)

The complex parameter γe is normally called the propagation constant, and it is
commonly expressed by using an attenuation constant α0 and a phase constant βe:

γe = α0 + jβe. (8.54)

Substitution of (8.52) into (8.48) leads to the following equation for the current I :

I (x) =
√

Y

Z

(
V1e

γe×x − V2e
−γe×x

)= 1

Z0

(
V1e

γe×x − V2e
−γe×x

)
, (8.55)

where Z0 is called the characteristic impedance given by

Z0 =
√

Z

Y
=
√

R + jωLi

G + jωC
. (8.56)

The characteristic impedance and the propagation constant can be controlled by the
parameters Li, R, C, and G. In case that G is negligibly small and R � ωLi, the
characteristic impedance Z0 can be approximated by

Z0 =
√

Li

C
− j

R

ωC
≈
√

Li

C
×
(

1 − j
R

2ωLi

)
≈
√

Li

C
(8.57)

while

γe ≈ jω
√

LiC ×
(

1 − j
R

2ωLi

)
≈ jω

√
LiC. (8.58)

This represents a good approximation for the propagation constant γe and in this
case,

α0 = R

2
×
√

C

Li
≈ 0 (8.59)

and

βe = ω
√

LiC (8.60)

hold for the attenuation constant α0 and the phase constant βe, respectively. Thus, if
the assumptions “small G and R � ωLi” are justified, the characteristic impedance
Z0 and the propagation constant γe are only determined by the parameters Li and C.

From the discussions above, it is obvious that reducing the resistance R and the
conductance G of the electrode in designing and fabricating traveling-wave elec-
trodes of high-speed modulators is of prime importance. In addition, the character-
istic impedance of the traveling-wave electrode should be matched to that of the
driving equipment such as driver ICs and so forth. Usually, the impedance of the
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driving equipment is 50 �. Under these circumstances, the characteristic impedance
of the traveling-wave electrode should also be set to 50 �.

The phase velocity of the electrical signal in the transmission line is given by

vp = ω

βe

= 1√
LiC

(8.61)

and the phase velocity is approximately equal to the group velocity if the losses
(R and G) of the transmission line are negligible. If the losses cannot be neglected,
the group velocity is given by

vg = ∂ω

∂βe

= vp + βe × d(vp)

dβe

(8.62)

The following discussion will be based upon the assumption that the losses of the
transmission line can be neglected and the phase velocity is equal to the group veloc-
ity, which is a good approximation for usual semiconductor MZI modulators with
low loss electrodes.

The group velocity of light, vo, in a medium with effective refractive index, neff ,
is given by

vo = c

neff
, (8.63)

where c is the velocity of light in vacuum. A match as good as possible between the
two velocities, vp and vo, is of key importance for modulators with traveling-wave
electrode structure. The dielectric constants of GaAs and InP are around 12.5 and
12.4. Thus, vp is normally larger than vo in semiconductor-based modulators, and
as a consequence, reducing the electrical group velocity vp becomes important. In
order to reduce the velocity vp of GaAs-based MZI modulators with Schottky elec-
trodes, the so-called slow-wave electrode structure has been proposed [34–42]. In
this structure, the capacitance can be increased efficiently while the corresponding
inductance change remains small, and as a result, the velocity vp of the electrode
can be reduced. Using this structure, high-speed GaAs MZI modulators operating
up to 40 Gbit/s have been developed [41]. The length of the phase control section
of the MZI modulator was 10 mm and the half wavelength voltage was 16.8 V for
1550 nm operation wavelength. Alternatively, a capacitively loaded coplanar strip
electrode structure has also been proposed, and corresponding high-speed and low
driving voltage MZI modulators on GaAs and InP substrates have been reported
[32, 33, 43, 44, 52].

In p–i–n structure MZI modulators, the characteristic impedance of the elec-
trodes becomes small because the modulators have thin i-layers and the capaci-
tances are correspondingly large. In order to increase the characteristic impedance,
a segmented electrode structure has been introduced to an InP-based MZI modula-
tor [49]. The phase modulator section of the MZI modulator was divided into small
sections, and these have been connected in a series by small capacitance Au elec-
trodes. By introducing the novel structure, 40 Gbit/s operation of the p–i–n InP-MZI
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modulator has been demonstrated with 5.3 Vp-p driving voltage. Thanks to the high
electric field in the p–i–n structure, the chip was only 5.27 mm long.

Another InP-MZI modulator was designed with a unique electrode configura-
tion as a quasi-traveling-wave type modulator with accelerator like segmented elec-
trodes directly driven by CMOS RF driver ICs [64, 65]. 80 km transmission of a
10 Gbit/s signal over the full C-band was demonstrated by using the InP-MZI mod-
ulator [64]. The modulator was also used for arbitrary waveform generation (mul-
tilevel signal generation) [65]. In this trial, a 3-bit voltage-mode digital-to-analog
converter (DAC) was introduced which can be operated at 10 Gsymbol/s, and one
of the in-line centipede electrodes in the modulator was driven by the DAC. Gen-
eration of an 8-level ramp waveform was successfully demonstrated by using the
device.

Another development direction has been the reduction of modulator power
consumption, and an assembly comprising a low, non-standard impedance MZM
with particularly low drive voltage Vπ and a co-designed SiGe driver has been
demonstrated for 32 Gbit/s OOK signal generation at 185 mW power consumption
only [66], which is sufficiently low for being used as a compact modulator module
for CFP4 applications.

The traveling-wave electrode technology has also been applied to EAMs and it
enabled the increase in operation speed of EAMs [67, 68].

8.4 Performance of Current MZI Modulators

In this section, specific high performance semiconductor MZI modulators are de-
scribed which are based upon a novel n–i–n isotype structure in phase control wave-
guides. Advanced MZI modulator modules are also described in which the novel
structure MZI modulators are installed.

8.4.1 n–i–n Structure MZI Modulators

The high-speed semiconductor MZI modulators treated in Sect. 8.3 are designed
with a rather complicated electrode structure and their fabrication is difficult. Thus,
a simpler structure is much more promising for practical applications, provided the
following requirements can be fulfilled simultaneously:

1. Simple electrode structure for easy fabrication
2. Capability to apply high electric fields to the core region of the modulator wave-

guide (similar to the situation with p–i–n waveguides), and
3. Sufficiently low loss of the upper waveguide cladding layer, both for optical and

electrical signals.
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Fig. 8.14 Schematic
structure of the n–i–n
waveguide

Fig. 8.15 (a) Calculated results for characteristic impedance and (b) microwave effective refrac-
tive index nm of the n–i–n structure waveguide with a traveling-wave electrode as a function of
waveguide width

An n–i–n isotype MZI modulator structure, which meets these requirements, has
been fabricated and is described in [50]. The waveguide structure is schematically
illustrated in Fig. 8.14.

A coplanar RF electrode is formed on a high-mesa optical waveguide buried by
benzocyclobutene (BCB). The high-mesa optical waveguide consists of an n-doped
lower cladding layer, an undoped core layer, an Fe-doped semi-insulating (SI) InP
layer, and an n-doped upper cladding layer. The structure is grown on an SI-InP
substrate. The waveguide has an n–i–n isotype heterostructure, and since there is
no p-doped upper cladding layer, the typically large optical and electrical losses of
a p-doped cladding layer are avoided. The concept does not only enable the mod-
ulator to operate at high speed, but also at low driving voltage by extending the
lengths of the traveling-wave electrode and the phase control waveguide. The SI-InP
layer is inserted in order to serve two purposes: as a potential barrier against elec-
trons, it assures blocking of unwanted current flow and, in addition, it assures that a
strong electric field is applied to the core layer of the waveguide. The characteristic
impedance of the electrodes can be easily controlled by appropriately choosing the
thickness of the core and the SI-InP layers, and the width of the high-mesa wave-
guide, thus determining the parasitic capacitance. Figure 8.15(a) is an example of
the calculated characteristic impedance as a function of the waveguide width.

The calculation is done by using the commercially available high frequency 3-D
structure simulator (HFSSTM) [69]. In this case, the thicknesses of the core and the
SI-InP layers are set to 0.3 µm and 1.0 µm, respectively.
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Fig. 8.16 Schematic view of
n–i–n structure MZI
modulator

A characteristic impedance of 50 ± 5 �,corresponding to the hatched area, can
be realized by setting the waveguide widths between 1.3 µm and 2.3 µm, i.e., the
acceptable waveguide width tolerance is fairly large and consequently the charac-
teristic impedance control is rather straightforward in the case of the n–i–n structure.

In the case of insufficient velocity matching, the electrical bandwidth �f of the
traveling-wave electrode can be approximated by [33]

�f ≈ 1.4 × c

π × |neff − nm| × L
, (8.64)

where c is the velocity of light, neff and nm are the optical and microwave effective
refractive indices, and L is the length of the electrode, respectively. According to
(8.61), the microwave effective refractive index nm is given by

nm = c

vg

= c

vp

= c × βe

ω
= c ×√

LiC. (8.65)

In n–i–n structure MZI modulators, a strong electric field can be applied to the core
layer and enough efficiency can be obtained even with short phase control wave-
guides. Thus, L is set to 3 mm in the following discussion.

If 40 GHz bandwidth is required, the refractive index difference |neff −nm| must
be lower than 1.1 according to (8.64), and for a calculated value neff = 3.67 of the
optical effective refractive index of the n–i–n structure waveguide, this is equiva-
lent to acceptable microwave effective indices within the range from 2.57 to 4.77.
Figure 8.15(b) is an example of the calculated microwave effective refractive index
nm as a function of the waveguide width. The required range of nm for realizing
40 GHz bandwidth is shown by the hatched area. The demands can be seen to be
very relaxed, and velocity matching does apparently only require waveguide widths
of more than 1.4 µm. Impedance- and velocity-matching of the traveling-wave elec-
trode with the simple structure can thus be realized at the same time by having the
width of the n–i–n structure phase control waveguide between 1.4 µm and 2.3 µm.
In agreement with these results, the waveguide width has been chosen to be 2 µm
in the fabricated n–i–n structure MZI modulator. Figure 8.16 shows the schematic
structure of the n–i–n structure MZI modulator.

Input CW light is fed into a 2 × 2 multimode interference (MMI) coupler [70],
and passed into two phase control waveguides with equal length. Two traveling-
wave electrodes are located on the phase control waveguides. The refractive indices
and hence the phases of the light traveling in the two phase control waveguides are
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Fig. 8.17 DC extinction ratio
of n–i–n structure MZI
modulator as a function of
bias voltage applied to a
phase control waveguide

Fig. 8.18 (a) Small signal E/O response of n–i–n structure MZI modulator, (b) output eye dia-
gram of n–i–n structure MZI modulator operated by 40 Gbit/s NRZ signal with PRBS of 231 − 1.
Waveform measured with a single electrode only driven by the RF signal

modulated by RF signals applied to the two traveling-wave electrodes individually.
Finally, light from both waveguides is recombined by another MMI coupler with the
light interfering at the MMI coupler’s output. The length of the phase control wave-
guide is 3 mm, and the total size of the MZI modulator chip is 4.5 mm × 0.8 mm.
Figure 8.17 shows the DC extinction ratio of an n–i–n structure MZI modulator as
a function of the bias voltage applied to one phase control waveguide. The input
wavelength is 1550 nm.

A maximum extinction of more than 20 dB is obtained. The half-wavelength
voltage, Vπ , is measured to be 2.3 V. It is worthwhile to note that there is no in-
crease in the optical loss, even at the bias voltage of 2Vπ (around a bias voltage of
5.2 V). Such behavior could not be obtained with the p–i–n structure MZI modu-
lators utilizing the QCSE effect. The small signal Electrical/Optical (E/O) response
of the n–i–n modulator is shown in Fig. 8.18(a).

The 3 dB bandwidth is measured to be 40 GHz, and a clear eye diagram is ob-
tained for a 40 Gbit/s NRZ signal with pseudo random binary sequence (PRBS) of
231 − 1 (Fig. 8.18(b)). For measuring the eye diagram, an RF signal with 2.4 Vp-p

driving voltage has been applied to one electrode of the modulator. This modulator
exhibits strong potential for high-speed operation with low driving voltage. How-
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Fig. 8.19 Schematic
structure of differential-drive
InP-MZI modulator

ever, packaging is difficult because of the two input RF electrode pads placed at
opposite sides of the modulator chip.

A differential-drive MZI modulator is very important for generating chirp-less or
chirp-controlled digital optical signals. It is also useful for the generation of phase
modulated optical signals which will be utilized in next generation optical transmis-
sion systems. To operate the MZI modulator in a differential drive (push-pull) mode,
it is important to equalize the RF signal phases, and hence to equalize the lengths
of the two electrodes from the chip edge to the two phase control waveguides. In
addition, the two electrode pads for the input RF signals should be placed on the
same side of the chip for easy connection with differential output driver ICs [71].
A differential-drive InP-MZI modulator is shown schematically in Fig. 8.19.

Such a modulator has already been fabricated successfully [72], and the design is
based upon the n–i–n modulator discussed earlier (Fig. 8.16) with additional micro-
strip lines (MSLs). The length of the phase control waveguides is 3 mm, and the
electrode pads for the input RF signals are both placed on one side (lower side of
the figure) of the chip. The pads for the output are placed on the other side (upper
side of the figure). MSLs are used in order to equalize the electrode lengths from
the pads to the phase control waveguides. The MSLs exhibit small electrical losses
only, even when they have bends with small curvature radius. The chip size of the
differential-drive InP-MZI modulator is 4.5 mm × 0.8 mm, which is the same as
that of the modulator shown in Fig. 8.16. Thus, the MSLs have been added without
a need to extend the chip dimensions.

Measurements of the extinction ratio have shown that the same symmetric ex-
tinction characteristics can be obtained over the complete C-band if only the DC
bias is adjusted linearly as the operation wavelength increases. The results of these
experiments are shown in Fig. 8.20(a).

It is important to note that no adjustment of the RF voltage swing has been nec-
essary and only the linear change of the DC voltage Vb shown in Fig. 8.20(b) had to
be made.

The experimentally determined small signal Electrical/Electrical (E/E) response
for both RF electrodes including traveling-wave electrodes (as shown in Fig. 8.21)
exhibits a 6 dB E/E bandwidth (transmittance S21) of 46 GHz for both electrodes
and reflectance values S11 of less than −18 dB for all modulation frequencies up to
50 GHz.

The characteristics are almost the same for the two electrodes. This indicates
that differential-drive InP-MZI modulators can be realized without degradation of
the high-speed performance even when MSLs are introduced.
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Fig. 8.20 (a) Extinction characteristics of differential-drive InP-MZI modulator. (b) Applied DC
bias Vb as a function of operation wavelength

Fig. 8.21 Small signal E/E
response of differential-drive
InP-MZI modulator as a
function of modulation
frequency. S21 and S11 are
E/E transmittance and
reflectance, respectively

Fig. 8.22 (a) Photograph of a differential-drive InP-MZI modulator module, (b) small signal E/O
response of the module

By mounting the MZI modulator in a package, a compact differential-drive InP-
MZI modulator module has been fabricated [72]. Figure 8.22(a) shows a photograph
of the module.

The module is 21 mm (L) × 17 mm (W) × 8 mm (H) in size, and its footprint
is the same as that of commercially available conventional DFB lasers and EA-
DFB lasers in butterfly-type packages. Two RF connectors for differential electrical
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Fig. 8.23 (a–d) Eye diagrams, and (e) bit-error-rate performance of a differential-drive InP-MZI
modulator module for 40 Gbit/s NRZ signals and various operation wavelengths

signals are placed at one side of the package while pins for DC bias and other control
signals are placed at the opposite side of the package. The module contains 50-�
terminations and bias-tees for both RF electrodes in the package, and the fiber-to-
fiber insertion loss of the module is 7 dB.

The E/O response of the module measured for both RF ports is illustrated in
Fig. 8.22(b). Both curves are essentially the same and the 3dB E/O bandwidth of the
module turns out to be 28 GHz which is sufficiently large for 40 Gbit/s operation.
Experiments with differential 40 Gbit/s NRZ signals, PRBS of 231 −1, and 1.3 Vp-p
drive voltage swing applied to both RF connectors yielded the output eye diagrams
shown in Figs. 8.23(a)–(d) for various operation wavelengths covering the complete
C-band.

Clear eye opening can be observed for all operation wavelength channels. The
dynamic extinction ratios are more than 10 dB. The bit error rate (BER) performance
for the 40 Gbit/s NRZ signals have been measured in a back-to-back configuration,
and the results are shown in Fig. 8.23(e) as a function of received power. The per-
formance is essentially the same for all wavelength channels, no error floors could
be observed, and error free operation of the modulator module can be concluded.

8.4.2 Advanced MZI Modulator Modules

8.4.2.1 Surface-Mountable Mini 10G MZI Modulator Module

Compact MZI modulator modules operating at 10 Gbit/s are desirable for reduc-
ing the size of optical transponders and optical transceivers. Semiconductor MZI
modulators are promising candidates for that purpose due to their compactness. Al-
though the MZI modulator module shown in Fig. 8.22(a) is very small compared
to commercially available LiNbO3 MZI modulator modules, a further reduction of
the module size is desired, and thus very small surface-mountable differential-drive
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Fig. 8.24 (a) Photograph of surface-mountable mini 10G MZI modulator module, and (b) DC
extinction ratio of the module as a function of bias voltage. An SC connector (blue box behind the
module in the photograph) is also shown as a reference

Fig. 8.25 Small signal E/O
response S21 and reflectance
S11 of mini 10G MZI
modulator module

InP-MZI modulator modules have been developed [73]. A photograph of a corre-
sponding mini 10G MZI modulator module is shown in Fig. 8.24(a).

The module is only 13.8 mm (L) × 8.9 mm (W) × 4.9 mm (H) in size, and it
consists of an inexpensive ceramic-based package. The RF and DC lead pins are
located at the bottom of the package in order to enable its direct mounting onto a
printed circuit board. The two RF lead pins for differential drive are located on one
side of the package with G–S–G–S–G configuration for high-speed operation. High-
speed transmission lines are formed in the wall of the ceramic package to connect
the signal (S) lead pins and the two RF electrode pads of the MZI modulator. These
lines are designed to have 50-� impedance and the lengths are adjusted to be equal.
Figure 8.24(b) shows the DC extinction ratio of the module as a function of bias
voltage. The half-wavelength voltage Vπ is estimated to be 2.4 V, and there is no
increase in the optical loss even at a bias voltage of 2Vπ . The measured small signal
E/O response S21 for the module is shown in Fig. 8.25.

The 3 dB E/O bandwidth is 7.5 GHz which is enough for 10 Gbit/s NRZ signal
operation. Reflectance is also shown in the figure. It is less than −9 dB, including the
reflection from the response measurement equipment. The module is operated by a
10 Gbit/s NRZ signal with PRBS of 231 −1. The voltage swing of the differential RF
signals applied to the two phase control waveguides is 2.0 Vp-p and 0.1 Vp-p , respec-
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Fig. 8.26 (a) Eye diagrams
of 10 Gbit/s NRZ signal from
mini 10G MZI modulator
module for back-to-back, and
(b) after 100 km SMF
transmission;
(c) corresponding
bit-error-rate performance

tively. Under these conditions, the output modulated signal is negatively chirped.
The input CW light wavelength has been set to 1550 nm. Figure 8.26(a) shows the
eye diagram of the output 10 Gbit/s NRZ signal from the module in a back-to-back
configuration.

Clear eye opening is observed. Figure 8.26(b) shows the eye diagram after
100 km SMF transmission. The eyes are still clearly open. The observed pattern
agrees quite well with the calculated results shown in Fig. 8.9(c). Measured BER
characteristics for back-to-back configuration and after 100 km SMF transmis-
sion are shown in Fig. 8.26(c). No error floor can be observed in both cases. The
sensitivity degradation after 100 km SMF transmission is measured to be 1.1 dB
(@BER = 10−12).

8.4.2.2 Tunable Transmitter Modules with Semiconductor MZI Modulators

In tunable transmitters and transponders, wavelength tunable laser diodes are used
together with MZI modulators. When semiconductor-based MZI modulators are uti-
lized, monolithic [74–79] or hybrid [80–83] integration technologies enable partic-
ular compact transmitters, while such compact transmitters cannot be realized with
LiNbO3-based modulators because the thermal expansion coefficients for semi-
conductor materials (∼4.9 × 10−6/K for InP) and LiNbO3 (∼15.0 × 10−6/K) are
quite different from each other. So laser diodes and LiNbO3 modulators cannot be
mounted on the same metal package, whose thermal expansion coefficient is set
equal to that of the semiconductor material.

Monolithically integrated, wavelength-tunable transmitters utilize distributed
Bragg reflector (DBR) lasers, while those based upon hybrid integration technol-
ogy have been reported using various sources including a DBR laser [80], a widely
tunable DFB laser array (TLA) [81], a tunable laser with external liquid crystal
mirror [82], or a DFB laser array with a micro-electromechanical system (MEMS)
switch [83]. All wavelength tunable transmitters cover the complete C-band.

The performance of various compact tunable transmitter modules is discussed
in more detail in the following sections. Figure 8.27(a) illustrates a particularly
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Fig. 8.27 Tunable
transmitter module with
InP-MZI modulator.
(a) Photograph of module,
(b) schematic structure

Fig. 8.28 Output wavelength
of the module as a function of
TLA temperature

compact module with actual package dimensions of

41 mm (L) × 13 mm (W) × 9 mm (H).

The transmitter consists of a widely tunable DFB laser array (TLA) [84, 85]
comprising ten DFB lasers hybridly integrated with an InP-MZI modulator and a
wavelength locker. This is schematically shown in Fig. 8.27(b). The TLA and the
MZI modulator are mounted on the same metal carrier and a Peltier cooler. They are
coupled by using lenses and include an optical isolator. The modulated output from
the MZI modulator is coupled to an optical fiber after passing through the wave-
length locker. The wavelength locker has a free-spectral range (FSR) of 50 GHz
and assures locking of the output wavelength to any channel of the International
Telecommunication Union (ITU) frequency grid defined for wavelength division
multiplexing (WDM) systems. The output wavelengths of the transmitter shown
can be tuned to 81 channels of the WDM grid with 50 GHz spacing by selecting
an appropriate DFB laser for the desired channel from the 10 DFB lasers and set-
ting the TLA chip temperature precisely to the appropriate temperature in the 15 to
50 °C range as shown in Fig. 8.28.

The output power of the module is more than +2 dBm for all channels.
Figure 8.29 shows the extinction characteristics of the module for output wave-
lengths in the range from 1530 to 1560 nm as a function of bias voltage of the MZI
modulator. The half-wavelength voltage Vπ is around 2.5 V for all wavelengths.
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Fig. 8.29 Extinction
characteristics of the module
for various output
wavelengths

Fig. 8.30 (a)–(d) Eye diagrams of 10 Gbit/s NRZ signals for various output wavelengths, and
(e) corresponding bit-error-rate performance for back-to-back and after 100 km SMF transmission.
Modulator driving conditions were fixed for all wavelength channels

The module is driven by a 10 Gbit/s NRZ signal with PRBS of 231 − 1. The bias
conditions for the MZI modulator have been kept constant during the measurement,
even when the output wavelength has been switched. The bias voltages to the MZI
modulator’s two phase control waveguides were set to −3.3 and −2.8 V, and the
driving voltage swing applied to the two waveguides had been fixed to 0.75 and 2.25
Vp-p for push-pull operation. Under these conditions, the output signal is negatively
chirped. Figures 8.30(a)–(d) show the eye diagrams for various output wavelengths.

The eyes are clearly open for all wavelengths, even under fixed modulation con-
ditions. Figure 8.30(e) shows the bit-error-rate performance of the module measured
for back-to-back and after 100 km SMF transmission for output wavelengths rang-
ing from 1530 to 1560 nm. No error floors are observed under all conditions. The
power penalties resulting from the transmission are less than 3 dB for all wavelength
channels.

Another hybridly integrated light source is a co-packaged laser and MZI mod-
ulator prototype [86]. The narrow linewidth tunable laser with dual output ports
served as transmitter and local oscillator. The output was coupled to an InP dual
IQ modulator, and output occurred via a micro-optic polarization multiplexer. The
device is intended to be used as a very small 100 Gbit/s transponder for digital co-
herent systems. Another recently reported light source is a DSDBR laser module
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hybridly integrated with an InP dual IQ DP-QPSK modulator [87]. The modulator
had a segmented electrode design and 28 Gbaud DP-16QAM operation has been
demonstrated.

The size of laser sources can be reduced by monolithic integration of InP MZI
modulators with wavelength tunable laser diodes, and corresponding research has
been reported in the literature [74–79]. An early integrated light source has been re-
alized by integrating a SG-DBR laser with an MZI modulator [74–76] and 10 Gbit/s
NRZ [74], 40 Gbit/s NRZ [75] and 10 Gbit/s duobinary [76] operations have been
demonstrated. One example of more recent progress in monolithically integrated
light sources is a four channel DBR laser array with four MZI modulators and an
AWG filter [77]. The device operated in the 1550 nm wavelength region, and the
channel spacing was set to 100 GHz. The chip size was 4 ×6 mm2 and the length of
the phase sections used for the MZI modulators was 1 mm. Output power coupled to
an optical fiber was up to 4 dBm/channel, and 12.5 Gbit/s per transmission channel
(total throughput was 50 Gbit/s) was demonstrated. An InP-MZI modulator-based
QPSK modulator integrated with an SG-DBR laser was also demonstrated [78]. The
bandwidth of the modulator was 8 GHz. 20 Gbit/s QPSK operation over a wave-
length range of 20 nm has been demonstrated. The half-wavelength voltage Vπ of
the modulator was in the 3.5 V to 5 V range over the whole operation wavelength
region. A monolithically integrated DS-DBR laser with an MZI modulator was also
reported [79] to meet the demands for SFP+ TOSA applications. The chip length
was 5.2 mm (2 mm for the DS-DBR laser and 3.2 mm for the MZI modulator).
In these investigations the refractive index of the phase control section in the MZI
modulator was controlled through the QCSE instead of the EO effect to reduce Vπ .
The modulator’s Vπ was in the range from 2.6 V to 3.8 V over the full wavelength
tuning range. The wavelength tuning range was extended to ∼40 nm and 11.3 Gbit/s
operation at a chip temperature of 60 °C has been achieved.

8.5 High-Performance Modulators for Advanced Modulation
Formats

The maximum transmission distance of standard high-speed digital optical signals
is limited by various factors, and one of particular relevance is the chromatic disper-
sion of the optical fiber (see Sect. 8.1 and also Chap. 2, Sect. 2.2.5). Thus, systems
performance is expected to be improved if modulation formats are introduced which
are less sensitive to chromatic dispersion. The optical duobinary (ODB) [88–93]
format is such a solution. Coherent transmission systems are another option where
the information is also carried by the optical phase and improvements in sensitivity
are expected [94, 95]. It has already been a research topic of high interest in the
1980s and 1990s. Formats that have been investigated include optical phase-shift
keying (PSK) and differential phase-shift keying (DPSK) [94, 96–99], differential
quadrature phase-shift keying (DQPSK) [100–116] and even multilevel modulation
formats such as multi-quadrature amplitude modulation (QAM) [117–121]. A more
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detailed coverage of advanced modulation formats within the present book is given
in Chap. 7.

Transmitters for advanced modulation formats must enable optical amplitude and
phase modulation as well, and MZI modulators can be used for that purpose. In the
following section, various advanced modulation formats and the applicability of
semiconductor MZI modulators for their generation will be discussed.

8.5.1 Optical Duobinary (ODB) Modulation

Optical duobinary (ODB) signals can be generated by using MZI modulators driven
with a three-level electrical signal as shown in Fig. 8.31, signal (a-E), which is
generated by using the sequence shown in Fig. 8.32.

Fig. 8.31 Principle of optical
duobinary signal generation.
(a-E) Duobinary encoded
three-level electrical signal,
and (a-O) generated optical
duobinary signal. (b-E) Eye
diagram of electrical
duobinary signal, and
(b-O) eye diagram of optical
duo-binary signal

Fig. 8.32 (a–c) Principle of
duobinary encoding, and
(d) generated optical
duobinary signal
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Fig. 8.33 Calculated optical spectra for (a) 10 Gbit/s optical duobinary signal and (b) 10 Gbit/s
NRZ signal

First, a bit sequence with NRZ format (Fig. 8.32(a)) is precoded using an
EXNOR operator. The converted bit sequence (Fig. 8.32(b)) is then duobinary coded
by adding the bit sequence with one bit delay to the original one (Fig. 8.32(c)). The
final duobinary encoded signal has three levels of +1, 0, and −1. By comparing the
original bit pattern (Fig. 8.32(a)) with the encoded pattern (Fig. 8.32(c)), one can
see that the absolute value of the encoded signal is equal to the original NRZ signal.
When the three-level electrical duobinary encoded signal is applied to an MZI mod-
ulator, the bias voltages for the +1, 0, and −1 levels are set in such a way that they
correspond to the first maximum transmission point, the null point and the second
maximum transmission point of the MZI modulator, respectively (see Fig. 8.31).
The bias voltage differences from +1 to 0 and from 0 to −1 are Vπ , and thus 2Vπ

total voltage swing is required for using an MZI modulator for ODB modulation.
The resulting optical signals are shown in Fig. 8.31, signal (a-O), and Fig. 8.32(d).
The phases of the modulated optical signals corresponding to the first (+1) and the
second (−1) maximum transmission points have a phase difference of π . Thus, the
ODB signal has the same intensity pattern as the original NRZ signal, but the ‘mark’
signals have two optical phases, 0 and π . ODB signals are detectable with conven-
tional NRZ receivers because the intensity modulated bit pattern of the ODB signal
(Fig. 8.32(d)) is identical to that of the corresponding NRZ bit pattern (Fig. 8.32(a)).

For completeness, eye diagrams for 10 Gbit/s input electrical three-level duobi-
nary, signal (b-E), and corresponding ODB (b-O) signals are also shown in Fig. 8.31.
Furthermore, Fig. 8.33(a) shows the calculated optical spectrum for the 10 Gbit/s
ODB signal and as a reference, the calculated optical spectrum for a 10 Gbit/s NRZ
signal as well (Fig. 8.33(b)).

The spectral broadening for the ODB signal is small compared to that of the
NRZ signal, and there is no carrier frequency component in the spectrum for the
ODB signal. These results clearly indicate that ODB signals are superior to NRZ
signals with respect to chromatic dispersion tolerance of an optical fiber.

Differential-drive InP-based MZI modulators are particularly promising for ODB
signal generation [73]. They can be operated at low driving voltage, chirp-less mod-
ulation can be achieved under differential drive conditions, and the increase in trans-
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Fig. 8.34 Measured 10 Gbit/s eye diagrams for (a) generated optical duobinary signal, and after
SMF transmission of (b) 100 km, (c) 200 km, and (d) 220 km, respectively. Lower figures are
calculated eye diagrams for (e) generated optical duobinary signal, and after SMF transmission of
(f) 100 km, (g) 200 km, and (h) 220 km, respectively

mission loss is negligibly low even if the driving voltage is raised above 2Vπ (see
for example Fig. 8.20 and Fig. 8.24). The last feature is important for the generation
of ODB signals without waveform distortion because the signals require 2Vπ drive
voltage swing. Eye diagrams of 10 Gbit/s ODB signals measured with 2.3 Vp-p
drive voltage swing are shown in Fig. 8.34(a).

The large tolerance of ODB signals with respect to chromatic dispersion
is illustrated by eye diagrams measured after 100 km, 200 km, and 220 km
transmission over standard SMF at 1550 nm operation wavelength as shown in
Figs. 8.34(b)–(d). Clear eye openings are observed in all cases. Figures 8.34(e)–(h)
are the calculated eye diagrams for the ODB signals at back-to-back (Fig. 8.34(e)),
after 100 km (Fig. 8.34(f)), 200 km (Fig. 8.34(g)), and 220 km (Fig. 8.34(h)) SMF
transmission. The calculated curves are in good agreement with the measured data
in Figs. 8.34(a)–(d). These results indicate that the differential-drive InP-MZI mod-
ulator does not add any extra chirp nor any additional signal distortion. Figure 8.35
illustrates the measured bit-error-rate performance as a function of received power.

An error floor starts to develop after 240 km SMF transmission while error-free
transmission can be achieved up to about 220 km transmission distance. The sensi-
tivity degradation is less than 1.7 dB (@BER = 10−12), even when the transmission
distance is 220 km. These results indicate that the differential-drive InP-MZI mod-
ulator is suited as a compact and low drive voltage ODB signal generator.

8.5.2 Optical DPSK Modulation

In the optical phase-shift keying (PSK) format, bit information of digital optical sig-
nals is carried by optical phases. In coherent PSK systems [94, 96–99], an absolute
phase reference is required at the receiver in order to read out the bit information.
On the other hand, the optical differential PSK (DPSK) format utilizes the optical
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Fig. 8.35 Measured
bit-error-rate performance of
10 Gbit/s optical duobinary
signal as a function of
received power

Fig. 8.36 Principle of optical
DPSK signal generation
using an MZI modulator.
(a) Electrical pre-coded
signal, (b) generated optical
DPSK signal

phase change to recognize the bit information and uses the phase of the preceding
bit as a phase reference. The DPSK format offers several benefits such as low bit-
pattern-dependent nonlinear effects, high sensitivity and large tolerance for tight
optical filtering.

Optical DPSK signals can be generated by using a phase modulator or an MZI
modulator, where the latter option is superior to the former with respect to chirping
characteristics and reshaping of the electrical signal [110]. The method to generate
DPSK signals by using an MZI modulator will be discussed in the following and
Fig. 8.36 illustrates the concept.

The precoded electrical signal (a) in Fig. 8.36, generated by a precoder, is applied
to an MZI modulator. The drive voltage swing of the precoded electrical signal is
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Fig. 8.37 Principle of
demodulation of optical
DPSK signal using a
Mach-Zehnder delay
interferometer and a balanced
receiver

set to twice the half-wavelength voltage (2Vπ ), while the DC bias is set to the null
point of the MZI modulator. Under these conditions, the MZI modulator is operated
between the first (phase 0) and the second (phase π ) maximum transmission points,
and the output signal of the MZI modulator is the optical DPSK signal as shown
in Fig. 8.36(b). The intensity dip observed in the optical DPSK signal when the
phase changes does not significantly affect the decoded signal at the receiver. The
concept illustrated in Fig. 8.36 can also be modified in such a way that an additional
intensity modulator is used as a pulse carver so that a return-to-zero (RZ) DPSK
signal is generated which is more tolerant to optical fiber nonlinearities [122].

DPSK signal demodulation can be accomplished by using a Mach-Zehnder delay
interferometer (MZDI) and a balanced receiver as shown in Fig. 8.37.

The MZDI has an asymmetric MZI structure with one arm of the MZI being
longer than the other one, where the time needed by the optical signals to travel the
extra length corresponds to exactly one bit. As a consequence, two subsequent bits
of the DPSK signal interfere at the output of the MZDI, i.e., the preceding bit acts
as a phase reference to demodulate the DPSK encoded optical signal. The MZDI
has two output ports and the interfering signals yield a nonzero output in one of
these outputs depending on their relative phase. When subsequent bits are in-phase
(anti-phase), a nonzero optical signal leaves the MZDI from the lower (upper) port
as illustrated in Fig. 8.37. (It should be noted that, due to the MZDI’s asymmetric
nature, one can achieve (by precisely controlling the device temperature) that CW
light either leaves the MZDI from the cross port or from the through port. The latter
is the case for the device shown in Fig. 8.37, and this is different from the behav-
ior of symmetric MZIs (cf. Fig. 8.5).) The output signals are detected by means
of a balanced detector, and because the demodulated electrical output signal of the
balanced detector is twice as large as for conventional direct detection, a 3 dB sensi-
tivity improvement of the signal-to-noise ratio (SNR) is expected in DPSK systems
compared to conventional on-off keying (OOK).

Figure 8.38 compiles the calculated eye diagrams and optical spectra for three
modulation formats, NRZ, DPSK, and RZ-DPSK, for 10 Gbit/s. Figures 8.38(a),
(c), (e) are the generated optical waveforms for NRZ, DPSK, and RZ-DPSK for-
mats. The mark ratio is 0.5, ∼1, and 0.5 when the original electrical signals have a
mark ratio of 0.5. In the diagrams in Figs. 8.38(c), (e), the optical power is the same
for each bit while the optical power of the bits of the NRZ signal (Fig. 8.38(a))
is random, where the latter is due to the fact that in the case of NRZ signals, bits
are easily affected by neighboring bits (pattern effect). Figure 8.38(b) represents
the eye diagram of directly detected NRZ signals using a low-pass filter having a
bandwidth of 0.7 times the bit rate. Figures 8.38(d), (f) are the eye diagrams of de-
modulated DPSK and RZ-DPSK signals with a low-pass filter. Figures 8.38(g)–(i)
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Fig. 8.38 Calculated 10 Gbit/s eye diagrams and optical spectra for (a, b, g) NRZ , (c, d, h)
optical DPSK, and (e, f, i) optical RZ-DPSK signals. (a) Eye diagram for generated NRZ signal.
(b) Eye diagram of directly detected NRZ signal with low-pass filter. (c, e) Eye diagrams for
generated optical DPSK and RZ-DPSK signals. (d, f) Eye diagrams of demodulated DPSK and
RZ-DPSK signals with low-pass filter, and calculated optical spectra for (g) NRZ, (h) DPSK, and
(i) RZ-DPSK signals

Fig. 8.39 Measured results for differential-drive InP-MZI modulator under 40 Gbit/s DPSK oper-
ation. (a) Optical spectrum for generated optical DPSK signal. (b) Eye diagram for demodulated
optical DPSK signal, and (c) corresponding bit-error-rate performance

are the calculated optical spectra for NRZ, DPSK, and RZ-DPSK signals, and the
comparison of Figs. 8.38(g), (h) demonstrates that the carrier frequency component
of the spectrum for DPSK (Fig. 8.38(h)) is well suppressed in contrast to the case
of the NRZ-related spectrum (Fig. 8.38(g)). The carrier frequency component of the
RZ-DPSK spectrum (Fig. 8.38(i)) is also suppressed, but a slight spectral broaden-
ing is observed.

Finally, Fig. 8.39 compiles experimental data illustrating the performance of a
differential-drive InP-MZI modulator operated in a 40 Gbit/s DPSK system.

Figure 8.39(a) represents the measured optical spectrum of the 40 Gbit/s DPSK
signal. The carrier frequency component is well suppressed. Figures 8.39(b), (c)
are the demodulated eye diagram and the bit-error-rate performance, respectively.
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Clear eye opening can be observed in the demodulated optical signal (Fig. 8.39(b)),
and Fig. 8.39(c) illustrates that error-free operation can be obtained with 40 Gbit/s
DPSK signals generated by a differential-drive InP-MZI modulator, and it clearly
demonstrates the potential of MZI modulators in high-speed DPSK systems. Similar
results obtained with an InP-based InGaAlAs-InAlAs n–i–n modulator have been
reported in [123].

8.5.3 Semiconductor Optical DQPSK Modulators

Differential quadrature PSK (DQPSK) is a modulation format slightly more com-
plex than DPSK and the principle can be explained by using the constellation dia-
grams shown in Fig. 8.40.

The intensity of all signals is unity, and in the case of DPSK, Fig. 8.40(a), there
are two possible states corresponding to the phase either being 0 or π on the I-axis.
On the other hand, DQPSK signals, Fig. 8.40(b), may take four phase values: 0 or π

on the I-axis and π/2 or 3π/2 on the Q-axis to express a two-bit signal. The benefits
of the DQPSK modulation format compared with DPSK format are:

1. The symbol rate becomes half compared to that of the DPSK format for the same
data rate because the bit rate in the DQPSK format is twice that of the symbol
rate

2. Spectral broadening becomes smaller which results in higher chromatic disper-
sion tolerance and reduction of the bandwidth needed for transmitters and re-
ceivers, and

3. An increase in spectral efficiency can also be expected.

As outlined in more detail in Chap. 7, Sect. 7.3, a DQPSK transmitter and a corre-
sponding receiver can be designed as illustrated in Fig. 8.41.

The modulator consists of two parallel sub-MZI modulators and a π/2 phase
shifter which are arranged in two branches of a Mach-Zehnder interferometer.
The input CW light is divided equally into the two branches, both branches are
DPSK-modulated by the two sub-MZI modulators (in-phase (I) MZI modulator and
quadrature-phase (Q) MZI modulator), and the π/2 phase shifter in the Q-arm en-
sures that the signal obtained after recombining both branches exhibits four different
points in the constellation diagram.

Fig. 8.40 Signal
constellations for (a) DPSK
signal and (b) DQPSK signal
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Fig. 8.41 Conventional optical DQPSK transmitter with a DQPSK modulator and receiver for
optical DQPSK signals

DQPSK signals can be detected by two MZDIs and two balanced receivers as
shown at the right side of Fig. 8.41. The phase differences in the delay lines of
the two MZDIs are set to +π/4 and −π/4 [110, 112, 116]. Alternatively, novel
90° hybrids with delay lines are proposed and demonstrated as DQPSK receivers
[111, 113–115], see also Chap. 7.

Optical DQPSK systems utilize the optical phase, so the spectral linewidth (phase
noise) of the CW light sources discussed in [1] affects the performance of the sys-
tem, and the requirements for the linewidth of the CW light sources are rather de-
manding as discussed in more detail in [109].

Semiconductor-based DQPSK modulators have been realized on GaAs [124,
125] and on InP substrates as well [126–133].

GaAs: A GaAs/AlGaAs DQPSK modulator reported in [124] has a chip size of
52 mm × 3.5 mm and uses microwave slow-wave electrodes to achieve wide band-
width with low driving voltage. The modulator exhibits a half-wavelength voltage
Vπ of 3.5 V, and 10 Gbit/s (5 Gbit/s × 2) operation has been demonstrated. Higher
bit rates have been recently achieved with a GaAs-based IQ modulator array for
OFDM-PON applications [125], where the bandwidth of the MZI modulators was
more than 22 GHz and the half-wavelength voltage Vπ was 3 V, which is suitable
for a 100 km reach, 40 Gbit/s OFDM-PON supporting up to 1024 users.

InP: Most of the DQPSK modulators reported so far correspond to IQ mod-
ulators with two sub-MZI modulators at the branches of the main MZI [127–
133], while an alternative solution is a three-arm-interferometer structure with two
EAMs [126] where four DQPSK signal phase levels are produced by turning the
EAMs on and off. 107 Gbit/s operation has been demonstrated by the very com-
pact chip (1500 µm × 250 µm in size) but a drawback of the modulator is its large
insertion loss of ∼34 dB (excluding fiber coupling loss).

The InP-based DQPSK modulator reported in [127] integrates differential-drive
InP-MZI modulators as I and Q modulators. The structure is shown in Fig. 8.42.

Two parallel differential-drive InP-MZI modulators (sub-MZI modulators) and
two π/2 phase shifters are monolithically integrated at the branches of the main
Mach-Zehnder interferometer. The two sub-MZI modulators are used for the gen-
eration of two optical DPSK signals, and the π/2 phase shifters are used to ad-
just the phase difference of the two DPSK signals to π/2. The length of the
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Fig. 8.42 Photograph of
InP-DQPSK modulator chip.
The size is 7.5 mm × 1.3 mm

Fig. 8.43 Small signal E/E
response S21 and reflectance
S11 of an electrode of the
InP-DQPSK modulator

Fig. 8.44 Small signal E/O
response of a sub-MZI
modulator

phase control waveguides of the sub-MZI modulators is 3 mm, and the length of
the π/2 phase shifters is 1.5 mm. The chip is only 7.5 mm × 1.3 mm in size.
It is small enough for being installed into a small package such as a conven-
tional 14-pin butterfly package [128] or into compact modules normally used for
mounting conventional lasers and having RF connectors in addition to the stan-
dard electrical contacts [129]. Moreover, such InP-based n–p–i–n MZ modulators
have also been co-packaged with a widely tunable laser into a transmitter mod-
ule which enabled full C-band 40 Gbit/s DPSK operation [130]. The waveguide
in the InP-DQPSK modulator is realized by introducing a novel n–p–i–n structure
where a thin p-doped layer (chosen instead of the SI layer in the corresponding
n–i–n structure) acts as a potential barrier against electron carriers. For the inte-
gration with semiconductor photonic active devices such as laser diodes, this new
structure is more suitable than an n–i–n structure. Figure 8.43 shows the small
signal E/E response S21 and reflectance S11 of a traveling-wave electrode on the
modulator.
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Fig. 8.45 Measured results of InP-DQPSK modulator under 80 Gbit/s operation. (a) Optical spec-
trum of 80 Gbit/s optical DQPSK signal, (b, c) demodulated signals’ eye diagrams

The 6 dB E/E bandwidth exceeds 40 GHz, and the reflectance is below −14 dB
up to 50 GHz. Figure 8.44 shows the small signal E/O response of the sub-MZI
modulator. The 3 dB E/O bandwidth is measured to be 30 GHz. Thus, the mod-
ulator is sufficiently fast for 80 Gbit/s (40 Gbit/s × 2) operation, and the results
also indicate that the sub-MZI modulators in the InP-DQPSK modulator have es-
sentially the same characteristics as solitary differential-drive InP-MZI modulators.
The 80 Gbit/s optical DQPSK signal generation by using the InP-DQPSK modulator
is illustrated in Fig. 8.45.

The I and Q modulators are operated at 40 Gbit/s, and the phases of the gener-
ated signals are controlled by the π/2 phase shifters. Figure 8.45(a) shows the op-
tical spectrum for an 80 Gbit/s optical DQPSK signal. The carrier frequency com-
ponent is well suppressed, and the spectrum corresponds quite well to that of the
40 Gbit/s optical DPSK signal shown in Fig. 8.39(a). This is a clear indication that
the 80 Gbit/s optical DQPSK signal has indeed a large chromatic dispersion toler-
ance. Figures 8.45(b), (c) are the demodulated eye diagrams of the 80 Gbit/s optical
DQPSK signal, obtained by using two MZDIs and balanced receivers. The eyes are
clearly open, and these results indicate that the InP-DQPSK modulator has high
potential for being utilized in future high-speed, highly functional optical commu-
nication systems.

The InP-based IQ modulator reported in [131] has been developed for use in a
very small pluggable module for coherent 100 Gbit/s systems. Capacitively loaded
traveling wave electrodes enabled a 3 dB bandwidth of 40 GHz, Vπ was 2.2 V,
and an insertion loss of less than 6.5 dB and more than 27 dB extinction ra-
tio have been achieved over the full C-band. A dual IQ modulator module has
also been realized for DP-QPSK modulation with polarization multiplexing func-
tion [132]. Vπ of the modulator was 1.8 V only, the module with a footprint of
34.0 mm × 16.5 mm included packaged driver ICs, and 128 Gbit/s DP-QPSK op-
eration has successfully been demonstrated. Another InP DP-IQ modulator mod-
ule has been developed for application within a 100 Gbit/s digital coherent CFP
transceiver [133]. 840 km transmission of a 127.2 Gbit/s signal over SMF has been
achieved by using forward error correction (FEC) technology.
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8.5.4 Semiconductor Multilevel Modulators

Multilevel modulation formats are considered as one promising option for improv-
ing the spectral efficiency of optical communication systems and raising the to-
tal single channel transmission capacity towards 100 Gbit/s and beyond (see also
Chap. 4, Sect. 4.5.2). 16 quadrature amplitude modulation (16QAM) is one format
which has received specific current interest and corresponding transmitters have al-
ready been realized in different ways, including a monolithic dual-drive (DD) InP
Mach-Zehnder modulators [134–139]. The device reported in [134] used an EAM
at one arm of the DD MZM as a 6 dB amplitude attenuator. By driving the two arms
of the DD MZM with two different 4ASK signals, two QPSK signal are generated
and are coupled with 6-dB power difference in the polar coordinates system. This
results in the 16QAM format and 50 Gbit/s (12.5 Gsymbol/s × 4 bit/symbol) signal
generation was successfully demonstrated. The same group also realized a 16QAM
modulator by integrating an InP twin IQ modulator chip on a silica-based planar
lightwave circuit with polarization multiplexing circuit (PLC-PMC) [135]. The chip
size was 50 mm × 13 mm which is about half that of a comparable LiNbO3-based
modulator. Successful generation of 86 Gbit/s by polarization division multiplexing
16QAM signals and successful 240 km transmission has been achieved. A mono-
lithically integrated dual IQ Mach-Zehnder modulator chip, designed for operation
in a transmitter optical sub-assembly within a CFP2 pluggable module, has been re-
ported in [136]. Key characteristics are 36 mm × 10 mm chip size, Vπ ≈ 2.5 V and
more than 25 dB extinction ratio. The bandwidth was ∼15 GHz but the response
had a linear and uniform roll-off suitable for 16QAM, 32 Gbaud operation using
simple pre-emphasis by digital signal processing and enabling 256 Gbit/s total bit
rate for dual polarization transmission. Demonstration of 16QAM signal generation
was also reported in [137] by using a packaged module including a dual IQ mod-
ulator. The modulator chip was the same as previously used for DP-QPSK signal
generation [132], however, by using more advanced driver ICs, 224 Gbit/s (dual
polarization, 28 Gbaud) generated with a differential driving voltage of 2.5 Vp-p
have been demonstrated. And the authors also confirmed that the module exhibited
a bit-error-rate performance similar to that of commercially available LiNbO3-based
modulators in back-to-back operation.

64QAM signals have also been generated by using GaAs- [138] and InP-based
[139] IQ modulators as well. In the case of the GaAs-based IQ modulator [138]
Vπ was 3 V and the modulation bandwidth exceeded 30 GHz due to the low loss
coplanar waveguide configuration and excellent velocity matching. The symbol rate
was limited to 25 Gbaud and led to a total data rate of 150 Gbit/s. 64QAM signal
generation was also demonstrated by using an InP-based IQ modulator [139]. By
compensating the IQ modulator response using a Mach-Zehnder extinction com-
pensator and asymmetry compensators, 336 Gbit/s dual polarization (DP) 64QAM
signal generation was successfully demonstrated.

Multilevel optical signal generation was also demonstrated by using a unique
optical modulator [140–142]. It consisted of 1 × 2 and 2 × 1 MMI couplers as de-
multiplexer and multiplexer of light, two parallel waveguides (WG) connecting the
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MMI couplers with an EA modulator and a phase shifter in each WG. Furthermore,
a DFB laser was monolithically integrated with the modulator and the output from
the DFB laser was split into two waveguides by the 1 × 2 MMI coupler, traveled
along the WGs and was finally recombined by the 2 × 1 MMI coupler. The phase
shifters were operated in such a way that the phase difference between two wave-
guides was set to π , and the EA modulators were operated as high speed variable
optical attenuators. Driving the EA modulators with two binary signals enabled 20
Gbaud optical DPSK signal generation, and successful 40 km transmission over
SSMF has been demonstrated [140]. This novel modulator integrated with the DFB
laser was also used to generate multilevel optical signals by applying multilevel
electrical signals to the EA modulators, and 224 Gbit/s PDM-2ASK-2PSK signal
generation has been achieved [141]. By setting the phase difference between two
waveguides to arbitrary angles, non-quadrature intensity modulation signal genera-
tion was successfully demonstrated [142] by this “integrated non-quadrature inten-
sity modulation transmitter”.

8.6 Summary and Future Issues

Semiconductor MZI modulators offer a number of advantages such as small size,
low driving voltage, and the capability of high-speed operation. Their key properties
and recent progress in the development of semiconductor MZI modulators have been
described in this chapter. The performance of the semiconductor MZI modulators is
expected to improve even further, and they will be deployed in commercial optical
communication systems in the near future.

Semiconductor-based MZI modulators can be monolithically integrated with
other semiconductor active/passive optoelectronic devices on the same substrate. In
this respect, InP-based MZI modulators have an advantage because the laser diodes
for optical communication systems are made in the InGaAsP material system using
InP substrates (see Chaps. 3–5). Monolithically integrated InP-MZI modulators with
tunable lasers are corresponding examples [74–79]. High performance InP-MZI
modulators have also been integrated with semiconductor optical amplifiers (SOAs)
and very promising performance has been demonstrated [143, 144]. High perfor-
mance modulators for advanced modulation formats including multilevel modula-
tion have also been investigated energetically to apply them to future very compact
transponders for digital coherent systems [77–79, 86, 87, 126, 131–133, 135–142].
Highly functional semiconductor photonic devices will rely on semiconductor MZI
modulators and semiconductor phase modulators, and increasingly complex mono-
lithic photonic integrated circuits comprising modulators will be an R&D topic of
high relevance in the years to come.
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43. L. Mőrl, C. Bornholdt, D. Hoffmann, K. Matzen, G.G. Mekonnen, F.W. Reier, A trav-
elling wave electrode Mach-Zehnder 40 Gb/s demultiplexer based on strain compensated
GaInAs/AlInAs tunnelling barrier MQW structure, in Internat. Conf. Indium Phosphide Re-
lat. Mater. (IPRM’98), Tsukuba, Japan (1998), Techn. Digest, paper WA3-4

44. Y. Cui, P. Berini, Modeling and design of GaAs traveling-wave electrooptic modulators based
on capacitively loaded coplanar strips. J. Lightwave Technol. 24, 544–554 (2006)

45. C. Rolland, R.S. Moore, F. Shepherd, G. Hiller, 10 Gbit/s, 1.56 µm multiquantum well
InP/InGaAsP Mach-Zehnder optical modulator. Electron. Lett. 29, 471–472 (1993)

46. M. Fetterman, C.-P. Chao, S.R. Forrest, Fabrication and analysis of high-contrast
InGaAsP–InP Mach-Zehnder modulators for use at 1.55 µm wavelength. IEEE Photonics
Technol. Lett. 8, 69–71 (1996)

47. D.M. Adams, C. Rolland, N. Puetz, R.S. Moore, F.R. Shepherd, H.B. Kim, S. Bradshaw,
Mach-Zehnder modulator integrated with a gain-coupled DFB laser for 10 Gbit/s, 100 km
NDSF transmission at 1.55 µm. Electron. Lett. 32, 485–486 (1996)

48. O. Leclerc, C. Duchet, P. Brindel, M. Goix, E. Grard, E. Maunand, E. Desurvire, Polarisation-
independent InP push-pull Mach-Zehnder modulator for 20 Gbit/s soliton regeneration. Elec-
tron. Lett. 34, 1011–1013 (1998)

49. S. Akiyama, S. Hirose, T. Watanabe, M. Ueda, S. Sekiguchi, N. Morii, T. Yamamoto, A.
Kuramata, H. Soda, Novel InP-based Mach-Zehnder modulator for 40 Gb/s integrated light-
wave source, in 18th IEEE Int. Semicond. Laser Conf. (ISLC’02), Garmisch-Partenkirchen,
Germany (2002), Conf. Digest, paper 57-58

50. K. Tsuzuki, T. Ishibashi, T. Ito, S. Oku, Y. Shibata, R. Iga, Y. Kondo, Y. Tohmori, 40 Gbit/s
n–i–n InP Mach-Zehnder modulator with a π voltage of 2.2 V. Electron. Lett. 39, 1464–1466
(2003)

51. I. Betty, M.G. Boudreau, R.A. Griffin, A. Feckes, An empirical model for high yield manu-
facturing of 10 Gb/s negative chirp InP Mach-Zehnder modulators, in Opt. Fiber Commun.
Conf. (OFC’05), Anaheim, CA, USA (2005), Techn. Digest, paper OWE5

52. S. Akiyama, H. Itoh, T. Takeuchi, A. Kuramata, T. Yamamoto, Low-chirp 10 Gbit/s InP-
based Mach-Zehnder modulator driven by 1.2 V single electrical signal. Electron. Lett. 41,
40–41 (2005)

53. C.H. Henry, R.A. Logan, K.A. Bertness, Spectral dependence of the change in refractive
index due to carrier injection in GaAs lasers. J. Appl. Phys. 52, 4457–4461 (1981)

54. B.R. Bennett, R.A. Soref, J.A. del Alamo, Carrier-induced change in refractive index of InP,
GaAs, and InGaAsP. IEEE J. Quantum Electron. 26, 113–122 (1990)

55. H.C. Casey Jr., M.B. Panish, Heterostructure Lasers (Academic Press, New York, 1978)
56. H.M. Nussenzveig, Causality and Dispersion Relations (Academic Press, New York, 1972)
57. T. Hiroshima, R. Lang, Well size dependence of Stark shifts for heavy-hole and light-hole

levels in GaAs/AlGaAs quantum wells. Appl. Phys. Lett. 49, 639–641 (1986)
58. S. Namba, Electro-optical effect of zincblends. J. Opt. Soc. Am. 51, 76–79 (1961)
59. J.F. Nye, Physical Properties of Crystals (Oxford University Press, New York, 1975)
60. A. Yariv, P. Yeh, Optical Waves in Crystals (Wiley, New York, 1984)



8 Semiconductor-Based Modulators 411

61. C.H. Henry, R.A. Logan, H. Temkin, F.R. Merritt, Absorption, emission, and gain spectra of
1.3 µm InGaAsP quaternary lasers. IEEE J. Quantum Electron. QE-19, 947–952 (1983)

62. H.C. Casey Jr., P.L. Carter, Variation of intervalence band absorption with hole concentration
in p-type InP. Appl. Phys. Lett. 44, 82–83 (1984)

63. B.C. Wadell, Transmission Line Design Handbook (Artec House, Norwood, 1991)
64. T. Kato, M. Sato, T. Yamase, K. Sato, H. Noguchi, 10-Gb/s-80-km operation of full C-band

InP MZ modulator with linear-accelerator-type tiny in-line centipede electrode structure
directly driven by logic IC of 90-nm CMOS process, in Opt. Fiber Commun. and Nat.
Fiber Opt. Eng. Conf. (OFC/NFOEC’11), Los Angeles, CA, USA (2011), Techn. Digest,
paper OThP4

65. T. Yamase, M. Sato, H. Noguchi, K. Sato, T. Kato, Low-power multi-level modulation of InP
MZM with in-line centipede structure directly driven by CMOS IC, in 18th OptoElectron.
Commun. Conf. (OECC’13), Kyoto, Japan (2013), Techn. Digest, paper WK2-3

66. K.-O. Velthaus, N. Wolf, J.H. Choi, L. Yan, P. Harati, M. Gruner, B.G. Saavedra, M. Rausch,
H.-G. Bach, M. Schell, Impedance-engineered low power MZM/driver assembly for CFP4-
size pluggable long haul and metro transceiver, in Proc. 40th Europ. Conf. Opt. Commun.
(ECOC’14), Cannes, France (2014), Techn. Digest, paper Tu.1.1.1

67. Y.-J. Chiu, T.-H. Wu, W.-C. Cheng, F.J. Lin, J.E. Bowers, Enhanced performance in
traveling-wave electroabsorption modulators based on undercut-etching the active-region.
IEEE Photonics Technol. Lett. 17, 2065–2067 (2005)

68. H. Fukano, T. Yamanaka, M. Tamura, Design and fabrication of low-driving-voltage elec-
troabsorption modulators operating at 40 Gb/s. J. Lightwave Technol. 25, 1961–1969 (2007)

69. HFSSTM – Simulation software for high-performance electronic design, Ansys Inc., http://
www.ansys.com/Support/Platform+Support/Ansoft+Products+14.0 (as for December, 2014)

70. L.B. Soldano, E.C.M. Pennings, Optical multi-mode interference devices based on self-
imaging: principles and applications. J. Lightwave Technol. 13, 615–627 (1995)

71. K. Tsuzuki, K. Sano, N. Kikuchi, N. Kashio, E. Yamada, Y. Shibata, T. Ishibashi, M. Toku-
mitsu, H. Yasaka, 0.3 Vpp single-drive push-pull InP Mach-Zehnder modulator module for
43-Gbit/s systems, in Opt. Fiber Commun. (OFC’06), Anaheim, CA, USA (2006), Techn.
Digest, paper OWC2

72. K. Tsuzuki, H. Kikuchi, E. Yamada, H. Yasaka, T. Ishibashi, 1.3-Vpp push-pull drive InP
Mach-Zehnder modulator module for 40 Gbit/s operation, in Proc. 31st Europ. Conf. Opt.
Commun. (ECOC’05), Glasgow, Scotland, UK (2005), Techn. Digest, paper Th2.6.3

73. K. Tsuzuki, N. Kikuchi, Y. Shibata, W. Kobayashi, H. Yasaka, Surface mountable 10-Gb/s
InP Mach-Zehnder modulator module for SFF transponder. IEEE Photonics Technol. Lett.
20, 54–56 (2008)

74. Y.A. Akulova, G.A. Fish, P. Koh, P. Kozodoy, M. Larson, C. Schow, E. Hall, H. Marchand,
P. Abraham, L.A. Coldren, 10 Gb/s Mach-Zehnder modulator integrated with widely-tunable
sampled grating DBR Laser, in Opt. Fiber Commun. Conf. (OFC’04), Los Angeles, CA, USA
(2004), Techn. Digest, paper TuE4

75. A. Tauke-Pedretti, M.N. Sysak, J.S. Barton, J.W. Raring, L. Johansson, L.A. Coldren,
40-Gb/s series-push-pull Mach-Zehnder transmitter on a dual-quantum-well integration plat-
form. IEEE Photonics Technol. Lett. 18, 1922–1924 (2006)

76. L.A. Johansson, L.A. Coldren, P.C. Koh, Y.A. Akulova, G.A. Fish, Transmission of 10 Gbps
duobinary signals using an integrated laser-Mach Zehnder modulator, in Opt. Fiber Commun.
and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’08), San Diego, CA, USA (2008), Techn.
Digest, paper OThC4

77. K. Ławniczuk, C. Kazmierski, J.-G. Provost, M.J. Wale, R. Piramidowicz, P. Szczepański,
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Chapter 9
Wavelength Filters

Herbert Venghaus

Abstract The chapter reviews all relevant filters (to be) used in fibre optic com-
munication and covers generic filter structures including fibre coupler filters and
Mach-Zehnder interferometers, diffraction-, arrayed waveguide-, and fibre Bragg
gratings, Fabry-Pérot interferometers, thin film- and microring filters, interleavers,
and acousto-optic filters. The presentations include the underlying generic physical
concepts, implementations as stand-alone filters or subcomponents of optoelectronic
integrated circuits, and filter modules. Typical performance data are given in the
wavelength and frequency domain, relevant phase properties are discussed as well,
and attention is also given to system implications of the various device properties.

9.1 Introduction

The transmission capacity of a single optical fibre is in the range of several ten Tera-
bit/s, and in order to make best use of it various concepts have been implemented
in the past. One development path has been to raise the bit rate in a single channel.
10 Gbit/s systems using simple on-off keying and direct detection have already been
widely deployed. However, device performance at the transmitter and at the receiver
side including electronics plus signal degradation during propagation along the opti-
cal fibre prevent the extension of this straightforward concept to significantly higher
bit rates, so that 100 Gbit/s links are typically realized as coherent systems using
dual polarization-quadrature phase shift keying (DP-QPSK, see also Chap. 7), and
even higher bit rates are likely to depend on the implementation of higher symbol
rates [1].

A second approach in parallel to raising bit rates has been and still is transmit-
ting different wavelengths along a single fibre where each wavelength carries in-
formation independently from all other wavelengths. The corresponding technique
is called wavelength division multiplexing (WDM), and it has been pursued from
the early days of fibre optic communication already [2, 3]. WDM has experienced a
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particularly strong development push by the availability of the erbium-doped fibre
amplifier (EDFA, cf. Chap. 12) in the 90-ies of the last century. The parallel trans-
mission of up to several ten WDM channels represents the current state-of-the-art,
significantly more channels have already been transmitted in parallel along a single
fibre in different laboratories [4], and flexible grid transmission (i.e. going beyond
the fixed ITU grid) enables to further raise the total transmission capacity per fibre.

More recently space division multiplexing (SDM) has received increasing atten-
tion as an additional means to raise the transmission capacity per fibre (see also
Chap. 1), and by combining SDM with WDM 2.15 Pbit/s have already been trans-
mitted over 31 km (using a 22 core homogeneous single-mode multi-core fibre)
[5], or 105.1 Tbit/s over a trans-oceanic distance of 14,350 km (using a 12-core
fibre) [6].

WDM systems do on the one hand need wavelength-selective transmitters (see
Chaps. 3 and 5), but they also require wavelength filters which enable the selection,
adding/dropping, and routing of individual wavelengths or wavelength bands as key
elements, and these filters will be the topic of the current chapter.

The demands on wavelength filters depend strongly on their functionality and
the respective system specifications, and a variety of different types of wavelength
filters have been developed in the past and are continuously being further improved.
Wavelength filters include adaptations of previously known concepts to the spe-
cific requirements of fibre optics (e.g. diffraction and transmission gratings or thin-
film filters), planar integrated optics devices (such as arrayed waveguide gratings
(AWGs) or microring filters), or they may be closely related to the optical fibre it-
self (such as fibre coupler filters, fibre Bragg gratings (FBGs), or fibre Fabry-Pérot
filters). Filters are normally developed for the spatial separation of a larger num-
ber of wavelength channels. However, filters can also be designed with periodic
response in such a way that a sequence of incoming wavelength channels is se-
quentially directed towards 2N (N = 1,2, . . .) outputs resulting in 2N data streams
with 2N -times larger channel spacing than the original one. Such devices are called
interleavers and enable a cost-efficient upgrading of WDM systems (see Sect. 9.11).

All filters mentioned above will be covered in more detail in the following sec-
tions. The treatment will include short summaries of relevant physical principles, the
technological realisation of the different filters, and typical performance parameters
as well. In accordance with the overall focus of the present book the treatment will
be restricted to filters which are relevant for the 1.3 to 1.6 µm wavelength region,
and we will consider linear passive optical filters only.

Filters used in WDM-systems can be classified as band-pass-, notch-, low-pass-,
high-pass-, and all-pass filters which exhibit the following generic characteristics:

Band-pass filters transmit optical power within a certain wavelength window
only while all other wavelengths are reflected or redirected elsewhere. In the case
of a single optical channel the role of a band-pass filter is the rejection of noise
at all wavelengths other than the optical channel. In multi-wavelength systems
band-pass filters are key components for multiplexing and demultiplexing differ-
ent wavelengths.
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Low-pass and high-pass filters provide a sharp cut-off either above or below a
particular wavelength and are therefore used for selecting (or rejecting) specific
wavelength regions. A low-pass filter transmits long wavelength radiation while
short wavelengths are reflected, and for a high-pass filter it is the other way round.
Notch filters reflect a specific wavelength or narrow wavelength band and exhibit
high transmission elsewhere.
Power-equalization filters ensure that wavelength channels in WDM systems
have equal optical power. Adding and dropping of channels, non-uniform gain
of optical amplifiers, power inequalities of laser sources are among the causes
making channel power unequal. Power variations may be small after one span,
however, they tend to accumulate and lead to large variations after a number of
spans, and therefore power equalization is of high relevance.
All-pass filters transmit a complete wavelength band without any wavelength-
dependent attenuation, but they induce a specific wavelength-dependent phase
change. Such filters can, for example, be designed to compensate group velocity
dispersion.

9.2 Phase Effects

Wavelength filters are fully characterized by their complex wavelength-dependent
response, i.e. how the intensity and the phase of transmitted and/or reflected radia-
tion is modified by the filter.

Filters used in fibre optics have traditionally been described primarily with re-
spect to their wavelength-dependent intensity characteristics while the associated
phase variations have received significantly less attention. This has been adequate
for sufficiently large channel separations and moderate bit rates. However, as the
separations between adjacent channels in WDM systems come down to as low as
25 GHz or even less (100 GHz ≡ 0.8 nm wavelength separation at 1.55 µm) while
the bit rates are raised at the same time, the phase characteristics of wavelength
filters can no longer be ignored in leading-edge fibre optic systems. Phase-related
effects get the more pronounced the narrower the respective filters are, and in ad-
dition, the narrower the filters are the closer the channel wavelengths come to the
filter edges where phase effects tend to be strongest.

In most cases phase effects are unwanted although the phase characteristics can
sometimes be taken advantage of, one corresponding example are fibre Bragg grat-
ings tailored for dispersion compensation.

9.2.1 General Considerations

Filters are described mathematically (see e.g. [7, 8]) in a convenient fashion by
means of a complex transfer function H(ω) = |H(ω)| exp[iϕ(ω)]. If the angular
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frequency ω is replaced by the complex variable z = exp(iω), designated as ‘z-
transform’, the new transfer function of digital filters, Hz(z), can be represented
as a ratio of polynomials which is true for the filters under consideration in this
chapter. Depending on the location of the zeros and poles with respect to the unit
circle (|z| = 1) filters fall into the two categories of ‘minimum-phase’ and ‘non-
minimum-phase’ filters.

A minimum-phase filter results if all zeros are located inside the unit circle, and if
a filter is minimum-phase, its amplitude and phase are correlated and can be inferred
from each other by a relation analogue to the Kramers-Kronig relation (which links
the real and imaginary parts of the dielectric function). The phase and amplitude of
minimum-phase filters are said to constitute a Hilbert transform pair [7, 8].

On the other hand, non-minimum-phase filters do not obey the Kramers-Kronig
relation. The property of a filter being minimum-phase or not is of high relevance
in fibre optics for the following reason: In many cases filters should be narrow, have
steep edges, and at the same time the corresponding filters should exhibit negligible
dispersion. Non-minimum-phase filters can in principle meet this demand. How-
ever, if a filter is minimum-phase, these features cannot be optimized at the same
time since steep roll-off implies strong dispersion due to the very nature of Hilbert
transform pairs.

Interference filters such as Fabry-Pérot and thin-film filters (TFF) are inherently
minimum phase while generalized Mach-Zehnder filters including AWGs are in
general not minimum phase. However, the latter statement does only hold for ‘ideal’,
i.e. loss-less AWGs, while ‘real’ AWGs which exhibit a certain amount of loss sat-
isfy the minimum-phase condition. Grating filters are minimum-phase in transmis-
sion, but this is not always the case when they are used in reflection [8–10]. One
possibility to reconcile the conflicting demands for steep filter band edges and flat
dispersion at the same time even for minimum-phase filters is the combination of
a minimum-phase filter with an appropriate all-pass filter which compensates the
filter-induced dispersion [11].

The local slope of the phase response is called the group delay τg , and it is de-
fined as the negative derivative of the phase response with respect to the angular
frequency ω

τg = −dϕ/dω (9.1)

(Note: the definition of the group delay is also found with positive sign in the litera-
ture, and it is a consequence of the choices of the sign for the phase in the definition
of the transfer function and that of the time dependence in the complex representa-
tion of the electric field.)

The derivative D of the group delay with respect to wavelength

D = dτg/dλ (9.2)

is called the filter dispersion, typically given in ps/nm. The dispersion slope of fil-
ters, dD/dλ, (given in ps/nm2), does normally also have a significant impact on
the performance of high-bit-rate optical networks (see Sect. 9.2.4) and has therefore
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to be compensated (designated commonly as “third-order compensation”). In addi-
tion, it might be worthwhile to note that the dispersion of optical fibres is generally
normalized with respect to length, and the corresponding units are [ps/(nm·km)].

9.2.2 Phase Characterisation Techniques

The dispersion of passive optical devices can be determined in different ways. One
experimental method to derive the dispersion of optical components including op-
tical fibres and wavelength filters is the so-called modulation phase-shift or simply
phase-shift method [8, 12, 13]. Corresponding experiments provide the group de-
lay τg , and the dispersion has to be derived from τg by differentiation. The method
has two limitations: First, there is an averaging effect due to the fact that the two
sidebands of the amplitude-modulated signal probe the dispersion of the device at
two different wavelengths and this is a fundamental issue. Second, it might be diffi-
cult to numerically differentiate the measured curves in the case of noisy experimen-
tal data. The need for numerical differentiation can be overcome by application of
the “differential phase-shift technique” which adds a low-speed modulation of the
laser wavelength to the otherwise unchanged phase-shift measurement set-up, and
this approach enables a direct determination of the dispersion of the device under
investigation (fibre, wavelength filter, . . . ) [14].

Another option for determining the dispersion of optical components including
filters is low-coherence interferometry [15], and the so-called dispersion offset
method is a further technique, which has initially been proposed for the charac-
terisation of optical fibres and has later been extended to the determination of the
dispersion of wavelength filters [16], however, it is not much used in practice.

Finally, dual-wavelength heterodyne measurements have also been shown to di-
rectly provide the spectral phase and therefore the chromatic dispersion of optical
filters with high precision, and the concept has been illustrated for the case of fibre
Bragg gratings and thin-film filters as well [17].

9.2.3 Typical Group Delay Characteristics

In the following a few examples of experimental results will illustrate the dispersion
characteristics of various filter types (AWG, FBG, TFF, volume phase holographic
grating).

Standard AWGs exhibit Gaussian passbands and ideally have zero dispersion
([7, Sect. 4.4.2], [8, Sect. 2.4.4]). Flat top AWGs, which have a passband shape
with more favourable properties for system applications (see Sect. 9.6.1.2), may
have residual dispersion in the order of a few ps/nm only [18], however, experi-
mentally observed values can be significantly higher. One corresponding example is
illustrated in Fig. 9.1. A flat-top silicon-on-insulator- (SOI-)based AWG exhibited
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Fig. 9.1 Comparison of
dispersion and transmission
across passband of AWG
without and with phase-error
correction. Long-dashes:
dispersion, no correction;
dotted: dispersion with
correction; short-dashed:
transmission, no correction;
full curve: transmission with
correction; after [19]

fairly large dispersion initially (long dashes) which turned out to be essentially due
to a systematic phase error of the waveguides. After removing this phase error the
dispersion appeared significantly improved (and the filter transmission has become
more symmetric as well).

The relative group delay (measured using the phase-shift technique with 2 GHz
modulation frequency) of two commercial-grade apodized fibre Bragg gratings de-
signed for 100 GHz and 50 GHz channel separation is shown in Fig. 9.2.

The significantly higher group delay observed for the narrower filter is in agree-
ment with expectation.

FBGs are routinely optimized towards two completely different goals: On the
one hand, FBGs are designed for operation as filters reflecting a single band. For
that purpose dispersion should be as small as possible, and residual dispersion of a
few ps/nm has already been reported [20]. On the other hand, one key application
of FBGs is for dispersion compensation, and for that purpose FBGs are designed to
exhibit very large dispersion as treated in more detail in Sects. 9.7.5 and 9.7.7.

The group delay and related chromatic dispersion of a thin film “4-skip-1” filter
(see Sect. 9.9.4) is shown in Fig. 9.3, which elucidates the strong increase of the
group delay towards the filter band edges and the corresponding increase of the
chromatic dispersion as well. 100 GHz thin film filters are typically specified with
30 ps/nm dispersion while this value increases to about 60 ps/nm for TFFs with an
enlarged flat top region (see Sect. 9.9.3.1).

Fig. 9.2 Experimentally determined reflectivity and group delay of apodized fibre Bragg gratings
designed for 100 GHz and 50 GHz channel separation (left and right, respectively, after [8])
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Fig. 9.3 Group delay (left) and chromatic dispersion (right) of thin-film 4-skip-1 filter [21]

Fig. 9.4 Group delay (full
line) and drop port intensity
(broken line) of a tunable
volume phase holographic
grating (after [22])

Finally, measurements of the group delay of volume phase holographic gratings
(see Sect. 9.5.3) [22] reveal group delay variations of a few ps across the reflected
channel, and the results do also illustrate a strong increase of the dispersion towards
the passband edges which is the more pronounced the steeper the passband roll-off
is (Fig. 9.4).

9.2.4 Group Delay Ripple

WDM filters, in particular gain flattening and dispersion compensating filters based
upon thin-film and fibre-grating technologies, do typically exhibit in-band time de-
lay ripples, (“group delay ripple(s)”, GDR) which can equivalently be characterized
by the corresponding dispersion, the group delay, or the phase spectrum. Figure 9.5
illustrates (as an example) the GDR of an FBG-based gain flattening filter [23].

Sources of GDR may be design compromises and imperfections such as spuri-
ous reflections at the grating ends of FBGs which can be reduced by appropriate
apodization [24] (see Sect. 9.7.3). On the other hand, GDR may be due to manufac-
turing imperfections/variations. Correspondingly, the ripple amplitude of cascaded
gain flattening filters (GFF) was found to correspond essentially to the square root
of the sum of individual ripple amplitudes squared, indicating that the GDR was not
systematic in the GFFs investigated but varied randomly from one GFF to another
[23, 25, 26].
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Fig. 9.5 Group delay ripple
of an FBG-based gain
flattening filter; as measured
(broken line) and averaged
over 100 pm (solid line),
after [23]

A more careful inspection (e.g. by Fourier analysis of the GDR) reveals that a
number of different frequency components contribute to the total GDR, and they
have different consequences. The low frequency ripple gives essentially rise to a
broadening of the input pulse while high frequency ripple tends to create leading
and trailing edge satellite pulses.

9.2.5 Systems Implications of Non-ideal Filter Characteristics

The estimation or evaluation of the adverse effects which non-ideal filter phase
characteristics have on system performance, is in general a challenging task, and it
is not only the filter characteristics itself which matters, but other effects may also
be important. For example, (i) filters in real systems are not perfectly aligned (in
contrast to re-circulating loop experiments), and (ii) the channel wavelengths of the
transmitters are not perfectly aligned to the filter centre wavelengths. As a conse-
quence the filter characteristics off the band centre become more important, and this
is particularly relevant for higher bit rates and smaller channel separations. (iii) Sig-
nal distortions do not only occur due to passband dispersion [27], but in the case
of add-drop multiplexers filter dispersion may also affect signals outside the filter
bandwidth [28], in particular those adjacent to the channel selected by the filter.

Investigations (e.g. [28–30]) have further proven that it is not only the filter dis-
persion itself but the dispersion slope or even higher derivatives of the dispersion,
and in particular the group delay ripple which can and normally do significantly
degrade network performance.

The influence of GDR on system performance is extremely complex and con-
sequently difficult to assess in a generic fashion. In addition to the GDR-induced
broadening of signal bits or the creation of additional spurious spikes, a large num-
ber of other dependences have been reported in the literature. Higher GDR ampli-
tudes tend to have larger detrimental effects, and therefore it is generally attempted
to make the GDR amplitude as small as possible. The period of the GDR is also of
high relevance, and adverse effects are particularly pronounced if the GDR period is
close to that of the bit rate (i.e. corresponds to 10 or 40 Gbit/s, which is equivalent
to 80 and 320 pm periodicity, respectively). The relative position of the ripple am-
plitudes with respect to the transmitted bits is important as well [31], and the system
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impact of GDR depends on the modulation format used [25, 32], on the specific
combination of modulation and signal detection scheme [33], and on pulse shape.
The GDR related penalty is also affected by interactions between phase ripples and
fibre nonlinearities, and as a consequence the maximum transmission distance de-
creases with increasing input power to the fibre [34]. Finally, all-optical 2R signal
regeneration experiments performed in order to correct pulse distortions introduced
by GDR, have demonstrated a dependence of the achievable results on the concept
of 2R regeneration applied: Four-wave-mixing based regenerators achieved better
performance than their self-phase modulation based counterparts [35].

9.3 Fibre and Planar Directional Couplers

9.3.1 Basics of Coupled Mode Theory

Directional couplers constitute one of the basic components in fibre optical com-
munication [36, 37]) and are primarily implemented as fibre couplers but may be
planar devices as well (see Sect. 9.3.5). Fibre couplers can serve different purposes
in fibre optic networks. They can be used for passive functionalities as outlined in
Chap. 11, and they do also exhibit wavelength-dependent characteristics which can
be exploited to fabricate wavelength filters, and this will be the topic of the following
section.

If two dielectric waveguides (WG) are located close enough to each other so that
the evanescent fields of the modes guided in one of the WGs overlap with the core of
the other WG, this arrangement is called a directional coupler, and an appropriately
designed directional coupler constitutes a wavelength multiplexer/demultiplexer
(MUX/DEMUX) as explained below. More detailed descriptions based on coupled-
mode theory are found in many textbooks (e.g. [36–38]), and we will summarize
here the most relevant results only.

Let us designate the upper WG in the insert of Fig. 9.6 (leading from port 1
to port 3) as WG ‘a’ and the lower WG as ‘b’ and represent the electric fields
propagating along WG a and b as

E(x,y, z) = E(a)(x, y)a(z) and E(x,y, z) = E(b)(x, y)b(z) (9.3)

where E(i)(x, y) (with i = a, b) characterizes the modal distribution of the electric
fields in the x, y-plane.

(Please note that in standard S-parameter terminology ‘b’ normally represents
back-reflected power, which is different from the definition convention used here!)

For the amplitudes a(z) and b(z) we assume

a(z) = a0 exp(iβaz) and b(z) = b0 exp(iβbz) (9.4)

where βi (i = a, b) are the propagation constants (see also (9.26), below). The total
field of the coupled mode E(z) is given by

E(x,y, z) = a(z)E(a)(x, y) + b(z)E(b)(x, y) (9.5)
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and the amplitudes a(z) and b(z) satisfy

d

dz
a = iβaa + iκabb and

d

dz
b = iκbaa + iβbb (9.6)

Since we are not interested in the x, y-dependence but the coupling between the
WGs only, we will omit the x, y-dependence in the following, and we will further
assume that the electric field intensity has been normalized to 1. If we then make
the substitution [

a(z)

b(z)

]
=
[
A

B

]
exp(iβz) (9.7)

assume symmetric coupling, i.e. κab = κba = κ , convert (9.6) into a matrix equation,
and solve for non-trivial solutions of the corresponding determinant, we get

β = βa + βb

2
± q (9.8)

or, rewriting the two solutions of (9.8),

β+ = βa + βb

2
+ q and β− = βa + βb

2
− q (9.9)

with

q =
√

�2 + κ2 and � = βa − βb

2
(9.10)

The two modes corresponding to the propagation constants β+ and β− are desig-
nated as “even” and “odd” modes. After finding the eigenvectors corresponding to
β+ and β−, the general solution for the guided waves can be expressed as

[
a(z)

b(z)

]
= S(z)

[
a(0)

b(0)

]
(9.11)

where the matrix S(z) is given by

S =
[

cos(qz) + i �
q

sin(qz) i κ
q

sin(qz)

i κ
q

sin(qz) cos(qz) − i �
q

sin(qz)

]
exp(iϕz) (9.12)

with

ϕ = βa + βb

2
(9.13)

If the input power is launched into the upper waveguide (designated as ‘a’), we have

a(0) = 1 and b(0) = 0 (9.14)

and for the variation of the electric field amplitudes in the waveguides and the cor-
responding guided power in the case of identical WGs (βa = βb) we get

a(z) = cos(κz) exp(iβz), b(z) = sin(κz) exp(iβz) (9.15)
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and

Pa = cos2(κz), Pb = sin2(κz) (9.16)

Equations (9.15) and (9.16) represent a periodic power transfer between the two
WGs, and the distance after which complete coupling occurs for the first time is
called the coupling length Lc, given by

Lc = π

2κ
(9.17)

The coupling constant κ depends on the distribution of the propagating fields (in
particular their evanescent tails), and κ can be considered (to a good approximation)
being proportional to 1/λ. As a consequence, the output power in each port of the
directional coupler varies periodically as a function of frequency/wavelength if the
length of the directional coupler is fixed.

9.3.2 Fabrication of Fibre Couplers

Fibre couplers are most frequently realized as fused biconical taper couplers. Fabri-
cation of the fibre couplers starts with a removal of the cladding in the region where
the coupling is intended to occur, and the next fabrication steps are essentially a
heating, stretching, and tapering of the two fibres. Due to stretching the fibre core
diameters get smaller in the coupling region and as a consequence the confinement
of the guided radiation is reduced which enables stronger coupling. The coupling
region is typically multimode in contrast to the single-mode characteristics in the
feeding branches of the coupler, and therefore it is a key issue in designing and
fabricating directional couplers – beyond assuring the proper wavelength-dependent
coupling – to make sure that essentially no power is coupled from the fundamental
mode to higher order ones in the coupling region as this would give rise to unwanted
losses [39, 40].

9.3.3 Characteristics of Fibre Coupler-Based Wavelength Filters

The typical parameters of optical fibres exhibit moderate wavelength-dependent
variations, and as a consequence standard fibre coupler filters operate for rather large
channel separations. Fibre couplers are commercially available for demultiplexing
the 1.3 µm and 1.55 µm channels, demultiplexing a 1625 nm monitoring channel
from the 1.3 µm or 1.55 µm band, as pump wavelength combiners for erbium-doped
fibre amplifiers (980 nm/1550 nm, 1480 nm/1550 nm, 1054 nm/1550 nm, and
1065 nm/1550 nm multiplexers), and as 1017 nm/1300 nm multiplexers for Pr-
doped fibre amplifiers. In addition, fibre-coupler based wavelength filters are offered
for CATV or various measurement applications (see also Chap. 11, Sect. 11.2 and
Fig. 11.16).
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Fig. 9.6 Upper part:
Schematic presentation of a
directional coupler, lower
part: wavelength-dependent
transmission of a fibre
coupler (1550/1625 nm
MUX/DEMUX) [41]

Figure 9.6 illustrates the periodic characteristics of a fibre coupler which has
been designed and specified as a 1550/1625 nm MUX/DEMUX, and it also illus-
trates that the wavelength characteristics of standard fibre couplers do not enable
high wavelength discrimination over a larger wavelength range (a crosstalk of the
order of 20 dB is a typical requirement). One means to improve performance and
in particular to achieve better crosstalk is cascading, and cascaded 1310/1550 nm
fibre couplers with crosstalk better than 40 dB have already been demonstrated [42].

9.3.4 Applications Beyond Wavelength Channel Filters

Fibre couplers also enable the splitting of the guided power into any ratio de-
sired. Power splitters or tap couplers are typically offered with splitting ratios
ranging from 50:50 to 99:1, and such splitters can be fabricated for any wave-
length wanted [43, 44], see also Chap. 11, Sect. 11.2.4. Figure 9.7 illustrates the
generic wavelength dependence of different types of power splitters: single wave-
length, wavelength flattened and broadband. The example chosen is for 1300 nm
and 1550 nm as operation wavelengths and 10:90 splitting ratio, however, the wave-
length dependence for other splitting ratios is very much the same.

Fig. 9.7 Wavelength-dependence of fibre-coupler based power splitters. (a) Single wavelength,
(b) wavelength flattened, (c) broadband [43]
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Furthermore, fibre couplers can be designed as pump combiners which enable
the combination of two different pump waves into a single fibre or alternatively
combining two orthogonally polarized pumps at the same wavelength, and finally,
fibre couplers can be designed as gain flattening filters (cf. also thin film filters,
Sect. 9.9.1.4) which ensure gain flatness from 1530 nm to 1560 nm with less than
±0.25 dB deviation from the target value [44].

9.3.5 Planar Polarization Splitters

In planar directional couplers the propagation constants for TE- and TM-polarized
modes are in general different, and as a consequence the coupling lengths for the
TE- and TM-modes become also different, i.e. planar directional couplers are typi-
cally polarization-dependent. By an appropriate choice of the device parameters this
feature can be taken advantage of, e.g. by ensuring that TM-polarized waves leave
a planar directional coupler via the cross port while TE-modes are guided to the bar
port. Corresponding polarization splitters can serve as subcomponents in monolithic
integrated polarization diversity chips, in particular in silicon photonics, and highly
compact devices based upon Si wires have already been reported. In a two-Si-wire
coupler structure of only 7 × 16 µm2 size about 15 dB polarization extinction ra-
tio (PER) has been demonstrated, and the PER could be raised to about 20 dB by
adding a second coupler stage [45]. More recently a Si wire based bridged WG
coupler (i.e. a structure with three parallel WGs in the central coupling region) ex-
hibited >20 dB polarization extinction ratio and about 2 dB insertion loss over the
complete C-band [46]. Alternative designs and references to other implementations
can be found in [47].

9.4 Mach-Zehnder Interferometers

Planar Mach-Zehnder interferometers (MZI) constitute an important generic build-
ing block for a number of integrated optic devices including couplers, add-drop
multiplexers, modulators, switches, routers, interleavers (see Sect. 9.11), polariza-
tion beam splitters, or sensors. The basic structure is schematically illustrated in
Fig. 9.8, both, as symmetric (left) and asymmetric MZI (right part of figure).

Fig. 9.8 Symmetric (left) and asymmetric Mach-Zehnder interferometer (right), schematic
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The intensities at the MZI output ports are related to the input intensities by

P3 = P1 sin2 �ϕ

2
+ P2 cos2 �ϕ

2
(9.18)

P4 = P1 cos2 �ϕ

2
+ P2 sin2 �ϕ

2
(9.19)

with Pi being the signal power in port i.
The phase difference �ϕ experienced by two waves propagating along the two

interferometer arms corresponds to an optical path difference of the two arms, and
this path difference may be generated by external means such as an applied voltage
(provided the WG material exhibits an electrooptic effect), by carrier injection, by
adhesion of molecules in the case of MZI-based sensors, or �ϕ can simply be due
to a geometrical path difference due to different WG shape or length (as illustrated
in Fig. 9.8, right side).

Single stage MZIs are attractive for high-speed modulation (see Chap. 8) while
a combination of two or larger numbers of nested MZIs enables IQ modulation or
higher order modulation, respectively (see Chap. 7). Corresponding devices have
been developed in various materials systems and have become commercially avail-
able for a variety of applications including and going beyond high-speed or IQ mod-
ulation (LiNbO3 [48], SoS [49], InP [50, 51], GaAs [52]).

An (asymmetric) MZI does also constitute a generic filter structure although for
most filter applications the transmission characteristics of a single MZI is insuffi-
cient due to the limited passband width, passband shape, and insufficient crosstalk
properties. However, essentially any filter function can be approximated by cascaded
MZIs with properly chosen delays and appropriately chosen coupling constants of
the individual MZIs (i.e. the input and output couplers are no longer 3-dB cou-
plers but may have any coupling ratio), and this concept has been used e.g. for the
implementation of interleavers ([53], see also Sect. 9.11). Even larger flexibility is
achieved by cascading general MZI structures in combination with MRRs [7], see
also Sect. 9.10.3.

A large number of advanced components comprising MZIs have been reported in
the literature, and recently reported devices include e.g. a wavelength tunable filter
based upon MZIs only [54, 55], an MZI-based, cyclic and flat-top MUX/DEMUX
for optical sub-carrier multi/demultiplexing in multi-carrier transceivers [56], or an
8 × 8 switching fabric realised in InAlGaAs/InAlAs on InP, comprising a total of 28
MZI 2 × 2 switches with switching accomplished by carrier injection into 220 µm
long phase shifting sections [57].

Finally, MZIs as polarization beam splitters have also been reported including
splitters in the GaInAsP/InP material system [58] and on SOI as well [59, 60] and
>10 dB polarization extinction ratio in the 1.54 to 1.58 µm wavelength range have
been demonstrated [60].
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9.5 Diffraction Gratings

9.5.1 Planar Diffraction Gratings

A diffraction grating is an arrangement of reflecting (or transmitting) elements sepa-
rated by a distance comparable to the wavelength of the light (or more general:
electromagnetic radiation) under investigation. Typical structures under discussion
in the subsequent section are two-dimensional collections of parallel transparent
slits or reflecting grooves on an optical surface while fibre Bragg gratings will be
discussed in Sect. 9.7.

The characteristic property of a diffraction grating is its ability to diffract light
into different, wavelength dependent directions. As a consequence, different wave-
lengths of an incoming beam are angularly separated, and this constitutes the basis
for many kinds of spectroscopic investigations and for the fabrication of wavelength
filters as well.

Diffraction gratings have been manufactured for more than 200 years, starting
with the fabrication of the first diffraction grating by the American astronomer
David Rittenhouse in 1785 and spurred by the pioneering work of Joseph von Fraun-
hofer at the beginning of the 19th century, so that by the end of that century diffrac-
tion gratings had become distinctly superior to prisms and interferometers for spec-
troscopic applications. In the early days the periodic structures had been grooves
scratched on a blank surface while different grating variants have emerged subse-
quently. Gratings can be operated from the UV over the visible range until far into
the IR regime, they are used in many different areas of science, and more recently
diffraction gratings have found applications in fibre optic communication systems
where they serve as wavelength MUX/DEMUX in WDM systems.

The operation of a reflection grating is illustrated in Fig. 9.9 (see e.g. [61–63]).
Ray 1 and ray 2 correspond to light diffracted from adjacent grooves separated

by a distance d , and constructive interference occurs (i.e. these rays are in-phase)
if their path difference after diffraction is an integral number of wavelengths. This

Fig. 9.9 Diffraction of planar
wave fronts from a reflection
grating (schematic). A planar
wave front is represented by
parallel rays such as “ray 1”
and “ray 2”. Angles measured
(counter-) clockwise are
defined as negative (positive).
Lines labelled “A” and “B”
represent incoming and
diffracted wave fronts,
respectively
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relationship is expressed by the grating equation

mλ = d(sinα + sinβ) (9.20)

(please note that sin β is negative since β < 0). m is an integer and is called the
diffraction order, and m = 0 is the special case of normal reflection. A frequently
used configuration corresponds to α = β , i.e. light is diffracted back into the direc-
tion where it came from, and this is called the Littrow configuration.

9.5.2 Relevant Parameters of Diffraction Gratings

The range of wavelengths for a given diffraction order without any superposition
of light from adjacent orders is called the free spectral range (FSR). For telecom
applications the FSR of diffraction gratings (typically operated in the first diffraction
order) is much larger than the range of all wavelengths used in WDM systems,
and thus there is no unwanted coincidence of any telecom channel/wavelength with
higher orders of other wavelengths.

The diffraction efficiency of a grating into different orders m exhibits a pro-
nounced wavelength dependence, and as a consequence, the efficiency is also
strongly wavelength dependent for a given diffraction order. The efficiency of re-
flection gratings is particularly high if the directions of the incident and diffracted
rays correspond to specular reflection from the grating facets. The corresponding
angle θbl which satisfies the condition

mλbl = 2d sin θbl (9.21)

is called the blaze angle and λbl is called the blaze wavelength, and diffraction
gratings are normally designed/chosen in such a way that λbl corresponds to the
centre of the wavelength range the diffraction grating is expected to cover in the
application under consideration.

Diffraction gratings do also exhibit strong polarization dependence, however,
this dependence can be kept acceptably low over a limited range of wavelengths
by an appropriate design. States of polarization are normally designated as s- and
p-polarized, however, there are two different definitions: The most widely accepted
one is that s- and p-polarization correspond to radiation having the electric field
vector orthogonal and parallel to the plane of incidence, respectively. However, s-
and p-polarization are also defined as orthogonal and parallel to the grooves of the
diffraction grating, and the latter definition is just the opposite of the former for the
common configuration where the plane of incidence is orthogonal to the plane of the
grooves. If the plane of incidence is not orthogonal to the grooves, there is no rela-
tion at all between the two definitions. We will use the former definition throughout
this chapter, although the latter is the one more frequently used with diffraction grat-
ings. Alternatively, s- (and p-) polarization are also called TE- (TM-) polarization.



9 Wavelength Filters 433

The resolving power R or ability of a grating to resolve two closely spaced wave-
lengths is given by

R = λ

�λ
= |m|N (9.22)

with m being the diffraction order and N the total number of illuminated grooves
(see e.g. [61]). A slightly different expression for the maximum attainable resolving
power Rmax is derived in [62]:

Rmax = 2Nd

λ
(9.23)

where Nd is simply the width of the ruled area. Equation (9.23) holds for |α| ≈ 90◦
and |α| ≈ |β|, i.e. for grazing incidence in the Littrow configuration, and it is inter-
esting to note that (9.23) does not depend on the diffraction order m.

9.5.3 Diffraction Gratings Used in Fibre Optic Communication

Diffraction gratings used in fibre optics fall into two categories: surface relief grat-
ings and volume phase (holographic) gratings. Figure 9.9 is an example of a sur-
face relief grating operated in reflection. Such gratings are typically composed of
a substrate material, e.g. glass with low thermal expansion coefficient, an epoxy or
photoresist structured in such a way as to exhibit the desired surface profile, and
a metallic highly reflecting coating on top. Multiplexers and demultiplexers based
upon reflection gratings have become commercially available for the C-, the L-, and
the C + L-bands with 50, 100 or 200 GHz channel spacing, channel numbers rang-
ing from 8 to 96, and polarization dependent loss <0.3 dB. The characteristics of a
corresponding grating-based 40-channel 100 GHz multiplexer is shown in Fig. 9.10.

Another variety of surface relief gratings are surface relief transmission gratings.
They are used in many different areas because they can be operated from about

Fig. 9.10 Transmission of
diffraction-grating based
40-channel 100 GHz MUX
[64]
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Fig. 9.11 SEM picture of
fused silica surface relief
transmission grating [65]

200 nm (or even 157 nm) into the mid-IR, exhibit very low absorption loss, are
particularly stable with respect to environmental influences, can tolerate high tem-
perature (up to 1000 °C) and high input power of the light to be dispersed, and there
are specific designs for telecom applications as well.

A surface relief transmission grating designed for operation in the C-band (1525
to 1575 nm) is shown in Fig. 9.11.

MUX/DEMUXs based upon surface relief transmission gratings have already
achieved >97% efficiency and <0.05 dB polarization dependent loss (PDL) all over
the C-band, and more than 99% efficiency has been predicted theoretically [65].
Specific details, however, depend on customer requirements and on the overall de-
sign and implementation of the MUX/DEMUX.

A third type of diffraction gratings are volume-phase holographic (VPH) grat-
ings consisting of a thin layer with modulated refractive index sandwiched between
two glass substrates which makes such gratings particularly rugged. VPH gratings
for telecom applications may be fabricated by optically replicating a previously
recorded interference pattern, or alternatively, each grating may be an original where
a thin film of dichromated gelatine is exposed to a laser interference pattern and
laminated with a protective glass cover after proper processing of the film. VPH
gratings encapsulated between parallel glass plates may additionally be sandwiched
between two precision prisms in such a way that the beam cross-section is enhanced
at the grating (providing higher resolution) and the Bragg condition is fulfilled for
a particular wavelength, e.g. 1550 nm for telecom applications. VPH gratings are
commercially available optimized for operation in the C-, L-, or the S-band [66, 67].
A diffraction-limited resolution of 12.5 GHz all over the C-band has been achieved
already, and L- and S-band performance is comparable. Thus VPH gratings can be
used in DWDM systems for combining/demultiplexing channels with separations
as low as 25 GHz.

Other relevant characteristics of VPH gratings are 0.3 dB PDL, 1 dB unifor-
mity over the complete wavelength range covered, and the total insertion loss may
amount to a few dB but can be reduced to as low as 1 dB only if required. Angular
resolution at around 1550 nm is typically in the range from 0.1 to 0.3 degrees/nm.
VPH gratings exhibit a temperature dependence which is essentially that of the sub-
strate. Zero expansion material, which is well suited for reflection gratings, is in-
sufficient for transmission gratings with respect to optical clarity and homogeneity.
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Better (and common) choices are fused silica with a coefficient of thermal expan-
sion CTESiO2 = 0.5 × 10−6/K or BK7 (CTEBK7 = 7.5 × 10−6/K) where the latter
is obviously less favourable, however, significantly less expensive.

Volume phase holographic gratings can also be used for optical channel moni-
toring, and devices are commercially available covering the complete C or L bands
and enabling channel monitoring with 50 GHz channel separation. For such appli-
cations the grating as the spectral dispersive element is typically combined with an
extremely sensitive detector array (e.g. GaInAs, [66]).

9.5.4 Planar Echelle Gratings

Echelle gratings are a specific type of planar diffraction grating which have a blaz-
ing angle optimized for operating the grating in very high diffraction orders, and
they usually have larger groove/reflecting facet separation compared to ‘standard’
diffraction gratings. Echelle gratings are encountered in various fields including as-
tronomical instrumentation, and planar echelle gratings are attractive as wavelength-
dispersive subcomponents in photonic integrated circuits (PICs).

Echelle gratings have been fabricated in the InP-material system, e.g. as part
of multi-wavelength lasers [68] or as demultiplexer in integrated channel monitors
[69–71], and they have been developed in silica-on-silicon (SoS) [72], and in par-
ticular in the SOI platform [73, 74]. Planar echelle gratings rely on multi-path inte-
rference similar to AWGs (see Sect. 9.6), however, in contrast to AWGs, where
the light propagates along the arrayed waveguides, light in echelle gratings propa-
gates freely in a light-guiding slab and is eventually reflected by a series of facets
[75]. The fact that the crucial region, where dispersion typically accumulates, is a
slab waveguide or free-space region without laterally confining waveguides makes
echelle gratings the least sensitive to process variations among all filters used in
SOI.

Echelle gratings can be designed in different ways, including different variants
for the reflecting facets which constitute particularly crucial elements [76, 77]. De-
vice footprint, insertion loss, channel crosstalk, and channel uniformity depend on
the specific design, but the following recently reported characteristics of echelle
gratings can be considered to represent the current state-of-the-art: 8 channels with
3.2 nm (400 GHz) separation and 250×200 µm2 footprint [77] or 30 channels, again
with 400 GHz separation, and 0.5 mm2 footprint [78]. Adjacent channel crosstalk
is typically around 20 dB, and insertion loss may be in the 3 to 4 dB range but 1
to 2 dB have also been reported [75]. Planar echelle gratings are strongly polar-
ization dependent and the design is normally made for TE-polarization. A generic
shortcoming of echelle gratings for MUX/DEMUX applications is the fact that they
exhibit Gaussian passbands [79] whereas a flat top shape would generally be pre-
ferred. Despite these limitations echelle gratings can be considered to be superior
to AWGs and constituting a good choice for low resolution (CWDM) small channel
number monolithic integrated devices [75] with channel separations ranging from a
few nm (≡400 GHz, e.g.) to 20 nm.
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9.6 Arrayed Waveguide Gratings

Arrayed waveguide gratings are planar (lightwave) structures based upon an array
of waveguides which exhibit both imaging and dispersive properties. The field of
an input WG is imaged onto an array of output WGs in such a way that different
input wavelengths are imaged onto different output WGs. AWGs were first reported
by Smit [80], followed by Takahashi [81] and Dragone [82]. Besides “AWG” other
names such as phased array (PHASAR) and waveguide grating router have also
been proposed but AWG has become the most commonly used designation.

AWGs are fabricated in various material systems. Silica-on-silicon- (SoS-) based
AWGs are the most relevant ones, they are commercially available since 1994 and
can be considered to represent by far the best technology for MUX/DEMUX appli-
cations in high-channel-count (D)WDM systems. They offer lowest cost per chan-
nel, highest uniformity, and lowest loss (<0.05 dB/cm propagation loss and about
0.1 dB fibre chip coupling loss for appropriately chosen parameters, see below).
AWGs are available for a wide range of channel spacings with a strong focus on
50 GHz and 100 GHz, and most effort has been (and still is) spent on devices for the
1.5 µm wavelength range although AWGs have been reported for the visible [83]
and mid-IR [84] regimes as well.

In addition to AWGs as stand-alone components they have also attracted parti-
cular, continuously rising interest as subcomponents of complex integrated ICs, both
in the InP- [see Sect. 9.6.3] and the SOI- [see Sect. 9.6.4 and also Chap. 14] material
system. Finally, a number of other material systems have also been used for the
fabrication of AWGs, e.g. polymer [85, 86], Si3N4 [87], and PLZT ((Pb, La)(Zr,
Ti)O3) [88].

9.6.1 Basics of AWGs

9.6.1.1 Operation Principle

A schematic of an AWG demultiplexer is shown in Fig. 9.12, and its operation can
be understood as follows [89, 90]: After entering the AWG by the input WG, light
propagates across the initial free propagation region (FPR) without lateral guidance
so that the incoming intensity gets evenly distributed at the input aperture of the
waveguide array before it propagates along the individual WGs towards the output
aperture.

The waveguide array is designed in such a way that the optical path difference
between adjacent WGs is equal to an integer multiple of the AWG’s (vacuum) centre
wavelength (λc), and this is equivalent to

�L = m
λc

neff
(9.24)
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Fig. 9.12 AWG (schematic, after [90]). FPR: free propagation region

Here �L is the length difference between adjacent waveguides, the integer m is
called the order of the array, neff is the effective refractive (phase) index of the
guided mode. For the operation wavelength λc, the fields at the exit of the individ-
ual WGs have identical phase (mod 2π ) and as a consequence the field distribution
at the output aperture is a reproduction of that at the input aperture. Thus the diver-
gent beam at the input aperture is transformed into a convergent beam at the output
aperture, and the input field at the entrance of the input FPR gives rise to an im-
age at the exit of the output FPR, i.e. the array behaves like a lens. If the operation
wavelength λ is varied, the length increment �L of the array gives rise to a phase
difference �φ according to

�φ = �β�L (9.25)

where

β = 2πνneff /c (9.26)

is the propagation constant in the waveguides, ν = c/λ the frequency of the pro-
pagating waves, λ their (vacuum) wavelength, and c the vacuum speed of light. The
wavelength-dependent phase difference �φ causes a wavelength-dependent tilt of
the outgoing wave front, and this leads to a wavelength-dependent shift of the focal
point along the image plane.

The horizontal shift ds of the image point per unit frequency interval dν is called
the AWG’s spatial dispersion Dsp and it is given by (as outlined in more detail
in [91])

Dsp = ds

dν
= 1

νc

ng

nFPR

�L

�α
(9.27)

Here νc is the frequency corresponding to the centre (vacuum) wavelength, nFPR

is the slab mode index in the free propagation region, �α is the divergence angle
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between the array waveguides in the fan-in and the fan-out sections, and ng is the
group refractive index of the waveguide mode given by

ng = neff + ν
dneff

dν
(9.28)

If the change of the input wavelength introduces a phase difference of �φ = 2π

between adjacent waveguides, the transfer characteristics of the AWG will be the
same as before, i.e. the response is periodic or cyclic. The period is called the free
spectral range (FSR). From

�β = dβ

dν
�ν = 2π

c

d

dν
(νneff )�ν (9.29)

and

d

dν
(νneff ) = neff + ν

dneff

dν
= ng (9.30)

we get

�β = 2π

c

(
neff + ν

dneff

dν

)
�ν = 2π

c
ng�ν (9.31)

and �β�L = 2π in combination with (9.24) and (9.31) leads to

FSR = νc

m

(
neff

ng

)
(9.32)

Crosstalk problems with adjacent orders are avoided if the FSR is chosen larger than
the whole frequency range covered by all channels. As an example, for a demulti-
plexer with 8 channels and 200 GHz channel spacing, the FSR should amount to
at least 1600 GHz. For λc ≈ 1550 nm, (9.32) suggests that the order of the array
should be about 120 (with neff /ng ≈ 0.975 for the SoS- and neff /ng ≈ 0.9 for the
InP-material system, respectively).

The design shown in Fig. 9.12 is the generic structure of a wavelength multi-
plexer/demultiplexer. AWGs may have more input channels than simply one, and
N × N AWGs are of specific interest for routing applications (see below). Another,
particularly compact and space saving AWG variant are reflection type devices. Key
characteristics are a single free propagation region, straight arrayed WGs, and re-
flecting mirrors terminating each WG. Corresponding AWGs have been realized
in the InP material system with reflecting facets implemented by lithography plus
metal coating of the facets [92], and more recently in the SOI platform with photonic
crystal reflectors [93], or Bragg mirror reflectors [94].

9.6.1.2 Passband Shape

The passband shape of standard AWGs is Gaussian. This is not optimum for optical
networks where signals typically pass a certain number of wavelength filters and the
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effective width of cascaded Gaussian filters becomes fairly narrow. Consequently
AWGs are also designed with so-called “flat-top” characteristics, which can be ac-
complished in different ways. Recent implementations are reported in [95, 96] and
references to earlier solutions are given in these publications as well. 1 dB (3 dB)
passband width of flat-top AWGs is typically about 50% (75%) of the channel sepa-
ration compared to 25% (50%) for Gaussian AWGs. The enhanced passband width
goes along with an additional insertion loss which depends on the concept chosen.
It may be as low as 1 dB [95] but it is typically about 2.5 dB for commercial prod-
ucts [49, 97].

The transmission bands of AWGs do normally exhibit sidelobes which can be
attributed to various phenomena including finite array aperture sizes [91], phase
errors due to fabrication imperfections [98], coupling between array waveguides
[99], propagation of higher-order modes [100], and polarization rotation in the AWG
[101]. By proper design and appropriate technology control sidelobe levels can be
reduced to about −40 dB (see also Fig. 9.13).

Finally, birefringence (and consequently polarization dependence) and tempe-
rature-dependent behaviour may impair AWG performance, and different ap-
proaches have been developed to cope with these phenomena [90].

9.6.1.3 Applications

AWGs can serve a wide range of different purposes in fibre optic networks. The
most straightforward functionality is combining different wavelengths in multi-
wavelength sources or combining and/or separating different wavelength channels
in fixed or reconfigurable optical add-drop multiplexers (OADM or ROADM, re-
spectively). (R)OADMs have been designed in many different ways, and various
architectures are explained in more detail in [90, 102]. AWGs are a particularly
favourable choice for (R)OADMs designed for handling larger numbers of chan-
nels (>8).

Moreover, passive optical networks (PONs) can be upgraded by the use of AWGs
as they support the overlay of additional WDM channels [90, 103], AWGs en-
able flexible and dynamic path optical networks [104]. They may be the wave-
length dispersive element in optical channel monitoring modules [49], enable opti-
cal dispersion compensation [105], and AWGs can be contained in integrated multi-
wavelength lasers [106] or multichannel modulators [107].

Finally, cyclic N × N AWGs allow the routing of an optical signal from any in-
put port to any output by selecting an appropriate signal frequency (e.g. by means
of a tunable laser). This routing capability enables the implementation of optical
cross-connects, and one area of specific interest in this respect are high perfor-
mance computing systems and data centres. Their huge bandwidth requirements for
processor-to-processor or processor-to-memory interconnects will be in the Tera-
byte/s range, and these demands are increasingly difficult to meet on the basis of
electrical interconnects. Therefore, optical solutions are considered as a way to over-
come these limitations, and AWG-router based concepts are a topic of current re-
search [108, 109].
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9.6.2 AWGs in Silica-on-Silicon

As already mentioned, SoS-based AWGs are the variety most widely used in today’s
fibre optic communication networks. These AWGs are typically fabricated on crys-
talline flat silicon wafers having 6′′ or 8′′ diameter, and this size offers the possibility
to fabricate multiple devices on a single wafer and favours cost efficient processing.
Fabrication of AWGs is essentially a sequence of glass and silica layer deposition
combined with horizontal structuring, i.e. standard pattern transfer based on optical
lithography and etching. For depositing the glass and silica layers two different pro-
cesses are primarily used: flame hydrolysis and chemical vapour deposition (CVD)
including low pressure CVD (LPCVD) and plasma enhanced CVD (PECVD) [90].

One key design (and fabrication) parameter of AWGs is the refractive index con-
trast �n between the WG core and the cladding. The higher �n the more compact
an AWG can be made as bend radii can be made smaller without unacceptably high
(bending) losses. However, larger �n implies stronger confinement of the guided
waves with two unfavourable consequences: (i) scattering losses due to WG side-
wall roughness increase, and (ii) the size difference of modes guided in the AWG
and in standard single-mode fibre (SMF) gets more pronounced which leads to nar-
rower fibre-chip coupling tolerances and larger fibre-chip coupling losses (unless
tapers are used for improving the coupling).

Commercially available AWGs are essentially designed and fabricated with the
following different choices of refractive index contrast:

• �n = 0.30% (8 × 8 µm2 WG core size and 25 mm minimum bend radius) and
• �n = 0.45% (7 × 7 µm2 WG core size and 15 mm minimum bend radius).

Corresponding WGs enable very good coupling to standard SMF and have shown
losses as low as 0.017 dB/cm [110], but these favourable characteristics go along
with rather large total device size.

• �n = 0.75% (6 × 6 µm2 WG core dimension and 5 mm minimum bend ra-
dius) represents a good compromise between fairly compact overall device size,
relatively low propagation loss (0.035 dB/cm [111]) and still relatively good
fibre-chip coupling characteristics. It can therefore be considered the “standard”
choice. Typical AWG chip sizes are 30 × 50 mm2 for 40 channel-, 25 × 40 mm2

for 16 channel-, and 20 × 20 mm2 for 4 × 4 channel devices (private communi-
cation Enablence Technologies Inc. [112]).

• AWGs with �n = 1.5 to 2% (4.5×4.5 to 3×3 µm2 WG core size and 2 mm min-
imum bend radius) can be made really compact but efficient fibre-chip coupling
requires tapers and propagation losses are about 0.1 dB/cm.

9.6.2.1 Polarization Dependence

Although WGs are normally designed with square cross section, different thermal
expansion coefficients of glass and silicon induce compressive stress in the AWG
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structures so that the propagation constants for TE- and TM-polarized waves get
different (βTE �= βTM). As a consequence a wavelength separation �λ between the
peak transmission for TE- and TM-polarized waves is observed which is given by

�λ = 1

m
�L(nTE − nTM) (9.33)

where nTE and nTM are the effective refractive indices for TE- and TM polariza-
tion, respectively. A typical value for the polarization-dependent peak transmission
difference of SoS AWGs is about 30 GHz which is too high for standard channel
separations (100 GHz or even smaller) and consequently various concepts have been
reported to compensate unwanted birefringence so that <2.5 GHz variation can be
ensured [90].

9.6.2.2 Temperature Dependence

The centre wavelength of any output WG of standard SoS AWGs exhibits a
temperature-dependent shift dλ/dT ≈ −1.5 GHz/K, and this variation is primar-
ily due to the temperature dependence of the refractive index of the silica glass
(dn/dT = 1.1 × 10−5/K). In order to avoid temperature-dependent adverse effects
on system performance several options exist:

AWGs may be operated with a temperature control using either a Peltier cooler
or a heater. This is a proven concept, however, specific equipment and electrical
power at the site of the AWG is needed.

So-called ‘athermal’ AWGs need no extra equipment nor electrical power, and as
a consequence athermal AWGs are attractive for long-haul, METRO, and for WDM-
PON applications as well. In order to be suited for outdoor applications, athermal
AWGs are required to work in a temperature range from −30 °C to +70 °C. Ather-
mal behaviour has been obtained by various means, e.g. by fabricating part of the
AWG using a material with refractive index variation dn/dT < 0 [113], or by me-
chanically compensating the temperature drift of the grating [114].

9.6.2.3 Commercially Available AWGs

SoS-based AWGs are commercially available from various suppliers worldwide.
They are offered for operation in all wavelength bands (O-, E-, S-, C-, L-band),
but there is a clear focus on the 1.55 µm range (C-band). The channel count ranges
from 4 to about 80, and up to 128 channels are available on customer demand.
Most commercial products are offered for 50, 100, and 200 GHz channel separation
although other variants (down to 12.5 GHz) are also on sale, and the passband shape
is most frequently Gaussian or flat top. An example of the wavelength characteristics
of a commercial 40 channel AWG is shown in Fig. 9.13.

Commercial AWGs do normally require active temperature control, but athermal
AWGs are also commercially available.
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Fig. 9.13 Wavelength characteristics of a 40 channel AWG with Gaussian passband [112]

The cyclic behaviour of AWGs enables the fabrication of so-called ‘colourless’
AWGs. The design of these AWGs is made in such a way that the FSR exactly
matches the channel separation times the number of output channels. If a sequence
of evenly spaced channels enters a colourless AWG with m output ports, the first
m channels leave the AWG via output channels no. 1 to m, and in general the kth
channel leaves the AWG via output port k (mod m). In practice, colourless AWGs
are mostly designed having eight output- and one or two input ports.

The high interest in colourless AWGs comes from cost saving arguments: The
complete C-band can accommodate about 96 channels with 50 GHz spacing, how-
ever, such a large number of channels is normally not installed at once. Instead,
carriers start with a single band comprising eight channels and add more bands as
traffic demand grows. If an appropriately designed colourless AWG is available,
the same type of AWG can be taken for multiplexing/demultiplexing the individual
channels of any of these bands, and thus inventory cost is significantly reduced.

The transmission of a colourless AWG with eight output ports and 50 GHz chan-
nel separation is illustrated in Fig. 9.14, where the cyclic characteristics with an
8-channel periodicity can be clearly seen.

Additional typical parameters of commercial AWGs not mentioned so far include
0.2 dB PDL, <10 ps/nm chromatic dispersion, and 0.5 ps differential group delay.
3 dB can be considered a typical total insertion loss value, and it is also worthwhile
to note that the insertion loss varies across the output ports by an amount of 2 to
3 dB, referred to as ‘non-uniformity’.

Beyond 1 × N AWGs as MUX/DEMUX, commercial products also comprise
AWG-based optical channel monitors for up to 80 wavelengths [112], as well as
N × N AWG router modules with N = 4, 8, 16, 24, or 32.
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Fig. 9.14 Wavelength characteristics of colourless AWG with 50 GHz channel separation and
400 GHz free spectra range [115]

9.6.2.4 Non-commercial AWGs

Various types of AWGs have been reported in the literature with performance
characteristics significantly exceeding those of commercial devices. Examples are
AWGs with channel count as high as 400 in a single stage [116] or even 4200
channels in two stage configurations [117]. AWGs have further been developed for
coarse WDM (CWDM) applications with 10 or 20 nm channel separation [118], and
on the other hand an AWG with 1 GHz channel spacing operating in m = 11,818
grating order has also been reported [119].

9.6.3 AWGs in InP

InP-based AWGs constitute, besides SoS-based ones, another relevant variety. Com-
pared to SoS, InP-based waveguides exhibit a significantly higher refractive index
contrast, which enables very compact structures so that InP-based AWGs are about
two orders of magnitude smaller than SoS-AWGs.

The first AWG fabricated in the GaInAsP material system has been reported in
1992 already [120], but AWGs have not received greater importance as stand-alone
components due to inferior performance compared to SoS devices. However, they
have attained an ever increasing relevance as subcomponents of higher complexity
PICs. Corresponding progress has become particularly impressive during the last
few years after the generic building block approach [121] had paved the way for
significant progress in monolithic photonic integration.

A large number of PICs comprising AWGs has been developed since 1992 [122]
which include multi-wavelength receivers [123], and -lasers [124] polarization de-
multiplexers [125], optical cross-connects [126], optical switches [127], integrated
tunable filters [128], optical routers [129], monolithic multi-channel transmitters
[130–132], and a four-channel monolithic polarization-diversity dual-quadrature co-
herent receiver with balanced detection in InP [133]. In the latter case the key ele-
ment is a chirped AWG designed in such a way that four wavelength channels are
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(i) wavelength- and (ii) polarization demultiplexed and (iii) for each of these chan-
nels four AWG output signals are generated, equivalent to the four outputs of a 90◦
hybrid. The design avoids any waveguide crossings and 4 × 43 Gbit/s QPSK trans-
mission has been demonstrated. For more details and additional examples of PICs
see [134] and also Chaps. 13, 14, and 16.

9.6.4 AWGs in SOI

Silicon-on-insulator (SOI) is another material system which enables monolithic
photonic integration (frequently designated as “Silicon Photonics”). The key ad-
vantage of this approach is the fact that well established CMOS technology can be
taken advantage of, and that the high index contrast of this material system enables
extremely small device dimensions (although in general at the expense of higher
propagation loss and higher sensitivity to phase errors). During the last few years
significant progress has been made with respect to the quality and technological re-
producibility of individual devices, and at the same time there has been a significant
increase of the number of different subcomponents which have been fabricated, both
hybrid source structures (lasers, amplifying sections) and passives, and these topics
are covered in depth in Chaps. 14 and 15, respectively.

AWGs are among the subcomponents which have successfully been fabricated
in Silicon Photonics, most of them as “standard” AWGs but as reflective device
as well [135]. As AWGs can be characterized by technical parameters such as
channel separation, number of channels, FSR, foot print, etc., material parame-
ters, and performance parameters such as insertion- and polarization dependent loss,
crosstalk, etc., and because these parameters typically have interdependencies [136],
it is therefore difficult to compile “typical” parameters. Nevertheless, the following
should give a reasonable overview: Channel separations reported are frequently in
the 100 GHz, 200 GHz, 400 GHz range but separations up to 24 nm or even 32 nm
have also been realized [75]. On-chip insertion loss is typically about 1 dB to 3 dB,
and crosstalk in the range from 15 dB to 25 dB [137]. Total channel count may be
as low as 4 channels only but a 40 channels × 100 GHz device has also been re-
ported [138], as well as birefringence compensated AWGs [139] and AWGs with
flattened response [96]. Finally, dimensions are typically in the several 100 µm ×
several 100 µm regime.

9.7 Fibre Bragg Gratings

In 1978 Hill, Kawasaki and coworkers reported the discovery of photosensitivity of
germanium doped optical fibre [140], later it was found that intense UV irradiation
of photosensitive fibres created permanent index changes [141], and this spurred
the development of fibre Bragg gratings which have found widespread applications
since then, in particular in sensing, fibre lasers, and in fibre optic communication as
well.
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Fig. 9.15 Fibre Bragg
Grating (schematic)

9.7.1 Generic Properties

An FBG is essentially a piece of single mode optical fibre with a periodic variation
of the core refractive index. In the most simple case the planes of equal refractive
index are parallel to the longitudinal axis of the optical fibre, and the index variations
have constant period as illustrated in Fig. 9.15.

Light guided by the core and propagating along the FBG will be scattered by
each of the grating planes, and in general light scattered from different planes will
add up out of phase and will eventually cancel out. On the other hand, if

λB = 2neff Λ (9.34)

holds, (where λB is the “Bragg wavelength”, neff is the (mean) effective refractive
index experienced by an optical wave propagating along the fibre, and Λ is the pe-
riod of the index modulation), the small amounts of light scattered from each plane
add up constructively and give rise to a back scattered wave. The Bragg condi-
tion (9.34) is a straightforward consequence of energy and momentum conservation
[142] and leads to a characteristic pit in the transmission spectrum as well as a peak
in the reflection spectrum around λB .

Typical reflection spectra of fibre Bragg gratings are illustrated in Fig. 9.16. The
different spectra correspond to different values of refractive index contrast (ranging
from 10−4 to 10−3), the grating is 5.4 mm long, and λB = 1500 nm [143].

One characteristic and important parameter of any FBG is the width of the reflec-
tion band, and neglecting the fact that the detailed characteristics of FBGs depend
on various design parameters in a complex manner [142], a good approximation for
the full-width at half maximum of the reflection band, �λFWHM , is given by [144]

�λFWHM = λBS

√(
�n

2neff

)2

+
(

1

N

)2

(9.35)

where �n is the variation of the effective refractive index neff , N is the number of
grating planes and S is a parameter varying between 0.5 for weak and 1.0 for strong
gratings.



446 H. Venghaus

Fig. 9.16 (Calculated)
reflectance of 5.4 mm long
FBG with different refractive
index contrast [143]

A number of key characteristics of FGBs are illustrated by Fig. 9.16: (i) the
reflectance increases with higher index contrast, and essentially 100% reflectance
can be achieved with appropriate contrast and sufficiently long gratings, (ii) the
reflectance curve can be made flat-top as well by these means. (iii) Uniform grat-
ings exhibit pronounced side lobes next to the main reflectance maximum. These
side lobes are unwanted for many applications, in particular for channel selection
in telecom applications, however, the side lobes can be removed by appropriate
grating design as outlined in Sect. 9.7.3. (iv) The shift of the reflectance to longer
wavelengths as �neff increases is essentially a consequence of the correspondingly
larger average effective index in the grating region.

Furthermore, (9.35) suggests that FBG filters get the narrower the longer the
gratings are (as long as the index variation is sufficiently weak). This is in principle
equivalent to the fact that the resolving power of a diffraction grating rises with in-
creasing number of illuminated grooves. For higher index variation this is no longer
true because a wave entering a high index contrast grating region is already com-
pletely reflected before reaching the end of the grating so that only a fraction of the
grating planes determines the spectral shape of the reflected wave.

The fundamental characteristics of FBGs are a consequence of coupling between
modes propagating in the forward direction with back reflected ones. However, the
forward propagating mode can also couple to radiation modes, and this effect gives
rise to dips in the transmission spectrum on the short-wavelength side of the main
transmission minimum without corresponding spectral features in the reflected spec-
trum [142], but these dips are very much reduced in appropriately designed state-
of-the-art FBGs.
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Another phenomenon is coupling to cladding modes, which is particularly pro-
nounced in long-period gratings and will be discussed in Sect. 9.7.6.

9.7.2 Types of Gratings

Fibre Bragg gratings are fabricated from fibres with different photosensitivity condi-
tioning, and different inscription procedures are also being used. As a result different
types of FBGs are obtained which are normally classified as type I, IA, II, and IIA.
For details and additional references see [142, 147].

Type I gratings are generated in normal photosensitive fibres with moderate il-
lumination intensities. The transmission and reflection spectra are complementary,
i.e. type I FBGs do not exhibit unwanted loss. They are thermally stable up to about
200 °C and represent the most common variant of FBGs.

Type IA gratings are typically formed after relatively long UV exposure in hy-
drogenated germanosilicate fibre. The index change, attributed to the creation of
colour centres, is particularly strong and gives rise to a pronounced red shift of the
Bragg wavelength. Type IA are the least stable FBGs.

The formation of type IIA gratings builds upon the type I inscription process and
eventually results in gratings due to material compaction in the grating region [145]
so that these gratings are stable up to about 500 °C.

Finally, the refractive index changes giving rise to IIA FBGs are introduced by
single excimer laser light pulses of >0.5 J/cm2 fluence [147]. The index changes are
rather large (up to about 10−2) and are attributed to localized fusion in the fibre core
region. Wavelengths longer than λB are transmitted by type IIA gratings essentially
unaffected while for λ < λB strong coupling to cladding modes occurs associated
with pronounced attenuation. The grating structure is stable beyond 800 °C which
makes these gratings a particularly good choice for high ambient temperature appli-
cations.

9.7.3 Apodization

The strong side lobes observed in the reflectance spectra of FBGs with uniform grat-
ings (Fig. 9.16) can be efficiently reduced by ‘apodization’. Apodized gratings are
characterized by a short period index variation (with period length Λ, cf. (9.34)) plus
a long-range variation which may have different shape (e.g. Gaussian or ‘raised-
cosine’ [146]), and the local variation of the average effective refractive index may
be zero or non-zero. Two schematic examples of apodized FBGs are illustrated in
Fig. 9.17, one with raised index profile and one without change of the average re-
fractive index. The efficient side lobe suppression is obvious in both cases.
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Fig. 9.17 Apodization of FBGs (schematic), with varying (left) and constant (right) average ef-
fective refractive index and corresponding reflectance spectra (after [147]). Upper figures: dashed
lines: local index variation, full lines: average refractive index

9.7.4 Temperature and Strain Dependence

FBGs exhibit a temperature dependent shift of the reflection band of about 13 pm/K
which is essentially due to the coefficient of thermal expansion of the glass form-
ing the fibre core [142]. For telecom applications such a pronounced temperature-
induced variation of the FBG channel wavelength(s) is unacceptable, and one
straightforward means to suppress this shift is by fixing the FBG onto a sub-
mount which exhibits a negative CTE so that the resulting temperature varia-
tion is reduced. Typical residual temperature dependence is <0.5 . . .1 pm/K for
−5 ◦C ≤ T ≤ +70 ◦C [50, 148–151].

On the other hand, the temperature-induced shift of the reflected wavelength
is widely exploited for temperature sensing using FBGs. In a similar way, the re-
flectance peak of FBGs exhibits a pronounced change due to mechanical strain
which is taken advantage of in FBG-based stress sensors.

9.7.5 Chirped Gratings

A chirped grating is an FBG with a refractive index continuously varying across the
grating region for example as [142]

n(z) = neff + �nmod × fapod(z) × cos

(
2π

Λ
z − π

2neff Λ2
Λchz

2
)

(9.36)

where n(z) is the index variation along the fibre axis, �nmod is the index modula-
tion amplitude, fapod(z) is the apodization function, and Λch is the (dimensionless)
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so-called chirp parameter (of the Bragg grating). Due to the variation of the pitch
and/or the effective refractive index (characterized by Λch) different wavelengths
are reflected from different parts of the grating, and the choice of the chirp para-
meter determines whether a given grating compensates positive or negative (resid-
ual) dispersion. Dispersion compensating FBGs (DCG) are normally designed for
simultaneously compensating the dispersion and the dispersion slope [152, 153].
The compensation of higher order dispersion derivatives is no issue for telecom
applications while in chirped fibres designed for pulse compression higher order
dispersion derivatives are being compensated as well.

9.7.6 Long-Period Fibre Bragg Gratings

Period lengths Λ of ‘standard’ FBGs (cf. (9.34)) are in the order of several 100 nm
while the periodicity of long-period FBGs (LPG) is in the several 10 µm to several
100 µm range. Such long-range periodic index variations do not induce coupling
of counter-propagating modes as ‘normal’ FBGs do, but they give rise to coupling
between co-propagating modes [154]. In particular, the core-guided modes couple
to forward propagating cladding modes and the latter experience pronounced atten-
uation due to absorption and scattering which can be observed as an attenuation of
the transmitted intensity.

Depending on the details of the grating, coupling to different modes is supported.
This is a strongly wavelength-dependent process and does correspondingly offer
high design flexibility so that LPGs can be fabricated with essentially any spectral
shape in transmission without creating any back reflected light.

The coupling to different modes has also received specific attention with the
recent rise of space division multiplexing (see Chap. 1) where long-period FBGs
have been designed as mode converters or mode selectors [155] or for coupling
between selected cores [156].

Telecom-applications of LPGs include their use as non-reflecting band rejection
filters and as gain flattening filters for EDFAs and Raman amplifiers, in addition,
they offer attractive characteristics for sensing applications [157, 158].

9.7.7 Commercially Available Devices

The most relevant commercial application of FBGs is using chirped gratings for
dispersion compensation. An alternative solution for dispersion compensation has
been (and still is) the use of dispersion compensating fibre (DCF). However, large
strands of DCF (many km) are needed which makes this solution fairly bulky. In
addition, due to the DCF’s small core dimensions nonlinear interactions (four-wave
mixing, self-phase modulation, . . . ) introduce signal distortions, and DCFs do also
add a significant amount of signal attenuation. FBG-based dispersion compensation,
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Fig. 9.18 Close-up of
channelized
dispersion-compensating
fibre Bragg grating (100 GHz
channel spacing, selected part
of 51 channel device, [50]).
Full curves: dispersion,
dashed curves: transmission

on the other hand, does not suffer from any of these shortcomings and thus it is the
preferred choice.

DCGs are offered (i) in channelized versions, where the dispersion compensa-
tion is tailored to the ITU grid (50 GHz or 100 GHz are standard, but other separa-
tions such as 25 GHz or 33 GHz for example are available on customer demand),
and these DCGs may cover the complete C-band (from 32 to about 50 channels).
A close-up taken from a channelized dispersion compensating Bragg grating which
covers the complete C-band (51 channels with 100 GHz separation) is shown in
Fig. 9.18. (ii) DCGs are available for continuous dispersion compensation over a
wider wavelength range, e.g. the full C-band, or (iii) they come as single channel
tunable dispersion compensators. In the latter case the dispersion to be compensated
may be as high as ±3000 ps/nm, alternatively dispersion as low as 0.1 ps/nm can be
compensated with high precision.

Fibre Bragg grating-based band filters are commercially available ranging from
broadband (several 10 nm) down to very narrowband filters (about 20 pm), and they
are also offered for channel selection (primarily for 50 GHz and 100 GHz but for
25 GHz channel separation as well). The separation of individual channels is by no
means straightforward when FBGs are used: OADMs for handling a single channel
can either be built using two optical circulators (which is a fairly expensive solution)
or e.g. using a less expensive twin-core fibre based Mach-Zehnder interferometer
design [147]. Therefore, as far as channel filtering is concerned, FBGs seem to be
inferior from a cost point of view to thin film filters (for moderate channel counts or
for stepwise upgrade of fibre optic systems) or to AWGs (for higher channel count).

Finally, FBGs are also available for locking the wavelengths of EDFA pump
lasers or the emission wavelength of DFB lasers where they compete with Fabry-
Pérot based solutions (see following paragraph).

9.8 Fabry-Pérot Interferometers

A Fabry-Pérot interferometer (FPI) or etalon consists of a transparent cavity
bounded by two reflecting surfaces or by two parallel highly reflecting mirrors. To
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be more precise, the former is an etalon and the latter represents an interferometer,
but this distinction is not always made in the literature. The transmission spectrum
of an FPI as a function of wavelength or frequency is characterised by peaks of large
transmission corresponding to resonances of the FPI/etalon. The FPI is named after
Charles Fabry and Alfred Pérot [159].

FPI filters have found widespread applications. They are used in order to ensure
single mode operation of lasers, they enable spectroscopic applications with specific
high demands on spectral resolution, they are used in astronomy for generating pic-
tures at selected wavelengths, and they are found in fibre optic communication sys-
tems as well, e.g. for precise locking of laser emission wavelengths in DWDM and
ultra DWDM transmitters, wavelength monitoring, laser stabilization for tunable
laser modules, and for DWDM channel frequency and optical power monitoring.

9.8.1 Multiple-Reflection Cavities

The wavelength- (or frequency-) dependent transmission of an FPI is due to the in-
terference of multiple reflections of the radiation between the two reflecting surfaces
as illustrated schematically in Fig. 9.19.

If the transmitted beams are in phase, constructive interference occurs which
gives rise to transmission maxima, while low transmission is observed if the trans-
mitted beams are out of phase.

The phase difference between subsequent reflections, δ, is given by

δ =
(

2π

λ

)
2nl cosϑ (9.37)

where λ is the light wavelength in vacuum, ϑ is the angle between the light pro-
pagation direction and the normal to the reflecting planes within the cavity, l is the
thickness of the cavity, and n is the refractive index of the material within the cavity.

Fig. 9.19 Fabry-Pérot etalon
(schematic) illustrating
multiple transmitted (Ti) and
reflected (Ri) beams
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The various transmitted beams constitute a geometrical series and can therefore
be summed up easily. This is outlined in detail in numerous (text-) books (e.g. [61,
Chap. 7.6] and [160]) and we will present here the final results only. If r and t

represent, respectively, the electric field reflection and transmission factors of the
mirror plates, and a represents the field attenuation factor of the light travelling
through the medium between the mirrors, and with R = |r|2, T = |t |2, A = |a|2
being the corresponding intensities, the transmitted intensity TFP of the FPI is given
by

TFP = T0

1 + [ 2
π
FR sin( δ

2 )]2
(9.38)

where FR is defined as

FR = π
√

AR

1 − AR
(9.39)

and T0 is given by

T0 = AT 2

(1 − AR)2
= A(1 − R)2

(1 − AR)2
(9.40)

Losses are normally negligible in standard devices. For that reason we will assume
zero loss (i.e. A = 1) in the following discussion in order to keep the formulae
simpler.

9.8.2 Wavelength/Frequency Characteristics

According to (9.38) an FPI exhibits periodic spectral characteristics, and the sepa-
ration between adjacent transmission peaks represents the free spectral range of the
FPI. With λ0 being the central wavelength of the FPI and c the vacuum speed of
light, the FSR is given in terms of wavelength or frequency, respectively, by

FSRλ = λ2
0

2nl cosϑ + λ0
≈ λ2

0

2nl cosϑ
and FSRν ≈ c

2nd cosϑ
(9.41)

The ratio of the FSR to the full-width half-maximum of any of the transmission
bands is called the finesse (FIN). For the wavelength domain we get

FIN = FSRλ

�λFWHM
= π

2arcsin[(1 − R)/2
√

R] (9.42)

which can be approximated (for R > 0.5) by

FIN ≈ π
√

R

(1 − R)
(9.43)
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Fig. 9.20 (a) Spectral
transmission characteristics
of FPI filters with fixed FSR
(60 nm) for different finesse
values (ranging from 10 to
4000), and (b) corresponding
3 dB bandwidth, see [161]

It is worthwhile to note that the effective finesse of an FPI filter may be lower than
given by (9.43), e.g. if the mirrors are not perfectly flat or not perfectly aligned, and
the finesse is also lower than (9.43) in the presence of loss.

Another important performance parameter is the contrast factor C representing
the ratio of maximum to minimum intensity transmission and given by

C = TFP,max

TFP,min
=
(

1 + AR

1 − AR

)2

(9.44)

The contrast factor C determines the maximum achievable crosstalk attenuation if
an FPI is used for selecting a single channel wavelength out of different channels.

Typical transmission characteristics of FPI filters for different finesse values (or
corresponding 3 dB bandwidth for fixed FSR) are illustrated in Fig. 9.20.

9.8.3 Implementations

Fabry-Pérot interferometers for telecommunication applications are normally made
tunable over a reasonable spectral range by providing a means to vary the cavity
length. An example of a piezoelectrically driven, tunable, lenseless all-fibre design
is illustrated in Fig. 9.21 [161].

With passive temperature compensation the device operation temperature is in
the range from −20 °C to +80 °C.

The mirrors of FPI filters can either be metallic or alternatively dielectric multi-
layer structures. In the latter case these constitute a special case of dielectric or
thin-film multilayer filters/structures covered in more detail in Sect. 9.9.

Fig. 9.21 FPI filter
(schematic, cf. [161])
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A specific type of FP interferometer is the Gires-Tournois interferometer (GTI)
[162]. As for the normal FPI, the cavity of the GTI consists of two parallel reflec-
tive plates, but only one of them being partly reflective while the other one is fully
reflective so that the GTI can only work in the reflection mode. Apart from that a
GTI behaves in the same way as an FPI does. An example of a telecom applica-
tion is the insertion of a GTI into a Michelson interferometer in such a way that the
combination serves as an optical channel interleaver (see Sect. 9.11).

9.8.4 Typical Performance Characteristics

Typical performance characteristics of FPI filters can be summarized as follows: FPI
filters are commercially available covering the complete range of the O-, E-, S-, C-,
and L-bands, i.e. the wavelength range from 1280 to 1620 nm which corresponds
to an FSR of 340 nm or 51 THz. On the other hand, the FSR may be as small as
10 GHz (corresponding to 80 pm), and the full range in between is either covered
by standard devices or ones built on customer demand. The finesse may be up to
several 1000 or even beyond 10,000 on special request. The total insertion loss is
typically between 1.5 and 3 dB, and the PDL is <0.2 dB.

9.8.5 Applications

9.8.5.1 Channel Selection

Tunable FP filters enable fast and precise channel selection in dynamic multi-
wavelength systems. This can either simply be the selection of a single narrow-
band channel or the dropping of selected channels in WDM networks. For these
purposes the FSR should be larger than the wavelength band over which the chan-
nels are spread, and the finesse should be large enough for assuring sufficiently low
crosstalk. As a rule of thumb this demand is fulfilled if the finesse is about three
times the number of channels.

9.8.5.2 Optical Channel/Performance Monitoring

Continuously tuned FPI filters can be used for optical channel monitoring, and with
appropriately chosen resolution up to 400 channels in the C-band can be supervised.

9.8.5.3 FP Etalons for Wavelength Locking

As channel spacings in DWDM systems get smaller and smaller, the requirements
on wavelength stability, as far as wavelength sources are concerned, get more and
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more demanding. For systems with 100 GHz channel separation a wavelength drift
of < |0.1| nm over the complete laser lifetime is acceptable and this can be ensured
by current chip technology. However, if the channel spacing is reduced to 50 GHz,
the maximum acceptable drift is ±2.5. . . 3 GHz (20 . . .24 pm) only, and this requires
active wavelength locking which is typically implemented using an FP etalon as a
reference. Any deviation of the laser emission from the resonance wavelength of
the etalon causes an error signal and this is taken as an input for the wavelength
control. Normally the laser operation temperature is adjusted in order to get the
proper emission wavelength. Typical frequency stability achieved with wavelength
lockers is about ±2.5 GHz and it can be improved to about ±1.25 GHz with more
sophisticated designs.

9.9 Thin Film Filters

Thin-film filter technology started in the 1930s with the development of dielectric
multilayer antireflective coatings for military purposes during World War II. Since
then TFFs (also designated as dielectric multilayer filters) have been developed
for applications in many different areas (e.g. aerospace, spectroscopy, microscopy,
lasers) and TFFs have entered the field of fibre optic communication as well after
they had reached a sufficient maturity in the 1990s. TFFs used in fibre optics include
band-pass (single or multiple), short-pass, long-pass, and gain flattening filters, and
these will be covered in more detail below. Properties of TFFs, which are particu-
larly appreciated, include their proven reliability and long-term stability, and their
excellent wavelength stability makes them even suitable for the stabilization of the
emission wavelengths of wavelength sources (DFB lasers) [163].

TFFs do also enable the fabrication of non-resonant structures such as anti-
reflection coatings/filters or beam splitters, but these will not be discussed here any
further. A comprehensive and general treatment of TFFs can be found in [164, 165]
for example, and more details with a particular focus on telecom applications are
given in [163].

9.9.1 Generic Functionalities of TFFs

9.9.1.1 High Reflector Coatings

The generic structure of an HR coating is a sequence of alternating layers of two
materials, one of which having a high and the other with a low refractive index.
If the thickness of an individual layer made of high and low index material (and
referred to as quarter-wave layer) is given by

H = λc

4nH

and L = λc

4nL

(9.45)
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respectively, with λc being the desired centre wavelength and nH and nL the re-
fractive indices of the high and low index material, the basic HR design can be
represented as [163]

HR ≡ Substrate
∣∣(HL)p

∣∣Ambient (9.46)

where the power p indicates how often the period is repeated. HR layers exhibit a
reflection band (designated as ‘stop band’) around λc, the width of which depends
on the contrast between nH and nL. Filters become more square-shaped as p gets
larger, and the maximum reflection Rmax of the stop band depends on both, the
contrast between nH and nL and on the number of layer periods as well according
to

Rmax ∼= 1 − 4

(
nL

nH

)2p
nS

nA

(9.47)

Here nS and nA are the refractive indices of the substrate and the ambient medium,
respectively.

9.9.1.2 Band-Pass Filters

A thin-film band-pass filter is either simply a single thin-film FP filter or consists,
in general, of several coupled thin-film FP filters. The generic structure of a TF FP
filter is a central layer designated as spacer plus an HR structure on either side of
the spacer. The thickness dsp of the spacer is given by

dsp = 2L = m
λc

2nL

(m = 1,2,3, . . .) (9.48)

and the generic structure of a band-pass filter can be represented as

Substrate
∣∣(LH)p(2L)m(HL)p

∣∣Ambient (9.49)

For a first order filter (m = 1) the spacer thickness is one half-wave, for m = 2 it
is two half-waves, etc. The band-pass filter shape is determined essentially by the
reflectance of the HR structures and by the order m of the spacer, and band-pass
filters get the more square shaped and flat top the higher m gets. Proper coupling
of multiple FP filters is a critical issue and has received considerable attention by
many research groups [163].

9.9.1.3 Band-Edge Filters

Band-edge filters can be fabricated according to two different approaches: The edge
can either be one of the stop band edges of an appropriately designed HR structure.
For example, a short-pass filter is obtained if the low-wavelength edge is aligned
with the desired band edge (i.e. λc is moved to longer wavelengths). If needed, the
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stopband width can be extended by cascading two (or more) HR structures with
different centre wavelengths. Alternatively, one might design a sufficiently wide
band-pass structure where the cut-on and cut-off features of the band-pass determine
the edge.

9.9.1.4 Gain-Flattening Filters

Gain-flattening filters exploit the fact that it has become possible to model essen-
tially any kind of TFF function and fabricate the corresponding very complex layer
stacks with extremely high precision. Gain equalization using TFFs started in the
1990s for flattening the gain of EDFAs and has since then made significant progress
so that TFF-based GFFs have become an attractive alternative to FBG-based GFFs
(Sect. 9.7.6).

9.9.2 Fabrication of TFFs

9.9.2.1 Substrates

TFFs are normally fabricated on glass substrates which should be sufficiently sta-
ble (mechanically, environmentally), have a smooth surface (no defects as defects
might grow larger during layer deposition), and should ensure good adhesion of the
deposited layers. The size may be as large as 300 mm in diameter, and smaller dices
are cut after the thin film layer stack has been deposited. If the temperature of a TFF
is raised, the refractive index n and the effective layer thickness dsp do normally
increase which gives rise to a long wavelength shift of λc (according to (9.48)), and
the shift amounts to about 10. . . 15 pm/°C [163, 166]. However, it has been shown
that this shift can successfully be suppressed by the use of substrates which have a
coefficient of thermal expansion capable of counteracting the unwanted wavelength
variation [167]. As the temperature increases, the substrate expands, stretches the
filter layers and reduces the physical layer thickness. By proper substrate selec-
tion and overall device design the temperature-dependent variation of the optical
path length dsp × n can be made so small that this approach allows minimizing the
temperature-induced shift to levels that meet typical specifications of ≤1 pm/°C
for narrow channel filters (50, 100 GHz) and ≤3 pm/°C for CWDM or edge filters
without need of any active control. Substrate materials meeting these demands are
offered by various suppliers.

9.9.2.2 Materials

Thin film coatings should be highly durable, and one class of materials which
perfectly meet this requirement are the refractory oxides, examples of which are
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SiO2, TiO2, ZrO2, HfO2, Nb2O5, and Ta2O5. SiO2 has a rather low refractive index
(n = 1.44 . . .1.49 at 1.5 µm [163, 168]) while the other oxides listed have signifi-
cantly higher refractive indices. Therefore SiO2 is generally used as the low-index
material and it is frequently combined with Ta2O5 (n = 2.10 at 1.55 µm [168]) for
the fabrication of wavelength filters.

9.9.2.3 Deposition Processes

Thin film layers are typically grown by physical vapour deposition (PVD) although
chemical vapour deposition has also been reported for the fabrication of telecom
filters [163]. The three PVD processes most widely used for TFF fabrication are
ion-assisted deposition (IAD), ion beam sputtering (IBS) and reactive magnetron
sputtering. Details of these processes are reported elsewhere (see [163] and refer-
ences therein) and we will recall the most relevant requirements for these fabrication
processes.

Demands on filter tolerances may be as high as ±0.1 nm for the filter edge wave-
length which corresponds to a maximum tolerable variation of the operation wave-
length (1.55 µm range) of about 0.01%, and this requires both well defined layer
thicknesses and non-porous layers with bulk-like density. These specifications have
to be met over a sufficiently large substrate area in order to ensure acceptable over-
all yield, and this is normally enabled by fully automating the deposition process
combined with optical in-situ monitoring. Based upon these developments single
deposition runs may last up to multiple days (if required), and providing filters with
correspondingly complex structure has become possible [163, 166].

9.9.3 Filters for Telecom Applications

As already stated earlier, thin film filters used in fibre optic networks comprise band-
pass-, multiple-band-, edge-, and gain flattening filters, and TFFs are used as wave-
length lockers for DFB lasers as well.

9.9.3.1 Band-Pass Filters

TFF-based band-pass filters cover the complete range of filters from CWDM to
(D)WDM applications, and as far as CWDM channels are concerned, TFFs are es-
sentially the only solution with commercial relevance. For (D)WDM applications
TFFs are typically offered for 100 GHz and 200 GHz channel spacings but are
available for 50 GHz and 400 GHz channel separation as well. The clear channel
passband of 100 GHz filters is typically about 25 GHz, but TFFs with 50 GHz
clear channel passband are also available (‘wide-top’ filters). The latter tend to have
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Fig. 9.22 Transmittance
(grey, dotted curve) and
reflection (full curve)
characteristics of short-pass
tri-band filter [170]

higher chromatic dispersion (e.g. 60 ps/nm) which is about twice the value of stan-
dard 100 GHz filters and therefore it is evident that filter dispersion has to be given
proper attention with the deployment of 40 Gbit/s systems. More detailed informa-
tion on dispersion is compiled in [163] e.g. or is given by the respective manufac-
turers.

CWDM filters are commercially available for single channels (and about 15 nm
passband), but they are also available for numbers of adjacent channels, e.g. four or
eight, and they are offered with various degrees of roll-off at the band edges [169].

9.9.3.2 Multiple-Band Filters

Multiple-band filters are filters designed for transmitting or reflecting more than
one band or wavelength regime. For spectroscopy applications filters are offered
with multiple blocking bands while developments for telecom applications include
dual band filters (e.g. transmitting the O- and C-bands, and reflecting elsewhere),
or transmitting two CWDM channels (1510 and 1570 nm) and reflecting all other
channels. Tri-band filters are a variety for supporting the deployment of FTTx. One
concept for bringing optical fibre to the residential customer are broadband pas-
sive optical networks (BPON, cf. 1st ed. of this book, Chap. 1, Sect. 1.5.1) with
the 1260–1360 nm and 1480–1500 nm wavelength ranges reserved for digital up-
stream and digital downstream traffic, respectively, and the 1.55 µm band provided
for downstream analogue signals. For use in such systems filters capable of hand-
ling three bands are commercially available either as long-pass- or short-pass (SP)
tri-band filters [170], and an example of a corresponding SP filter, which reflects
the 1550–1560 nm wavelength range and passes both, the 1260–1360 nm and the
1480–1500 nm ranges, is illustrated in Fig. 9.22.

Other commercially available triple band filters exhibit e.g. three arbitrarily cho-
sen passbands which are one ore several CWDM channels wide, while alternating
pass/reflect bands constitute the key feature of so-called comb filters.

9.9.3.3 Edge Filters

Edge filters are commercially available both, as short-pass- and as long-pass filters
(SPF, LPF), and they are essentially available for the separation of any wavelength
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range into a reflected and a transmitted regime. The range between the reflected
and the transmitted wavelengths, which cannot be used for transmission channels
because neither the reflection nor the transmission are adequate, is typically a few
nm wide. This is due to the fact that the roll-off of filters gets less steep as the filter
bandwidth increases (and edge filters are in essence very broadband filters, as stated
above).

9.9.3.4 Gain Flattening Filters

Commercially available GFFs are primarily designed for covering the C-band (1525
to 1565 nm), but are available for the S- and L-band as well. The output power/gain
variation of an EDFA plus GFF cascade can be made <0.5 dB over the complete
wavelength range specified, the difference between the designed transmission of
a GFF and its actual value can be made as small as about ±0.1 dB, and PDL is
typically <0.1 dB [97, 163, 166, 170].

9.9.3.5 TFFs for Hybrid PLC Modules

Thin film filters have been used in hybrid PLC modules, e.g. for separating
1.3/1.55 µm wavelengths in FTTH transceivers, for a number of years already [171
and references therein] and a more recent variety are TFFs to be used with a polymer
optical integration platform [172, 173], see also Chap. 13. Such a PLC platform is
highly flexible and may be particularly suited for low cost optoelectronic modules to
be used in access networks. The TFF elements can be designed with a wide range of
application specific spectral characteristics, including CWDM filters, “triple play”
filters, and reflectors for OTDR monitoring. In contrast to the common TFFs these
PLC embedded TFFs have to be extremely thin (<20 to 25 µm) to minimize optical
excess loss. To this end they are deposited on a thin polymer “substrate” film using
ion beam sputtering. If the same kind of polymer is used as for the PLC waveguides,
unwanted residual reflection at the WG/TFF interfaces can be largely suppressed,
and it is further improved by inserting the TFF under a small angle (e.g. 8°), so that
better than −30 dB crosstalk levels can be achieved.

Polymer-based multilayer structures have also been designed for polarisation
handling purposes, namely as polarization rotator and polarisation beam splitter. The
former has proven to efficiently compensate for polarisation effects e.g. in AWGs
whereas with the latter >20 dB discrimination between TE- and TM-polarized
guided waves over the 1535–1600 nm wavelength range could already be demon-
strated [173].

9.9.4 Filter Modules

As thin film filters have no wavelength-dispersive properties and can only discrimi-
nate between transmitted and reflected wavelengths, they are essentially three-port
devices as illustrated in Fig. 9.23.
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Fig. 9.23 Three-port TFFs (a) single device: in, T, R represent incoming, transmitted, and re-
flected signals, respectively. (b) Four-channel MUX/DEMUX: λ1, . . . λ4 are transmitted via differ-
ent output ports, any other wavelength is reflected (R)

In order to enable the spatial separation of the incoming and the reflected light
without the need of an optical circulator, the incoming light hits the TFF at an an-
gle. However, the characteristics of TFFs depend on the angle of incidence: (i) the
transmission wavelength shifts to longer wavelengths with increasing incidence an-
gle (which may be used for (fine-) tuning the centre wavelength if this is wanted
or acceptable), and (ii) the characteristics get polarization dependent which is gene-
rally unwanted. As a consequence, TFFs are normally mounted under very small
angles of incidence (around 1 degree). The beam shaping and focusing is typically
achieved by using GRIN (gradient-index) lenses, but as outlined in [163], there are
various additional restrictions and design considerations to be taken into account.

Optical add-drop multiplexers (OADM) are key building blocks in WDM net-
works, and they have to combine or separate larger numbers of wavelength chan-
nels. In order to accomplish that functionality using TFFs they have to be cascaded,
and one corresponding option is illustrated in Fig. 9.23(b).

Different wavelength channels to be separated by a TFF-based DEMUX travel
different paths and experience a different number of reflections until they are even-
tually transmitted (or leave by the reflection output port). Each reflection causes an
average loss of typically 0.3 dB and as a consequence the overall attenuation of the
wavelength transmitted first (λ1) is correspondingly lower than that of the last wave-
length transmitted (λ4 in Fig. 9.23 or λn in general). One possibility to compensate
this variation without significant effort is by using appropriate MUX and DEMUX
pairs which have a complementary arrangement of the wavelengths so that the total
loss for any channel is almost the same after one MUX/DEMUX pair has been tra-
versed. Due to this inherent asymmetry of TFF-based MUX/DEMUXs, a standard
cascade comprises a maximum of eight three-port devices, and MUX/DEMUXs for
higher channel counts are a combination of such cascades with band splitting cou-
plers or interleavers.

Another issue of cascaded TFFs is chromatic dispersion (CD) where each reflec-
tion and the final transmission contribute to the total CD of a channel. CD accumu-
lation can be mitigated by choosing proper cascade architectures, and one example
is the combination of a 3 dB coupler with two legs of interleaved channels [174]. As
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Fig. 9.24 Schematic representation of (a) 4-skip-1 and (b) 4-skip-0

the adjacent channel separation is doubled by the interleaver structure, the reflection
CD is significantly reduced, however, at the expense of an extra 3 dB loss.

Band splitting couplers, (also designated as wave-band or wideband couplers),
are TFF-based band filters with rather large bandwidth so that they can be used to
transmit or reflect a number of WDM channels by one element, and they also sup-
port a “pay-as-you-grow” strategy. Such filters come in two varieties (cf. Fig. 9.24).
Either all channels having the fundamental separation from each other are used
(“x-skip-0”), or n channels next to the edges of the banded filter are skipped
(“x-skip-n”) with n > 0. The reason for using skip-n filters is the following: With
increasing width of the transmission band it gets more and more difficult to ensure
a sufficiently steep roll-off at the band edges of the filters so that the corresponding
fabrication effort and related cost go up. At the same time detrimental effects of
chromatic dispersion increase with steeper band edges (due to the fact that TFFs are
minimum phase filters in transmission with transmission and phase response consti-
tuting a Hilbert transform pair, cf. Sect. 9.2.1). Compared to x-skip-0 filters x-skip-n
solutions are beneficial in two respects: they allow for less steep filter edges, which
reduces CD, and in addition, the maxima of CD can be moved further away from
the band filter edges resulting in lower overall CD within the filter band [174].

Fig. 9.25 Channel dependent
variation of insertion loss in a
TFF-based 40-channel
DEMUX [51]
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The most common varieties are x-skip-1 and x-skip-2 filters, but e.g. 20-skip-4
devices are also commercially available (e.g. [97]). Based upon the concepts illus-
trated MUX/DEMUXs with a maximum channel count of 40 are offered from differ-
ent manufacturers. Because the different channels traverse different filters, there is a
certain variation of the individual channel’s insertion loss as illustrated in Fig. 9.25.

Other approaches to build TFF-based MUX/DEMUXs have been reported in the
literature [163, 175, 176], however, they have not yet found commercial relevance.

9.10 Microrings

Microring resonators (MRR) optically coupled to dielectric waveguides represent
a class of filters with characteristics very similar to Fabry-Pérot filters. They are
particularly easy to fabricate as no gratings, facets, or high-reflecting structures are
needed for building the cavity. Ring radii may be as low as a few µm while typical
dimensions are in the several 10 µm up to a few 100 µm range which allows for
compact one- or two-dimensional arrays. MRRs enable a wide range of applica-
tions. Examples related to fibre optic communication include optical channel filter-
ing [177], planar dispersion compensation [178], all-optical wavelength/frequency
conversion [179, 180], all-optical switching [181, 182], and cascaded microring
(MR) modulators for WDM optical interconnects [183]. Furthermore, higher-order
MRR filters constitute a basis for on-chip WDM systems [184], and optical signal
processing as an alternative to signal processing in the electrical domain in areas
such as radar, photonic beam-steering of phased-array antennas, or radio-over-fibre
in mobile communication systems is another topic which has received much at-
tention during the last few years [185]. Key advantages of photonic (monolithic)
microwave (RF) filters are wide bandwidth and passband centre wavelength tuna-
bility, reconfigurability, immunity to electromagnetic interference (EMI), low loss,
low weight and low power consumption. Finally, MRRs are considered promising
beyond telecom applications as well, and one particularly prominent area of current
interest is sensing of (bio)molecules [158, 186, 187].

MRRs have been fabricated in various materials including SiONx [178], SOI
[181, 186], glass [177], or semiconductor material systems such as GaAlAs [181]
and GaInAsP [180].

9.10.1 Key Features of Microring Resonators

The most simple MRR configuration is a single microring coupled to a dielectric
waveguide which represents an all-pass filter. The design can be horizontal (as
illustrated in Fig. 9.26(left)) but vertical coupling, (where the MR and the feed-
ing WG are vertically arranged in layers one on top of the other) is an equivalent
option. Another generic MRR configuration is the add-drop multiplexer shown in
Fig. 9.26(right) which consists of an MR coupled to two dielectric WGs.
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Fig. 9.26 Generic microring resonator structure (left) and principle of MR-based add-drop multi-
plexer (right)

The characteristics of waveguide-coupled microrings can be derived by different
approaches. Details are given in various textbooks [7, 38] and the most relevant
results are given below.

For the add-drop multiplexer illustrated in the right side of Fig. 9.26, the follow-
ing relations hold:

Tout =
∣∣∣∣
b1

a1

∣∣∣∣
2

= |t1|2 + |at2|2 − 2a|t1t2| cos(θ − θt1 − θt2)

1 + |at1t2|2 − 2a|t1t2| cos(θ − θt1 − θt2)
(9.50)

Tdrop =
∣∣∣∣
c2

a1

∣∣∣∣
2

= (1 − |t1|2)(1 − |t2|2)a
1 + |at1t2|2 − 2a|t1t2| cos(θ − θt1 − θt2)

(9.51)

where Tout and Tdrop are the intensities at the (forward) output and the drop port,
respectively, t1 and t2 characterize the fraction of light amplitude propagating along
the straight WGs in the coupling regions, a represents the attenuation which the
propagating fields experience after travelling once along the ring length L, and a is
related to the field attenuation coefficient α/2 by

a = exp(−αL/2) (9.52)

i.e. a = 1 corresponds to zero loss. θ and θt are defined by

θ = 2πν

c
neff L and tj = |tj | exp(iθtj ) j = 1,2 (9.53)

respectively, where ν = c/λ is the frequency of the propagating wave. The coupling
between the straight WGs and the MR is characterized by coupling constants κ1 and
κ2 which satisfy the relation

|tj |2 + |κj |2 = 1 with j = 1,2 (9.54)

The behaviour of a microring coupled to a single WG only (Fig. 9.26, left) is ob-
tained from (9.50) to (9.54) by setting t1 = t , t2 = 1, θt1 = θt , θt2 = 0, κ1 = κ , and
κ2 = 0.
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The waveguide-coupled MRs characterized by (9.50) and (9.51) exhibit peri-
odic characteristics, in particular periodic dips in the transmission spectra and corre-
sponding maxima at the drop port in the case of the add-drop multiplexer according
to

θ − θt1 − θt2 = 2mπ = 2πν

c
neff L − θt1 − θt2 = βL − θt1 − θt2 (9.55)

with m being an integer and β the propagation constant (see (9.26)). Two adjacent
transmission minima are given by

θ − θt1 − θt2 = 2mπ = βL − θt1 − θt2 and

θ − θt1 − θt2 = 2(m + 1)π = (β + �β)L − θt1 − θt2

(9.56)

Equation (9.56) yields

�βL = 2π (9.57)

and combining (9.24), (9.31), and (9.57) with keeping in mind that �ν is equivalent
to the FSR we get

FSR = c

ngL
(9.58)

i.e. the free spectral range is determined by the ring dimension and the effective
group refractive index ng .

The intensity at the ‘through’ output port vanishes if

a =
∣∣∣∣
t1

t2

∣∣∣∣ or a = |t | (9.59)

holds for the add-drop multiplexer or the MR coupled to a single WG, respectively.
This condition is called “critical coupling”, and in this case light coupling back from
the ring to the (‘through’) output waveguide is equal in amplitude but has opposite
phase compared to the directly propagating light so that complete destructive inter-
ference occurs.

As far as phase effects are concerned, MRRs exhibit pronounced phase varia-
tions around the resonance, i.e. the group delay exhibits a peak at the resonance
wavelength (see e.g. [7]).

9.10.2 Polarization-Dependent Effects

The effective refractive index neff of straight or bent waveguides is normally differ-
ent for TE- and TM-polarized light and as a consequence the resonance frequencies
and the FSR of MRRs are polarization dependent. But, more importantly, MRRs
may also rotate the state of polarization so that an initially purely TE- (TM-) po-
larized wave launched into the feeding WG will leave the WG-coupled MR struc-
ture partly (or even completely) TM- (TE-) polarized [188]. The extent of polariza-
tion rotation depends on many parameters including WG geometry (cross sectional
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shape and bend radius), refractive index contrast, degree of vertical asymmetry, MR
loss, and wavelength (near resonance polarization rotation may be particularly pro-
nounced) [189]. Bent WG and MRR designs exist which favour polarization rota-
tion or even enable complete polarization conversion [190], but on the other hand,
by proper design, polarization rotation can be suppressed to a large extent as well.
As a consequence, polarization-dependent characteristics have to be taken into ac-
count in the design of MRR-based devices with sharp resonances while these effects
tend to be less relevant in filters with fairly broad add-drop bands such as the higher
order filters described below.

9.10.3 Higher Order Filters

Single microring resonators (MRRs) in an arrangement as shown in Fig. 9.26 are
generally insufficient for more demanding filter applications but the monolithic in-
tegration of larger numbers of MRRs results in significantly more attractive filter
characteristics, and due to their small size MRRs lend themselves particularly well
to monolithic integration resulting in higher-order filter chips.

Two generic arrangements, parallel and serially cascaded MRs, are shown in
Fig. 9.27 (see also [191, 192]).

In a parallel all-pass filter arrangement the phase characteristics of the indivi-
dual rings add and this property can be exploited for the fabrication of MR-based
dispersion compensators [178].

On the other hand, Fig. 9.28(right) illustrates how the passband shape gets more
rectangular as the order (i.e. number of serially cascaded microrings) increases.
These filters have been fabricated in a glass called Hydex®, which is a high in-
dex material (n = 1.7) and offers the possibility to vary the index contrast between
the core and the silica cladding in the range from 1 to 25% [193]. As a consequence
tight bends with radii down to about 5 µm are possible, and this enables the fabrica-
tion of compact and complex microstructures.

A particularly high degree of design flexibility with the capability to approximate
(essentially) any filter function is obtained if (1) the coupling strengths between the
individual MRRs are made freely adjustable, (2) the MRRs include a phase shifting
section, tuned either thermo-optically or by carrier injection, and (3) MZIs are added
to MRRs within a basic filter unit cell, which enables the design of filters with
independently chosen poles and zeros (within the Z-transform formalism, [7]).

Fig. 9.27 Parallel (left) and
serially (right) cascaded MRs
as generic building blocks for
higher order filters
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Fig. 9.28 Top view of 3-ring serially cascaded MR filter (left) and experimentally determined
drop-response of serially cascaded microring filters with different numbers of MRs (right), all
fabricated in Hydex® [177, 193]

Furthermore, for near-ideal filter approximations active filter designs are supe-
rior to purely passive ones, and this can be achieved by adding optical amplifiers
to the filter structures, either by monolithic integration of SOAs in filters realized
in III–V semiconductors, in particular in the InP/GaInAsP material system [194] or
by hybridly integrating evanescent SOAs on a silicon platform [195]. With SOAs
under forward bias overall zero-insertion loss filters can be made while biasing an
appropriately located SOA in the reverse direction enables to switch of single op-
tical paths. For completeness, one restriction with planar filter structures should be
mentioned: they are generally polarization dependent although this limitation does
not receive specific coverage in most reports on higher-order planar filters.

Flexibly configurable filters, implemented by cascading appropriate basic unit
cells, have been fabricated in the SOI [184, 195–198] and the InP/GaInAsP material
systems [194, 199], and one example is illustrated in Fig. 9.29.

Various key characteristics and features of such MRR filters have already been
demonstrated, including tunable Q-factor [195], flat top passband, passband width

Fig. 9.29 Measured filter response of a single filter stage reconfigured (a) as a pole or (b) zero. Ar-
bitrary placement of the pole/zero in the complex plane, demonstrated by independently adjusting
the (a) magnitude and (b) phase (figure taken from [194], courtesy Eric Norberg)
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tunability and fast roll-off [194, 199]. Extinction ratios exceeding 30 dB [194] or
even up to 40 dB for a 3rd order filter [199] have already been achieved. Passband
frequency/wavelength tunability is typically in the order of several 10 GHz within
a single FSR, while placing the filter anywhere in the C-band has been shown by
smooth tuning the filter across multiple FSRs [199]. Finally, dynamic change of
the filter characteristics from pass-band to notch type filter has also been reported
in [7, 194–197].

9.10.4 Microring-Based Filters with Extended FSR

For typical applications in fibre optic systems filters should have FSRs in the range
of several 10 nm, i.e. comparable to the width of the C-band for example. This is not
easy to accomplish as it is equivalent to rather low ring radii which is challenging
from a technological point of view. A way to overcome these difficulties is the com-
bination of MRs with different radii in such a way that resonances do only occur
where the resonances of all individual MRs involved coincide (Vernier effect), and
widely tunable lasers using MRRs with (slightly) different radii for mode selection
have already been demonstrated (see Chap. 5, Sect. 5.4.4). Furthermore, a corre-
sponding filter has been fabricated in the SiO2/Si material system comprising two
rings with 28.5 µm radius coupled to one ring with 39.3 µm. The FSRs of the indi-
vidual rings have been 8 nm and 6 nm, respectively while the filter based upon the
coupled rings exhibited about 20 nm FSR [200].

9.10.5 Prospects and Further Developments of MR-Based Filters

As illustrated above higher order MRR-based filter structures are highly promis-
ing as compact and versatile devices, both in III–V semiconductors (in particular
GaInAsP) and in Silicon Photonics (see Chap. 14 and [201]), and it is expected that
a number of corresponding devices will move from the R&D lab to the market in
the next few years.

9.11 Interleavers

9.11.1 Operation Principle

Interleavers are used in wavelength routing and for (de)multiplexing and prefiltering
as well, in particular for upgrading existing systems. The latter application is based
upon the fact that an ongoing trend in the development of WDM systems is to lo-
cate transmission channels closer and closer to each other for making better use of
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the transmission capacity of a single optical fibre. As a consequence, optical filters
have to cope with ever decreasing channel separations which makes their fabrication
more and more demanding. One smart and economic way to meet this challenge is
the use of optical interleavers in combination with standard filters. In doing so, the
interleaver is the only filter which has to separate (or recombine) channels with the
smallest separation while all other filters or wavelength selective devices operate
for larger channel separations and therefore have to meet less demanding specifica-
tions.

An interleaver operates as follows: If a stream of wavelength channels at car-
rier frequencies ν1, ν2, . . . , νn and constant channel separation �ν enters a standard
interleaver, frequencies ν1, ν3, ν5, . . . exit from one port of the interleaver while fre-
quencies ν2, ν4, ν6, . . . come out from the other port. The frequency separation is
2�ν for the data streams at output ports 1 and 2. Interleavers can also be cascaded
if even larger channel separations are required (a cascade of N interleaver stages
splits the original data stream into 2N channels with 2N�ν channel separation).

If an interleaver is operated in the reverse direction, it can combine 2 (or 2N ,
N = 2,3, . . .) streams of frequency channels with channel separation of 2�ν(2N�ν)

into a single data stream with �ν channel separation.
In principle, any kind of optical filter which exhibits a periodic response with re-

spect to frequency may be used as an interleaver. However, for real applications
there are additional requirements, in particular: flat top band shape, large chan-
nel width, high adjacent band isolation, low polarization dependence (i.e. low po-
larization dependent loss and low polarization dependence of the channel centre
frequency/wavelength), low chromatic dispersion, and low overall insertion loss.
Furthermore, the channel separation of the interleaver has to match the ITU grid
with sufficient accuracy over the whole operation range, and interleavers meeting
all these demands require careful design and mature manufacturing.

9.11.2 Interleaver Types

9.11.2.1 Functionality

Interleavers fall into different categories according to their functionality. The sim-
plest design, designated as a 1:2 interleaver, separates the even and odd channels
of an incoming wavelength comb (or combines these two groups of channels into a
single one if operated in the reverse direction).

The next category are 1:2N interleavers (i.e. cascades of N interleaver stages)
which separate a single DWDM comb into 2N data streams (or combine 2N se-
quences of wavelength channels into a single data stream).

A third category are banded interleavers which separate (or combine) bands of
channels. In this case it is particularly demanding to ensure a steep roll-off at the
end of the bands to be separated over a wavelength interval corresponding to a sin-
gle channel spacing (which is significantly narrower than the range covered by the
individual bands).
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Finally, interleavers may be asymmetric, i.e. they may single out one channel out
of a larger number of channels N , or more generally speaking, they separate (or
combine) channels with freely chosen passband width (e.g. 60%/40%, 70%/30%,
. . . ).

9.11.2.2 Principles and Concepts

Interleavers also fall into different categories according to the physical principles
they are based upon, and as outlined in detail in [202], an impressive number of
interleaver variants have already been reported. They can be classified into three
broad classes of filter technologies: (i) AWG routers operated as interleavers, (ii)
Gires-Tournois (GT)-based Michelson interferometers, and (iii) lattice filters (i.e.,
cascades of differential-delay elements where the differential-delay of each element
is an integral multiple of a unit delay and power is exchanged across paths between
the elements [53, 202]).

AWG routers operated as interleavers [203] offer particular application potential
as single-state 1:2N interleavers, but they can also serve as single channel or banded
filters [204], and still another application variety is polarization interleaving. Non-
linear interactions such as cross-phase modulation (XPM) and four wave mixing
(FWM) rely on parallel polarization, and therefore unwanted interactions between
neighbouring channels are reduced considerably if they are orthogonally polarized
[205]. In practice, even and odd channel polarizations are adjusted orthogonally
with an AWG accomplishing their (de)interleaving.

Interleavers based upon Gires-Tournois (GT) interferometers can either be of in-
terferometric [202, 206] or of birefringent type [202], and such interleavers have
been implemented in free space optics, in combination with thin-film filter GT
interferometers, as all-fibre solution with appropriately designed FBG as reflect-
ing elements [207], or as planar devices. Examples include a particularly com-
pact loop-mirror-based Michelson-Gires-Tournois interferometer structure imple-
mented in SOI [208] or coupled microring resonator/Mach-Zehnder interferome-
ter structures for applications in optical communication [209, 210] or related areas
such as microwave photonics [211]. GT-based interleavers can be built as 1:2 or as
asymmetric devices as well. Lattice filter based interleavers have e.g. been built in
free space optics employing birefringent crystals [202, 210], or as cascaded Mach-
Zehnder interferometers (MZI) with properly chosen delay and coupling between
the individual MZIs, and the latter approach is particularly suited for planar light-
wave technology [204, 212]. Lattice-filter based interleavers can be of 1:2 type but
can be designed for banded applications as well.

A very good comparison of typical performance characteristics of a large number
of interleaver types is given in [202].

9.11.3 Characteristics of Commercially Available Interleavers

Interleavers are fabricated by a number of suppliers and have been implemented
using different technologies. These include designs using crystals, fibres (with cas-
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Table 9.1 Typical performance data of commercially available
50/100 GHz interleavers

Parameter Unit Typical values

Wavelength accuracy nm 0.02

Insertion loss dB ≤2.0

0.5 dB passband width/Clear channel GHz 20. . . 30

Isolation/Crosstalk dB >20 . . .25

Return loss dB >40

Directivity dB >45 . . .55

Polarization dependent loss dB <0.2 . . .0.5

Polarization mode dispersion ps <0.2 . . .0.3

Chromatic dispersion ps/nm <±20 . . .30

caded MZIs or FBGs for example), and planar lightwave circuits as well. In a num-
ber of cases suppliers do not disclose their concept and the technology used, and
one can make guesses only. A comprehensive overview has been published some
time ago [53] and the data are still relevant although one or the other supplier listed
has since then discontinued its interleaver business.

Interleavers are primarily offered for 25/50 and 50/100 GHz channel spacings,
but they are also available for 12.5/25 GHz [213] or 100/200 GHz operation, with
asymmetric channel widths [213], with polarization-maintaining fibres as polariza-
tion interleaver [112] or as 1:4 interleavers [214]. Interleavers suited for channel
spacings down to 6.25 GHz have been published in the literature (see [202]) and a
commercial product had been available about a decade ago already (Essex Corp.),
but production has been discontinued since then.

Interleavers typically cover the C- or the L-band with 80 channels for example in
the case of 50/100 GHz interleavers.

A number of key performance parameters for commercially available 50/100
GHz are listed in Table 9.1. The parameter variations are partly due to different
technologies and implementations, but also due to slightly different definitions of
the parameters themselves.

The further improvement of interleavers is very likely to go on as interleavers
represent an efficient means for upgrading the channel count of communication sys-
tems without the need to improve the performance of each individual wavelength
filter.

9.12 Acousto-Optic Tunable Filters

Acousto-optic tunable filters (AOTF), sometimes also designated as acoustically
tunable optical filters (ATOF), are passband transmission filters based upon the
acousto-optic interaction inside an anisotropic medium. An applied radio-frequency
causes acoustical vibrations in a corresponding crystal (e.g. TeO2, LiNbO3) and
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creates a bulk transmission diffraction grating. AOTFs offer the unique property of
multiple-band filtering by mixing multiple radio frequencies, and arbitrary wave-
length selection can be accomplished within microseconds. AOTFs are available for
operation within the visible or near/mid infra-red spectral region and have been de-
veloped for applications in fibre optic communication systems as well [215, 216].
However, they could not satisfactorily meet the demands of (D)WDM systems, and
as there is no application where the unique properties of AOTFs can compensate
their shortcomings, these filters are currently considered of essentially no relevance
for fibre optic communication systems although AOTFs have found various other
useful applications [217].
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Chapter 10
Optical Switches

Shifu Yuan and John E. Bowers

Abstract After a detailed introductory discussion of general concepts, which ap-
ply to optical switches regardless of their implementation technology, the following
sections cover opto-mechanical switches and liquid crystal technologies for optical
switching, including small matrix switches and wavelength selective switches. Pla-
nar lightwave circuit (PLC) based optical switch technologies constitute the topic
of the next section, and the treatment includes switches in various material systems
such as LiNbO3, polymer, silicon-on-insulator (SOI), and switching by means of the
electro-optic- or thermo-optic effect. The following, major part of the chapter co-
vers MEMS-based switches including 2D and 3D switches, switching matrices and
wavelength selective switches as well. The chapter concludes with a brief discussion
of piezo-electric actuator-based matrix switches. The description of optical switches
includes their fundamentals, including underlying physics, operation principles, and
generic implementations, typical characteristics of commercially available devices,
and recent developments of switches that are still in the R&D stage.

10.1 General Concepts of Optical Switching

10.1.1 Introduction

Optical switches are important devices for optical fiber communication sys-
tems where they are used for protection, restoration, wavelength routing, fiber-
management, automatic patch panel, and in optical cross-connects [1–3]. As the
majority of optical communication systems use single mode fibers (SMFs), we will
focus on SMF optical switches in this chapter. An optical switch offers to optically
switch fiber circuits without doing expensive optical-electronic-optical (OEO) con-
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versions. Such a switch is transparent to all protocols, data formats, and modulation
formats since it only rearranges the physical fiber circuit.

The various classes of optical switches include 1 × 2, 2 × 2, 1 × N , and large
scale N × M matrix switches, wavelength selective switches (WSSs), and multi-
cast N × M switches. Each category of optical switches has different technolo-
gies for implementation including liquid crystal (LC), planar lightwave circuit
(PLC), micro-electro-mechanical-system (MEMS), and piezo-electronic actuator
based technologies.

Most optical switches use an electronically controlled mechanism to switch an
optical signal into different directions. However, there are also all-optical switches
that use optical signals to control switches [4] but these are beyond the scope of the
present chapter. We will also not deal with optical switches that comprise optical
gain elements (e.g. optical amplifiers) designated as active optical switches [5] but
we will restrict ourselves to passive optical switches, and the present chapter will
be organized as follows: Sect. 10.1 discusses general concepts that apply to opti-
cal switches regardless of their implementation technology. Section 10.2 discusses
opto-mechanical switches, and Sect. 10.3 covers liquid crystal technologies for op-
tical switching, including small matrix switches and wavelength selective switches.
The topic of Sect. 10.4 are planar lightwave circuit based optical switch technolo-
gies, Sect. 10.5 is devoted to MEMS-based optical switches, including 2D MEMS
switches, 3D MEMS switches, and MEMS-based WSSs, and Sect. 10.6 briefly dis-
cusses piezo-electric actuator-based matrix switches.

10.1.2 Basics

The most simple, generic switching elements are 1 × 2 and 2 × 2 switches. As
illustrated in Fig. 10.1, a 2×2 switch can switch between its “bar” and “cross” state,
and switching may be digital or continuous, depending on implementation of the
switch. An illustration of a 2 × 2 switch using a digital actuator is also illustrated in
Fig. 10.1. 1 × 2 and 2 × 2 switches can be devices in their own right (see Sect. 10.2)
and they can be cascaded resulting in larger switching matrices.

Fig. 10.1 Simple 2 × 2 optical switch, schematic (left) and mechanical switch using prism as
digital actuator (right)
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10.1.3 Optical Matrix Switches

10.1.3.1 General Aspects

An optical matrix switch [6] has input ports and output ports and the switch selec-
tively sets up a connection between one input port i and one output port j which
can be described as a pair of ports, e.g., (i, j). When a connection is (not) set up,
the connection is called in the on (off) state, and it might be worthwhile to note that
a port can only be used in one connection at a given instant. Optical paths are essen-
tially bidirectional so that a signal from port i to port j can equally propagate from
port j to port i. However, if a switch has optical power monitoring for feedback
control, the light propagation direction is important, and with respect to monitoring,
such switches may be classified as unidirectional.

An optical matrix switch can be called an M × N optical switch with M input
and N output ports. Telcordia definition GR-1073 [6] does not specify which ports
are input and output ports since the switch is typically bidirectional. However, in
order to avoid confusion, we will consider an M × N switch to have M input and
N output ports with the understanding that the signal might be bidirectional.

An optical matrix switch should meet a number of requirements including: small
insertion loss, low crosstalk, fast switching time, good directivity, and small foot-
print. In addition, non-blocking operation may also be required or may even be
mandatory [6] where “non-blocking” includes the following variants:

Strict-sense non-blocking: it is possible to establish a new path from any unused
input to any unused output port, no matter what paths are set already.

Wide-sense non-blocking: after connections have already been set, it is still possi-
ble to connect any unused input to any unused output using dedicated algorithms
without interrupting the connections set-up already.

Re-arrangeably non-blocking: the switch enables any connection from inputs to
outputs provided all connections to be made are known in advance. If connections
have been made before, disconnecting and resetting existing connections may be
required in order to make the new connections.

Blocking switch: new connections from free input to free output ports cannot be
made at all once a certain number of connections have been set.

For most telecom applications switches need to be strict-sense or wide-sense non-
blocking while blocking and re-arrangeable non-blocking switches are typically not
acceptable.

10.1.3.2 Optical Matrix Switch Architectures

Optical Matrix Switches Using Digital Switching Elements Optical matrix
switch architectures are essentially based upon two types of actuators: either
digital actuators that switch/steer light paths digitally to the ‘on’ or ‘off’ posi-
tion, or analogue actuators that enable directing optical signals to many positions
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Fig. 10.2 Example of 8 × 8
crossbar switch using 2 × 2
optical switches [6]

continuously with an analogue driving signal. Larger digital switches can be im-
plemented with multiple 2 × 2 (or 1 × 2) switches. Figure 10.2 shows an N × N

crossbar switch architecture that uses 2 × 2 switches as basic switching elements,
arranged in N horizontal lines and N vertical lines in a 2D plane. Each cross point
has a switching element and in total N2 switching elements are needed. A cross-
bar switch has intrinsic non-uniform insertion loss due to different path lengths and
different numbers of switching elements for different connections.

The 2 × 2 switches of an N × N crossbar architecture can also be arranged in
such a way that light from any input to any output port passes N switching ele-
ments resulting in path-independent insertion loss (PI-IL) [7, 8]. Both, the general
and the PI-IL crossbar switch architectures are strictly non-blocking. There are other
architectures that use smaller numbers of switching elements, e.g. the Benes archi-
tecture [9] but depending on the structure of such switches these architectures may
cause switches to be blocking. Larger switching matrices using digital actuators do
generally suffer from higher insertion loss since IL increases proportionally to the
amount of switching elements in the light path. In addition, crosstalk from each 2×2
switch accumulates in the case of multistage switches, which is another drawback.

Optical Switch Architectures Using Analogue Actuators Analogue actuators,
including MEMS mirrors, liquid crystal devices, and piezo-electric actuators, can
move an optical beam freely to multiple space positions so that a single actuator
enables a 1 × N optical switch.

With 2N 1 ×N optical switches arranged in an architecture proposed by Spanke
a strictly non-blocking N × N switch can be achieved [10]: Each input port directs
the incoming beam to the appropriate output N × 1 switch which then switches
the signal to the output port. Corresponding switches become complicated for large
port numbers N since there are N2 optical fibers to be physically interconnected.
However, the design can be made better scalable if the interconnects are realized as
free space 1 × N and N × 1 switches at the input and output, respectively, resulting
in 2N actuating elements for an N × N switch with analogue actuators.

Since 2D analogue actuators can steer optical beams along two axes so that the
optical beams are traveling in 3-dimensional space inside the switch, switches of this
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Fig. 10.3 Required
switching element number vs.
switch port count for 3D
switch architecture with
analogue actuators, Benes
network, and 2D crossbar
switch

kind are typically called 3D optical switches. On the other hand, integrated crossbar
switches using digital actuating elements are called 2D optical switches.

The number of required switching elements scales differently as the number of
ports gets larger as illustrated in Fig. 10.3 for (i) 2D crossbar, (ii) Benes switches
based upon 2 × 2 switches, and (iii) 3D analogue N × N switches, and the advan-
tages of analogue actuators for larger N × N switching fabrics is obvious.

Clos architecture for Very Large Scale Optical Switches Clos proposed a
scheme to build large scale non-blocking N ×N switches by using multiple smaller
switches in three stages and requiring fewer crosspoints than a complete cross-
bar [11]. Key features are: a first stage with m = N

n
non-blocking n × k switches

(n inputs, k outputs), a second stage consisting of k crossbar switches of size of
m × m, and a third stage consisting of m non-blocking k × n switches with k inputs
and n outputs.

A Clos network is a strict-sense non-blocking switch if k ≥ 2n − 1, and it is
re-arrangeably non-blocking if k ≥ n. In addition, it can also be implemented in a
folded architecture [12].

10.1.4 Wavelength Selective Switches (WSS)

10.1.4.1 General Aspects

A wavelength selective switch (WSS) [13–17] is a device capable to switch opti-
cal wavelengths between several optical fibers. Each fiber carries multiple DWDM
wavelengths, and wavelength selective means selectively switching a particular
wavelength between fibers. WSSs are blocking in the wavelength domain since there
is no wavelength conversion inside the switch.

Being hitless is a feature required for most telecom systems [15]. Although the
telecom system can use non-hitless WSSs to implement hitless operation, it is de-
sirable for WSSs itself to be hitless. For a WSS that is non-hitless, the switched
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wavelength may be swiping through (the) other un-intended channels shortly during
the transient time of switching. For a hitless WSS, this does not happen. That means
when switching a wavelength with the hitless WSS, only the specific wavelength in
the present port and the target port are affected, while all the other wavelengths and
other ports won’t be affected.

Currently (most) optical transmission systems align operation wavelengths to
the traditional ITU standard with 50 GHz and 100 GHz channel spacing. However,
tighter channel spacing (25 GHz, 33 GHz) or 87.5 GHz instead of 100 GHz might
enable higher total transmission rates per fiber [16], and in order to be compatible
with such systems, flexible grid or gridless operation of WSSs has been proposed
as a future proof technology. To enable gridless operation of a WSS, 12.5 GHz or
25 GHz granularity is required, and as a consequence much more actuators (4× for
12.5 GHz or 2× for 25 GHz granularity) are needed for a WSS with 50 GHz chan-
nel spacing. Technologies like liquid crystal on silicon (LCoS) have no problem in
offering more pixels but for others like MEMS it is difficult to do so. Currently, most
WSSs are specified for operation at fixed ITU grid frequencies with either 50 GHz
or 100 GHz channel separation. However, how important future proof flexible grid
WSSs might be, is a matter of ongoing and controversial discussion.

10.1.4.2 Optical Architectures for 1 × N WSSs

A 1 × N WSS can be constructed with discrete components such as demultiplex-
ers (demuxes), switches, and multiplexers (muxes), but such a switch will be bulky
with hundreds of fiber terminations to interconnects. This is unfavorable for telecom
applications, where device size, i.e. small WSS footprint, has become particularly
important. Furthermore, cascading discrete demux/mux components narrows the de-
vice wavelength passband, which makes this approach even less attractive.

Currently most 1 × N WSSs deployed in reconfigurable optical add-drop multi-
plexers (ROADMs) use diffraction grating-based free-space-optics coupled with an
optical switching engine [16, 17]. The switching engine manipulates the particular
wavelengths from one port to another by changing the phase, polarization, angle
or position of a wavelength-dispersed optical beam. The switching engine can use
digital or analogue actuation elements as described in Sect. 10.1.3.2.

The diffraction grating in a WSS is usually in the Bragg or Littrow configuration,
where the diffraction angle of the −1st order is equal to the incidence angle for
the central wavelength [18], see also Chap. 9, Sect. 9.5. The diffraction grating for
WSSs is designed to have maximum diffraction efficiency (e.g., >90%) in the Bragg
configuration.

In recent WSS designs, the ports are typically arranged as 1D arrays of fibers or
fiber collimators at the input/output as shown in Fig. 10.4(a). These linear ports are
arranged parallel to each other, and different wavelengths, after passing the optical
lens, will be focused to different positions in the back plane of the optical lens where
the optical switching elements are located. These switching elements redirect each
individual input beam to the selected output port.
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Fig. 10.4 1 × N WSS basic architecture. (a) Input/output ports in a 1D array, (b) input/output
ports in a j × k 2D array

The direction of the port spreading may be either parallel or perpendicular
to the direction of wavelength spreading produced by the grating (as shown in
Fig. 10.4(a)). If it is parallel, then adding more ports increases the size of the optics
in the wavelength dispersion direction and the optical design needs to consider the
different path lengths. If it is perpendicular, which is more common in current WSS
designs, then adding more ports increases the size of the optics perpendicular to the
dispersion direction.

The switching elements can steer the beam in two axes, therefore it is possible
to arrange the input/output fibers in 2 dimensions as j × k, so that it is possible to
increase the device size along two axes. Figure 10.4(b) shows the schematic of a
1 × N WSS switch with an j × k 2D configuration for the input/output ports.

Switching/actuation of 1 × N WSSs may be achieved by 1D arrays of MEMS
mirrors, polarization-based liquid crystal arrays, or LCoS-based phase only spatial
light modulators (SLM), or other types of actuating devices.

For 1 × 2, 2 × 2 and some of the 1 × N WSSs, digital switching elements like
polarization liquid crystal cells or Texas Instruments digital micromirror devices (TI
DMD), i.e. digital MEMS mirrors, can be used [19]. However, most of the 1 × N

switches use analogue switching elements such as 3D MEMS mirror arrays or LCoS
phase only SLMs for optical beam steering.

10.1.4.3 M × N WSSs

An M × N WSS is also called a wavelength selective cross-connect (WSXC)
[13, 14]. The designation 1 × N or M × N refers to the fiber terminals and is es-
sentially equivalent to the switch matrix size. A WSS can handle m DWDM wave-
lengths, e.g., m = 40 or 96. These channels are separated by 50 GHz or 100 GHz
according to the ITU grid. A 50 GHz channel spacing, n channel M × N WSS
means (a) The WSS under consideration has M input fiber terminals and N output
fiber terminals, (b) each WSS terminal fiber carries n DWDM wavelengths, (c) the
WSS has n M × N switches, one switch for each wavelength, and (d) the DWDM
wavelengths have a channel spacing of 50 GHz.
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Fig. 10.5 M × N

wavelength selective
cross-connect with n

wavelength

In principle, M × N WSSs can be built with the same grating technologies as
1×N WSSs to separate wavelengths in space while a 3D M ×N switch architecture
is used for space switching. It is highly desirable to build M × N integrated wave-
length selective switches due to their low cost and low loss nature. The schematic of
an M × N WSS capable of handling n wavelengths is shown in Fig. 10.5 [13–15],
and a specific M × N optical wavelength selective (n wavelengths) optical cross-
connect switch architecture as proposed by Solgaard [20] is illustrated in Fig. 10.6.
This M × N switch uses 2D arrays of switching/actuating elements to implement

Fig. 10.6 M × N WSS.
(a) Diffraction grating
separating the wavelengths
from multiple inputs into an
N × n parallel beams.
(b) N × N WSS architecture
using two switching element
arrays
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Fig. 10.7 Comparison of
minimum switching elements
needed to build 1 × N WSS,
N × N WSS, and N × N

matrix switch (assuming
1 × N and N × N WSSs to
have 96 wavelength channels)

the full-functionality of M ×N ports optical wavelength switching. Each connection
(i, j, λk) needs two switching elements to steer an input beam to the output mirror
and steer the output mirror to let the beam to point to the right output port. A diffrac-
tion grating separates the multi-wavelength signal into individual wavelength chan-
nels (Fig. 10.6) in such a way that different wavelengths are all spread in one direc-
tion, and light from different input fibers is spread perpendicularly to the wavelength
spread direction. After the lens, wavelengths from one input fiber are separated verti-
cally, and the same wavelengths from different input fibers are lined up horizontally.

Input and output fibers are arranged to have parallel demultiplexed beams (see
Fig. 10.6(a)), and these are coupled with a matrix switching system using two
switching element arrays (see Fig. 10.6(b)) so that a fully functional M × N WSS
is obtained. The switching/actuation elements need to be analogue, and the total
amount of required switching elements is (M +N)×n. The switching elements can
be 3D MEMS or LCoS. A comparison of the minimum number of switching ele-
ments needed for 1 × N WSS, N × N WSSs and N × N matrix switches as shown
in Fig. 10.7 demonstrates the difficulties in designing N × N WSSs because the
number of required switching elements increases very rapidly with port count. To-
day’s largest commercially available optical matrix switch port count is 320 × 320,
which has about 640 switching elements [21], and for a 96 wavelength 4 × 4 WSS
a total of 768 switching elements is required.

10.1.4.4 Multicast Optical Switches

An M × N multicast switch is a unidirectional switch that can route any input port
to any one or to multiple (up to N ) output ports [22, 23]. The operation principle is
(i) splitting any incoming light at each input into N optical beams, (ii) connecting
each split portion to a different M × 1 switch, and (iii) setting each switch in such
a way that the channel(s) wanted pass to the corresponding output. The output port
count determines the splitting ratio, the typical number of output ports of this switch



492 S. Yuan and J.E. Bowers

varies from 4 to 24, and if the output port number is large, the IL is correspondingly
high due to the high splitting ratio. This architecture is called Broadcast and Select,
which we call multicast switch type “A”.

Another type of multicast switch (“type B”) uses a larger optical switch for
optical switching and the splitting ratio can be customized to different ratios. For
example, if we use 1 × L splitters for the input ports, the multicast switch can only
route at most L (L < N ) ports to any L output ports, and in order to make type B
multicast switches strictly non-blocking, an (M · L) × N matrix switch is required.

Most currently available multicast switches are of type A and are based on PLC
technologies. Switch sizes include 2×8, 4×4, 4×8, 8×8, 8×16, and 8×24 [23].
Type B multicast switches offer better flexibility in fiber interconnects but need
large-scale optical matrix switches.

10.2 Opto-Mechanical Switches

Small opto-mechanical 1 × 1, 1 × 2, 2 × 2 and 1 × N switches have been widely
used in telecom systems in central offices and in un-controlled environments. These
optical switches have been among the first commercially available ones and have
been widely deployed for protection and restoration and are widely used for optical
testing for about 40 years [24].

The switching function of opto-mechanical switches relies on mechanical ac-
tuation [24], accomplished by mechanically moving or rotating fibers, prisms, or
mirrors. Opto-mechanical switch design involves collimated optics, free space op-
tics and fiber coupling, and specially designed optical components in a mechanical
moving mechanism.

10.2.1 Fiber Collimators

Fiber collimators are used to either couple light from free space into an optical
fiber or collimating light from a fiber to form a “collimated” optical beam. The
basic structure of a fiber collimator consists (in most cases) of at least a lens and an
optical fiber. Lenses which can be used include fiber lenses, ball lenses, aspherical
lenses, spherical singlets and doublets, GRIN (GRaded INdex) lenses, microscope
objectives, or cylindrical lenses. In the case of thermally expanded core (TEC) fiber
no lens is needed at all. Lens materials vary from glass to silicon. Currently, most
fiber collimators use GRIN lenses [25, 26] or so called C-lenses [27]. A C-lens is a
miniature lens with similar performance as a GRIN lens but slightly better insertion
loss, lower cost, and longer working distance compared to GRIN-lens collimators,
so that C-lens fiber collimators are more popular for micro-optic devices.

Furthermore, collimators can be single fiber or multiple fiber collimators using
a single lens or multiple fibers with multiple lenses to form a fiber collimator ar-
ray. Their diameters can be as small as the fiber itself, for example 125 µm, or as
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large as tens or hundreds of millimeters, all depending on the optical design and
purpose. Based on optical beam waist size and waist position the optimum working
distance can be determined. Another important specification for fiber collimators is
insertion loss, which is due to the lens and coupling imperfections. The alignment
tolerance for insertion loss due to misalignment and beam spot size mismatch of
two collimated Gaussian beams was treated in [28–30].

10.2.2 Opto-Mechanical Actuators

An opto-mechanical actuator controls or moves optical parts, and opto-mechanical
switches require actuators. These may typically involve a relay, a solenoid, a drive
motor, a deflection opto-mechanical scanner, or other mechanical rotation compo-
nents or even a high precision mechanical robotic arm for larger switches [32–44].
The actuators under consideration here produce either linear (straight line), rotary
(circular), or oscillatory motion and are typically driven with electric current. One
important feature of an actuator is to have a latching mechanism which ensures that,
after the end of the movement, the switch will remain in its actual status/position
and does not need any additional power to hold the moveable part in position.

The opto-mechanical actuators most widely used for optical switches are
solenoid relays and stepper motors, and their most important characteristics are
accuracy, speed, and cost. Stepper motors can be used as a rotatory actuator which
can move around a rotational axis to multiple positions (degrees), but the rotation
of stepper motors can also be translated into a linear movement.

10.2.3 1 × 1, 1 × 2, 2 × 2 and Small Port Count N × N
Opto-Mechanical Switches

1 × 1 (on/off), 1 × 2 and 2 × 2 opto-mechanical switches were the first optical
switches available and have been widely used for over 30 years. These 1 × 1, 1 × 2,
and 2 × 2 opto-mechanical switches have about 1 dB insertion loss, very high isola-
tion, low crosstalk, and a switching time between 5 ms to 20 ms. They use a digital
actuator, such as a solenoid-based electro-mechanical relay. 1 × 1 on/off switches
only require a light blocker to be moved in and out of the light path, and 1×2 or 2×2
switches most frequently use solenoid electro-mechanical relays as digital actuators.

A simple 2 × 2 opto-mechanical relay switch may use two dual fiber collimators
with a glass ferrule with 250 or 127 µm separation, a common collimating lens, and
a reflective mirror on a relay as actuator [32]. When the reflective mirror is moved
into the light path by the solenoid electro-mechanical relay, the switch is changed
from the bar to the cross state. The structure is robust and has good misalignment
tolerance due to the very short free space path length. Another widely used variety of
1 × 2 and 2 × 2 switches uses prisms (see Fig. 10.1 and [33–35]). Moving the prism
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into the light path changes the switch from the bar to the cross state due to refraction
of the prism. The prism can be moved vertically or horizontally, and the architecture
can also be used for 1 × 1 and 1 × 2 switches. The cube prism architecture is very
robust, and an angular misalignment of the prism will only generate a small lateral
beam offset. Another variant of a 1×2 prism switch uses a prism with specific shape
and takes advantages of dual fiber collimators with shared collimating lens, so that
the cost for alignment, assembly, and materials is lower and the light path is more
robust [35].

For achieving larger than 2 × 2 switches with opto-mechanical actuators, several
approaches using electro-mechanically driven prisms to deflect optical beams in free
space have been proposed, and 4 × 4 and 8 × 8 switches have been demonstrated
[36, 37].

10.2.4 1 × N Opto-Mechanical Switches

1×N opto-mechanical switches with larger N are available from many vendors and
have been widely deployed for protection, restoration, testing & measurement, and
monitoring in telecom applications. Compared to other kinds of optical switches,
a 1 × N switch is particularly simple since the switch can be implemented with a
single analogue controlling opto-mechanical actuator.

A straightforward way to build a 1 × N opto-mechanical switch is using a linear
actuator for fiber movement, either along one axis or along two axes. The basic
principle is shown in Fig. 10.8 with the input fiber loaded in a movable stage. Index
matching glue or gel between the interface of input and output fibers reduces back-
reflections.

Since the moving parts are optical fibers, the accuracy requirements for this ac-
tuator type are as high <0.5 µm in the linear moving direction and <0.5 µm fiber
position accuracy, which can be achieved by using V-grooves on silicon, Pyrex glass,
or fused silica substrates [31]. Instead of using fiber to fiber direct coupling, similar
1 × N switches can be built using fiber collimator arrays instead of fiber arrays,
however, this adds cost and also increases insertion loss. On the other hand, a col-
limated beam greatly reduces the insertion loss sensitivity for the switch since the
beam spot size for a fiber collimator is typically 100 µm (depending on design),
compared to a single mode fiber core of about 10 µm.

Although 1 × N switches based upon moving fibers or collimators are simple,
they exhibit several shortcomings: (a) the displacements required are large, which

Fig. 10.8 Basic architecture
of a 1 × N optical switch that
moves the input fibers using
a stepper motor linear
actuator
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Fig. 10.9 Basic architecture
of an 1 × N optical fiber
bundle switch by using a
2-axis reflective scanner
[38, 39]. (a) Fiber bundle
scanning switch architecture,
(b) high-resolution scanner
that enables beam deflection
by two rotating prisms

ultimately limits the switch size, (b) switching time may not be uniform and depend
on fiber position (c) moving fibers or fiber collimators may cause dynamic crosstalk.
This might require special measures in order make switching to be hitless.

Ford and DiGiovanni have proposed a fiber bundle scanning switch, illustrated
in Fig. 10.9(a), which offers a cost effective approach for large 1 × N switches
[38, 39]. The input and all output fibers are carried in one fiber bundle and share a
single lens. A two axis moveable reflective scanner in the aperture stop back-reflects
incoming light with an appropriate deflection angle so that it can be coupled into any
output fiber. The cost of a fiber bundle switch is nearly independent of the number
of outputs, in contrast to switches with individually lensed fibers, and the number of
outputs is only limited by the scan area and the density of fibers held in the bundle.

Figure 10.9(b) shows a high-resolution scanner that enables beam deflection by
two rotating prisms held between a lens and a fixed mirror. When one prism is ro-
tated, the spot on the bundle is deflected along an arc whose radius is set by the
prism wedge and the lens’ focal length. By rotating both prisms, the spot can be po-
sitioned anywhere within a 2D area. The smaller the prism wedge angle, the smaller
the arc swept out by the prism rotation so that the full angular excursion of a me-
chanical rotational actuator can be mapped into an arbitrarily small scan angle. With
appropriate lens focal length and prism deflection, the full mechanical scan range
matches the active area of the fiber bundle. Corresponding switches can have hun-
dreds or even thousands of ports, e.g. 1 × 160 has been demonstrated and 1 × 4096
has been designed [38, 39].

10.2.5 Large Scale N × N Opto-Mechanical Switches with
Robotic Arms

Robotic optical switches with large scale N × N non-blocking cross-connect func-
tionality have been developed for quite some time [40–48]. Although there are ap-
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Fig. 10.10 Schematic of
N × N optical switch based
on robotic motor arms, arms
can move in/out fibers in
x-direction and y-direction,
respectively [45, 46]

proaches of using fiber collimators for non-contact robotic optical switching, typi-
cally the large scale N × N robotic switches physically connect two optical fibers
together without mirrors, lenses, or collimators, in exactly the same way that fiber
connectors mate. Instead of doing so manually, the mating is done by robotic motor
driven arms.

The robotic N × N approach was first described by Sjolinder with opposing
fiber connectors translating independently along separate, orthogonal, linear tracks
in two separate parallel planes so that any input optical fiber and any output fiber
can be coaxially aligned at an array of insertion points formed between the two
planes, as shown in Fig. 10.10 [45]. Based on this concept, FiberZone developed a
robotic optical switch based on a three-layer architecture with two active layers in
which robotic motors position input (or source) and output (destination) fibers in an
x- and y-plane, respectively, and a passive connection layer or adaptor layer where
connections are latched in place [46]. After completing a latched connection, the
switch systems are functionally equivalent to a manual patch panel with its purity
of signal and low loss characteristics. Transmission of optical signals maintains full
connection integrity, even if electrical power is lost.

Since each input and each output fiber is moved in a straight line, fiber entangling
is no issue. However, because all input (output) fibers need to be arranged in a
row (column), raising the switch size to more than 200 × 200 ports is difficult but
180 × 180 port switches are commercially available [47].

Kewitsch proposed another way to build large scale N × N switches using a
robotic motor actuator offering 1000 × 1000 switching capacity. This architecture
uses a single robotic motor actuator to do 3-axis pick-and-placement [48].

Based on this architecture, Telescent [49] developed an all-fiber, robotically re-
configured cross-connect that is scalable up to a true non-blocking 1008 × 1008
switch, based upon 48 modules enabling a pay as you grow strategy. The inser-
tion loss is identical to that of a manual patch panel by utilizing standard LC/PC,
LC/UPC, or LC/APC connectors. This flexible patch-panel is a latching matrix
switch.

The drawbacks of this flexible robotic N × N switch include: (a) switching time
is slow, typically 1 minute per connection, (b) switching cannot be done in paral-
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lel but in the 1 minute time frame one connection can be made only (c) it may be
difficult to reduce cost since each port needs individual assembly (e) repeatability
depends on cleanliness of connectors (which have to be cleaned), (f) mating dura-
bility is limited, connectors can be plugged in about 1000 times, after that reliability
may degrade.

10.3 Liquid Crystal (LC)-Based Optical Switching

10.3.1 Operating Principals of Liquid Crystal Material for Optical
Switches

Liquid crystals (LC) are rod-like molecules in a state of matter that goes from crys-
talline → smectic → nematic → liquid as it is heated [50]. The optical properties
(refractive index and birefringence) of LCs depend on molecular orientation [51, 52]
and can be controlled by applying relative modest electric fields across LC cells, and
the change of the optical properties can be exploited to build 1 × 2, 2 × 2, and larger
N × N optical switches, and in particular, 1 × N wavelength selective switches
[52–54].

Liquid crystals are used in two ways for optical switching: (i) as programmable
polarization rotator and acting as digital actuator [55], or (ii) as programmable spa-
tial phase modulator for performing spatial beam steering and acting as analogue
actuation element [56]. Both, operation in transmission or reflective configurations
are possible. Depending on the alignment of the LC molecules (typically either par-
allel, vertical, or twisted), phase only, amplitude, or polarization of an incident light
beam are modified. Currently the most frequently used liquid crystal types are par-
allel aligned nematic (PAN), twisted nematic (TN), and smectic liquid crystals.

Liquid Crystal Polarization Switching Principle Both parallel aligned nematic
and twisted nematic liquid crystal cells can be used as a controllable polarization
rotator. Without applied voltage such cells continuously rotate incoming linearly po-
larized by 90°, i.e., s-polarized light is rotated to p-polarized light while p-polarized
light is rotated to s-polarization, as shown in Fig. 10.11(a) and (b). On the other
hand, when an appropriate voltage is applied to the LC cell, it behaves like a
piece of glass and both, s- and p-polarized light, keep their original polarization
(Fig. 10.11(c) and (d)).

For polarization induced switching a half-wave retardance is required as a half-
wave retarder can rotate the polarization of linearly polarized light to twice the angle
between the retarder fast axis and the plane of polarization. Therefore, placing the
fast axis of a half-wave retarder at 45° to the polarization plane results in a polariza-
tion rotation of 90°.

For switching the polarization state between two angles only, for example 0 and
90°, a twisted-nematic device is an excellent solution as it has a very simple driving
scheme [55, 57]: a high voltage (e.g. above ∼5 V) gives 0 rotation and a low voltage
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Fig. 10.11 Functionality of
LC polarization rotator

(e.g. below ∼0.5 V) gives 90° rotation, so that no tight control of operation voltage
is required nor are temperature changes an issue.

Multiple elements of TN or PAN LC polarization switches can be easily fabri-
cated by appropriately patterning an indium tin oxide (ITO) film on top of the LC.
ITO is transparent and electrically conducting and can be deposited as a thin film.
With a specially patterned ITO layer containing multiple electrodes, the pixels can
be controlled and switched (on/off) individually with an electric field.

Liquid Crystal Spatial Light Modulator Operating Principle A liquid crystal
spatial light modulator (LC SLM) has a pixel array of LC cells [56]. Both PAN
and TN LCs can be used for SLMs, and LC SLMs can be either transmissive or
reflective. An example of an LC SLM is a transmission PAN liquid crystal display
(LCD) SLM.

LCD SLMs based on transmissive LCD technology frequently have a small pixel
fill factor (around 60%), and the relatively large amount of optically inactive space
makes it difficult to achieve hitless and flexible passband operation. In addition,
compared to reflective solutions, the thickness of the LC layer needs to be doubled.

Another important LC SLM technology is liquid crystal on silicon (LCoS)
[58, 59]. LCoS technology has been developed for many years for image and video
display applications. This technology combines the unique light-modulating proper-
ties of LC materials and the advantages of high-performance silicon complementary
metal oxide semiconductor (CMOS) technology through dedicated LCoS assembly
processes. An LCoS device is reflective. LCoS SLMs can be used to modulate the
amplitude, phase, and/or polarization of optical beams with different configurations
and LC alignments. The architecture of LCOS devices is similar to that of conven-
tional LC devices except that a silicon backplane constitutes one of the substrates.

A schematic of an LCoS structure is shown in Fig. 10.12.
The silicon CMOS backplane comprises high-performance driving electronic cir-

cuitry, buried underneath the pixel array(s), which has (have) a very high fill factor
(>99%). The pixels are aluminum mirrors deposited on the surface of the silicon
backplane, typical sizes are in the range of 3 to 32 µm, and chips with XGA resolu-
tion have 1024 × 768 pixels, each with an independently addressable voltage so that
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Fig. 10.12 Liquid crystal on silicon spatial light modulator basic structure [58, 59]

the phase retardation of each pixel can be controlled. Typical LCoS cell dimensions
are: 1 to 3 cm2 size, ∼2 mm thickness, and a minimum pixel pitch of ∼2.8 µm.
A common voltage for all pixels is supplied by an ITO layer on the cover glass.
The dimensions of the LCoS cell are determined by the pixel size and the pixel
pitch.

For optical switching LCoSs are typically operated as spatial phase modulators,
and both PAN and TN LC technology can be used for “phase only” LCoS SLMs.
If the polarization of the incident light beam is parallel to the slow optical axis of
a PAN LCoS device, and if an appropriate phase distribution has been generated
across the pixels of the SLM, optical beam steering is achieved [60, 61]. For appro-
priate beam steering the phase modulation required is at least 2π in order to fully
modulate the phase of each pixel.

The principle of optical beam steering using LCoS SLMs is the same as phased
array beam steering. The diffractive optical phased array can be thought of as a quan-
tized, programmable multiple level phase grating [60]. As illustrated in Fig. 10.13
each ramp comprises several LCoS pixels, each pixel with an increasingly larger
phase delay, ranging from zero to 2π .

Detailed descriptions of the general characteristics of diffraction gratings can be
found in physics or optics text books (see also Chap. 9, Sect. 9.5) and will not be
repeated here. For beam steering the first diffraction order is usually chosen since it
has the highest diffraction efficiency.

Fig. 10.13 Generating a
digitized liquid crystal phase
grating using spatial light
modulation
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The more phase levels are used in the array, the closer the ramp comes to an
ideal ramp (instead of stair steps), and the higher the diffraction efficiency [60]. For
example, a binary phase grating ideally provides a diffraction efficiency of 40.5%
in each of the two first order diffracted beams. For a quantized phase grating using
three phase levels/pixels the ideal first order diffraction efficiency is 68.4%, and it
increases to 81% (87.5%, 94.9%) for 4 (5, 8) phase levels/pixels, respectively.

LCoS-based beam steering results in highly wavelength dependent switches in
contrast to fairly wideband operation of TN LC polarization switching. Therefore
optical space switches typically use TN LC polarization switching if wide passbands
are required. On the other hand, WSSs do not require wide passbands and therefore
LCoS beam steering is typically used for WSSs.

10.3.2 Liquid Crystal Optical Matrix Switch: 1 × 2, 2 × 2, N × N
and 1 × N Switches

1 × 2 Switches The basic principle of LC polarization-based optical switches [57,
62–67] is illustrated in Fig. 10.14 where PBS and PS represent a polarization beam
splitter and a polarization switch, respectively. It is obvious, that this 1×2 LC switch
is polarization dependent.

Polarization independent optical switching even with polarization dependent LC
devices can be accomplished, and Fig. 10.15 illustrates one example of turning the
polarization dependent 1 × 2 switch shown in Fig. 10.14 into a polarization in-
dependent 1 × 2 switch using polarization diversity optics. The beam displacing
prism (BDP) separates the un-polarized light into s- and p-polarized beams. The
p-polarized beam passes the half-wave plate (HWP) and is changed to an s-polarized

Fig. 10.14 Liquid crystal
polarization switch-based
1 × 2 polarization dependent
optical switch. (a) Switch to
output 1, (b) Switch to
output 2. PBS: polarization
beam splitter, LC: liquid
crystal, PS: polarization
switch
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Fig. 10.15 Liquid crystal
polarization switch-based
1 × 2 polarization
independent optical switch
using polarization diversity
optics. (a) Switch to output
port 1, (b) Switch to output
port 2. BDP: beam displacing
prism, HWP: half-wave plate,
PBS: polarization beam
splitter, LC: liquid crystal,
PS: polarization switch

beam. When the PS is in its “on” state, both beams are switched to p-polarization
and pass through the PBS and the HWP. After that both beams are changed to
s-polarization, pass through the polarization combining optics and are coupled into
output port 1 (Fig. 10.15(a)). When the LC PS is in its “off” state, both beams re-
main s-polarized, are reflected by the PBS, combined by the polarization combining
optics and coupled into output port 2 (Fig. 10.15(b)).

LC polarization switching typically has a polarization extinction ratio of about
20 to 25 dB, which is generally insufficient to meet crosstalk requirements of op-
tical switches. Double LC-PS elements in the light path enable to achieve double
crosstalk rejection so that the crosstalk level can be improved significantly.

Figure 10.16 illustrates how first order crosstalk from the first LC-PS1 can be
removed from the light path. When PS1 and PS2 are in the “on” state (Fig. 10.16(a)),
the switch is in the 1 → 1 state. First order crosstalk from PS1 is s-polarized light.
It is reflected by PBS to PS3 which is in its “on” state and changes the first order
s-polarized light to p-polarization, and as a consequence it is directed to other spots
instead of being coupled to output port 2. When PS1 and PS3 are in their “off” state
(Fig. 10.16(b)), the switch is in the 1 → 2 state. First order crosstalk from PS1 is
p-polarized light that passes through PBS to PS2, which is in its “off” state so that
p-polarized light remains p-polarized and is directed out of the light path. By using
this approach crosstalk of LC-PS-based optical switches can be improved to 40 to
50 dB.

In another configuration, but based upon the same principle, Fujii proposed to
use PBS and BDP and four TN-LC devices to achieve low crosstalk 1 × 2 optical
switching [65].
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Fig. 10.16 Optical crosstalk
reduction by using two
LC-PS elements in a light
path. (a) First order crosstalk
removal in output port 2,
(b) First order crosstalk
removal in output port 1.
HWP: half-wave plate, PBS:
polarization beam splitter,
BDP: beam displacing prism,
LC: liquid crystal, PS:
polarization switch

2 × 2 Polarization Independent Optical Switches LC-PS-based 2 × 2 optical
switches with polarization diversity optics were reported by Wagner [62] and later
by Soref [63, 64]. The 2 × 2 switch reported by Wagner used multi-mode fiber,
but the switching architecture applies to single mode fiber switches as well. The
schematic of the 2 × 2 optical switch, which uses a single LC-PS only, is shown
in Fig. 10.17. When the LC-PS is in the “on” state (no voltage applied), the switch
is in the bar state, i.e. 1 → 1 and 2 → 2 (Fig. 10.17(a)) while the “off” state (with
voltage applied) to the LC-PS corresponds to the cross state of the switch, i.e. 1 → 2
and 2 → 1 (Fig. 10.17(b)). Since only one LC-PS cell is used, the crosstalk for this
2 × 2 switch structure is about 20 dB.

Polarization independent 2 × 2 switches with lower crosstalk, enabled by using
four LC-PS elements, were reported in [66]. The concept is similar to that shown in
Fig. 10.16 and ∼40 dB interchannel crosstalk has been achieved.

Liquid Crystal-Based 1 × N Optical Switches Both LC-PS and LCoS enable
1 × N optical switches. LC-PS-based 1 × N switches require multiple stages to
enable multiple outputs. A total of log2 N stages of LC-PS cascaded switching
elements are required, and for the reduction of transient and static optical crosstalk
another stage of LC-PS is needed to turn the target channel off before the actual
signal is switched to that channel.

Figure 10.18 shows a 1 × 4 optical switch using three LC-PSs in two switch-
ing stages. The BDP1 and HWP are used for polarization diversity in the vertical
direction. The BDP1 and HWP in the input side are used for separating the s- and
p-polarized beams in the vertical direction (that is perpendicular to the paper sur-
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Fig. 10.17 LC polarization
switch-based 2 × 2
polarization independent
optical switch using
polarization diversity optics.
(a) Bar state with LC-PS in
off state, (b) cross state with
LC-PS in on state. PBS:
polarization beam splitter,
TIR: total internal reflection
prism

Fig. 10.18 Optical structure of the LC-PS-based 1 × 4 optical switch. LC PS: liquid crystal polar-
ization switch; BDP: beam displacing prism; HWP: half-wave plate

face) and make both beams to have the same s-polarization direction. The HWP and
BDP5 in front of the output ports are used for combining the two s-polarized beams
in the vertical direction.

Recently, chiral smectic liquid crystals (SmC*) polarization insensitive binary
phase gratings were reported. The LC is used as a programmable wave-plate and
the advantage of this configuration is that it offers polarization insensitive binary
phase modulators so that no polarization diversity is needed. Based on this, both
1 × N and 8 × 8 switches were reported, however, with high IL [69–72].

Performance of Liquid Crystal-Based 1 × 2, 2 × 2, and 1 × N Switches LC-
PS-based 1 × 2, 2 × 2, and 1 ×N space switches have been developed and commer-
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cialized in the past with reasonably good optical performance. These switches have
typically less than 1.5 dB IL, about 45 dB optical crosstalk, 1 to 20 ms switching
time, and they are very reliable with billions of switch cycles due to no moving parts.
The switches operate over the whole 1.55 µm band but the passband is not as wide
as that of opto-mechanical switches. In addition, LC-PS-based 1 × 2, 2 × 2, and
1 × N optical switches require a large number of optical components and are more
complicated than their opto-mechanical counterparts, which makes manufacturing
more demanding. For this reason opto-mechanical or MEMS switches dominate the
market for 1 × 2, 2 × 2, and 1 × N optical switches.

Liquid Crystal-Based N × N Optical Switches There were some proposals of
building N × N space switches using LC-PS activation elements [68]. Basically,
the 1 × 2 switching elements shown in Fig. 10.14 to Fig. 10.16 can be used to build
N × N optical switches with crossbar architecture (see Fig. 10.2). However, these
approaches are not very practical due to high loss and difficulties in manufacturing
and packaging.

10.3.3 Wavelength Selective Switches Using Liquid Crystal
Techniques

The first liquid crystal-based 1 × 2 and 2 × 2 WSSs were developed and manufac-
tured by Corning Inc. [54]. 1×1, 2×2, and 1×N WSSs using LC PS devices have
found widespread use [73] and are currently commercially available from CoAdna
Technologies [74]. The other kind of widely deployed liquid crystal 1 × N WSSs
uses LCoS SLMs and has become commercially available first from Finisar [75, 79]
and now from many vendors. Since liquid crystals easily scale in pixel number, these
WSSs can handle 96 or more DWDM wavelength channels and are operational with
flexible grid.

Liquid Crystal Polarization Switching-Based 1 × 2, 2 × 2, and 1 × N WSSs
The switching core of 1 × N WSSs are multiple 1 × N switches. One implemen-
tation, proposed by Kelly and coworkers, uses LC-PS and birefringent wedges to
direct the input optical beam to two or more output directions controlled by LC po-
larization switches [76], as illustrated in Fig. 10.19. The birefringent wedge deflects
s-polarized light at a larger angle than p-polarized light, the polarization of the light
hitting the wedge is controlled by the voltage across the LC PS cell, and as a con-
sequence the output beam can be switched between two different output directions
(Fig. 10.19(a) and (b)).

1 × N switches can be obtained by cascading log2 N stages of such LC-PS and
birefringent wedge assemblies as shown in Fig. 10.19(c). Finally, Fig. 10.19(d)
shows a 1 × 4 switch based on two LC-PS/birefringent wedge assemblies plus a
regular wedge prism to adjust the deflection angles of the beams to be symme-
tric. The four possible output beams exhibit two different polarization directions
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Fig. 10.19 Beam deflection by LC PS plus birefringent wedge(s) [76]. (a) Single LC PS stage in
“off” state (voltage applied), (b) Single LC PS stage in “on” state (no voltage applied), (c) 1 × N

switch (schematic), (d) 1 × 4 LC PS switch with symmetric output

Fig. 10.20 Schematic illustration of 1 × 4 LC/wedge switching array-based WSS [76]

(Fig. 10.19(d)), and if that is not desirable, a third LC-PS may be added to manage
the polarization directions so that all possible output beams have the same orienta-
tion of polarization.

Figure 10.20 shows an actual 1×4 LC/wedge switching array-based WSS. There
are 1 input and 4 output fibers, and both input and output ports have fiber collimators
and polarization diversity optics. A dispersive reflective grating separates the input
beams into different angles according to the wavelengths.

The number of discrete wavelengths to be handled by a WSS determines the pixel
number of the LC-PS array. A fixed (e.g. 50 GHz) channel spacing, 96 wavelength
1 × 4 WSS requires 96 pixels. For a flexible passband with 25 GHz resolution, the
minimum number of pixels is 192.

LC-PS can operate either reflectively, transmissively or transflectively, but ope-
rating in reflective mode offers several advantages. A reflective device has a much
smaller footprint and lower part count since a reflective device utilizes the same
components for demultiplexing and multiplexing of the optical signals. In addition,
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the optics of a reflective device is self-aligning in contrast to transmissive devices
where the multiplexing optics must mirror the demultiplexing optics to a very high
degree to obtain best performance. Also, double pass through the LC PS cell may
improve the extinction ratio, the size of the channel blocking window, and switching
speed.

There are many other kinds of 1 × N WSS architectures using LC PS devices,
however, the basic principle is still the same. Liquid crystal PS-based 1 × N WSSs
have been widely deployed for optical transport network and other applications.
Commercially available 1×N WSSs have up to 30 output ports with variable attenu-
ator function and packaged in a small package. Insertion loss is typically <5 dB with
about 30 dB extinction ratio. These WSSs also offer flexible, flat top passband with
25 GHz resolution. Switching times are in the 1 ms to 100 ms range.

Liquid Crystal-on-Silicon-Based 1 × N WSSs WSSs using LCoS switching el-
ements rely on multiple phase gratings formed in LCoS technology where each
phase grating is used for steering a particular wavelength to the output port wanted.
The concept shown in Fig. 10.4 enables LCoS-based 1 × N WSSs, however, due
to various reasons these tend to be bulky and difficult to fit into a standard telecom
shelf/blade and therefore alternative approaches are required.

Frisken proposed a modified LCoS-based 1 × N WSS architecture that uses
cylindrical lenses (CL) to handle the optics requirement of both the switching and
wavelength axis [77]. Figure 10.21 shows a schematic of the 1 × N WSS operating
in reflective mode. The top view (Fig. 10.21(a)) shows the dispersion plane while
the side view (Fig. 10.21(b)) shows the switching plane. The key points of this
solution are: (i) CL1 and CL3 collimate light in the wavelength dispersion plane
but do not affect light beams in the switching plane, while CL2 collimates light in
the switching plane and does not affect light beams in the wavelength dispersion
plane. (ii) The diffraction grating element (in transmissive mode) angularly sepa-
rates the input wavelength channels into multiple channelized wavelength beams.
(iii) The image of each of the spatially separated beams is a highly asymmetric el-
lipse (∼700 µm × 25 µm) with its major axis in the switching plane, and the zones
of the LCoS device match the elongated spatially separated wavelength bands.

Fig. 10.21 Schematic representation of 1 × N WSS operating in reflective mode (after [77]).
(a) Top view illustrating wavelength dispersion plane, (b) side view illustrating switching plane.
CL: cylindrical lens
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Fig. 10.22 General concept
of 1 × N WSS using liquid
crystal on silicon with
polarization diversity optics,
(a) perspective view, (b) top
view [77]. FA: fiber array,
MLA: micro-lens array, WP:
Wollaston prism, BC:
birefringent crystal, HWP:
half-wave plate, CRM:
cylindrical reflective mirror,
RGP: reflective grating prism,
RAP: right angle prism

LCoS SLM switches have a number of advantages compared to MEMS solutions
such as large modulation depths, no moving parts, low power dissipation, poten-
tial for large aperture operation, and low cost. Nematic LCoS devices are used for
commercially available 1 × N WSSs from Meadowlark Optics [55], HOLOEYE
Photonics AG [59], Hamamatsu [80], and others.

A compact polarization independent 1 × N WSS switch using an LCoS and a
reflective grating is shown in Fig. 10.22 [77]. The design has been widely used
for commercially available 1 × N WSSs offered by Finisar Corporation [78, 79].
In this approach light is dispersed and focused in one plane and collimated in the
orthogonal plane so that the LCoS utilized for switching between input and output
ports operates on one polarization state of light only and this polarization diversity
scheme does not require two sets of switching elements for the two polarization split
beams (Fig. 10.22(b)).

Operation of the device can be understood from Fig. 10.22(a) where the vari-
ous sub-components of the switch are: fiber array (FA), micro-lens array (MLA),
Wollaston prism (WP), birefringent crystal (BC) e.g., YVO4 or calcite, half-wave
(λ/2) plate (HWP) assembly, cylindrical reflective mirror (CRM), reflective grat-
ing prism (RGP), and right angle prism (RAP). Any port can be chosen to be the
input port and all others are the output ports. The BC and the HWP can be im-
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plemented in such a way that polarization dependent path length differences are
reduced, and furthermore the CRM can include a conic term in the definition of
its curvature (to produce a cylindrical mirror) as an additional means for equaliza-
tion path length differences of differently polarized beams, and as a consequence
the WSS will have low polarization mode dispersion. The top view (Fig. 10.22(b))
illustrates the polarization diversity operation. If light from differently polarized
beams overlaps in the same LCoS region, the same grating can be used for redirect-
ing both images, and this is possible if light paths have been equalized sufficiently.
The phase shift applied by the LCoS determines to which output port the light is
directed.

There are applications that require a certain amount of coupling between ports
including less efficient “images” for optical signal attenuation or optical power split-
ting, and these demands can be met by many different algorithms. There are also
other ways to do polarization diversity, e.g. using two different LCoS zones for the
two orthogonal polarization directions. That will double the control complexity, but
requires less strict optics.

LCoS 1 × N WSSs have become a mature technology that has proven itself in
current applications of 50 GHz multiport WSSs for ROADMs. The introduction of
flexible grid for 1 × N WSSs doesn’t introduce any new hardware requirements to
be qualified and can be implemented on existing optical hardware designs without
compromising in any way the reliability of the devices. LCoS-based 1 × N WSSs
can offer about 12.5 GHz channel spacing and the flexible grid for the LCoS is
intrinsic. LCoS-based 1×N WSSs typically have ∼5 dB insertion loss and ∼35 dB
extinction ratio.

Recently, a WSS approach that uses a silica-based PLC-front end and LCoS has
been proposed to achieve very high port count, in particular a corresponding 1 × 95
WSS [81].

Liquid Crystal-on-Silicon-Based N × N WSSs N × N WSS technologies are
not mature enough for industry applications but have gained much research interest.
One example are LCoS-based 2 × 2, 3 × 3, and 2 × 4 WSSs [77, 82]. Higher port
count N ×N WSSs are based so far on multiple 1 ×N WSSs using e.g. the Spanke
architecture.

It has also been suggested to use the 1×N WSS architecture shown in Fig. 10.22
for making 2 × 2 or 3 × 3 WSSs by using a more complicated LCoS phase only
SLM image, which is a programmable hologram that combines multiple deflection
properties for different beams [77]. However, this method cannot scale to larger
N × N WSSs with N > 3.

Recently Han et al. demonstrated a similar 2 × 4 WSS based on LCoS techno-
logy [82]. Optical beams from two input ports can be simultaneously switched on
a 50 GHz grid to any one of the four output ports. The 2 × 4 WSS demonstrated
has 8 dB insertion loss, ∼25 dB isolation, it is polarization dependent, and the im-
plementation of polarization diversity will significantly increase the overall system
complexity. Based on these principles, Finisar introduced a 4 × 16 wavelength-
selective optical switch covering the entire C-band that has a worst case 6.5 dB
insertion loss [79].
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10.4 Waveguide-Based Optical Switches

10.4.1 Generic Aspects

Waveguide-based optical switches enable the manipulation of light guided in in-
terconnected planar waveguides based upon different activation mechanisms such
as the electro-optic-, thermo-optic-, acousto-optic-, and the magneto-optic effect
[2, 83]. There are also waveguide-based MEMS optical switches, which will be dis-
cussed in Sect. 10.5.2.2.

Waveguide-based optical switches are 2D devices, they constitute 1 × 2 or 2 × 2
switches in their own right but larger switching fabrics can also be built by cas-
cading, and many different architectures have been proposed and realized already.
The operating principle of generic planar 2 × 2 (or 1 × 2) switching structures is
illustrated in Fig. 10.23 but there are quite a few other variants [2, 83].

Switching relies on the modification of the effective refractive index in one or
both waveguide (WG) arms, which is accomplished by external means, in particular
an applied voltage or heating, i.e. by exploiting the electro-optic- (see e.g. Chap. 8,
Sect. 8.2.1.4) or the thermo-optic effect. The refractive index change introduces a
phase change of the propagating wave and this modifies coupling between modes
(a) or interference at the device output (b). Operation of a digital optical switch
(DOS) relies on mode sorting in such a way that light propagating in the funda-
mental mode is directed to the arm with higher index of refraction, and the index
difference required can be achieved electro- or thermo-optically [83, 84]. A DOS ex-
hibits a step-like response once the WG asymmetry has become sufficiently large,
and therefore DOSs are highly insensitive to wavelength, polarization, and other
physical parameters that may normally affect device operation.

Microring resonators (MRR) are another generic element for the implementation
of switches and switching matrices, and corresponding devices have been fabricated
in III–V semiconductors (GaAs- and InP-based alloys) and in the SOI material sys-
tem as well, and switching has been demonstrated thermo-optically [85] and by

Fig. 10.23 Generic 2 × 2 electro-optic switch structures: (a) directional coupler (switch),
(b) Mach-Zehnder interferometer switch, (c) digital optical switch
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carrier injection also [86]. Switching based upon the resonance shift of a single
MRR is of limited practical use as the resonance is rather narrow [87], but higher
order MRR with multiple rings enable sufficiently broad pass bands, and an 8 × 4
TO switching matrix has already been demonstrated [85]. However, as it is a 2D
switch architecture, the number of switching elements scales as N2 for an N × N

switch, which limits the fabrication and usefulness of larger MRR-based switching
matrices. Switching power can be fairly low while the total insertion loss tends to be
large due to the multi-stage cascade. A flexible-bandwidth WDM crossbar switch
architecture suitable for use in high performance computing and data center appli-
cations has recently been proposed and analyzed [88]. Its capability ranges from
static all-to-all wavelength connectivity to on-demand µs-scale dynamically allo-
cated multiple-wavelength connectivity and its realization in silicon photonics is
estimated to be quite feasible.

Altogether MRR-based switches have not yet achieved commercial relevance
but are still in the R&D stage and will therefore not be treated in more detail in the
present chapter.

10.4.2 Electro-Optic Waveguide Optical Switches

Electro-optic (EO) switches fall essentially into two categories: They either rely
on the Pockels effect (see e.g. Chap. 8, Sect. 8.2.1.4), which modifies the material
refractive index by an applied voltage (LiNbO3, III–V semiconductors), or on carrier
injection in materials without Pockels effect (Si).

10.4.2.1 LiNbO3-Based Switches

LiNbO3 (LN) exhibits a large electro-optic effect, high quality large wafers (>4 inch
diameter) are readily available, waveguides can be fabricated by proven planar tech-
nologies (Ti diffusion or proton diffusion) [2, Chap. 2], and LN-based EO switches
have been investigated and fabricated over the past 30 years [89–94].

LN-based EO switches are reliable, compact, and thermally stable. The underly-
ing physics of EO switches offers switching times <1 ns although the capacitance
of the electrodes renders this time somewhat longer in reality. Their drawbacks in-
clude relatively high insertion loss and crosstalk, and they may exhibit polarization
dependence including PDL. Polarization independence is possible, but at the cost of
higher driving voltage, which in turn limits the switching speed. LN EO switches
are particularly attractive for high speed switching and small port counts.

Commercially available devices include 1 × 2, 2 × 2, 1 × 8, 1 × 16, and 8 × 8
optical switches [94]. They may have <10 ns switching time (sub-ns on request),
about <4 dB insertion loss for a 1 × 2 or 2 × 2, and <5 dB for a 1 × 8 switch,
and driving voltages are typically several volts. Crosstalk is ∼18 dB, which is fairly
high compared to other kinds of optical switches, however, double-stage designs can
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suppress the crosstalk to better than 30 dB. 1 × 2 and 2 × 2 switches do also find
application as high speed modulators and are offered with >30 GHz bandwidth,
suited for 40 Gbit/s modulation [94], and polarization switches are also commer-
cially available. Higher port count switches are generally obtained by cascading
2 × 2 switches, and the accumulated loss essentially limits this approach to 1 × 16
switches. Operation wavelengths of LN switches do typically cover the C- and the
L-band.

Digital optical switches have also been realized in LiNbO3 beginning with the
demonstration of the concept [84] and including a 1 × 32 switch matrix [95] or a
4 × 4 switch matrix [96]. For a detailed treatment of DOSs see e.g. [97, 98].

10.4.2.2 Electro-Optic Switches in SOI

Silicon photonics [99] (silicon-on-insulator (SOI) -based photonics) enables the
monolithic integration of electro-optic switches or switching matrices with digi-
tal complementary metal-oxide-semiconductor (CMOS) drivers, and this is consi-
dered particularly promising [100, 101]. As there is no Pockels effect in silicon, EO
switches operate with free carrier injection. SOI-based electro-optic switches have
been demonstrated with both MRR [102, 103] and MZI [104–108] architectures.
MRR architecture electro-optic switches typically have narrow wavelength pass-
band while broad wavelength band switches have been achieved with MZI struc-
tures. The power consumption of such a switch is caused by the electro-optic modu-
lation to attain a π -phase shift, and using longer modulation arms has been verified
to have lower power consumption. A 2 × 2 switch element exhibited 0.6 mW power
consumption and 6 ns switching time [106]. Another example of a device realized
in SOI is a non-blocking 4 × 4 electro-optic switch matrix, which exhibits fairly
low (routing state dependent) power consumption in the range for various states
from about 2 mW to 24 mW and 5 to 6 ns switching time, enabled by 1.2-mm-long
modulation arms [108].

Typically SOI electro-optic switches have switching times comparable to that of
LN-based electro-optic devices but with sub-mW power consumption only. How-
ever, these switches still suffer from high IL and low extinction ratio and may only
be used for building very small port count switches. The 2D nature of the underlying
switch architecture limits scalability.

10.4.3 Waveguide-Based Thermo-Optic Switches

Thermo-optic (TO) switches have been realized both, as Y-branch (DOS) and as
interferometric structures in various materials [83]. The main difference between
EO and TO switches is the much longer switching time of TO switches, which
ranges from sub-ms to tens of ms.
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10.4.3.1 Silica-Based PLC Thermo-Optic Switches based on MZI Structures

Silica-based PLCs [109, 110] have been developed for many applications and with
a multitude of subcomponents, including thermo-optic switches, e.g. for building
wavelength selective switches and ROADMs. One important design parameter for
WGs in PLCs is the index difference Δ between core and cladding. Typically
0.5% ≤ Δ ≤ 2% is used as a compromise between sufficiently low loss (the smaller
Δ the better) and compact PLC design (the larger Δ the better). Table 10.1 compares
properties of silica WGs for Δ = 0.75% and Δ = 1.5% [111].

Additional aspects of silica-based PLC technology are covered in numerous pub-
lications (see e.g. [109, 110]) and will therefore not be repeated here.

Single MZI 2 × 2 switches exhibit typical extinction ratios of about 25 to 35 dB.
Improved optical crosstalk levels can be obtained using two cascaded MZIs for
building a 2×2 cross-point switching unit (which is not a full 2×2 crossbar switch)
as shown in Fig. 10.24. This double-MZI design achieves a particularly high extinc-
tion ratio in the bar-path because light power leaking from the first MZI is blocked
by the second MZI in the off-state [110–114], and this property is important for ma-
trix switches where the bar-path extinction ratio is more important than that of the
cross-path [9, 111].

PLC-based thermo-optic 1 × N switches and N × N switching matrices have
been a research topic for many years [112–120], and 1 ×N thermo-optical switches
have become commercially available with sizes up to 1 × 128, to be used e.g. for
sharing a single optical channel monitor in multiple channel power monitoring.
PLC-based non-blocking switching matrices with port count up to 16 × 16 have
been made commercially available also, serving as a compact, stable, and reliable
solution for the implementation of optical cross connects [118]. Characteristics of
the 1 × N and N × N devices include <3 dB insertion loss (or <3.5 dB for swit-
ching matrices), loss uniformity <1 dB, PDL <0.4 dB (<0.5 dB for matrices),
extinction ratio >40 dB, and <3 ms switching time. Total power consumption is
<4.5 W (<9 W) for a 1 × 8 (1 × 128) switch or a 8 × 8 (16 × 16) switching matrix.

Table 10.1 Properties of Silica Waveguides

Waveguides Δ = 0.75% Δ = 1.5%

Propagation loss 3.5 dB/m 7.9 dB/m

Fiber coupling loss 0.4 dB 2.0 dB

Minimum bend radius 5 mm 2 mm

Fig. 10.24 Basic 2 × 2
cross-point switching unit
with double-MZI switch
configuration for crosstalk
reduction
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Larger switching matrices (32 × 32) have already been reported but are still in
the R&D stage [119]. PLC-based switching matrices tend to be fairly large, e.g. a
16×16 matrix based upon WGs with Δ = 0.75% and using double-MZI cross-point
switching units has been reported to result in 100 × 107 mm2 chip dimensions so
that the switch (just) fits into a 6 inch wafer [111–114] while a 1 × 128 switch using
WGs with Δ = 1.5% has been demonstrated on a 4 inch wafer [115].

10.4.3.2 Polymer-Based PLC Thermo-Optic Switches

Polymers on silicon constitute another highly mature materials platform (besides
silica or SOI). It enables the fabrication of complex PLCs including thermo-optic
switches, variable optic attenuators (VOA), and power taps, but it also serves as a
platform for hybrid integration of passive and active elements (see Chap. 13).

The refractive index change of amorphous polymers is predominantly due to
their density change, so that a high coefficient of thermal expansion (CTE) re-
sults in a large thermo-optic effect. Enablence [122] has developed polymers with
dn/dT ≈ −4 × 10−4/◦C, which is 40 times larger than the TO coefficient of silica,
and 3 to 5 times larger than that of common optical polymers such as polymethyl-
methacrylate (PMMA) and polycarbonate. An important benefit is that power con-
sumption of TO switches gets the lower the higher the EO coefficient is. Further-
more, organic polymers exhibit low insertion loss (≤0.1 dB/cm at all key com-
munication wavelengths, i.e. 840 nm, 1310 nm, 1550 nm), low fiber to waveguide
coupling loss (<0.3 dB), two orders of magnitude smaller birefringence than sili-
ca, wide controllability of refractive index contrast (maximum Δn is an order of
magnitude larger than that achievable in silica), environmental stability, ease of hy-
bridization, high yield, and low cost [122–124].

Polymer-based PLC TO switches include DOSs, a schematics of which has been
shown in Fig. 10.23, and it should be added here that the angle of the Y-branch
is very small, typically 0.1° [122]. The power consumption for such a switching
unit (by heaters on top of the WG arms) is about 35 mW, which is much smaller
than for TO switches in silica. Y-branch DOS units can be connected with bends
and crossings to form M × N switching matrices, and a 1 × N switch requires
(n − 1) 1 × 2 Y-branch switching units. A strictly non-blocking N × N switching
matrix can be fabricated with 2N(N − 1) 1 × 2 switches using a recursive tree
structure, as shown in Fig. 10.25. The total number of 1 × 2 DOSs needed for N ×
N non-blocking, recursive tree structure switches as a function of N is shown in
Table 10.2.

Figure 10.26 shows a 2 × 2 (or cross-bar) DOS built with four 1 × 2 units. This
switch operates in the bar state by powering the four inner electrodes while powering
the four outer electrodes results in the cross state. Switch sizes from 2 × 2, 4 × 4,
8×8, to 16×16 are currently commercially available. The 8×8 cross-bar switches
exhibit 40 mW power dissipation per DOS (total ∼2 W), 3 dB insertion loss, and
45 dB extinction ratio, mainly limited by crosstalk at the crossings. Switching time
is about 3 ms.
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Fig. 10.25 Architecture of
8 × 8 DOS-based switching
matrix based on recursive tree
structure. Each box represents
a 1 × 2 switch [122]

Table 10.2 Number of 1 × 2
switches needed in planar
strictly non-blocking N × N

switches using recursive tree
structure [122]

N Number of 1 × 2 switches

2 4

4 24

8 112

16 480

32 1,984

64 8,064

128 32,512

256 130,560

512 523,264

1024 2,095,104

Fig. 10.26 Schematic
diagram of a 2 × 2 Y-branch
digital thermo-optic
switch [122]

Path-independent loss N ×N architectures with twice the number of 1×2 DOSs
are possible in the same way as for silica-based MZI switches. However, the larger
number of 1 × 2 switches raises power consumption and insertion loss. On the other
hand, silica-based MZI 16 × 16 switches cannot use a recursive tree structure since
the number of electrodes in combination with the much higher power consumption
per switching unit will result in unacceptably high total power consumption.
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Concerning power consumption of switching matrices it is worthwhile to note
that a single actuation unit in silica-based technology requires about 15 times more
energy than a polymer Y-branch DOS unit. On the other hand, an asymmetric MZI
switching unit does not need power when in the bar (off) state. As a result the total
power consumption of 8 × 8 switches is comparable, no matter whether they are
based on a silica MZI-switch or a polymer Y-branch DOS architecture.

The largest strictly non-blocking N × N switch fabricated so far has been
16 × 16 [122] while significantly larger devices have been designed and are in early
development stages [125]. However, due to complexity, power consumption, and
limited wafer size, building matrix switches larger than 32×32 using polymer WGs
is still very challenging.

10.4.3.3 SOI-Based Thermo-Optic Switches

SOI-based thermo-optic switches [126] have also found an increasing interest re-
cently, and silicon wire-based TO switches that use the large TO coefficient of
silicon can be considered very promising. Table 10.3 gives a comparison of key
characteristics of silica- and SOI-based PLCs [127]. The higher refractive index of
Si enables very compact devices, which is favorable for the fabrication of larger
switching fabrics, the significantly higher TO coefficient is particularly useful for
TO switches in general, and switching matrices ranging from 2 × 2 to 32 × 32 have
been reported [128–133].

One interesting proposal has been a silicon-silica hybrid TO switch architecture
that integrates low power silicon optical switches in a hybrid silica structure so that
the low-loss fiber chip coupling and the long term stability of silica PLCs is com-
bined with a silicon low power consuming optical switch [127].

10.4.3.4 Thermo-Optic Switch-Based 1 × N WSS

The integration of multiple wavelength demuxes/muxes plus a 1×N switch for each
wavelength results in a 1 × N WSS that can be realized on a single chip, and a cor-
responding 1 × 9 WSS with 8 wavelength channels has been demonstrated in [134].
The (potential) advantages of waveguide-based 1 × N WSSs include low cost and

Table 10.3 Characteristics of silica-based PLC and silicon photonics [127]

Characteristics Silica-based PLC Silicon photonics

Refractive index 1.45 3.4

Core size (µm × µm) 5 × 5 0.5 × 0.2

Fiber connection loss Small Large

Minimum bending radius (mm) 1 0.005

Thermo-optic coefficient (per °C) 1 × 10−6 18 × 10−6



516 S. Yuan and J.E. Bowers

high reliability, but with respect to narrow passband, low channel count, and inser-
tion loss these switches are inferior to alternative solutions, and as a consequence
TO switch-based 1×N WSSs have not found as widespread use as LC-based 1×N

WSSs.

10.4.3.5 Thermo-Optic Switch-Based M × N Multicast Switch

An optical multicast switch (MCS) is a compact and cost-effective optical switch
with colorless, directionless, and contentionless functionality, which enhances the
operational flexibility of multi-degree reconfigurable optical add/drop multiplexers
[135–137]. Optical MCSs combine silica- or polymer-based PLCs, TO switches and
splitters/couplers, integrated on a single chip.

An M × N multicast switch comprises M 1 × N splitters as input units and N

M × 1 switches as output units, which are interconnected in between. An M × N

MCS works as an MCS for optical signals propagating from one of the M inputs
to the output ports. On the other hand, if an M × N MCS is operated in the back-
ward direction, i.e. optical signals propagate from the N output ports to the M input
ports, the switch works only as a select-and-combine optical switch without multi-
casting function. Depending on IL and isolation specifications, different structures
of M × N MCS can be utilized. Figure 10.27 shows examples of TO 8 × 8 MCSs
(for light propagation from right to left they represent an 8 × 8 MCS, while they
constitute a 8 × 8 select-and-combine switch for light propagating from the right
to the left). A conventional 8 × 8 MCS comprises 8-arrayed 1 × 8 splitters or cou-
plers and 8-arrayed 8 × 1 switches, and those chips are separated and connected
via a 64-fiber circuit sheet in order to avoid too many waveguide crossings on a
PLC chip, as shown in Fig. 10.27(a). Corresponding chips were packaged into a
240 mm × 95 mm × 12.5 mm module [135, 136]. A different circuit configuration
that integrates the 1 × M splitters and the TO switches into a single chip was pro-
posed and fabricated to offer a smaller package and lower insertion loss [135, 137],
as shown in Fig. 10.27(b). It should be pointed out that in references [135–137] the
authors treated the 8 × 8 MCS as a select-and-combine switch from left to right
and described it to have 8-arrayed 1 × 8 switches (comprising eight 1 × 2 switch-
ing elements cascaded serially, with a gate switch placed after each 1 × 2 switching
element) and 8 × 1 combiners (comprising seven 2 × 1 coupler/combiner elements,
placed between the stages of the switch elements). Considering signals propagating
through the 8 × 8 MCS from right to left, the optical signal passes a 1 × 8 splitter
and a 8 × 1 switch before it exits from one of the output ports. This circuit config-
uration reduces the maximum number of waveguide crossings by 75%, establishes
an even number of crossings between the paths, and allows single chip integration
of 8 × 8 multicast switches with 110 mm × 15 mm chip size, and a fiber pigtailed
module size of 150 mm × 45 mm × 13 mm.

Optical 4×8, 8×8, 8×16, and 8×12 MCSs have been commercialized and are
available from Enablence [121], Neophotonics [138] and other vendors with similar
optical performance.
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Fig. 10.27 (a) Conventional and (b) single chip circuit configuration of PLC-based multicast
switch

10.5 MEMS-Based Optical Switch Technologies

10.5.1 Generic Aspects

One of the most promising technologies for optical switches with up to hundreds of
ports is micro-electro-mechanical systems (MEMS) technology [139–144]. MEMS-
based optical switches exhibit low loss, low crosstalk, low power consumption,
small size, and reasonable speed adequate for most network reconfigurability re-
quirements. Furthermore, MEMS fabrication techniques allow the integration of
micro-optics, micro-actuators, complex micromechanical structures, and possibly
microelectronics on the same substrate to realize integrated optical microsystems.

MEMS fabrication techniques utilize the mature fabrication technology of the In-
tegrated Circuit (IC) industry. The fact that silicon is the primary substrate material
used in IC circuitry and that it also exhibits excellent mechanical properties makes
it the most popular micromachining material. MEMS optical switches can be fabri-
cated using two popular micromachining technologies, surface micromachining and
bulk micromachining, or a combination of both [141–143].

Bulk micromachining is the most mature and simple micromachining techno-
logy, sometimes called the etching/subtraction process as silicon is removed from
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the bulk silicon substrate by etchants, anisotropic or isotropic ones. Anisotropic
etchants etch different silicon orientation planes at different rates while isotropic
etchants remove silicon evenly in all directions.

Surface micromachining is a more complex fabrication technique, and complex
3D mechanical structures can be created using alternate layers of sacrificial and
structural materials. Free-standing 3D mechanical structures are formed by etching
away the sacrificial layers. The patterned material is left as thin-film free-standing
mechanical structures, suspended over the substrate according to the thickness of
the etched sacrificial layer.

There are two approaches to implement MEMS optical switches: 2D and 3D
MEMS switches that use digital or analogue actuators, respectively, and 2D MEMS
switches can be classified into two types: 2D free-space MEMS switches and 2D
MEMS waveguide switches. Furthermore, 3D MEMS can be arranged in arrays to
realize multiple 1 × N switches for switching individual wavelengths in WSSs.

10.5.2 2D MEMS Switches

10.5.2.1 2D MEMS Free-Space Optical Switches

2D MEMS free-space switches use digital actuators/mirrors for switching and can
be used to implement 1 × 2, 2 × 2, and N × N free-space optical switches.

Figure 10.28 shows a generic schematic of a 2D switch [139, 144] with vertical
reflective “digital” mirrors: They reflect a light beam by 90° if they are in the light
path, while light propagates straight if the mirrors are out of the light path. One
micromirror only in a column and in a row can be activated to be in the reflection
position during operation. Light propagates in free space, and collimation of light
coming from and going to the fibers is accomplished by micro-lens arrays.

The first 2 × 2 MEMS switch was reported in 1996 [145], and 1 × 2 and 2 × 2
switches were subsequently commercialized for testing, measurement, and optical
protection applications [34, 145–149]. Insertion loss was <0.6 dB and some the
devices had latching functionality [149].

Fig. 10.28 Schematic of 2D
MEMS optical switch
[139, 144]
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There are two basic ways for the actuation of 2D MEMS mirrors: (i) the mirrors
are parallel to the substrate in the off position and, when actuated, are turned to the
vertical (on) position by rotating the mirror by 90° [145, 150–152], (ii) the vertical
micromirrors are moved in and out of the optical path vertically or laterally with-
out changing the mirror angle [146, 147, 153–155]. 2D switches have been imple-
mented by using both bulk-micromachining [145–147] and surface-micromachining
technologies [150, 151, 153], and most approaches use electrostatic actuation but
magnetic actuation has also been demonstrated [146, 151].

The (maximum possible) port count of free-space 2D MEMS switches is de-
termined by various factors such as MEMS mirror size, fill factor (mirror width
divided by unit cell width), mirror angle accuracy, beam spot size, and path length
differences, which can be kept sufficiently small up to 64 × 64 switch size. Chip
size may also be a limiting factor, but the main limitations for reaching large port
count free-space 2D MEMS optical switches are not so much fundamental physical
limits but rather related to the N2 dependence of scalability, i.e. chip size, complex-
ity, amount of mirrors, and control electrodes grow ∼N2 for N × N port switches
[156, 157]. This affects overall reliability and packaging so that the port count is
essentially limited to ∼32 × 32 ports while 8 × 8 and 16 × 16 switches had become
commercially available. Typical characteristics are <3.5 dB insertion loss, switch-
ing time <7 ms, crosstalk >50 dB, and PDL can be managed to be sufficiently small
(<0.4 dB).

10.5.2.2 2D MEMS Waveguide Switches

2D MEMS waveguide switches use optical waveguides for beam propagation and
MEMS actuators to enable switching. A corresponding solution implemented in the
SOI materials platform with 50 × 50 ports and scaling potential to even 100 × 100
ports has been recently reported, a schematic and an SEM picture of the structure
are shown in Fig. 10.29 [158–160].

Fig. 10.29 (a) Schematic and (b) SEM picture of 2D MEMS waveguide optical switch in SOI
materials platform [158–160]
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The N2 switching elements of this N × N switch are implemented as pairs of
directional couplers with one arm of the directional coupler placed on a MEMS
cantilever serving as activation element. In the off state the spacing between the two
waveguides in the directional couplers is >1 µm preventing any light coupling. For
the on state, the spacing is reduced to 250 nm so that light couples to the waveguide
on the MEMS cantilever, is then turned by 90° through the waveguide, and finally
couples back to the substrate waveguide through the second directional coupler.

The waveguides around the directional couplers have been made fully suspended
by selectively etching the buried oxide and are anchored at the waveguide crossings.
The size of the unit cell is 160×160 µm2, and the reported 50×50 switch with 2,500
switching elements has a chip size of 7.6 × 7.6 mm2. The insertion loss of such
N × N switches is determined by the waveguide propagation loss (∼0.2 dB/cm),
insertion loss due to waveguide crossings (0.01 dB/crossing, number of crossing
passed varies between N −1 and 2N −1), and the switching element loss (measured
as 0.2 dB). The reported 50 × 50 switch has a maximum on chip insertion loss of
9.6 dB (8.8 dB loss for propagation through 98 cells and 0.8 dB loss for switching)
and high extinction ratio (>50 dB). For a 100 × 100 switch the total on chip loss is
estimated to be 10 dB [160]. Switch response times have been measured as 0.85 µs
(on) and 0.47 µs (off), the fiber coupling loss from waveguide to standard single
mode fiber is ≤6 dB/interface, and the adiabatic coupler switch ensures broadband
operation (1400 to 1700 nm wavelength range).

10.5.3 3D MEMS Switches

10.5.3.1 General Aspects

3D MEMS mirrors switch a signal from one input fiber to a selected output fiber
using a pair of MEMS mirrors and fiber collimators and applying analogue beam
steering, and an N × N switch requires 2N switching elements [160, 161]. 3D
MEMS constitutes one of the most promising concepts for achieving very large
switching port counts (e.g. from 32 to 2000).

10.5.3.2 3D MEMS Mirror Arrays

The key building block of 3D MEMS switches are MEMS mirror arrays, and the
relevant parameters include:

MEMS Mirror Size and Fill Factor: The typical size of MEMS mirrors for large
scale optical switches is in the range from 100 µm to 2 mm. The mirror matrix
can have a simple or an interleaved j × k design, and the mirror reflective sur-
face can be round, elliptical, or square. Larger mirror size and higher fill factor
enable better tolerance and shorter path lengths. However, high fill factors tend to
raise static and dynamic crosstalk, and making mirrors too big increases the pitch
resulting in greater path lengths or the need of higher deflection angles.
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MEMS Mirror Deflection Angle: 3D MEMS mirrors deflect optical beams indepen-
dently in both the x- and the y-axis direction. Higher deflection angles allow
shorter optical path lengths, which make the overall system more compact and
less sensitive to vibrations and improve insertion loss. On the other hand, high
deflection angles reduce the reflectivity and raise polarization dependent loss.

MEMS Mirror Resonance Frequency and Driving Voltages: The MEMS mirror is a
mechanical resonator and has an intrinsic resonance frequency, and this is a very
important characteristics as well as the Q factor. The relationship between deflec-
tion angle and driving voltage is also important in designing the driving circuit and
the feedback control loop.

MEMS Mirror Reflectivity, Flatness, and Curvature: The MEMS mirror reflective
surface is typically coated with a layer of aluminum or gold, resulting in high re-
flectivity over a wide wavelength range (92% and >95% reflectivity, respectively)
from 1260 nm to 1700 nm. Flatness requirement is typically < λ/10 at 632.8 nm
and the mirror curvature radius should be >0.5 m.

MEMS Stability, Angular Drift, and Control Systems: Stability of the mirror plays
a critical role in the complexity of the control schemes and the reliability of the
overall system. MEMS switches need to have a life time of longer than 10 years,
and in order to assure low insertion loss over its life time, some sort of power
monitoring and feedback control is needed but even under these circumstances the
long or short term drift of MEMS deflection angles is typically required to be <0.1
degree.

Yield of MEMS Mirror Arrays: A proven concept for assuring high yield of MEMS
mirror arrays comprising large numbers of mirrors is designing the mirror array
with an appropriate number of spare mirrors [161].

10.5.3.3 Examples of MEMS Mirror Arrays

Surface-micromachined two-axis mirror arrays for building MEMS N ×N switches
with N of the order of 100s were reported in [162–164], and one early example of
such a mirror that was used for the Lucent/Agere WaveStar™ LambdaRouter™
switch, is shown in a scanning electron microscope micrograph in Fig. 10.30 [162–
164].

The basic element is a 500 µm-diameter round gimbal-mounted reflective mirror
suspended from a fixed frame using a gimbal ring and four torsional springs, two for
each axis. The MEMS mirror is attached to the ring by a second set of assemblies
and can rotate with respect to the ring around a second orthogonal axis, thus achie-
ving two degrees of freedom of tilt. The MEMS mirrors are arranged in an array
with 1 mm pitch. The mirrors are tilted by applying voltages to fixed electrodes
located underneath the mirror and the gimbal ring and have a mechanical deflection
angle of about 6.5°. Two electrodes per axis are necessary because of the attractive
nature of the electrostatic force. The electrostatic actuator is effectively a capacitor
with negligible steady-state power consumption and no heat dissipation on chip,
allowing for densely integrated arrays of many hundreds of micromirror devices.
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Fig. 10.30 Surface-
micromachined
beam-steering
micromirror [163]

Fig. 10.31 Bulk-micromachined single crystal MEMS micromirror structure with simple parallel
plates [165]

Another bulk-micromachined single crystal MEMS design with simple parallel
plates was developed by GlimmerGlass Inc. [165]. A multilayer ceramic substrate
was used for the driving electrodes, routing, and sealing, and provided the mechani-
cal support for MEMS mirrors and drivers. The mechanical mirror structure is fab-
ricated separately, and the two parts are bonded to form a parallel-plate electrostatic
actuated 3D-MEMS mirror array, as shown in Fig. 10.31. The gimbaled mirror ar-
ray was micromachined into the device layer of an SOI wafer. An SOI handling
layer provided mechanical support and separation between mirrors and electrodes.
The parallel plate is prone to intrinsic snap down resulting in unstable MEMS mirror
operation, and in order to prevent electrostatic snap down failure, a third, snap guard
layer was bonded to the top of the MEMS mirror layer, serving as a mechanical hard
stop for the mirror movement. The mechanical deflection angle of these mirrors is
typically <4.5°.

The other kind of MEMS mirrors use vertical comb drive actuators, also based
on electrostatic actuation, was first reported in [166], and [167], and several varia-
tions of vertical comb drive mirrors have been reported subsequently, including self-
aligned vertical combs, angular vertical combs, electrostatically assembled vertical
combs, and thick vertical combs (100 µm) attached to mirror edges on double sided
SOI wafers [167–174]. Bulk micromachined micromirrors with vertical comb drive
actuators do not have the snap-down failure effect, which increases both the stabili-
ty of such MEMS structures and the actual deflection angles. In addition, compared
to parallel plate structures, micromirrors with vertical comb drive offer much larger
torques so that the operating voltage can be smaller and the resonance frequency can
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be higher. At the same time vertical comb drive offers much higher deflection angles,
which is particularly advantageous for 3D MEMS switch applications. Calient has
been using vertical comb drive actuators to fabricate 2-axis MEMS mirror arrays
reliably since 2000 with mirrors having high mechanical deflection angles of more
than 20° [175, 176].

10.5.3.4 2D High Port Count High Precision Fiber Collimator Arrays

Fiber collimator arrays containing an array of optical fibers and a corresponding
array of micro-lenses constitute another key element of 3D MEMS-based switches.
An important characteristics of fiber collimator arrays is their beam pointing error,
which has been confirmed to be <1 mrad for 98% of the beams, and this can be
achieved if the fiber position accuracy is ±1 µm and the micro-lens pitch error and
focal length variations of the micro-lens array are sufficiently small: A wave front
aberration of a tenth of a wavelength may cause the path to have observable IL
penalty already.

Micro-lens arrays need to be monolithically integrated and can be manufactured
in high volume. So far refractive micro-lenses are the best choice for large port
count MEMS optical switches since they offer low loss performance over a broad
wavelength range. In contrast, diffractive lenses have high chromatic aberration that
causes high wavelength-dependent loss so that they should be used for narrowband
designs only. Both silicon and glass micro-lenses can be used for the telecom wave-
length range (1260 nm–1650 nm). The lens shape is typically spherical, and for the
same insertion loss target, lens shape accuracy requirements vary for different ma-
terials as a function of refractive index. For example, comparable radius curvature
non-uniformity causes much more focal length variations for glass than for silicon
lenses. The lens shape accuracy and the radius of curvature uniformity specifica-
tions for glass lenses are 5 times higher than those for silicon lenses so that silicon
micro-lens arrays [179] are better suited for the applications under consideration
here. A ±1% focal length uniformity over the complete lens array guarantees suffi-
ciently uniform optical spot sizes, and a pair of fiber collimator arrays will typically
have about 0.4 to 0.6 dB IL.

10.5.4 3D MEMS N × N Optical Switches

10.5.4.1 3D MEMS Switch Architectures, General Aspects

Various 3D MEMS optical switch architectures have been proposed and realized
during the past 20 years with different switch port count, mirror deflection angle,
pitch, fill factor, MEMS mirror stability, path-length, total packaging size, and op-
tical performance such as insertion loss and crosstalk. For all these architectures,
the input and output fibers are either arranged in the same or in two fiber collimator
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Fig. 10.32 Different 3D MEMS switch architectures, (a) parallel dual plane design [162, 163,
175], (b) flat mirror single plane design [165], (c) dual plane design with separated input/output
and Fourier lens [184–186], (d) curved mirror single plane design with separated input/output
[182]

2D array(s), and the optical beams are steered in three dimensions by two stages of
2-axis micromirrors. The two MEMS mirror arrays (for both, inputs and outputs)
can be in one chip or in two chips.

The most relevant designs are:

(a) Parallel dual plane design [162, 163, 175], as shown in Fig. 10.32(a)
(b) Flat mirror single plane design [165] that uses a fiber collimator array that has

both inputs and outputs (Fig. 10.32(b))
(c) Dual plane design with separated input/output and Fourier lens [184–186]

(Fig. 10.32(c))
(d) Curved mirror single plane design with separated input/output [182]

(Fig. 10.32(d))
(e) Roof-type mirror single plane design [189]
(f) 4F design with separated input/output [187]

Four examples of the architectures are shown in Fig. 10.32. The parallel dual
plane design, as illustrated in Fig. 10.32(a), constitutes one of the most important
and widely used structures [161–163], and the Calient switch as well as various
implementations by Lucent Technologies, discussed in more detail below, are based
upon this design. It has been demonstrated that optical switches with port count up to
thousands are possible with this architecture, however, larger maximum deflection
angles are required in order to keep the path lengths short [198, 199].
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10.5.4.2 Calient 3D MEMS Switches

Calient developed a 384 × 384 non-blocking optical switch with very good optical
performance based on the configuration shown in Fig. 10.32(a) [175, 176]. Due to
the symmetrical design, both input and output mirrors require the same maximum
deflection angles (up to ±20°). The MEMS array is shown in Fig. 10.33(a). The
typical relationship between the driving voltage and the mechanical deflection angle
is shown in Fig. 10.33(b). The optical path length is 46 mm to 55 mm, with an
average mirror-mirror separation of 26.9 mm.

Large scale optical switches with 3D MEMS mirrors generally need a feedback
control system so that time and/or temperature dependent variations of (a) MEMS
deflection angles (b) high voltage driver output voltages, and (c) mechanical align-
ments can be compensated by fine-tuning the MEMS mirrors.

Switch feedback control can be implemented either as a direct or an indirect
monitoring system, and direct monitoring can be implemented in several ways, e.g.
using the customer input light and tap couplers or internal light of an un-used band
and wavelength division multiplexing. A 3D MEMS optical switch architecture with
direct power monitoring (similar to the one used by Calient) is shown in Fig. 10.34.
Each input/output fiber has a 1 × 2 beam splitting coupler to tap a small portion of
the power, which enables the switch path insertion loss to be measured.

Fig. 10.33 (a) 400 mirror 3D MEMS array, (b) relationship between driving voltage and mechan-
ical deflection angle for MEMS mirrors as shown in (a)

Fig. 10.34 3D MEMS
switch system architecture
with optical power
monitoring functions
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Fig. 10.35 Insertion loss performance of Calient 3D MEMS switch. (a) Theoretical and measured
insertion loss distribution for a 360×360 switch, (b) insertion loss distribution for different switch
sizes, all data for 1.55 µm

The insertion loss for each path of an optical switch can be calculated by using
fiber collimator measurement data and taking the optical configuration into account.
Calculated and measured overall system insertion loss values at 1550 nm for all
129,600 paths of a 360 × 360 optical switch are shown in Fig. 10.35(a). The mea-
sured overall system insertion loss includes switch core loss and loss of connectors
and the power monitoring unit. Compared to the modeling the experimentally de-
termined loss is slightly higher and has a wider distribution, which is partly due to
connector variations. Furthermore, insertion loss increases as the port counts gets
larger as shown in Fig. 10.35(b), where the measured insertion loss from an actual
switch is shown for different port counts.

The wavelength dependent loss variation for the O-, S-, C-, and L-bands are very
small (<0.8 dB), with 1550 nm insertion loss typically larger than loss at 1310 nm
(in agreement with theoretical calculations). The E-band exhibits about 1 dB addi-
tional wavelength dependent loss due to the water peak of the fiber couplers. This
peak can be removed by using water-peak removed fiber couplers.

Other critical optical parameters of 3D MEMS switches are return loss, direc-
tivity, polarization dependent loss, crosstalk, and switching time. The return loss
is dominated by the return loss of the fiber collimators, and measured values vary
from 42 dB to 55 dB with typical values of 46 dB. The directivity is about 70 dB.
Different paths of a switch have different PDL, measured values are <0.2 dB and
typical PDL is 0.05 dB.

Static crosstalk is measured to be better than 60 dB and it is primarily due to
adjacent ports while non-neighboring ports have typically 80 dB static crosstalk.
Dynamic crosstalk occurs only when a new connection is set up, and worst values
observed during beam scanning amount to 30 dB. Switching time for Calient MEMS
switches is <50 ms. The resonance frequencies of the MEMS mirrors are of the
order of 400 to 600 Hz. Moving the mirrors too rapidly excites the resonant mode
of the mirror and causes ringing of the optical signal, but a special voltage or driving
profile to control the movement of MEMS mirrors assures low ringing of the optical
signal and fast switching time. The feedback control of the 3D MEMS switches
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may cause signal fluctuations during active control cycles and therefore the MEMS
mirror movement steps have to be carefully chosen in order to ensure small optical
signal fluctuations.

Finally it should be mentioned that the Calient 3D MEMS switch discussed so far
can be scaled to more than 1000 × 1000 ports with reasonably low optical insertion
loss with the same kind of MEMS mirrors and similar optical design [177].

10.5.4.3 Miscellaneous 3D MEMS Switches

Glimmerglass 3D MEMS Switches The flat mirror single plane design deve-
loped by Glimmerglass and illustrated in Fig. 10.32(b) [165, 178] uses a fiber col-
limator array that has both input and output ports and a MEMS mirror array in a
single plane, serving as both input and output MEMS mirrors. A flat mirror reflects
the optical paths back to the MEMS mirror array. In this design, any port can be used
as input or output port, any port can be switched to any port, and a non-symmetric
number of input and output ports is possible. For example, if the total switch has
192 mirrors, the switch size can be 1 × 191, 96 × 96, 32 × 160, etc. as long as the
input port count and output port count make the total amount of 192. Glimmerglass
offers a 96×96 switch based upon the flat mirror single plane design (Fig. 10.32(a))
and uses a dual plane design for its 192 × 192 3D MEMS switch (Fig. 10.32(c)).
The switch uses bulk-micromachined parallel plate beam-steering micromirrors (see
Fig. 10.31) with about <4° deflection angle [165]. The 192 × 192 switch has a typi-
cal (maximum) insertion loss of 1.7 (3.7) dB, 20 ms switching time, 70 dB crosstalk,
and offers direct optical power monitoring and feedback control loops.

Fujitsu 80 × 80 Switch Fujitsu has proposed and implemented a roof-type mirror
single plane design for an 80 × 80 switch, which uses two-axis tilt comb-driven 2D
MEMS mirror arrays with V-shaped torsion bars for the 3D MEMS switch [188].
The MEMS mirrors have maximum deflection angles of ±5°. Mean insertion loss
amounts to 2.6 dB with a variation from 1.5 to 4.0 dB. Another characteristic feature
is the fact that input and output ports are pre-assigned [189].

Lucent Technologies 3D MEMS Switches Lucent Technologies has reported 3D
MEMS switches with different architectures, and the 3D MEMS switch commer-
cialized first was the “LambdaRouter” using the parallel dual plane design (see
Fig. 10.30 and Fig. 10.32(a)) [162–164, 180, 181]. The low deflection angles of
the MEMS mirrors used resulted in long optical paths and high insertion loss.

Lucent also demonstrated 238 × 238, 256 × 256, and 1100 × 1100 3D MEMS
switches using a lensed dual plane design, i.e. a structure with a Fourier lens between
the two MEMS mirrors [184–186] (see Fig. 10.32(c)). The Fourier lens enables
lower total insertion loss even if low deflection angles of the MEMS mirror ar-
ray (about 5° mechanical deflection angle on both axes) are used. The 238 × 238
switch exhibited 1.33 dB mean insertion loss with a loss variation from 0.8 dB to
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2 dB [184] while a mean fiber-to-fiber insertion loss of 2.1 dB and maximum inser-
tion loss of 4.0 dB across all possible connections were reported for the 1100×1100
switch [186]. This is the largest 3D MEMS switch demonstrated so far and clearly
demonstrates the potential of the Fourier lens in improving the insertion loss.

The 4F design with separated input/output is another concept developed by Lu-
cent Technologies and implemented for a 100 × 100 switch [187]. Its key features
are two 4F imaging systems, which make the design rather complex. It has been
demonstrated that the 4 F imaging system is more than ten times less sensitive to
microlens-to-fiber misalignment, however, the insertion loss (2.9 dB mean, variation
from 1.4 to 4.5 dB) is higher than observed for switches using similar MEMS mir-
rors with comparable port count but alternative design. Altogether the performance
of these switches did not meet expectation and the concept does not appear to be
particularly promising.

In general Lucent Technologies MEMS switches include integrated power moni-
toring for each fiber and feedback control [183], however, switch systems with open-
loop control were also reported [184].

NTT MEMS Switch NTT fabricated silicon single crystal 1024 channel parallel
plate MEMS mirrors for 3D MEMS switch applications [190], and also developed
a 100 × 100 switch and a fully functional 128 × 128 switching system with mean
loss of 2.6 dB and insertion loss variations from 0.6 to 4.8 dB [191–193]. NTT
also demonstrated a 512 × 512 optical switch based upon a curved mirror design
that also has two separated MEMS planes with separated inputs/outputs. The design
exhibits characteristics essentially similar to that of the design with flat mirror but
offers reduced deflection angles and smaller beam spot size on the mirrors, which
improves clipping loss. The 512 × 512 switch exhibited a mean insertion loss of
∼5 to 6 dB and variations from 2 to 11 dB [194].

3D MEMS Switch with Indirect Monitoring An interesting variant of the 3D
MEMS architecture that uses the flat mirror single plane design and indirect optical
monitoring was proposed and demonstrated in [195]. The goal of the architecture
is to offer a cost effective feedback loop to control MEMS mirror movement with-
out directly monitoring the optical power inside an optical fiber. Out-of-band light
is injected along each of the beam paths and imaging sensors are used to moni-
tor the beams deflected from the MEMS mirrors so that the mirror position can be
monitored and direct feedback control for the MEMS mirrors is possible. The ad-
vantages of this indirect optical monitoring include compact design with dark fiber
connection ability. The feedback control system can track and correct MEMS mirror
drift and driver voltage drift, however, it cannot track mechanical structure changes
of the many optical components, so that the optimized position from the feedback
control system may not be the best position for the switch to have lowest insertion
loss. Since the optical power from the fibers is not directly monitored, the feedback
control system may have tracking errors.

Concluding Remark There are other approaches that seek to build modular
MEMS optical switches [196], which do not use monolithic but smaller MEMS



10 Optical Switches 529

mirror chips in a modular way so that the switch size can be enlarged by adding
switching modules.

The Clos architecture can be used for the implementation of much larger port
counts, however, due to the three stage switching architecture, insertion loss in-
creases considerably.

Altogether, MEMS optical switches have matured in the past, commercial pro-
ducts have become available, and MEMS optical switches have been deployed
for lab automation, telecom applications, and recently in data centers. Scaling 3D
MEMS optical switches from about 360 × 360, which represents the current state-
of-the-art (see, however, the section on Lucent switches above), to extreme large
port counts in the range of several thousands is possible and corresponding research
and development is ongoing [197–199].

10.5.5 3D MEMS-Based Wavelength Selective Switches

10.5.5.1 3D MEMS-Based 1 × N Wavelength Selective Switches

The first MEMS-based WSS built was a wavelength blocker for an ROADM, which
is a 1 × 1 WSS [200–205]. Wavelength blockers use a 1D array of MEMS mirrors
with one axis of deflection to achieve the attenuation/blocking function on each
wavelength channel. A wavelength blocker is simpler than a 1 × N WSS, but the
basic principle is the same.

A 3D MEMS-based 1 × N WSS can be designed according to the generic il-
lustration in Fig. 10.4 (with a 3D MEMS mirror array with multiple mirrors in a
1D array taken as optical switching element) [206–211]. Incoming light is angu-
larly separated by the transmission grating, a collimating lens transfers the angularly
dispersed wavelengths to different MEMS mirrors which can pivot in both x- and
y-directions, and redirect each wavelength slice to the corresponding output port
through the diffraction grating.

For hitless operation, the 2-axis MEMS mirror movements have to follow a
special pattern to avoid unwanted leakage. Sometimes one axis is used for swit-
ching only and the other is used for switching and attenuation. Wavelength selective
switches should be compact so that the package fits into a blade space of a tele-
com rack, and reflective grating-based 1 × N WSS designs are favorable in this
respect as reflective gratings fold the optical light path resulting in compact design.
A corresponding 1 × 4 WSS was demonstrated by Lucent Technologies [207], and
Wu et al. reported a 1 × 32 WSS [208–211].

The WSSs reported in [207–211] have circular optical beams. However, since
the MEMS mirrors can be rectangular or elliptical, the optical beam must not nec-
essarily be circular. If the beam is elliptical and the long direction is aligned to
the grating dispersion direction, a better wavelength resolution can be achieved
while the short extension in the other direction keeps the height of the optics
small.
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Fig. 10.36 1 × N WSS
schematic using elliptical
beams. (a) Schematic optical
setup of 1 × N WSS with
cylindrical lens and
cylindrical reflective mirror,
(b) schematic optical setup of
a 1 × 43 WSS with
anamorphic prism pair [213]

Two corresponding architectures have been proposed already, one of them using
a cylindrical lens and a cylindrical reflector (see Fig. 10.36(a)), the other one using
an anamorphic prism pair (see Fig. 10.36(b)). In Fig. 10.36(a), the reflective grating
is used to disperse different wavelength beams to different MEMS mirrors in the
wavelength dispersive plane while the cylindrical lens combines the beams in the
switching plane. This way the beam in the x-direction is much bigger than in the
y-direction on the MEMS mirrors, and the beams in y-direction are much larger
than in x-direction on the diffractive grating surface. This architecture is used to
build many commercially available 1 × N WSSs [212]. In Fig. 10.36(b), the same
principal was implemented by an anamorphic prism pair. Based on this architec-
ture, a 1 × 43 WSS with 40 channels at 100 GHz channel spacing was demon-
strated [213].

The performance of the MEMS micromirror array has a significant influence
on the performance of the WSS [214]. Micromirror arrays used in 1 × N WSSs
include electro-magnetic or electrostatic actuations. The most important parameters
are high deflection angles, high fill factor, low angle drift, mirror size, and pitch to
match the grating dispersion. Most mirror arrays have a pitch of about 100 µm with
a fill factor of >98%. The total mirror number in a row is typically the same as the
channel number. However, in order to enable flexible passbands, a larger number of
mirrors (e.g. twice the channel number or even more) is needed, and that makes the
design of corresponding 1 × N WSSs difficult as flexible passbands require smaller
pitch and larger numbers of MEMS mirrors to be actuated.
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10.5.5.2 3D MEMS-Based N × N Wavelength Selective Switches

Making N ×N WSSs is a very challenging task. N ×N WSSs have N ×m MEMS
mirrors where m is the total wavelength channel number. For an 8 × 8 WSS with
40 channels, each MEMS array has 320 mirrors. Furthermore, 100% MEMS mirror
yield is required, the MEMS mirror size is very small, it should have >92% fill
factor, and should be arranged in a 2D array with about 10 degree deflection angle,
which is also challenging.

The majority of N × N WSSs are constructed with multiple 1 × N WSSs in a
Spanke configuration, and due to the availability, reliability, and modularity of 1×N

WSSs such N × N WSSs have been widely used in ROADMs.
However, there is research directed toward building integrated N × N MEMS

WSSs. One example of an N × N all optical wavelength selective optical cross-
connect switch architecture was proposed by O. Solgaard et al. [20]. This approach
uses an array of MEMS mirrors for the full functionality of N × N port optical
wavelength switching. It requires two MEMS mirror arrays to steer different wave-
lengths to different ports, and the wavelength selective routing apparatus uses a
diffraction grating to separate the multi-wavelength signals to individual wavelength
channels.

Another concept to build an N × N WSS has been proposed and demonstrated
by integrating AWG devices with MEMS mirrors [215–217], which resulted in par-
ticularly narrow passbands [217].

More recently, an experimental 5 × 5 WSS with 46 wavelength channels and
100 GHz spacing has been demonstrated [218]. The two MEMS arrays used as
switching engines are composed of 46 × 5 micromirror arrays monolithically in-
tegrated on each MEMS chip. The reported insertion loss is 35 dB with a 15 dB
extinction ratio.

A 4 × 4 WSS for 8 CWDM wavelength channels using a monolithic SOI chip
comprising four 4 × 1 MEMS wavelength-selective switches and four 1 × 4 pas-
sive splitters, together with a 4 × 4 waveguide shuffle network is another reported
approach [219]. An 8-element micromirror array matching the CWDM (1470 to
1610 nm) grid with 20-nm spacing was integrated in the waveguide, and the MEMS
mirror is actuated by a rotary comb-drive actuator. The demonstrated 4 × 4 WSS
has 24 dB insertion loss with 25 dB crosstalk.

All experimentally demonstrated N × N WSSs discussed above have very high
loss, and significant additional effort is needed in order to make these N ×N WSSs
suited for system applications.

An alternative approach to build an N × N WSS is to use individual wavelength
demux/mux and a large port count optical switch to integrate them together. Using
Calient’s S320 320 × 320 switch, 8 demux and 8 mux, an 8 × 8 WSS with 40
channels and 100 GHz channel spacing has been implemented [220]. The WSS had
about 11 dB total IL and is a low cost solution. The drawback is the narrow passband
due to cascading individual mux and demux.
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10.6 Piezoelectric Optical Switches

Other variants of optical switches include piezoelectrically actuated optical switches
developed by Polatis [221–224]. Unlike 3D MEMS mirrors, the piezoelectric actu-
ators are used as the switching elements that steer the optical beams in free space
from input ports to output ports.

Two approaches for piezoelectric-actuator-based N × N switches have been im-
plemented by Polatis. One approach uses piezoelectric-actuators for moving the tip
of the fiber to steer the beam, as shown in Fig. 10.37. The lateral movement in x- and
y-direction is translated to the deflection angle of the optical beam through a lens.
Each fiber is associated with a lens for this purpose. The lens also collimates the
light signal from the fiber to a collimated beam. The optical signal passes directly
from the input to the output fibers in free space through two lenses. The design of
the switch is highly depending on how small the fiber/actuator assembly and the
maximum displacement of the piezoelectric actuator are. An alternative approach
uses a piezoelectric actuator to move a fiber collimator assembly as a whole unit
and making the connection [221–224].

Comparing the two approaches shows that moving fibers requires smaller dis-
placement while the loss is higher since the fiber is off the center of the lens, which
causes aberration induced insertion loss.

Polatis offers optical switches based on piezoelectric beam steering technology
from 4×4 to 192×192, with a recent announcement of 384×384 switches. The ad-

Fig. 10.37 Schematic of
piezoelectric N × N optical
switch [221–224]
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vantages of these switches are their low insertion loss (minimum 0.4 dB, worst case
2.8 dB not including connectors), modularity, and insertion loss stability. Disadvan-
tages include higher cost and difficulties in packaging density and displacement of
the piezoelectric elements.

10.7 Summary and Outlook

Optical switches continue to improve in performance with lower loss, lower back-
reflection, better spectral characteristics. Integration continues to expand, resulting
in lower cost, smaller size and higher reliability. Telecom and datacom networks
continue to increase in capacity, which drives the demand for high capacity op-
tical switching rather than electrical switching. The integration of optical ampli-
fiers allows such switching networks to scale to larger sizes, although with some
drawbacks. The optimum switch architecture depends on the application, and con-
sequently, a wide range of switch technologies and architectures continue to be re-
searched and commercialized.

References

1. R. Ramaswami, K. Sivarajan, Optical Networks: A Practical Perspective (Morgan Kauf-
mann, New York, 1998)

2. T.S. El-Bawab, Optical Switching (Springer, New York, 2006)
3. G.I. Papadimitriou, C. Papazoglou, A.S. Pomportsis, Optical Switching (Wiley-Interscience,

Hoboken, 2007)
4. C. Li, Principles of All-Optical Switching (Wiley/Science Press, Beijing, 2015)
5. G.A. Fish, B. Mason, L.A. Coldren, S.P. DenBaars, Compact, 4 × 4 InGaAsP–InP optical

crossconnect with a scaleable architecture. IEEE Photonics Technol. Lett. 10(9), 1256–1258
(1998)

6. Generic requirements for singlemode fiber optic switch, Telcordia Technologies Generic Re-
quirements, GR-1073-Core (Piscataway, NJ, 2011)

7. T. Shimoe, K. Hajikano, K. Murakami, Path-independent insertion loss optical space switch,
in Opt. Fiber Commun. Conf. (OFC’87), Reno, NV, USA (1987), Techn. Digest, paper WB2

8. T. Nishi, T. Yamamoto, S. Kuroyanagi, A polarization-controlled free-space photonic switch
based on a PI-loss switch. IEEE Photonics Technol. Lett. 5, 1104–1106 (1993)

9. K. Padmanabhan, A.N. Netravali, Dilated networks for photonic switching. IEEE Trans.
Commun. COM-35(12), 1357–1365 (1987)

10. R.A. Spanke, Architectures for large nonblocking optical space switches. IEEE J. Quantum
Electron. QE-22(6), 964–967 (1986)

11. C. Clos, A study of non-blocking switching networks. Bell Syst. Tech. J. 32, 406–424 (1953)
12. M.L. Heitner, J.J. Song, R. Vianna, Folded Clos architecture switching, US patent number

6696917 (2000)
13. W.T. Anderson, J. Jackel, G.K. Chang, H. Dai, W. Xin, M. Goodman, C. Allyn, M. Alvarez,

O. Clarke, A. Gottlieb, F. Kleytman, J. Morreale, V. Nichols, A. Tzathas, R. Vora, L. Mercer,
H. Dardy, E. Renaud, L. Williard, J. Perreault, R. McFarland, T. Gibbons, The MONET
project-a final report. J. Lightwave Technol. 18(12), 1988–2009 (2000)



534 S. Yuan and J.E. Bowers

14. K.S. Jepsen, U. Gliese, B.R. Hemenway, S. Yuan, K.S. Cheng, J.E. Hurley, L. Guiziou, J.W.
McCamy, N. Boos, D.J. Tebben, B. Dingel, M.J. Li, S. Gray, G.E. Kohnke, L. Jiang, V.
Srikant, A.F. Evans, J.M. Jouanno, Network demonstration of 32λ× 10 Gb/s across 6 nodes
of 640 × 640 WSXCs with 750 km Raman-amplified fiber, in Opt. Fiber Commun. Conf.
(OFC’2000), Baltimore, MD, USA (2000), Techn. Digest, paper PD35

15. M. Adams, ROADM and wavelength selective switches perspectives for fiber optic manu-
facturing test engineering, JDSU Technical White Paper (2008)

16. Finisar Corporation, Wavelength selective switches for ROADM applications, Finisar Cor-
poration WSS ROADM Product Guide (2011)

17. P. Wall, P. Colbourne, C. Reimer, S. McLaughlin, WSS switching engine technologies, in
Opt. Fiber Commun. Conf. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’08), San Diego,
CA, USA (2008), Techn. Digest, paper OWC1

18. E.G. Loewen, E. Popov, Diffraction Gratings and Applications (Marcel Dekker, New York,
1997)

19. J.L. Wagener, T.A. Strasser, Multiple function digital optical switch, US Patent
No. 8,086,080 (2011)

20. O. Solgaard, J.P. Heritage, A.R. Bhattarai, Multi-wavelength cross-connect optical switch,
US Patent 6,374,008 (2002)

21. Calient Technologies, S-320 optical circuit switch datasheet. http://www.calient.net/
products/s-series-photonic-switch/ (2013)

22. B.C. Collings, Advanced ROADM technology and architecture, in Opt. Fiber Commun.
Conf. (OFC’15), Los Angeles, CA, USA (2015), Techn. Digest, paper Tu3D.3

23. www.enablence.com, Enablence technologies, Inc., iMS™ M ×N Multicast switch modules
(2010)

24. P.G. Hale, R. Kompfner, Mechanical optical fibre switch. Electron. Lett. 12(15), 388 (1976)
25. W.J. Tomlinson, Application of GRIN-rod lenses in optical fiber communication systems.

Appl. Opt. 19, 1127–1138 (1980)
26. SELFOC Product Guide, manufacturer’s literature on fiber collimators, NSG America Inc.,

NJ, USA (1997)
27. CASIX Inc, Technical specifications for C-lens. http://www.casix.com/products/glass-optics/

telecom-optics/c-lens.shtml
28. S. Yuan, N.A. Riza, General formula for coupling-loss characterization of single-mode fiber

collimators by use of gradient-index rod lenses. Appl. Opt. 38, 3214–3222 (1999)
29. D. Marcuse, Loss analysis of single-mode fiber splices. Bell Syst. Tech. J. 56, 703–719

(1977)
30. H. Kogelnik, Coupling and conversion coefficients for optical modes, in Proceed. Symp.

Quasi-Optics, ed. by J. Fox. Polytechnic Brooklyn, Brooklyn, NY, USA. Polytechnic Insti-
tute Microwave Research Institute Symposia Series, vol. 14, pp. 335–347 (1964)

31. www.senko.com, Senko advanced components, fiber array and V-groove (2013)
32. P.M. Garel-Jones, M.R. Harman, T.P. Cutts, Opto-mechanical device having optical element

movable by twin flexures, US Patent No. 5594820 (1995)
33. H.-S. Lee, Miniaturization of gradient index lens used in optical components, US Patent

No. 6088166 (2000)
34. www.diconfiberoptics.com
35. W.-Z. Li, Q. Shao, Mechanical optical switching device, US Patent No. 6215919 (1999)
36. Y. Fujii, J. Minowa, T. Aoyama, K. Doi, Low loss 4 × 4 optical matrix switch for fiber-optic

communications. Electron. Lett. 15(14), 427–428 (1979)
37. J. Minowa, Y. Fujii, Y. Nagata, T. Aoyama, K. Doi, Nonblocking 8 × 8 optical matrix switch

for fibre-optic communications. Electron. Lett. 16(11), 422–423 (1980)
38. J.E. Ford, D.J. DiGiovanni, D.J. Reiley, 1 × N fiber bundle scanning switch, in Opt. Fiber

Commun. Conf. (OFC’98), San Jose, CA, USA (1998), Techn. Digest, pp. 143–144
39. J.E. Ford, D.J. DiGiovanni, 1 × N fiber bundle scanning switch. IEEE Photonics Technol.

Lett. 10(7), 967–969 (1998)

http://www.calient.net/products/s-series-photonic-switch/
http://www.calient.net/products/s-series-photonic-switch/
http://www.enablence.com
http://www.casix.com/products/glass-optics/telecom-optics/c-lens.shtml
http://www.casix.com/products/glass-optics/telecom-optics/c-lens.shtml
http://www.senko.com
http://www.diconfiberoptics.com


10 Optical Switches 535

40. M. Mizukami, M. Makihara, S. Imagaki, K. Sasakura, 200 × 200 automated optical fiber
cross-connect equipment using a fiber-handling robot for optical cabling systems, in Opt.
Fiber Commun. Conf. (OFC’15), Los Angeles, CA, USA (2015), Techn. Digest, paper OFP5

41. K. Saito, M. Nishimura, T. Yamanishi, H. Koboyashi, T. Katagiri, M. Tachikura, Optical fiber
switching device having one of a robot mechanism and an optical fiber length adjustment
unit, US Patent No. 5613021 (1995)

42. N. Tamaru, Y. Nishida, T. Kanai, J. Yamaguchi, T. Shoji, Optical fiber cross connection
apparatus and method, US Patent No. 5784515 (1998)

43. J. Arol, Z. Ganor, Self-aligning opto-mechanical crossbar switch, US Patent No. 6859575
(2005)

44. K. Goossen, Robotic optical cross-connect, US Patent No. 6307983 (2001)
45. S. Sjolinder, Mechanical optical fibre cross connect, in Proc. Photon. Switching, Salt Lake

City, UT, USA (1995), paper PFA4
46. B. Pnini, Z. Ganor, R. Cohen, M. Eizenshtat, Optical crossbar switch, US Patent No. 8107779

(2007)
47. www.fiberzone-networks.com
48. A.S. Kewitsch, Large scale, all-fiber optical cross-connect switches for automated patch-

panels. J. Lightwave Technol. 27(15), 3107–3115 (2009)
49. www.telescent.com/tswitch
50. www.emd-performance-materials.com/en/display/lc_materials/lc_phases/lc_phases.html
51. P. Yeh, C. Gu, Optics of Liquid Crystal Displays, 2nd edn. Wiley Series in Pure and Applied

Optics, vol. 1 (Wiley, Hoboken, 2010)
52. R.A. Soref, Low-cross-talk 2 × 2 optical switch. Opt. Lett. 6, 275–277 (1981)
53. J. Prisco, A low-crosstalk liquid crystal optical switch. J. Lightwave Technol. LT-3, 37–38

(1985)
54. J. Kondis, B.A. Scott, A. Ranalli, R. Lindquist, Liquid crystals in bulk optics-based DWDM

optical switches and spectral equalizers, in IEEE/LEOS Internat. Conf. Opt. MEMS, Piscat-
away, NJ, USA (2001), Techn. Digest, pp. 292–293

55. Meadowlark product catalogue 2009–2010, www.meadowlark.com, pp. 45–62 (2010)
56. An introduction to spatial light modulators. http://laser.physics.sunysb.edu/~melia/SLM_

intro.html#4.7
57. Y. Fujii, Low-crosstalk 2 × 2 optical switch composed of twisted nematic liquid crystal cells.

IEEE Photonics Technol. Lett. 5, 715–718 (1993)
58. G. Lazarev, A. Hermerschmidt, S. Krüger, S. Osten, in LCOS Spatial Light Modulators:

Trends and Applications, ed. by W. Osten, N. Reingand. Optical Imaging and Metrology:
Advanced Technologies (Wiley-VCH, Weinheim, 2012)

59. Holoeye Systems Inc, http://www.holoeyesystems.com/lcos-microdisplays/
60. Beam steering using liquid crystals. White Paper, Boulder Nonlinear Systems (2001)
61. M. Johansson, S. Hard, B. Robertson, I. Manolis, T. Wilkinson, W. Crossland, Adaptive

beam steering implemented in a ferroelectric liquid crystal spatial-light-modulator free-
space, fiber-optic switch. Appl. Opt. 41, 4904–4911 (2002)

62. R.E. Wagner, J. Cheng, Electrically controlled optical switch for multimode fiber applica-
tions. Appl. Opt. 19(17), 2921–2925 (1980)

63. R.A. Soref, D.H. McMahon, Total switching of unpolarized fiber light with a four-port
electro-optic liquid-crystal device. Opt. Lett. 5(4), 147–149 (1980)

64. R.A. Soref, Low-cross-talk 2 × 2 optical switch. Opt. Lett. 6, 275–277 (1981)
65. Y. Fujii, Low-crosstalk 1 × 2 optical switch composed of twisted nematic liquid crystal cells.

IEEE Photonics Technol. Lett. 5, 206–208 (1993)
66. N.A. Riza, S. Yuan, Reconfigurable wavelength add-drop filtering based on a Banyan net-

work topology and ferroelectric liquid crystal fiber-optic switches. J. Lightwave Technol.
17(9), 1575–1584 (1999)

67. N.K. Shankar, J.A. Morris, C.P. Yakymyshyn, C.R. Pollock, A 2 × 2 fiber optic switch using
chiral liquid crystals. IEEE Photonics Technol. Lett. 2, 147–149 (1990)

http://www.fiberzone-networks.com
http://www.telescent.com/tswitch
http://www.emd-performance-materials.com/en/display/lc_materials/lc_phases/lc_phases.html
http://www.meadowlark.com
http://laser.physics.sunysb.edu/~melia/SLM_intro.html#4.7
http://laser.physics.sunysb.edu/~melia/SLM_intro.html#4.7
http://www.holoeyesystems.com/lcos-microdisplays/


536 S. Yuan and J.E. Bowers

68. S. Yuan, N.A. Riza, Low interchannel crosstalk high speed fiber optic N × N crosscon-
nect switch using polarization optics and ferroelectric liquid crystals, in Ann. Meeting IEEE
Lasers & Electro-Optics Soc. (LEOS’98), Orlando, FL, USA (1998), Techn. Digest, vol. 2,
pp. 415–416

69. P. Gravey, J.L. de Bougrenet de la Tocnaye, B. Fracasso, N. Wolffer, A. Tan, B. Vinouze,
M. Razzak, A. Kali, Liquid crystal-based optical space switches for DWDM networks. Ann.
Télécommun. 58( 9), 1378–1400 (2003)

70. P. Berthelé, B. Fracasso, J.L. de Bougrenet de la Tocnaye, Design and characterization of
a LC SLM for a polarization-insensitive optical space-switch. Appl. Opt. 37, 5461–5468
(1998)

71. B. Fracasso, L. Noirie, J.L. de Bougrenet de la Tocnaye, M. Razzak, E. Daniel, Performance
assessment of a liquid crystal multichannel photonic space-switch, in Proc. Photon. Switch-
ing, Monterey, CA, USA (2001), pp. 24–26, paper PThB3

72. N. Wolffer, B. Vinouze, R. Lever, P. Gravey, L. Bramerie, 8 × 8 holographic liquid crystal
switch, in Proc. 26th Europ. Conf. Opt. Commun. (ECOC’2000), Munich, Germany (2000),
pp. 275–276

73. J. Kelly, Application of liquid crystal technology to telecommunication devices, in Opt. Fiber
Commun. Conf. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’07), Anaheim, CA, USA
(2007), Techn. Digest, paper NThE1

74. www.coadna.com
75. S. Frisken, Advances in liquid crystal on silicon wavelength selective switching, in Opt.

Fiber Commun. Conf. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’07), Anaheim, CA,
USA (2007), Techn. Digest, paper OWV4

76. J.R. Kelly, M. Cui, D. Heineman, H. Washbur, M. Xue, Apparatus and method for optical
switching with liquid crystals and birefringent wedges. US Patent 7499608 (2009)

77. S.J. Frisken, G.W. Baxter, H. Zhou, D. Abakoumov, Wavelength selective reconfigurable
optical cross-connect. US Patent No. 7787720 B2 (2010)

78. G. Baxter, S. Frisken, D. Abakoumov, H. Zhou, I. Clarke, A. Bartos, S. Poole, Highly pro-
grammable wavelength selective switch based on liquid crystal on silicon switching ele-
ments, in Opt. Fiber Commun. Conf. (OFC’06), Anaheim, CA, USA (2006), Techn. Digest,
paper OTuF2

79. www.finisar.com/roadms-wavelength-management/10wsaaxxfll
80. www.hamamatsu.com
81. K. Suzuki, Y. Ikuma, E. Hashimoto, K. Yamaguchi, M. Itoh, T. Takahashi, Ultrahigh port

count wavelength selective switch employing waveguide-based I/O frontend, in Opt. Fiber
Commun. Conf. (OFC’15), Los Angeles, CA, USA (2015), Techn. Digest, paper Tu3A.7

82. T. Han, J. Plumridge, S. Frisken, G. Baxter, LCOS-based matrix switching for 2×4 WSS for
fully flexible channel selection, in Proc. Photon. Switching, Ajaccio, France (2012), paper
Th-S23-005

83. G.I. Papadimitriou, C. Papazoglou, A.S. Pomportsis, Optical switching: switch fabrics, tech-
niques, and architectures. J. Lightwave Technol. 21(2), 384–405 (2003)

84. Y. Silberberg, P. Perlmutter, J.E. Baran, Digital optical switch. Appl. Phys. Lett. 51, 1230–
1232 (1987)

85. P. DasMahapatra, R. Stabile, K.A. Williams, Multiple input to multiple output switching in
an 8 × 4 optical crosspoint matrix, in Proc. 40th Europ. Conf. Opt. Commun. (ECOC’14),
Cannes, France (2014), paper P.4.18

86. M.R. Watts, W.A. Zortman, D.C. Trotter, R.W. Young, A.L. Lentine, Vertical junction silicon
microdisk modulators and switches. Opt. Express 19(22), 21989–22003 (2011)

87. V.R. Almeida, C.A. Barrios, R.R. Panepucci, M. Lipson, All-optical control of light on a
silicon chip. Nature 431, 1081–1084 (2004)

88. A.S. Khope, A.A. Saleh, J.E. Bowers, R.C. Alferness, Elastic WDM crossbar switch for data
centers, in Proc. IEEE Opt. Interconn. Conf. (OI), San Diego, CA, USA (2016), paper TuP7

89. G. Singh, R.P. Yadav, V. Janyani, Ti indiffused Lithium Niobate (Ti: LiNbO3) Mach-Zehnder
interferometer all optical switches: a review, in New Advanced Technologies, ed. by A.

http://www.coadna.com
http://www.finisar.com/roadms-wavelength-management/10wsaaxxfll
http://www.hamamatsu.com


10 Optical Switches 537

Lazinica (InTech, 2010). www.intechopen.com. Chap. 2. ISBN 978-953-307-067-4
90. N. Agrawal, C.M. Weinert, H.-J. Ehrke, G.G. Mekonnen, D. Franke, C. Bornholdt, R.

Langenhorst, Fast 2 × 2 Mach-Zehnder optical space switches using InGaAsP–InP multi
quantum-well structures. IEEE Photonics Technol. Lett. 7(6), 644–645 (1995)

91. D.H. Yoon, W.S. Yang, J.M. Kim, H.D. Yoon, Fabrication and properties of a 4 × 4 LiNbO3
optical matix switch. Mater. Trans. 43(5), 1061–1064 (2002)

92. E.J. Murphy, C.T. Kemmerer, D.T. Moser, M.R. Serbin, J.E. Watson, P.L. Stoddard, Uniform
8 × 8 lithium niobate switch arrays. J. Lightwave Technol. 13(5), 967–970 (1995)

93. H. Nishinoto, M. Iwasaki, S. Suzuki, M. Kondo, Polarization independent LiNbO3 8 × 8
matrix switch. IEEE Photonics Technol. Lett. 2(9), 634–636 (1990)

94. Eospace Inc, Technical specifications of custom high-speed lithium niobate electro-optic
switches. www.eospace.com

95. A.C. O’Donnell, Polarisation independent 1 × 16 and 1 × 32 lithium niobate optical switch
matrices. Electron. Lett. 27(25), 2349–2350 (1991)

96. H. Okayama, M. Kawahara, Ti: LiNbO3 digital optical switch matrices. Electron. Lett. 29(9),
765–766 (1993)

97. R. Krähenbühl, M.M. Howerton, J. Dubinger, A.S. Greenblatt, Performance and modeling
of advanced Ti: LiNbO3 digital optical switches. J. Lightwave Technol. 20(1), 92–99 (2002)

98. M. Iodice, G. Mazzi, L. Sirleto, Thermo-optical static and dynamic analysis of a digital opti-
cal switch based on amorphous silicon waveguide. Opt. Express 14(12), 5266–5278 (2006)

99. R.A. Soref, The past, present and future of silicon photonics. IEEE J. Sel. Top. Quantum
Electron. 12, 1678–1687 (2006)

100. L.C. Kimerling, D. Ahn, A.B. Apsel, M. Beals, D. Carothers, Y.K. Chen, T. Conway, D.M.
Gill, M. Grove, C.Y. Hong, M. Lipson, J. Liu, J. Michel, D. Pan, S.S. Patel, A.T. Pomerene,
M. Rasras, D.K. Sparacin, K.Y. Tu, A.E. White, C.W. Wong, Electronic-photonic integrated
circuits on the CMOS platform. Proc. SPIE 6125, 6–15 (2006)

101. B. Jalali, M. Paniccia, G. Reed, Silicon photonics. IEEE Microw. Mag. 7, 56–68 (2006)
102. Q. Huang, X. Zhang, J. Xia, J. Yu, Systematic investigation of silicon digital 1 × 2 electro-

optic switch based on a microdisk resonator through carrier injection. Appl. Phys. B 105(2),
353–361 (2011)

103. L. Liu, G. Roelkens, T. Spuesens, R. Soref, P. Regreny, D. Van Thourhout, R. Baets, Low-
power electro-optical switch based on a III–V microdisk cavity on a silicon-on-insulator
circuit, in Optoelectronic Materials and Devices IV, Shanghai, China (2009), Proc. SPIE
7631, 7631 0P (2009)

104. A. Biberman, H.L.R. Lira, K. Padmaraju, N. Ophir, M. Lipson, K. Bergman, Broadband
CMOS-compatible silicon photonic electro-optic switch for photonic networks-on-chip, in
Conf. Lasers Electro-Opt. (CLEO/QELS 2010), San Jose, CA, USA (2010), Techn. Digest,
paper CPDA11

105. J. van Campenhout, W.M. Green, S. Assefa, Y.A. Vlasov, Low-power, 2 × 2 silicon electro-
optic switch with 110-nm bandwidth for broadband reconfigurable optical networks. Opt.
Express 17, 24020–24029 (2009)

106. P. Dong, S. Liao, H. Liang, R. Shafiiha, D. Feng, G. Li, X. Zheng, A.V. Krishnamoorthy, M.
Asghari, High-speed and broadband electro-optic silicon switch with submilliwatt switching
power, in Opt. Fiber Commun. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’11), Los An-
geles, CA, USA (2011), Techn. Digest, paper OWZ4

107. W.M.J. Green, M. Yang, S. Assefa, J.V. Campenhout, B.G. Lee, C.V. Jahnes, F.E. Doany,
C.L. Schow, J.A. Kash, Y.A. Vlasov, Silicon electro-optic 4 × 4 non-blocking switch ar-
ray for on-chip photonic networks, in Opt. Fiber Commun. and Nat. Fiber Opt. Eng. Conf.
(OFC/NFOEC’11), Los Angeles, CA, USA (2011), Techn. Digest, paper OThM1

108. J. Xing, P. Zhou, Y. Gong, Z. Li, M. Tan, Y. Yu, J. Yu, Nonblocking 4 × 4 silicon electro-
optic switch matrix with low power consumption. IEEE Photonics Technol. Lett. 27(13),
1434–1436 (2015)

109. K. Okamoto, Planar lightwave circuits (PLC’s), in Photonic Networks, ed. by G. Prati
(Springer, London, 1997), pp. 118–132

http://www.intechopen.com
http://www.eospace.com


538 S. Yuan and J.E. Bowers

110. A. Himeno, K. Kato, T. Miya, Silica-based planar lightwave circuits. IEEE J. Sel. Top. Quan-
tum Electron. 4(6), 913–924 (1998)

111. T. Goh, M. Yasu, K. Hattori, A. Himeno, M. Okuno, Y. Ohmori, Low loss and high extinction
ratio strictly nonblocking 16×16 thermooptic matrix switch on 6-in wafer using silica-based
planar lightwave circuit technology. J. Lightwave Technol. 19(3), 371–379 (2001)

112. T. Goh, A. Himeno, M. Okuno, H. Takahashi, K. Hattori, High-extinction ratio and low-loss
silica-based 8 × 8 strictly nonblocking thermooptic matrix switch. J. Lightwave Technol.
17(7), 1192–1199 (1999)

113. T. Goh, A. Himeno, M. Okuno, H. Takahashi, K. Hattori, High extinction ratio and low loss
silica-based 8 × 8 thermooptic matrix switch. IEEE Photonics Technol. Lett. 10, 358–360
(1998)

114. T. Goh, M. Yasu, K. Hattori, A. Himeno, Y. Ohmori, Low loss and high extinction ratio silica-
based strictly nonblocking 16×16 thermooptic matrix switch. IEEE Photonics Technol. Lett.
10, 810–812 (1998)

115. T. Watanabe, T. Goh, M. Okuno, S. Sohma, T. Shibata, M. Itoh, M. Kobayashi, M. Ishii,
A. Sugita, Y. Hibino, Silica-based PLC 1 × 128 thermo-optic switch, in Proc. 27th Europ.
Conf. Opt. Commun. (ECOC’01), Amsterdam, The Netherlands (2001), pp. 134–135, paper
Tu.L.1.2

116. M. Okuno, N. Takato, T. Kitoh, A. Sugita, Silica-based thermooptic switches. NTT Rev. 7,
57–63 (1995)

117. T. Nishi, T. Yamamoto, S. Kuroyanagi, A polarization-controlled free-space photonic switch
based on a PI-LOSS switch. IEEE Photonics Technol. Lett. 5, 1104–1106 (1993)

118. www.ntt-electronics.com/en/products/photonics/nxn_n_o_m_s.html
119. S. Sohma, T. Watanabe, N. Ooba, M. Itoh, T. Shibata, H. Takahashi, Silica-based PLC

type 32 × 32 optical matrix switch, in Proc. 32nd Europ. Conf. Opt. Commun. (ECOC’06),
Cannes, France (2006), paper OThV4

120. K. Watanabe, Y. Hashizume, Y. Nasu, M. Kohtoku, M. Itoh, Y. Inoue, Ultralow power con-
sumption silica-based PLC-VOA/switches. J. Lightwave Technol. 26(14), 2235–2244 (2008)

121. Enablence Inc, Technical specifications, www.enablence.com
122. L. Eldada, R. Gerhardt, J. Fujita, T. Izuhara, A. Radojevic, D. Pant, F. Wang, C. Xu, Intel-

ligent optical cross-connect subsystem on a chip, in Opt. Fiber Commun. Conf. (OFC’05),
Anaheim, CA, USA (2005), Techn. Digest, paper NTuL2. See also: Enablence technical
white paper at www.enablence.com

123. E.L.W. Rabbering, J.F.P. van Nunen, L. Eldada, Polymeric 16 × 16 digital optical switch
matrix, in Proc. 27th Europ. Conf. Opt. Commun. (ECOC’01), Amsterdam, The Netherlands
(2001), paper PD.B.1.6

124. L. Eldada, R. Norwood, R. Blomquist, L.W. Shacklette, M.J. McFarland, Thermo-optically
active polymeric photonic components, in Opt. Fiber Commun. Conf. (OFC’2000), Balti-
more, MD, USA (2000), Techn. Digest, vol. 2, pp. 124–126

125. J. Fujita, T. Izuhara, A. Radojevic, R. Gerhard, L. Eldada, Ultrahigh index contrast planar
polymeric strictly non-blocking 1024 × 1024 cross-connect switch matrix, in Integr. Photon.
Res. (IPR), San Francisco, CA, USA (2004), Techn. Digest, paper IThC3

126. T. Tsuchizawa, K. Yamada, H. Fukuda, T. Watanabe, S. Uchiyama, S. Itabashi, Low-loss Si
wire waveguides and their application to thermooptic switches. Jpn. J. Appl. Phys. 45(8B),
6658–6662 (2006)

127. K. Watanabe, R. Kasahara, Y. Hashizume, Extremely-low-power-consumption thermo-optic
switch with silicon-silica hybrid structure. NTT Tech. Rev. 8(2), 1–5 (2010)

128. K. Tanizawa, K. Suzuki, M. Toyama, M. Ohtsuka, N. Yokoyama, K. Matsumaro, M. Seki, K.
Koshino, T. Sugaya, S. Suda, G. Cong, T. Kimura, K. Ikeda, S. Namiki, H. Kawashima, Ultra-
compact 32 × 32 strictly-non-blocking Si wire optical switch with fan-out LGA interposer.
Opt. Express 23(13), 17599–17606 (2015)

129. K. Tanizawa, K. Suzuki, M. Toyama, M. Ohtsuka, N. Yokoyama, K. Matsumaro, M. Seki,
K. Koshino, T. Sugaya, S. Suda, G. Cong, T. Kimura, K. Ikeda, S. Namiki, H. Kawashima,
32 × 32 strictly non-blocking Si-wire optical switch on ultra-small die of 11 × 25 mm2, in

http://www.ntt-electronics.com/en/products/photonics/nxn_n_o_m_s.html
http://www.enablence.com
http://www.enablence.com


10 Optical Switches 539

Opt. Fiber Commun. Conf. (OFC’15), Los Angeles, CA, USA (2015), Techn. Digest, paper
M2B.5

130. S. Nakamura, S. Takahashi, M. Sakauchi, T. Hino, M. Yu, G. Lo, Wavelength selective
switching with one-chip silicon photonic circuit including 8 × 8 matrix switch, in Opt. Fiber
Commun. Conf. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’11), Los Angeles, CA, USA
(2011), Techn. Digest, paper OTuM2

131. L. Chen, Y.K. Chen, Compact, low-loss and low-power 8 × 8 broadband silicon optical
switch. Opt. Express 20(17), 18977–18985 (2012)

132. K. Suzuki, K. Tanizawa, T. Matsukawa, G. Cong, S.-H. Kim, S. Suda, M. Ohno, T. Chiba,
H. Tadokoro, M. Yanagihara, Y. Igarashi, M. Masahara, S. Namiki, H. Kawashima, Ultra-
compact 8 × 8 strictly-nonblocking Si-wire PILOSS switch. Opt. Express 22(4), 3887–3894
(2014)

133. K. Suzuki, G. Cong, K. Tanizawa, S.-H. Kim, K. Ikeda, S. Namiki, H. Kawashima, Ultra-
high-extinction ratio 2 × 2 silicon optical switch with variable splitter. Opt. Express 23,
9086–9092 (2015)

134. C.R. Doerr, L.W. Stulz, D.S. Levy, M. Cappuzzo, E. Cben, L. Gomez, E. Laskowski, A.
Wong-Foy, T. Murphy, Silica-waveguide 1 × 9 wavelength-selective cross connect, in Opt.
Fiber Commun. Conf. (OFC/IOOC’02), Anaheim, CA, USA (2002), Techn. Digest, PDP
FA3

135. T. Watanabe, K. Suzuki, T. Takahashi, Multicast switch technology that enhances ROADM
operability. NTT Tech. Rev. 12(1), 1–5 (2014)

136. H. Takahashi, T. Watanabe, M. Okuno, Y. Hibino, T. Goh, Silica waveguide-based optical
switches for photonic networks. Techn. Rep. of IEICE 103(68), 1–6 (2003), CS2003-9 (in
Japanese)

137. T. Watanabe, K. Suzuki, T. Goh, K. Hattori, A. Mori, T. Takahashi, T. Sakamoto, K. Morita,
S. Sohma, S. Kamei, Compact PLC-based transponder aggregator for colorless and direc-
tionless ROADM, in Opt. Fiber Commun. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’11),
Los Angeles, CA, USA (2011), Techn. Digest, paper OTuD3

138. Neophotonics Inc., www.neophotonics.com/solutions/
139. M.C. Wu, O. Solgaard, J.E. Ford, Optical MEMS for lightwave communication. J. Lightwave

Technol. 24, 4433–4454 (2006)
140. L.Y. Lin, E.L. Goldstein, R.W. Tkach, Free-space micromachined optical switches for optical

networking. IEEE J. Sel. Top. Quantum Electron. 5(1), 4–9 (1999)
141. S.S. Lee, L.Y. Lin, M.C. Wu, Surface-micromachined free-space fibre-optic switches. Elec-

tron. Lett. 31, 1481–1482 (1995)
142. R.S. Muller, K.Y. Lau, Surface-micromachined microoptical elements and systems. Proc.

IEEE 86, 1705–1720 (1998)
143. W. Piyawattanametha, P.R. Patterson, D. Hah, H. Toshiyoshi, M.C. Wu, Surface- and bulk-

micromachined two-dimensional scanner driven by angular vertical comb actuators. J. Mi-
croelectromech. Syst. 14, 1329–1338 (2005)

144. P.D. Dobbelaere, K. Falta, L. Fan, S. Gloeckner, S. Patra, Digital MEMS for optical switch-
ing. IEEE Commun. Mag. 40(3), 88–95 (2002)

145. H. Toshiyoshi, H. Fujita, Electrostatic micro torsion mirrors for an optical switch matrix.
J. Microelectromech. Syst. 5, 231–237 (1996)

146. R.A. Miller, Y.C. Tai, G. Xu, J. Bartha, F. Lin, An electromagnetic MEMS 2 × 2 fiber op-
tic bypass switch, in Proc. Int. Conf. Solid-State Sensors and Actuators, Chicago, IL, USA
(1997), paper 1A4

147. C. Marxer, N.F. de Rooij, Micro-opto-mechanical 2 × 2 switch for single-mode fibers based
on plasma-etched silicon mirror and electrostatic actuation. J. Lightwave Technol. 17(1), 2–6
(1999)

148. R.T. Chen, H. Nguyen, M.C. Wu, A high-speed low-voltage stress induced micromachined
2 × 2 optical switch. IEEE Photonics Technol. Lett. 11, 1396–1398 (1999)

149. W. Noell, P.A. Clerc, F. Duport, C. Marxer, N. de Rooij, Novel process-insensitive latch-
able 2 × 2 optical cross connector for single and multimode optical MEMS fiber switches,

http://www.neophotonics.com/solutions/


540 S. Yuan and J.E. Bowers

in IEEE/LEOS Internat. Conf. Opt. MEMS, Piscataway, NJ, USA (2003), Techn. Digest,
pp. 49–50

150. L.Y. Lin, E.L. Goldstein, R.W. Tkach, Free-space micromachined optical switches with sub-
millisecond switching time for large-scale optical crossconnects. IEEE Photonics Technol.
Lett. 10, 525–527 (1998)

151. B. Behin, K.Y. Lau, R.S. Muller, Magnetically actuated micromirrors for fiber-optic switch-
ing, in Solid-State Sensor and Actuator Workshop Cleveland, OH, USA (1998), Techn. Di-
gest, pp. 273–276

152. R.L. Wood, R. Mahadevan, E. Hill, MEMS 2D matrix switch, in Opt. Fiber Commun. Conf.
(OFC/IOOC’02), Anaheim, CA, USA (2002), Techn. Digest, vol. 1, pp. 91–92

153. L. Fan, S. Gloeckner, P.D. Dobblelaere, S. Patra, D. Reiley, C. King, T. Yeh, J. Gritters, S.
Gutierrez, Y. Loke, M. Harburn, R. Chen, E. Kruglick, M. Wu, A. Husain, Digital MEMS
switch for planar photonic crossconnects, in Opt. Fiber Commun. Conf. (OFC/IOOC’02),
Anaheim, CA, USA (2002), Techn. Digest, vol. 1, pp. 93–94

154. P.M. Dobbelaere, S. Gloeckner, S.K. Patra, L. Fan, C. King, K. Falta, Design, manufacture
and reliability of 2-D MEMS optical switches. Proc. SPIE 4945, 39–45 (2003)

155. J.-N. Kuo, G.-B. Lee, W.-F. Pan, A high-speed low-voltage double switch optical cross-
connect using stress-induced bending micromirrors. IEEE Photonics Technol. Lett. 16(9),
2042–2044 (2004)

156. L.-Y. Lin, E.L. Goldstein, R.W. Tkach, On the expandability of free-space micromachined
optical cross connects. J. Lightwave Technol. 18, 482–489 (2000)

157. M.C. Wu, P.R. Patterson, Free-space optical MEMS, in MEMS: A Practical Guide to Design,
Analysis, and Applications, ed. by J.G. Korvink, O. Paul, (William Andrew, Norwich, 2005),
pp. 345–402

158. S. Han, T.J. Seok, N. Quack, B.-W. Yoo, M.C. Wu, Monolithic 50 × 50 MEMS silicon pho-
tonic switches with microsecond response time, in Opt. Fiber Commun. Conf. (OFC’14),
San Francisco, CA, USA (2014), Techn. Digest, paper M2K.2

159. T.J. Seok, N. Quack, S. Han, M.C. Wu, 50×50 digital silicon photonic switches with MEMS-
actuated adiabatic couplers, in Opt. Fiber Commun. Conf. (OFC’15), Los Angeles, CA, USA
(2015), Techn. Digest, paper M2B.4

160. M.C. Wu, S. Han, T.J. Seok, N. Quack, Large-port-count MEMS silicon photonics switches,
in Opt. Fiber Commun. Conf. (OFC’15), Los Angeles, CA, USA (2015), Techn. Digest,
paper M2B.3

161. R. Helkey, S. Adams, J. Bowers, T. Davis, O. Jerphagnon, V. Kaman, A. Keating, B. Liu, C.
Pusarla, Y. Xu, S. Yuan, X. Zheng, Design of large scale, MEMS based photonic switches.
Opt. Photonics News 13, 40–43 (2002)

162. D.J. Bishop, C.R. Giles, G.P. Austin, The lucent LambdaRouter: MEMS technology of the
future here today. IEEE Commun. Mag. 40(3), 75–79 (2002)

163. V.A. Aksyuk, F. Pardo, D. Carr, D. Greywall, H.B. Chan, M.E. Simon, A. Gasparyan, H.
Shea, V. Lifton, C. Bolle, S. Arney, R. Frahm, M. Paczkowski, M. Haueis, R. Ryf, D.T.
Neilson, J. Kim, C.R. Giles, D. Bishop, Beam-steering micromirrors for large optical cross-
connects. J. Lightwave Technol. 21, 634–642 (2003)

164. D.T. Neilson, V.A. Aksyuk, S. Arney, N.R. Basavanhally, K.S. Bhalla, D.J. Bishop, B.A.
Boie, C.A. Bolle, J.V. Gates, A.M. Gottlieb, J.P. Hickey, N.A. Jackman, P.R. Kolodner, S.K.
Korotky, B. Mikkelsen, F. Pardo, G. Raybon, R. Ruel, R.E. Scotti, T.W. Van Blarcum, L.
Zhang, C.R. Giles, Fully provisioned 112 × 112 micro-mechanical optical cross connect
with 35.8 Tb/s demonstrated capacity, in Opt. Fiber Commun. Conf. (OFC’2000), Baltimore,
MD, USA (2000), Techn. Digest, vol. 4, pp. 202–204

165. A. Fernandez, B.P. Staker, W.E. Owens, L.P. Muray, J.P. Spallas, W.C. Banyai, Modular
MEMS design and fabrication for an 80 × 80 transparent optical cross-connect switch. Proc.
SPIE 5604, 208–217 (2004)

166. Z.J. Yao, N.C. MacDonald, Single crystal silicon supported thin film micromirrors for optical
applications. Opt. Eng. 36(5), 1408–1413 (1997)



10 Optical Switches 541

167. R.A. Conant, J.T. Nee, K.Y. Lau, R.S. Muller, A flat high frequency scanning micromirror,
in Solid-State Sensor and Actuator Workshop, Cleveland, OH, USA (2000), Techn. Digest,
pp. 6–9

168. J.-L.A. Yeh, J. Hongrui, N.C. Tien, Integrated polysilicon and DRIE bulk silicon micro-
machining for an electrostatic torsional actuator. J. Microelectromech. Syst. 8(4), 456–465
(1999)

169. D.S. Greywall, C.-S. Pai, S.-H. Oh, C.-P. Chang, D.M. Marom, P.A. Busch, R.A. Cirelli, J.A.
Taylor, F.P. Klemens, T.W. Sorsch, J.E. Bowers, W.-C. Lai, H.T. Soh, Monolithic fringe field-
activated crystalline silicon tilting-mirror devices. J. Microelectromech. Syst. 12(5), 702–707
(2003)

170. D.S. Greywall, P.A. Busch, F. Pardo, D.W. Carr, G. Bogart, H.T. Soh, Crystalline silicon
tilting mirrors for optical cross-connect switches. J. Microelectromech. Syst. 12, 708–712
(2003)

171. O. Tsuboi, Y. Mizuno, N. Kouma, H. Soneda, H. Okuda, S. Ueda, I. Sawaki, F. Yamagishi,
Y. Nakamura, A 2-axis comb-driven micromirror array for 3-D MEMS optical switch. Trans.
Inst. Electron. Eng. Jpn. 123-E, 398–402 (2003)

172. J. Kim, D. Christensen, L. Lin, Monolithic 2-D scanning mirror using self-aligned angular
vertical comb drives. IEEE Photonics Technol. Lett. 17(11), 2307–2309 (2005)

173. D. Hah, H.S.-Y. Huang, J.-C. Tsai, J.-C. Toshiyoshi, M.C. Wu, Low-voltage, large-scan angle
MEMS analog micromirror arrays with hidden vertical comb-drive actuators. J. Microelec-
tromech. Syst. 13, 279–289 (2004)

174. N. Kouma, O. Tsuboi, Y. Mizuno, H. Okuda, X. Mi, M. Iwaki, H. Soneda, S. Ueda, I. Sawaki,
A multi-step DRIE process for a 128×128 micromirror array, in IEEE/LEOS Internat. Conf.
Opt. MEMS, Piscataway, NJ, USA (2003), Techn. Digest, pp. 53–54

175. X. Zheng, V. Kaman, S. Yuan, Y. Xu, O. Jerphagnon, A. Keating, R.C. Anderson, H.N.
Poulsen, B. Liu, J.R. Schemit, C. Pusarla, R. Helkey, D.J. Blumenthal, J.E. Bowers, Three-
dimensional MEMS photonic cross-connect switch design and performance. IEEE J. Sel.
Top. Quantum Electron. 9, 571–578 (2003)

176. J.E. Bowers, Low power 3D MEMS optical switches, in IEEE/LEOS Internat. Conf. Opt.
MEMS Nanophoton. (OPT MEMS), Clearwater, FL, USA (2009), Techn. Digest, pa-
per ThB1

177. S. Yuan, C. Lee, Scaling optical switches to 100 Tb/s capacity, in Integr. Photon. Res., Silicon
Nanophoton. Photonics in Switching, Monterey, CA, USA (2010), OSA Techn. Digest, paper
PWB3

178. www.glimmerglass.com
179. L. Erdmann, D. Efferenn, Technique for monolithic fabrication of silicon microlenses with

selectable rim angles. Opt. Eng. 36(4), 1094–1098 (1997)
180. J. Kim, A.R. Paparian, R.E. Frahm, J.V. Gates, Performance of large scale MEMS-based

optical crossconnect switches, in 15th Ann. Meeting IEEE Lasers & Electro-Optics Soc.
(IEEE/LEOS), Glasgow, Scotland, UK (2002), Techn. Digest, vol. 2, pp. 411–412

181. R. Ryf, J. Kim, J.P. Hickey, A. Gnauck, D. Carr, F. Pardo, C. Bolle, R. Frahm, N. Basa-
vanhally, C. Yoh, D. Ramsey, R. Boie, R. George, J. Kraus, C. Lichtenwalner, R. Papazian,
J. Gates, H.R. Shea, A. Gasparyan, V. Muratov, J.E. Griffith, J.A. Prybyla, S. Goyal, C.D.
White, M.T. Lin, R. Ruel, C. Nijander, S. Arney, D.T. Neilson, D.J. Bishop, P. Kolodner, S.
Pau, C.J. Nuzman, A. Weis, B. Kumar, D. Lieuwen, V. Aksyuk, D.S. Greywall, T.C. Lee,
H.T. Soh, W.M. Mansfield, S. Jin, W.Y. Lai, H.A. Huggins, D.L. Barr, R.A. Cirelli, G.R.
Bogart, K. Teffeau, R. Vella, H. Mavoori, A. Ramirez, N.A. Ciampa, F.P. Klemens, M.D.
Morris, T. Boone, J.Q. Liu, J.M. Rosamilia, C.R. Giles, 1296-port MEMS transparent opti-
cal crossconnect with 2.07 petabit/s switch capacity, in Opt. Fiber Commun. Conf. (OFC’01),
Anaheim, CA, USA (2001), Techn. Digest, paper PD28-1-3

182. M. Kozhevnikov, N.R. Basavanhally, J.D. Weld, Y.L. Low, P.R. Kolodner, C.A. Bolle, R.
Ryf, A.R. Papazian, A. Olkhovets, J. Kim, D.T. Neilson, V.A. Aksyuk, J.V. Gates, Compact
64 × 64 micromechanical optical cross-connect. IEEE Photonics Technol. Lett. 15(7), 993–
995 (2003)

http://www.glimmerglass.com


542 S. Yuan and J.E. Bowers

183. A. Olkhovets, P. Phanaphat, C. Nuzman, D.J. Shin, C. Lichtenwalner, M. Kozhevnikov, J.
Kim, Performance of an optical switch based on 3-D MEMS crossconnect. IEEE Photonics
Technol. Lett. 16(3), 780–782 (2004)

184. V.A. Aksyuk, S. Arney, N.R. Basavanhally, D.J. Bishop, C.A. Bolle, C.C. Chang, R. Frahm,
A. Gasparyan, J.V. Gates, R. George, C.R. Giles, J. Kim, P.R. Kolodner, T.M. Lee, D.T.
Neilson, C. Nijander, C.J. Nuzman, M. Paczkowski, A.R. Papazian, F. Pardo, D.A. Ramsey,
R. Ryf, R.E. Scotti, H. Shea, M.E. Simon, 238×238 micromechanical optical cross connect.
IEEE Photonics Technol. Lett. 15, 587–589 (2003)

185. D.T. Neilson, R. Frahm, P. Kolodner, C.A. Bolle, R. Ryf, J. Kim, A.R. Papazian, C.J. Nuz-
man, A. Gasparyan, N.R. Basavanhally, V.A. Aksyuk, J.V. Gates, 256 × 256 port optical
crossconnect subsystem. J. Lightwave Technol. 22, 1499–1509 (2004)

186. J. Kim, C.J. Nuzman, B. Kumar, D.F. Lieuwen, J.S. Kraus, A. Weiss, C.P. Lichtenwalner,
A.R. Papazian, R.E. Frahm, N.R. Basavanhally, D.A. Ramsey, V.A. Aksyuk, F. Pardo, M.E.
Simon, V. Lifton, H.B. Chan, M. Haueis, A. Gasparyan, H.R. Shea, S. Arney, C.A. Bolle,
P.R. Kolodner, R. Ryf, D.T. Neilson, J.V. Gates, 1100 × 1100 port MEMS-based optical
crossconnect with 4-dB maximum loss. IEEE Photonics Technol. Lett. 15(11), 1537–1539
(2003)

187. M. Kozhevnikov, R. Ryf, D.T. Neilson, P. Kolodner, C.A. Bolle, A.R. Papazian, J. Kim, J.V.
Gates, Micromechanical optical crossconnect with 4-F relay imaging optics. IEEE Photonics
Technol. Lett. 16(1), 275–277 (2004)

188. Y. Mizuno, O. Tsuboi, N. Kouma, H. Soneda, H. Okuda, Y. Nakamura, S. Ueda, I. Sawaki, F.
Yamagishi, A 2-axis comb-driven micromirror array for 3D MEMS switches, in IEEE/LEOS
Internat. Conf. Opt. MEMS, Lugano, Switzerland (2002), Techn. Digest, pp. 17–18

189. M. Yano, F. Yamagishi, T. Tsuda, Optical MEMS for photonic switching-compact and stable
optical crossconnect switches for simple, fast, and flexible wavelength applications in recent
photonic networks. IEEE J. Sel. Top. Quantum Electron. 11(2), 383–394 (2005)

190. R. Sawada, J. Yamaguchi, E. Higurashi, A. Shimizu, T. Yamamoto, N. Takeuchi, Y. Uenishi,
Single Si crystal 1024-ch MEMS mirror based on terraced electrodes and a high-aspect ratio
torsion spring for 3-D cross-connect switch, in Ann. Meeting IEEE Lasers & Electro-Optics
Soc. (LEOS), Piscataway, NJ, USA (2003), Digest Int. Conf. Opt. MEMS, pp. 11–12

191. T. Yamamoto, J. Yamaguchi, N. Takeuchi, A. Shimizu, E. Higurashi, R. Sawada, Y. Uenishi,
A three-dimensional MEMS optical switching module having 100 input and 100 output ports.
IEEE Photonics Technol. Lett. 15, 1360–1362 (2003)

192. J. Yamaguchi, T. Sakata, N. Shimoyama, H. Ishii, F. Simokawa, T. Yamamoto, High-yield
fabrication methods for MEMS tilt mirror array for optical switch. NTT Tech. Rev. 5(10),
1–6 (2007)

193. M. Mizukami, J. Yamaguchi, N. Nemoto, Y. Kawajiri, H. Hirata, S. Uchiyama, M. Makihara,
T. Sakata, N. Shimoyama, H. Ishii, F. Shimokawa, 128 × 128 3D-MEMS optical switch
module with simultaneous optical paths connection for optical cross-connect systems, in
Proc. Photon. Switching, Pisa, Italy (2009), pp. 247–248

194. Y. Kawajiri, N. Nemoto, K. Hadama, Y. Ishii, M. Makihara, J. Yamaguchi, T. Yamamoto,
512 × 512 port 3D MEMS optical switch module with toroidal concave mirror. NTT Tech.
Rev. 10(11), 1–6 (2012)

195. E. Korevaar, Y. Taketomi, T. Barrott, H. Tigli, M. Last, L. Dirvscio, E. Davis, Optical switch
module. US Patent No. 7,734,127 (2007)

196. J.I. Dadap, P.B. Chu, I. Brener, C. Pu, C.D. Lee, K. Bergman, N. Bonadeo, T. Chau, M. Chou,
R. Doran, R. Gibson, R. Harel, J.J. Johnson, S.S. Lee, S. Park, D.R. Peale, R. Rodriguez, D.
Tong, M. Tsai, C. Wu, W. Zhong, E.L. Goldstein, L.Y. Lin, J.A. Walker, Modular MEMS-
based optical cross-connect with large port-count optical switch. IEEE Photonics Technol.
Lett. 15, 1773–1775 (2003)

197. P.M. Hagelin, U. Krishnamoorthy, J.P. Heritage, O. Solgaard, Scalable optical cross-connect
switch using micromachined mirrors. IEEE Photonics Technol. Lett. 12, 882–884 (2000)

198. R.R.A. Syms, Scaling laws for MEMS mirror-rotation optical cross connect switches.
J. Lightwave Technol. 20, 1084–1094 (2002)



10 Optical Switches 543

199. W.M. Mellette, J.E. Ford, Scaling limits of MEMS beam-steering switches for data center
networks. J. Lightwave Technol. 33(15), 3308–3318 (2015)

200. J.E. Ford, J.A. Walker, Dynamic spectral power equalization using micro-opto-mechanics.
IEEE Photonics Technol. Lett. 10, 1440–1442 (1998)

201. H. Venghaus, A. Gladisch, B.F. Joergensen, J.-M. Jouanno, M. Kristensen, R.J. Pedersen,
F. Testa, D. Trommer, J.P. Weber, Optical add/drop multiplexers for WDM communication
systems, in Opt. Fiber Commun. Conf. (OFC’97), Dallas, TX, USA (1997), Techn. Digest,
vol. 4, pp. 280–281

202. J.E. Ford, V.A. Aksyuk, D.J. Bishop, J.A. Walker, Wavelength add-drop switching using
tilting micromirrors. J. Lightwave Technol. 17(5), 904–911 (1999)

203. R. Ryf, Y. Su, L. Möller, S. Chandrasekhar, X. Liu, D.T. Neilson, C.R. Giles, Wavelength
blocking filter with flexible data rates and channel spacing. J. Lightwave Technol. 23, 54–60
(2005)

204. D.T. Neilson, H. Tang, D.S. Greywall, N.R. Basavanhally, L. Ko, D.A. Ramsey, J.D. Weld,
Y.L. Low, F. Pardo, D.O. Lopez, P. Busch, J. Prybyla, M. Haueis, C.S. Pai, R. Scotti, R. Ryf,
Channel equalization and blocking filter utilizing micro electro mechanical mirrors. IEEE J.
Sel. Top. Quantum Electron. 10, 563–569 (2004)

205. N.A. Riza, M.J. Mughal, Broadband optical equalizer using fault-tolerant digital micromir-
rors. Opt. Express 11, 1559–1565 (2003)

206. D.M. Marom, D.T. Neilson, D.S. Greywall, C.-S. Pai, N.R. Basavanhally, V.A. Aksyuk, D.O.
López, F. Pardo, M.E. Simon, Y. Low, P. Kolodner, C.A. Bolle, Wavelength-selective 1 × K

switches using free-space optics and MEMS micromirrors: theory, design, and implementa-
tion. J. Lightwave Technol. 23, 1620–1629 (2005)

207. D.M. Marom, D.T. Neilson, D.S. Greywall, N.R. Basavanhally, P.R. Kolodner, Y.L. Low,
C.A. Bolle, S. Chandrasekhar, L. Buhl, S.-H. Oh, C.-S. Pai, K. Werder, H.T. Soh, G.R. Bog-
art, E. Ferry, F.P. Klemens, K. Teffeau, J.F. Miner, S. Rogers, J.E. Bowers, R.C. Keller, W.
Mansfield, Wavelength selective 1 × 4 switch for 128 WDM channels at 50 GHz spacing, in
Opt. Fiber Commun. (OFC/IOOC’02), Anaheim, CA, USA (2002), Techn. Digest, pp. 857–
859

208. J. Tsai, S.T.-Y. Huang, D. Hah, M.C. Wu, 1×N2 wavelength selective switch with two cross-
scanning one-axis analog micromirror arrays in a 4-f optical system. J. Lightwave Technol.
24(2), 897–903 (2006)

209. J. Tsai, S. Huang, D. Hah, H. Toshiyoshi, M.C. Wu, Open-loop operation of MEMS-based
1×N wavelength-selective switch with long-term stability and repeatability. IEEE Photonics
Technol. Lett. 16, 1041–1043 (2004)

210. J. Tsai, M.C. Wu, A high port-count wavelength-selective switch using a large scan-angle,
high fill-factor, two-axis MEMS scanner array. IEEE Photonics Technol. Lett. 18(13), 1439–
1441 (2006)

211. J.-C. Tsai, L. Fan, C.-H. Chi, D. Hah, M.C. Wu, A large port-count 1 × 32 wavelength-
selective switch using a large scan-angle, high fill factor, two-axis analog micromirror array,
in Proc. 30th Europ. Conf. Opt. Commun. (ECOC’04), Stockholm, Sweden (2004), vol. 2,
pp. 152–153

212. www.lumentum.com/en/products/1x9-100-ghz-wss-mini
213. Y. Ishii, K. Hadama, J. Yamaguchi, Y. Kawajiri, E. Hashimoto, T. Matsuura, F. Shimokawa,

MEMS-based 1 × 43 wavelength-selective switch with flat passband, in Proc. 35th Europ.
Conf. Opt. Commun. (ECOC’09), Vienna, Austria (2009), PDP, session 1

214. W.P. Taylor, J.D. Brazzle, A.B. Osenar, C.J. Corcoran, I.H. Jafri, D. Keating, G. Kirkos, M.
Lockwood, A. Pareek, J.J. Bernstein, A high fill factor linear mirror array for a wavelength
selective switch. J. Micromech. Microeng. 14, 147–152 (2004)

215. D.T. Fuchs, C.R. Doerr, V.A. Aksyuk, M.E. Simon, L.W. Stulz, S. Chandrasekhar, L.L.
Buhl, M. Cappuzzo, L. Gomez, A. Wong-Foy, E. Laskowski, E. Chen, R. Pafchek, A hy-
brid MEMS-waveguide wavelength selective cross connect. IEEE Photonics Technol. Lett.
16, 99–101 (2004)

http://www.lumentum.com/en/products/1x9-100-ghz-wss-mini


544 S. Yuan and J.E. Bowers

216. R. Ryf, P. Bernasconi, P. Kolodner, J. Kim, J.P. Hickey, D. Carr, F. Pardo, C. Bolle, R. Frahm,
N. Basavanhally, C. Yoh, D. Ramsey, R. George, J. Kraus, C. Lichtenwalner, R. Papazian,
J. Gates, H.R. Shea, A. Gasparyan, V. Muratov, J.E. Griffith, J.A. Prybyla, S. Goyal, C.D.
White, M.T. Lin, R. Ruel, C. Nijander, S. Arney, D.T. Neilson, D.J. Bishop, S. Pau, C. Nuz-
man, A. Weis, B. Kumar, D. Lieuwen, V. Aksyuk, D.S. Greywall, T.C. Lee, H.T. Soh, W.M.
Mansfield, S. Jin, W.Y. Lai, H.A. Huggins, D.L. Barr, R.A. Cirelli, G.R. Bogart, K. Teffeau,
R. Vella, H. Mavoori, A. Ramirez, N.A. Ciampa, F.P. Klemens, M.D. Morris, T. Boone, J.Q.
Liu, J.M. Rosamilia, C.R. Giles, Scalable wavelength-selective crossconnect switch based
on MEMS and planar waveguides, in Proc. 27th Europ. Conf. Opt. Commun. (ECOC’01),
Amsterdam, The Netherlands (2001), vol. 6, PDP, pp. 76–77

217. S. Yuan, N. Madamopoulos, R. Helkey, V. Kaman, J. Klingshirn, J. Bowers, Fully integrated
N × N MEMS wavelength selective switch with 100% colorless add-drop ports, in Opt.
Fiber Commun. and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’08), San Diego, CA, USA
(2008), Techn. Digest, paper OWC2

218. K. Sorimoto, H. Uetsuka, M. Tachikura, H. Kawashima, M. Mori, T. Hasama, H. Ishikawa,
N.A. Idris, H. Tsuda, Compact 5 × 5 wavelength-selective cross connect using integrated
2-D MEMS mirror arrays, in 18th Microopt. Conf. (MOC’13), Tokyo, Japan (2013), Techn.
Digest, pp. 55–57

219. C.-H. Chi, J.-C. Tsai, D. Hah, S. Mathai, M.-C.M. Lee, M.C. Wu, Silicon-based monolithic
4 × 4 wavelength-selective cross connect with on-chip micromirrors, in Opt. Fiber Commun.
and Nat. Fiber Opt. Eng. Conf. (OFC/NFOEC’06), San Francisco, CA, USA (2014), Techn.
Digest, paper OTuF

220. V. Kaman, X. Zheng, S. Yuan, J. Klingshirn, C. Pusarla, R.J. Helkey, O. Jerphagnon, J.E.
Bowers, A 32 × 10 Gb/s DWDM metropolitan network demonstration using wavelength-
selective photonic crossconnects and narrow-band EDFAs. IEEE Photonics Technol. Lett.
17, 1977–1979 (2005)

221. www.polatis.com
222. A.N. Dames, J.H. James, Optical fiber switching assembly. US patent No. US 7,106,925 B2

(2006)
223. A.N. Dames, Piezo-electric actuator, US Patent No. US 7,026,745 B2 (2006)
224. A.N. Dames, Beam steering arrangement and optical switches. US Patent No. US 7,095,915

(2006)

Shifu Yuan received the B.S. degree in Applied Physics, M.S., and Ph.D. degrees in Optics, all
from the Harbin Institute of Technology, Harbin, China in 1988, 1991, and 1994, respectively. In
1994, he joined the Department of Precision Instruments, Tsinghua University, Beijing China, as
a post-doctoral research associate and then an Associate Professor, where he had been engaged in
the research and development of photonic information processing and optical image processing and
recognition. From 1996 to 1998, he was a post-doctoral research associate with CREOL/School of
Optics, University of Central Florida, where he was engaged in the research and development of
liquid crystal based optical switch, fiber optics and photonic delay line. In 1998, He joined Chorum
Technologies, Richardson, TX, working on liquid crystal based optical switches and birefringent
crystal based optical interleavers. In 1999, he joined Corning Inc, Corning, New York, where he
had been involved in the research and development of optical networking architectures and appli-
cations of wavelength selective switch. In 2000, he joined CALIENT Technologies as a Sr. Optical
Engineer and since 2010, he has been the Chief Technology Officer of Optical Technologies at
CALIENT. He had been leading the technical team at CALIENT in development of large scale
3-D MEMS optical switches and bringing the largest port count optical switch from design to high
volume production.

John E. Bowers holds the Fred Kavli Chair in Nanotechnology, and is the Director of the Institute
for Energy Efficiency and a Professor in the Departments of Materials and Electrical and Computer
Engineering at UCSB. He is a cofounder of Aurrion, Aerius Photonics and Calient Networks. Dr.

http://www.polatis.com


10 Optical Switches 545

Bowers received his M.S. and Ph.D. degrees from Stanford University and worked for AT&T Bell
Laboratories and Honeywell before joining UC Santa Barbara. Dr. Bowers is a member of the
National Academy of Engineering, a fellow of the IEEE, OSA and the American Physical Society,
and a recipient of the OSA Tyndal Award, the OSA Holonyak Prize, the IEEE LEOS William
Streifer Award and the South Coast Business and Technology Entrepreneur of the Year Award. He
has published eight book chapters, 600 journal papers, 900 conference papers and has received 54
patents. He and coworkers received the EE Times Annual Creativity in Electronics (ACE) Award
for Most Promising Technology for the hybrid silicon laser in 2007.



Chapter 11
Passive Devices

Wolfgang Coenning and François Caloz

Abstract The chapter presents devices which ensure the following generic func-
tionalities: (i) physically connecting devices, (ii) splitting and coupling of light,
(iii) separating and redirecting light travelling into opposite directions (optical cir-
culators), and (iv) isolating light travelling into one direction from light travelling
into the reverse direction (optical isolators). The coverage includes theoretical as-
pects, standardisation issues, and typical characteristics of fibres and fibre-optic ca-
bles. The treatment of optical circulators and isolators includes their fundamental
principles, polarisation-independent 3D (free space) implementations, and planar
integrated waveguide-based solutions as well.

Fibre optic networks have experienced tremendous growth during the last few years,
starting with backbone or long haul networks over Metro nets and having reached
to the residential area more recently. The enabling components for this development
include lasers, modulators, detectors for example, but passive devices as well and
the latter will be the topic of this chapter. The most relevant functionalities of pas-
sive devices are (i) physically connecting devices, (ii) splitting and coupling, but
also (iii) separating and redirecting light travelling into opposite directions (optical
circulators), and (iv) isolating light travelling into one direction from that travel-
ling into the reverse direction (optical isolators), and corresponding solutions will
be covered in the subsequent paragraphs.
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11.1 Optical Connectors

11.1.1 Introduction

The optical fibre connecting devices most widely used are splices and connectors.
Splices are permanent connections; they may be fusion splices, where the two fibres
are fused together or mechanical splices, where the fibres are mechanically posi-
tioned in a semi-permanent way. Optical connectors are passive optical components
designed to connect two or more optical fibres in a non permanent way that may be
easily detached and reconnected several times.

Requirements on optical connectors are increasing steadily in parallel with the
improvement of fibre optic technologies. Main technical requirements are low in-
sertion loss, low return loss, stable performance with respect to temperature and
during mechanical stress as well as after disconnecting and re-establishing the con-
nection. In addition, connectors have to be reliable, safe and easy to use, and small.
They should offer dust protection and protection against wrong handling, and last
but not least, the price of optical connectors should be low since that may have a sig-
nificant influence on the overall price of the system as large quantities of connectors
are used in modern fibre optic networks.

11.1.2 Connecting Different Types of Fibres

The main challenge for optical connectors’ manufacturers is related to the dimen-
sion of the optical fibre and its core since the role of an optical connection is to align
the cores of the fibres to be connected. Dimensions of fibre cores range from a few
micrometres up to hundreds of micrometres, and as a consequence the requirements
on precision of the mechanical alignment range from a few tens of nanometres to
tens of micrometres, depending on the fibre type.

Since most of the applications covered by this book are based on single-mode
(SM) optical fibre designed to be operated in the wavelength range between 1200 nm
and 1650 nm, we will primarily concentrate on this type of fibre in this chapter.
Examples of connector applications using other types of fibres are discussed in
Sect. 11.1.9.

Fibres to be connected have to be aligned properly but a number of alignment er-
rors may negatively affect the performance of the optical connection, and Fig. 11.1
illustrates the most relevant alignment errors: An air gap, fibre core offset and angu-
lar misalignment are extrinsic parameters and may be corrected by using the right
positioning technology. Mode field diameter mismatch is due to fabrication toler-
ances of optical fibres, this parameter is intrinsic and can not be corrected by align-
ing the fibres.

The two key performance parameters that characterise any optical connection are
attenuation and return loss. Both place different physical demands on the positioning
of the optical fibre in the optical connection interface.
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Fig. 11.1 Main alignment
errors affecting performances
of fibre optical connections

Fig. 11.2 Lines of equal
attenuation of two coupled
standard single-mode fibres
as a function of lateral and
angular offset for 1310 nm
operation wavelength

Return loss is primarily affected by end face separation, lateral offset and angular
misalignment. Figure 11.2 illustrates the dependence of the coupling loss on lateral
and angular offset of two standard non-dispersion shifted single-mode fibres oper-
ated at 1310 nm. The curves are obtained under the assumption that both, input and
output fibres, are in physical contact (no air gap between the fibres).

The most significant parameters affecting return loss are end face separation, end
face high index layer conditions (high index layer thickness and index of refraction)
and end face condition.

Environmental conditions may also affect the characteristics of the optical in-
terface, and as a consequence connectors are specified for working under different
physical and mechanical conditions including device classes which assure that spec-
ified performance is guaranteed even under extreme environmental conditions (see
Sect. 11.1.4).
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11.1.3 Basics of FO-Connectors

Since fibre dimensions are small (125 µm diameter in the case of standard telecom
fibre), they are difficult to handle, process, polish and align. The most common
way of solving these difficulties is to fix the fibre in an object of larger dimensions
(ferrule) prior to proceed to any further handling of the fibre.

Ferrules are high precision tubes with outer diameter controlled with sub-micron
precision and a hole in the centre which has a diameter of the optical fibre cladding,
and they are available for one single fibre only or up to 72 fibres being handled. In
this chapter, we will mainly focus on single fibre connectors.

So far three different types of ferrules are standardised:

• Mono-bloc ferrules, that are one material (ceramics) ferrules, usually referred to
as full zirconium ferrule (IEC 61755-3-1/IEC 61755-3-2)

• Multi-material ferrules, which are composed by an outer ceramic tube with a
Cu/Ni metallic insert in the centre. These ferrules are referred to as composite
ferrules (IEC 61755-3-5/IEC 61755-3-6)

• Multi-material ferrules, which are composed by an outer ceramic tube with a
titanium metallic insert in the centre. These ferrules are referred to as composite
ferrules (IEC 61755-3-7/IEC 61755-3-8)

Single fibre connectors usually rely on cylindrical ferrules with diameters ranging
from 1.25 mm up to 3.2 mm (the most frequently used ferrule diameters are 2.5 and
1.25 mm). The fibre is fixed in the ferrule hole, and the end faces of the ferrules are
then polished in order to enable physical contact between the two fibres to be con-
nected. Two ferrules are then brought into contact through a precision sleeve which
has the role of guiding them one in front of the other, as illustrated in Fig. 11.3. The
other reference surface for the alignment is the outer diameter of the ferrule. There-
fore, if the fibre cores are positioned exactly in the centre of the ferrules, aligning
the two ferrules’ outer diameters will perfectly align the two fibre cores.

The ferrule is then assembled into a connector body which has the function of
guiding the ferrules’ axial positions as well as to orientate them, in order to bring
them into the right position and to guarantee the necessary compression force. Most
of the optical connections have a plug-adapter-plug design, where the spring-loaded
ferrules are assembled in the plug-part (also called “connector”), whereas the align-
ment sleeve is contained in the adapter.

Polishing of the ferrule end face may be straight or angled, depending on the
optical performance requirement and particularly the return loss.

Fig. 11.3 Simplified
(schematic) scheme of an
optical connection
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Table 11.1 Examples of performance categories (IEC 61753 standard series)

Category Environment Operating conditions

C Indoor controlled Operating temperature: −10 ◦C ≤ T ≤ +60 ◦C
Relative humidity: 5%–93%

U or O Outdoor uncontrolled Operating temperature: −40 ◦C ≤ T ≤ +75 ◦C
Relative humidity: 0%–100%

I Industrial Operating temperature −40 ◦C ≤ T ≤ +70 ◦C
Relative humidity 0%–95%

E Extreme Proposal: −45 ◦C ≤ T ≤ +85 ◦C

11.1.4 Relevant Standards for Optical Connectors

Different standard series have been developed by international standardisation bod-
ies (IEC, CENELEC, TIA, . . . ) to specify optical connectors, in particular their op-
tical and mechanical characteristics as well as performance, reliability and test and
measurement procedures in order to determine these quantities. The main purpose
of these standards is to ensure that products conforming to the standard will work
together repeatedly to a known level of optical performance without the need for
compatibility testing or cross checking, and this has to be true for the combination
of any products from any manufacturer.

The optical interface standard (IEC 61753-series) defines the location of the fi-
bre core in relation to the datum target and the following key parameters: lateral
offset, end face separation, end face angle, end face high index layer condition. If
these requirements are met, (in particular) attenuation and return loss performance
in a randomly mated pair of fibres of the same type will be within the appropriate
specifications.

Performance standards (IEC 61753-series) describe different service environ-
ments in which connectors may be used as illustrated in Table 11.1. Connectors
are generally designed for operation in specific categories, and materials may also
be suitable for specific categories only. For example, zirconium ferrule material is
suited for all environmental categories, while the polymer material specified for
some rectangular ferrules may only be applicable for controlled indoor environment.

The categories given in Table 11.1 are related to the following typical environ-
ments:

C: Office, equipment room, telecommunication centre or building, not sub-
jected to condensed water.

U or O: Outdoors but enclosed or covered. Locations: shacks, lofts, telephone
booths, street cabinets, garages, cellars, building entrances and unattended
equipment stations. Subject to condensed water and limited wind driven
precipitation, in close proximity of sand or dust.

I: Automation islands.
E: Outside plants with direct exposure of components to the environment.

Finally, there exist reliability and test standards similar to the ones for other OEICs
as well and these will not be described in more detail here.
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Table 11.2 Attenuation grades for single-mode fibre optical connectors (IEC 61755-1)

Attenuation Grade Attenuation (≥97%)a Average Note

A – – Reserved for future applications

B ≤0.25 dB ≤0.12 dB

C ≤0.5 dB ≤0.25 dB

D ≤1 dB ≤0.5 dB
a The probability of a random mated connector set of meeting or exceeding the specified level
of attenuation will be ≥97%. This performance is reached considering a statistical distribution
of connectors’ parameters (MFD, eccentricity and tilt angle) and using a nominal value for the
wavelength

11.1.5 Optical Requirements for Single-Mode FO-Connectors

11.1.5.1 Insertion Loss and Alignment Requirements

Connectors fall into different attenuation grade categories as illustrated in Table 11.2
and applicable to any pair of randomly mated connectors. For example, any grade B
connector mated with any other grade B connector will have an insertion loss
smaller than 0.25 dB with a probability of better than 97%.

The achievable insertion loss (attenuation) for fibre optic connectors is directly
related to the precision of the alignment of the two connecting fibres.

Ferrule hole concentricity and diameter, fibre cladding diameter and fibre core
concentricity are the main contributions to the eccentricity of the fibre core position
relative to the centre of the ferrule. The sum of all these tolerances usually leads to
overall values for fibre eccentricity in the order of typically 1 to 2 µm. However,
dedicated composite ferrule technology allows centring of the fibre core by defor-
mation of a metallic insert in such a way that the residual fibre core eccentricity
is lower than 0.1 µm and therefore high performance, low loss connectors become
possible (see [1]).

Figure 11.4 displays a ferrule with an eccentric connector core, and a solu-
tion, which enables to experimentally determine the eccentricity, is illustrated in
Fig. 11.5.

During the measurement the fibre core is illuminated and the ferrule is rotated in a
precision sleeve in front of a microscope and a CCD camera. The fibre core concen-
tricity is defined as the diameter of the circular trajectory of the fibre core image. The
position of the fibre core is then corrected using a special crimping tool. Using this
technology, Diamond was able to develop a low loss connector class that was named
“0.1 dB”, allowing reaching random attenuation values smaller than 0.1 dB [1].

11.1.5.2 Return Loss and End Face Geometry Requirements for Contacting
Fibres

In order to achieve stable optical connection, physical contact between the input
and output fibres is needed. Lack of optical contact would result in high and instable
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Fig. 11.4 Sketch of a ferrule
with off-centred fibre, in
comparison with an ideally
perfect “reference connector”

Fig. 11.5 Schematic sketch
of a ferrule concentricity
measurement instrument

Fig. 11.6 Calculated induced insertion loss and return loss for two perfectly aligned fibres sepa-
rated by an air gap

insertion loss of the connection, and it would have an even larger effect on the return
loss (see Fig. 11.6). As a consequence, it is essential to avoid any air gap between
the two connected fibres. This can be accomplished by spherically polishing of the
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Fig. 11.7 Scheme of
APC-polished connector end
face

two ferrules and pressing them together in an optical connection so that an elastic
deformation of the spherical ferrules leads to physical contact of the two fibres.

11.1.5.3 PC- and APC-Polished Connectors

In the previous discussion we only mentioned physical-contact (PC)-polished con-
nectors, where the fibre is polished 90° towards its axis. In order to reduce reflections
at the connection interface, the connector industry developed the so-called angled
PC (APC) connectors, which are polished with a tilt of 8°, as displayed in Fig. 11.7.

In APC-connectors the input and output fibres have to be in physical contact, ex-
actly in the same way as for PC connectors. The additional angle allows a reduction
of the amount of reflected light which is coupled back into the input optical fibre by
several orders of magnitudes. APC connectors’ return loss (RL)-values are specified
in the standards to be below −65 dB. In reality well polished APC connectors reach
RL-values well below −100 dB!

11.1.6 Mechanical and Climatic Requirements for FO-Connectors

Ideal optical connectors provide stable and repeatable alignment between fibres
which must be detachable and repeatable over hundreds or even thousands of con-
nection cycles without deterioration. Handling by operators may include pulling,
torsion, twisting, etc., and the optical connection may not only be placed in air-
conditioned rooms, but in unprotected locations as well, which may exhibit extreme
variations in temperature and humidity. Appropriate (long-term) operation under all
these conditions is assured by test standards (e.g. IEC 61300-2-xx) which connec-
tors have to pass.

11.1.7 Available Standard Connector Types

Standard connector types to be mentioned are based on three different ferrule
types:

• Cylindrical 2.5 mm ferrules (E-2000, FC, SC, LSA, . . . )
• Cylindrical 1.25 mm ferrules (LC, F-3000, MU, LX.5)



11 Passive Devices 555

Fig. 11.8 Examples of most frequently used fibre optic connectors (courtesy Diamond SA [1])

• Rectangular multi-fibre ferrule, ranging from 2 to 12 fibres (MT, MT-RJ, MPO,
MF . . . )

Figure 11.8 shows a few examples of some of the most frequently used connector
types.

Recently developed connectors usually use a push pull latching mechanism as
opposed to a screw coupling nut, allowing better accessibility, space reduction and
therefore higher connection density.

Standard connections may be simplex, allowing connecting an input and one out-
put connector. Duplex connections, where the number of input and output connec-
tors is two, are often used in the case where there is a downstream and an upstream
fibre to be connected.

Backplane connectors are used in interconnect systems for connecting printed
circuit boards or electro-optic circuit boards to backplanes. Depending on the con-
struction, they may range from one connection up to 6 connections. When using
MT-ferrule technology (see beginning of this section), one backplane connection is
capable to interconnect up to several tens of fibres.
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Fig. 11.9 Typical simplex
patch cord cable construction

11.1.8 FO-Cables for Patch Cords

Cord is a general term for a terminated cable assembly, whatever the expected use
is. Examples of cords are equipment cord, work area cord or patch cords. Equipment
cords are cords connecting equipment to a distributor. Patch cord (see Fig. 11.9) is
a cord used within cross-connect implementations at distributors. A work area cord
is a cord connecting the telecommunications outlet to the terminal equipment.

Cords represent a very important product family in which optical connectors are
used. They often are assemblies of connectors and cable which are not produced
by the same manufacturer. In many cases both, cable and connector, are qualified
products performing well separately, but as soon as the two are combined into a
patch cord, problems may appear:

• Problems may be caused by the fact that connectors are two fixed points in a patch
cord, therefore not allowing the cable sheath or other polymer layers to shrink or
move as a function of temperature, thus leading to bending of the fibre in the
cable causing high attenuation variations.

• Connector ferrules are usually spring loaded. In a connector assembly the fibre
(including primary and secondary coating) is fixed to the ferrule, and the cable
reinforcement and sheath are fixed to the connector body. In a connection cycle
the two ferrules come into contact and push each other back into the connector
body. This movement is pushing back the fibre whereas the other cable layers
are fixed. In some cable constructions, this movement of the fibre is not allowed
due to dimensions or to friction. In this case the fibre usually bends within the
connector body, causing high attenuation.

For the reasons mentioned above, terminated patch cords need to be qualified as
such. The connector and the cable used in the assembly have to be qualified prod-
ucts, and the subsequent patch cord qualification is a repetition of selected tests used
for the connector testing. (Patch cord performance standards: e.g. IEC 61753-121
document series.)
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11.1.9 Connectors for Special Fibres or Special Use

So far the discussion was focused on connectors for standard single-mode fibres, the
most widely used fibre for telecom applications. However, there are also connectors
for other types of fibres (polarisation maintaining, specialty fibres at shorter wave-
lengths), for special applications such as very high optical power or particularly
harsh environment requiring a hardened connector design.

11.1.9.1 Polarisation-Maintaining Connectors

Standard single-mode fibres do not maintain a well-defined state of polarisation
(SOP) of the light because many effects including reflection from surfaces, stress
within the transmitting media (due to moving the fibre or temperature variations),
or magnetic fields can affect the polarisation of the propagating light.

On the other hand, many systems such as fibre interferometers and sensors, fibre
optic gyroscopes, fibre lasers and electro-optic modulators depend on a well-defined
SOP, which can be assured by polarisation maintaining (PM) fibre plus correspond-
ing connectors and a careful overall assembly so that polarisation-dependent losses,
which normally degrade system performance, can be avoided.

In response to these requirements several manufacturers have developed polari-
sation-maintaining fibres which exhibit birefringence within the core that is char-
acterised by two orthogonal axes corresponding to different propagation constants
of light polarised parallel to these axes (frequently designated as fast and slow axis,
respectively). If the input light into a PM fibre is linearly polarised and orientated
along one of these two axes, the output light from the fibre will remain linearly
polarised and parallel to the principal axis, even when subjected to external stress.

Birefringence within a PM fibre is obtained by breaking the circular symmetry,
and this can either be done by forming a non-circular fibre core (shape induced bire-
fringence), or by inducing constant stress within the fibre (stress induced birefrin-
gence) by fabricating the fibre with two highly doped regions located on opposite
sides of the core. Corresponding examples are illustrated in Fig. 11.10. The currently

Fig. 11.10 Examples of
polarisation-maintaining
fibres: (a) elliptical-cladding-,
(b) PANDA-, (c) “bow-tie”-,
(d) elliptical-core-,
(e) double-core-, and
(f) elliptical-core
circular-cladding fibre
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Fig. 11.11 For FO
connectors assembled on
PM-fibre the orientation of
the birefringence axes is a key
parameter

most popular SM fibre is the so-called PANDA fibre (where PANDA stands for
‘polarisation-maintaining and absorption-reducing’) which relies on stress-induced
birefringence. One particular advantage of PANDA fibres compared to most other
variants is the fact that the PANDA core size and numerical aperture are compatible
with regular single-mode fibre. This ensures minimum loss in devices using both
types of fibre.

While one can produce perfectly linearly polarised light in theory, this is not the
case in practice. Instead, there is always some residual polarisation (random or el-
liptical) present in the output beam, and a measure of beam quality is its polarisation
extinction ratio (PER). The extent to what a fibre maintains polarisation depends on
the input launch conditions, in particular on the alignment between the polarisation
axes of the light and the fibre principal axes.

If a perfectly polarised beam is launched into an ideal fibre misaligned by an
angle φ with respect to the slow (fast) axis of the fibre (see Fig. 11.11), this mis-
alignment causes a small amount of light being transmitted along the fast (slow)
axis of the fibre and consequently degrades the PER of the output beam.

The optimum achievable value of the output extinction ratio (ER) is thus limited
by

ER ≤ −10 · log
(
tan2 φ

)
(11.1)

Thus to achieve output extinction ratios better than 20 dB, the angular misalignment
must be less than 6 degrees. For 30 dB extinction ratio, the angular misalignment
must be less than 1.8 degrees.

As a consequence, in PM connector assemblies it is not only important to align
fibre cores but also to orient the fibre axes (see Fig. 11.11), so that in a connection,
both fibres have their main axes aligned. In addition, since most PM fibres are stress-
induced high birefringence fibres, care should be taken not to excessively stress
them because this would decrease their efficiency in maintaining polarisation states.

For these connectors orientation of fibre concentricity, as described in
Sect. 11.1.5.1, is no longer possible because priority has to be given to the prin-
ciple axis orientation. Therefore, this type of fibre is most conveniently terminated
using centred technology connectors, which allow both, to position the fibre core in
the centre of the ferrule and then to orient the fibre axis.

Very often, PM-applications also require shorter wavelengths, usually related to
smaller fibre core and mode field diameter as compared to standard single-mode
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fibre. For these applications the alignment of the fibre core is even more challenging.
A general rule of thumb is that if the mode field diameter is two times smaller, the
same offset error is leading to a 4 times larger attenuation in a connection. The only
possible way of manufacturing low loss PM-connectors on small core fibres is by
using centring technology, as developed by Diamond SA (see Sect. 11.1.5.1).

11.1.9.2 High Power Connectors

The transmission of high power signals through single-mode fibres raises new chal-
lenges not only for the fibre manufacturers but for the in-line components manufac-
turers as well. Within the core of the fibres and in the areas where the light beam
is focused, the power density can reach more than 10 GW/m2 (as a reference, this
is more than hundred times the power density dissipated on the surface of the sun).
This can have catastrophic consequences for materials that cannot withstand such a
high power density.

One very critical component is the single-mode connector. Good connectors pro-
vide only a much reduced hindrance to the transmitted signal (the best connectors
guarantee a maximum attenuation as low as 0.1 dB). These small losses are mostly
induced by a mismatch of the fibre core parameters (numerical aperture, diameter)
or a lateral and angular misalignment, and the energy that gets lost this way is not a
threat to the connector reliability as it is dissipated through the fibre cladding.

Problems arise when the connectors are not perfectly clean. Contamination par-
ticles that are located at the connector interface can absorb part of the transmitted
energy and convert it into heat. When the heat produced this way is high enough, the
temperature of the fibre can rise over the melting point of silica, causing the collapse
of the connection.

To avoid these problems, a connector that has to bear high power signals must
ensure perfect cleanliness conditions. A visual inspection of the ferrule’s end face
before every mating is essential. There shouldn’t be any metallic wear parts; metal
sleeves and threads are to be avoided. When the connectors are unmated, there must
be a protection cap for the ferrules in order to avoid any contamination on the fibre.
The mating adapter must also have a protection cap to prevent dust particles to enter
the sleeve, and connectors exhibiting all these features are commercially available
already [1].

Cleanliness and the above mentioned features may still not be sufficient to guar-
antee a flawless functioning of the connectors as small particles that may be over-
looked with a field inspection microscope could still cause the connector to fail. The
only way to eliminate this risk is to reduce the power density at the connector in-
terface, i.e. to enlarge the beam diameter. For this reason connector manufacturers
propose a connector design based on expanded beam technology.

Expanded beam connectors that use collimating lenses have been on the market
for many years. They are constructed for use in harsh environments, so they usually
have rugged bodies and provide higher insertion loss values. Some manufacturers
offer expanded beam connectors as high power connectors based on the use of a
piece of gradient index fibre instead of an external lens to collimate the light beam.
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Fig. 11.12 High power
connector based on grin lens
design using gradient index
fibre

This way the expanded beam system can be integrated in a standard cylindrical
ferrule (2.5 mm or 1.25 mm), as illustrated in Fig. 11.12.

The GRIN fibre is spliced to a standard SM fibre and cut at the right length in
order to achieve the desired focal length. At the connector interface, the beam is
collimated and has a large mode field diameter dependent on the magnification of
the GRIN fibre (typical magnification factors 4 to 5, leading to a power density
decrease of a factor 16 to 25). In the other connector, the second GRIN fibre focuses
the beam back into the SM fibre.

It has been demonstrated that connectors based on the design described above can
withstand high power signals (up to 1 W) under standard contamination conditions
(same cleaning procedure and same inspection procedure) and show low insertion
loss values (similar to standard SM connectors). This technology may be coupled
to the E-2000™ connector body offering a good protection of the ferrule from the
environment thanks to its protection cap.

11.1.9.3 Field Termination

Most of the fibre optic connectors are assembled in the factory and then spliced
(pigtail) or patched in the field, but there are applications where it is needed to
assemble the connector in the field. Since connector assembly requires specialised
tools and skills, it is usually not possible to assemble connectors in the field using
the same technologies as in the factory. Therefore, alternative solutions have been
developed for field terminations:

• Optimised, “quick assembly” tools, which allow the field assembly of standard
connectors.

• Field termination connectors based on mechanical splices: A connector assembly
that is factory terminated and polished may be field terminated on a cable end.
The connection to the cable fibre is accomplished through a mechanical splice
(see Fig. 11.13).

• Field termination connectors based on fusion splices: The principle is similar to
the termination mentioned above with the difference that the mechanical splice

Fig. 11.13 Schematics of a
field termination based on
mechanical splice
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is replaced by a fusion splice which increases performance and reliability of the
termination. Some manufacturers offer this kind of solution with similar perfor-
mance as for standard connectors. Usual installations rely on a 1–3 m pigtail
which is spliced to the cable end, but in the case of a fusion field termination the
pigtail is significantly shorter (10–20 mm) and the connector housing integrates
splice protection features. This makes this solution very similar in performance
to what is usually achieved with factory-assembled connectors.

11.1.10 Cleaning and Inspection

A single particle mated into the core of a fibre can cause significant back reflection,
insertion loss, and equipment damage. If high optical power is involved, contamina-
tion may even cause a permanent damage. As a consequence, it is of high importance
to prevent contamination of connector end faces which may be due to:

• Mishandling such as accidental touching of connector end faces or inappropriate
cleaning

• Connectors left open for a while and subject to dust or other environmental con-
taminations

• Travelling contamination where one contaminated connector used for measure-
ments on a patch panel may contaminate a large series of initially clean connec-
tors

• Contaminated connector adapters where contamination is usually not bound to
the adapter parts

Accessible connector end faces (when the connector can be hold in a hand) may be
cleaned using fabric and/or composite material wipes which combine mechanical
action and absorbency to remove contamination. Wipes should be used with a re-
silient pad in order avoid potential scratching of the connector end face and assist
the cleaning material in conforming to the connector end-face geometry, and wipes
should be lint free and non-debris producing.

The use of a solvent with a dry wipe is advantageous for various reasons: it adds
chemical action to the mechanical function of the wipe which increases its cleaning
ability. In addition, the use of a static dissipative solvent eliminates the problem
that dry wipes may leave a static charge on the end face of connectors which can
subsequently attract particulate contamination.

If the connector end face is assembled in a port, it can only be accessed through
the adapter aperture, and in such cases purpose-built swabs or mechanical port
cleaning devices provide mechanical action and absorbency to remove contamina-
tion. Again, the cleaning end of the swab or cleaning material used in the port-
cleaning device should be lint free and non-debris generating. Particular care has
to be taken that saturating the connector interface is avoided when solvents are
used.

Cleaning of connector end faces and adapters is a process which usually does
not have 100% yield and may therefore require several iterations, which require
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observation of the end faces with an adequate inspection microscope. Today’s mi-
croscopes usually use a CCD camera and may be connected to measurement instru-
ments (e.g. OTDR, power meter), to a computer or a portable screen, and in some
cases image analysis is used to facilitate the detection of any defect or contamina-
tion.

11.2 Fibre Optical Couplers

11.2.1 Introduction

Routing signals to their appropriate destination is one important functionality in
communication networks, and combining, distributing or tapping optical channels
is equally important. Passive optical couplers offer this functionality (see Fig. 11.14)
and are therefore widely used in fibre optic networks.

Some designs are inherently directional, such as couplers where several fibres
are fused in the middle, routing signals from a group of input fibres to a separate
group of output fibres. Others are not directional, taking inputs from all fibres and
distributing them among all fibres. Therefore 2 × N couplers and 1 × N couplers
(tree couplers) are special cases of star couplers. In the four-port directional coupler,
an incoming signal at each of the input ports 1 or 2 reaches both output ports 3 and 4;
otherwise an incoming signal from each of the output ports 3 or 4 and propagating
in the opposite direction reaches both input ports 1 and 2.

The behaviour of these coupler structures is the result of reciprocity. Reciprocity
is essential for the correct interpretation of incoming signals at the output ports.
We will see that using fused-fibre technology, a T-coupler is nothing more than
a directional coupler terminating the second input fibre. Fused-fibre couplers may
be further characterised by the wavelength dependence of coupling. In this chapter
we will only discuss power splitters with a wavelength-independent behaviour over
a specified wavelength range and not wavelength-selective splitters (filters). Such
devices are discussed in Chap. 9.

Fig. 11.14 Coupler types: (a) T- or Y-coupler, (b) star coupler, (c) directional coupler
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Fig. 11.15 4-Port model of a
directional coupler

11.2.2 Modelling of Optical Directional Couplers/Power Splitters

A generic model of a directional coupler, which is independent of the coupler type,
is shown in Fig. 11.15 with ports numbered 1, 2, 3, and 4.

Based upon this model, the directional coupler can be characterised by a scat-
tering matrix. The scattering matrix is commonly used in the field of microwave
technology [2], and it is also used with the same definitions in fibre optics. Two
complex quantities, ai and bi , associated with each port i, represent the complex
amplitudes for the input and the reflected light waves, respectively. The relation
between the input and the reflected light waves is given by

b = Sa (11.2)

with vectors a = [a1, a2, a3, a4] and b = [b1, b2, b3, b4] and the scattering matrix S
given by

S =

⎡
⎢⎢⎣

s11 s12 s13 s14
s21 s22 s23 s24
s31 s32 s33 s34
s41 s42 s43 s44

⎤
⎥⎥⎦ (11.3)

all corresponding to the 4-port case. If the coupler is made of identical fibres,

sij = sji (i, j = 1,2,3,4) (11.4)

holds due to geometric symmetry and reciprocity of the device. Therefore we get
for the scattering matrix:

S =

⎡
⎢⎢⎣

s1 s2 s3 s4
s2 s1 s4 s3
s3 s4 s1 s2
s4 s3 s2 s1

⎤
⎥⎥⎦ (11.5)

with

s1 = s11 = s22 = s33 = s44: self-reflection coefficient

s2 = s12 = s21 = s34 = s43: transmission coefficient

s3 = s13 = s31 = s24 = s42: coupling coefficient

s4 = s14 = s41 = s23 = s32: blocking coefficient.
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For an ideal directional coupler with no reflections and no loss, the corresponding
scattering matrix Sideal is known to be a unitary matrix given by

Sideal =

⎡
⎢⎢⎢⎣

0 c1 ic2 0

c1 0 0 ic2

ic2 0 0 c1

0 ic2 c1 0

⎤
⎥⎥⎥⎦ (11.6)

where c1 and c2 are real constants and

c2
1 + c2

2 = 1 (11.7)

holds.
In the following paragraph we will show how the scattering matrix formal-

ism can be applied to the description of (biconical fused) fibre couplers (see also
Sects. 11.2.3 and 11.2.4).

The coupling region can support two fundamental modes, the even and the odd
one, which are characterised by different propagation constants βeven and βodd ,
given by

βeven = 2πneven

λ
and βodd = 2πnodd

λ
with

βeven + βodd

2
= βav (11.8)

with neven and nodd being the effective refractive indices of the even and odd modes,
respectively, and λ the vacuum wavelength of the wave under consideration. A plane
electromagnetic wave propagating into the z-direction is represented by

E(z, t) = E0 exp
[−i(βz − ωt)

]
(11.9)

with ω = 2πc/λ and c being the vacuum speed of light. Light propagating in the
odd mode will travel faster in the coupling area because its electrical field extends
further into the low-index cladding of the fibre. As a consequence a phase difference
as given by (11.10) accumulates between the even and odd modes as they propagate
a distance L along the coupler.

ϕ = L(βeven − βodd) = 2πL

λ
(neven − nodd) (11.10)

If a common phase delay of both modes, i.e. exp(−iβavL), is neglected, the total
electrical fields at the output arms 2 and 3 are given by

E2 = E

2
+ E

2
exp(iϕ) = E√

2

√
1 + cosϕ exp

(
iϕ

2

)

E3 = E

2
+ E

2
exp(iϕ) = E√

2

√
1 + cosϕ exp

(
iϕ

2
− iπ

2

) (11.11)
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Equation (11.11) demonstrates that the output of arm 3 is always delayed by 90°
with respect to arm 2. This behaviour is independent of the coupling length and
the strength of the coupling mechanism and therefore independent of the coupling
factor.1 Another important result is that the angle ϕ determines the coupling ratio
of the coupler where the following cases are of particular relevance: ϕ = 0 corre-
sponds to no coupling at all, ϕ = 90◦ characterises a splitting ratio of 50%, i.e. this
represents an ideal 3 dB coupler, and ϕ = 180◦ is equivalent to a splitting ratio of
100%, i.e. 100% of the input power appears in arm 3 and no power is observed in
arm 2. According to (11.10) and (11.11), for a given set of fibre parameters, the pe-
riodic exchange of the output power between the arms 2 and 3 depends only on the
length of the coupling region. Neglecting the common phase shift (i.e. exp(iϕ/2)),
we get:

E2 = c1E1 + ic2E4

E3 = ic2E1 + c1E4
(11.12)

The quadratic terms c2
1 and c2

2 represent the power coupling coefficients between
connected or coupled arms.

Directional couplers can also be analysed using the coupled mode theory, as out-
lined in Chap. 9, Sect. 9.3.1.

If ports 2, 3 and 4 are terminated without any reflection, the power Pi at each
port can easily be calculated using the incoming wave a1 at port 1 and the outgoing
waves b2, b3 and b4 at the other ports which leads to

P1 = |a1|2

P2 = |b2|2 = |s2|2|a1|2

P3 = |b3|2 = |s3|2|a1|2

P4 = |b4|2 = |s4|2|a1|2

(11.13)

Besides the coupling ratio CR there are three other parameters which characterise
the behaviour of a coupler and which are usually expressed in units of dB: the excess
loss EL, the return loss RL, and the directivity D, and these four key parameters are
given by

1It might be worthwhile to note that the sign of the phase change of the wave leaving the coupler
via the cross port depends on the sign in the exponent of (11.9). Conventions using positive or
negative sign for the wave propagation are both found in the literature giving rise to different signs
of the phase change, which might raise confusion.
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CR = −10 log

(
P3

P1

)
= −20 log

(|s3|
)

EL = −10 log

(
P2 + P3

P1

)
= −10 log

(|s2|2 + |s3|2
)

RL = −10 log

(
Pr

P1

)

D = −10 log

(
P4

P1

)
= −20 log

(|s4|
)

(11.14)

where Pr results from the outgoing wave at port 1 due to internal reflections in the
coupling zone. In general, EL, RL, and D result from internal imperfections of the
device because there are no incoming waves except at port 1. Other figures of merit,
which are relevant for the characterisation of couplers, are independence (or negli-
gible residual dependence) on fibre modes and on the state of polarisation. The first
is a very important requirement for multimode couplers because different excitation
conditions can often result in a large change of the coupling ratio. Polarisation in-
dependence is naturally a topic for single-mode couplers only. One rule of thumb
is that the shorter the tapered zone of the fibres the larger the residual polarisation
dependence. As a consequence, the overall size of couplers should not be reduced
too much.

11.2.3 Fibre Coupler Technologies

The most common type of fibre coupler is the evanescent field coupler which uses a
narrow spacing between two adjacent fibre cores. Because the electromagnetic field
extends beyond the cores, coupling between the cores happens. Fibre-based cou-
plers are produced using essentially two different techniques. Most popular is the
fused biconical taper technique, producing fused biconical couplers (FBCs). Two
fibres are fused together and stretched at high temperature. To achieve an approach
of the fibre cores due to a force, the fibres must be twisted in- or outside the cou-
pling area. The stretching decreases the diameter of the fibres and therefore, pro-
portionally, the diameter and the distance of the cores. At the beginning and at the
end of the coupling zone a tapered zone occurs. This causes an extension of the
electromagnetic field and therefore the possibility of coupling. The coupling length
is the major parameter to define the coupling ratio. Fused biconical couplers are
primarily used as power splitters for telecommunication applications but they also
serve as wavelength division multiplexers and demultiplexers. The other popular
approach to fabricate fibre couplers relies on polishing the fibres. The two fibres,
which will build the coupler, are first embedded into a glass plate and then pol-
ished down to the cores. Joining the glass plates brings the cores into proximity.
The lateral spacing can be freely chosen which allows the definition of essentially
any coupling ratio wanted. Due to a perfectly manageable polishing process it is
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easier and more repeatable to create couplers using different fibre types with dif-
ferent diameters. Therefore this technique is very important for the fabrication of
couplers which use special fibres, for example, for high power or sensors applica-
tions.

11.2.4 Classification

By appropriate design of the manufacturing process and pre-treatment of the fibres,
which constitute the coupler, it is possible to create couplers with different coupling
ratio and transmission characteristics, and the following categories can be distin-
guished:

• Standard single-mode couplers (SSCs), specified for one wavelength and a
(small) bandwidth of typically ±5 nm

• Wavelength flattened couplers (WFCs), specified for one wavelength and a
(wider) bandwidth of typically ±40 nm

• Wavelength independent couplers (WICs), specified for two wavelengths (for ex-
ample: 1310 nm and 1550 nm) and for a bandwidth of typically ±40 nm at each
wavelength

• Extended wavelength independent couplers (EIC), specified for two wavelengths
and larger unequal bandwidths of typically ±50 nm and −100 nm/+50 nm

• Full range wavelength independent couplers (FIC), specified for two wavelengths
and large equal bandwidths of typically ±50 nm and ±100 nm

These fibre coupler categories are illustrated in Fig. 11.16.
Due to the coupling principle it is not possible to narrow the gap between the two

transmission windows to less than 75 nm because a smaller separation would at the
same time narrow the transmission windows themselves which is not acceptable.

The typical coupling behaviour of fused biconical couplers using standard single-
mode fibres or pre-treated fibres as a function of pull length during the pulling pro-
cess is illustrated in Fig. 11.17.

Fig. 11.16 Fibre coupler
categories [3]
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Fig. 11.17 Coupling behaviour of fused biconical couplers made of identical fibres (figure on the
left) and different fibres (figure on the right) [3]

Continuous monitoring of the power at the output ports enables to stop the pulling
process at the desired pull length in order to get the requested coupling behaviour.
For example, point A and B indicate pull lengths representing a 50/50%-power
splitting for 1310 nm or 1550 nm. At point D the power splitting is 80/20% for
both wavelengths. In the case of identical fibres (Fig. 11.17, left part) the coupling
ratio exhibits a large wavelength dependence due to the steep slopes of the curves.
If different fibre types are used (Fig. 11.17, right part), the wavelength dependence
is significantly lower. Finally, the same basic structure could also be used as a wave-
length multiplexer as point E in (Fig. 11.17, left part) illustrates.

Typical and best performance values of the different fibre coupler types and for
various splitting ratios are compiled in Table 11.3.

11.2.5 Star Couplers

Multiport couplers can – in theory – be made by fusion of many fibres. Large varia-
tions of the power distribution at the different outputs and an often poor repeatability
of the manufacturing processes have prevented the commercial implementation of
the theoretic concepts so far. In practice the manufacturing process has acceptable
yield for a maximum of four fibres or even less. Therefore transmissive star cou-
plers, which are key devices for star-type networks, are mostly built by a cascade
of equal or different T-couplers. One particular advantage of this approach is the
flexibility to create individual power distributions at the output ports, and lower cost
is an additional argument in favour of this approach. There is only one shortcom-
ing of transmissive star couplers which favours the use of fused couplers with more
than two fibres: the latter require less space. Figure 11.18 shows a drawing of a
transmissive 1 × 8 star coupler, built from 1 × 2 couplers with different coupling
ratios.
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Table 11.3 Typical values of input power degradation as observed at output port 2 and 3 for the
coupling ratios indicated. Numbers, given in dB, represent total attenuation due to splitting plus
internal coupler losses [3]

FIC EIC WIC WFC SSC

Wavelength
[nm]

1310 ± 50 1310 ± 50 1310 ± 40 1310 ± 40 or 1310 ± 5,

and and and 1550 ± 40, and 1550 ± 5, or

1550 ± 100 1550 + 50/ − 100 1550 ± 40 1625 ± 40 1625 ± 5

Coupling
ratio

Output port

O2 O3 O2 O3 O2 O3 O2 O3 O2 O3

50/50% 4.2 4.2 4.0 4.0 3.6 3.6 3.4 3.4 3.4 3.4

60/40% 3.2 5.4 3.0 5.2 2.7 4.7 2.5 4.3 2.5 4.3

67/33% 2.7 6.4 2.5 6.2 2.2 5.6 2.0 5.2 2.0 5.2

70/30% 2.4 7.0 2.2 6.8 2.0 6.1 1.8 5.6 1.8 5.6

80/20% 1.7 9.2 1.5 9.0 1.4 8.4 1.1 7.4 1.1 7.4

90/10% 1.1 13.0 0.9 12.8 0.8 11.7 0.6 10.6 0.6 10.6

95/05% 0.8 16.8 0.6 16.6 0.5 15.3 0.4 13.8 0.4 13.8

99/01% 0.1 24.7 0.4 24.5 0.2 23.1 0.2 22.0 0.2 22.0

Minimum directivity [dB] 55 for 1 × 2, 60 for 2 × 2

Minimum return loss [dB] 55 for 1 × 2, 60 for 2 × 2

Polarisation dependent lossa,b [dB] typical 0.05
a Maximum 0.1 dB for port O2 and maximum 0.2 dB for port O3
b FIC, EIC: measured at 1310 nm and 1550 nm, WIC, WFC, SSC: measured at central wavelength
of wavelength range

Fig. 11.18 Drawing of a 1 × 8 star coupler and output power distribution

11.3 Optical Circulators

An optical circulator is a nonreciprocal, passive multiport device, and its key func-
tionality is directing light sequentially from port to port which results in the sep-
aration of signals which travel along an optical fibre in opposite directions. Sub-
components optical circulators are assembled from are a selection from polarising
beam splitters, phase shifters, Faraday rotators, optical isolators, walk-off polarisers,
prisms, and lenses.
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Fig. 11.19 Functionality of
an “ideal” 4-port optical
circulator (schematic)

Fig. 11.20 Design example
of an “ideal” 4-port optical
circulator [4]

Optical circulators are typically 3- or 4-port devices, and an “ideal” 4-port circu-
lator is schematically illustrated in Fig. 11.19 where “ideal” means that light may
enter by any input and is routed to the subsequent port in all cases.

Various implementations of optical circulators have been published starting in the
late 70-ies and early 80-ies of the last century and continuing since then including
different “ideal” 4-port circulators [4–7] and one design is illustrated in Fig. 11.20.
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Table 11.4 Typical characteristics of commercially available optical circulators. Numbers given
apply to 3-port and 4-port circulators as well (for the former case all entries containing “4” should
be removed)

Wavelength ranges 1310 ± 30 nm

1525–1565 nm

1570–1610 nm

Insertion loss (1 → 2, 2 → 3, 3 → 4) 0.8. . . 1.2 dB

Channel isolation (2 → 1, 3 → 2, 4 → 3)

peak: >50 dB

complete operation range >40 dB

Directivity (1 → 3, 2 → 4) >50 dB

Return loss >55 dB

Polarisation-dependent loss (PDL) <0.1 . . . 0.15 dB

Polarisation mode dispersion (PMD) 0.06 . . . 0.1 ps

Wavelength-dependent loss (WDL) 0.15 . . . 0.2 dB

Polarisation extinction ratioa 20 . . . 23 dB
a Applies for polarisation-maintaining circulators

Typical characteristics of these early devices were about 2 dB insertion loss, 25
to 35 dB isolation (sometimes <25 dB), and the operation wavelength was typically
around 1.3 µm.

In practice the full functionality of an “ideal” circulator requires a very sophis-
ticated and complex design. However, this is not generally needed, and as a con-
sequence optical circulators are normally offered with reduced functionality [8]. In
the case of 4-port circulators the corresponding routing characteristics can be repre-
sented by 1 → 2, 2 → 3, 3 → 4, i.e. port 1 is an input port only, ports 2 and 3 serve
as input and output ports while port 4 is an output-only port. 3-port circulators do in
general correspond to 1 → 2, 2 → 3 routing, i.e. they have one input-only port (1),
one output-only port (3) while port 2 serves both, as an input and an output port.

Commercially available optical circulators are essentially all mini bulk assem-
blies packed with fibre pigtails, and typical parameters of circulators for operation
at telecom wavelengths are compiled in Table 11.4.

The wavelength ranges over which optical circulators are specified may vary by
several nm, and there are also products on the market which cover the complete
C+L bands. Dimensions of typical circular modules are about 5.5 mm in diameter
and 60 . . . 65 mm length.

11.4 Optical Isolators

11.4.1 General Characteristics

Optical isolators transmit light in one direction only. They play an important role in
fibre optic systems by preventing back-reflected and scattered light from reaching
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Fig. 11.21 Generic set-up
and operation of a polarising
optical isolator. Upper part
illustrates light transmission,
lower part corresponds to
blocking

the sensitive cavity of transmitter lasers, which might otherwise strongly affect the
performance of lasers, and optical isolators assure stable performance of EDFAs.
An isolator is a two-port optical circuit and its behaviour can be characterised by a
scattering matrix according to

S =
[
s11 s12
s21 s22

]
(11.15)

An in-depth treatment of the fundamentals is given e.g. in [9] and the implemen-
tations of a large number of different variants of optical isolators are also pre-
sented. Optical isolators fall essentially into one of two categories: polarising iso-
lators which are polarisation-dependent and reject the unwanted polarisation which
counter propagates to the transmitted beam, and polarisation-independent isolators,
in which the unwanted polarisation appears spatially displaced and is blocked at the
output of the isolator.

Key elements of a polarising optical isolator (as illustrated in Fig. 11.21) are a
pair of linear polarisers separated by a Faraday rotator, which shifts the plane of
polarisation by 45°. The polarisers are orientated in such a way that their planes of
polarisation differ by 45°.

The functionality of the polarisation dependent optical isolator shown in
Fig. 11.21 can be understood as follows: Light coming from the left in the exam-
ple shown will pass the first polariser (provided their polarisations match while any
polarisation mismatch leads to extra insertion loss (cf. also Sect. 11.4.2). Next the
light enters the Faraday rotator (usually an yttrium-iron-garnet = YIG or a terbium-
gallium-garnet = TGG) material which rotates the light polarisation by 45°. At the
output the light beam passes the second polariser which is intended to operate as an
analyser and which is orientated at an angle of 45° with respect to the first polariser.

Light coming from the right can only pass the second polariser if the light po-
larisation and the optical axis of the polariser are parallel. Reciprocity would now
demand that the polarisation of the backward passing light were changed to the
polarisation of the input polariser. However, the Faraday rotator rotates the polari-
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sation of the back-travelling beam by another 45°, which results in an overall rota-
tion of 90° compared to the first polariser so that the back-travelling light beam is
blocked by the polariser. It is easy to understand that the performance of an isolator
is primarily defined by the quality of the two polarisers although the quality of the
antireflection-coating of each surface inside the isolator is another important issue.

It might be worthwhile to mention that a Faraday rotator could not be replaced by
an optically active or liquid-crystal polarisation rotator because in those devices the
sense of rotation is such that the polarisation of the reflected wave retraces that of
the incident wave so that the reflected wave is transmitted back through the polariser
to the entrance of the device.

Figures of merit which essentially characterise isolators are isolation I and in-
sertion loss IL, which are related to the scattering parameters s11 and s12 by

I = −10 log
(|s12|2

)

IL = −10 log

( |s21|2
1 − |s11|2

) (11.16)

11.4.2 Polarisation-Independent Optical Isolators

One serious drawback of optical isolators using polarisers and a Faraday rotator is
their polarisation dependence which increases the insertion loss. Therefore imple-
mentations of optical isolators without polarisation dependence are very interesting
for future transmission systems.

Isolators with polarisation-independent characteristics have been implemented
so far according to two different concepts: They are either deflection-type devices,
where the birefringence of prisms causes a polarisation-dependent deflection with
free space propagation at different angles, or displacement-type isolators where bire-
fringent crystals split and laterally shift the two polarisations while the free space
propagation is collinear [9].

For the first time a polarisation-independent (deflection-type) isolator was pro-
posed in 1979 [10]. The configuration of the suggested fibre-based isolator is shown
in Fig. 11.22.

The device uses two birefringent plates with equal thickness, a Faraday rota-
tor and a compensating plate which shifts the phase of the light by λ/4. The light
beam with two orthogonal polarisations propagates in the directions indicated by
the solid and dotted lines in the figure. The birefringent plates produce a spatial
separation for the orthogonally polarised components of the light. In case of the
forward travelling light, these parts of light interchange their polarisation before the
second birefringent plate and then they are combined at the second fibre. In the case
of backward travelling light, the two orthogonally polarised components of light do
not change their polarisation due to the nonreciprocal characteristics of a Faraday
rotator. Therefore, they are not combined by the birefringent plate and consequently
also not coupled into the input fibre (fibre 1). The principle used in this configuration
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Fig. 11.22 Configuration
and behaviour of a
polarisation-independent
isolator after [10]

Fig. 11.23 Setup of a
polarisation-independent
optical isolator after [11]

is that the backward travelling light is focused on points with a spatial offset with re-
spect to the core of fibre 1. Based on the same principle, a very small fibre-embedded
polarisation-independent isolator has also been fabricated [11]. This configuration
is shown in Fig. 11.23.

An isolator chip is inserted between TEC (thermal expanded core) fibres. The
chip consists of spatial walk-off polarisers (SWP), a half-wave plate (λ/2-plate)
and a Faraday rotator. Rutile plates were used as an SWP and a garnet crystal of
(YbTbBi)3Fe5O12 was used as a Faraday rotator. The isolator exhibited about 2.5 dB
insertion loss and over 40 dB of isolation at λ = 1550 nm.

Another type of polarisation-independent isolator has been proposed which
is based upon a polarisation-dependent isolator, two SWPs, and two half-wave
plates [12], see Fig. 11.24. Forward travelling light with orthogonal polarisations
is separated by the first SWP and then set to the same polarisation using a half-wave
plate in one path before the light passes through the polarisation-dependent isolator.

Fig. 11.24 Polarisation-
independent optical isolator
after [12]
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Fig. 11.25 Polarisation-
independent optical isolator
using an acousto-optic cell
after [13]

Then one of the light beams is rotated again by a half-wave plate before the second
SWP will combine the two beams. Backward travelling light is blocked completely
by the polarisation-dependent isolator because after travelling through the SWP and
through the half-wave plate both light beams have the same polarisation orientation
which is blocked by the isolator.

An acousto-optic cell as illustrated in Fig. 11.25 can serve as an isolator without
the drawback of exact positioning several elements. The optical signal transmitted
from a laser or travelling in the transmission system is frequency-up-shifted by the
acousto-optic modulator and Bragg-diffracted. Coming to a reflection face part of
the light is reflected onto itself and traces its path back into the cell. The backward-
travelling light undergoes a second Bragg diffraction accompanied by a second fre-
quency up-shift. Since the frequency of the returning light differs from that of the
original light by twice the acoustic frequency used in the cell, a filter may be used
to block it. Depending to the acoustic frequency used to modulate the light, even
without a filter, the laser will be insensitive to the frequency-shifted light.

11.4.3 Two-Stage Isolators

The performance of isolators is limited by the temperature- and wavelength-
dependent characteristics of all optical elements, furthermore the magnetic field
strength decreases with increasing temperature and the same holds for the Verdet
constant (of the Faraday rotator material). Fabrication tolerances and errors repre-
sent another limiting effect. As a consequence the peak isolation of single-stage
isolators is limited to about 40 dB and about 30 dB isolation is typically specified
over moderate wavelength and temperature operation ranges. One widely adopted
means towards improved performance are two-stage isolators, which enable higher
peak isolation (∼60 dB) and a less pronounced frequency- and temperature depen-
dent roll-off of the isolation [9, Chap. 6].

11.4.4 Commercially Available Optical Isolators

Commercially available optical isolators fall essentially into two categories, free
space, bulk optics isolators and fibre optic isolators, where commercially available
fibre optic isolators are in fact mini free space isolators packaged with fibre pigtails.
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11.4.4.1 Free-Space Optical Isolators

Free space optical isolators are commercially available for selected wavelengths or
wavelength bands ranging from the UV (<400 nm) to the near IR (>2 µm), in-
cluding 980 nm and the 1.3, and 1.55 µm telecom wavelengths. Single-stage isola-
tors may reach peak isolation better than 40 dB but isolation is typically specified
≥30 dB over ±10 nm from the centre wavelength. Fixed narrowband isolators are
offered both, polarisation dependent and polarisation independent while wavelength
adjustable/tunable or broadband isolators are polarisation dependent. Double-stage
isolators enable >60 dB peak isolation with all other parameters comparable to
those of single-stage isolators. Power rating depends on the polariser type used [14]
and is typically in the 25 W/cm2 to 500 W/cm2 range but may amount to even a few
10 kW/cm2 (e.g. 1064 nm isolators), and 1.3 µm and 1.55 µm isolators may be ca-
pable to handle 1 W of total power. The overall insertion loss of single- and double
stage isolators is in the few 0.1 dB range, and apertures are typically a few mm.

Finally, optical isolators exhibit a polarisation mode dispersion (PMD) of typi-
cally 0.1 ps (which is in fact rather a differential-group delay (DGD) as explained
in detail in [9]), and the residual polarisation dependent loss (PDL) of polarisation
independent isolators is <0.1 dB.

11.4.4.2 Fibre Optic Isolators

Fibre optic isolators are commercially available for a number of selected wave-
lengths or wavelength regimes including the 1310 nm, 1480 nm, 1550 nm and
1585 nm telecom wavelengths [15, 16]. Figure 11.26 illustrates the typical wave-
length dependent performance of a two-stage isolator for different temperatures
(data from [15]).

The figure clearly demonstrates that the minimum isolation depends significantly
on the wavelength- and temperature operation ranges. This has to be kept in mind
if the specifications of different isolators are compared, and this is also reflected in
Table 11.5 which compiles typical performance data of devices from two different
manufacturers.

Fig. 11.26 Isolation of a
two-stage fibre optical
isolator as a function of
deviation from the centre
wavelength for 3 different
temperatures (full line: 10 °C,
dashed line: 23 °C,
dash-dotted line: 55 °C),
after [15]
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Table 11.5 Characteristics of single- and two-stage fibre optic isolators of two different manufac-
turers

[16] [15]

Single-stage Dual-stage Single-stage Dual-stage

Operation wavelength (nm) 1310, 1550 1310, 1550 1310, 1480,
1550, 1590

1310, 1480,
1550, 1590

Wavelength range (nm) ±30 ±30 ±10 ±10

Peak isolation (dB) 42 58 45 65

Minimum isolation (dB) 32 45 40 55

Typical insertion loss (dB) 0.3 0.7 0.5 0.6

Crosstalk (dB).5 >65 >60 55 55

PDL (dB) 0.05 0.1 0.1 0.1

PMD (ps)a 0.2 (0.05) 0.1 (0.05)

Power handling (W) 0.3 0.3 0.3 . . .5 0.3 . . .5

Operation temperature (°C) −20 to +70 −20 to +70 0 to +70 0 to +70
a More correctly: differential group delay (see [9])

As the fibre optic isolators discussed here are mini assemblies of bulk compo-
nents (as mentioned already), it is not surprising that the performance of free space
and fibre optic isolators is essentially similar.

11.4.4.3 All-Fibre Optical Isolators

True all-fibre isolators have not yet received a greater amount of attention, although
17 dB isolation have already been demonstrated for an optical isolator building upon
Faraday rotation in a highly terbium-doped fibre [17] additional designs have been
suggested but not yet implemented [18].

11.5 Planar Integrated Waveguide-Based Optical Isolators and
Circulators

11.5.1 Planar Integrated Optical Isolators

In addition to optical isolators as stand-alone devices, planar isolators and/or so-
lutions which are suited for incorporation into optoelectronic integrated circuits
(OEICs) have been a research topic for several decades already, see e.g. the reviews
by M. Levy [19] or by B.J.H. Stadler et al. [20].

Planar waveguide optical isolators are predominantly designed using magneto-
optical (MO) material but can be based upon non-magnetic concepts as well. If
OEICs are to be developed, solutions of the former type require the combination
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of MO and semiconductor layers and corresponding materials development started
with III–V QWs directly grown on garnet [21], followed by wafer bonding of garnet
layers onto III–V semiconductors [22] as a next step. In 1997 Yokoi and Mizumoto
proposed [23] and in 2000 demonstrated [24] WGs in III–V material and using
the MO material as a cladding layer, and this approach has since then been widely
adopted and used with SOI WGs as well, e.g. using MZI- [25] or ring resonator
based designs [26].

11.5.1.1 TE-TM Conversion-Based Isolators

Early isolator concepts aimed at adapting the Faraday rotation scheme to WG isola-
tors which is equivalent to TE-TM conversion. This approach requires phase match-
ing between the TE and TM modes, and this is technologically highly demanding
due to shape birefringence and growth induced stress/strain birefringence. Neverthe-
less, as outlined in detail in [19] different groups have successfully adopted various
strategies to achieve efficient TE-TM conversion. Isolation ratios exceeding 30 dB
have been demonstrated, however in a YIG waveguide structure only [27] which is
incompatible with monolithic OEIC fabrication. Building upon TE-TM conversion,
only hybrid isolators using WG Faraday rotators or planar hybrid isolator assem-
blies [28] have been fabricated so far while corresponding monolithically integrated
isolators are still lacking.

11.5.1.2 Nonreciprocal Phase Shift-Based Isolators

A technologically less demanding planar WG isolator solution is based on a nonre-
ciprocal phase shift. Designs based upon MZI structures have been suggested about
40 years ago [29, 30]. A magnetically active material, e.g. YIG variants, placed on
top of the arms of an MZI plus a magnetic field applied with opposite orientation
for the interferometer arms, give rise to a nonreciprocal phase shift for the forward
and backward travelling TM-polarised waves. By proper adjustment of the relevant
magneto-optic parameters and interferometer geometry constructive interference in
the forward- and destructive interference in the backward direction can be achieved
(see e.g. [20, 24]).

Corresponding devices have been realised in the InP material system [31] and
on SOI [25, 32, 33] with >20 dB optical isolation over 8 nm bandwidth reported.
Moreover, advanced devices have been proposed, including polarisation indepen-
dent designs [34–37] and a wideband isolator (1.25 to 1.65 µm) with calculated
>35 dB isolation [38].

Another variant of this isolator type is a nonreciprocal ring (or racetrack) re-
sonator with a magneto-optic layer (e.g. Ce:YIG) on top of the ring. Using an axi-
ally magnetised neodymium cylinder magnet on the top of the ring resulted in about
20 dB isolation in the telecom regime [39, 40]. In a more recent variant the external
magnet is replaced by a metal wire ring on top of the garnet. A current through this
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wire gives rise to a radial magnetic field which induces different phase shifts for the
clockwise and counter-clockwise propagating modes resulting in optical isolation,
and 32 dB isolation and 2.3 dB excess loss only have been reported [41]. Corre-
sponding isolators can be made very compact and are consequently promising for
monolithic integration. On the other hand, due to the generic characteristics of ring
resonators (see Chap. 9, Sect. 9.10.1), the achievement of high isolation over wider
wavelength ranges is a very challenging task.

11.5.1.3 Isolators Exploiting Nonreciprocal Loss

Nonreciprocal loss in semiconductor optical amplifier (SOA) structures combined
with a ferromagnetic layer magnetised parallel to the light propagation direc-
tion enables the fabrication of monolithic integrated isolators. If the ferromag-
netic layer is placed on top of the WG, such devices operate for TM polarisa-
tion [42, 43] while a ferromagnetic layer at the SOA sidewall acts as an isolator for
TE-polarised waves. Results achieved so far include 10 dB/mm isolation over the
complete C-band (1530–1560 nm) and a peak TE-mode nonreciprocal attenuation
of 14.7 dB/mm [44], or the monolithic integration with a laser diode, however, with
lower optical isolation [45]. SOA-based isolators lend themselves to integration on
GaAs- or InP-basis while their implementation would be much more demanding on
an SOI platform. On the other hand, one inherent and serious shortcoming of this
approach is the power needed for compensating the large optical losses induced by
the ferromagnetic layer.

11.5.1.4 Nonmagnetic Solutions

A rather different approach uses RF modulation which gives rise to direction depen-
dent propagation characteristics while no magneto-optic materials are used at all.
Various concepts have been proposed and implemented already [46–49], but fur-
ther improvements are needed before such devices will become competitive with
existing solutions.

It might be worthwhile to note here that device concepts have also been claimed
to exhibit nonreciprocal light propagation characteristics and were consequently
suited for making optical isolators which, however, did not have an asymmetric
scattering matrix (as required for a true optical isolator). This topic is discussed in
depth in [50], the authors give reference to papers with unjustified claims, and an
overview of various viable optical isolator concepts published so far is also included.

11.5.2 Planar Optical Circulators

Optical circulators constitute a generic building block for complex OEICs, one
well known application example is their combination with Bragg gratings used as
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wavelength (de)multiplexers or in sensing applications as well. Therefore, planar
waveguide-based optical circulators have been a research topic for several decades
already although with lower overall effort than that spent on the development of
planar optical isolators. Most circulator designs under investigation in the past are
similar to corresponding isolator concepts, they rely on the same technology and
exhibit comparable performance. Up to now only a limited number of circulators
have already been realised with quite a few more having been suggested but not yet
implemented so far.

11.5.2.1 Planar Hybrid Circulators

Hybrid 4-port polarisation independent waveguide optical circulators are early ex-
amples of fabricated circulators. Based upon a nonreciprocal Mach-Zehnder inter-
ferometer structure and including quarter-wave plates and Faraday rotators [51, 52],
such circulators exhibited a forward to reverse isolation of 14.0 to 23.7 dB and 3.0
to 3.3 dB insertion loss at λ = 1.55 μm [51] or 16.2 to 29.8 dB isolation and 8.8
to 9.4 dB insertion loss [52], respectively, with a completely alignment-free wave-
guide-embedding configuration demonstrated in the latter case.

11.5.2.2 Nonreciprocal Phase Shift-Based Circulators

Mach-Zehnder interferometers with a nonreciprocal phase shift section do also en-
able the design of planar optical circulators (similar to corresponding optical isola-
tors). Such circulators are polarisation-dependent (TM polarisation operation only)
and 3-port- as well as 4-port-circulator structures, fabricated in the SOI material
system, have been reported [53–55]. Maximum isolation achieved has been in the
10 to 20 dB regime, and the total device insertion loss amounted to about 10 dB
plus significant fibre-chip coupling losses in the absence of optical tapers. Finally
it is worthwhile to note that these circulators exhibit appropriate performance at se-
lected wavelengths only due to the generic characteristics of MZIs in combination
with fairly small free spectral ranges (12 or 20 nm, respectively).

11.5.2.3 Miscellaneous Planar Circulator Concepts

Various additional optical circulator designs have been proposed in the literature
the implementation of which is still pending. Examples include circulators based on
ring resonators [56], ring cavities [57], resonators in 2D photonic crystals [58], and
nonmagnetic circulators based on photonic transitions [59]. Most of the circulators
are polarisation dependent once again, while a polarisation independent circulator
is suggested in [60]. However, the concept requires Faraday rotators and half-wave
plates so that it lends itself to a hybrid rather than a monolithically integrated reali-
sation.
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Chapter 12
Fiber Amplifiers

Karsten Rottwitt

Abstract The chapter provides a discussion of optical fiber amplifiers and through
three sections provides a detailed treatment of three types of optical fiber ampli-
fiers, erbium doped fiber amplifiers (EDFA), Raman amplifiers, and parametric am-
plifiers. Each section comprises the fundamentals including the basic physics and
relevant in-depth theoretical modeling, amplifiers characteristics and performance
data as a function of specific operation parameters. Typical applications in fiber op-
tic communication systems and the improvement achievable through the use of fiber
amplifiers are illustrated.

Since the early days of optical communication there has been a strong effort
in making optical fibers with as low an intrinsic attenuation as possible. State-
of-the-art high capacity transmission optical fibers have a minimum attenuation
close to 0.2 dB/km at the wavelength 1555 nm. Figure 12.1 illustrates the at-

Fig. 12.1 The attenuation in
a standard single-mode
optical fiber versus
wavelength. Data adapted
from [1]
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tenuation as a function of wavelength in a state-of-the-art high capacity optical
fiber.

For wavelengths in the range from 500 nm to 1550 nm the attenuation is mainly
due to Rayleigh scattering whereas the loss at wavelengths beyond 1550 nm is
mainly due to infrared absorption [1].

Even though 0.2 dB/km is a very low attenuation, it is obvious that there is a
need for optical amplification when transmitting an optical signal over long dis-
tances. For this reason the development of the erbium doped fiber amplifier (EDFA)
led to huge progress within the field of optical communication. It may be fair to
state that the EDFA enabled tremendous progress in the field of optical communi-
cation, progress, which emphasized the need for more and more bandwidth. This
together with the availability of high power fiber lasers, powered by EDFAs, led
to the interest in Raman amplifiers which again enabled further increase in the ca-
pacity of optical communication systems. Even though the Raman amplifier has
proven strong benefits, it appears to be a safe statement that the EDFA will con-
tinue to be one of the most important components within optical communication
systems.

The continued search for optical communication systems that support more and
more capacity has seeded a strong interest in novel modulation schemes and space
division multiplexing and consequently also a search for optical fiber amplifiers
which may assist in improved system performance. Such amplifiers may be para-
metric amplifiers which in addition to being able to amplify an optical signal also
enable phase sensitive amplification and further signal processing such as regenera-
tion or wavelength conversion of a signal.

In the following chapter, the three types of optical fiber amplifiers are discussed
in individual sections. Section 12.1 is dedicated to the EDFA, Sect. 12.2 to the fiber
Raman amplifier, and Sect. 12.3 to the fiber optical parametric amplifier. The chapter
is concluded in Sect. 12.4 with a short summary of the three methods of optical
amplification.

12.1 The EDFA

In the EDFA the core of the optical fiber is co-doped with erbium ions. These have
energy levels separated by energies corresponding to optical frequencies. The ener-
gy levels are defined by the angular momentum of the electrons of the ions together
with their spin. When an ion makes a transition between two energy levels, light
may be emitted. This together with the fact that the host fiber is a silica based optical
fiber makes an EDFA an obvious component to splice to passive fibers for achieving
amplification.

The EDFA has numerous advantages of which the most important ones are listed
below:

• gain at 1555 nm coinciding with the loss minimum of optical fibers
• large gain, and large gain efficiency, tens of dB per mW of pump power
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• low noise figure, 3 dB at high gain
• low polarization dependence
• low channel to channel crosstalk

The EDFA was heavily researched in the late 1980s and in the early 1990s, see
for example [2–4]. The EDFA may be one of the most important inventions for
optical communication, and it is for example less likely that we would have trans-
oceanic transmission links employing wavelength division multiplexed signals, nor
metro/access networks, without the EDFA.

12.1.1 Energy Levels

The erbium-ion may be described using a simplified energy level diagram as de-
picted in Fig. 12.2. When optically pumped at 980 nm, the EDFA acts as a 3-level
laser system which means that the Er3+ ion is excited from the ground state level
4I15/2 to the third energy level 4I11/2 with rate WPA (index PA indicates absorption
at pump wavelength) from which it rapidly, considered instantaneous in the figure,
decays to the upper laser level 4I13/2 where the ion exists for a finite time (approx.
10 ms). On the other hand, the erbium ion may also decay to the ground state en-
ergy level with rate WPE (index PE indicates emission at pump wavelength). While
in the 4I13/2 state, the erbium ion may decay back to the ground state level either in
a spontaneous process with rate 1/τ21 (τ21 is the lifetime of the energy level 4I13/2)
or stimulated by a signal with rate WSE (index SE indicates emission at signal wave-
length). The signal may also cause the erbium ion to change energy level from 4I15/2

to 4I13/2 with rate WSA (index SA indicates absorption at signal wavelength).
It is noted that one may also pump the EDFA using light at 1480 nm in which

case the Er3+ ions are excited directly into the upper laser level 4I13/2.

Fig. 12.2 The energy levels of Er3+ are characterized by quantum numbers for the orbital momen-
tum L and spin-momentum S. For Er3+ L = 6 and S = 3/2. Thus, the total angular momentum, J ,
varies between L − S = 9/2 and L + S = 15/2 [3, 4], the latter being the ground state level. The
energy of one electron is changed between the different energy levels either by pumping or due to
emission. An electron may exist in the 4I13/2 level up to about 10 ms. The notation for the energy
levels are: 2S+1LJ , where L is quoted with a letter rather than a number (I represents the value 6)



588 K. Rottwitt

12.1.2 Rate Equations

In any practical case the population levels at the relevant energy levels are deter-
mined from rate equations. Assuming that the decay from 4I11/2 to 4I13/2 is instan-
taneous or that one is pumping using the pump wavelength at 1480 nm, the rate
equation for the population of ions in the lower energy level n1(r,φ, z) is

dn1(r,φ, z)

dt
= −[WSA(r,φ, z) + WPA(r,φ, z)

]
n1(r,φ, z)

+
[
WSE(r,φ, z) + WPE(r,φ, z) + 1

τ21

]
n2(r,φ, z), (12.1)

where the rates WSE , WSA, WPE , WPA and 1/τ21 are as described in Fig. 12.2,
n2(r,φ, z) is the ion population level in the upper energy level, and (r,φ, z) is the
position in the fiber. A similar rate equation exists for the population of ions in
the upper energy level. When evaluating the steady state case, i.e. dn1/dt = 0 and
dn2/dt = 0, the population level in the excited state, n2(r,φ, z), has the solution

n2 = ρ(WSA + WPA)/(WSE + WSA + WPE + WPA + 1/τ21), (12.2)

where ρ = n1 +n2 is the total erbium concentration level of the fiber. A rate equation
for n1 is easily found using the figure or simply by using n2 = ρ−n1. The number of
excited Er-ions relative to the total number of ions, i.e. here: x = n2/(n1 + n2), also
referred to as the inversion, is a very important parameter that determines evolution
of the signal but also spontaneous emission, which is equivalent to the signal gain
and the noise performance. In the following, equations for the evolution of signal
and pump power are described together with their solutions.

As discussed above, the two wavelengths used for pumping are 1480 nm or
980 nm, respectively. When pumping at 1480 nm, the EDFA acts as a two-level
laser system and the inversion can not exceed a maximum level of 70%. If instead
erbium is pumped at 980 nm, the rate WPE approximates zero and consequently the
maximum inversion may be 100%.

12.1.3 Signal Propagation

In the signal mode the power may be separated into a sum of pure signal and spon-
taneous emission. The evolution of the pure signal power Ps , is governed by

dPs

dz
= [

γe(νs, z) − γa(νs, z)
]
Ps, (12.3)

where νs is the frequency of the signal and z the position coordinate. The emission
and absorption factors γe and γa are defined through the material emission and
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absorption cross sections (σe(ν), σa(ν)), together with the overlap integrals between
the population levels n1 and n2 and the transverse signal mode Is(r):

γe(ν, z) = σe(ν)2π

∫ ad

0
n2(r, z)Is(r)rdr, (12.4)

γa(ν, z) = σa(ν)2π

∫ ad

0
n1(r, z)Is(r)rdr, (12.5)

where ad is the radius of the rare earth doping. It is noted that the signal is assumed
to be in the fundamental fiber mode, the LP01 mode. Since this mode does not vary
in the angular coordinate, the integration over the angular coordinate φ equals 2π .
The intrinsic fiber loss is omitted in the propagation equation (12.3) but may be
included as an additional term −αsPs , on the right hand side of equation (12.3)
where αs is the loss rate.

The intensity of the electric field representing the signal is

Is(r,φ, z) = Ps(z)
∣∣E01

s (r, φ)
∣∣2, (12.6)

where Ps(z) is the signal power, and the index ‘01’ on E01
s (r, φ) shows that the

transverse distribution of the electrical field of the signal is in the fundamental mode,
i.e. the electrical field is normalized according to

∫ 2π

0

∫ b

0

∣∣E01
s (r, φ)

∣∣2rdrdφ = 1, (12.7)

where b is the radius of the cladding of the optical fiber. The solution to the propa-
gation equation for the signal is:

Ps(z) = Ps(z = 0) exp

{∫ z

0

(
γe(νs, x) − γe(νs, x)

)
dx

}
= Ps(z = 0)G. (12.8)

Equation (12.8) defines the signal gain G as the output signal power relative to the
input signal power.

In analogy to the propagation equation for the signal, a similar propagation equa-
tion exists for the pump power, i.e.

dPp

dz
= [

γe(νp, z) − γa(νp, z)
]
Pp, (12.9)

where γe and γa are now determined by replacing the signal frequency by the pump
frequency and by replacing the signal intensity distribution by the pump intensity
distribution in (12.4) and (12.5), using as above that the intensity of the pump is

Ip(r,φ, z) = Pp(z)
∣∣E01

p (r,φ)
∣∣2, (12.10)

where Pp(z) is the pump power which, like the signal, is in the fundamental fiber
mode.
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Fig. 12.3 Left: Absorption (solid) and gain (dashed) spectra in an Al:Ge erbium doped fiber versus
wavelength [5]. Right: Gain as a function of wavelength for different average levels of inversion:
upper trace 63%, middle trace 45%, lower trace 38%, data are a courtesy of OFS Fitel Denmark.
Both figures are for aluminum-germanium-doped silica fibers

12.1.4 Emission and Absorption Cross Sections

Rather than using the comprehensive model described above, which requires nu-
merical analysis, alternative semi-analytical models have found their use to predict
amplifier gain, gain saturation, and noise properties [5–7]. In this model the gain per
unit length is given as

G(λ)

L
= [

g∗(λ) + α(λ)
]
Inv − α(λ), (12.11)

where α(λ) = σa(λ)Γ (λ)ρ is the absorption per unit length with no inversion, ρ is
the total erbium concentration and Γ (λ) is the overlap between the fiber mode and
the transverse distribution of the erbium ions. The gain per unit length with full in-
version is g∗(λ) = σe(λ)Γ (λ)ρ, and Inv is the average inversion of ions in the am-
plifier when operating under signal induced gain compression, i.e. Inv = 1

L

∫ L

0 xdz,
where x(z) = n2/ρ is the local inversion as described in the text following (12.2) L

the physical fiber length. Figure 12.3(left) shows examples of absorption and gain
per unit length for a specific fiber, and Fig. 12.3(right) shows gain as a function of
average inversion level as obtained in an EDFA.

Material Systems A silica based optical fiber consists of a core surrounded by a
silica cladding. The core material is silica to which a codopant is added to raise the
refractive index. In standard passive fibers, germanium is typically used as codopant,
however, in erbium doped fibers aluminum is a commonly used codopant material.
The reason is that the wavelength dependent absorption and emission cross sections
in (12.4), (12.5), and displayed in Fig. 12.3(left), depend on the core material, and
it has been found that by using aluminum it is possible to obtain advantages with
respect to the spectral properties of the amplifier.

In erbium doped fibers, the fiber is co-doped with erbium in addition to the in-
dex raising dopant, i.e. germanium/aluminum. With this material system amplifi-
cation around 1555 nm is demonstrated. The erbium doped fiber is pumped with
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either 1480 nm or 980 nm. Other active materials including ytterbium, neodymium,
praseodymium or thulium may also be used. All of these have been demonstrated
for applications at different wavelengths. As it is of relevance to this chapter, it is
noted that ytterbium may be used in combination with erbium, referred to as Er:Yb.
The resulting fiber is pumped using 980 nm, and the pump energy is first used to
excite the ytterbium system and then energy is transferred to the erbium system.
This material combination offers much higher pump absorption per unit length, and
the constructed amplifier may provide more gain per unit length as compared to a
fiber where erbium is the only rare earth dopant.

Fibers doped solely with ytterbium are often used to obtain very high output
power amplifiers. The ytterbium system is pumped at 980 nm and provides gain
from 1000 nm to 1100 nm. For further details regarding different material systems
see e.g. [3, 4].

12.1.5 Characteristics

Polarization Dependence The polarization dependence of EDFAs is very weak,
and as noted in [2] only becomes significant when many amplifiers are cascaded.
The polarization dependent gain manifests itself when a signal with a well defined
state of polarization saturates the amplifier. The spontaneous emission in the polari-
zation state orthogonal to the polarization state of the signal then experiences a
gain higher than the signal and the ASE in the same state of polarization as the
signal. Consequently, the spontaneous emission in the orthogonal state increases
faster than the spontaneous emission in the same state of polarization as the signal.
A polarization dependent gain of 0.01 dB was reported by V.L. Mazurczyk and
coworkers [8].

Time Response The response time of erbium is defined by the lifetime of the
excited state 4I13/2 in Fig. 12.2. This is a metastable state and has a rather long
lifetime of approximately 10 ms, which is much longer than the time for one bit in a
communication signal, for example a 40 Gb/s non return to zero signal where a bit
slot equals 25 ps. Consequently, the performance of an amplifier is well predicted
by considering the signal as a continuous wave. An additional benefit of the long
lifetime of the metastable state is that the pump source may be rather noisy without
any transfer of noise from the pump to the signal, assuming that the frequency of
the pump noise exceeds the kHz response time of the erbium system, defined by the
metastable lifetime.

It is noted that in a long chain of amplifiers, as for example used to amplify
a WDM signal in a long haul communication system, the dynamic behavior may
create transients that potentially could create detrimental power spikes [9].

Dispersion Whenever a material has a significant absorption or gain peak in the
wavelength space, it may also have significant group velocity dispersion. This could
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impact propagation of short pulses through the material. In addition, when designing
a fiber laser aiming at a high repetition rate, the fiber length is critical. Consequently,
in such amplifiers, a high erbium concentration is desired. In relation to this, it is
noted that the erbium concentration has an upper limit due to effects such as cluster-
ing which results in reduced gain efficiency [10]. In [10] B. Pálsdóttir has reported
concentration levels as high as 5 × 1025 ions/m3 to 10 × 1025 ions/m3 (correspond-
ing to 75 to 150 dB/m absorption at 1530 nm).

Most often erbium doped fibers have normal group velocity dispersion (GVD)
and can be used to compensate for anomalous dispersion in standard single mode
fibers used in laser cavities. However, when the level of inversion changes in a
pumped EDFA, the dispersion changes. In an example in [10], an un-pumped erbium
doped fiber with an NA of 0.27, and a GVD equal to −40 ps/nm/km at 1550 nm, al-
most independent of wavelength from 1520 nm to 1620 nm is considered. When the
fiber is pumped, the GVD changes significantly and may even be normal or anoma-
lous, depending on the used pump power, for further details the reader is referred to
[10].

12.1.6 Amplifier Performance

Amplified Spontaneous Emission A signal may be amplified in an EDFA only
because of stimulated emission. However, stimulated emission is accompanied by
spontaneous emission. The spontaneous emission propagates in both directions of
the optical fiber. Obviously, the spontaneous emission generated in the first infinite-
simal section of the optical fiber is amplified in the succeeding fiber sections. Thus,
the power of the spontaneous emission at the output of the amplifier is referred to as
amplified spontaneous emission (ASE). In the following, the forward propagating
ASE is denoted ASE+ whereas the backward propagating ASE is denoted ASE−.

Compared to the equation for the signal, the propagation equation for sponta-
neous emission includes a source term. The propagation equations for forward and
backward propagating ASE powers are:

dPASE±

dz
= ±2hνγe(ν, z)B0 ± [

γe(νs, z) − γa(νs, z)
]
PASE± , (12.12)

where hνB0 is the power of one photon per unit bandwidth accumulated within
bandwidth B0. By solving the propagation equation (12.12), the power of the ASE
may be predicted.

Noise Figure The performance of an amplifier is characterized by its gain but
equally important also by its noise performance. It is customary to quantify the noise
performance of an amplifier by its degradation of the signal-to-noise ratio when the
signal is amplified by the amplifier. The degradation of the signal-to-noise ratio is
called the noise figure [3, 4]. The signal-to-noise ratio is defined as the squared mean
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photon number 〈n〉2 relative to the variance of the photon number Vn. At the output
of an EDFA the mean photon number and the variance in photon number are:

〈n〉 = Gn0 + Mñ,

Vn = G2(V0 − n0) + Gn0(2ñ + 1) + Mñ(ñ + 1),
(12.13)

where G is the gain of the amplifier and n0 is the mean signal photon number
at launch. ñ is the noise photon number in the signal mode while M is the num-
ber of signal modes the detector is sensitive to, and V0 the variance of the photon
number at launch [3, 4]. Assuming the signal is monochromatic with frequency νs ,
the noise power in the signal mode is related to the noise photon number through
P̃ = hνsñB0, where B0 is the bandwidth of the signal. It is noted that for the signal
mode B0 equals 1/T , where T is the time duration of the signal. Assuming fur-
thermore that V0 = n0, i.e. an input with a Poissonian probability distribution as for
example a coherent state, then the electrical signal-to-noise ratio is given by

SNRe = Gn0

2ñ + 1 + Mñ
Gn0

(ñ + 1)
≈ Gn0

2ñ + 1
≈ Gn0

2ñ
. (12.14)

The first approximation is valid when the noise power is much less than the sig-
nal power, i.e. Gn0/Mñ � 1, whereas the second approximation is valid when the
added spontaneous emission is significant, i.e. ñ � 1/2. The ratio Gn0

ñ
represents

the optical signal-to-noise ratio at the output of the amplifier.
When the input signal is shot-noise limited and therefore has Poissonian statistics

i.e. V0 = n0, the noise figure equals

F = SNRin

SNRout
= 2ñ + 1 + Mñ

Gn0
(ñ + 1)

G
≈ 2ñ + 1

G
. (12.15)

The approximation is valid if the output signal power exceeds the noise power, i.e.
Gn0/Mñ � 1, which is true in almost all cases. Expressing the added noise in terms
of power, the noise figure in (12.15) may be rewritten as

F = 2P̃

GhνB0
+ 1

G
, (12.16)

where P̃ is the spontaneously emitted power within the bandwidth B0 and in the
signal polarization, i.e., more specifically, P̃ is the spontaneously emitted power in
the signal mode.

Amplifier Efficiency The EDFA is characterized by its high gain efficiency of
several dB of gain per mW of pump power. In addition, this high gain efficiency
is obtained in amplifiers that are only tens of meters long. Moreover, the EDFA is
also characterized by noise figures close to 3 dB for high gain amplifiers. Conse-
quently, the EDFA is ideal as discrete amplifier, and a large effort has been made
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to optimize such amplifiers by including ASE suppression filters, optical isolators
[11], and dividing the amplifier into different wavelength bands, C band amplifiers,
L band amplifiers etc. [12].

Optimum Length If the case is considered where the pump power is given and
the signal power is fixed, then the signal gain increases as the fiber length increases,
starting from very short lengths. However, for long lengths the inversion level can
not be maintained and the gain drops because of absorption by the erbium as well
as the intrinsic fiber loss, at the signal wavelength. Consequently, there exists an
optimum length, see for example [3, 13].

Depletion For a given amplifier design, i.e. for an amplifier with a fixed length and
a fixed pump power, the gain is constant for low input signal power levels. However,
as the input signal power increases, the gain decreases and the output signal power
approaches a constant value. When this happens, the amplifier is saturated. The
input signal power level where the gain has dropped by 3 dB, is referred to as the
saturation power level. This power level increases linearly with pump power and
inversely with the emission cross section at the signal wavelength [2].

When the amplifier is operated in depletion, the inversion level drops and con-
sequently the noise performance of the amplifier worsens. Figure 12.4 illustrates
the noise figure of an amplifier as a function of input signal power. Two graphs are
shown, the dashed curve is a simple amplifier design whereas the solid curve il-
lustrates the noise figure obtained if additional noise reduction filters/isolators are
inserted into the amplifier [11].

The spectral gain profile, which in effect is determined by the level of inversion
of the amplifier, also depends on the input signal power level. Considering a fixed
fiber length and a fixed pump power level, the level of inversion changes as the
signal input power level increases because an increased signal power level uses the
pump power over a shorter distance compared to the undepleted power level. As

Fig. 12.4 Noise figure as a function of input signal power for a saturated amplifier. The signal
wavelength is 1550 nm whereas the pump is at 1470 nm and a pump power of 60 mW has been
assumed. The dashed line characterizes an amplifier without components to reduce ASE, the solid
line represents the case with an isolator in the amplifier. Data adopted from [11]
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a consequence of the change in inversion level, the spectral shape of the gain is
modified.

12.1.7 Recent Applications

The EDFA has proven itself to be one of the most important components within
optical communication systems. The amplifier is commercially available and ap-
plied in almost all optical communication system architectures, and most research
on this type of commodity amplifiers is directed toward production parameters such
as uniformity and consistency during fabrication and splicing to other fibers [10].

In addition to being used as an amplifier in communication systems, the EDFA is
also widely used in fiber lasers. In the mid nineties of the last century focus was di-
rected toward low power fiber lasers, including single frequency or narrow linewidth
fiber lasers. However, within the last decade focus has been directed toward high
power fiber lasers, continuous wave as well as short pulsed lasers, and new fibers
for these applications are still being researched. These fibers include fibers that may
handle high powers for example for high power delivery or fibers that may be used
for pulse compression. Examples of such fibers include so called air clad fibers,
higher order mode fibers, and rod like fibers. In the following a short description of
the state-of-the-art regarding such erbium doped fibers is provided.

Air Clad Fibers In order to increase the output power of an EDFA it has been
suggested to use a so-called air clad fiber, see Fig. 12.5 [10]. This fiber type consists
of an inner core highly doped with erbium and surrounded by a cladding, defining an
active single mode fiber for the signal. The cladding is surrounded by an additional
cladding which is a ring of air holes. This defines a multimode waveguide with a
high NA of 0.5 to 0.6 for the pump beam.

In [14] F. Koch and coworkers demonstrated a 30 dBm output power amplifier
providing 40 dB gain from 1530 nm to 1568 nm. The result was achieved by com-
bining a preamplifier pumped by 750 mW of pump power at 974 nm followed by
an air clad erbium doped fiber pumped by 8 W at 976 nm. The length of the air clad
fiber was 20 m.

Fig. 12.5 Illustration of an
air clad fiber. In [14] the
pump guide is 50 µm, with a
cladding defined by a ring of
air holes. The single mode
core has a mode field
diameter of 10 µm. The outer
diameter of the fiber is
125 µm



596 K. Rottwitt

Fig. 12.6 Illustration of cross section of PM rod type fiber. The center of the fiber has a hexagonal
structure of Yb/Al doping with a corner to corner distance of 70 µm. The pump waveguide has a
diameter of 200 µm and is surrounded by 90 air holes which define the cladding for the pump. Two
stress zones, top and bottom, of the microstructured area, enable the polarization state of the light
to be maintained during propagation [15]

Rod Type Amplifiers Air clad fibers may also be achieved with microstructuring
of not only the air clad but also of the cladding of the single mode fiber [15]. By
using microstructuring of the fiber it has been possible to enlarge the core as well as
the cladding region and consequently increase the pump absorption.

In 2008 O. Schmidt and coworkers demonstrated an ytterbium doped polarization
maintaining (PM) rod type amplifier [16]. A figure of the fiber cross section is shown
in Fig. 12.6.

The center of the fiber had a hexagonal structure of Yb/Al doping with a corner
to corner distance of 70 µm resulting in a mode field area of 2300 µm2. The pump
waveguide had a diameter of 200 µm and was surrounded by 90 air holes which
defined the cladding for the pump. This resulted in an NA for the pump waveguide
of 0.6 at 976 nm. The ratio of the pump waveguide cross sectional area to the active
cross sectional area led to a small signal absorption of 30 dB/m at 976 nm. The air
clad was surrounded by a 1.5 mm outer cladding. By using the rod type amplifier an
output power of 163 W, with a degree of polarization of 85%, was reported [16].

Higher Order Mode (HOM) Fibers To achieve very high output power fiber
lasers including high energy pulsed fiber lasers, a significant effort has been made to
make large mode area fibers, for example using microstructured fibers. Such a fiber
allows mitigation of nonlinear effects such as Raman scattering, Brillouin scattering,
self phase modulation, and four wave mixing. Another promising approach relies on
using HOMs in the optical fiber. Mode areas up to 3200 µm2 at 1600 nm have been
demonstrated [17].

In 2007 S. Ramachandran and coworkers made a first demonstration of amplifi-
cation in higher order mode fibers [18]. In their experiment they propagated a signal
in the LP07 mode with an effective mode area of 2040 µm2. The HOM fiber was
doped with Yb and the signal was at 1083 nm while the amplifier was pumped us-
ing conventional pumps at 975 nm launched into the cladding surrounding the inner
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Fig. 12.7 Left: Cross section of HOM fiber used in [18], right: illustration of intensity distribution
of the LP07 mode propagating in the fiber. The fiber consists of a single-mode-like central core
surrounded by a 40 µm inner cladding doped with Yb. Finally, this structure is surrounded by an
outer cladding. In [18] the length of the HOM fiber was 4.75 m

core, see Fig. 12.7. A signal gain of 3.9 dB with a slope efficiency (rate of change of
output power per absorbed pump power) of 62% was achieved for an input power
of 6 W, while a signal gain of 8.2 dB and a slope efficiency of 48% were obtained
for an input power of 1 W.

A significant challenge when working with high power lasers and amplifiers,
for example in large mode area fiber amplifiers, is reported to be instability of the
output beam [19, 20]. The reason for this is explained by thermal heating caused
by the mismatch between the energy level to which the active material is excited
by the pump and the energy level from which the active material emits a desired
photon. The thermal heating causes mode coupling, and consequently the output
beam jumps between different modes at the output. The threshold for the instability
has been reported to be in the range from 100 W to 2500 W, and has been described
by various research groups [13, 19–21].

In 2012 K.R. Hansen, M.M. Johansen, and coworkers provided a model for the
instability [22–24]. They related the thermally induced mode coupling directly to the
gain obtained in the active fiber. K.R. Hansen and co-workers reported a threshold
for a 1030 nm signal to be around 400 W, independent of pump direction, core,
and cladding size. They demonstrated that an efficient way to increase the threshold
for thermal mode coupling is by reducing the diameter of the doping relative to the
core diameter. In one example the threshold was increased from around 450 W to
1000 W by using a core diameter of 40 µm and a doping diameter of 20 µm.

Space Division Multiplexing Space division multiplexing (SDM) has been sug-
gested as a means to increase the information capacity carried by individual fibers
in optical communication systems, see Chap. 1. This has seeded a strong interest
in multimode optical fiber amplifiers, erbium as well as Raman amplifiers. In SDM
most attention has been devoted to the application of linearly polarized modes (LP-
modes). However, using vectorial modes has also been suggested as a way to en-
hance the capacity carried by an optical communication system [25].

Extending the application of optical fiber amplifiers to SDM systems poses sig-
nificant challenges, of which the most significant ones include mode dependent gain
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and enhanced signal power fluctuations at the output of the amplifier. The latter is
caused by random coupling among the propagating modes, for example as a result
of bending and twisting of the fiber. This undesired mode coupling may be counter-
acted by the use of so-called MIMO equalization (Chap. 1). However, the MIMO
equalization is associated with added complexity and requires complicated decod-
ing techniques. Consequently, there is a strong incentive to design HOM amplifiers
free of spatial mode dependent gain and free of mode coupling.

In 2012 Neng Bai [26] presented a wavelength division multiplexed SDM trans-
mission experiment over 50-km few-mode fiber using the fiber’s LP01 and two de-
generate LP11 (LP11a, LP11b, respectively) modes. A few-mode EDFA was used to
boost the power of the output signal before a few-mode coherent receiver. Neng Bai
used a 6 × 6 time-domain MIMO equalizer to recover the transmitted data.

An in-line HOM EDFA was demonstrated in 2012 by Sleiffer et al. [27]. The
authors demonstrated a capacity of 73.7 Tb/s, more specifically 57 Tb/s capacity
plus overhead for forward-error correction. In the experiment, the information was
transmitted through 119 km of few-mode fiber with a multimode EDFA after the
first 84 km of transmission. The signal comprised 96 WDM channels each carrying
200 Gb/s. The few-mode fiber supported three spatial modes, the fundamental LP01
mode and two degenerate LP11 modes, LP11a and LP11b, and the inline multimode
EDFA provided 18 dB gain per mode. The spectral efficiency was 12 b/s/Hz.

In 2015 R. Ryf and coworkers [28] demonstrated error free transmission of an
SDM signal consisting of six spatial modes (LP01, LP11a LP11b, LP21a, LP21b, and
LP02). The total information, equal to 72 Tb/s, was transmitted over a distance of
179 km using an all-fiber span including three sections of passive fibers and two
cladding pumped multimode-erbium doped fiber amplifiers. The work represented
a first time demonstration of SDM transmission through multiple all-fiber amplified
transmission spans.

As mentioned above, one of the major challenges when designing an HOM am-
plifier is that the gain for each mode differs. To circumvent this mode dependent
gain Kang et al. in 2014 proposed a theoretical fiber design of an HOM EDFA, that
provides gain for six modes all getting the same gain within 0.5 dB [29]. The fiber
design is based upon a ring core multimode fiber which results in a large effective re-
fractive index difference between the adjacent linearly polarized (LP) mode groups.
This results in an efficient suppression of mode coupling. In [29] it is demonstrated
that for a fiber length of 5 m, the maximum gain difference among the six mode
groups is only 0.6 dB for the straight fiber, and 1.5 dB for a fiber with a bend radius
of 5 cm. The predictions were shown for wavelengths in the range from 1530 nm to
1565 nm.

In 2015 C. Simonneau and coworkers [30] demonstrated a five mode amplifier
(the LP01, the degenerate mode-pair LP11a and LP11b, and the degenerate mode
pair LP21a and LP21b). An average gain of 16.3 dB was achieved with a differential
modal gain close to 5 dB. A noise figure of 5 dB for the best performing mode
was achieved and a noise figure close to 8.8 dB for the worst performing mode. An
intermodal crosstalk less than −8.9 dB between any two modes was reported.

To lift the degeneracy between the LP11a, LP11b and the LP21a, LP21b modes,
J.-B. Trinel and coworkers demonstrated amplification in a few-mode EDFA [31].
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An elliptical core was used to lift the degeneracy among modes belonging to the
same mode group. An average gain of 18.6 dB was reported with 3.44 dB differential
modal gain. A global modal crosstalk less than −9.4 dB (between any two modes)
was obtained.

Finally, general aspects of few mode EDFAs with particular emphasis on
crosstalk issues including a good compilation of work related to few mode EDFAs
reported during the last few years is given in [32].

12.2 Raman Amplifiers

Within optical communication, Raman scattering in optical fibers may be applied
to obtain amplification. This is achieved by simultaneously launching light at two
frequencies separated by a frequency difference corresponding to the energy of
phonons in the glass fiber. Hereby light is transferred from the high frequency beam,
the pump, to the low frequency beam, the signal. The benefits of Raman amplifica-
tion include:

• Gain at any wavelength: The Raman scattering process only depends upon the
frequency shift between pump and signal, i.e. the phonon energy. In silica glass,
this is 13 THz. Thus, the maximum signal gain is obtained 13 THz from the pump
wavelength.

• Wide bandwidth: By launching multiple pump wavelengths a composite gain
spectrum is obtained. In this way it is possible to broaden the gain bandwidth [33].

• Distributed gain medium: The Raman gain per unit length is relatively weak.
Hence it is possible to counterbalance the loss along the transmission fiber. This
distributed amplification has unique noise properties [34].

• Intrinsic to silica: Silica has a Raman efficiency that is sufficient to achieve gain
such that a transmission fiber may be turned into an amplifier in itself, i.e. no
special doping is necessary [35].

Figure 12.8 displays a generic design of a fiber Raman amplifier.

Fig. 12.8 Generic set-up of Raman amplifier. Forward and backward pump coupled together with
the signal in wavelength dependent couplers. The signal is propagating in one direction only. Bi-
directional signal transmission is not considered in detail in this chapter
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In the simplest configuration only one pump is used and the amplifier is either
forward or backward pumped. In short discrete amplifiers the amplifier may consist
of multiple stages, gain equalization filters, isolators etc.

The amplifier fiber is characterized with respect to its Raman gain coefficient
and the attenuation of the fiber at the pump and signal wavelengths. Finally, the
dispersion properties may also be important for the amplifier performance when
using multiple pump wavelengths, due to cross-coupling among pumps and between
pumps and signals.

12.2.1 Propagation Equations

In the following an approach is presented which enables the prediction of the perfor-
mance of a Raman amplifier based on the evolution of optical power. By neglecting
spontaneous Raman scattering [36, 37] the propagation equation of the signal power
is

dPs

dz
= gRPpPs − αsPs, (12.17)

where gR is the Raman gain coefficient, i.e. the difference between stimulated emis-
sion and absorption, Pp and Ps are the power of the pump and signal, respectively.
Pp may be a sum of a forward P +

p and a backward propagating P −
p pump beam.

Finally, αs is the intrinsic loss at the wavelength of the signal. In (12.17) the first
term on the right hand side represents the difference between stimulated emission
and absorption while the second term represents the intrinsic loss.

The equation for the forward and the backward propagating pump power is

±dP ±
p

dz
= −νp

νs

gRP ±
p Ps − αpP ±

p , (12.18)

where the first term on the right hand side represents depletion due to the signal
and the second term on the right hand side describes the attenuation at the pump
wavelength described by αp .

Equation (12.17) may be solved analytically, and the signal gain, i.e. the signal
output power relative to the signal input power, at the output end of a fiber of length
L is

G(L) = exp

(∫ L

0
gRPp(z)dz − αsL

)
. (12.19)

Assuming that the pump is independent of the signal and determined solely by
the intrinsic fiber loss, i.e. the pump decays exponentially with the intrinsic fiber
loss, the gain may be evaluated analytically. This situation is referred to as the un-
depleted pump regime. When the pump propagates in the positive z direction, the
pump power is simply described through

Pp(z) = P 0
p exp(−αpz), (12.20)
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where P 0
p is the launched pump power. In (12.20) the pump power is launched from

the signal input end, and it is referred to as the co-pumped or the forward pumped
Raman amplifier. Alternatively, if the pump power P L

p is launched from the signal
output end of the fiber, then the pump propagates according to

Pp(z) = P L
p exp

(−αp(L − z)
)
. (12.21)

In (12.21) the pump propagates in the negative z direction or opposite to the signal,
referred to as the counter-pumped, or the backward pumped Raman amplifier.

The signal gain in the undepleted forward-pumped Raman amplifier is given by

G(L) = exp
(
gRLeff P

0
p

)
exp(−αsL), (12.22)

where Leff is the effective fiber length for the Raman amplifier, in the following
referred to as the Raman effective length, given by

Leff = 1 − exp(−αpL)

αp

. (12.23)

In a typical transmission fiber, the loss at the pump wavelength is ∼0.25 dB/km,
and therefore the Raman effective length is about 17 km for a very long fiber. The
gain of the undepleted backward pumped Raman amplifier is identical to the gain in
(12.22) only with P 0

p replaced by P L
p .

Equation (12.22) shows that the gain in decibels increases linearly with the
pump power in Watts. For a typical dispersion-shifted transmission fiber (with
Aeff ≈ 75 µm2) and an optical fiber much longer than the effective length, the Raman
gain is approximately 55 dB/W when the intrinsic signal loss is neglected and an
unpolarized pump is assumed. This number represents a typical value for the gain
efficiency of Raman amplifiers.

The undepleted pump approximation is very powerful and may be used to esti-
mate the levels of gain and spontaneous emission, which we return to in Sect. 12.2.4.
The criterion for validity of the undepleted model is that the loss rate of the pump
should be dominated solely by the intrinsic loss [36], i.e.:

νp

νs

gRPs � αp. (12.24)

In a typical dispersion-shifted fiber with αp ≈ 0.057 km−1 (= 0.25 dB/km) and
gR ≈ 0.7 (Wkm)−1, the undepleted pump approximation is valid for Ps � 80 mW
at any position along the fiber amplifier. It is noted that in (12.24) depletion due to
spontaneous emission is neglected which is a valid approximation since the signal
is typically orders of magnitude higher than the spontaneous emission.

The Raman gain is often quoted in terms of the On-Off Raman gain which is the
ratio of the signal output power with the pump on to the signal output power with
the pump off. The On-Off Raman gain is easily calculated in the undepleted pump
regime by omitting the factor exp(−αsL) in (12.22).
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Multiple Pump Wavelengths One of the advantages of the Raman amplifier is
that pump sources at different wavelengths may be combined to form an amplifier
with a wide bandwidth. In one example, gain over 92 nm was achieved in a 45 km
long dispersion shifted fiber by combing a pump at 1453 nm (206 mW) with a pump
at 1495 nm (256 mW) [33]. This property of the Raman process may be utilized not
only to achieve a wide bandwidth amplifier but equally well to achieve a flat gain
spectrum [37] or a flat noise spectrum [38].

When multiple pumps propagate together, the propagation gets slightly more
complicated compared to the case when only one pump beam propagates since all
pump and signal waves interact mutually with each other through Raman scattering.
However, mathematically the propagation equations are easily extended to multiple
pumps as described in [37]. In general, the Raman process transfers energy from
shorter to longer wavelengths. As a consequence, to achieve a gain spectrum as
wide and as flat as possible by using multiple pumps, more pump power should
be launched within the shorter wavelengths of a pump spectrum. For the signals
in a wideband amplifier the transfer of energy from shorter to longer wavelengths
also impacts the signal-to-noise ratio differently from shorter toward longer wave-
lengths. In general longer signal wavelengths are favored compared to shorter signal
wavelengths.

12.2.2 The Raman Gain Coefficient

From the previous discussion it is obvious that the Raman gain coefficient gR is of
key importance. Figure 12.9 displays the Raman gain coefficient for different fiber
types. All have been measured using unpolarized pump light at a wavelength of
1453 nm. The pure silica fiber, labeled Pure-silica, which has a fiber core of silica
and a cladding with a lower refractive index, displays the lowest gain coefficient of
approximately 0.5 (W km)−1 at its peak. The dispersion compensating fiber, labeled

Fig. 12.9 Raman gain coefficient versus frequency shift between pump and signal for different
fiber types. In the dispersion compensating fiber, DCF, the germanium content is higher and the
effective area less than in the high capacity transmission fiber, the TrueWave Reduced Slope fiber,
TWRS. The pure-silica fiber has no germanium in the core (data adopted from [36])
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DCF, which has a small core area, a silica cladding, and a core of silica glass heavi-
ly doped with germanium, displays the largest Raman gain coefficient of approxi-
mately 3 (W km)−1 at its peak. The higher gain coefficient compared to the silica
core fiber is caused by the germanium content and the effective area of the fiber
[35, 39]. In typical high capacity transmission fibers, in Fig. 12.9 exemplified by an
OFS TrueWave Reduced Slope fiber, labeled TWRS, the gain coefficient is close to
0.7 (W km)−1 at its peak. This fiber has a lower concentration of germanium com-
pared to the dispersion compensating fiber and an effective area of approximately
75 × 10−12 m2.

The composite spectrum of any germano-silicate fiber with moderate fractional
germanium concentration (less than 50%) [35], may be predicted and scaled accord-
ing to the operating wavelength [39]. The gain coefficient depends on the wave-
length and the spatial overlap between the pump and signal wave which vary with
wavelength and the spatial power distribution of the pump and the signal, i.e. their
mode profiles.

12.2.3 Characteristics

Raman Induced Kerr Effect In the Raman scattering process energy is not only
transferred from the short wavelength beam, the pump, to the long wavelength beam,
the signal, the pump also induces a phase shift of the signal with a wavelength
dependence as shown in Fig. 12.10(right). The induced refractive index change is
evaluated using the Kramers Kronig relation which is also valid in the case of Raman
scattering, even though the scattering is a nonlinear phenomenon [40]. The reason
for this is that the Raman scattering from the signal point of view may be considered
as an effective first order nonlinearity.

Time Response Since the Raman scattering is an interaction between the pump,
the signal, and molecular vibrations, the response time is not instantaneous. By tak-
ing the inverse Fourier transform of the frequency domain response, i.e. the gain
spectrum as the imaginary part and the Raman induced refractive index as the real
part, the Raman response in the time domain may be predicted. From this it is de-
rived that the Raman response is in the order of a hundred femtoseconds [40].

Polarization Dependence The Raman gain spectrum of silica depends on the
relative polarization state of the pump and signal beams. When they are co-
polarized, the peak gain is approximately 10 times higher than when they are ortho-
gonally polarized, see Fig. 12.10(left). This may cause a polarization dependent gain
(PDG), which may lead to transmission impairments, for example, amplitude fluc-
tuations, if the relative polarization of the pump and signal vary randomly. However,
the small amount of PDG produced in Raman amplifiers consisting of long lengths
of fibers is typically not as large as in bulk samples because of intrinsic polarization
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Fig. 12.10 Left: Raman gain coefficient, right: corresponding Raman induced refractive index
change, both sets of curves as a function of the frequency shift between the pump and the signal.
The data are from [41] using values for fused quartz. In both figures two curves are displayed, one
labeled ‘parallel’, which is recorded by measuring the scattered light in the same linear state of
polarization as the launched light, and one labeled ‘perpendicular’, which is recorded by measur-
ing the scattered light in a state of polarization perpendicular to the launched light. The curves of
the Raman gain coefficient are normalized to the peak gain coefficient for the parallel measure-
ment whereas the Raman induced refractive index change is normalized relative to the intensity
dependent refractive index of pure silica [42]

mode dispersion (PMD) of fibers. Even when the pump and signal polarizations are
aligned at the input, PMD causes both polarizations to evolve differently and conse-
quently changing the strength of the Raman coupling along the fiber. This produces
an averaging effect that is larger if the pump and signals propagate in opposite di-
rections [42–44]. Consequently, Raman amplifiers are typically backward pumped.

In [44] Lin and Agrawal consider a 10 km long forward, respectively backward,
pumped Raman amplifier using 1 W of pump power. An average gain of 8 dB is
achieved in the forward as well as the backward pumped amplifiers for a large PMD
and assuming an unpolarized pump. If the pump and signal are polarized, the gain
depends on the polarization states of the pump and the signal. In the absence of
PMD the pump and the signal maintain their state of polarization. The intrinsic fiber
loss is 2 dB, and the signal experiences a maximum gain of 17.6 dB, that is 19.6 dB
On-Off Raman gain if the pump and the signal are copolarized. On the contrary, the
signal experiences a loss of 1.7 dB when the pump and the signal are orthogonally
polarized, corresponding to an On-Off Raman gain of 0.3 dB.

PMD has the effect of making PDG vanish as a consequence of averaging of
Raman gain. This averaging is weaker in a forward pumped amplifier compared to
a backward pumped amplifier. The reason for this is that in the forward pumped
amplifier the pump and signal propagate along with each other whereas in the
counter-pumped amplifier the pump and signal propagate toward each other and
one time sequence of the signal experiences many different time sequences of the
pump which leads to strong averaging. As a consequence there is a significant bene-
fit in using a backward pumped amplifier configuration. In the latter case a PMD
of 0.001 ps/(km)1/2 is sufficient to essentially eliminate the impact of PDG while
under forward pumping conditions a PMD of 0.01 ps/(km)1/2 is needed for the sup-
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pression of unwanted PDG effects [44]. However, the suggestion to increase the
PMD leads to a trade-off since a significant amount of fiber PMD may in itself di-
rectly impair the signal transmission. Thus, other methods should be considered to
reduce PDG. This includes simple measures to depolarize the pump light such as
polarization-multiplexing two independent pump lasers emitting pump light at the
same wavelength [45].

12.2.4 Amplifier Performance

Spontaneous Raman Scattering The signal gain is determined by stimulated
emission and absorption. However, stimulated emission is accompanied by sponta-
neous emission which leads to a significant signal distortion. In the simplest model,
propagation of amplified spontaneous emission within bandwidth B0 is governed
by:

±dPASE±

dz
= gRPpPASE± + hνB0(1 + nν)gRPp − αASEPASE± , (12.25)

where PASE+ and PASE− characterize the amplified spontaneous emission co-
propagating or counter-propagating with the signal, respectively. h is Planck’s con-
stant, ν the frequency of the signal, B0 the bandwidth of the signal Ps , gR the Raman
gain coefficient, Pp the pump power, and (1 + nν) the thermal phonon population

number. At room temperature (1 + nν) ≈ 1.14 [39], the sign (±) in front of
dPASE±

dz
in (12.25) accounts for power propagating in the forward (+) and backward (−) di-
rection, respectively. The first term on the right hand side represents amplification of
spontaneous emission, the second term represents generation of spontaneous emis-
sion, and the last term is the fiber attenuation at the wavelength of the ASE power
described by the attenuation coefficient αASE .

It is noted that a factor of 2 may be included in the spontaneous emission (sec-
ond term in (12.25)) to account for the fact that the signal typically occupies one
state of polarization whereas the spontaneous emission is equally generated in both
polarizations guided by single mode optical fibers.

At the signal output end (z = L) the noise power P +
ASE , propagating with the

signal in the signal polarization state, is given by

PASE+(L) = G(L)(1 + nν)hνsB0gR

∫ L

0

Pp(z)

G(z)
dz, (12.26)

where G(L) is the Raman gain, i.e. the signal output power relative to the input
power (see (12.22)).

The design of broadband amplifiers suitable for WDM applications requires con-
sideration of several factors including interactions among multiple pumps, Rayleigh
backscattering, and spontaneous Raman scattering [37].
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Noise Figure The noise figure of the Raman amplifier is in general given by

F = 2ñ + 1

G
, (12.27)

where ñ = PASE/(hνB0) is the number of ASE photons emitted into the signal
mode, and G is the signal gain i.e. the signal output power relative to the signal
input power.

When Raman scattering is used to convert a fiber into a distributed amplifier
where the signal is amplified as it propagates through the transmission fiber, the
degradation of the signal-to-noise ratio is typically much larger than the degradation
produced by a discrete amplifier with a gain comparable to the On-Off gain of the
Raman amplifier. That is, the noise figure of the pumped transmission span may be
many dB worse than the noise figure of a typical discrete amplifier. However, the
pumped transmission span is kilometers long. Thus, for comparative purposes the
concept of an effective discrete amplifier with an effective noise figure and effective
gain has been introduced [46] as outlined below.

Effective Noise Figure To understand the concept of an effective noise figure, the
noise performance of the distributed amplifier is represented as the signal-to-noise
ratio performance of a passive fiber of the same length as the distributed ampli-
fier, followed by a discrete amplifier with a noise figure equal to the effective noise
figure.

The effective noise figure, Feff , is then Feff = F/Tsp, where Tsp is the trans-
mission loss through the passive fiber span from the signal input to the point
where the effective discrete amplifier is located. For example, in a 100 km long
fiber with an intrinsic loss of 0.2 dB/km, the effective noise figure in decibels is
Feff (dB) = F (dB) − 20 dB.

When evaluating a distributed Raman amplifier, for example by comparing it
with a discrete amplifier, it is important to make the comparison based on the same
transmission length, and furthermore the comparison should be based on the same
path average power for the signal and hence (presumably) equal nonlinear impair-
ments. For these conditions it has been shown that the distributed Raman amplifier
performs better than any other solution with discrete amplifiers. This is a very im-
portant result [36].

Pump Depletion In many realistic Raman amplifiers the rate at which pump
power is lost exceeds the exponential decay rate originating from the intrinsic fiber
loss. This pump depletion occurs when a significant fraction of the pump power is
transferred to the signal via Raman amplification. Examples are the amplification
of a large number of signal channels, the amplification of a very high power signal,
or an amplifier providing a very high gain. Under such conditions the simple model
described above is not appropriate.

If the effects of depletion cannot be ignored, the differential equations (12.18),
which describe the propagation of the pump including depletion, need to be solved.
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Neglecting spontaneously emitted Raman light the coupled propagation equations
for the signal and pump are

dPs

dz
= gR

(
P +

p + P −
p

)
Ps − αsPS, (12.28)

±dP ±
p

dz
= νp

νs

gRP ±
p Ps − αpP ±

p . (12.29)

The ratio νp

νs
in the first term on the right-hand side of (12.29) accounts for the energy

lost to the fiber in the form of phonons when pump light scatters to signal light. The
sign accounts for the forward and backward propagating pump power, respectively.

The coupled equations in (12.28) and (12.29) may only be solved numerically.
However, considering only the forward pumped amplifier and assuming that the
losses at the signal and pump wavelengths are identical, the coupled equations may
be solved by counting photons rather than calculating power. From this, the number
of signal photons, ns , is

ns(z) = ns(z = 0)
1 + r

r + G
−(1+r)
R

exp(−αz), (12.30)

where r is the ratio of signal to pump photons at launch r = ns(z = 0)/np(z = 0),
and GR the undepleted On-Off Raman gain [47, 48].

Using real values for the intrinsic fiber loss, the effects of depletion must be
evaluated numerically. Figure 12.11(left) illustrates the effect of pump depletion in a
counter-pumped fiber Raman amplifier. In the figure the On-Off Raman gain versus
signal input power is shown. The figure shows three curves, each calculated for
fixed launched pump powers of 150 mW, 300 mW, and 600 mW. Figure 12.11(right)
illustrates the effective noise figure corresponding to the cases in Fig. 12.11(left).

Fig. 12.11 On-Off Raman gain versus input signal power for three different pump power levels
(left) and corresponding effective noise figures as a function of input signal power (right). Each
data point is calculated for a 100 km long counter-pumped Raman amplifier. The signal wavelength
is 1555 nm and the pump wavelength is 1455 nm. The loss coefficient at the pump wavelength
is 0.25 dB/km creating an effective Raman length of 17 km, and the Raman gain coefficient is
0.7 (W km)−1. Adapted from [36]
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Figure 12.11(left) illustrates that the On-Off Raman gain decreases as the
launched signal becomes sufficiently powerful. This is explained by the rate of loss
of the pump. At any position along the fiber, the intrinsic fiber loss and the product
of the signal power and the Raman gain coefficient determine the rate of loss of the
pump. The latter describes the transfer of energy from the pump to the signal, i.e. the
depletion of the pump due to the signal. For a sufficiently powerful signal, the rate
of pump loss is enhanced by the depletion of the pump due to Raman interaction
between pump and signal. As the pump is more quickly attenuated, the effective
length of the Raman interaction is reduced, leading to a reduction in the On-Off
Raman gain.

From Fig. 12.11(right) it is seen that the noise figure of the Raman amplifier
increases as the pump is depleted. This is explained by the enhanced decay of the
pump power due to pump depletion. As the length of the Raman interaction is re-
duced, the signal power is allowed to drop to a lower minimum value within the
span, resulting in a higher span noise figure.

12.2.5 System Considerations

The Raman amplifier is a distributed amplifier in the sense that its efficiency is
very low, and Raman amplification occurs in silica based transmission fibers with-
out additional doping. It is in fact this distributed gain that enables improved noise
properties since the gain is pushed into a transmission span, and consequently the
signal power does not drop as much as it otherwise would have done if there were
no amplification. However, the distributed gain also causes the average path signal
power to be higher than in a system without distributed gain.

In typical high-capacity digital transmission systems, the signal power launched
into a fiber span is adjusted to minimize the bit-error rate (BER) of the received
signal. Often the BER does not only worsen at lower launched signal power due to
accumulation of spontaneous emission, but also at higher launched signal power due
to optical nonlinear impairments, including pulse distortion from self- and cross-
phase modulation in addition to generated four-wave mixing waves and subsequent
depletion of the generating waves. In general, the launched power is adjusted until
the complicated interplay between the various sources of noise and pulse distortion
results in a minimum BER [49].

In [34] K. Rottwitt and coworkers and in [49] J. Stark and coworkers demon-
strated that the linear accumulation of spontaneous emission is worse in a discretely
amplified system compared to a distributedly amplified system. However, the non-
linear impairments are slightly worse in a Raman amplified system compared to a
discretely amplified system. The balance between the accumulated linear noise and
the nonlinear noise defines the maximum achievable spectral efficiency which turns
out to be higher in a distributed Raman amplified system compared to a lumped
amplified system.
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Impact of Rayleigh Scattering A major fraction of the intrinsic loss in an optical
fiber is due to Rayleigh scattering. In this process light is scattered and a fraction
of the optical power is lost. However, a small part of the scattered light is recap-
tured, half of which propagates in the same direction as the signal and the other
half propagates in the opposite direction. In a Raman amplifier this causes a severe
penalty as the signal and the backward propagating spontaneous emission are re-
flected figuratively an even or an odd number of times, respectively. Especially the
Rayleigh reflected signal may cause a severe penalty because it appears as an echo of
the signal exactly at the signal frequency. In distributed amplifiers the effect due to
Rayleigh reflections may be more significant relative to what is found in a discretely
amplified system because of the long distances over which gain is accumulated.

Rayleigh Reflected ASE When the Raman gain approaches 25 dB, the Rayleigh
reflected ASE is comparable to the forward propagating ASE giving rise to a 3 dB
increase in the total spontaneous emission in the signal mode [38]. Consequently,
the electrical signal-to-noise ratio is expected to increase until it is impacted by
Rayleigh reflections when the On-Off Raman gain exceeds 25 dB. At the same time
the system performance is expected to degrade due to an increase in the signal effec-
tive length when more and more Raman gain is applied.1 Thus, a Raman amplifier
improves the system performance up to an upper limit in the On-Off Raman gain.
In [38] the electrical signal-to-noise ratio is predicted in a 100 km long backward
pumped Raman amplifier as a function of the On-Off Raman gain, and the optimum
gain is shown to be close to 20 dB where the difference between the improvement
due to an increased signal-to-noise ratio including Rayleigh reflected ASE and the
increased signal effective length is close to 6.4 dB.

Rayleigh Reflected Signal The Rayleigh reflected signal power at z = L, denoted
Pdbr , relative to the transmitted signal power PT = G(L)P 0

s , is [36, 50]

Pdbr(L)

PT

= (
BRαR

s

)2
∫ L

0

1

G2(z̃)

∫ L

z̃

G2(x)dxdz̃, (12.31)

where G(x) is the net gain and not the On-Off Raman gain, and BRαR
s is the re-

capture fraction of the fiber times the Rayleigh backscatter coefficient. Figure 12.12
illustrates the ratio of the double-reflected signal power, Pdbr , relative to the unscat-
tered signal at the output-end of the transmission fiber, PT = G(L)P 0

s .
The double reflected signal power is critical to the performance of a system ap-

plying distributed Raman amplifiers. One way to reduce the double Rayleigh scatter-
ing is to apply bidirectional pumping. In effect this splits the gain into two sections,
one close to the input end and one close to the output end with a loss element in
between. In an example of a 100 km long distributed Raman amplifier pumped to

1The signal length Ls
eff is defined through the relation P 0

s Ls
eff = ∫ L

0 Ps(z)dz, where P 0
s is the

signal power at z = 0. In the absence of gain and assuming that the loss rate at the signal and pump
wavelength are identical, the signal effective length equals the Raman effective length in (12.23).
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Fig. 12.12 Ratio of double reflected signal power to forward propagating signal power versus
On-Off Raman gain in a 100 km long fiber. A peak Raman gain coefficient of 0.7 (W km)−1 and
a loss coefficient for the signal and pump of αs = 0.2 km−1 and αp = 0.25 km−1 were used. The

dashed line has the slope corresponding to a G
3/2
R dependence. Data from [36]

transparency, this may lead to an improvement of 7 dB in the ratio of Rayleigh re-
flected power relative to the signal output power [36]. However, the use of forward
pumping is accompanied by a noise contribution originating from coupling of noise
in the pump to noise on the signal [51]. Consequently, most system demonstrations
using Raman amplifiers have been based on backward pumped amplifiers only.

In the treatment above all considerations regarding polarization have been neg-
lected. However, assuming that the distance between two successive reflections is
long, the reflected power, that beats with the signal, needs to be multiplied by 5/9
[52] to take the polarization dependence into account.

12.2.6 Recent Applications

Some of the first long haul transmission experiments were performed using Raman
gain to counterbalance the intrinsic fiber losses. In 1988 Mollenauer and Smith used
Raman gain to counterbalance the loss in a 4000 km transmission experiment [53].
The experiment was carried out in a loop configuration where each roundtrip in the
loop was in fact a 41.7 km long Raman amplifier. The pump laser was a color center
laser and the required pump power was 300 mW.

Due to the poor pump power efficiency work on Raman amplifiers was aban-
doned when the EDFA matured. However, in the mid to late 1990’s high power
fiber lasers became available and the interest in Raman amplifiers was renewed.

High Capacity Transmission The Raman amplifier applied as a distributed am-
plifier has proven its capabilities and found its way into applications, e.g. commer-
cial 40 Gb/s products [54]. However, research on Raman assisted high capacity op-
tical communication systems continues and has most recently been directed toward
space division multiplexed systems.

In 2005 G. Charlet and coworkers demonstrated a 6 Tb/s experiment over a
transatlantic transmission distance of 6120 km [55]. The capacity was obtained by
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multiplexing 149 channels each carrying 42.7 Gb/s. The modulation format was dif-
ferential phase shift keying. A spectral efficiency of 0.8 b/s/Hz was achieved. The
repeaters in their experiment were based on distributed backward pumped Raman
amplifiers each being 65 km long which was claimed to be the optimum length.
16 dB of Raman gain was provided by five pump sources operated at the wave-
lengths 1429 nm, 1439.5 nm, 1450 nm, 1461 nm, and 1493 nm.

In a system experiment a capacity of 25.6 Tb/s was demonstrated by A.H.
Gnauck et al. [56] in 2008. In this experiment 160 channels, each containing two
polarization multiplexed 85.4 Gb/s signals, were transmitted over 240 km. The ex-
periment demonstrated a spectral efficiency as high as 3.2 b/s/Hz. The 240 km trans-
mission was made up of three 80 km fiber spans. Raman amplification was added
together with EDFAs to counterbalance loss from 1530 nm through 1600 nm. Each
span included a dispersion-compensating fiber. Consequently, the Raman amplifi-
cation enabled an increase in the received optical signal-to-noise ratio, and in ad-
dition, the Raman amplification was also used to simplify the design of the optical
repeaters.

In 2009 G. Charlet and coworkers demonstrated a record in capacity times dis-
tance product of 41.8 Pb/s km [57]. The system capacity was 16.4 Tb/s obtained
through wavelength multiplexing of 164 channels each carrying 100 Gb/s. The
modulation format was 50 Gb/s polarization division multiplexed quadrature phase-
shift keying. The signals were transmitted in a loop experiment, and after a total
distance of 2550 km a BER better than 10−13 (using forward error correction) was
achieved. Each loop contained a 65 km long bidirectionally pumped Raman ampli-
fier using 25% forward and 75% backward pumping.

Space Division Multiplexing Like EDFAs, Raman amplifiers also hold great
promise for application in SDM systems. The challenges in EDFAs related to mode
dependent gain and mode coupling also exist when considering Raman amplifiers.
However, the problem differs in the sense that the Raman amplification results from
a direct overlap between the spatial modes of the pump and the signal, respectively.
In 2011, Ryf and coworkers were the first to demonstrate mode-equalized optical
amplification in few-mode fiber using Raman gain among multiple modes [58]. The
Raman amplifier used was capable of providing 8 dB of gain with a gain variation
among the 6 spatial signal modes of less than 0.5 dB. The signals were transmitted
through 137 km few-mode fiber. One challenge described was to ensure an amplifier
design with a minimum mode-dependent gain. In 2012 Ryf and coworkers demon-
strated an improved transmission distance of 209 km using 10 dB of Raman gain,
with focus on conditions for minimal mode-dependent gain in a few-mode fiber
Raman amplifier [59]. They achieved a mode dependent gain less than 0.5 dB. Ryf
and coworkers also predicted an optimum design of a multimode Raman amplifier
providing 10 dB of Raman gain with a mode dependent gain less than 0.13 dB [60].

D. Jia and coworkers compared in 2012 the mode dependent gain in a Raman
amplifier to that of an EDFA [61]. They demonstrated a smaller mode dependent
Raman gain compared to a few-mode EDFA. Recently, 2014, J. Zhou presented
an analytical model for minimizing the mode dependent gain in a multimode fiber
Raman amplifier [62].
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The issue of mode coupling in SDM systems has been addressed by various
research groups, for example Winzer and Foschini [63] and Keang-Po Ho and co-
workers [64]. Significant attention has been given to predictions of system perfor-
mance in the presence of mode-dependent loss and distributed optical noise. The
issue of mode coupling was also discussed in [65], where a theoretical model of
a higher order mode Raman amplifier model was presented. The model included
random mode coupling among spatial modes, and the impact of the number of the
random couplings was described. Having a large number of random couplings, re-
sulted in a maximum ratio of the squared mean modal signal output power relative
to the variance in the modal signal output power.

Even though it is challenging to apply forward pumping, it is essential in bidi-
rectional pumping/bidirectional transmission [66]. Demonstrations of bidirectional
transmission using distributed Raman amplification has been demonstrated by em-
ploying single mode fibers [66], and recently also by using few-mode fibers. In 2015
Ryf and coworkers presented a first time demonstration of bidirectionally pumped
Raman amplifier supporting 3 spatial modes (LP01, LP11a, LP11b) [67]. They ob-
tained a peak gain of 16 dB using 1.2 W of pump power, 6 dB from the pump
propagating in the same direction as the signal and 10 dB from the pump propagat-
ing in the opposite direction relative to the signal. The fiber used was 70 km long
and a mode dependent gain of 2 dB was achieved. The pump power was launched
into the LP11 mode. Error free transmission was obtained, with a Q larger than 7 dB
for all 60 WDM channels from 1546 nm to 1562 nm, through a total transmission
length of 1050 km.

Silicon Raman Photonics In addition to silica based fiber Raman amplifiers,
Raman gain in silicon waveguides has attracted significant interest. In 2003 R. Claps
and coworkers demonstrated amplification and lasing in silicon waveguides [68].
Since then the topic has attracted much attention. The reason for this is the fact that
the Raman cross section is three to four orders of magnitude higher in silicon com-
pared to silica. In addition, the effective area of the waveguide is about 100 times
smaller in a silicon waveguide compared to a silica based fiber. In [68] a gain coeffi-
cient of 2 × 10−8 cm/W at a pump wavelength of 1427 nm was demonstrated. This
should be compared with a gain coefficient for silica of ∼10−13 m/W. However, it is
noted that the two gain coefficients just quoted for silicon and silica do not include
the effective waveguide area. Finally, it is further noted, that in silicon the gain peak
occurs at a frequency shifted by 15.6 THz and with a bandwidth of 105 GHz in con-
trast to a frequency shift (at maximum gain) of 13 THz for silica and a bandwidth
of several THz.

Dimitropoulos and coworkers calculated the noise figure of silicon Raman am-
plifiers in the presence of nonlinear losses [69] and predicted a noise figure close
to 4 dB. This result was obtained considering a 1 cm long waveguide pumped
with 200 MW/cm2, a gain coefficient of 15 cm/GW, and a nonlinear absorption
of 0.7 m/GW. One of the main challenges is the nonlinear optical loss that competes
with the Raman gain. Besides competing with the Raman gain, the nonlinear loss
also affects the signal-to-noise ratio.
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12.3 Parametric Amplifiers

Parametric amplification is based on four wave mixing which is a mutual interaction
of four waves through the intensity dependent refractive index, also referred to as
the optical Kerr effect. In a degenerate case the process involves three waves only
[48]. The effect may classically be described as a third order nonlinear process as
it depends on the electrical field raised to the third power [70]. The efficiency of
the four wave mixing relies heavily on phase matching and thus the group velocity
dispersion properties of the optical fiber are as important as the nonlinear strength
of the fiber.

The development of high power lasers and highly nonlinear optical fibers with
tailored group velocity dispersion properties have seeded renewed interest in fiber
devices based on parametric processes. These devices include regenerators, wave-
length converters and amplifiers, phase-sensitive as well as phase-insensitive ones.

In this section the focus is directed toward a general discussion of fiber optical
parametric amplifiers (FOPAs). The section also includes a subsection on recent
applications.

12.3.1 Propagation Equations

In the degenerate parametric amplifier, gain is obtained by transfer of energy be-
tween three propagating waves, the signal, the pump, and the so-called idler. That
is, the energy goes from the pump to the signal and the idler. If the fiber is too long,
the energy eventually goes back to the pump.

The propagation of signal, pump, and idler is governed by three coupled differen-
tial equations. If the amplitude of the signal power is As in units

√
W and likewise

the amplitude of the pump is Ap and that of the idler is Ai , then the coupled equa-
tions are [48]

dAp

dz
= γ

[(|Ap|2 + 2
(|As |2 + |Ai |2

))
Ap + 2AsAiA

∗
p exp{i�βz}],

dAs

dz
= γ

[(|As |2 + 2
(|Ai |2 + |Ap|2))As + A∗

i A
2
p exp{−i�βz}], (12.32)

dAi

dz
= γ

[(|Ai |2 + 2
(|As |2 + |Ap|2))Ai + A∗

s A
2
p exp{−i�βz}],

where the nonlinear strength γ is related to the intensity dependent refractive index,
n2, and the effective area of the mode, Aeff , through γ = 2πn2/(λAeff ), and where
�β = β(ωs) + β(ωi) − 2β(ωp) is the linear phase mismatch between the three
waves. The frequency of the pump, ωp , signal, ωs , and idler ωi , waves are related
through energy conservation. In the case of degenerate four wave mixing this is:
2ωp = ωs + ωi . All three equations (12.32) are weighted by the same nonlinear
strength. This is an approximation which is valid under the assumption that the
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amplifier is operated at wavelengths where the idler, the pump as well as the signal
are in the fundamental fiber mode and with a modest wavelength separation. In
addition, the amplitude equations are all scalar which emphasizes the assumption
that the signal, pump, and idler are all launched in the same state of polarization
and remain in the same state of polarization throughout propagation through the
amplifier. Finally, the nonlinearity is assumed to be instantaneous and only CW
beams are considered. The amplitude equations (12.32) may be rewritten as power
equations:

dPp

dz
= −4γPp

√
PsPi sin θ,

dPs

dz
= 2γPp

√
PsPi sin θ,

dPi

dz
= 2γPp

√
PsPi sin θ,

dθ

dz
= �β + γ (2Pp − Ps − Pi)

+ γ (Pp

√
Ps/Pi + Pp

√
Pi/Ps − 4

√
PsPi) cos θ,

(12.33)

where θ = �βz − 2φp(z) + φs(z) + φi(z), with φp(z) being the phase of the pump,
φs(z) the phase of the signal, and φi(z) the phase of the idler, while Pp , Ps , and
Pi are the power levels of the pump, signal, and idler, respectively. By having a
signal, idler, and pump present at the fiber input, and by adjusting the relative phase
between them it is possible to control whether the signal is amplified or attenuated
– this gives a possibility to create a phase sensitive amplifier. However, if the idler
is zero at the input, then θ = π/2 may be assumed since there is always a zero
point field that satisfies this condition. Note, in (12.33) a zero point field is required
if the idler is zero at the input, otherwise (12.33) is not capable of predicting any
changes in power levels. In the absence of an idler the amplification becomes phase
in-sensitive, and the gain defined as the output signal power relative to the input
signal power may be expressed as:

G = 1 +
(

γPpL
sinh(gL)

gL

)2

, (12.34)

where L is the fiber length and g a phase parameter that describes the phase match-
ing condition between the pump, idler, and signal according to

g2 = [
(γ Pp)2 − (κ/2)2] with κ = �β + 2γPp. (12.35)

In (12.34) it is assumed that there is no pump depletion, and that there is no intrin-
sic fiber attenuation. The contribution �β to κ reflects the linear phase matching
whereas the contribution 2γPp represents the nonlinear contribution to the phase
matching, assuming that the pump power is much larger than both the power in the
idler and the signal.
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The gain exhibits a maximum when g is maximum, that is when κ = 0. At this
point

G = 1 + (
sinh(γ PpL)

)2 ≈ exp(2γPpL)/4. (12.36)

This gives a gain efficiency of: G = 8.7γPpL−6, when the gain is measured in dB.
For state-of-the-art highly nonlinear fibers a nonlinear strength γ of 11 (W km)−1 is
realistic, and for a 500 m long fiber this gives a gain efficiency of G = 47.9Pp −6 dB
where G is in dB and Pp in units of W.

12.3.2 Amplifier Gain Spectrum

The operation wavelength and the bandwidth of the amplifier are related to each
other through the group velocity dispersion properties of the optical fiber that is
used in the amplifier. The reason for this is that the pump wavelength has to be cho-
sen slightly longer than the wavelength where the group velocity dispersion of the
amplifier fiber equals zero, and the bandwidth of the amplifier is determined by the
phase-matching of the interacting waves. Mathematically this is seen from (12.34)
and (12.35) in which the parameter κ may be expressed through the slope of the
group velocity dispersion S at the wavelength where the group velocity dispersion
equals zero, λ0, as:

κ = −(2πc/λ2
0

)
S(λp − λ0)(λp − λs)

2 + 2γPp, (12.37)

where λs is the signal wavelength, and λp the pump wavelength.
Figure 12.13 illustrates the gain spectrum of a parametric amplifier. The fiber

used was 500 m long with a zero dispersion wavelength at 1561 nm, a dispersion
slope of 0.015 ps/(nm2 km), and a pump power of 29 dBm at 1564 nm. The fiber

Fig. 12.13 Parametric gain
as a function of wavelength.
Circles are measured data, the
symmetric green line
represents predicted data
using (12.32)
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had a nonlinear strength of 12.5 (W km)−1. The figure illustrates measured as well
as predicted data. The predicted data are found by solving the coupled amplitude
equations as in (12.32).

By considering the bandwidth of the amplifier as the distance between the gain
peaks, i.e. where κ = 0, it is evident, that the bandwidth of the amplifier is deter-
mined by the slope of the group velocity dispersion with respect to wavelength,
the lower the slope the larger the bandwidth. In addition, the bandwidth does also
depend on the nonlinear strength and the pump power.

12.3.3 Characteristics

Group Velocity Dispersion Fluctuations As described above the group velocity
dispersion is a key parameter in four wave mixing that determines the efficiency
and bandwidth of the four wave mixing. Fluctuations in the group velocity disper-
sion, caused for example by variations in the core diameter of the fiber, limit the
parametric interactions. Several research groups have discussed the impact of fluc-
tuations in the group velocity dispersion on the amplifier performance, and methods
to measure the fluctuations have been proposed, direct measurements [71] as well
as indirect ones [72].

One approach to mitigate the effect of fluctuations in group velocity dispersion
is to modify the fiber design. Bill P.-P. Kuo and coworkers demonstrated in 2012
[73] a dispersion stabilized design of a highly nonlinear fiber that enabled a first
time demonstration of a parametric oscillator in the short wavelength near infrared
wavelength band.

Response Time The response time is defined by the nonlinearity and hence for
all practical purposes instantaneous. However, a small contribution to the non-
linearity comes from Raman scattering. This is not included in the propagation
equations (12.32) and is typically neglected. However, since a strong pump is
used to achieve amplification, Raman scattering does impact the gain spectrum.
Figure 12.14 illustrates the impact due to Raman gain in the amplifier configura-
tion used in Fig. 12.13.

Polarization Dependence The parametric interaction between the pump, the sig-
nal, and the idler is strongly polarization dependent. To get the maximum (degene-
rate) four wave mixing, the state of polarization of the pump, the signal, and the
idler need to be aligned to each other. If they are orthogonal to each other, the (de-
generate) four wave mixing is minimized. Experimentally, the polarization states of
the beams may be aligned by adjusting the input state of polarization for maximum
output signal power. However, if the state of polarization does not remain aligned
during propagation, the efficiency is reduced.

Different approaches have been pursued to mitigate the polarization dependence,
see for example M.E. Marhic [75]. In one approach the signal is split into a horizon-
tal and a vertical component, and both components are then amplified equally in the
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Fig. 12.14 Parametric gain
as a function of wavelength,
as in Fig. 12.13. Circles are
measured data, the symmetric
green line represents
predicted data without taking
Raman scattering into
account, and the blue
unsymmetrical curve
represents predictions when
Raman scattering is
included [74]

designed FOPA. In another approach pump power at two different wavelengths are
combined and the polarization state of each pump laser is orthogonal to each other.

12.3.4 Amplifier Performance

Spontaneous Emission Optical amplification is always accompanied by sponta-
neous emission and as a general rule, the signal-to-noise ratio can never be improved
while the signal is being amplified. This is also the case for a parametric amplifier.
However, since the amplifier may be operated as a phase sensitive amplifier, it may
not be sufficient to characterize the amplifier based on its noise figure, as done for
the EDFA and Raman amplifier, but it may also require information describing the
phase change of the signal experienced during propagation.

The spontaneous emission in a parametric amplifier is more complicated to pre-
dict than the spontaneous emission in an EDFA or a Raman amplifier. One reason
for this is the fact that the four wave mixing is described as an interaction between
electrical fields and the intensity dependent refractive index, and consequently the
phases of the interacting fields are important. In addition, Raman scattering may be
important to include in the description, since spontaneous Raman scattering may
seed spontaneous emission in four wave mixing. To predict the spontaneous emis-
sion in four wave mixing, one therefore has to use a numerical approach as for exam-
ple described by S.M.M. Friss and coworkers [76]. However, by applying various
approximations as for example neglecting Raman scattering and/or depletion it is
possible to derive analytical results as described for example by Marhic [75], Voss
[77], and McKinstrie [78].

Noise Figure McKinstrie and coworkers have calculated the noise figure of a de-
generate (single-pumped) as well as a double-pumped parametric amplifier under
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the assumption that the amplifier is unsaturated. McKinstrie et al. [78] have shown
that the noise figure for a phase-insensitive parametric optical fiber amplifier equals

F = 〈n0〉(G2〈n0〉 + G(G − 1)(〈n0〉 + 1))

(G〈n0〉 + (G − 1))2
, (12.38)

where G is the gain of the parametric amplifier and 〈n0〉 the mean number of input
signal photons. For a high gain and a large signal input photon number the noise
figure approximates

F = 2G − 1

G
(12.39)

i.e a lower limit of 3 dB.
The phase sensitive parametric optical fiber amplifier is more interesting since it

has a noise figure with a lower limit of 0 dB. However this is very difficult to achieve
experimentally as for example spontaneous Raman scattering [78] seed undesired
spontaneous emission and fluctuations in the pump power couple directly to the
signal [79] causing detrimental impact on the amplifier performance. These issues
have hindered an experimental demonstration of noise free amplification. However,
in 2011 D.J. Blessing and coworkers demonstrated experimentally a noise figure of
1.1 dB [80].

Saturation Performance The results in Fig. 12.13 were obtained using a very
low input signal power level of −30 dBm. As the signal input power is increased,
the transfer of energy from the pump to the signal and idler happens over shorter
distances and the analytical expression in (12.34) is no longer valid. However, the
coupled equations (12.32) are still valid and may be used to predict the saturation
behavior of the parametric amplifier numerically.

Using the same amplifier configuration as in Fig. 12.13, the saturation perfor-
mance illustrated in Fig. 12.15 is found.

Fig. 12.15 Parametric gain
versus wavelength shift
between the pump and signal.
The fiber was 500 m long
with a zero dispersion
wavelength at 1561 nm,
a dispersion slope of
0.015 ps/(nm2 km), and
a nonlinear strength γ of
11.5 (W km)−1. A pump
power of 29 dBm at 1564 nm
was used. From [81]
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Fig. 12.16 Gain of
parametric amplifier as a
function of input signal
power. The amplifier
configuration is as in
Fig. 12.13. From [81]

When the parametric amplifier is operated in depletion, its performance gets
complicated. The spectral shape changes which is in contrast to the Raman am-
plifier. In addition, the bandwidth of the amplifier generally reduces.

Figure 12.16 shows the gain as a function of signal power. The calculations are
performed for a 500 m long highly nonlinear fiber using γ = 11.5 (W km)−1 and
a dispersion slope of 0.015 ps/(nm2 km), similar to Fig. 12.13 through Fig. 12.15.
The signal wavelength is chosen where the undepleted gain is maximum. At low
signal power levels the gain is constant whereas the gain has dropped by 3 dB for a
signal input power of approximately −7 dBm. As the input signal power is increased
further, the gain eventually drops to the background loss of the fiber.

12.3.5 Application Issues

Forward Pumping The only viable configuration for a parametric amplifier is
as a forward pumped amplifier. Since its response time, for all practical purposes,
is instantaneous, intensity fluctuations of the pump are transferred to the signal. In
[82] it is shown that the noise figure may be dominated by contributions from pump-
signal crosstalk. However, it is also shown that the ratio of pump induced noise and
spontaneous emission depends on the FOPA gain and the signal power level.

Brillouin Scattering Due to the low efficiency of the parametric process, high
pump power with a well-defined phase is required. This leads to the onset of
Brillouin scattering and consequently limits the maximum achievable gain, see for
example [83]. Various methods have been proposed to mitigate the impact of stimu-
lated Brillouin scattering (SBS) including fiber designs with other index raising
codopants, for example aluminum instead of germanium, the use of phase modu-
lation, applying a strain along the fiber or applying a temperature gradient along
the fiber. To date the most frequently applied SBS suppression method is to apply a
phase modulation of the pump.
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Fig. 12.17 Output power as
a function of input power
through a 500 m long fiber of
the same type as in
Fig. 12.13. The circles
represent measurements
applying 4 tone phase
modulation (see details in the
main text) to suppress
Brillouin scattering while the
diamonds represent the case
when no phase modulation is
applied, adapted from [84]

Figure 12.17 shows measurements of transmitted power through 500 meters of
highly nonlinear fiber: When no measure has been taken to suppress SBS, the maxi-
mum input power is limited to approximately 22 dBm before the onset of SBS.
However, when applying a phase modulation consisting of four tones (100 MHz,
330 MHz, 1 GHz, and 3 GHz), the onset of SBS is strongly reduced and only appears
as the input pump power exceeds 30 dBm.

12.3.6 Recent Applications

The topic of parametric amplification has attracted more and more interest within re-
cent years. This has been spurred by demonstrations of various applications and the
development of high power fiber lasers and specifically tailored highly nonlinear,
dispersion engineered optical fibers. The FOPA is an attractive device since it does
not only provide phase-insensitive amplification but also phase-sensitive amplifi-
cation, wavelength conversion, and has an almost instantaneous response as well.
Some of the recent demonstrations of applications are highlighted below.

Wavelength Conversion Parametric amplifiers have great potential as devices for
wavelength conversion since a signal is copied by nature to the idler as it propagates
through the parametric fiber amplifier.

In 2008 J.M. Chavez Boggio and coworkers demonstrated a conversion over
700 nm [85]. In their experiment a 15 m long highly nonlinear fiber with very low
fourth order dispersion was used. The nonlinear strength γ was 11.5 (W km)−1,
the wavelength of zero dispersion of the fiber was at 1582.8 nm, and the disper-
sion slope was 0.027 ps/(nm2 km). The third and fourth order dispersion coefficients
were 0.038 ps3/km and 1.4 × 10−5 ps4/km, respectively. To achieve the wavelength
conversion a pulsed pump was used. The peak power of each pump pulse was 200 W.
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In one example a signal at 1312.6 nm was converted to 1999 nm with a conversion
efficiency of 30 dB.

Waveform Sampling Another application of the parametric process is as sam-
pling of a signal. To this end, in principle, a wavelength converter is designed,
however, with the only purpose of generating an idler, which is a sample of the
signal. The power generated in the idler is proportional to the power of the signal.
P. Andrekson and coworkers have demonstrated this approach and have shown high
resolution optical waveform sampling for example of a 640 Gb/s RZ data stream.
The method may be further extended to include phase information in constellation
diagrams [86, 87].

Broadband Amplification One of the benefits of parametric amplifiers is that
their bandwidth is determined by the fiber design, more specifically, by the slope
of the group velocity dispersion with respect to wavelength, and the available pump
power. In addition, their operation wavelength is determined by the wavelength of
zero group velocity dispersion around which the gain is symmetrically centered.

In 2008 Chavez Boggio and coworkers demonstrated a parametric amplifier pro-
viding gain over 81 nm [88]. The amplifier was a 2 pump configuration where
each pump wavelength was located symmetrically around the zero dispersion wave-
length of the fiber which was measured to be 1561.9 nm, with a dispersion slope
of 0.025 ps/(nm2 km). One pump wavelength was at 1511.29 nm while the other
was at 1613.85 nm. Approximately 1 W of pump power was used in each of the
two pump beams. The fiber in their experiment was 350 m long with a nonlinear
strength γ = 14 (W km)−1.

Regeneration Application of advanced modulation formats such as phase shift
keying have proven superior transmission properties and enabled record high capac-
ity transmission. However, one of the limiting factors in such high capacity commu-
nication links is signal distortion due to the nonlinear phase shift accumulated during
transmission. Due to intensity fluctuations of the signal, a phase shift keyed signal
may be distorted significantly since the induced nonlinear phase shift fluctuates in
accordance with the intensity of the signal. However, by employing a method to
reduce the intensity fluctuations, the phase distortion may be reduced leading to a
further improved transmission capacity if phase shift keyed signals are used.

Such limiting capabilities may be obtained by the parametric amplifier. This is
explained by the fast response time of the amplifier. By operating the amplifier in
depletion, it is capable of acting as a limiter which means that the amplitude of
individual pulses are nearly identical after propagation through the amplifier. As a
consequence the accumulation of nonlinear phase shift on each pulse is the same,
and each bit have less phase noise.

In 2009 C. Peucheret and coworkers [89] demonstrated experimentally that a
parametric amplifier may be used as a limiter and consequently mitigate the ac-
cumulated phase penalties. In [89] the dynamic range of a 40 Gb/s return to zero
differential phase shift keyed (RZ-DPSK) signal was enhanced. An optical signal-
to-noise ratio penalty of 3.5 dB was reduced to 0.2 dB by using a single pumped
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Table 12.1 Main characteristics of different types of fiber amplifiers

EDFA Raman FOPA

Efficiency dB per mW 60 dB/W 40 dB/W

Time
response

10 ms 100 fs instantaneous

Pump
configuration

co/counter;
arbitrary

(co) counter co

Length meters kilometers hundreds of meters

Operation
wavelength

1530–1610 nm 13 THz separation
between pump
and signal

pump close to the
wavelength of zero
dispersion

Bandwidth 100 nm 13 THz + (tens to hundreds
of nm) depends on
dispersion-slope
and pump power

Polarization
dependence

very weak strong but
mitigated when
counter pumped

strong

FOPA with a 22 dB small signal gain. The improvement in the optical signal-to-
noise ratio was experimentally found through BER measurements.

12.4 Conclusion

Optical fiber amplifiers are one of the most important fiber devices if not the most
important ones. They have played a significant role in the evolution that has led to
the high capacity optical communication systems which constitute one of the most
important carriers in today’s information society where fiber to the home is now
becoming a reality around the globe.

This chapter has discussed (i) the EDFA which has been a research topic through-
out the late 1980s but is still subject to research with respect to specific applications
including high power amplifiers and amplifiers for space division multiplexed sys-
tems; (ii) the Raman amplifier which attracted significant research interest in the
late 1990s of the last century which still continues with a particular focus on novel
fiber types, novel materials, and systems applications incl. space division multi-
plexed systems, and finally (iii) the parametric amplifier which is currently a topic
of research in many research groups around the world.

The aim of the chapter has been to highlight the fundamental physical mechanism
of each amplifier type including a brief discussion of the important amplifier prop-
erties such as gain, noise performance, and noise sources, and finally to illustrate
some of the most recent results with respect to the three amplifier types covered.

A short summary of the main characteristics of the discussed amplifiers is shown
in Table 12.1.
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Chapter 13
Hybrid Photonic Integration: Components
and Technologies

Ziyang Zhang and Arne Leinse

Abstract This chapter introduces the background and the significance of the tech-
nology developed for the hybrid photonic integration. Two platforms are cho-
sen as representative examples, i.e., the polymer motherboard integration platform
(Polyboard) and the silicon nitride/silicon dioxide (TriPleX™) PLC platform. On
these platforms, both the individual components and the hybrid integration technol-
ogy have witnessed fast advancement in the last decade, complementing the well-
established InP-monolithic platform and the silicon-on-insulator (SOI) platform by
providing pragmatic, flexible and cost-effective solutions to various challenges in
the photonic applications. Starting from the basic waveguides and related passive el-
ements, the chapter goes on to discover the unique coupling/bonding methods with
fibers, light sources and photo detectors. In the end, optical assemblies and mod-
ules are demonstrated in application areas covering Telecom, Datacom, microwave
photonics and bio-medical sensing, wherein the technology for the hybrid photonic
integration technology is well proven and validated.

13.1 Introduction

Photonic integration endeavors to bring multiple optical functions into a compact
device with small footprint, lower power consumption and reliable performance,
analogous to electronic integration. However, contrary to the situation in the elec-
tronic industry where silicon CMOS dominates, photonic devices nowadays do not
tend to converge and to rely only on one material system. Light sources are mostly
realized using III–V semiconductor-related materials. Modulators have been dom-
inated by lithium niobate (LiNbO3), but gradually overtaken by InP and silicon-
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on-insulator (SOI) based platforms. Detectors are fabricated using III–V semicon-
ductors and Si–Ge materials. Waveguide networks, filters, and other passive optical
functions can be realized in low-cost platforms such as polymer, silica and silicon
nitride planar lightwave circuits (PLCs). To pursue a general and pragmatic ap-
proach, hybrid photonic integration attempts to select individual components that
are designed, fabricated and optimized on their best-suited material platforms and
assemble them in a common motherboard. These components can be tested prior
to the assembly. In this way, high freedom of device performance and yield opti-
mization can be realized, leading to a relatively high cost-efficiency. With the help
of automatic alignment tools and machine-assisted assembly equipment, hybrid in-
tegration can offer the benefits of micro-optical packaging at reduced costs, poten-
tially higher overall module performance and higher reliability. Its versatility makes
it particularly useful for low to medium production volumes.

This chapter introduces the background of the hybrid photonic integration tech-
nology, focusing on a polymer and a silicon nitride/silicon dioxide (TriPleX™)
PLC based platform, respectively. The waveguides, passive components and cou-
pling methods with fibers, light sources and photo detectors are presented, followed
by the demonstration of various optical assemblies and modules, including passive
wavelength multiplexers, optical line terminals (OLT) for wavelength division mul-
tiplexed passive optical networks (WDM-PON), optical network unit (ONU), color-
less dual-polarization coherent receiver, as well as miniaturized optical beam form-
ing networks for microwave photonics and optical assemblies for medical sensing
applications.

13.2 Passive Photonic Components

13.2.1 Polymer Waveguides

A typical buried polymer channel waveguide is shown in Fig. 13.1(a). The refractive
index of core and cladding material usually features values from 1.4 to 1.7, depend-
ing on the material compositions. To avoid geometrical birefringence effects, the
waveguide core is kept as a square shape (W = H ). The TE mode field (Ex ) is
shown in Fig. 13.1(b). The typical mode field diameter (MFD) can range from a few
to over 10 µm, depending on the waveguide refractive index contrast. Since poly-
mer materials in general possess a strong thermo-optic effect and at the same time
very low thermal conductivity, they are ideal candidates for realizing power-efficient
thermo-optic tunable devices [1–3]. The heater electrode placed beneath the wave-
guide can provide more uniform heating conditions in the waveguide region but also
protect the electrode from environmental disturbances that can lead to electrical fail-
ure [4–6]. In addition, air trenches can be added as extra thermal buffers to isolate
the thermal energy, reduce the thermal crosstalk and improve the tuning efficiency
of the targeted device. Studies have shown that the air trenches are also helpful in
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Fig. 13.1 (a) Schematic of buried polymer channel waveguide with imbedded electrode and air
trenches, (b) TE waveguide mode profile (Ex field component)

suppressing stray light in the circuit, i.e., the optical crosstalk can also be reduced
[7, 8].

The fabrication follows a typical “bottom-up” approach in the standard wafer
production. Silicon wafers are usually taken as substrate, though the technology is
also applicable on glass plates, ceramic and InP wafers, and others. The substrate
surface is first primed with a proper adhesion promoter. A layer of polymer cladding
material is then spin-coated on top and cured under strong UV illumination. The
thickness of the cladding can be controlled by the spin-coating conditions such as
rotation speed and time. To reach a precision of a few nanometers, subsequent low-
rate reactive ion etching can be used.

Metal can be deposited directly on top of the polymer cladding by sputtering
or thermal evaporation. A positive lithography process followed by wet chemical
etching can be used to structure the metal. With subsequent spin-coating and curing
processes, the metal stripes are imbedded inside the polymer.

To pattern the waveguide core, photo resist can be used as etching mask. How-
ever, since the main plasma chemistry for polymer etching is oxygen based, the
photo resist mask will also be consumed. To improve the etching selectivity, defined
as the ratio between the etching rate of the polymer material and that of the mask, a
metal layer can be patterned on top of the waveguide core by a “lift-off” process.

During the “lift-off” process, metal is first deposited on top of the patterned
photo resist, which is then washed away by an organic solver such as Acetone and
1-Methyl-2-Pyrrolidone (NMP). Only the metal that is deposited in the openings
remains. This process requires that the polymer material beneath must be chemi-
cally resistant against the organic solver and that its chemical, physical and optical
properties should not be adversely affected.

With pure oxygen plasma etching and metal masks such as nickel, chromium or
titanium, the etching selectivity can reach values beyond 500. Trenches and slots
with 50-µm depth can therefore be etched in polymer by using a thin layer of metal
that is only 100 nm thick.

Once the waveguide core is etched, the metal mask can be removed by selective
wet chemistry, dry plasma etching, or ion milling. A scanning electron microscopy
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Fig. 13.2 SEM image of
polymer waveguide core,
etched by pure oxygen
plasma

Fig. 13.3 Microscope images of 5-layer multi-core polymer waveguides, illuminated through
cross-section: (a) broader view showing total thickness of polymer layers on silicon substrate,
(b) detailed view showing alignment of waveguides on the lattice

(SEM) image of an etched polymer waveguide core is shown in Fig. 13.2. To finish
the waveguide structure, the second cladding layer is spin-coated on top and cured.
The wafer can be further structured by using a metal mask, and deep trenches can
be etched.

The fabrication process can be repeated to stack up the polymer waveguide lay-
ers into a multi-core structure [9], as shown in Fig. 13.3, for realizing high den-
sity, three-dimensional photonic integrated circuits (PICs). The total thickness of
the polymer layers is measured to be 108 µm, within which the bottom cladding
is 20 µm directly above the silicon substrate, the inter-waveguide-layer distance
is 17.3 µm (4 times), and the upper cladding is around 15.7 µm below air. The
waveguide loss among all 5 layers is below 1 dB/cm, and the crosstalk between the
waveguides at the 20-µm hexagonal lattice is better than 40 dB after a propagation
distance of 3.8 cm.

To increase the waveguide index contrast and bring down the device footprint,
amorphous silicon nitride (SiNx) can be deposited on polymer cladding by low-
temperature plasma enhanced chemical vapor deposition (PECVD) as waveguide
cores [4, 10–12], and SiNx/polymer heterogeneous waveguides can then be created.
Figure 13.4 shows a widely tunable filter based on a grating-assisted co-directional
coupler comprising two parallel asymmetric waveguides, one with SiNx core and
the other with polymer core [12]. Long-period gratings are formed along the SiNx
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Fig. 13.4 SEM photos of heterogeneous waveguide coupler: (a) far view and (b) detailed view
showing grating

waveguide to provide phase matching and wavelength filtering. The coupler is dif-
ferentially thermally tunable. The temperature gradient distribution, introduced by
a pair of offset micro-heaters, can either red- or blue-shift the filter curve, depend-
ing on which waveguide appears “hotter”. A total tuning range of 82 nm has been
experimentally demonstrated [12].

13.2.2 TriPleX Waveguides

The TriPleX technology which is described in detail also in [13] is based on alternat-
ing and highly stable silicon oxide (SiO2) and silicon nitride (Si3N4) layers [14, 15]
and offers extremely low propagation loss and a very broad wavelength window for
linear and non-absorbing transmission. The layers are precisely controlled to en-
sure reliable and accurate waveguide properties and modal shapes. The fabrication
equipment and materials are CMOS-compatible. The TriPleX platform is ready for
foundry services which enable low-cost and high-volume production.

The well-established low-pressure chemical vapor deposition (LPCVD) technol-
ogy is applied to generate highly transparent crystalline films. The transparency win-
dow of both materials allows for the realization of low-loss waveguides over a wide
wavelength range (405 nm to 2.35 µm). Propagation losses as low as 5×10−4 dB/cm
have been reported. A specific tapering technology is developed for on-chip, low-
loss (<0.1 dB) spot size converters, allowing for combining efficient fiber to chip
coupling with high-contrast waveguides required for increased functional complex-
ity as well as for hybrid integration with other photonic platforms such as InP and
SOI.

TriPleX technology combines good integration potential with high design flexi-
bility, allowing for the tailoring of waveguide properties [16]. Three commercially
available basic waveguide geometries are provided which can be obtained by modi-
fying individual steps in the generic fabrication flow [17]. The geometries are cate-
gorized by their shape: box shell (I), double stripe (II), and filled box (III). Type II
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Fig. 13.5 (a) Schematic layout of TriPleX geometries and SEM images of realized structures:
box shell (I), symmetric double-strip (IIa), single stripe (IIb), asymmetric double stripe (IIc), filled
box (III). (b) generic process flow for fabrication of the three basic TriPleX geometries

is further subdivided into three groups: the symmetric double stripe (IIa), the asym-
metric double stripe (IIc), and the single stripe (IIb) which is a special case of (IIc).
The schematic layouts of the geometries and SEM micrographs of realized struc-
tures are depicted in Fig. 13.5(a). The generic process flow covering the fabrication
steps of all TriPleX types is given in Fig. 13.5(b).

While the overall geometrical dimensions of the waveguide cores of these shapes
are typically in the order of 1 µm2, their waveguide characteristics and potential
application areas differ greatly.

The box shell layout is highly suited for telecom applications: due to its sym-
metrical shape, the polarization dependence is largely reduced [18]. The box shell is
available in a low [15] and high [19] index contrast variant based on different ratios
of the Si3N4 and SiO2 thicknesses in the core region. In the low contrast version,
a 1 × 1 µm2 SiO2 core is surrounded by 50-nm-thick Si3N4, while the high contrast
is achieved with SiO2 and Si3N4 core dimensions of 0.5 × 0.5 µm2 and 170 nm, re-
spectively. The waveguide propagation loss of the high-contrast box shell geometry
is below 0.2 dB/cm (minimal bend radius <150 µm) and reduces to 0.06 dB/cm for
the low-contrast variant (minimal bending radius ∼500 µm) [20].
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The symmetric double stripe layout is typically applied in components requiring
tight bending radii and large polarization birefringence. The optimized geometry
is composed of two 170-nm-thick and 1.2-µm-wide Si3N4 layers separated by a
500-nm-thick SiO2 interlayer. The effective index of the waveguide mode at 1.55 µm
wavelength and the group index are 1.535 and 1.72, respectively, while the wave-
guide birefringence is 5.3 × 10−2. The waveguide attenuation is ≤0.1 dB/cm [21].
Waveguide propagation loss as low as 0.095 dB/cm was measured in optical ring
resonator (ORR) structures with a bending radius down to 70 µm [21]. The circular
mode of this waveguide geometry has a mode field diameter (MFD) of ∼1.5 µm.
To enable low-loss coupling to standard single-mode fibers (SMF28), both Si3N4

stripes are adiabatically tapered in the vertical direction. At an optimized thickness
of 35 nm for both tapered Si3N4 layers and a taper length of 600 µm, fiber-chip
coupling losses of <0.5 dB were demonstrated.

The asymmetric double-stripe geometry is particularly suited for combining re-
gions with low and high effective indices of the mode on a single chip. In a realized
example of this geometry type, a 40-nm-thick low-contrast Si3N4 stripe is separated
in the vertical direction by a 100-nm SiO2 interlayer from the 175-nm-thick high-
contrast Si3N4 channel [22]. An adiabatic transition is made between both contrast
regions by tapering the thicker layer to zero. In the high-contrast region the chan-
nel width is set to 1.5 µm, while the width in the low contrast area is variable. The
high contrast waveguide exhibits a MFD of 1.7 µm and 1.3 µm in the in-plane and
out-of-plane directions, respectively. The waveguide birefringence is in the order of
5 × 10−2. Demonstrated loss values for the low and high modal confinement areas
on the same chip were 0.015 dB/cm and 0.15 dB/cm, respectively.

The single stripe geometry is applied when extremely low optical losses are re-
quired: as explained, the single stripe can be converted from the asymmetric dou-
ble stripe by locally removing the high-contrast waveguide. By optimization of the
channel fabrication process and replacement of the upper PECVD SiO2 cladding
layer by a bonded thermal SiO2 film, the waveguide propagation has been reduced
to a record-low level of below 5 × 10−4 dB/cm at 1.58 µm wavelength on 40-nm ×
13-µm and 50-nm × 6.5-µm multimode stripe waveguides [23].

Finally, the filled-box geometry was developed for applications requiring ultra-
high confinement of the modal field in the core layer. In this geometry, core widths
of 0.8 to 1.0 µm and thicknesses varying from 0.8 to 1.2 µm were realized [24]. The
waveguide channel is multimode: up to three modes exist. For 1.55-µm wavelength
and TE-polarized light the corresponding effective index of the mode and the MFD
of the fundamental mode (TE00) are around 1.79 and 1 µm, respectively. A minimum
bending radius of 12.5 µm was calculated for the TE00 mode taking 0.01 dB/cm as
the loss criterion. As stoichiometric LPCVD Si3N4 films exhibit high tensile stress,
the layer thickness growth is limited to <500 nm. Therefore, trench etching (into
the thermal oxide layer) and trench filling (by LPCVD Si3N4 deposition) in combi-
nation with chemical mechanical polishing (CMP) was applied for the fabrication
of crack-free waveguides (see also Fig. 13.5). The optical propagation loss of these
waveguides at 1.55 µm wavelength was 0.4 dB/cm [24].
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Fig. 13.6 (a) Schematic layout of fiber attachment with a U-groove, (b) SEM photo of empty
U-groove, (c) SEM photo of fiber with 8° facet cut, attached inside the U-groove

13.2.3 Fiber Attachment Grooves (U-Grooves)

Low-loss and low-reflection fiber-to-waveguide coupling has been challenging for
planar lightwave circuits (PLCs) due to the refractive index and/or mode mismatch
between the two light-guiding media. The coupling issue becomes more serious
with high-index contrast PLCs, based on e.g. silicon (SOI) and III–V semiconduc-
tors. Solutions are either expensive (with nano spot size converters) or bulky (with
vertical grating couplers) [25, 26]. For low-index contrast PLCs, such as silica or
SiNx platforms, the coupling issue is less severe and can be solved by butt-joint
coupling with the aid of anti-reflection coatings. An additional sub-mount is often
needed to hold the fiber in place.

On the polymer platform, passive fiber/waveguide coupling can be achieved by
means of on-chip fiber grooves, as shown in Fig. 13.6, denoted as U-grooves [3, 27].
The U-groove depth guarantees that once the fiber is pressed inside, the fiber core
and the waveguide center are aligned vertically. Horizontally, they are positioned to
the respective waveguides in a self-aligned manner, thus providing virtually perfect
lateral adjustment. The width of the U-groove is designed to be a few micrometers
narrower than the diameter of the fiber. Since the polymer material provides certain
flexibility, the fiber can be pressed, and the side walls of the U-groove clamp the
fiber in place. Additionally, in an attempt to suppress back reflections, the fiber and
waveguide interface can be angled at 8°. The fiber can first be cut at this angle and
then attached in the U-groove.

The U-groove can be etched by standard oxygen reactive ion etching (RIE) or
inductively coupled plasma etching (ICP), utilizing a metal mask. Depending on the
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technology, the uniformity achieved across a whole 4-inch wafer can well fall into
the deviation range of less than 1% from the designed values, for both the groove
width and the etching depth.

With proper index-matching glue and waveguide tapering for mode matching the
typical loss per-facet for the U-groove based fiber/waveguide coupling is as low as
0.25 dB over a broad spectral range from 1300–1600 nm. An automated “pick-and-
place” fiber attachment process for purely passive and high-throughput assembly is
feasible and was already implemented as a demonstrator version.

13.3 New Hybrid Assembly Approach

In an EU-FP7 project (PHASTFlex) a new disruptive packaging approach has been
developed to enable low-cost and high-accuracy packaging of hybrid combina-
tions of InP and TriPleX waveguides [28]. A long-standing problem in the de-
ployment of optical circuits based on InP materials has been the small size of the
optical waveguides compared to the standard transmission medium, i.e. glass opti-
cal fibers. High-precision, sub-micron alignments are often needed. The packaging
process is then made rather expensive by the time-consuming active and manual
aligning process. The PHASTFlex project focuses specifically on finding a solu-
tion to this technical issue. PHASTFlex proposes the development of a fully auto-
mated, high-precision, cost-effective assembly technology for next generation hy-
brid photonic packages. In hybrid packages multiple photonic integrated circuits
(PIC) can be assembled, combining the best of different material platforms for a
wide range of applications and performance. In PHASTFlex, InP PICs with ac-
tive functions will be combined with passive TriPleX PICs on a ceramic carrier
as shown schematically in Fig. 13.7. The most demanding assembly task for the
multi-port PICs is the high-precision (±0.1 µm) alignment and fixing of the opti-
cal waveguides. The PHASTFlex consortium has proposed an innovative concept
in which the waveguides in the TriPleX PIC are released during fabrication to
make them movable. A two-stage assembly process is envisaged, in which a pas-
sive placement and bonding stage is followed by an active fine alignment stage
using integrated MEMS functions on the TriPleX chip. Thereafter the waveguides
can be locked in position. Actuators and fixing functions, integrated in the same
PIC, place and fix the flexible waveguides in the optimal position at the peak
out-coupled power with the accuracy required. The PHASTFlex project focuses
on the development of a complete assembly process and the necessary tooling
to implement this concept, including pre-assembly using solder reflow and au-
tomated handling, and on-chip micro-fabricated fine-alignment and fixing func-
tions.

The first MEMS functionality has been realized in the TriPleX waveguides.
A picture of these free-hanging MEMS waveguides is shown in Fig. 13.8.
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Fig. 13.7 Schematic representation of PHASTFlex packaging concept

Fig. 13.8 Free-hanging
waveguide in TriPleX
platform

13.4 Thin Film Elements

13.4.1 Wavelength Filters

Optical filters are key components in optical networks employing multiple operating
wavelengths. The implementations of filter functions can be realized in the form of
thin film filters (TFF), or, in general, thin film elements (TFE). Depending on the
applications and spectral requirements, the thickness of the TFEs ranges from a
few µm up to a few tens of µm. The lateral size can extend to several hundreds
of µm. Some examples of TFEs are shown in Fig. 13.9. They are fabricated on a
full wafer using a high-precision ion beam sputtering process, in which at least two
dielectrics of different indices are deposited in an interleaved and often periodic
manner to achieve certain spectral characteristics. The dielectric films are formed
on a thin polymer layer which again is spun onto a Si substrate; the latter is finally
removed. The wafer is cut into small pieces by an excimer laser.

TFEs can be vertically inserted into dedicated slots crossing the PLC waveguides.
The slots are deep-etched using oxygen reactive ion etching in conjunction with a
thin metal mask, similar to the U-groove fabrication process. The slots may also be
formed by applying a dicing saw, subject to the wafer and chip layout. The width of
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Fig. 13.9 Photographs of TFEs after laser cutting (developed and fabricated in collaboration of
Laser Zentrum Hannover, Hanover, Germany and Fraunhofer HHI)

the slot needs to be well adjusted to the thickness of the TFE platelet. The vertical tilt
angle of the mounted TFE and its thickness are important parameters determining
the excess losses.

The U-grooves and TFEs can be combined to realize various devices. As an ex-
ample, a 1 × 2 wavelength (de)multiplexer is demonstrated [27]. The device is de-
signed to split and combine signals at 1310 nm and 1490 nm (or 1550 nm) in optical
networks. The schematic layout and a device photograph are shown in Fig. 13.10.
The device contains three U-grooves for fiber attachment, a central slot for TFE in-
sertion, and the interconnecting polymer waveguides. The total chip made on a Si
substrate measures 5 mm by 1.3 mm. The input signals at wavelengths 1310 nm
(λ1) and 1490 nm (or 1550 nm) (λ2) are launched into the input port. Using a long-
wavelength pass filter (LWPF), signals at wavelength 1490 nm/1550 nm will be
guided to output port 2, whereas signals at 1310 nm get reflected by the TFE to
output port 1.

Measurement results are shown in Fig. 13.11, displaying the filter performance
of the LWPF. At 1310 nm, the fiber-to-fiber insertion loss at output port 1 is around
1.2 dB. The other channel at 1550 nm exhibits an even lower loss of 1.0 dB. The
crosstalk suppression is larger than 30 dB. Across the entire wavelength range, the
back reflection into the input fiber (optical return loss) is suppressed by more than
50 dB. When the loss from the fiber connectors is subtracted and only the net inser-
tion loss from the input fiber to the output fiber is considered, the chip itself features
a loss well below 1 dB. The maximum polarization dependent loss is below 0.5 dB.

Optical time-domain reflectometry (OTDR) represents a powerful means to re-
motely monitor the connectivity and termination status of optical networks. It is used
to identify with high spatial resolution any point of failure that may degrade trans-
mission performance. With conventional OTDR, optical reflections of a sequence of
test pulses generated from broken or disconnected fiber parts are exploited. How-
ever, the reflected signals are often weak, noisy and hard to interpret. To gain ac-
curate information about the fiber termination at reduced cost and effort, e.g. at the
subscriber site, a dedicated integrated optical element is required as an edge filter
that is transparent for the normal operating wavelengths but reflects almost 100%
of the dedicated OTDR wavelength set away from the communication band (e.g.
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Fig. 13.10 Schematic layout and device photograph of 1 × 2 wavelength (de)multiplexer

Fig. 13.11 Measured
characteristics of 1 × 2
wavelength (de)multiplexer

beyond the L band). Low excess loss, low device cost and simple installation are
the principal demands posed on such network elements which have the potential of
becoming a high-volume product when widely installed at subscriber terminals.

A simple and highly compact implementation of such an OTDR device can be
realized on the polymer platform. The TFE is essentially a band pass filter designed
to exhibit a spectral band edge at 1610 nm which is suitable for reflecting OTDR sig-
nals at 1625 nm or above as “ping” wavelength while letting the telecommunication
wavelengths passing through.

The OTDR reflector is essentially comprised of two parts, the polymer base chip
and the integrated TFE. The polymer base chip, as sketched in Fig. 13.12(a), con-
tains two U-grooves for in-out fiber attachment, a single mode waveguide, and a
central slot intercepting the waveguide. The assembled chip, shown in Fig. 13.12(b),
measures only 3 mm (length) by 0.7 mm (width).

The characteristics of such a 1 × 1 OTDR device across the wavelength range
from 1260 nm to 1630 nm are displayed in Fig. 13.13. The filter exhibits flat trans-
mission from 1260 nm to 1580 nm, and at wavelengths >1610 nm the filter behaves
like a 100% reflection mirror. The crosstalk suppression is better than 23 dB which
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Fig. 13.12 (a) Schematic
layout and (b) photograph of
1 × 1 OTDR device

Fig. 13.13 Transmission/
reflection characteristics of
1 × 1 OTDR device

can be further improved by fine-tuning the TFF layer deposition process. The in-
sertion loss is below 2 dB over the 1260 nm to 1580 nm wavelength range, with a
minimum value of 1.8 dB around 1550 nm. The reflected signal at 1625 nm exhibits
a loss of less than 1.0 dB. The insertion loss originates mainly from the fiber-to-
waveguide coupling, the coupling between the waveguide and the TFF, and addi-
tional loss from the TFF itself. By optimizing the waveguide taper design at the slot
interfaces, the insertion loss may be further reduced.

13.4.2 Polarization Handling TFEs

Polarization handling is another key function in PLC devices to offer either polar-
ization insensitive or polarization multiplexed/diversified operation. In many appli-
cations, the TE and TM components need to be separated and their imbalance needs
to be kept minimal. Polarization dependence in PLC is mostly caused by the wave-
guide geometries, the material birefringence, non-linear processes, confinement is-
sues, and so on. Passive polarization control implemented on waveguides usually
involves complicated designs to compensate the different propagation constants of
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Fig. 13.14 (a) Photograph of polymer waveguide chip with vertically inserted HWPs, (b) HWP
induced loss versus polymer waveguide taper width, (c) PER versus polymer waveguide taper
width

the TE and TM modes. This often raises stringent challenges on the fabrication pro-
cess and may lead to considerable extra loss.

On the polymer platform, a wave plate in the form of a TFE can be inserted to
intercept the waveguides and rotate the polarization state of the light. Commonly
used is a half-wave plate (λ/2 plate, HWP) that converts the TE and TM light com-
ponents. Figure 13.14(a) shows a polymer waveguide chip with vertically inserted
HWPs. To limit the beam divergence in the non-guided HWP region, the wave-
guides at the slot facets are tapered resulting in a broader mode field diameter and
reduced scattering losses at the waveguide/HWP interface. Figure 13.14(b) indicates
the effect of the polymer waveguide taper width on the HWP-induced loss. For a
waveguide refractive index contrast of 1.48 (core): 1.45 (cladding) and a thickness
of 3.2 µm, a taper width of 10 µm can help to bring the HWP-induced loss down to
∼1.0 dB. The polarization conversion efficiency is evaluated by the TE/TM polar-
ization extinction ratio (PER) of the output light. The results in Fig. 13.14(c) show
that a high PER of ∼23 dB can be achieved with the same taper width of 10 µm.

A TFE can also be designed to separate the polarization components of the in-
coming light in the waveguide. The schematic architecture of such a polarization
beam splitter (PBS) is shown in Fig. 13.15. Depending on the characteristics of the
polarization splitting TFE, one polarization (TM) will be reflected to output 1 and
the other will pass through to output 2 (TE). The incident angle from the waveguide
to the polarization splitting thin film element (PSTFE), i.e. the half-angle between
the two waveguides, can be varied to optimize the splitting ratio for a desired band-
width.

Figure 13.16 shows the spectra for the TE and TM signals at the two outputs.
Across the telecommunication C-band (from 1535 nm to 1575 nm), the splitting
ratios at both outputs are larger than 25 dB. The insertion loss is ∼0.6 dB for the
reflected and 1.3 dB for the transmitted path. The performance in terms of insertion
loss, polarization splitting ratio and bandwidth can be further improved by optimiz-
ing the TFE layers as well as by carefully designing the waveguide/TFE interface
so that the deflected beams are better collected.

The simplicity and high efficiency of TFE based polarization handling open up
new possibilities in realizing polarization insensitive and multiplexed devices on the
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Fig. 13.15 (a) Schematic layout and (b) photograph of TEE-based polarization splitter on polymer
platform

Fig. 13.16 Wavelength dependent transmission of TFE-based polarization beam splitter on poly-
mer platform

polymer integration platform, such as polarization-multiplexed modulators, dual-
polarization optical 90° hybrids, and coherent receivers.

13.5 Hybrid Integration with Active Components

Monolithic integration technologies based on InP material and SOI have evolved
into foundry services over the last decade. However, the service has not yet ulti-
mately proven to be highly cost-effective. The complexity in the design and fabrica-
tion increases almost exponentially with the number of integrated device function-
alities. Very often trade-offs in the device performance need to be made in order to
meet a reasonable yield. On the other hand, the fabrication of single components
such as laser and photodiodes has matured in the last years. Many of the active
components are available on the market, and it is practical to integrate these com-
ponents in a hybrid manner onto a suitable versatile motherboard platform. Some
technologies have been developed to facilitate the integration.
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Fig. 13.17 Coupling of
planar PD to polymer optical
motherboard via integrated
45° mirror

13.5.1 Planar Photodiode Integration via 45° Mirrors

Optoelectronic devices such as laser diodes and photo diodes can be assembled on
a polymer waveguide network via the conventional butt-joint method in which an
extra sub-mount for the active component is necessary. Alternatively, the integration
can be done vertically via a 45° mirror which eliminates the need for the extra sub-
mount and enables passive, automatic on-wafer assembly using a fine placer.

On the polymer platform, 45° facets can be created by applying a fast-rotating
angled dicing blade and sawing through the polymer chip [3]. The surface roughness
can be minimized by the intrinsic “polishing” during sawing by choosing the right
diamond concentration on the blade tip, the optimal blade rotation speed and the
feeding speed. To improve the reflectivity, the 45° surface should be coated with a
thin layer of metal, typically Ti and Au, by directed metal evaporation.

Apart from the design and processing simplicity, such 45° deflection mirrors of-
fer much broader coupling bandwidth, less polarization sensitivity, and less beam
divergence compared to vertical grating couplers. The 45° groove is usually filled
with index matching epoxy so that the back reflection on the straight facet can be
avoided and the beam divergence in the free space be reduced.

Figure 13.17 shows the vertical coupling scheme for a bottom illuminated PD
coupled to the polymer optical motherboard via an integrated 45° mirror. Also
shown are the side view of such a mirror and the top view of a mounted PD. The
PD is placed on top of the polymer chip, in a purely passive way, by a state-of-art
bonder with positioning precision of ∼1 µm. The PD is fixed by UV glue with ade-
quate index matching to suppress back reflections. Shear force tests have shown that
the critical bonding values can reach up to 10 N/mm2. The backside of the PD is
anti-reflection (AR) coated against the glue which completely fills the mirror trench.
The mirror loss measured by means of a multi-mode fiber is around 1 dB. The actual
mirror loss also depends on the diameter of the PD active area, its central position,
and how it matches the actual beam spot. Using a 25 Gb/s capable PD with an active
diameter of 20 µm, an insertion loss of 1.8 dB is obtained, including the mirror cou-
pling loss, fiber waveguide coupling loss via a U-groove and the propagation loss of
a 3-mm-long polymer waveguide.

The bottom illuminated PD is designed with a full p-metal contact on its top
side which facilitates uniform current flow and serves as optical reflector for light to
double-pass the absorbing layer. This is beneficial regarding achievable responsivity
particularly for very high-frequency PDs, the absorption layer thickness of which is
limited by the transit time to below 1 µm. On the other hand, the back-illuminated
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Fig. 13.18 Frequency response of a mounted PD (a) without impedance matching and (b) with
50 � impedance matching

Fig. 13.19 Four-channel
fiber-waveguide-detector
array

PD is more sensitive to beam divergence because of the longer optical path of the
beam between the waveguide output and the active PD region. By using adequate
designs the effective beam diameter at the active PD area can be kept as small as
∼10 µm (1/e2). This value is well below the active diameter of PDs suitable for
25 Gb/s reception, a bit rate which is in the focus for 100 Gb/s transmission appli-
cations such as the 4 × 25 Gb/s wavelength multiplexed or differential quaternary
phase shift keying (DQPSK) schemes.

Figure 13.18 shows the small signal frequency response of a mounted PD chip.
The measurement was performed directly on the chip using a suitable RF probe
head. Without extra electronics for 50 � impedance matching the 3 dB bandwidth
is around 25 GHz, as shown in Fig. 13.18(a). By applying impedance matching and
some compromises regarding responsivity, the bandwidth can be increased to as
high as 34 GHz, as shown in Fig. 13.18(b).

PD arrays can be mounted on top of the mirror in a similar fashion. A 4-channel
PD array coupled to the Polyboard is shown in Fig. 13.19. The optimal coupling
position is firstly calculated in terms of waveguide position, cladding/core layer
thickness and the mirror opening width. The PD array (with bias-T) is then mounted
on top of the 45° mirror at the proper location and fixed with UV curing glue. Finally
the fiber array is plugged in and glued for the measurements.
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Fig. 13.20 Microscope images of 5-step 45° mirrors: (a) broader view and (b) detailed view show-
ing placement of mirrors backside illuminated through the polymer, before the mirror surface met-
allization. (c) detailed view illuminated from the top, revealing correct metallization area. Arrows
indicate 10° angle under which the metal vapor comes

The measured responsivities vary between 0.3 A/W to 0.4 A/W, and the high-
est value is 0.43 A/W. Since the responsivity, measured using a fiber illuminated
directly on the PD, is 0.65 A/W, the lowest insertion loss has been derived to be
1.8 dB. The static crosstalk ranges from 28 dB to 30 dB, for any two PDs within
the array, suggesting stray light to be the limiting factor. The polarization dependent
loss is around 0.6 dB, of which ∼0.5 dB is attributed to the metalized mirror itself.
The optical return loss into the launching fiber (back-reflection) is better than 35 dB.

In 3-dimensional waveguide structures, such as shown in Fig. 13.3, the 45° mir-
rors can be arrayed by varying the dicing depths to tap out light from each of the
multi-layer waveguide cores separately [9], as indicated in Fig. 13.20. The fabrica-
tion of the multi-step mirror array, however, raises two additional challenges. The
first challenge is that the depth of the mirrors must be calculated and well controlled
so that the tip reaches, in the ideal case, the middle point between the two core lay-
ers. Light from each layer can then be subsequently extracted by the mirror array.
The blade tip can be first referenced to the top surface of the polymer chip and then
be adjusted to the specified depths calculated from the layer thickness. The dicing
saw equipment should be capable of controlling the vertical placement of the blade
with an accuracy of 1 µm. The lateral distance between the mirrors can be adjusted
to allow relaxed attachment of either linear planar PD arrays or an adapted 2D PD
array chip.

The second challenge is that the metal coating must reach the very bottom of
the deep mirror where the light spot from the bottom waveguide is expected, while
staying clear from the straight waveguide facet. Thermal evaporation with well-
defined deposition directivity must be used, and the tilt angle must be carefully
calculated.
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Fig. 13.21 Photograph of
1-cm long multilayer
waveguides and multi-step
mirrors under test. Optical
input (left): lensed fiber;
electrical output (right):
planar PD array with needle
contacts

Fig. 13.22 Mirror loss from
each waveguide layer
extracted from PD
responsivity measurement
and normalized with respect
to corresponding waveguide
loss. Mirror loss increases
slightly with deeper mirrors
due to larger free-space beam
divergence, enhanced
scattering and absorption

Microscope images of fabricated mirrors are shown in Fig. 13.20. The chip is
flipped sideways and backside illuminated in Fig. 13.20(a) and (b). The uncoated
multi-step mirror structures are revealed along with the individual polymer layers.
In Fig. 13.20(c) the chip is topside illuminated where the coated metal line can be
seen on the 45° surface (20 nm Ti + 80 nm Au) and the arrows indicate the direction,
with 10° tilting, from which the metal vapor impinges.

For testing of the mirrors, light from a tunable laser source is launched via a
lensed fiber into the 1-cm long multicore waveguide chip and collected from the
corresponding mirrors by a PD array. The measurement setup is shown in Fig. 13.21.
Index matching oil is used to fill the mirror groove to limit the beam divergence as
well as to reduce the back reflection at the PD surface. The PD has an active area
diameter of ∼50 µm and offers a broadband responsivity of around 1.1 A/W. The
mirror loss can be extracted from the photocurrent by referencing to the straight
waveguide loss of the same length.

The multi-step mirror losses are displayed in Fig. 13.22, ranging from 1.5 dB
to 1.9 dB at 1550 nm. The wavelength dependence can be attributed to the PD
responsivity characteristics. The bottom mirrors gradually suffer more loss, caused
by the longer free space beam propagation distance and the associated larger beam
divergence, more severe scattering, and more material absorption in the coupling
oil-filled region. The slight ripples are caused by the Fabry-Pérot effect from the
1-cm long waveguide facets as no index matching oil is applied on the input fiber
side. The mirror loss can be further reduced by applying proper waveguide tapers
to limit the free-space beam divergence and by optimizing the dicing parameters to
achieve a smoother mirror surface.
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Fig. 13.23 Butt-joint
coupling of curved stripe
DFB laser to polymer
waveguide chip

13.5.2 Butt-Joint Laser Diode Integration

Laser diode (LD) and waveguide coupling is challenging in three aspects: (a) LDs
mostly possess a near-field mode field diameter of only a few micrometers. The
waveguide mode must be tailored to match the laser mode size. (b) The coupling
is very sensitive to any spatial misalignment. A positioning inaccuracy of ∼1 µm
in the lateral and/or vertical dimension may lead to an extra coupling loss of more
than 1 dB. (c) Optical feedback (back reflection) must be suppressed. If scattered
light finds its way back into the laser cavity, the stable-state laser oscillation may
be disturbed, causing ripples in the laser spectrum. In severe cases, the lasers can
become multimode and the performance, in terms of line-width and directivity, will
be seriously degraded. The LD output facet needs to be AR coated to suppress back
reflections.

Though it is feasible to couple an edge-emitting LD or a VCSEL via a 45° mirror
to the polymer waveguide with the help of a micro lens, it is more straightforward to
use the conventional butt-joint method, as illustrated in Fig. 13.23. The DFB LD is
first placed on a submount with predefined contact pads. This submount can be a sil-
icon die with an oxide insulating layer or a ceramic piece for faster heat dissipation.
Some high-end LDs require a diamond submount, which offers the highest thermal
conductivity among the conventional materials to cool the LDs efficiently. For high
frequency applications, the metal pads on the submount must be carefully designed
as part of the impedance-matched transmission line. To facilitate the assembly pro-
cess at a later stage, the thickness of the submount is adjusted by backside polishing
to reach a similar height level as the Polyboard.

The LD in Fig. 13.23 features a curved stripe (CS) design which proves to be
more robust against external feedback and offers higher single-mode yield [29]. The
output of the laser is AR coated with respect to the polymer material and the beam
shape is adjusted to obtain low divergence for optimal coupling with the buried
polymer waveguide. The incident angle to the polymer waveguide is 21.6° for the
1490 nm lasing wavelength. The polymer waveguide bends further to suppress the
back-reflection into the laser. At the output side, a single-mode fiber is attached in
the U-groove. The position of the LD is fine-tuned until the maximal output power
at a certain drive current is reached in the fiber. The LD is then fixed on the facet of
the Polyboard by UV curing glue to complete the assembly process.



13 Hybrid Photonic Integration: Components and Technologies 649

Fig. 13.24 CSDFB laser P –I curve at (a) room temperature, (b) laser spectrum, both are mea-
sured at the fiber output in the U-groove

Figure 13.24 shows the output characteristics of a LD-Polyboard subassembly
measured from the fiber output at room temperature. The laser diode used here is a
DFB laser with a curved stripe design (CSDFB). The threshold current is 7.2 mA
and at 100 mA the output power reaches 16 mW. The spectrum of the laser shows a
distinct single mode emission with the side-mode-suppression ratio (SMSR) being
larger than 45 dB.

A LD array can be integrated on the Polyboard in a similar way. One concern is
the bending of the LD array (or a bar) in the vertical dimension, e.g., the bowing
effect. The LD array must be handled by pick-up tools with uniformly distributed
holding force and placed on a submount with matched thermal expansion coeffi-
cient, and the angular alignment between the LD array and the polymer chip must
be carefully adjusted. When a small walk-off angle exists, a severe power imbalance
among the channels may occur.

13.5.3 Gain Chip Integration

A gain chip (GC) is a mandatory building block for the construction of any external
cavity laser. A GC is similar to a LD except that the internal optical feedback loop
is intentionally removed. At least one facet of a gain chip is AR coated against air
or other media to eliminate internal lasing and enhance light emission. It usually
employs a multi-quantum well design that enhances output power and may broaden
the gain bandwidth.

A GC can be butt-joint coupled to a tunable polymer Bragg grating and thereupon
built into an external cavity tunable laser. Schematic layouts of such structures are
illustrated in Fig. 13.25. The basic layout in Fig. 13.25(a) consists of a GC with
high-reflection (HR) coating at the rear facet, a thermally tunable polymer wave-
guide Bragg grating with a heater electrode, and a fiber. The grating functions as a
wavelength selective reflector and together with the HR coating on the other side of
the gain chip a cavity for laser oscillation is formed. When the threshold is reached,
the laser emits into the fiber.
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Fig. 13.25 Schematic layout
of tunable external cavity
laser. (a) basic layout:
Straight facet gain chip
coupled to tunable Bragg
grating. (b) advanced layout:
Curved stripe gain chip
coupled to tunable Bragg
grating with optimized heater
conditions and additional
phase electrode

A more advanced structure as shown in Fig. 13.25(b) includes a curved stripe GC,
which, similar to the curved stripe DFB LD, makes the laser more robust against op-
tical feedback. The polymer waveguide is accordingly bent with the right coupling
angle to the GC. During thermal tuning, the central wavelength of the Bragg reflec-
tor shifts toward shorter wavelength due to the thermally induced negative refractive
index change in the polymer waveguide. At the same time, however, the roundtrip
phase reappearing condition in the laser oscillation is inevitably altered. Since the
longitudinal mode spacing of such external cavity lasers is usually narrower than
the Bragg grating spectrum width, a jump in the longitudinal mode number may oc-
cur as the laser mode readjusts itself to match the phase reappearing condition. This
phenomenon is called “mode hopping”. When not treated properly, mode hopping
can cause discontinuities in the laser’s P –I curve and lead to significant drop of the
single-mode yield, i.e., degradation of the side-mode-suppression ratio. To address
this issue, an additional phase electrode is added in order to compensate the phase
shift during thermal tuning.

P –I curves of the laser with the advanced layout are shown in Fig. 13.26. As-
suming that the HR coating provides ∼90% broadband reflection, the optimal Bragg
grating reflectivity can be derived from the rate equations once the gain coefficient
and the roundtrip loss of the cavity are known. A batch of such lasers with vari-
ous Bragg grating reflectivities has been experimentally characterized. Thanks to
the high power efficiency of the GC as well as the low coupling loss to the poly-
mer waveguide, the Bragg grating needs to provide a fractional reflectivity of only
13% for the laser to emit an output power larger than 12 mW at a driving current of
100 mA.

The output power of the tunable laser has been measured at different heating
powers. The drive current of the gain chip was chosen to be 50 mA. The results are
summarized in Fig. 13.27. A total tuning range in excess of 50 nm from 1560 nm
to 1509 nm is achieved. The heating power needed for such a tuning range is
∼161 mW. The degradation of the laser output power across such a tuning range
amounts to less than 2 dB, indicating a flat broadband gain spectrum of the GC as
well as fairly good thermo-optic linearity and thermal stability of the polymer ma-
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Fig. 13.26 Laser P –I curves
for Bragg gratings with
different reflectivities

Fig. 13.27 Tunable laser
spectra at various heating
powers

terial, at least at the lab demonstration stage. The SMSR remains larger than 26 dB
which can certainly be improved by adjusting the phase electrode to avoid mode-
hopping.

Latest research results have shown that direct laser modulation at 10 Gb/s can
be achieved by adopting a GC design with low parasitic capacitance, shortened
polymer waveguide and Bragg-grating length, and further improved facet coupling
[30–32]. On the other hand, with increased waveguide and Bragg-grating length,
a narrow laser line-width of less than 200 kHz has been demonstrated [33, 34].

13.5.4 TriPleX Hybrid Integration Method

The high design flexibility provided by the TriPleX platform is a prerequisite to
boosting photonic integration. The availability of low- and high-contrast regions
on a single chip easily enables interposer functionality in photonic assemblies. The
large freedom in pitch and mode size conversion is, for example, utilized in low-loss
connections between optical fiber arrays and high-confinement waveguide technolo-
gies such as InP or SOI [13]. In return, active functionality (light generation, detec-
tion, and modulation) available on the latter platforms is efficiently joined with the
TriPleX circuitry. The proposed integration concepts for silicon nitride waveguides
with the silicon photonic platform are based on a hybrid bonding process utilizing a
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Fig. 13.28 (a) Concept of
TriPleX integration with SOI
and III/V semiconductors, (b)
SEM micrograph of
integration cross section [35]

SiO2 interface layer with a controlled thickness [35]. The integration concept and a
SEM micrograph of a fabricated device are shown in Fig. 13.28.

Currently, a novel assembly concept for integrating InP and TriPleX chips on a
carrier platform is being developed [28]. Besides addressing low-cost, high-volume
assembly, the approach focuses on bridging the gap between typical flip-chip place-
ment accuracies (≤1 µm) and the sub-100-nm alignment precision required by high-
contrast coupling interfaces by monolithically integrated MEMS-based fine tuning
structures.

On-chip adiabatic tapering sections are key elements for many integration as-
pects. Therefore, the optimization of the taper design and technology was empha-
sized. Vertical tapers are usually fabricated by standard lithography and isotropic
etching of the silicon nitride layers. Measurements of propagation loss through such
tapering sections resulted in ≤0.5 dB per taper [22]. The most critical part of the
tapering path is at the starting position of the taper (thin side) where the propagation
of the weakly confined mode is extremely sensitive to any geometrical changes.
To address this issue, a novel ultra-taper procedure has been developed in which
the shape of the tapering section can be controlled by the design rather than solely
by the process-specific etch profile [36]. The preliminary results based on insertion
loss measurements of waveguides with multiple tapering sections indicate a taper
loss reduction by about one order of magnitude.

Last but not the least, the TriPleX platform is also well suited for lab-on-a-chip
applications. The microfluidic channels are defined in a fused silica wafer and then
bonded on the optical TriPleX wafer, as indicated in Fig. 13.29(a) and (b). Light
sources, fiber array and fluidic vessels are then integrated in a hybrid manner [17,
37]. A photograph of the lab-on-a-chip assembly is shown in Fig. 13.29(c).

13.6 Optical Subassemblies and Modules

By combining the polymer motherboard technology and the hybrid integration
method with InP active components various optical subassemblies and modules can
be realized. For the WDM-PON technology, optical line terminals (OLT) and op-
tical network units (ONU) are key components in the network infrastructure. The
hybrid integration approach allows high-performance and cost-effective OLTs to be



13 Hybrid Photonic Integration: Components and Technologies 653

Fig. 13.29 Concept of integrating optical circuits with microfluidic channels: (a) cross-section
and (b) top view. (c) picture of component sub-assembly with attached VCSELs, optical fibers and
fluidic vessels [37]

assembled using polymer arrayed waveguide gratings (AWGs) for wavelength mul-
tiplexing (MUX) and de-multiplexing (DMX), InP LD arrays as directly modulated
transmitters (Tx) and planar PD arrays as receivers (Rx). Furthermore, a colorless
ONU is demonstrated on the polymer motherboard platform utilizing the full flexi-
bility that the platform offers: an on-chip U-groove allows for submount-free fiber
pigtailing, an on-chip 45° mirror enables vertical light detection by planar back-
side illuminated photodetectors (PDs), and a vertically inserted TFE (de)multiplexes
wavelengths from the C band (∼1528 nm to ∼1568 nm) and the L band (∼1568 nm
to ∼1610 nm) [8, 30]. The integrated tunable laser on the ONU can be directly
modulated at 10 Gb/s date rate. Optimized thermo-optic design can make the wave-
length tuning extremely efficient. The PDs can be chosen to cover a large range of
bandwidths from 2.5 GHz to 30 GHz. Deep-etched air trenches can be introduced
without any extra fabrication steps to block stray light in the optical circuit and thus
suppress optical cross-talk.

To improve the spectral efficiency of the WDM system and the total capacity of
the optical networks, coherent optical transmission technologies have been devel-
oped such as polarization-multiplexed quadrature phase-shift keying (DP-QPSK),
dual-polarization 16-quadrature amplitude modulation (16-QAM), and higher order
modulation formats up to 128-QAM (see also Chap. 8). A tunable laser source that
can switch its emission polarization state is needed [33, 38]. On the coherent re-
ceiver side, an optical 90° hybrid is required as the frontend to convert the phase
modulated signal into amplitude modulation detectable by photodiodes. A PLC-
based 90° hybrid with integrated polarization elements, variable optical attenuators,
and a low-cost wavelength-tunable local oscillator (LO) is highly desired to bring
down the device cost and footprint. On the polymer motherboard such an optical
90° hybrid can be realized by using low-loss polymer 2 × 4 MMIs as phase mix-
ers, 1 × 1 thermally tunable MMIs as VOAs, and TFEs as polarization splitter (PS)
and rotator. Furthermore, an on-chip tunable local oscillator can be integrated that
allows colorless detection in the C-band [34].
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Fig. 13.30 40-channel OLT-Tx based on 4 × 10 direct-modulated LD arrays butt-joint coupled
to a thermally tunable polymer AWG: (a) schematic layout and (b) photograph of assembly. The
heater on the AWG-chips allows for some spectral fine-tuning of the AWG channel

13.6.1 Polymer AWG-Based OLTs

An OLT-component for operation at the transmitter side is shown in Fig. 13.30(a)
and (b). This device consists of four InP-based 10-channel DFB LD arrays first
placed on a Si submount and then butt-joint coupled to a polymer MUX AWG.
The complete device, combining the AWG and the LD arrays, is 29 mm long and
30 mm wide. The 40-channel MUX AWG is based on a polymer waveguide with
square cross-section of 3.5 µm × 3.5 µm and a refractive index contrast of 1.47:1.45.
It is designed to cover the L-band (1568 nm to 1610 nm) with 100 GHz channel
spacing. The spectral characteristic of the AWG channels is of Gaussian type with a
1-dB width of 0.25 nm. A heater electrode placed on top of the arrayed waveguide
region can be biased to thermally adjust the AWG central wavelength to match the
ITU-grid [39].

Figure 13.31(a) shows the overlaid spectra of the AWG at different heater pow-
ers. Figure 13.31(b) illustrates the central wavelength during thermal tuning. At
∼900 mW, the tuning range exceeds the channel spacing of ∼0.8 nm. The schematic
layout of the InP LD array is shown in Fig. 13.31(c). Each single element comprises
a 150-µm-long DFB section and a 250-µm-long optical gain region. The emission
wavelength for each individual LD is defined by e-beam lithography to match the
100-GHz channel spacing. A heater electrode is included in the DFB section by
which up to 3-nm tuning can be thermally realized, in order to pin-point the wave-
length at the ITU grid. The emitting wavelengths of different LDs on the array are
listed in Fig. 13.31(d). Four 10-channel LD arrays with finely adjusted emission
wavelengths provide 40 channels in the L-band. The LD arrays are first mounted
on the Si-submounts with pre-defined RF lines and then butt-joint coupled to the
polymer-based AWG. The arrays have been HR coated on the back side against air,
whereas the front facet has an AR coating against polymer to avoid back reflections.
Index-matching epoxy is first applied to secure the optical coupling, followed by a
mechanical fixing epoxy to support the large array.
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Fig. 13.31 (a) Overlaid AWG spectra at different heater powers, (b) AWG central wavelength
as function of heater power, (c) schematic layout of multi-wavelength LD array, (d) measured
emission wavelengths

Fig. 13.32 Multiplexed
transmission spectra at output
of OLT-Tx

The assembled OLT-Tx is placed on a thermo-electric cooler (TEC) which stabi-
lizes the assembly temperature at 25 °C. The performance is illustrated in Fig. 13.32,
where the spectra of the 40 channels are measured at the output of the MUX AWG.
Each LD and the AWG itself are independently adjusted to match the channel wave-
lengths at the ITU-grid. An optical output power larger than 0 dBm can be obtained
in the fiber by increasing the injection current of the LD to ∼120 mA. The matched
spectra from the LDs and the AWG lead to a stunning SMSR of >70 dB for all 40
channels. The LDs can be directly modulated up to 25 Gb/s, resulting in a total data
rate of 1 Tb/s at the OLT-Tx.

The corresponding OLT-Rx is shown in Fig. 13.33(a) and (b). Four InP planar PD
arrays are vertically coupled to the polymer DMX AWG by integrated 45° mirrors.
The 40-channel polymer DMX AWG is designed to operate at 100-GHz channel
spacing over the C-band (1528 nm to 1568 nm). A λ/2 plate can be inserted in the
middle of the arrayed waveguide region to eliminate residual polarization depen-
dence.

Figure 13.34 shows the responsivities of the OLT-Rx. The PDs have an intrinsic
responsivity of 1.1 A/W, while an effective responsivity of ∼0.22 A/W is measured
for the OLT. The device insertion loss, including the fiber coupling, mirror coupling
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Fig. 13.33 40-channel OLT-Rx based on 4 × 10 planar PD arrays vertically coupled to polymer
AWG via integrated 45° mirrors: (a) schematic layout and (b) photograph of assembly

Fig. 13.34 Measured
responsivities of PD arrays on
OLT-Rx

and the polymer AWG itself, is then calculated to be ∼7.5 dB. As discussed in
Sect. 13.5.1, the PD bandwidth can be extended to over 30 GHz at the cost of re-
duced responsivity, allowing each channel to reach a direct detection rate >25 Gb/s,
and a total data rate >1 Tb/s can be received with such an OLT-Rx.

13.6.2 TriPleX AWGs

As discussed in Sect. 13.2.2, TriPleX waveguides with the single-stripe geometry
exhibit extremely low propagation loss [23], and the same waveguide geometry
can be used to realize highly transparent AWGs. One of the AWG designs from
the University of California Santa Barbara [40] is shown in Fig. 13.35. The mea-
surement results in Fig. 13.36 show that the 16-channel 200-GHz AWG has a very
low loss of ∼0.4 to 0.8 dB spanning across the 1310-nm and 1550-nm wavelength
windows. The crosstalk suppression between adjacent and non-adjacent channels
is better than 30 dB and 40 dB, respectively. Since the majority of light field lies
in the SiO2 cladding for this type of single-stripe Si3N4 waveguide, the AWG also
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Fig. 13.35 Layout of AWG
(de)multiplexer based on
single-stripe TriPleX
waveguide [40]

Fig. 13.36 Spectral characteristics of TriPleX AWG at two wavelength windows [40]

features a low temperature dependence of about 0.011 nm/°C, a value that is very
close to a pure SiO2 AWG device. Coupled with LD/PD arrays, the TriPleX AWGs
can be adopted as low-loss OLTs in the WDM-PON. They can also be used as mini-
spectrometers for sensing systems.

13.6.3 Colorless ONU

Over the last few years wavelength division multiplexing-passive optical network
(WDM-PON) technology has witnessed rapid development in response to the ex-
ponentially growing demand on end-user access bandwidth. Within this technol-
ogy, a colorless optical network unit (ONU) supporting all wavelength channels is
needed to simplify network operation, reduce inventory and installation costs, and
to keep maintenance efforts sufficiently low [8, 30].

The schematic layout and a photograph of an assembled ONU implemented on
the polymer platform are shown in Fig. 13.37. The polymer chip measures 5.6 mm
(L) by 2.4 mm (W ), and with the butt-joint coupled InP GC array the assembly size
increases to 6.5 mm (L) by 2.5 mm (W ).
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Fig. 13.37 ONU assembled on polymer-based hybrid integration platform, (a) schematic layout
and (b) photograph of assembly

An array of two identical GC elements is first placed and wire-bonded onto an
RF-submount and then butt-joint coupled to the dual-channel polymer Bragg grat-
ings. Together they form a tunable transmitter (Tx). To relieve the thermal strain
from a single polymer Bragg grating, the C-band wavelength tuning is split be-
tween two paths, with one of the two GCs directly modulated at a time. 5% of the
Tx power is tapped out via a pair of asymmetric Y-couplers to be received by the
monitor PD. The TFE-based C/L-band filter reflects the Tx signal, which further
propagates through the polymer waveguide into the single mode fiber.

On the receiver side, the incoming optical signal at any wavelength within the
L-band goes through the same fiber into the polymer waveguide. The TFE passes
the signal through to the receiver side of the ONU, where an on-chip 45° mirror
deflects the light and feeds it to the high-speed planar PDs mounted on top.

A series of air trenches are etched on the polymer chip simultaneously with the
U-groove and the TFE slot. The air trenches provide many optical interfaces and
deliberately scatter the stray light in the polymer slab in directions away from the
location where the Rx PD and the monitor PD are mounted.

The TFE is a key element performing the C/L-band wavelength (de)multiplexing.
It consists of alternating layers of sputtered SiO2 and TiO2 films on a thin poly-
mer substrate, as already outlined above. The total thickness of the filter adds up to
24 µm. The fabrication (performed at Laser Zentrum Hannover) is done on a stan-
dard 3-inch silicon wafer. After sputtering, the TFE is cut by an excimer laser into
desired dimensions. A photograph of the TFE after cutting is shown in Fig. 13.38(a).
The TFE is generally characterized by single-mode fiber measurements prior to the
integration into the Polyboard. The reflection/transmission spectra are displayed in
Fig. 13.38(b). The TFE introduces an insertion loss <2 dB. Due to the band-edge
effect, however, the transition slope between 1562 nm to 1572 nm cause signals at
these wavelengths to suffer from extra attenuation. Filters with steeper band-edges
at reasonable thickness are being investigated.

After the assembly, the ONU is first characterized on the Tx side. The drive
current for the GCs is set to 50 mA. The lower arm of the tunable laser path offers a
tuning range from 1525 nm to 1548 nm (see Fig. 13.39(a)) and the upper arm from
1545 nm to 1568 nm (see Fig. 13.39(b)). The side-mode suppression ratio is larger
than 40 dB and the combined tuning range of 43 nm appropriate for the C-band.
The dropping of the laser output power at wavelengths above 1560 nm is evidently
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Fig. 13.38 (a) Microscope image of C/L band filter after laser cutting. (b) Reflection and trans-
mission spectra of TFE-based filter

Fig. 13.39 Tx characteristics of ONU: (a) tuning spectra of lower arm laser, (b) tuning spectra
of upper arm laser, (c) total tuning range and efficiency of both lasers, (d) eye diagram at 10 Gb/s
data rate after 11.3-km-long standard single-mode fiber transmission

due to the band-edge in the reflection spectrum from the TFE, as indicated by the
dashed curve in Fig. 13.39(b). The transmitter loss away from the band-edge region
is around 7 dB from the GC to the fiber, including the 3-dB intrinsic loss of the
Y-branch.

Both laser branches show almost identical thermal tuning behavior; the related
efficiencies are plotted in Fig. 13.39(c). In order to reach 23 nm wavelength tuning,
only ∼26 mW heater power is needed for each laser. The thick polymer bottom
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Fig. 13.40 Responsivity
measurement of the ONU
chip at different wavelengths

cladding and the deep-etched air trenches surrounding the buried heater electrodes
function as effective thermal buffers [5] so that the tuning efficiency reaches a value
of only 0.88 nm/mW.

The Tx laser can be directly modulated via the GC at 10 Gb/s data rate. The
eye diagram after transmission along an 11.3-km-long standard single-mode fiber is
shown in Fig. 13.39(d). The signal-to-noise ratio is 5.85 dB and the bit error rate is
lower than 1 × 10−13. No band-pass filter is used in the experiment.

As to the Rx side, the signal PD responsivity is shown in Fig. 13.40, measured
by launching light from a broadband tunable laser into the input/output waveguide
via a fiber. Above 1580 nm, the PD responsivity remains at 0.14 A/W, correspond-
ing to a receiver loss of ∼7 dB from the fiber to the PD. The mirror loss amounts
to ∼1 dB, the fiber/waveguide coupling and the waveguide propagation loss add
up to ∼2 dB. The rest is attributed to (1) the TFE loss, which amounts to ∼2 dB
as concluded from the measurement using fibers, and (2) the associated scattering
loss at the TFE/waveguide interface in the slot. The scattering loss is caused by the
non-optimal wave-front matching from the free-space region (TFE and excess slot
width) to the receiving waveguide, i.e., the mismatch between the broadened beam
(location and size) and the near-field mode profile of the waveguide. This loss may
still be reduced by introducing proper tapers and waveguide offsets at the slot re-
gion. The optical signal-to-noise ratio (OSNR) is measured to be 34 dB at 1580 nm
and 1540 nm.

13.6.4 Dual-Polarization Switchable Tunable Laser

Tunable Bragg gratings, polarization handling devices and thermo-optic switches
(TOS) can be combined in the Polyboard to build up more advanced components,
such as a wavelength tunable external cavity laser with switchable dual-polarization
emission [38]. Generally, it proves difficult to fabricate LDs with TM-polarized out-
put. Proper epitaxial strain has to be introduced to suppress the preferred TE mode
in distributed feedback LDs [41]. On the Polyboard, however, such lasers can be
assembled rather straightforwardly [33]. In Fig. 13.41(a), a TE-emitting InP-based
multi-quantum-well GC is butt-coupled to the Polyboard. Again, the left facet of the
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Fig. 13.41 (a) Photograph of polarization switchable external cavity laser. An InP GC and a λ/2
plate are secured by epoxies on the passive Polyboard. (b) simulated TOS characteristics, and laser
wavelength tuning characteristics for the (c) TE and (d) TM path [38]

GC is high-reflection coated against air and the right facet is anti-reflection coated
against polymer, the thermally tunable polymer Bragg grating functions as the front
reflector, and the GC and the polymer Bragg grating together form the laser oscil-
lator region. A 1-mm long waveguide buffer is reserved to prevent optical feedback
from the TOS back into the oscillator to ensure stable single-mode operation. The
laser emission is then split into two outputs: in the lower path the TE polarization
is maintained while the light in the upper path goes through a half-wave (λ/2) plate
and gets its polarization state rotated to TM. The TOS can steer the paths either for
two balanced outputs or for a preferred output at one polarization.

The TOS is, in essence, a polymer waveguide Y-branch with heater electrodes
placed off the Y-center to generate a temperature gradient and drive the adiabatic
transformation of the eigenmode into the switched path [38]. The performance of
the TOS is evaluated by numerical simulations as displayed in Fig. 13.41(b), in good
agreement with the experimental results.

The switching behavior is identical for the TE and the TM path, as plotted in
Fig. 13.41(c)–(d). When the heater electrode power increases to 20 mW, the wave-
length shifts continuously from 1561 nm to 1541 nm, i.e., 20 nm wavelength tuning
range is achieved with a tuning efficiency of 1 nm/mW. The SMSR is larger than
35 dB for all wavelengths obtained and can be further enhanced to above 40 dB by
adjusting the phase electrode to avoid the mode hopping positions. The presence of
the λ/2-plate introduces a 1.4-dB output power drop in the TM path. This loss may
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Fig. 13.42 (a) Schematic layout of the polymer-based coherent receiver and (b) photograph of the
assembled 90° hybrid with LO integrated [34]

be minimized to below 1 dB by applying proper waveguide tapers to reduce light
scattering in the non-confined slot region.

Such lasers may be adopted as low-cost local oscillators for dual-polarization,
colorless coherent receivers. They may also trigger designs of other novel,
polarization-diversity, multi-flow lasers and directly modulated transmitters for var-
ious Telecom and Datacom, and sensors applications.

13.6.5 Colorless Dual-Polarization 90° Hybrid

The exponential growth of Internet traffic is pushing the optical fiber technology
from the current 112 Gb/s links based on the DP-QPSK coherent transmission
scheme to 400 Gb/s and further beyond 1 Tb/s using higher order modulation for-
mats up to 128-QAM. On the coherent receiver side, an optical 90° hybrid is re-
quired as the frontend to convert the phase modulated signal into amplitude modu-
lation detectable by PDs. In order to reduce device cost, footprint, and power con-
sumption, an integrated laser source acting as local oscillator (LO) is highly desired.
For colorless operation under the WDM scheme, the optical 90° hybrid must be able
to handle a broad wavelength range, e.g. the C-band, and accordingly the LO should
be tunable over that same range [34].

The schematic layout of a hybrid coherent receiver is displayed in Fig. 13.42(a),
and a photograph of an assembled colorless dual-polarization 90° hybrid as the co-
herent receiver frontend is shown in Fig. 13.42(b). The Polyboard measures 14 mm
(length) by 7.8 mm (width). The output waveguides are arranged with 1 mm spacing
in order to match the pitch size of the high-speed InP waveguide-based 8-PD array
and the following electronic components.

The input signal from the fiber is first regulated by an variable optical amplifier
(VOA) and reaches the TFE-based polarization splitter. The TE component propa-
gates through to the lower 2 × 4 MMI (lower Rx, TE, O1–O4) while the TM com-
ponent gets reflected and further passes through a half-wave (λ/2) plate serving as a
polarization rotator. The TM light is then converted into TE polarization and reaches
the upper 2 × 4 MMI (upper Rx, TM, O5–O8). An InP GC with high-power gain
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spectrum is coupled to the polymer Bragg grating to form the tunable LO, the TE-
polarized LO is split into two paths by a Y-branch, and both paths go through a VOA
before reaching the corresponding 2 × 4 MMIs. In this configuration the MMI and
the PDs only need to be optimized for TE polarization. It is worth noting that the PS
usually causes higher loss for the transmitted TE path (∼1.3 dB) than the reflected
TM path (∼0.5 dB). The addition of the λ/2 plate on the TM path introduces an
extra loss of ∼1 dB which balances out this PS-caused loss imbalance and helps to
generate more uniformly distributed output power among the two mixer MMIs.

The tunable polymer Bragg grating and the VOAs are thermally driven. Heater
electrodes are added with extension pads arranged on the upper- and lower-left cor-
ners of the Polyboard to facilitate wire bonding during packaging. Since the VOAs
(1 × 1 MMIs) are compact with low insertion loss (<0.5 dB), they are added both
in the signal and the LO path to provide extra flexibility in handling signals with
potentially large amplitude variations.

The PS and the λ/2 plate are passively inserted into the slots with the help
of a vacuum tool and secured by index-matching UV curing epoxy. The slots are
∼0.5 µm wider than the thickness of the TFE to ease mounting while keeping the
excess slot loss as low as possible. The GC is first placed on a submount and then
actively coupled to the Polyboard using an automatic alignment setup. Once a stable
lasing point is reached, the facet is fixed by the index-matching and mechanically
supporting epoxies. For high-power applications, the optical subassembly needs to
be placed on a holder with sufficient cooling capability.

After assembly, the device is first characterized on the signal side. Broadband
light with controlled polarization is injected as input. The polarization state is
aligned to the TE and TM direction, respectively, and the outputs from O1 to O8
are analyzed in terms of the total optical loss, imbalance, and polarization extinc-
tion ratio (PER). The results are displayed in Fig. 13.43(a) and (b). Both the upper
and lower Rx appear to have similar performance with an average insertion loss of
∼13.3 dB at 1530 nm and 15.5 dB at 1565 nm, including 6 dB MMI intrinsic loss,
1.5 dB fiber coupling loss (both facets), 3 dB waveguide loss (propagation + bend-
ing), 1.5 dB TFE loss (PS + λ/2 plate), 0.5 dB VOA loss, and 0.8 to 3 dB MMI
excess loss across the C-band (1535 nm to 1575 nm). The power imbalance among

Fig. 13.43 Insertion loss of (a) the lower receiver Rx O1–O4, (b) the upper receiver Rx O5–O8,
and (c) power attenuation of the on-chip VOA
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Fig. 13.44 (a) P –I and V –I curve of LO, (b) overlaid spectra of LO during tuning, and (c) LO
power comparison at all eight outputs at three different wavelengths

all eight outputs is below 1 dB and the PER is larger than 25 dB across the C-band.
The characterization results of the on-chip VOA are shown Fig. 13.43(c). At 12 mW
electric heater power the VOA reaches an attenuation level of 32 dB.

The P –I and V –I characteristics of the LO are shown in Fig. 13.44(a), measured
from the fiber at O1. The initial wavelength (without tuning) is 1566 nm. The output
power reaches more than 1 mW at ∼400 mA gain current. The ripples in the P –I

curve are caused by mode-hopping and can be compensated by adjusting the phase-
electrode included in the laser cavity. The LO can be continuously tuned over 22 nm,
as demonstrated in Fig. 13.44(b). The side-mode-suppression ratio is larger than
40 dB. The power imbalance among the 8 outputs is evaluated at three wavelengths,
as illustrated in Fig. 13.44(c). The power fluctuations among these three different
wavelengths agree well with the 2 × 4 MMI measurements from the signal path
and can be minimized by adjusting the MMI structural parameters. At the same
wavelength, the power imbalance remains below 1 dB. The typical linewidth of the
LO is ∼200 kHz, but <100 kHz may be achievable with further optimization.

13.6.6 TriPleX Microwave Beam-Former Assembly

Low-loss TriPleX waveguides have been implemented in many passive optical com-
ponents for communication applications, including high-Q micro-ring resonators
(MRRs), add-drop filters, AWG-based (de)multiplexers and so on. Another highly
interesting area in communications is microwave photonics (MWP), an interdis-
ciplinary field investigating the techniques for generation, transmission, process-
ing, and analyzing of RF/microwave signals using photonic devices or subsystems
[42, 43].

In recent years, a number of RF/microwave functionalities have been demon-
strated using on-chip MWP signal processing in TriPleX technology [44–48]. The
optical components are based on optical MRRs, and tuning and bandwidth recon-
figuration in the order of a few GHz can be easily implemented. Squint-free per-
formance and seamless beam steering for broadband applications can be achieved.
For the utilization of optical beam-forming networks (OBFNs) in satellite-tracking
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Fig. 13.45 Pictures of (a) 16 × 1 single-wavelength OBFN chip [43] and (b) 16 × 16 multi-wave-
length OBFN chip [49]

phased array antenna systems operating in the Ku-band (10.7 to 12.75 GHz), delay
lengths in the order of tens of centimeter are required. Consequently, low loss and
compact waveguide configurations are essential for meeting performance and cost
requirements. Therefore, the double stripe TriPleX geometry enabling MRRs with
125 µm radius is a very promising approach.

To date, three different types of optical beam-formers have been implemented
with the TriPleX technology: single-wavelength, multi-wavelength, and multi-beam
[50]. A realized chip of a 16 × 1 single-wavelength OBFN component is shown in
Fig. 13.45(a). On the 7 mm × 22 mm chip area, a tunable time delay (TTD) unit with
40 MRRs, splitters/combiners, and an optical sideband filter are included [51, 52].
Delays of 650 ps over 4.5-GHz bandwidth were measured.

By introducing a novel hardware architecture [49] based on parallelism, a 16×16
multi-wavelength OBFN could be realized on chip real estate as small as 36 ×
8 mm2. Besides delay units and combiners, this chip, shown in Fig. 13.45(b), con-
tains optical phase shifters, carrier tuners, and (de)multiplexers. A continuously tun-

Fig. 13.46 (a) Schematic of fully tunable RF filter [54], (b) artist’s impression of chip layout on
circuit board, (c) fabricated chip assembly
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able delay of up to 140 ps was measured over an instantaneous bandwidth from 2 to
10 GHz.

Further developments toward a fully integrated and low-cost MWP beam-former
system exploit the large-scale integration potential of the TriPleX technology. Si-
multaneous implementation of components operating with phase modulation and
direct detection [53] has been reported, and fully tunable RF filters have been imple-
mented [54]. The various stages of the MPW beam-former system—from the filter
schematic to the fabricated chip assembly—are illustrated in Fig. 13.46(a)–(c).

13.6.7 TriPleX Optical Coherence Tomography Assembly

Integrated photonics solutions become increasingly important for bio-medical ap-
plications and have started to enter fields like optical coherence tomography (OCT),
Raman spectroscopy, and flow cytometry, and TriPleX-based photonics technology
has been applied for a range of novel, miniaturized bio-medical components.

OCT is a widely applied noninvasive medical imaging technique for 3-D biolog-
ical tissue investigation. The technique is based on low-coherence interferometry
from scattering media. Operation in the 800-nm to 1300-nm wavelength range en-
ables up to several millimeter penetration depth in the tissue. Utilization of wide
spectral ranges (>100 nm) results in sub-micrometer resolution. For OCT in the
spectral domain, two basic data acquisition modes can be distinguished: the swept-
source OCT and the spectrometer-based OCT.

An integrated design for the swept-source OCT operating with an external swept
source at 1300 nm was developed [55], and the corresponding circuit design is dis-
played in Fig. 13.47(a). The TriPleX chip functionality is designed in the single-
stripe TriPleX geometry (50 nm × 3.4 µm) and has a chip footprint of 4 mm

Fig. 13.47 (a) Schematic layout of swept-source OCT setup, (b) design of TriPleX chip layout,
(c) example of handheld OCT probe (courtesy 2M)
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Fig. 13.48 (a) Schematic layout of OCT setup with integrated TriPleX-based interferometer chip
and (b) photograph of test setup with fiber array, integrated interferometer chip and scan lens [20]

× 18 mm, as shown in Fig. 13.47(b). The final packaged module is shown in
Fig. 13.47(c). Component characterization resulted in a lateral resolution of 21 µm
± 1 µm, 80 dB sensitivity, and a maximum imaging depth of ∼5 mm. The axial
resolution of 12.7 ± 0.5 µm is in good agreement with the bandwidth-limited reso-
lution.

Based upon the TriPleX box shell geometry, an integrated interferometer chip
was developed for a spectrometer-based OCT [20]. The design supports both po-
larizations and combines several Y-branches with a 190-mm-long reference arm at
a footprint of only 10 mm × 33 mm, as sketched in Fig. 13.48(a). Under the test
setup, shown in Fig. 13.48(b), the axial resolution of the system was measured to be
14 µm. The sensitivity measured at 0.25 mm depth and 0.1 mW optical power on the
sample was 65 dB. Comparison with the response of a fiber-based system showed
good agreement in performance.

13.7 Conclusion

In this chapter, hybrid photonic integration technology is reviewed, focusing on
the polymer and the TriPleX™ platforms. Diverse waveguide types are provided to
address very specific problems in photonic applications. Multicore polymer wave-
guides with matched 45° mirror array can be used to build compact 3D photonic
integrated circuits or connector devices with multicore fibers with matched pitch
size. Polymer/inorganic heterogeneous waveguides can largely increase the choice
of materials and their optical properties in constructing lightwave circuits. On the
TriPleX™ platform, the single-stripe, double-stripe, and box-like silicon nitride
waveguides buried in silicon dioxide can offer great flexibility in the PLC de-
sign: One can choose either extremely low transmission loss, high-quality-factor
resonators or sharp bending corners and polarization independent devices.

Various optical assemblies and modules have been demonstrated, including pas-
sive waveguide splitters, polarization controllers, OLTs, ONU and coherent receiver
for optical communications, but also miniaturized optical beam forming networks
for microwave photonics and OCT devices for medical sensing applications. With
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technologies advancing to integrate trans-platform components in a compact, three-
dimensional way, hybrid photonic integration is expected to bring photonic device
functionalities to a new, unprecedented level.
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Chapter 14
Silicon Photonic Integrated Circuits

Roel Baets, Wim Bogaerts, Bart Kuyken, Abdul Rahim, Günther Roelkens,
Thijs Spuesens, Joris Van Campenhout, and Dries Van Thourhout

Abstract The chapter covers fundamentals of Silicon Photonic ICs including the
driving forces, basic physics, technological implementations, current state of the
art, ongoing R&D and trends for future research. The treatment includes all rele-
vant devices excluding Silicon Photonics based sources. The chapter comprises spe-
cific sections on wavelength selective devices such as delay-line based- and ring
resonator-based spectral filters, and covers grating couplers, waveguide-integrated
germanium photodetectors, and optical isolators as well. Nonlinear optic devices
constitute a more advanced topic, and its coverage includes fundamental aspects
and a number of corresponding devices including wavelength converters, all opti-
cal amplifiers, phase sensitive amplifiers, and a section on the design of complex
Silicon Photonic ICs.
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14.1 Silicon Photonics as a Generic Photonic Integrated Circuit
Platform

In September 1969 the Bell System Technical Journal published a paper by Stewart
Miller entitled “Integrated Optics: An Introduction” [1]. This paper is widely
considered to be the seminal paper that launched the field of photonic integration
(or integrated optics, as it was called for several decades). The abstract of Miller’s
paper reads: “This paper outlines a proposal for a miniature form of laser beam
circuitry. Index of refraction changes of the order of 10−2 or 10−3 in a substrate
such as glass allow guided laser beams of width near 10 microns. Photolithographic
techniques may permit simultaneous construction of complex circuit patterns. This
paper also indicates possible miniature forms for a laser, modulator and hybrids. If
realized, this new art would facilitate isolating the laser circuit from thermal, me-
chanical, and acoustic ambient changes through small overall size; economy should
ultimately result.” This paper clearly hints at the benefits of integrating photonic
functions on a chip in terms of reliability and cost advantage and at the use of tech-
nologies to achieve this integration that, back then, had already become indispen-
sible for the manufacturing of electronic integrated circuits. Interestingly the first
CMOS integrated circuits had been made by RCA only a year earlier, in 1968, by a
group led by Albert Medwin.

The field of electronic integrated circuits has obviously grown exponentially
since the 1960s. Already in 1965 Gordon Moore, co-founder of the INTEL cor-
poration, predicted this exponential growth, with the forecast that the number of
transistors on an integrated circuit would double approximately every two years.
This trend, coined as Moore’s law, has had a dramatic impact on the development
of digital electronics and on the world economy as a whole. The field of photonic
integrated circuits (PICs) however did largely stay in the research labs for the rest of
the twentieth century (at least if discrete photonic components made by wafer-scale
technologies are not taken into account). One can argue that was the case both be-
cause of the lack of a substantial market pull and because of the difficulty to imple-
ment a variety of key photonic functions in a single material system and technology
platform. It was very difficult to identify large volume markets that would necessi-
tate the integration of a large number of photonic components in a circuit. Further-
more a challenging feature of photonic integrated circuits is the fact that there is a
broad variety of photonic building blocks: light emitters and light detectors, light
modulators, devices that manipulate light in the spatial, spectral or polarization do-
main, optical isolators, etc. This is obviously very different from the situation in
electronics where transistors are the predominant building block. The diversity in
photonic building blocks has led to the development of a broad variety of material
platforms for photonic integration, each with advantages for specific building blocks
but rarely with a broad set of assets for all important building blocks. On top of this
there is the richness of many different wavelength bands, but again few materials
fit all possible wavelength bands. As a result of all of this the investments in PIC-
technologies have been diluted over many different material systems, contrary to
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the case of electronic ICs where the vast majority of investments went into silicon
technology, in particular silicon CMOS technology.

Apart from being the ubiquitous material in electronics, silicon is being used in
large volume for opto-electronic applications in the visible and near infrared (below
1.1 µm) wavelength bands. In particular silicon’s excellent absorption properties
turn it into an excellent material for conversion of light signals into electric signals.
Mainstream examples include photodiodes for 850 nm optical interconnect systems,
CCD and CMOS image sensors and solar cells. But for a long time silicon was not
considered to be an attractive material for PICs, mostly since it seemed impossible
to combine light emission, light guiding, light modulation and light detection on a
silicon platform. In 1985 Richard Soref and Joseph Lorenzo published their seminal
paper on the use of silicon as a material for PICs [2]. They demonstrated light guid-
ing at 1.3 µm in a silicon waveguide with vertical confinement provided by weak
carrier-induced refractive index contrast. This waveguide is schematically illustrated
in Fig. 14.1(a). They also proposed the use of carrier injection to create a silicon-
based optical modulator. In a later theoretical paper [3] Soref and Bennett predicted
that carrier-induced silicon optical modulators would have practical lengths of about
1 mm for a carrier concentration change of the order of 1×10−18 cm−3 while keep-
ing the free carrier absorption losses relatively modest.

The field of silicon photonics gained momentum only after the year 2000. Three
mutually strengthening drivers can be pinpointed for the rapidly growing scientific
and industrial interest between 2000 and 2010. These will be called hereafter the
market driver, the physical driver and the technology driver.

14.1.1 The Market Driver: Short Reach Data Links

The rapid growth in Internet traffic is driving the need for high data capacity inter-
connect solutions at all distance levels, all the way from sub-mm-level connections
within computer chips to multi-mm-level connections between continents. Inter-
estingly the two extremes in this range are served by technological solutions that,
at least for now, can keep up with the increasing market demand. Long-distance
communication is very well addressed by the astounding capacity of fiber-optic
networks through the use of a plethora of multiplexing techniques and advanced
modulation formats. Very short distance interconnect is served well by electrical
copper wiring, even if this happens at a considerable price in terms of power dissi-
pation, certainly within chips where the copper wire cross-section is very small. But
at the intermediate level – with distances in the range of 1 to 100 m – the challenges
are enormous. Electrical interconnect is not practical and would lead to enormous
power dissipation, large cable size and cost. Optical interconnect would be too ex-
pensive and too bulky if the solutions deployed in long-distance communication
would be re-used without modification. There is a dramatic need for solutions that
combine high data capacity with low power consumption, small form factor, excel-
lent reliability and low cost. Two types of solutions have been developed in the past
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decade. The first is based on multimode optical fiber in combination with low cost
850 nm VCSELs and silicon detectors. The second is based on single mode fiber in
combination with silicon photonics transceivers and a 1.3 or 1.55 µm laser diode.
This is what drives the field of silicon photonics.

The emergence of a supply chain for silicon photonics PICs leads people to be
creative and come up with new applications for this technology, and thereby new
markets. This is for example the case for advanced coherent receivers for long-
distance optical communication. But a very important high-volume market may be
the sensors market. Silicon photonics technology allows to manufacture PICs with
advanced sensing functions at a very low cost, possibly even so low that the chip
may become a use-once disposable chip, as in the case of biosensors for protein
or DNA detection. Most of these applications operate in the typical telecom 1.3–
1.55 µm bands, but a lot of research is being conducted to explore other wavelength
bands – both longer and shorter wavelengths – and adapt the silicon photonics plat-
form to these bands.

14.1.2 The Physical Driver: High Index Contrast

The name of the game in silicon photonics is high index contrast. While the early
silicon waveguide of Soref and Lorenzo [2] was based on weak index contrast be-
tween undoped and doped silicon, it did not take long before one realized that a
better option was to use silicon-on-insulator (SOI) wafers, consisting of a thin crys-
talline silicon layer on a silica (SiO2) buffer layer on a silicon substrate. With this
structure one can form waveguides, the core of which is silicon (refractive index
n = 3.5), the bottom cladding is silica (n = 1.5) and the upper cladding is silica or
air. The high vertical index contrast can be complemented by high horizontal index
contrast by etching the silicon layer down to the buffer. Depending on the depth
of etching the in-plane index contrast can be chosen to be low or high. There is
not one possible choice here and various actors in the field have opted for differ-
ent strategies, as illustrated in Fig. 14.1. Given the high index contrast it is logical
that the cross-sectional dimensions of the waveguide need to be sufficiently small
to achieve single mode operation. Surprisingly however, the “large” rib waveguide
shown in Fig. 14.1(b) – with a width and a thickness of several microns – can be
single-moded if the waveguide dimensions and the rib etch depth in particular are
chosen appropriately, i.e. the following relation should hold:

a

b
≤ 0.3 + r√

1 − r2
(14.1)

where a is a constant for the rib width, b is a constant for the rib height (see
Fig. 14.1) and r is the fractional height of the slab with respect to the rib height [4].
However, it is not possible with this large rib waveguide to design very compact
circuitry. The fully etched silicon waveguide of Fig. 14.1(c) – the structure with the
highest index contrast all around – has become a more prominent choice. It is often
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Fig. 14.1 Waveguide
variants: (a) the first silicon
waveguide demonstrated by
Soref and Lorenzo in 1985
employing a carrier induced
vertical index contrast [2];
(b) large silicon on silica rib
waveguide that is single
moded under specific
dimensional conditions [4],
see also (14.1); (c) a thin SOI
waveguide with full etch;
(d) a thin SOI waveguide
with partial etch

called a (nano) photonic wire or strip waveguide. In order to remain single-moded
this waveguide needs to have dimensions of the order of the wavelength of light in
silicon, both vertically and horizontally. A typical silicon layer thickness is in the
range 200 to 400 nm and a typical waveguide width is in the range 400 to 800 nm,
for operation at 1.55 µm. A variant of the photonic wire is the structure shown in
Fig. 14.1(d), in which the silicon layer is not fully etched, thereby creating somewhat
weaker lateral confinement. This structure is very important in optical modulators
in order to provide electrical access to the waveguide core through the electrically
conducting slab to the left and the right of that core. It also has lower waveguide
losses than the photonic wire in view of reduced scattering losses at the etched
sidewalls. In many circuits it is sensible to combine the wires of type Fig. 14.1(c)
and those of type Fig. 14.1(d) and include adiabatic transitions between both types.
The remainder of this chapter mostly focuses on thin SOI-waveguides of those two
types.

High index contrast waveguides such as photonic wires have important assets.
They allow for very sharp bends with radii of curvature down to a few microns,
thereby enabling high density PICs. More generally, many basic component types
can be scaled down in length or in area because of the high index contrast. Fur-
thermore, high index contrast is also at the basis of more advanced waveguiding
concepts such as photonic crystal waveguides which can enable amongst others
propagation of light at low group velocity. Another important feature of high in-
dex contrast is that the waveguide mode is as tightly confined as it can possibly be
in dielectric structures. This means that the electric field strength is as high as it can
get for a given optical power. This implies that the light-matter interaction is maxi-
mized. This is of particular importance in sensing devices as well as in nonlinear
optical devices.

But high index contrast also comes at a price. The propagation constant and ef-
fective index of photonic wires are extremely sensitive to small deviations in the
dimensions – thickness and width – of the waveguide. In wavelength selective de-
vices based on interferometric mechanisms, such as ring resonators, the spectral
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response will critically depend on the guided mode effective index and therefore on
the waveguide dimensions. As a rule of thumb one can often write:

�λc

λc

≈ �d

d
(14.2)

where λc is a characteristic wavelength of the spectral response and �λc its devi-
ation as a result of a deviation �d in waveguide width or thickness d . Since this
thickness or width is of the order of the wavelength itself, the rule of thumb often
translates to:

�λc ≈ �d (14.3)

This equation illustrates the dramatic need for accuracy in silicon photonic wires:
for a deviation in width or thickness of the silicon core of 1 nm, there will be a
wavelength shift in the spectral behavior of the order of 1 nm! Therefore silicon
photonics is only possible when one uses a technology with very high geometric
accuracy and reproducibility.

Another challenge of photonic wires is their polarization sensitivity: the quasi-TE
mode has an effective index that differs strongly from that of the quasi-TM mode.
Again this is the consequence of high index contrast. In principle a square silicon
waveguide surrounded by silica would be polarization insensitive but any nm-level
deviation from the square cross-section would lead to substantial polarization mode
dispersion. Therefore it is more usual to live with the strong polarization depen-
dence and use the silicon PICs for single polarization optical signals. In cases where
the input light signal has an unpredictable polarization state – as is the case for the
receiver end in fiber optic links – one can choose to split the two polarizations and
process them in separate circuits. In less tightly confined silicon waveguides, such
as the rib structure in Fig. 14.1(b), the waveguide geometry can be optimized for
polarization insensitivity.

A further consequence of high index contrast is strong dispersion. The effec-
tive group index of a photonic wire mode can differ substantially from its phase
index. This is not necessarily a problem for circuits that operate over a relatively
narrow spectral band, but it turns the design of wideband devices into a real chal-
lenge. Furthermore in nonlinear optical devices the dispersion plays an important
role for efficient phase matching. Here the strong index contrast can be turned into
a blessing in the sense that the waveguide cross-section can be tailored relatively
easily to achieve specific dispersion properties, e.g. zero group velocity dispersion
at a predetermined wavelength. But again, all of this works only if geometry can be
controlled down to nanometer accuracy.

A final challenge of silicon photonic wires is their scattering-induced optical
loss. Given the strong field confinement, the electric field is relatively strong at the
silicon-silica and silicon-air interfaces. Any roughness of these high-index-contrast
interfaces will then lead to strong scattering. This is not so much a problem for
the horizontal interfaces, which are the result of polishing processes and are almost
atomically smooth. But the vertical sidewalls are the result of a lithographic process
and a subsequent dry etching process. Unless the interface roughness is limited to a
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few nanometer, the scattering losses will be unacceptably high. Again this calls for
fabrication accuracy with nanometer-level precision.

14.1.3 The Technology Driver: The CMOS Fab

The fact that the technology portfolio in a CMOS fab can be put to use for silicon-
based PICs is an enormous driver for the field since the cost of investment into
the fab can be shared with other and larger users. The legacy of the microelec-
tronics industry is enormous. Anno 2014 there is infrastructure worldwide capable
of manufacturing very large scale CMOS ICs with smallest dimensions down to
14 nm and do so in very high volume and with very high yield. Quite obviously
this goes beyond the smallest dimensions that one will typically find in PICs with
waveguide widths of the order of 500 nm and perhaps gaps or slots between wave-
guides down to 100 nm. But as was emphasized earlier, photonics needs accuracy:
as an example one may want 450 nm wide photonic wires with a standard deviation
across the wafer of 5 nm and an RMS roughness of 2 nm. The accuracy provided
by the process portfolio in a CMOS fab scales together with the resolution and the
smallest feature. Therefore, it makes sense to use the most advanced CMOS-node
that is accessible and affordable for silicon photonic circuitry.

In order for silicon photonics to make use of CMOS-technology there needs
to be some degree of compatibility, i.e. “CMOS-compatibility”. The term CMOS-
compatibility has many meanings and is therefore somewhat ambiguous. Roughly
speaking one can distinguish three levels of compatibility:

1. CMOS-wafer compatibility: the silicon photonics functionality can be inte-
grated in the process flow for electronic CMOS circuitry, thereby enabling co-
integration of electronics and photonics in a single chip.

2. CMOS-fab compatibility: the silicon photonics wafers can be manufactured with
the set of tools and processes available in a CMOS fab without disturbing the
capability to manufacture electronic ICs in that same fab.

3. CMOS-tool capability: the silicon photonics wafers can be manufactured with a
set of tools that were developed (and perhaps formerly used) for CMOS techno-
logy.

Most fabrication of silicon PICs is happening at the second level, but there are also
examples at the first and at the third level. One may think that the possibility of
co-integrating photonics with electronics in a single chip is an important driver for
the field. This may be the case for a subset of applications of silicon photonics, but
this co-integration is not very flexible since it implies that both the electronics and
the photonics need to be manufactured at the same “CMOS-node”. This is often
not desirable from an economic point of view: the electronics part of a high data
rate transceiver may require a very advanced CMOS-node where the cost/mm2 is
very high. The photonic circuitry is often more area consuming than the electronic
circuitry and therefore it is often not affordable to manufacture the photonics part in
the most advanced CMOS-node.
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The workhorse for patterning circuits in a CMOS fab is the deep-UV step-and-
scan lithography system. The three latest lithography generations used in volume
CMOS-manufacturing have made use of a wavelength of exposure of first 248 nm,
then 193 nm, followed by the same with water immersion between the imaging
lens and the silicon wafer. These consecutive generations have allowed to scaling
down the minimum feature size in CMOS circuits from 130 nm down to an amaz-
ing 22 nm and even 14 nm, in just over 10 years. The silicon photonics community
largely started research on 248 nm systems [5] and gradually switched to 193 nm
[6] and even 193 nm with immersion [7]. This has resulted in a gradual decrease
of the scattering-induced losses of photonic wires and a continuous improvement of
the uniformity and the reproducibility of the spectral response of interferometric de-
vices. This is illustrated in Figs. 14.2 and 14.3. Figure 14.2 shows the improvement
in uniformity as a result of the transition from a 248 nm to a 193 nm lithography
platform, both on 200 mm wafers [8].

Fig. 14.2 Transmission of 6
nominally identical
Mach-Zehnder
interferometers revealing the
improvement in uniformity as
a result of the transition from
a 248 nm (top) to a 193 nm
(bottom) lithography
platform, both on 200 mm
wafers (reprinted from [8])
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Fig. 14.3 Photonic wire losses and their uniformity obtained on a 193 nm immersion lithography
system on 300 mm wafers (reprinted from [7])

Figure 14.3 shows the low photonic wire losses and their uniformity obtained on
a 193 nm immersion lithography system on 300 mm wafers [7]. The average loss
obtained on a 450 nm wide photonic wire was about 0.75 dB/cm, to be compared
with the typical values between 2 and 3 dB/cm obtained for 193 nm dry lithography
on 200 mm wafers.

One of the important challenges specific to the field of silicon photonics is that
access to a CMOS-facility is non-trivial and that the calibration of processes for
photonic components is expensive in such an environment. For this reason multi-
project-wafer services have been set up by a variety of organizations, with the pur-
pose to lower these barriers and create access mechanisms to CMOS fabs with stan-
dardized process modules for silicon photonics in a shared-cost mode and with a
variety of supporting tools and services, such as design tools, process design kits
(PDKs), access to standardized packaging approaches etc. [9, 10].

14.2 Basic Properties of Silicon High-Index-Contrast
Waveguides

In the following section we will give a brief overview of the basic properties of some
common silicon waveguide structures. We will discuss strip waveguides with air and
oxide cladding, rib waveguides with oxide cladding and slot waveguides with oxide
cladding.

While slab modes can be strictly TE or TM polarized, this is not true for chan-
nel waveguide modes. Strictly speaking, modes in channel waveguides are hybrid
modes and therefore not truly TE or TM polarized. However, because the polariza-
tion is nearly linear in these structures the modes are often referred to as TE-like and
TM-like modes and can be very well approximated as if they were really TE/TM
polarized which is advantageous from a computational point of view.
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14.2.1 Strip Waveguides

Figure 14.4(a) shows the geometry of a strip waveguide with oxide cladding. The
simulation domain is indicated by the dashed box. The waveguide has a width of
450 nm and a height of 220 nm. The buried oxide layer (BOX) has a thickness of
2 µm. This strip waveguide has symmetry in both the x and y direction, where x is
defined as being parallel to the substrate.

The electric field components are shown in Fig. 14.4(b) for both the fundamental
TE-like and TM-like mode at a wavelength of 1550 nm. The dominant field compo-
nent for the TE-like mode is Ex , while for the TM-like mode it is the Ey component.
The other field components are much weaker but not zero and reveal the hybrid na-
ture of these modes. Note that the field profiles are symmetric in this case, which is
to be expected because of the symmetry in the waveguide structure. In most numer-
ical mode solvers, symmetry can be exploited to reduce the simulation time.

By having a closer look at the Ex field component of the TE-like mode, it be-
comes clear that there is a discontinuity in the field at the sidewalls and that the
field is strong near these interfaces. Any imperfection in the sidewalls will therefore
have a strong impact on TE-like polarized modes. Sidewall roughness will induce
loss and also back reflections while inaccuracies in width will have impact on the
effective index of the mode. This can cause serious problems for the design of e.g.
delay based optical filters [11]. Tight width and height control and smooth sidewalls
are therefore of prime importance and put stringent requirements on the fabrication
technology.

For the TM-like mode the main field component (Ey ) is strong at the top and
bottom interfaces of the waveguide. As no etching process is involved in these in-
terfaces, distributed back-reflections due to roughness are less of a problem in this
case. However, any variations in width and height will have a strong impact on the
effective index.

The effective indices of the fundamental TE-like and TM-like mode are plotted
as function of wavelength in Fig. 14.4(c). Both, the TE-like and TM-like modes are
guided in the wavelength range of 1 to 2 µm when the cladding material is oxide.
The significant difference in effective index for these modes indicates that there is
large birefringence. Also note that at a wavelength of 2 µm the effective index of the
TM-like mode is very close to the refractive index of silicon oxide and hence the
mode is only weakly guided at this wavelength and very close to cut-off.

The group velocity (or second order) dispersion of the fundamental TE-like and
TM-like modes is shown in Fig. 14.4(d) as a function of wavelength. The simulation
is set up to include material dispersion also, but this influence is quite small for the
wavelength range considered here. Dispersion is therefore dominated by waveguide
dispersion and can thus be engineered.

For the particular waveguide dimensions used here, the dispersion is positive
(anomalous) in the wavelength range of 1.15 to 1.6 µm with a maximum of
760 ps/nm/km for the TE-like mode. The TM-like mode on the other hand has
positive dispersion below a wavelength of 1.15 µm and negative dispersion up to
a wavelength of at least 2 µm.
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Fig. 14.4 Basic properties of a silicon strip waveguide with oxide cladding. (a) Schematic rep-
resentation of the geometry, (b) electric field components, colors represent relative electric field
strengths according to color bar, (c) effective index versus wavelength, and (d) group velocity
dispersion versus wavelength for the fundamental TE-like and TM-like modes

Figure 14.5(a) shows again the geometry of a strip waveguide, but in this case
with an air cladding instead of oxide cladding. The waveguide dimensions are
kept the same (450 × 220 nm2). The structure now still has symmetry along the
x-direction, but the symmetry along the y-direction is broken. The electric field
components are again plotted for the fundamental TE-like and TM-like mode in
Fig. 14.5(b). The field components of the TE-like mode are very similar as com-
pared to the case of the strip waveguide with oxide cladding. The field components
of the TM-like mode on the other hand, are different and no longer symmetric along
the y-axis. Because the refractive index contrast is higher at the silicon/air interface
compared to the silicon/silicon oxide interface, the confinement near the top of the
waveguide is higher.

At short wavelengths the effective index of the TM-like mode in an air cladded
waveguide follows the same trend as that of a TM-like mode in an oxide cladded
waveguide as can be seen in Fig. 14.5(c). At a wavelength of approximately 1680 nm
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Fig. 14.5 Basic properties of a silicon strip waveguide with air cladding. (a) Schematic representa-
tion of the geometry, (b) electric field components, colors represent relative electric field strengths
according to color bar, (c) effective index versus wavelength, and (d) group velocity dispersion
versus wavelength for the fundamental TE-like and TM-like modes

however, the TM-like mode goes into cut-off and is no longer guided by the air
cladded waveguide. The TE-like mode remains guided in the wavelength range of
1–2 µm.

Because the effective index as function of wavelength is comparable to the case
of oxide cladded strip waveguides, also the GVD curves show similar behavior up
to a wavelength of 1680 nm where the TM-like mode goes into cut-off as can be
seen from Fig. 14.5(d).

14.2.2 Rib Waveguides

In this section we will discuss some typical properties of rib waveguides. The geo-
metry of the simulated rib waveguide is shown in Fig. 14.6(a). The height of the rib
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Fig. 14.6 Basic properties of a silicon rib waveguide with oxide cladding. (a) Schematic rep-
resentation of the geometry, (b) electric field components, colors represent relative electric field
strengths according to color bar, (c) effective index versus wavelength, and (d) group velocity
dispersion versus wavelength for the fundamental TE-like and TM-like modes

is 220 nm and the rib width is 450 nm. The slab region has a thickness of 150 nm.
There is symmetry along the x-axis for this structure.

As can be seen from Fig. 14.6(b) the TE-like mode is confined near the rib but
extends laterally into the slab region. The Ex component of the electric field has a
strong intensity near the rib edge, just as in the case of a strip waveguide. However,
as the area of the sidewall is smaller in a rib configuration, the impact of sidewall
roughness is reduced resulting in lower propagation losses and lower distributed
backscattering. Lateral confinement on the other hand, is lower compared to strip
waveguides and therefore bend radii are larger. To reduce the bend radii the rib
width is often slightly increased, but care has to be taken if single mode operation is
required.

Although the field profiles shown in Fig. 14.6(b) for the TM-like mode seem to
indicate that this mode is guided, this appears to be not true. TM-like modes in rib
waveguides are inherently leaky and this has also been experimentally verified [12].
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The reason for this is that the effective index of the TM-like mode is in the same
range as the effective index of TE slab modes. At the rib edge, mode conversion will
take place and guided TM-like modes will couple into TE slab modes that can pro-
pagate under any arbitrary angle in the slab and can therefore be phase matched to
the guided TM-like mode in the propagation direction. By careful rib width control
this effect can be mitigated to some extent, but in general it is assumed that TM-like
modes are not guided in these rib waveguides. For this reason only the effective
index and GVD of the TE-like mode are plotted in Fig. 14.6(c) and (d).

Because the TE-like mode is more confined in silicon in rib waveguides com-
pared to strip waveguides, the effective index is larger as can be seen in Fig. 14.6(c).

The dispersion for the fundamental TE-like mode is plotted in Fig. 14.6(d). As
can be seen the dispersion is negative (normal) between 1 and 2 µm. This is the op-
posite of the case of strip waveguides and shows that strong dispersion engineering
is possible.

Fig. 14.7 Basic properties of a silicon slot waveguide with oxide cladding. (a) Schematic rep-
resentation of the geometry, (b) electric field components, colors represent relative electric field
strengths according to color bar, (c) effective index versus wavelength, and (d) group velocity
dispersion versus wavelength for the fundamental TE-like and TM-like modes
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14.2.3 Slot Waveguides

The last geometry we discuss here is the slot waveguide which is shown in
Fig. 14.7(a). In a slot waveguide two silicon wires are brought close together. For
the simulation results discussed here, the width of the two silicon wires is 225 nm
and the gap is 100 nm, while the height is still 220 nm. Here we assume there is
oxide cladding and therefore, there is symmetry along the x-axis and y-axis. As can
be seen in Fig. 14.7(b) this slot waveguide structure supports a TE-like mode that
is highly confined in the gap in between the two silicon wires, while it also still
supports a TM-like mode. Because the electric field is strongly confined outside the
silicon wires, slot waveguides are of particular interest to sensing applications [13].
When the slot waveguides have no oxide cladding but are rather exposed to a certain
liquid or gas, a strong shift in effective index can be expected.

The effective index as function of wavelength is shown in Fig. 14.7(c) for both the
fundamental TE-like and TM-like mode. In this configuration the effective indices
are quite similar in contrast to the strip waveguides discussed above. Obviously, if
the wavelengths are short enough, the structure will support guided modes in the
silicon wires and thus transfer into a directional coupler.

The dispersion as function of wavelength is shown in Fig. 14.7(d). The dispersion
is negative (normal) for both the TE-like and TM-like mode over the wavelength
range considered here.

14.3 Wavelength-Handling Components in Silicon Photonics

14.3.1 Introduction

A wavelength selective filter is a device that can separate individual wavelengths
from a waveguide on which multiple wavelengths are propagating (see also
Chap. 9). If the filter has a reciprocal behavior, then the same device can be used
to add multiple wavelengths propagating on different waveguides to a single wave-
guide. Traditionally wavelength selective devices have been used in optical commu-
nication. More recently such filters are sought for optical spectroscopic applications
as well.

In optical tele- and data communication, wavelength selective filters are used to
(de) multiplex Wavelength Division Multiplexed (WDM) signals. WDM is a tech-
nique to efficiently utilize the enormous bandwidth of an optical channel which can
either be an optical fiber for long haul optical telecommunication or an integrated
photonic waveguide for on-chip optical data communication. On the transmitter side
of a WDM system, information signals are multiplexed using different carrier wave-
lengths before transmission over the optical channel. On the receiver side, these
multiplexed channels are separated by a wavelength selective device ensuring that
the correct wavelength is guided to the photodetector before opto-electric conver-
sion. A wavelength selective filter is, hence, required both on the transmitter and
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the receiver side to perform the multiplexing and demultiplexing operation, respec-
tively.

Recently wavelength selective devices are also used for spectral sensing or spec-
troscopy. The light from a broad band source is resolved after interaction with the
material to be studied into its spectral components using a wavelength selective
device. Afterwards these spectral components are photo detected to determine the
spectral fingerprint of samples such as gases and complex molecules. Apart from
that, optical sensors which use wavelength shifts to sense a certain physical quantity
(i.e., biosensors to sense bacteria, chromatographs to sense liquids or stress sensors)
also utilize wavelength filters.

Implementing the wavelength selective devices on a silicon photonic platform
has the potential to provide mass-scale fabrication of small form factor devices [14].
Moreover, at telecom wavelength of 1550 nm or 1310 nm, the power consumed by
the integrated photonic wavelength selective devices in general and silicon photonic
devices in particular is independent of the data rates. The large thermo-optic coef-
ficient of silicon paves the way to implement adaptively tunable spectral filters re-
quiring moderate electrical power. At spectroscopic wavelengths of 2.5 µm to 8 µm,
the absorption cross-section of molecules to be sensed becomes stronger resulting
in enhanced sensitivity of the spectrometer [15].

The specifications for wavelength filters are determined by their application. For
example, the requirements for a wavelength filter for spectroscopy are different from
that of wavelength filters for WDM applications. Important attributes for any wave-
length selective filter are (1) small footprint with ease of scalability to achieve en-
hanced spectral resolution, (2) low power operation, (3) small insertion loss with
low crosstalk and (4) large fabrication tolerance for easier manufacturability. The
functional performance specifications of a typical wavelength selective device are
shown in Fig. 14.8.

The two basic architectures for wavelength selective filters are Finite Impulse
Response (FIR) or Infinite Impulse Response (IIR) filters [17]. In integrated optics

Fig. 14.8 Functional
performance specifications of
a wavelength selective filter
[16]
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FIR filters typically use a delay line configuration, hence termed as delay line fil-
ters. Building blocks such as (a) power splitting/combining couplers, (b) waveguide
grating routers or (c) echelle (planar concave) gratings have been used for the imple-
mentation of delay line FIR filters. For IIR filter implementations, resonant devices
such as ring resonators are used.

14.3.2 Delay Line Based Spectral Filters

An asymmetric MZI is the simplest possible coherently connected delay line based
feed-forward spectral filter. A schematic representation of a 2 × 2 asymmetric MZI
is shown in Fig. 14.9. It is composed of two coupling devices which are connected
by a pair of waveguides termed as delay lines due to their relative length difference
�L. An input signal is split by the first coupler into two components. They travel on
the delay lines connecting the two couplers. The delay length �L produces a time
delay τ resulting in a relative phase shift of

�ϕ = neff · 2π

λ
· �L (14.4)

Due to the wavelength dependence of �ϕ, the two components interfere either con-
structively or destructively when recombined in the second coupler resulting in a
periodic frequency response with periodicity or Free Spectral Range (FSR)

FSR = 1

τ
= c

ng · �L
(14.5)

where c is the speed of light and ng the group index.
Although in its stand-alone form a 2 × 2 asymmetric MZI acts as a wavelength

filter and is used for bandpass filtering and sensing, its unity order (single zero) is
not sufficient to deliver complex transfer functions required for spectroscopic or op-
tical communication applications. However, it can be used as a building block to
conceive higher order wavelength filters. A typical example is a lattice filter, shown
in Fig. 14.10, in which 2 × 2 MZIs are concatenated coherently. By an appropriate
choice of the coupling coefficients of the coupling elements any desired spectral re-
sponse can be achieved. In [18] an 8th order lattice filter in an SOI material platform

Fig. 14.9 Asymmetric MZI
as a simple FIR filter
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Fig. 14.10 (a) SEM image of section of a lattice filter, (b) directional coupler, (c) N th order lattice
filter, (d) transmission of a single channel of an 8th order lattice filter [18]

with an FSR of 80 nm for channel dropping applications has been demonstrated. The
device had a channel dropping bandwidth of 10 nm, insertion loss of 2 dB, and side
lobe suppression of 10 dB.

It is also possible to concatenate 2 × 2 asymmetric MZIs incoherently in a tan-
dem lattice filter configuration, as shown in Fig. 14.11. This approach provides an
athermal spectral filter due to its flat pass band. Figure 14.11(a) shows the con-
figuration of a three-stage 8 channel device and its measurement results are shown
in Fig. 14.11(b). It can be seen that the filter has a flat pass band for over 50% of
the channel spacing, insertion loss of 1.6 dB, pass band uniformity of 0.7 dB, and
18 dB of extinction at the center wavelength of the channel [19].

When implemented on high index contrast materials such as SOI, small fabrica-
tion imperfections such as gap width variations of directional couplers and wave-
guide width variations result in degraded performance (i.e., insertion loss, crosstalk,
channel uniformity) of the lattice-based wavelength selective devices. The former
leads to changes in the coupling coefficients and the latter induce phase errors on
the delay lines. The problem of phase errors on delay lines is further compounded
by factors such as mask discretization, waveguide roughness, and non-uniformity

Fig. 14.11 (a) Microscopic image of tandem lattice filter, (b) flat passband transmission of tandem
lattice filter shown in (a) [19]
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of silicon layer thickness in SOI. These errors can be minimized by increasing the
width of the delay line waveguides. Active trimming of wavelength selective filters
for the compensation of phase errors is possible by including heater elements to ex-
ploit the thermo-optic effect which will consume power and is not always sufficient
due to a limited tuning range. In some implementations of lattice filters, tunable
couplers and delay lines with embedded phase shifting elements are used not only
for trimming the phase errors but also to enhance the degree-of-freedom (DoF) to
achieve a tunable spectral response. Any change in the coupling coefficients due to
gap variations in the directional coupler cannot be directly compensated. A possi-
bility is to use multimode interference couplers which are based on the self-imaging
principle. In comparison to directional couplers they are more tolerant to fabrica-
tion errors. Furthermore it is also possible to use higher order MMI couplers in each
stage of the filter to reduce the overall waveguide length and hence the phase errors
induced on the delay lines. Using such an approach the so-called “parallel-serial”
filter has been demonstrated [20] to demultiplex eight spectrally overlapping chan-
nels which are 12.5 GHz apart and have an interchannel crosstalk of −20 dB.

A fully “parallel” approach of implementing spectral filters is by using Arrayed
Waveguide Gratings (AWGs) which are also designated Waveguide Grating Routers
(WGR) or Phased Arrays (PHASAR), see also Chap. 9, Sect. 9.6. A simplified
schematic of an AWG is shown in Fig. 14.12. Unlike MZI based spectral filtering
which relies on temporal multi-beam interference, an AWG uses spatial dispersion
for wavelength filtering.

An AWG comprises two Free Propagation Regions (FPR) which are connected
by an array of delay lines called waveguide gratings. Like in a 2 × 2 MZI, the unit
delay length �L determines the FSR of the spectral response. The spectral resolu-
tion of an AWG is determined by the number of grating arms. As an approximate
rule of thumb, to pack N channels in an FSR requires three to four times the number
of grating arms.

Fig. 14.12 Simplified schematic of an AWG
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The wavelength selectivity of the AWG has the following principle: light is
guided through the input waveguide to the first FPR where the lateral confinement
of light vanishes and it diffracts. This diffracted light is coupled to the M wave-
guides of the AWG which are arranged on a circle of radius R. The combination of
an input waveguide with an FPR and a waveguide grating effectively constitutes a
1 × N star coupler. The waveguides in the waveguide grating have a linear incre-
mental optical path length difference �L which is equal to an integer multiple of
the center wavelength λc . As a result the light in the waveguide grating will arrive
with an equal phase shift at the output aperture. The field distribution at the input
aperture (see Fig. 14.12) is reproduced at the output aperture with an amplitude and
phase distribution equal to that of the input field. Therefore, after interference in
the second FPR, the input field at the object plane (see Fig. 14.12) is reproduced at
the image plane, which follows a circular path with radius R, on which the output
waveguides are arranged.

For input light at λ �= λc, the phase difference �ϕ produced by the wavelength
dependent optical path length difference �L introduces a tilt of the outgoing beam
from the waveguide grating. This leads to a wavelength dependent shift of the focal
point (image) formed on the image plane, where it can be guided out by an output
waveguide. This spatial dispersion produced by the AWG is the underlying principle
of wavelength selectivity in AWGs.

Depending on the application, an AWG can have any arbitrary number of input
and output ports (i.e., an M × N configuration is possible). For example, a 1 × N

AWG filter acts as a multiplexer. An M × N AWG is used to route one wavelength
on the N th input to any other output waveguide M . Due to the parallel architecture
of the AWG, it provides potential for scaling to higher numbers of channels while
ensuring a compact footprint.

A fully passive AWG (without any compensation for phase errors on the wave-
guide grating) operating in the C-band has been demonstrated [21] with an excep-
tionally low loss of only 1.1 dB and very low crosstalk of −25 dB. The device has a
small footprint of 200 × 350 µm2. Another 8 × 800 GHz C-band AWG based wave-
length filter has been demonstrated in [22] with a loss of 1.86 dB and interchannel
crosstalk of −27.3 dB. For mid-infrared spectroscopy, a 6 × 200 GHz AWG at a
wavelength of 3.8 µm with an insertion loss of only 1 dB and crosstalk of −25 dB
has been demonstrated [15]. Figure 14.13 shows an L-band AWG device for the de-
multiplexing of 32×10 Gbit/s channels with a spacing of 200 GHz [23]. The device
showed an insertion loss of 2.5 dB, crosstalk of −18 dB and channel uniformity of
3 dB for all channels. A very ambitious design for a 512 × 512 AWG with channel
spacing of 25 GHz has been reported in [24] however, with a very high crosstalk of
−4 dB.

Like lattice filters, AWG based wavelength filters are sensitive to the non-
uniformity of waveguide dimensions. This results in phase errors on the grating
waveguides due to variation of the effective index and consequently results in
increased insertion loss, crosstalk and reduced channel uniformity. Other factors
which influence the performance of AWG based wavelength selective filters are the
pitch between the adjacent waveguides of an AWG and the imperfect imaging of the
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Fig. 14.13 (a) Microscopic images of a 32 channel AWG with inset showing the access to the
grating waveguides, (b) measured transmission response of the AWG [23]

refocused light. The former causes phase errors due to evanescent coupling between
waveguides and the latter causes phase errors due to different paths followed by
the light traveling in the free propagation region. Smarter design and routing tech-
niques can be employed to reduce the effect of phase errors on the delay line. For
example, in [22] it has been shown that a “U” shaped AWG design gives improved
crosstalk compared to an “S” shaped AWG design. Similarly, in [25] it has been
shown that the insertion loss of the AWG can be decreased by reducing the pitch of
the arm apertures resulting in improved imaging at the output plane of the AWG.
Techniques such as wider waveguides in the delay section and thermal trimming are
also possible to compensate phase errors in the delay lines of an AWG.

Typically an increase of grating order, which is required to enhance the spec-
tral resolution of the filter, leads to degraded crosstalk due to an increased aver-
age waveguide length leading to larger phase errors. Reflective AWG configurations
can significantly reduce the average waveguide length. This does not only improve
the crosstalk but makes the footprint of the device more compact. Furthermore, the
grating section is composed of only straight waveguides resulting in decreased vari-
ations in effective index, hence improving the crosstalk even further. Figure 14.14(a)
shows the configuration of an AWG in reflective configuration with its microscopic
image shown in Fig. 14.14(b). A second order DBR is used at the end of each grat-
ing arm for reflections [26] and a 1 × 1 MMI coupler is used to suppress higher
order modes for the rib waveguides used to access the slab region of the AWG. As
presented in Fig. 14.14(c), the device presented in [26] has shown an on-chip inser-
tion loss of 3 dB and interchannel crosstalk of −20 dB. Another reflective approach
uses echelle gratings also known as a Planar Concave Grating (PCG) or etched
diffraction gratings.

Figure 14.15 shows the configuration of an echelle-grating based wavelength
selective filter. The light from an input waveguide, which along with output wave-
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Fig. 14.14 (a) Configuration of an AWG in reflective configuration with insets showing geome-
try of waveguides used and position of 1 × 1 MMI coupler, (b) microscopic image of reflective
AWG [27], (c) transmission response of a 14 channel reflective AWG with channel spacing of
400 GHz

Fig. 14.15 Configuration of
an echelle grating based
wavelength selective device.
Different sections are labeled
with inset showing a typical
echelle grating facet [28]

guides are placed on a circle with radius R, terminate in an unetched slab region,
forming an FPR, where it diverges. At the end of the slab region the divergent light
is reflected and focused onto the output waveguides by a concave grating formed by
an array of mirrors which are placed along the perimeter of a circle with radius 2R.
The reflected beams interfere in such a way that different wavelengths are focused
on different output waveguides, resulting in wavelength selectivity.
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The principle of AWGs and PCGs is the same as both use spatial dispersion for
wavelength filtering. But unlike an AWG, in a PCG the delay lines are introduced
in the FPR. Due to lack of lateral confinement in the FPR fabrication induced phase
errors due to waveguide roughness and core size variation are minimized. Moreover
due to its reflective configuration the effect of phase errors induced by the difference
in the propagation direction of the light is effectively averaged out. Thanks to the
enhanced tolerance to phase errors, PCGs are known for providing low crosstalk
wavelength selective devices. A C-band 1 × 4 PCG with crosstalk of −30 dB for a
channel separation of 20 nm and an on-chip normalized insertion loss of 7.5 dB is
reported in [28], which was the pioneering work to demonstrate a PCG in thin film
SOI. Later on, in [29], an eight channel PCG is demonstrated as a wavelength de-
multiplexer operating in the C-band. For 3.2 nm channel spacing, the insertion loss
of the device is 3.5 dB with 3 dB bandwidth of 2.4 nm and inter-channel crosstalk
of −16 dB. In [15] a design of a 1 × 8 PCG operating around a mid-infrared wave-
length of 3.8 µm is demonstrated with normalized insertion loss of 1.63 dB and a
crosstalk of −20 dB.

The crosstalk of the PCG based wavelength selective devices is influenced by
the channel spacing. It has been demonstrated in [24] that the crosstalk decreases
as the channel spacing is increased. For example, the crosstalk of a four channel
PCG deteriorates from 24.2 dB to −18.7 dB when the channel spacing is decreased
from 10 nm to 6.4 nm. The increase in crosstalk is attributed to the phase errors
induced in the larger FPR required to pack the same number of channels into a
smaller FSR.

The insertion loss of the PCG is mainly influenced by the non-verticality of the
grating facets due to fabrication process limitations. This leads to reflection of light
into the substrate. Moreover, the scattering from the grating facets is another con-
tributing factor. The major fraction of insertion loss comes from the Fresnel loss
due to the index discontinuity in the grating facets [28]. In [30] it has been reported
that the Fresnel loss can be reduced by replacing the grating facet with a 2nd order
Distributed Bragg Reflector (DBR) resulting in the reduction of insertion loss for
a 1 × 4 PCG from 7.5 dB to 1.9 dB. Using the same principle of using a DBR at
the facets of the PCG, a 1 × 30 PCG (see Fig. 14.16(a)) with a channel spacing of
400 GHz has been reported in [21]. The device has an insertion loss of 3 dB and
interchannel crosstalk of −15 dB (see Fig. 14.16(b)).

14.3.3 Spectral Filters Using Ring Resonators

A ring resonator comprises a waveguide folded to itself called the ring, which is
coupled to a waveguide called the bus waveguide. The coupling between ring and
bus waveguide is typically achieved by using a directional coupler. Figure 14.17(a)
shows the configuration of a ring resonator. The ring will be resonant for the wave-
lengths that can fit an integer number of times in the optical path length of the ring,
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Fig. 14.16 (a) SEM image of 1 × 30 echelle grating for channel spacing of 400 GHz, (b) mea-
surement result for 30 channel PCG [21]

Fig. 14.17 (a) Configuration of ring resonator, (b) ring resonator based add-drop filter

manifested as a periodic dip in the transmission response of the ring. This periodi-
city represents the FSR of the ring resonator and is determined by the radius R of
the ring and is given by

FSR = λ2/ng2πR (14.6)

Apart from the wavelengths for which the ring is resonant, all other wavelengths
will go through. Therefore, ring resonators are also referred to as “all-pass” filters.
The wavelengths trapped in the ring can be dropped when a second bus waveguide
is coupled to the ring. Due to reciprocity it can also be used to add a wavelength.
Figure 14.17(b) shows the configuration of a ring based add-drop filter. For this sin-
gle ring based add-drop filter configuration, the pass band of the dropped channel
is very narrow making it very sensitive to a shift in the resonance wavelength ei-
ther due to ambiance (i.e., change of temperature) or to fabrication variations. By
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Fig. 14.18 (a) Bank of four 2nd order ring based wavelength filters, (b) microscope image of the
fabricated device, (c) single ring waveguide with a p-doped heater for trimming, (d) waveguide
and heater cross-section [31]

sandwiching multiple rings, which determine the order of the filter, between the
two bus waveguides the width of the pass band can be increased and adaptively
tuned by controlling the inter-resonator coupling coefficients. Furthermore, the fil-
ter response becomes tolerant to spectral shifts [31]. A bank of several rings can be
placed side-by-side on a single bus waveguide to demultiplex wavelengths traveling
on the bus waveguide, as shown in Fig. 14.18. The implementation of ring resonator
based spectral filters in high index contrast SOI material allows to deliver very small
footprint wavelength selective filters.

In [31], as shown in Fig. 14.18, a four channel demultiplexer is demonstrated
for an FSR of 300 GHz using 2nd order ring-resonator filters in each stage with a
crosstalk of −18 dB and an insertion loss of 1.5 dB. A 3rd order ring resonator fil-
ter has been demonstrated in [32] to demultiplex 16 channels of a 100 GHz WDM
system. Each channel has a 1 dB passband width of 37.5 GHz while ensuring an
interchannel crosstalk of −20 dB. The device has a relatively large insertion loss
of 5 dB. A 5th order filter with a very high out-of-band rejection ratio of 40 dB,
pass bandwidth of 310 GHz and insertion loss of 1.8 dB is demonstrated in [33].
The SEM images and measurement results are shown in Fig. 14.19(a) and (b), re-
spectively. A 2nd order counter propagating ring resonator based spectral filter is
demonstrated in [34] to demultiplex 20 channels spaced 124 GHz apart while en-
suring an inter-channel crosstalk of −45 dB and 3 dB bandwidth of 20 GHz.

In contrast to delay line filters, where the spectral response depends on the rela-
tive optical path length difference, the spectral response of the ring resonator is de-
pendent on the absolute optical round trip length (perimeter) of the ring. This makes
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Fig. 14.19 (a) SEM image of 5th order ring based wavelength filter and (b) its measured spectral
response with a low passband ripple of only 0.4 dB [32]

the resonance frequency of the ring resonator very sensitive to refractive index vari-
ations due to fabrication induced changes in the geometry of the ring waveguide
or changes in the cladding material. This can be compensated by thermal trimming
techniques at the cost of energy efficiency. On the other hand, this strong sensi-
tivity makes ring resonators ideal candidates for the sensing of physical, chemical
or biological properties. Another critical factor that impacts the response of a ring
resonator based wavelength selective filter is the requirement to have a very good
control on the gap between the bus and the ring waveguide, for which thermal trim-
ming is not possible.

14.4 Grating Coupling for Silicon Photonics

While silicon photonic integrated circuits allow high performance optical functions
with a compact footprint, the high refractive index contrast makes efficient optical
interfacing with standard single mode (low index contrast) fibers challenging. The
most common solutions for coupling are in-plane coupling, also often referred to as
edge coupling (discussed in the next section), and grating couplers, which enable the
coupling of light from the surface of the chip. These two solutions are schematically
represented in Fig. 14.20.

In electronics, the standard way to contact the electrical circuits is through metal
pads on the top surface of the chip. This allows for wafer-scale testing by probing
the individual chips on the wafer or even the entire wafer itself without need for
intermediate packaging or post-processing steps. For photonics a similar strategy is
needed that allows vertical coupling of light to and from the chip. This will enable
wafer-scale testing. Also, surface couplers introduce several other advantages: The
density of optical ‘pins’ can be much higher: The couplers can be positioned any-
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Fig. 14.20 The two most common coupling solutions: in-plane couplers (top), out-of-plane cou-
plers (bottom)

where on the chip (especially those for testing) and do not need to be routed to the
edge. Chips can be probed with fibers oriented at an angle close to the vertical.

A grating coupler consists of a periodic refractive index modulation in or close
to the waveguide core (implemented as grooves [35], metal lines [36] or sub-
wavelength [37] structures). Every such modulation of the refractive index acts as a
scatterer for incident light. While individual scatterers emit light quasi-isotropically,
their periodic arrangement causes the generation of a directional beam, the angle of
which is determined by the Bragg condition, as graphically illustrated in Fig. 14.21,
where Λ is the period of the grating and β is the propagation constant of the optical
mode in the grating. By positioning the fiber under the appropriate angle efficient
fiber-to-chip coupling can be realized.

The efficiency of the fiber-chip coupling depends on the directivity of the grating
(i.e. the fraction of light that is coupled towards the fiber), the field profile of the
diffracted light, and on the polarization and wavelength of the incident light. High
directivity can be obtained by optimization of the grating shape [38] as shown in

Fig. 14.21 Operation principle of a waveguide coupled diffraction grating
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Fig. 14.22 Improving the directionality by optimizing the grating profile [38], (a) principle,
(b) fabricated grating

Fig. 14.22, or by implementing a bottom mirror at the correct distance from the
grating in order to ‘recycle’ the downwards diffracted light, as shown in Fig. 14.23
[39, 40]. The field profile of the diffracted light can be properly matched to that of
the Gaussian fiber mode by stepping away from a perfectly periodic grating structure
[41], as shown in Fig. 14.24.

Using these techniques fiber-to-chip grating coupling efficiencies better than
−2 dB are obtained [38, 40]. The 1 dB bandwidth of the fiber-to-chip coupling
is typically 30 nm for coupling to standard single mode fiber, but can be increased
by using High NA (HNA) fiber.

So far we have only discussed single polarization operation. Due to the strong
birefringence of silicon high-index-contrast waveguide structures, one-dimensional
grating structures are strongly polarization dependent. In many applications how-
ever, the polarization of the light traveling in the fiber is unknown and varying, re-
quiring a different grating coupling structure to cope with this. This can be realized
using a two-dimensional grating structure, which can be seen as the superposition
of two orthogonal one-dimensional grating couplers. Such a structure couples the
two orthogonal polarizations in the fiber into identically polarized modes in two
(nearly) orthogonal waveguides. This way, a polarization diversity approach can be
applied to render the silicon waveguide circuits polarization independent. In such an
approach two identical silicon waveguide circuits need to be integrated, so that each
can process one of the orthogonal fiber polarizations. The two dimensional grating
coupler performs at the same time the function of the fiber/chip coupler, polarization
splitter and rotator. The two-dimensional grating coupler and the polarization diver-
sity scheme are shown in Fig. 14.25. Similar techniques as for the one-dimensional
grating case can be used to increase the efficiency of two-dimensional grating cou-
plers [42].
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Fig. 14.23 Grating couplers with bottom mirror. (a) Grating coupler in amorphous silicon de-
posited on top of a DBR mirror stack [39], SEM picture courtesy Shankar Kumar Selvaraja,
(b) Bonded grating with gold ‘bottom’ mirror [40], SEM picture courtesy Frederik Van Laere

Fig. 14.24 Optimizing modal overlap by apodizing the grating [41]. (a) Optimizing the scattering
profile, (b) schematic drawing of apodization by changing the trench width
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Fig. 14.25 (Left) Two-dimensional grating coupler: operation principle; (Right) polarization
diversity approach

14.5 Edge Coupling for Silicon Photonics

While grating couplers are very popular for coupling light to and from silicon
nanophotonic ICs, edge couplers sometimes are still preferred. When well-designed,
they operate over a broad wavelength range, up to several 100 nm, with low coupling
loss and in some cases even with low PDL (polarization dependent loss). However,
when a highly confined single mode silicon waveguide is simply cleaved and cou-
pled to an optical fiber, the loss can be prohibitively large (around 8 dB for coupling
to a lensed fiber with 2 µm mode field, around 30 dB to a standard single mode
fiber). However, by increasing the mode field diameter of the waveguides this cou-
pling loss can be improved considerably. From inspecting Fig. 14.26, which plots
the effective mode width and height for a 220 nm thick silicon waveguide, there
are two possible routes to enlarging the mode size. The most straightforward ap-
proach is to increase the width of the waveguide. While simple from a technological
point of view, this only increases the lateral mode size. The mismatch in vertical
direction remains strong, however. Increasing the size of the waveguide also in the

Fig. 14.26 Effective mode width and height for a standard 220 nm silicon strip waveguide
embedded in silica, from [43]
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Fig. 14.27 Early demonstrations of inverted taper couplers, (a) Inverted taper with polymer over-
lay, inset shows alignment tolerance (from [44]), (b) Comparison between polymer and SiON
overlay (from [45]), (c) Nanotaper without overlay (from [46])

vertical direction is possible, e.g. through the deposition of poly-silicon and gray-
scale lithography to form a taper, but it is technologically challenging. The fact, that
this large waveguide supports higher order modes and exhibits high reflection at the
interface, are other drawbacks. Therefore another approach, originally used for re-
alizing spot-size converters made in III–V laser diodes and amplifiers, is typically
preferred. As also visible in Fig. 14.26, the mode size increases exponentially when
the width of the waveguide decreases. Note that in this case the mode size increases
not only laterally but also vertically. The most important limitation here is the nar-
rowest waveguide width that can be reliably patterned using the lithography tool
employed (electron beam lithography for lab demonstrations, 248 nm or 193 nm
deep UV lithography for commercial applications).

Figure 14.27 shows some early demonstrations of such fiber-chip couplers.
Figure 14.27(a) shows the fiber to fiber transmission for TE- and TM-polarized
light, for a straight waveguide connected to 150 µm long inverse tapers covered
with a 2 µm × 2 µm polymer [44]. Narrowing down the silicon waveguide (80 nm
taper tip) pushes the light out to the polymer overlay waveguide which then deter-
mines the shape of the mode coupled to the tapered fiber. In this case most of the
loss actually stems from the waveguide loss and the actual fiber-chip coupling loss
was determined to be lower than 0.5 dB/connection. The inset of the graph shows
the alignment tolerance as function of horizontal and vertical offset. A ±1 µm 3 dB
alignment tolerance is obtained in both directions. Figure 14.27(b) compares an
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Fig. 14.28 (a) Cantilever
coupler for edge coupling
(from [51]), (b) Cantilever
designed for use within wafer
testing [52, 53]

SiON and a polymer overlay waveguide whereby the dips in the coupling efficiency
reflect different absorption peaks for the respective materials used [45]. Similar effi-
ciencies were obtained in both cases (taper length 300 µm, taper tip 80 nm, overlay
3 µm × 3 µm). Figure 14.27(c) shows an example of a coupler where no overlay
waveguide is used [46]. In this case the light is pushed out to the silica top and bot-
tom cladding layers. This simplifies the processing but, to avoid excessive coupling
to the high index silicon substrate, the taper has to be kept as short as possible and
the chip needs to be cleaved directly at the end of the taper (taper length 40 µm,
taper tip 100 nm).

These early results were quickly picked up by the silicon photonics community
and the inverted taper rapidly became the favorite coupling strategy in cases where
edge coupling is preferred over grating coupling. Several groups reported variants
and improvements. Roelkens et al. showed that separating the silicon inverted taper
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Fig. 14.29 Trident edge coupler optimized for coupling to a laser diode (from [54])

waveguide from the low index overlay waveguide by a low index dielectric layer
relaxes the requirements on the width of the taper tip [47]. This allowed increasing
the taper tip to 175 nm, a value obtainable with 248 nm DUV lithography, albeit at
the cost of an increase in the length of the taper (to 175 µm). Now, 193 nm DUV
lithography is becoming more and more the standard tool in silicon photonics manu-
facturing, allowing for taper tips in the range of 120 nm to 150 nm. Using immersion
lithography, even narrower taper tips are feasible. These might be required when try-
ing to reduce also the losses for TM-polarized light (e.g. see [48]). In [49], silicon
rich SiOx was used instead of polymer or SiON to define the low index overlay.
Introducing a more complex structure in the overlay waveguide allows to reduce the
length of the taper [50].

More recently a novel type of inverted taper based couplers was developed
whereby the silicon beneath the edge coupler is removed. This allows to define the
low index waveguide by structuring the silica bottom and top cladding layers with-
out risking leakage to the high index silicon substrate. In [51] this approach was
used to define a classical edge coupler with coupling loss ∼2 dB/facet to a 5 µm
mode field lensed fiber (Fig. 14.28(a)). In [52, 53] a taper that can be addressed
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Fig. 14.30 Coupling from array of inverted tapers to fiber array. The fiber array contains a taper
structure, which transforms light from standard single mode fibers at 250 µm pitch to high numer-
ical aperture fibers with 20 µm pitch [55], (a) schematic representation of a spot size converter
interconnecting a fiber and a waveguide, (b) 3D illustration of multichannel taper coupler based on
the spot size converter shown in (a), (c) image of multichannel taper coupler interfacing an array
of silicon waveguides, (d) image of fiber pigtailed multichannel taper coupler with breakout to PM
fibers

anywhere on the wafer is demonstrated and provides an alternative route towards
waferscale testing (Fig. 14.28(b)).

With the increasing maturity of inverted taper based edge couplers, several re-
search groups started investigating reliable packaging approaches involving these
tapers. In [54] the inverted taper was optimized for co-packaging with a laser diode.
To increase the robustness and tolerance to variations in the taper tip width a novel
taper structure – the trident spot size converter (SSC) – was developed (Fig. 14.29).
In [55] a novel type of fiber array was demonstrated, which tapers the light from
standard single mode fibers at 250 µm pitch to high numerical aperture fibers with
20 µm pitch (Fig. 14.30). This array was then attached to an array of silicon in-
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verted tapers with low index overlay. Another promising approach towards low cost
packaging was proposed in [56, 57]. In this work, an array of silicon inverted tapers
is impressed in an array of polymer waveguides with identical pitch on a separate
substrate (rigid or flexible). The polymer waveguides thereby serve as the low in-
dex overlay. This approach ensures automatic vertical alignment and provides large
tolerance in the lateral and longitudinal directions.

14.6 Waveguide Ge Photodetectors on Si

14.6.1 Introduction

Photodetectors are a key element for the majority of electro-optical applications
due to their ability to convert light signals into the electrical domain. In the past
decades, impressive progress in Si photodiodes has enabled the ubiquitous deploy-
ment of low-cost image sensors and solar cells. In the field of data communications,
high-speed surface-illuminated photodetectors based on group III–V semiconduc-
tors have been an essential building block, enabling multi-Gbit/s optical intercon-
nects over multi-mode fiber in combination with VCSEL light sources operating at
850 nm.

Over the past 15 years, substantial R&D efforts have been directed at exploit-
ing CMOS processing infrastructure for the fabrication of optical components.
The adoption of Ge as a material for photodetection at near-infrared wavelengths
has strongly accelerated, following tremendous progress in hetero-epitaxial growth
of high-quality Ge on Si substrates. Free-space p–i–n Ge-on-Si photodetectors
have been demonstrated with responsivities and detection speeds rivaling their
III–V counterparts. In addition, surface illuminated Ge–Si avalanche photodetec-
tors (APD) have been developed enabling receiver sensitivities beyond group III–V
APDs at 10 Gbit/s, leveraging the superior noise characteristics of carrier multipli-
cation in Si as compared to group III–V semiconductors [58]. Consequently, Ge
photodetectors are currently competing with III–V photodetectors for market share
in short-reach optical communications.

Perhaps even more important in the longer term, significant progress in selective-
area epitaxial growth of high-quality Ge on Si has led to the development of high-
performance waveguide Ge photodetectors. In such waveguide photodetectors, the
Ge layer essentially forms a waveguide structure that enables longer absorption
length in a compact footprint and small layer thickness which can be exploited for
achieving superior performance in terms of bandwidth, response, and dark current.
In the next paragraphs, we will discuss design and integration aspects, as well as
give an overview of the state of the art in high-performance Ge waveguide photode-
tectors.

14.6.2 Design Aspects

The desired performance metrics for Ge waveguide photodetectors for optical inter-
connect applications typically include:
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• High responsivity in the communication bands of interest: >1 A/W in the O-band,
C-band and/or L-band

• High 3-dB opto-electrical bandwidth: 20 GHz for 25 Gbit/s, and 40 GHz for
50 Gbit/s

• Low dark current: below 100 nA
• Low capacitance: below 20 fF
• Low bias voltage: below 2 V

In order to meet this set of specifications, a comprehensive and combined optimiza-
tion of device design and process integration flow is a key necessity. In this effort,
several conflicting requirements need to be addressed.

14.6.2.1 High Responsivity

Obtaining high responsivity requires among others efficient optical coupling from
the input Si or SiN waveguide into the Ge waveguide. Direct butt coupling is the
most efficient approach, but may pose integration challenges as in this case the Ge
waveguide needs to have largely similar lateral dimensions as the Si waveguide to
limit radiation losses and coupling to higher-order modes at the Ge/Si interface.
Evanescent coupling is often a good alternative, but achieving high responsivity in
this case typically requires the use of longer detectors and a more intricate metal
contacting layout. Efficient carrier generation upon optical illumination is another
key aspect for efficient detectors, requiring that the majority of photons is absorbed
in the Ge material and converted into electron-hole pairs that subsequently con-
tribute to the light current. In order to achieve this goal, photon losses due to optical
scattering at waveguide discontinuities, as well as spurious optical absorption at
metals and in highly doped areas need to be suppressed as much as possible, es-
pecially for wavelengths beyond 1550 nm where the absorption coefficient of Ge
drops rapidly. Finally, efficient carrier collection needs to be achieved, such that the
majority of generated charge can be converted into light current. This is typically
obtained by creating a sufficiently strong electric field across the Ge structure, such
that generated carriers can drift out of the absorbing layer and be collected at the
electrodes before recombining. The electric field is typically achieved in a reverse
biased p–i–n diode where the absorbing Ge layer is preferentially located in the
intrinsic region of the diode.

14.6.2.2 High Bandwidth

The opto-electrical bandwidth of a photodetector depends both on the carrier tran-
sit time as well as on the RC response time [59]. In order to reduce the carrier transit
time, the distance between the collecting electrodes should be made as small as pos-
sible, leading to thin or narrow Ge structures. This requirement typically represents
a trade-off with obtaining high responsivities. RC time reduction can be obtained by
lowering the contact resistance of the metal electrodes which typically necessitates
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the use of highly-doped Ge or Si regions. In addition, the photodetector capacitance
can be reduced by reducing the detector length. Again, these design choices can in
some cases lead to reduced responsivity.

14.6.2.3 Low Dark Current

Low dark current is essential to enable optical receivers with high sensitivity. In most
photodetectors based on p–i–n diodes, the dark current density is mostly driven by
the material quality of the Ge layer and highly related to the Ge deposition process,
as will be discussed below. However, design choices can also affect dark current per-
formance. Smaller Ge regions and lower electric fields in defect-rich Ge regions will
typically result in lower dark current. However, such design choices and operation
conditions may result in reduced responsivity or lower bandwidth.

14.6.2.4 Low Capacitance

Low capacitance is essential to enable high-speed optical receivers with high sensi-
tivity and low power consumption. Owing to their compact footprint, Ge waveguide
photodetectors typically exhibit capacitance values below 50 fF, and often less than
10 fF for compact devices.

14.6.2.5 Low Bias Voltage

Sufficiently low bias voltage (<2 V) is essential for compatibility with low-power
receiver amplifier circuits implemented in scaled CMOS technology. In addition, as
explained above, low bias voltage can also help to reduce dark current. Ge wave-
guide photodetectors based on p–i–n diodes often support low-bias voltage opera-
tion owing to the large built-in field in the sub-micrometer Ge waveguides.

14.6.3 Integration Aspects

14.6.3.1 Germanium Deposition

Most demonstrations of Ge waveguide photodetector integration in Si PIC platforms
involve selective epitaxial growth of Ge on silicon using chemical-vapor deposition
(CVD) reactors. Typically, such selective Ge growth is carried out in etched open-
ings in an SiO2 masking layer. In order to minimize the density of defects in the
Ge crystal, mostly in the form of threading dislocations originating from the lattice
constant mismatch between Ge and Si, a thin intermediate Ge buffer layer is often
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grown at lower temperatures of around 250 °C, followed by the main growth at tem-
peratures as high as 600 °C [59]. In some cases, in-situ doping is added during the
epitaxial growth to engineer the electric field profile in the Ge layer.

At imec [60], standard reduced-pressure CVD (RPCVD) production systems are
used for Ge epitaxial growth on Si. These tools are horizontal, cold wall, single
wafer, load locked reactors with a lamp-heated graphite susceptor in a quartz tube.
Before initiating Ge epitaxial growth, the native oxide is removed by a wet-chemical
treatment in HF. After loading into the epitaxial reactor, the wafers receive a pre-epi
bake in H2. Ge is subsequently epitaxially grown on Si substrates at a typical growth
temperature of 450 °C, using GeH4 as Ge precursor and H2 as carrier gas at atmo-
spheric pressure. A post-growth annealing step is added to reduce the dislocation
density. In this annealing step, the reduction in threading dislocation density of the
grown Ge layer largely depends on the Ge thickness [61]. For Ge layers grown more
than 1 µm thick, the threading dislocation density can typically be reduced to less
than 108 cm−2.

Finally, a chemical-mechanical polishing (CMP) step is often added after growth
and annealing, before proceeding to the back-end-of-line processing steps, to create
a planarized surface with the desired Ge thickness. Typical final Ge layer thicknesses
for waveguide Ge photodetectors are in the range 200 to 1000 nm.

14.6.3.2 Junctions and Contacts

For the formation of p–i–n diodes in the Ge (and Si) layers, standard CMOS ion im-
plantation processes can be utilized. Both boron and phosphorous implant species
are frequently used, as p-type and n-type dopants, respectively. Activation of the
dopants typically requires an additional annealing step. As has been shown in seve-
ral reports, CMOS-like contact modules can be used to implement the metal con-
tacts to Ge photodetectors. Standard Ti/TiN metal layers can be used to form low-
resistance Ohmic contacts to Ge, provided the active doping level in the Ge layer,
especially for n-type Ge, is sufficiently high.

14.6.4 State of the Art

An excellent overview of the state of the art in Ge-on-Si photodetectors up to 2010
has been described by Michel et al. [59], highlighting waveguide Ge PDs with band-
width up to 30 GHz, responsivities in the range 0.9 A/W to 1.1 A/W, and room-
temperature dark currents in the µA range. More recent work has targeted improved
responsivity and higher bandwidth in addition to further reductions in the dark cur-
rent levels. A non-exhaustive overview of some of the recent progress is described
in the following section.

In 2011, DeRose et al. [62] reported a Ge-on-Si waveguide photodetector com-
bining a bandwidth of 45 GHz with 0.8 A/W responsivity at 1500 nm wavelength
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Fig. 14.31 (a) Schematic representation of a germanium waveguide n-i-p photodiode, (b) SEM
cross-section of final selective area epitaxially grown Ge photodiode [62]

and a low dark current of just 3 nA. The photodetector was implemented as a vertical
Ge/Si n–i–p diode. This photodiode was implemented in Sandia’s CMOS compati-
ble silicon photonics process flow, using Ge selective epitaxial growth followed by
a Ge CMP step. The final Ge thickness was 600 nm, which allowed for decent re-
sponsivities with an evanescent coupling scheme despite the presence of the metal
contact of top of the Ge. The use of CMOS like Ti/TiN Ohmic electrical contacts
further supported high-speed operation. A schematic and an SEM cross-section of
the fabricated device are shown in Fig. 14.31.

Using a similar approach as [62], Liao at al. [63] reported a Ge PD with 36 GHz
bandwidth and 0.95 A/W responsivity. In this work, a 900 nm thick Ge layer was
used which helped to achieve high responsivity.

In 2012, Vivien et al. [64] demonstrated a butt-coupled photodetector based on
a lateral Ge p–i–n diode implemented in a 400 nm thick Ge layer. The detector had
a responsivity of 0.8 A/W and supported 40 Gbit/s operation at zero bias. Further-
more, a bandwidth substantially beyond 50 GHz, and possibly as high as 120 GHz
was estimated at a reverse bias of 2 V. The dark current, however, was relatively
high at about 4 µA at a reverse bias of 1 V which was attributed either to higher than
expected defect levels in the epitaxially grown germanium layer or due to dopant
diffusion during thermal annealing.

Also in 2012, Li et al. [65] suggested several design improvements to improve
the performance of Ge photodetectors integrated in a 130 nm CMOS logic process.
A distributed Bragg reflector (DBR) was implemented behind the detector to reflect
any non-absorbed light back into the detector and increase the responsivity, espe-
cially for short detectors. In addition, the location of the metal electrodes on the Ge
was optimized to reduce undesired absorption. A “fingered” metal contact layout
was adopted, placing the contacts on the Ge only in regions with low optical inten-
sity instead of using a single continuous metal electrode. A schematic representation
of these design improvements is shown in Fig. 14.32(a). With these improvements
a responsivity beyond 0.8 A/W was obtained in the entire C-band. However, the
bandwidth of these detectors was less than 20 GHz and the dark current was rela-
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Fig. 14.32 Design optimization of Ge PDs [65]. (a) Schematic top view of the improved Ge PD
design, with a DBR and fingered M1 electrodes, (b) Simulated optical power versus position in the
PD

Fig. 14.33 Longitudinal
TEM cross section of imec’s
50 GHz Ge/Si p–i–n
waveguide photodetector

tively high at ∼300 nA at room temperature, in part arising from the limited process
options available for direct monolithic integration with CMOS logic.

In 2014, imec realized waveguide Ge PDs with bandwidth beyond 50 GHz at
−1 V bias, responsivity higher than 0.8 A/W in the C-band, and dark current below
50 nA [66]. The devices were implemented as vertical p–i–n (VPIN) Ge/Si struc-
tures, and were co-integrated with high-speed Si depletion modulators, thermo-optic
devices, and various passive devices in imec’s 200 mm Si photonics platform. A lon-
gitudinal TEM cross section of this photodetector is shown in Fig. 14.33.

In a latest development, Ge-on-Si photodetectors without direct metal contact to
the Ge material have been developed [67, 68] as illustrated in Fig. 14.34. In these
devices, the Ge is grown on top of a lateral p–i–n (LPIN) diode in Si, and carrier
collection from the Ge is realized by the fringe field generated by the underlying
p–i–n structure in silicon. Owing to the absence of metal contacts on the Ge and
highly doped areas in the Ge, responsivities in excess of 1 A/W can be achieved.
In addition, despite the presence of a highly defective layer between the Ge and Si,
very low dark currents of only a few nA can be obtained [68]. Furthermore, reported
bandwidths for such devices are sufficient for operation at 28 Gbit/s to 40 Gbit/s.
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Fig. 14.34 (a) Schematic cross-section of a silicon contacted Ge waveguide PD, (b) a VPIN p–i–n
Ge waveguide PD, (c) electric field simulation of a silicon contacted Ge waveguide PD, (d) a VPIN
p–i–n Ge waveguide PD at −1 V bias [68]

The lower process complexity for fabricating such devices is an additional benefit
compared to more traditional Ge PD designs.

An overview of the performance of the described Ge PDs is shown in Table 14.1.

14.6.5 Impact and Outlook

The development of Ge waveguide photodetectors has complemented the silicon
photonic integration platform with a monolithically integrated high-performance
photodetector covering the telecommunication bands in the near-infrared, thereby
strongly propelling the field of silicon photonics. Waveguide-integrated Ge photo-
detectors on Si enable single-mode optical receivers with substantially increased
functionality and performance as compared to their free-space counterparts. By
combining an array of waveguide-integrated Ge photodetectors with wavelength or
polarization de-multiplexing circuits implemented in silicon or silicon-nitride wave-
guides, advanced high-capacity receivers can be constructed on a single chip. One
example are coherent optical transceivers targeting metro data links as described
in [69] where an array of eight high-speed Ge waveguide photodetectors is com-
bined with passive Si photonic circuitry to enable a coherent receiver bandwidth
capacity of 100 Gbit/s. Furthermore, the integration of Ge waveguide photodetec-
tors with wavelength-selective filters enables silicon-based optical receivers capable
of wavelength-division multiplexing (WDM) [70]. Such architectures may in the
near future enable WDM single-mode intra-data center interconnects at 100GbE,
400GbE and beyond. Silicon PICs offer a clear path for scaling the bandwidth den-
sity of single-mode optical transceivers while reducing cost and energy per transmit-
ted bit. The Ge waveguide-integrated photodetector has been a key building block
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in unlocking this scaling potential and will remain an essential component for Si
PICs in the foreseeable future.

14.7 Optical Isolators Integrated on a Silicon Photonics Platform

It is well known that any time-independent linear system, described by a symmet-
ric electric permittivity tensor and a symmetric magnetic permeability tensor, is
reciprocal, in the sense that its scattering matrix is symmetrical. This is the case
for linear, time-independent circuits implemented in silicon which implies that in
such systems it is fundamentally impossible to create optical isolators. Therefore,
three routes can be envisioned to realize optical isolation within silicon photonic
integrated circuits: the integration of nonreciprocal materials such as magneto-optic
garnets [71–75], the use of time-dependent silicon photonic circuits [76–78] or the
use of nonlinear optical functions [79]. While nonlinear optical functions can be
implemented relatively easily on a silicon photonic IC, due to the strong light con-
finement and high third order nonlinear coefficient and high thermo-optic coefficient
of silicon, such isolators are not ‘general purpose’ since they will only operate in a
limited range of optical input powers and levels of feedback. Therefore, for practical
applications both the magneto-optic devices and optical modulation-based devices
are of most interest. One issue with the latter approach is the power consumption
associated with driving the modulator structures while in the first case the issues
are more related to the integration of the magneto-optic materials within the silicon
photonics process flow.

A conventional optical isolator is based on the principle of nonreciprocity in-
duced by a ferromagnetic/ferrimagnetic garnet under the influence of an external
magnetic field. Ferrimagnetic garnets are unique materials with strong magneto-
optical properties (or Faraday rotation coefficient) and low optical absorption at tele-
com wavelengths. In spite of possessing very good material properties for magneto-
optical applications the main hurdle is the difficulty of incorporating garnet materi-
als on a semiconductor platform. Different strategies have been pursued, classified
into two broad categories: bonding [71–74] and deposition [75]. Deposition is a
wafer scale process but it suffers from degraded material properties as compared
to its single crystalline form. On the other hand bonding envisages an opportunity
to incorporate excellent epitaxially grown magneto-optic material on the waveguide
but it is intrinsically a die-to-wafer technique which limits the scaling of the integra-
tion. Bonding can be performed in two ways: by means of surface activated direct
molecular bonding or by means of adhesive bonding.

While bulk optical isolators rely on the nonreciprocal polarization rotation
(Faraday effect), waveguide-based isolators based on this principle (and definitely
when implemented in silicon) would suffer from the strong birefringence, limit-
ing the obtainable degree of isolation. Therefore, waveguide based optical isola-
tors are based on the magneto-optic Kerr effect, resulting in a nonreciprocal phase
delay for light passing through the magneto-optic/silicon hybrid waveguide in op-
posite directions (when the light propagation is perpendicular to the magnetization
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Fig. 14.35 (a) Schematic diagram of a garnet bonded waveguide cross-section; (b) non-reciprocal
phase shift (NRPS) vs. silicon waveguide thickness; (c) schematic drawing of a push-pull MZI
type isolator; (d) measured spectra for forward and backward propagations [71]

in the magneto-optic material, the so-called Voigt-configuration). As an example,
in Fig. 14.35(a) a schematic cross-section of a hybrid magneto-optic/silicon wave-
guide is shown. The magneto-optic material is a Ce substituted Yttrium Iron Garnet
(Ce:YIG) on a (Ca, Mg, Zr) Substituted Gadolinium Gallium Garnet (SGGG) sub-
strate. The Faraday rotation coefficient of the Ce:YIG is about 4500°/cm at 1550 nm
wavelength. The non-reciprocal phase shift (NRPS) is proportional to

NRPS ∝ gxz

∫∫
Ce:YIG ExEzdxdy∫∫ [ExHy − HxEy]dxdy

(14.7)

with gxz the gyro-magnetic constant, when a magnetic field is applied along the
y-axis as indicated in Fig. 14.35(a) [71].

As the NRPS is proportional to the product of Ex and Ez, a strong NRPS can
be expected only for the TM-polarized mode in this waveguide configuration. The
calculated NRPS as a function of the separation between the magneto-optic material
and the silicon waveguide and as a function of the silicon waveguide layer thickness
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is shown in Fig. 14.35(b), assuming a BCB adhesive bonding layer in between the
magneto-optic material and the silicon waveguide layer [71].

In order to translate the nonreciprocal phase shift into a nonreciprocal power
transmission, the hybrid magneto-optic/silicon waveguide structure can be incorpo-
rated into an interferometric structure, such as the Mach-Zehnder interferometer as
depicted in Fig. 14.35(c). By making the device layout as shown in Fig. 14.35(c),
push-pull operation can be realized using a uni-directional magnetization. As illu-
strated in Fig. 14.35(b), the required nonreciprocal waveguide length can be made
short (<1 mm) for optimal Si waveguide layer thickness (∼220 nm) and a small sep-
aration between silicon and the magneto-optic material. Figure 14.35(d) then shows
a typical measurement result where the transmission of the (unbalanced) Mach-
Zehnder interferometer in forward and backward direction is plotted. As can be
seen, >30 dB isolation can be obtained using such structures. However, one issue
with these isolator structures still is their relatively large insertion loss, on the or-
der of 7 dB. While the example presented was based on adhesive bonding, other
demonstrations have been made either using molecular bonding [72] or by sputter
deposition [75] on silicon ring resonators.

As already mentioned above, nonreciprocal optical functions can also be realized
using time-dependent systems, such that one doesn’t have to rely on nonreciprocal
materials. Various implementations of such schemes have been presented in recent
years. In Fig. 14.36, two examples are given.

In the first configuration a bimodal silicon waveguide is used. In part of the wave-
guide structure, a traveling wave refractive index modulation is applied, as shown in
Figs. 14.36(b) and (c). This refractive index modulation can scatter the incident fun-
damental mode to the first order mode (resulting in an interband transition), provided
that the period and the frequency of the refractive index modulation matches with the
frequency and phase mismatch between the fundamental and first order mode. This
will only occur in one propagation direction as indicated in Fig. 14.36(a), thereby
resulting in nonreciprocal transmission through such a structure. Since the bands
shown in Fig. 14.36(a) are largely parallel, wide optical bandwidth operation can be
obtained. An alternative structure, as illustrated in Fig. 14.36(b), relies on the cas-
cading of two phase modulators, which are driven in quadrature. The idea behind
this type of structure is that a delay line is introduced in between the modulators,
such that the phase modulation imprinted by the second phase modulator either
cancels that of the first modulator and therefore the transmission is 1 (e.g. from left
to right) or the two phase modulators reinforce each other (e.g. from right to left)
and thereby suppress the optical carrier. Perfect suppression of the carrier can be
obtained for a particular phase modulation index. In this case all optical power is
translated to the sidebands in the simple configuration of Fig. 14.36(d) which for
broadband operation also need to be suppressed. This can be realized by arranging
parallel arrays of such tandem phase modulators and by varying the phase of the
driving signals in the different arms as shown in Fig. 14.36(e) and 14.36(f). While
being an attractive approach for realizing silicon photonics process flow compati-
ble optical isolators, these devices still suffer from relatively high insertion loss and
power consumption associated with driving the modulators.
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Fig. 14.36 (a) Optical isolation based on inter-band photonic transitions (from [77]), (b) optical
isolation based on cascaded phase modulators (from [76])

14.8 Nonlinear Optics Based on Silicon Photonics

14.8.1 Introduction

Silicon photonic nanowires exhibit a number of properties which enhance nonlinear
interactions drastically and make them an ideal candidate as a platform for doing
nonlinear optics. First, the strong confinement available on the platform induces,
even at moderate powers, large electric fields inside the waveguide. Secondly, the
nonlinear index of silicon is very high: it is two orders of magnitude higher than
the value found in silica and one order of magnitude higher than the value found in
other CMOS compatible materials such as e.g. aluminum nitride or silicon nitride.
Lastly, the high confinement in the waveguides allows one to tune the geometric dis-
persion of the waveguide. By controlling the dispersion it is possible to phase match
the different waves in the nonlinear process and enhance the efficiency. By exploit-
ing these three advantages, researchers have made a lot of progress in integrating
nonlinear optical functions on a silicon chip.

This section starts with a brief introduction into the field of nonlinear optics,
specifically addressing the most important nonlinear interactions in silicon. Here-
after some state of the art demonstrations will be discussed. Lastly, the nonlinear
absorption in silicon is known to limit the efficiency of nonlinear interactions at
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telecom wavelengths. This fundamental problem will be addressed as well and some
solutions will be put forward. The section will be concluded with some important
results obtained in other CMOS compatible materials which suffer less or do not
suffer from any two-photon absorption at all.

14.8.2 Nonlinear Optical Interactions and Nonlinear Optical
Materials

In a nonlinear optical material the polarization is a nonlinear function of the electric
field. As such the nonlinear polarization can be expanded in a Taylor series with
respect to the electric field:

P(E) = ε0
(
χ(1)E + χ(2)E2 + χ(3)E3 + · · · ) (14.8)

Here, ε0 is the susceptibility of vacuum, χ(1) the linear susceptibility of the material,
and χ(2) and χ(3) are the second and third order nonlinear susceptibility, respec-
tively. It can be shown that in a centro-symmetric material, such as silicon, the even
terms vanish [80]. For silicon, the strongest nonlinear term in (14.8) will be pro-
portional to E3. As a consequence, the refractive index will be intensity dependent
[80]. The refractive index in a third order nonlinear material is given by

n = n0 + n2I (14.9)

where n0 and n2 are the linear and the nonlinear refractive index, respectively, and
I is the intensity. The third order nonlinear process is sometimes referred to as
the optical Kerr effect, as opposed to the electrical Kerr effect where an electrical
field changes the refractive index, it is here the optical intensity which changes the
refractive index.

The nonlinearity, at least the one addressed in this section, comes from the non-
linear polarization of the electron cloud and is extremely fast (<10 fs response time).
As a result, the effect is also very broadband. Since the nonlinear refractive index n2
is proportional to the third order susceptibility, it is used as a defining parameter for
the third order nonlinearity of the material. In Table 14.2, the nonlinear refractive
indices for selected materials are given.

In a waveguide configuration, the intensity scales as P
Aeff

, where P is the incident
power and Aeff is the effective area of the waveguide. For this reason the nonlinear

Table 14.2 Nonlinear
indices of a set of common
materials given along with the
typical nonlinear parameter
for a waveguide fabricated in
the material at a wavelength
of 1550 nm

n2 (10−20 m2/W) γ (W−1 m−1)

Crystalline silicon [81] 650 450 (real part)

Silicon nitride [82] 24 1.5

Hydex glass [83] 11.5 0.233

Silica [80] 2.7 10−3
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parameter, defined as

γ = n2ω

Aeff c
, (14.10)

which is inversely proportional to the mode area and proportional to the nonlinear
refractive index, is used for quantifying the nonlinearity of a waveguide. Here ω is
the frequency of light, and c is the speed of light in vacuum. The nonlinear para-
meter for typical waveguides can be found in Table 14.2. As shown in the table, the
nonlinear parameter of silicon is five orders of magnitude larger than the one found
in a single mode optical fiber.

14.8.2.1 Degenerate Four Wave Mixing

The nonlinear polarization acts as a source term for the Maxwell equations. It can
be shown that in a nonlinear waveguide [80] the following equation holds

∇2E − ∂2E

c2∂t2
= μ0

∂2PL

c2∂t2
+ μ0

∂2PNL

c2∂t2
(14.11)

where PL and PNL are the linear and the nonlinear polarization, respectively, and
all other parameters have their usual meaning. Indeed, the right hand side of the
equation acts as a source term for the wave equation. The nonlinear polarization
term makes the wave equation a nonlinear equation. This has two important con-
sequences. First, different fields present in a nonlinear medium will be coupled.
Energy can be transferred between the electric fields, e.g. one field can be ampli-
fied by another electric field. As a second consequence, there is nonlinear mixing
of the waves, such that new optical frequencies, initially not present in the medium,
are generated. The coupled wave equations can be solved numerically and lead to a
whole set of interactions and processes [80]. The most interesting one is the process
of degenerate four wave mixing. As in any third order process, there are four fields
interacting. However, one field is degenerate in the process. A quantum mechanical
scheme of degenerate four wave mixing interaction is shown in Fig. 14.37. As can
be seen in the figure, two photons are annihilated in the process while two other
photons are created.

In such a case, the photons which are annihilated are mostly referred to as pump
photons, while the created photons are called the signal and idler photons. The pro-
cess can be used to amplify and convert photons. In such an approach a waveguide
is fed with a strong pump and a weak signal. At the output of the waveguide an

Fig. 14.37 Quantum
mechanical picture of the
degenerate four-wave mixing
process
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amplified signal appears as well as the converted idler signal. The degenerate four
wave mixing process is the working horse of most of the applications discussed in
the following section.

As is evident from Fig. 14.37, the four wave mixing process conserves energy. No
energy is transferred to the material. The energy is transferred only by the interacting
signals, here from the pump waves to the idler and signal waves. Alike the energy
transfer, there is also a momentum transfer from the pump to the signal and the idler
wave. Since the impulse needs to be conserved, the following relations hold [80]:

�ωp + �ωp = �ωi + �ωs (14.12a)

⇒ �ω = ±(ωs − ωp) = ±(ωp − ωi) (14.12b)

where +(−) holds for (ωs − ωp) and (ωp − ωi) > (<)0

βp + βp = βi + βs + 2γP ⇒ βp = βi + βs

2
+ γP (14.13)

Here βp , βs and βi are the propagation constants of the pump, the signal, and the
idler wave, respectively, γ is the nonlinear parameter of the waveguide, and P the
power of the pump wave. The correction factor 2γP takes into account the intensity
dependent refractive index and as such the nonlinear phase shift. When working
in the vicinity of the pump, the propagation constants can be written as a Taylor
expansion with respect to the detuning �ω of the signal and idler

βj = β(ωj ) = β(ωp±) (14.14a)

βj = β(ωp) ± dβ

dω
(ωp)�ω + 1

2

d2β

dω2
(ωp)�ω2 ± · · · (14.14b)

βj = βp ± dβp

dω
�ω + 1

2

d2βp

dω2
�ω2 + · · · (14.14c)

where j = s, i, correspond to the signal and the idler, respectively, and + or −
depend on the relative frequencies of pump, signal, and idler.

Substituting (14.14c) into (14.13) results in

d2βp

dω2
�ω2 = −2γP (14.15)

which indicates that the second derivative has to be negative, or the group velocity
has to be anomalous in the waveguide in order to achieve phase matching (provided
the nonlinear parameter is positive. Because the dispersion of a waveguide depends
to a large extent on the geometry of the cross section of the waveguide, it can be
satisfied by changing the geometry.

14.8.2.2 Nonlinear Absorption in Silicon Photonic Wire Waveguides

Silicon has a bandgap of −1.1 eV and is therefore transparent for the telecom wave-
length window (∼0.8 eV). However, at high intensities, the nonlinear absorption
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Fig. 14.38 Simulated
nonlinear loss in a typical
silicon waveguide when
exposed to a high continuous
wave power. The carrier
lifetime is assumed to be 1 ns

of photons, namely two photon absorption becomes more likely. Since the process
involves two photons, it is a nonlinear process. The higher the intensities, the more
photons, the more likely absorption becomes. The nonlinear absorption as a result
of pure two photon absorption is given by

α = α0 + α2I (14.16)

Here is α0 the linear absorption coefficient, and α2 the two-photon absorption co-
efficient, and I the average intensity of the optical wave. However, the nonlinear
absorption of photons in silicon excites carriers from the valence band into the con-
duction band which causes additional absorption. The total nonlinear absorption is
mostly dominated by free carrier absorption and it can be shown that free carrier
absorption (FCA) scales with the square of the intensity. It is given by

α = α0 + α2I + αFCA
α2τλ

2hc
I 2 (14.17)

Here αFCA is the free carrier absorption coefficient (1.45 × 10−21 m2 in silicon at
1550 nm), h Planck’s constant, τ the carrier lifetime, c the vacuum speed of light,
and α0, α2 and I are as defined before (see (14.16)). Figure 14.38 shows the nonlin-
ear absorption of a typical waveguide. The nonlinear absorption can be significantly
reduced by reducing the carrier lifetime and sweeping out the carriers out of the
waveguide in a pin structure. This can be accomplished by using short pulses, or by
using another CMOS compatible material which does not show significant nonlinear
absorption.

14.8.3 Applications and Demonstrations

The applications discussed below take advantage of the very fast, and thus very
broadband nature of the Kerr effect.
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14.8.3.1 Wavelength Converters

One of the first demonstrations of nonlinear optical interactions in a silicon wave-
guide was the conversion of a continuous wave signal [84], where a signal at one
wavelength has been converted to another wavelength. The conversion efficiency
was rather low in the first experiments because of the two photon absorption and
reached a level of −9.6 dB in a 4 cm long waveguide when pumped with several
hundreds of mW. However, by using pin diodes (see Fig. 14.39) the conversion effi-
ciency has been boosted close to the transparency level [85]. A pin diode allows to
sweep out the carriers generated by the two-photon absorption process. As a con-
sequence the effective carrier lifetime can be reduced. As an example (see [86]),
the effective carrier lifetime measured as a function of the voltage across the pin
junction is shown in Fig. 14.40. Lower carrier lifetimes, down to 12.2 ps can be
achieved, meaning less nonlinear absorption. It also needs to be noted that the band-
width over which conversion can take place, can span several 100’s of nm due to the
broadband nature of the Kerr effect.

Fig. 14.39 Cross section of pin diode to extract the generated carriers in a silicon waveguide [86]

Fig. 14.40 Carrier lifetime
as a function of reverse bias.
The carrier lifetime was
measured in a pump probe
setup, it does not depend on
the pump power (shown in
the inset). The carrier lifetime
can be reduced to 12.2 ps
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14.8.3.2 All Optical Amplifiers

A second set of devices related to wavelength converters are all optical amplifiers.
They take advantage of the enormous broadband response of the Kerr effect to am-
plify over a broad wavelength band. However, due to the high nonlinear absorption
in silicon no one has been able to demonstrate a true continuous wave amplifier. The
only approach which can show true net gain is when two synchronized picosecond
pulses are used [87]. One pulse amplifies the other, the probe pulse, by a couple
of dB.

14.8.3.3 Phase Sensitive Amplifiers

The nonlinear interactions are phase sensitive, which means that the efficiency and
the direction of the process are dependent on the phase relation between the waves.
This property is exploited in a phase sensitive amplifier. Depending on the phase of
the incoming signal, the amplifier will amplify or attenuate the signal. Figure 14.41
shows the amplification or attenuation as a function of the relative phase between
the waves. Corresponding amplifiers [88] can potentially work with very low noise
figures, and the amplifiers can for example be used to regenerate optical signals
because noise with unwanted phase is de-amplified. In silicon, phase sensitive am-
plification of a continuous wave signal modulated at 10 Gbit/s bit rate was realized
[89]. Again a pin diode is needed to reduce the nonlinear losses. In another exper-
iment [90], phase sensitive amplification was demonstrated in a short (∼200 µm)
long photonic crystal waveguide. This experiment used picosecond pulses and no
pin diode.

Fig. 14.41 Phase (in)sensitive amplification. (a) When a signal is amplified insensitive to its phase,
the amplification is constant as a function of phase, (b) When the amplification is phase sensitive,
the signal will be amplified or attenuated depending on the signals input phase. From [88]
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14.8.3.4 Quantum Mechanics: Entangled Photon Pairs

In quantum communication networks entangled photon pairs are used to securely
communicate between a transmitter and a receiver. The degenerate four wave mix-
ing process can be used to generate such entangled photon pairs or as a repeater.
Indeed, in the spontaneous regime, at moderate pump powers and without a seed
the four wave mixing process will generate spontaneously idler and signal photons
which share unique information. There have been various demonstrations in sili-
con waveguides and silicon resonators where the efficient generation of entangled
photons has been demonstrated [91].

14.8.3.5 An Ultra-High Resolution All-Optical Sampler

Sampling an optical signal with a photo-diode is limited by the intrinsic speed of
the electrical read-out circuit. An all-optical sampling scheme, based on the ultrafast
Kerr effect, can be much faster. In a typical optical sampling scheme, the sampling
resolution is limited by the pulse duration of an ultrafast mode-locked laser. The
pulse duration of such a mode-locked laser can be lower than 1 ps and allows to
obtain a very high resolution.

Here, the pulses generated by the mode-locked laser are used as the pump pho-
tons in the four-wave mixing process. The data signal, that needs to be sampled, acts
as the signal in the four wave mixing process. When the data signal and the pump
pulse temporally overlap, the data signal will be converted to an idler wavelength.
The idler wavelength is isolated in a wavelength demultiplexer and sent to a (slow)
photodiode. The area of the (long) electrical pulse is proportional to the intensity of
the sampled signal. In an experiment by the group of Oxenløwe [92], for example, a
1.28 Tbit/s signal was successfully sampled. A result which surpasses the speed of
a typical electrical photodiode by an order of magnitude.

14.8.3.6 A Wavelength Demultiplexer

An all-optical wavelength demultiplexer can be constructed by using almost the
same sampling setup. Here, the optical pump is a fast repetition rate pulsed laser
which samples and converts parts of the signal to another wavelength band. As can
be seen in Fig. 14.42, this has been used to demultiplex a 160 Gbit/s signal to a
10 Gbit/s signal [93].

Fig. 14.42 Ultrafast optical
sampling scheme/
demultiplexer. The sampled
or demultiplexed signal is
converted to another
wavelength in the presence of
the pump pulses [93]
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14.8.3.7 Results in Other CMOS Compatible Materials

There have been impressive demonstrations of nonlinear optics in other CMOS com-
patible materials (silicon nitride [94], Hydex [94], aluminum nitride [95], a-Si:H
[96–99]). For example, it has been found that hydrogenated amorphous silicon
(a-Si:H) has a smaller two photon absorption coefficient than crystalline silicon.
Additionally it has a higher nonlinear refractive index. Although the results depend
on the fabrication technique, the material seems to be a promising candidate for do-
ing nonlinear optics and several impressive results have been obtained, for example
all optical amplification [96] and ultra-low power continuous wave conversion [99].
The latter examples have been shown to work with a much higher efficiency than in
crystalline silicon.

Another platform for doing nonlinear optics is silicon nitride which has a band-
gap energy of 5 eV and does not suffer from two photon (or even three or four pho-
ton) absorption at telecom wavelengths. However, due to its lower nonlinear param-
eter, resonators have to be used to obtain the power levels needed for the nonlinear
process. The resonators can have a very high Q factor (up to a million [100]), which
reduces the threshold for nonlinear interactions significantly. When these ring res-
onators are optically pumped, the resonators do not only enhance the pump power,
but also give feedback to the amplified signals. As a consequence, very similar as
in a laser, there can be oscillations when the optical parametric gain is stronger than
the optical losses. At that point sidebands will be generated. Through cascaded four
wave mixing new lines are generated and at significant high powers a whole set of
lines, i.e. a comb, is generated. Remarkable progress has been achieved in under-
standing these processes. The integration of these nonlinear optical functions on a
chip allows integrating a WDM source pumped by a single bonded laser [101]. The
output spectrum of a silicon ring resonator pumped by a single frequency continu-
ous wave laser is shown in Fig. 14.43. It has to be added that similar results have
been obtained in other material systems which lack two photon absorption in the
telecom band such as aluminum nitride [95] and hydex glass [94].

Fig. 14.43 The comb like output spectrum of a silicon nitride ring resonator acting as a parametric
oscillator (figure from [102])
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Fig. 14.44 Strain induced by
a silicon nitride layer on top
of a silicon waveguide breaks
the symmetry, introducing a
second order nonlinearity in
the waveguide (figure from
[103])

Fig. 14.45 Working principle of Pockels type modulator in silicon (figure from [103])

14.8.3.8 Non-Kerr Effect Processes in Silicon Waveguides

Some other techniques have been used to introduce non-Kerr like processes in sili-
con waveguides. There has been quite some effort in introducing a second order non-
linear effect in the waveguides. This was achieved by breaking the centro-symmetry
of the waveguide by straining the material. This is mostly done by covering the
waveguide with a strained silicon nitride layer (Fig. 14.44). The introduction of a
second order nonlinear response opens the door for new applications, and the most
important ones are Pockels effect based modulators. The Pockels effect, a second or-
der effect, allows a very fast change of the refractive index of the material by apply-
ing a DC electric field and enables building corresponding modulators (Fig. 14.45).
If the interaction is even more enhanced by using a sort of slow light photonic crystal
waveguide, such modulators can be made very short.

14.9 Design of Complex Silicon Photonic Integrated Circuits

Silicon photonics, as the first optical integration technology with sub-micrometer
waveguides, introduces a number of design challenges that are not found in lower-
contrast optical waveguides [104]. First of all, the miniature dimensions allow for
much smaller components, and therefore for a much larger number of components
within a circuit. This enables unparalleled circuit complexity. This complexity also
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introduces the need for active control of the circuits, which requires a close integra-
tion with electronics, both in the design as in the technology. Finally, the high index
contrast makes the waveguides exceptionally sensitive to small geometric variations
[105], which raises the question of fabrication and operational tolerances and circuit
yield.

These challenges need to be addressed at the design stage: complex circuits need
to be designed to specification, including the electronic control and read-out func-
tions, and they need to be designed for manufacturing, guaranteeing sufficient yield
of the final device.

Photonic design has been largely a domain of physical simulation. While optical
circuit simulators have been around for some time, they are mostly used for system
exploration. Most photonic on-chip devices are still designed using full-vectorial
electromagnetic solvers based on finite difference time domain (FDTD) or eigen-
mode propagation. For larger circuits, this approach becomes impractical, and op-
tical circuit design needs to be separated from the physical design of the individual
functional blocks [106]. The result of the physical design of a building block is then
encoded into a behavioral model (or compact model) that describes the block’s be-
havior within a certain approximation. This method is similar to the approach used
in electronic design.

Practices from electronic design automation (EDA) are being adopted for sili-
con photonic design [107]. In a typical EDA flow, we discern several design stages
[108]:

1. Front-end design: defining the ‘logical’ circuit based on the desired functionality,
2. Back-end design: translating the logical circuit into a physical layout for fabrica-

tion,
3. Verification: validating that the layout corresponds to the desired functionality

and that it meets the standards of the manufacturer.

In the front-end design stage, the circuit functionality is captured in a schematic,
which interconnects the functional building blocks in a hierarchical circuit. This
representation of the circuit does not yet take into account the actual placement
and physical implementation of the building blocks, but rather describes the blocks
purely on a functional basis. The functionality of the circuit can then be simulated
using an optical circuit simulator, either in the time domain or the frequency do-
main [109–112]. Design becomes more complex when designing a mixed opti-
cal/electrical circuit. At that point, the most widely used approach is to simplify
the optical circuit functionality such that it can be handled by an electronic sim-
ulator. The optical models are then represented in SPICE or Verilog-A, an analog
electronics modeling language. This, however, introduces limitations in the optical
functionality that can be accurately modeled: multiple wavelength channels, polari-
zation and fast nonlinearities are very difficult to capture in such models, while, on
the other hand, specialized optical circuit simulators can handle these phenomena.
A future solution would be a mixed-signal co-simulation strategy, similar as that
used for analog-digital circuits.
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Once the basic functionality is captured, the challenge is to optimize the design
for yield. Silicon waveguides are especially susceptible to any change in the geo-
metry, and the variations will be cumulative throughout larger circuits. While some
Monte-Carlo techniques exist to run a simple yield analysis of optical circuits, there
is still a lot of room for innovative research, such as the use of statistical varia-
bility analysis techniques [113]. This is because photonic variability is truly a multi-
dimensional problem, where the slow/fast corner approach used in electronics is not
always applicable.

Once the circuit functionality is satisfactory, it has to be transferred to an actual
layout that can be sent to the fab for fabrication. In a cell-based approach, the infor-
mation from the schematic can be used as a starting point for the layout, replacing
the logical building blocks by their layout counterparts. However, the functionality
of the layout can be significantly different from what was originally designed: the
actual placement can impact phase delays between components.

Circuit-based design usually uses pre-defined (parametric) building blocks [114]
but it is also possible to incorporate full-custom blocks. For these, it is important that
the layout generates the desired geometry. Lithographic processes tend to deform
the original patterns, and compensation in the form of optical proximity corrections
(OPC) need to be applied [115]. Some design tools incorporate a lithography simu-
lator to enable litho-friendly designs [116].

To guarantee that the mask patterns can actually be fabricated, most fabrication
services require that the design passes a design rule check (DRC) which inspects the
design for features that cannot be fabricated: too small line widths, periods, layers
that are incompatible, sharp angles, etc.

If those checks have been passed, the design should also be checked for func-
tional integrity: does the mask layout correspond to the functional schematic that
was composed in the front-end design phase? This layout-versus-schematic check
is now commonplace in electronic design, but the techniques for photonics are only
in a rudimentary stage [115]. Also, during this stage the layout could be analyzed
for parasitics: unwanted optical coupling, scattering or absorption [117].

A design flow like this is very similar to a full-custom analog electronics design
flow. Therefore, it requires a similar support from the tools. Integration of photon-
ics design in EDA tools is emerging [118, 119], and also the first mature process
design kits (PDK) are being released by various fabs. A PDK is a combination of
design rules, documentation and a verified component library that can be used by
the designer as a basis for his circuit. Through the PDK, a designer can reuse trusted
components with guaranteed performance and focus on the functionality of the cir-
cuit rather than the building blocks. For the fab, the designs that are sent in for
fabrication are less complex and contain less unknown geometries that could lead
to manufacturing problems.

Silicon photonics is changing the way photonic designers approach photonic
integrated circuits. Smaller features, larger complexity and small fabrication tole-
rances are gradually pushing the photonics community towards an EDA-style design
flow. Still, there are significant open challenges, especially with photonic-electronic
co-simulation and verification.
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Chapter 15
Silicon Lasers and Photonic Integrated Circuits

Sudharsanan Srinivasan, Alan Y. Liu, Di Liang, and John E. Bowers

Abstract This chapter discusses photonic integration on silicon from the material
property, device as well as photonic circuit point of view. The progressive growth of
silicon-based electronic integrated circuits (ICs) has followed Moore’s Law and has
been driven by the roadmap of conventional electronic ICs. Silicon is arguably the
primary host material platform for future photonic integrated circuits (PICs) as well,
particularly for applications beyond conventional fiber-optical telecommunications.
Until recently, the lack of a laser source on silicon has been seen as the key hur-
dle limiting the usefulness and complexity of silicon photonic integrated circuits. In
this chapter, we review the numerous efforts including bandgap engineering, Raman
scattering, monolithic heteroepitaxy and hybrid integration to realize efficient light
emission, amplification and lasing on silicon. The state-of-the-art integration tech-
nologies for narrow linewidth lasers and high-speed modulators are also discussed.

15.1 Silicon as a Platform for PICs

An integrated circuit (IC) is a miniaturized electronic circuit that consists of a large
number of individual components, fabricated side-by-side on a common substrate
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Fig. 15.1 (a) Electronic [1] and (b) Photonic integrated circuit evolution [5, 7]

and wired together to perform a particular task. In 1943, the first working transistor
was demonstrated [1], and eleven years later, the invention of the IC began a new
era. The inherent advantages in cost and performance have been the driving force
in the IC industry since then. Moore’s Law has set the progressive pace in these ad-
vances. Gordon Moore foresaw exponential growth, with the number of transistors
on an IC doubling approximately every two years [2], as illustrated in Fig. 15.1(a).
Large-scale integration and mass production also resulted in the enormous reduc-
tion of the chip size and system cost and tremendous improvement in performance
and applications. The first UNIVAC computer in 1951 weighed 13 metric tons and
occupied more than 35 m2 of floor space with a clock speed of 2.25 MHz [3]. Sixty-
five years later, a personal computer now easily delivers 1000× faster speed and is
small and light enough to fit into a shirt pocket. Moore’s Law was actually the fifth
paradigm to provide accelerating price-performance [4]. The exponential technol-
ogy advance in computing devices (computing speed per unit cost) has existed for
the entire past century. Integration is the leading driver in the semiconductor world
in the 20th and 21st centuries, both technologically and economically.

While the term IC generally refers to microelectronics, the analogous term pho-
tonic integrated circuit (PIC), also sometimes referred to as planar lightwave cir-
cuits, offers functionality of information signals imposed on an optical carrier rang-
ing from the ultraviolet to near infrared. Though the growth of PICs can also be
depicted and predicted by a photonic “Moore’s Law” [5, 6], several figures of merit
including critical dimensions, integration scale, complexity of function, and cost per
unit component show that present PICs are many generations behind electronic ICs.
PICs appeared much later than ICs and have grown more slowly (Fig. 15.1(b)). The
reasons that PIC integration advances have occurred more slowly are partially mar-
ket based, partially technology based, and partially the result of the choice of host
material. Most telecom devices are based on Indium Phosphide (InP) substrates,
which have required custom fabrication lines dedicated to InP photonics.

The first transistor and one of the first two ICs were demonstrated on germanium
(Ge), but silicon (Si) quickly became the dominant host material for electronic ICs.
Si is the second most abundant element on earth, but more importantly, Si has out-
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performed Ge and even many compound semiconductors from the early stage of
IC development due to large bandgap and thermal conductivity, stable and high
crystal quality/purity, excellent mechanical properties and an ideal native oxide,
SiO2. Unlike Si-dominated electronic ICs, PICs have been fabricated in a variety
of host material systems, including element semiconductors (Si- and Ge-related),
compound semiconductors (InP- and Gallium Arsenide (GaAs)-based), dielectrics
(SiO2 and SiNx-related), polymers and crystalline materials (e.g. LiNbO3). The ma-
terial properties of different material systems place them into desirable but discrete
functionality regimes. For example, InP and GaAs are flagship materials for light
sources, while silica- and Si-based waveguides exhibit more than an order of mag-
nitude lower propagation loss than III–V counterparts with the same dimensions.

Material incompatibility between different material systems has been the largest
barrier to singling out a unitary host material for large-scale PICs. Analogous to
a long-term debate in electronic ICs about whether to integrate high-performance
electronics on Si, InP or GaAs, the same question surfaced lately in the PIC commu-
nity. This debate did not shake the dominance of Si in electronic ICs, though several
successful compound semiconductor-based IC chip companies, such as Vitesse, RF
Micro Devices, Skywork solutions, and Broadcom, etc., were successful in target
markets. The success of Si-based electronic ICs proves the wisdom in determina-
tion of a primary host material, which is reflected by the International Technology
Roadmap for Semiconductors (ITRS) [8]. The solidification of silicon’s role resulted
in rational technology development and deployment, drastically reducing the un-
certainties in investments, critical research directions and resource allocations. The
past half-century technology revolution in design tools, circuit architecture, sub-
strate manufacturing and epitaxy, device processing, packaging, testing and quality
control led to the present Si IC industry with about 200 billion U.S. dollars in rev-
enue per year [9]. The annual research and development investment in electronic
ICs, particularly in device innovation, is about $45 billion/year. This level of R&D
spending is unaffordable for the PIC industry due to a much smaller volume and
revenue.

It is therefore important to determine the primary host material for PICs. InP-
based compound semiconductors and Si compete for the mainstream adoption as
the host material for future PICs. A 40 Gb/s InP-based single-chip all-photonic
transceiver has been demonstrated [10]. It includes a high-gain, high-saturation
power semiconductor optical amplifier-uni-traveling receiver and a widely tunable
transmitter that combines a sampled grating distributed Bragg reflector (DBR) laser
with an electroabsorption modulator (EAM) [10, 11]. The first InP monolithic tun-
able optical router with error-free 40 Gb/s operation per port was demonstrated suc-
cessfully by Nicholes et al. [7]. The device has eight wavelength converters and
an 8 × 8 arrayed-waveguide grating router (see Sect. 9.6), yielding more than 200
on-chip functional elements. InP chip maker Infinera has introduced two new PICs:
the sliceable ePIC-500 (supports a 500 Gb/s super-channel) and the application-
optimized oPIC-100 (supports one wavelength channel at 100 Gb/s), for terabit scale
metro and regional DWDM networks. This new coherent PIC technology integrates
over 600 optical functions into just two optical chips. Infinera also sees a technol-
ogy pathway that will allow their future PICs to scale and support 2 Tb/s, 4 Tb/s and
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even greater capacity per line card in the future. Luxtera, now acquired by Molex, is
an industry leader in complementary metal oxide semiconductor (CMOS) photon-
ics and have developed a four channel 25 Gb/s product for the 100 Gb/s Ethernet
and InfiniBand markets. PICs are presently moving forward on parallel Si and III–V
platforms, but the future requirement for higher capacity, lower power on-chip and
off-chip optical interconnects in microprocessors may tilt the balance. Larger band-
width, lower power consumption (i.e., lower heat dissipation), smaller interconnect
delays, and better resistance to electromagnetic interference are attractive advan-
tages over the conventional Cu and Al electrical interconnects [12]. By leveraging
the mature CMOS technology along with low-cost and high-quality Si substrates,
redundant investments in money and time for fundamental research, infrastructure,
and business model development can be largely reduced. With the compensation
and assistance of mature electronic ICs, Si PICs are able to tolerate more error,
lowering the design and fabrication criteria. Furthermore, the potentially enormous
volume of optical interconnects (on-chip, inter-chip, rack-to-rack) is several orders
of magnitude larger than the sum of conventional PIC markets. Exciting results in
CMOS optical components, such as continuous-wave (cw) Si Raman lasers, modu-
lators, detectors, optical buffers and switches, have been demonstrated in succession
in university and industrial labs in the past few years. The basic operation princi-
ples of key devices for transmitters are discussed in the following sections, starting
from a major question still being investigated: how to deploy a high-performance
electrically-driven cw light source on Si?

15.2 Lasers (Emitters) and Amplifiers on Silicon

As discussed in Sect. 15.1, GaAs- and InP-based III–V materials have been domi-
nant candidates for semiconductor light emitting devices for nearly half a century.
Si has not been widely used because it has an indirect bandgap, and hence is a poor
light emitting material. The band structure for Si is shown in Fig. 15.2(a) where it
can be seen that free electrons tend to reside at the X valley, which is the lowest point
in the conduction band. However, the X valley doesn’t align with the peak of the va-
lence band where holes find their lowest energy to stay. This momentum mismatch
determines that free electrons have to bridge to the Γ valley through phonons in
order to recombine with holes in the valence band radiatively. This transition has a
low probability, resulting in a long radiative lifetime of ∼milliseconds. Meanwhile,
these free carriers (electrons and holes) can recombine nonradiatively, resulting in
extremely poor internal quantum efficiency ηi of light emission in Si, which is in
the order of 10−6 and is defined as [13]

ηi = τnonrad

τnonrad + τrad
(15.1)

where τnonrad and τrad are recombination lifetimes for nonradiative and radiative
processes, respectively.
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Fig. 15.2 Energy band
diagrams of (a) Si and (b) InP
at 300 K

The band diagram of InP is shown in Fig. 15.2(b), and has a direct bandgap,
which means electrons and holes can recombine radiatively with high efficiency
(ηi ∼ 1).

A major source of nonradiative recombination in processed Si is trap recombina-
tion. Another major nonradiative process is Auger recombination where an electron
(or hole) is excited to a higher energy level by absorbing the released energy from
an electron-hole recombination. The Auger recombination rate R increases with in-
jected free carrier density �N and is inversely proportional to the bandgap. Since
the Auger recombination is a three-particle process, the Auger recombination rate
for high-level carrier injection with �N ≈ �P is proportional to �N3

τa = N/R = N/Ca�N3 ≈ 1/Ca�N2 (15.2)

where Ca is the ambipolar Auger coefficient around 10−30 cm6/s [14]. It is the dom-
inant recombination mechanism for high-level carrier injection (�N ∼ 1019 cm−3)
in Si.

Free carrier absorption represents another hurdle to realizing lasing in Si. The
free electrons in the conduction band can jump to higher energy levels by absorbing
photons. This process leads to higher optical loss as governed by (15.3) [15],

αf = q3λ2
0

4π2c3nε0

(
Ne

m∗2
ce μe

+ Nh

m∗2
ch μh

)
(15.3)

where q is the electronic charge, λ0 is the vacuum wavelength, n is the refractive
index of Si, ε0 is the permittivity of free space, Ne(Nh) is the free electron (hole)
concentration, and μe(μh) is the electron (hole) mobility. In high-level carrier injec-
tion devices (e.g. lasers and amplifiers) or heavily-doped situations, free carrier loss
is orders of magnitudes higher than the material gain [15]. It explains why intrinsic
or lightly-doped Si is used as low-loss waveguide material, but excessively high free
carrier absorption stands as another major limitation for achieving lasing in heavily
doped cases.
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Fig. 15.3 (a) TEM cross-section of a typical Si-nc embedded in the SiOx dielectric. (Courtesy
Lorenzo Pavesi, University of Trento, Italy.) (b) Luminescence spectrum of Si-nc in dielectric [16]

15.2.1 Low-Dimensional Silicon Approaches

Recently, a number of groups have reported enhanced light-emitting efficiency in
low-dimensional (i.e. in the order of the de Broglie wavelength) Si including porous
Si [17–20], Si nanocrystals [21, 22], SOI superlattices [23], and Si nano-pillars
[24, 25]. The motivation is to achieve the quantum confinement of excitons in a
nanometer-scale crystalline structure [22]. In the meantime, the spatial localization
of carriers by dielectrics also decreases the probability of nonradiative recombi-
nation with defects or trap centers, i.e. increases nonradiative recombination life-
time τnonrad and subsequently internal quantum efficiency ηi , and form radiative
states [26].

For the first time Pavesi et al. reported the observation of optical net gain and
modal gain in Si nanoclusters (Si-nc) dispersed in a silica matrix [27]. The Si-nc
can be formed by introducing Si nanoparticles into ultra-pure quartz, thermal SiO2
or plasma-enhanced chemical vapor deposition (PECVD) SiO2, etc. by deposition,
sputtering, ion implantation, cluster evaporation, etc. The excess Si (excess with
respect to the SiO2 stoichiometric quantity) clusterizes after a thermal annealing
process (∼1100 °C) which leads to phase separation. The thermal process and the
starting excess Si content determine the final sizes of the clusters and the Si-nc
crystalline nature. As shown in Fig. 15.3(a), the Si-nc embedded in an amorphous
SiOx matrix have a core-shell structure with a crystalline Si core (1–5 nm) and a
thin (∼0.5 nm) transition layer of a suboxide (Si-nc interface) [28]. Figure 15.3(b)
shows luminescence spectra of Si-nc for various Si concentrations [16]. As can be
seen the emission shifts to shorter wavelengths with decreasing Si concentration
which goes along with a smaller mean Si-nc radius. Furthermore, the width of the
luminescence bands gets narrower and the luminescence intensity increases as the
Si-nc size decreases [16]. It is believed that the luminescence comes from confined
exciton recombination in the Si-nc at around 800 nm [29] and radiative interface
states around 700 nm [30]. The luminescence spectral broadening is intrinsic in
nature [27].
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Fig. 15.4 ASE vs. pumping length of Si-nc for pump powers of 10 W/cm2 [16] and
1 kW/cm2 [31]. (a) Corresponding modal gain at 800 nm: g = −20 cm−1 and g = 100 cm−1, re-
spectively, (b) dependence of material gain on pump power density geometry. Insets: (a) Schematic
of variable stripe length (VSL) method and (b) pump-probe measurement geometry (Courtesy
Lorenzo Pavesi, University of Trento, Italy)

The optical gain from Si-nc formed by many different techniques was measured
by the variable stripe length method (VSL) [16] and the pump-probe technique [31],
as shown schematically in Figs. 15.4(a), inset and (b), inset, respectively. VSL mea-
sures the amplified spontaneous emission (ASE) signal coming out of an edge of
a waveguide with a Si-nc-rich core. Figure 15.4(a) shows the ASE signal intensity
IASE vs. pump length l for Si-nc formed by PECVD. The ASE signal intensity in-
creases sublinearly with the pumping length when the pump power (λ = 390 nm)
is lower than threshold. But when the pump power is above this threshold and net
modal gain becomes positive, the ASE signal increases more than exponentially,
which can be fitted with [27]:

IASE(l) = Isp(θ) · l
gmod

(gmodl − 1) (15.4)

gmod = Γ g − α (15.5)

where Isp is the spontaneous emission intensity emitted within the observation angle
(θ ) per unit length, α is the overall loss coefficient, Γ is the optical confinement
factor in the active layer, and g is the net material gain. A modal gain gmod of
−20 cm−1 at 800 nm emission wavelength was deduced when the pump power
was 10 W/cm2, while 1 kW/cm2 pump power leads to 100 cm−1 modal gain. For
pump length l > 0.5 mm, IASE saturates as expected for any finite power supply
amplification mechanism.

The pump-probe transmission measurement (Fig. 15.4(b), inset) involves the use
of an intense laser pump beam (390 nm in this case [27]) to excite the Si-nc to
reach population inversion while a weak probe signal at ∼800 nm simultaneously
passes through the sample with active region thickness d . The Si-nc in the quartz
substrate are formed by negative ion implantation and thermal anneal [27]. In the
presence (absence) of a sufficiently strong pump beam the probe signal is amplified
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(absorbed). Figure 15.4(b) shows the net material gain extracted from (15.6) as a
function of pump power.

Itr = Iine
(g−α)d (15.6)

where Itr and Iin refer to transmitted and incident probe beam intensities, respec-
tively. Up to 10,000 cm−1 average material gain is obtained, comparable to that
of self-assembled quantum dots made of III–V semiconductors [32]. No change in
probe signal intensity is observed when the same measurement is performed on an
identical quartz sample without Si-nc. A four-level system model has been proposed
to interpret the population inversion scheme in Si-nc. A more detailed discussion can
be found in [13].

Several approaches have been demonstrated lately to achieve electrically-injected
light emission, including a light-emitting diode (LED) structure [33] and a field-
effect LED [34, 35] with the demonstration of 1 MHz direct modulation speed [36].
The critical design element of all is to embed Si-nc into an ultrathin dielectric layer
which is sandwiched by a poly-Si layer and a single crystalline Si substrate to allow
efficient carrier injection by tunneling. A large amount of effort is focused on re-
ducing leakage current in the dielectric and achieving high enough current density
without excessive device heating and premature failure for amplifiers and lasers.
Another intrinsic limitation for Si-nc-based emitters is the difficulty of integration
with conventional SOI waveguides due to emission around 800 nm.

Incorporating rare earth doping (e.g. Er, Tb, Yb, Gd) into Si-nc is a way to shift
emission to the important communication wavelengths of 1.3–1.6 µm [37]. Fol-
lowing the revolution that the Er-doped fiber amplifier (EDFA) led in fiber optic
telecommunications, research in Si emitters has been concentrated to doping Si with
rare earth elements [38, 39]. However, it has been shown that Si is not a good host
material to accommodate rare earth elements. Dopant clustering and back transfer
of energy from the rare earth element are main obstacles to obtaining high emission
efficiency [40]. SiO2 dielectric with Si-nc therefore seems a better host choice for
Er3+ [37] because the SiO2 environment is an excellent natural host material for
Er3+, and Si-nc are shown to act as a good sensitizer as well [37, 41]. The energy of
excitons excited by optical or electrical pumping from Si-nc is transferred to Er3+
ions which are coupled to adjacent Si-nc. Up to 70% energy transfer efficiency has
been reported from Si-nc to Er3+ [42]. By employing a light-emitting device struc-
ture with 5.5 A/cm2 injection current density in Fig. 15.5(a), room-temperature elec-
troluminescence (EL) at 1.54 µm, corresponding to typical Er first-excited multiplet
4I13/2 to the ground state 4I15/2 transitions, is demonstrated [40]. Two metal rings
provide the electrical contacts to the n-type poly-Si and to the p-type Si substrate.
Emission is detected from the metal-free central area. The disappearance of the in-
trinsic EL peak around 800–900 nm for Si-nc in Er-doped Si-nc samples clearly
proves the efficient energy transfer from excitons formed in Si-nc to the rare earth
ions.

However, significant light emission diminishes quickly from low temperature
(30 K) to room temperature under electrical pumping, a much faster decay than in
the case of optical pumping [40]. Studies of PL (488 nm, 10 mW) under different
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Fig. 15.5 (a) EL spectrum of a device based on Er-doped Si-nc obtained at room temperature
under forward bias conditions with a current density of 5.5 A/cm2. Inset: SEM image of an LED
device structure with ring-type electrodes. (b) PL spectra of a device based on Er-doped amorphous
Si-nc for the unbiased device (black line) and in the presence of different current densities flowing
through the device (Courtesy Fabio Iacona, Center of Materials and Technologies for Information
and Communication Science (MATIS CNR-INFM), Catania, Italy)

electrical biases have been performed to investigate the effect of injected carriers on
the luminescence properties. Figure 15.5 shows the PL spectra with the device under
different forward bias, compared with that of the unbiased case. A clear quenching
of the PL signal with increasing electrical pumping is noticed, indicating the new
possible nonradiative paths with the presence of electrically-injected carriers. Ia-
cona et al. [40] believe that independent but unbalanced electron and hole injection
causes the Auger de-excitation of Er ions. For the conventional PL, on the other
hand, electron-hole pairs are generated simultaneously in the active region and then
undergo a rapid recombination with subsequent Er excitation. For electrical pump-
ing, measurements suggest that more electrons than holes are injected into the active
region in these devices. It results in wasting a certain amount of current since they
do not recombine with holes and cause the Auger de-excitation of Er ions [40].
In addition to the major challenge of increasing the injection current density in all
Si-nc-based light emitting devices, how to overcome the EL efficiency degradation
with increasing injected current density is a problem for Er-doped devices.

In another promising experiment, utilizing low-dimensional Si, Cloutier et al.
observed optical gain and stimulated emission in nanopatterned crystalline Si [43].
Figure 15.6, inset, is an SEM side-view of periodic nanopatterned Si with a highly
ordered array of holes in the top Si layer of a conventional SOI wafer. The top Si is
about 100 nm thick with 3 µm buried oxide underneath. An anodic aluminum oxide
nanopore membrane serves as a mask for patterning holes with 60 nm diameter and
110 nm center-to-center spacing in Cl2–BCl3 plasma dry etch. Figure 15.6(a) shows
the edge emission from a cw optically-pumped sample at 10 K. In the spectrum of
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Fig. 15.6 (a) Edge-emission spectra from cleaved nanopatterned (red) and unpatterned (black)
samples at 10 K. Inset: Side-view SEM image of nanopatterned Si; scale bar: 100 nm. (b) Evolution
of the edge-emission intensity of the 1278 nm line as a function of pump power at 10, 25, 40, 55
and 70 K temperatures. The evolution of the 1135 nm phonon-assisted free-exciton line at 10 K
is shown for comparison. Its intensity has been divided by 7 to plot all curves on the same scale
(reproduced from [43] under permission of Macmillan Publishers Ltd.)

this gain-guided slab waveguide, a sharp peak at 1278 nm is observed and remains
detectable till 80 K. The other emission bands in the spectrum below 1250 nm,
believed to be emission from the crystalline Si substrate, are similar to the classi-
cal spontaneous PL emission bands of an unpatterned reference SOI sample. The
temperature-dependent 1278 nm-peak intensity vs. cw pump power density charac-
teristic is shown in Fig. 15.6(b). Transition from spontaneous to stimulated emis-
sion is observed in the 10–70 K range. Linewidth narrowing after passing pump
power threshold presented additional evidence of stimulated emission. The phonon-
assisted free-exciton recombination PL band at 1135 nm is also plotted to show
no stimulated emission observable at this wavelength. The optical gain in nanopat-
terned Si is measured with the variable stripe length method discussed previously.
Modal gains gmod of 260, 247, 230, 165, and 88 ± 5 cm−1 [44] are measured at 10,
25, 40, 55 and 70 K, respectively, with a fixed pump power density of 65 W/cm2. In
contrast, a modal loss of −31 ± 5 cm−1 at 10 K is measured when the pump power
density is only 8 W/cm2, i.e. below pump threshold [43].

The optical gain and stimulated emission in nanopatterned Si is attributed to
the bistable carbon-substitutional-carbon-interstitial (CsCi ) complex known as the
G-center [44]. It is well-known that substitutional carbon (Cs ) atoms occur naturally
in Si wafers at concentrations between 1015 and 1017 cm−3 depending on the crystal
growth technique [45], and are necessary for G-center formation. A G-center is cre-
ated when a mobile interstitial carbon atom (Ci ) binds with a substitutional carbon
atom (Cs ), a consequence of a damage event and following Cs–Sii exchange (where
Sii represents a Si interstitial) [46]. The density of G-centers depends on the den-
sities of Cs in the lattice and introduced Cs–Sii . Recent studies show that nanopat-
terned carbon-rich Si generates higher gain. Figure 15.7(a) exhibits a 33× enhance-
ment in the PL intensity at 25 K for a nanopatterned Si with ∼ 1019 cm−3 carbon
atoms implanted (background carbon concentration: 2.5 × 1016 cm−3), compared
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Fig. 15.7 (a) Photoluminescence spectrum at 25 K of nanopatterned Si and nanopatterned C-en-
riched Si. The inset shows a semi-logarithmic plot of the region containing the G line and phonon
replicas. (b) Electroluminescence spectrum of G-center LED at 60 K and a current of 50 mA. Inset:
Schematic of the G-center LED in nanopatterned Si (reproduced from [44] under the permission
of American Institute of Physics)

with the PL response from a base-line nanopatterned SOI sample with background
carbon concentration. These results confirm that the carbon in the silicon crystal is
responsible for the creation of G-centers, rather than the dry etching process [44]. It
also provides a path for increasing the efficiency and gain of this material. Electro-
luminescence at 1287 nm is demonstrated in the nanopatterned Si pn junction with
a 100 nm-thick carbon-rich layer at the junction interface (Fig. 15.7(b), inset) [44].
Figure 15.7(b) shows the electroluminescence from the device at 60 K with a cur-
rent of 50 mA. The mechanism of the electroluminescence can be described briefly
in the following way: the G-center is bistable and can be excited below 50 K. The
excited/injected carriers occupy the G-center-induced acceptor and donor states ex-
isting inside the conventional Si bandgap, resulting in a sub-bandgap of 0.97 eV. The
trapped electrons and holes can recombine directly producing a phonon-less emis-
sion at 1278 nm, or indirectly producing an emission band extending from 1250 nm
to 1350 nm. However, emission is quickly diminished at higher temperatures when
carriers in the G-center-induced states move back to the conduction and valence
bands [44].

With the availability of nanotechnology, the phonon-selection rule can be re-
laxed or broken by crystal-symmetry breaking or phonon localization; however,
it still remains challenging to achieve room-temperature cw lasing based on these
temperature-dominated processes presently.

15.2.2 Raman Effect

Raman scattering is an inelastic scattering mechanism where photons propagat-
ing through the medium give up energy or gain energy from surrounding opti-
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cal phonons. This results in a frequency shifted output photon of −15.6 THz and
+15.6 THz in bulk silicon for the Stokes and anti-Stokes, respectively [47]. The
anti-Stokes can typically be neglected over the Stokes under equilibrium tempera-
ture conditions and no external crystal phonon excitation due to Boltzmann statis-
tics.

Spontaneous Raman emission occurs in a linear regime where the scattered light
intensity is linearly proportional to the pump light intensity. Above a certain thresh-
old this interaction is no longer linear and Stimulated Raman Scattering (SRS) oc-
curs. The SRS relation for the change in Raman power can be written as:

dPR

dz
= gR · PR · PP (15.7)

where PR is the power of the Raman signal at the Stokes wavelength, Pp is the pump
power, and gR is the SRS gain coefficient. The Raman gain coefficient is [47]:

gR = 8πc2ωp

�ω4
s n

2
sωs(N + 1)�ωs

S (15.8)

where ωp and ωs are the frequencies of the pump and Stokes wavelengths, respec-
tively. ns , N , and �ωs are the index of refraction at the Stokes wavelength, the
Bose occupation factor (0.1 at room temperature), and the full-width-half-maximum
of the spontaneous Raman spectrum, respectively. S is the spontaneous scattering
efficiency.

Although the 1.3 and 1.5 µm operating wavelengths are well below the bandgap
energy of silicon and single photons are not absorbed, two photon absorption (TPA)
still occurs. TPA is a nonlinear loss mechanism that increases as the number of
photons increases in a waveguide. During TPA, two photons are absorbed by an
electron in the valence band, exciting it as a free carrier into the conduction band.
The free carriers generated through TPA add an additional carrier induced loss, free
carrier absorption (FCA), discussed previously, to the signal [48].

The first demonstration of a pulsed silicon Raman laser [49] overcame TPA by
using a long delay within the laser cavity (an 8 m long cavity), and a short optical
pulse such that the carriers generated during TPA would recombine prior to the next
pass of the optical pulse (Fig. 15.8(a)). The experimental light output versus pump
light (L–L) characteristic is shown in Fig. 15.8(b). Most demonstrations in silicon
have been conducted with a pump wavelength of ∼1550 nm and a lasing wavelength
near 1690 nm.

In order to achieve net gain under continuous wave operation, the conduction
band carrier lifetime needs to be reduced. This can be achieved in a few ways. One
method is to reduce the volume-to-surface ratio of the waveguide in order to increase
the surface recombination rate of the carriers. Imbedding a p–i–n structure into the
waveguide to sweep carriers away [52] resulted in the first cw demonstration of a
silicon Raman laser [50] and is the approach most widely used [53]. Figure 15.9(a)
shows the cross section of a waveguide with an imbedded p–i–n structure, along
with the first cw L–L curve [50]. Although the p–i–n structure reduces the carrier
lifetime to achieve lasing, TPA and FCA increase the cavity loss at higher pump
powers leading to compression of the L–L curve (Fig. 15.9(b)).
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Fig. 15.8 (a) Experimental
setup and (b) laser light vs
pump light from the first
pulsed silicon Raman
laser [49] (reproduction under
permission of the Optical
Society of America)

Fig. 15.9 (a) Waveguide cross section with imbedded p–i–n cross section for carrier lifetime re-
duction. (b) L–L curve of first continuous wave silicon Raman laser [50]. (c) L–L curve of race-
track Raman laser [51] (reproduction under permission of Macmillan Publishers Ltd. and American
Institute of Physics)

Further improvements in laser performance have been made by utilizing a spe-
cially designed ring cavity that enhances the pump wavelength in the cavity while
still allowing power at the lasing wavelength to efficiently exit the cavity [53]. This
has led to a reduction in threshold pump power from 200 mW to 20 mW while in-
creasing the maximum laser output power from 10 mW to 18 mW (Fig. 15.9(c)).
Another configuration of this ring has been used to generate lasing at longer wave-
lengths (1848 nm) not typically accessible by InP or GaAs based semiconductor
lasers [51]. The cavity of this cascaded Si Raman laser is designed such that lasing
at 1680 nm acts as a pump for second order lasing at 1848 nm. Figure 15.10 shows
the spectra of the pump, the first order lasing mode, and the second order lasing
mode.

Silicon Raman amplifiers and lasers are unlikely to be integrated with CMOS
chips due to the optical pump sources required. However, their excellent wavelength
purity and emission wavelength are of interest in medical or sensing applications.
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Fig. 15.10 Cascaded silicon Raman laser output spectrum measured with a grating-based optical
spectrum analyser with a resolution of 0.01 nm, showing three peaks corresponding to the pump,
the first- and the second-order laser outputs. Inset: high-resolution scan of the second-order lasing
peak, showing 70 dB side-mode suppression ratio (SMSR) [51] (reproduction under permission of
Macmillan Publishers Ltd.)

Table 15.1 Linear thermal expansion coefficients and bandgaps (300 K) of selected important
semiconductors as a function of their lattice constants (300 K)

Semi-conductor Lattice constant
(nm)

Lattice mismatch
to Si (%)

Bandgap
(eV)

Linear TEC
(10−6/K)

Linear TEC
(relative)

GaN 0.3189 −41.2815 3.20 3.17 1.22

Si 0.5431 0.0000 1.12 2.60 1.00

GaP 0.5451 0.3683 2.26 4.65 1.79

Ge 0.5646 3.9588 0.66 5.90 2.27

GaAs 0.5653 4.0876 1.42 5.73 2.20

InP 0.5869 8.0648 1.35 4.60 1.77

InAs 0.6058 11.5448 0.36 4.52 1.74

15.2.3 Monolithic Integration Approaches

An on-going effort for nearly four decades has been to achieve epitaxially grown
compound direct bandgap materials on Si substrates. However, overcoming the mis-
match in lattice constant and thermal expansion coefficient is a major challenge to
achieving sufficiently low threading dislocation density [54]. Table 15.1 compares
these two parameters of several important semiconductors. GaAs and InP have a lat-
tice (thermal expansion coefficient) mismatch of 4.1% (120.4%) and 8.1% (76.9%),
respectively. Thus, they lead to 108–1010 cm−2 threading or misfit dislocation den-
sity when GaAs or InP is grown on Si substrates [55]. Numerous approaches includ-
ing special surface treatment [56], strained superlattices [57, 58], low-temperature
buffers [59] and growth on patterned substrates [60] have been employed to re-



15 Silicon Lasers and Photonic Integrated Circuits 753

Fig. 15.11 (a) Room temperature PL spectrum of Ga(NAsP)/GaP/(BGa)P MQW structure
(dashed line) in comparison to a doped Si substrate (solid line). Inset: Epitaxial layer structure.
(b) High-resolution XRD pattern around the (400)-reflection of Si (upper trace: experimental,
lower trace: modeling by dynamical X-ray diffraction theory) [61] (Courtesy Wolfgang Stolz,
Philipps-Universität Marburg, Germany)

duce the dislocation density to around 105–106 cm−2, still two orders of magnitude
higher than the typical number (<104 cm−2) in InP- or GaAs-based epitaxial wafers
used to achieve room-temperature cw lasers. In this section we discuss several per-
tinent approaches to achieve high-quality heteroepitaxy thin films for Si photonics
applications.

GaP is the binary compound semiconductor with smallest lattice mismatch with
Si. Kunert et al. have demonstrated the monolithic integration of a Ga(NAsP)-
based multiple quantum well (MQW) active region on Si with a (BGa)P/GaP buffer
layer [61]. Ga(NAsP) pseudomorphically grown on GaP substrates has been intro-
duced as a direct bandgap material [62]. By incorporating small percentages of N
or B into GaP, it is also possible to adjust the lattice constant to match with Si.
Tensile (BGa)P was selected to be the buffer and barrier material to balance the
compressive strain of Ga(NAsP) quantum wells. The inset in Fig. 15.11(a) shows
the MQW structure with a 100 nm GaP nucleation layer on (001) Si, followed by
a 1 µm (B0.0032Ga)P buffer. Each 4.5 nm Ga(NAsP) quantum well (QW) is sand-
wiched by a 5 nm GaP intermediate layer to avoid the formation of N–B bonds and
a 60 nm (B0.0043Ga)P barrier layer. Figure 15.11(a) shows the room-temperature PL
spectrum of the sample, exhibiting a strong peak at 930 nm originating from the
active region in addition to a broad peak at the Si bandgap. The relative intensity of
the peak at 930 nm from 13 nm quantum wells is a good sign of appreciable material
gain. High-resolution X-ray diffraction (XRD) is employed to probe the dislocation-
induced MQW satellite fringe shifting or broadening. The good agreement between
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Fig. 15.12 Integral EL
intensity of a 20 µm ×
100 µm 0.2% tensile-strained
Ge/Si p–i–n LED increases
superlinearly with injected
current, which agrees with
theoretical calculations. Inset:
Schematic cross-section of
the Ge/Si LED [66] (courtesy
Xiaochen Sun, MIT,
Cambridge, MA, USA)

experimental and simulated data in Fig. 15.11(b) indicates excellent integrity of the
active region. It is promising to obtain high-quality active region growth on a Si
substrate when utilizing quaternary or even higher order compound semiconductor
material systems, which give more freedom to compensate lattice-mismatched and
thermal expansion- mismatched materials. More recently, demonstrations of lasing
from an InGaAs/GaAs QW grown on GaP/Si template [63], as well as experiments
on cryogenic laser operation using GaNAsP lattice matched to silicon [64] have
been published and are relevant papers suggested for further reading.

Since the debut of the first transistor and integrated circuits on Ge, Ge(SiGe)-on-
Si heteroepitaxy is of great interest for building light emitters on a Si substrate. Com-
patibility with modern CMOS technology and potential ∼1.55 µm emission from
direct band-to-band transitions (0.8 eV) are important reasons for corresponding
research. Crystalline Ge is an indirect bandgap material with a minimum bandgap
energy of 0.66 eV, close to the direct transition band. Theoretically, a 2% tensile
strain is required for converting Ge into a direct bandgap material, while experi-
ment shows a large emission wavelength red shift to 2.5 µm (0.5 eV) [65], which is
of less interest for optical interconnects and telecommunications.

Strain engineering and heavy n-type doping were used to achieve room-
temperature direct bandgap electroluminescence [66, 67]. Sun et al. selectively grew
Ge on p+ Si substrates and with moderate tensile strain of 0.2%–0.25% to reduce
the direct bandgap between the minimum of the direct Γ valley and the maximum
of the light-hole band to 0.76 eV [66]. Heavily doped poly-Si was used for the elec-
trode, resulting in a p–i–n diode structure as shown schematically in Fig. 15.12, in-
set. Figure 15.12 demonstrates a superlinear relationship between the integral direct
bandgap room-temperature electroluminescence intensity and the injected current.
The electroluminescent intensity is proportional to both the total injected carrier
concentration and the fraction of electrons scattered to the direct Γ valley. A model
based on the Fermi-Dirac distribution has been developed to fit the experimental
data very well [66]. An important question is whether the relatively high threading
dislocation density of around 1.7 × 107 cm−2 could be a major hurdle to realizing
diode lasers on this Ge-on-Si substrate.

Another room-temperature Ge LED has been demonstrated by n-type heavy dop-
ing, resulting in the Fermi level above the indirect L valley and good electron occu-
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Fig. 15.13 (a) Integrated luminescence vs. current density (L–Jm) characteristics of a Ge LED.
Inset: Electroluminescence spectra of the Ge LED under different applied biases. (b) EL spectra
measured at various temperatures. Better radiative efficiencies are observed for higher temperatures
(courtesy Szu-Lin Cheng, Stanford University, Standford, CA, USA)

pation of the direct Γ valley of Ge [67]. An n+/p Ge homojunction LED structure
(300 µm in diameter) on a Si substrate is employed. The doping concentrations of
phosphorous and boron are 7.5 × 1018 cm−3 and 3.6 × 1017 cm−3, respectively,
achieved by in-situ doping to achieve an abrupt junction profile. Room temperature
EL spectra of the Ge LED under different applied biases (Fig. 15.13(a), inset) show
the EL peak located near 1.6 µm, indicating emission from the direct bandgap of Ge.
The onset of the EL is at 0.75 V, closely matching the indirect bandgap (0.66 eV) of
Ge. The corresponding injected current density vs. EL intensity in Fig. 15.13(a) ex-
hibits a superlinear current density-EL intensity dependence and a fitting exponent
m of 1.48 is observed for currents greater than 300 A/cm2. This implies that the de-
vice is more effective when operating under high current, contrary to typical LEDs
which suffer from low radiative efficiency at higher injection current levels due to
enhanced Auger recombination. The hypothesis of this enhanced EL intensity is
Joule heating-induced larger overlap of the Fermi-Dirac distribution of the carriers
in the Γ valley, which is confirmed by temperature-dependent EL in Fig. 15.13(b).
The wavelength peak shifts towards longer wavelength due to the shrinkage of the
direct bandgap. The observation of this band filling effect in Ge LEDs is inverse to
the EL quenching in devices which rely on quantum confinement effects like Si–Ge
quantum-dot and quantum-well devices [68] and those discussed in Sect. 15.2.1,
giving an edge to achieve room temperature lasing in the future. The use of high
Q ring cavities together with these structures holds promise for room temperature
lasing.

In 2012, electrically pumped room temperature lasing from a Ge-on-Si het-
erostructure was demonstrated [69]. This was achieved by doping Ge with phospho-
rous with concentrations in excess of 4 × 1019 cm−3. A gain spectrum of 200 nm
width and an output power of 1 mW were measured. More recently, lasing in a direct
bandgap GeSn alloy grown on Ge/Si virtual substrate was reported [70]. The lasing
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wavelength is closer to 2 µm and required cryogenic cooling. Surface passivation
and design optimization regarding doping, optical mode confinement and carrier
injection is expected to increase the operation temperature as well as decrease the
threshold excitation density.

Another exciting approach is the epitaxial growth of direct gap III–V semicon-
ductors directly on silicon substrates [96, 97] with the use of epitaxial lateral over-
growth (ELO) to achieve high quality III–V layers. More recently, Z. Wang et al.
showed an optically pumped InP based laser grown on (001) silicon operating at
room temperature [98]. This novel epitaxial technology suppresses threading dis-
locations and anti-phase boundaries to a less than 20 nm thick layer not affecting
the device performance. Future advances in these technologies can make them a
competing platform for realizing lasers on silicon.

In the next section, we show recent results of quantum dot (QD) growth on silicon
substrates using molecular beam epitaxy (MBE) and review laser performance to
date using this approach.

15.2.4 Quantum Dot and Quantum Well Lasers on Silicon

InAs/GaAs quantum dot lasers emitting around 1.3 µm are the best studied semicon-
ductor quantum dot system, and will be the primary focus of this section. Such quan-
tum dot lasers have demonstrated the lowest threshold current densities and high-
est lasing temperatures of any semiconductor laser emitting in the telecom range
[71, 72], making them an attractive candidate to meet low power consumption and
athermal performance demands for silicon photonics devices/packages. Here, we
review various methods to integrate self-assembled quantum dot lasers with silicon
photonic devices, focusing on epitaxial growth of such laser structures directly onto
silicon substrates.

The approach that is closest to commercial deployment is integration of quan-
tum dot lasers via flip chip bonding and butt coupling onto ‘silicon optical inter-
poser’ chips consisting of spot size converters, optical modulators, photodetectors,
and power splitters. Such transceivers have demonstrated error free operation at
20 Gbit/s from 25 to 125 °C without active adjustment of the quantum dot laser,
modulator, or photodiode [73]. Another approach to take advantage of the inher-
ent benefits of quantum dot lasers for silicon photonics is the proposal of using
a highly efficient temperature stable quantum dot comb laser as an external dense
wavelength-division-multiplexing (DWDM) light source coupled into a silicon pho-
tonics chip for modulation and multiplexing [74].

InAs quantum dot lasers have also been integrated with silicon by wafer bonding.
Using direct fusion bonding at 300–500 °C, broad area lasers (2.1 mm × 100 µm)
with current injection across the bonded GaAs/Si interface show room tempera-
ture pulsed lasing thresholds of 205 A/cm2 [75]. A pulsed lasing temperature up to
110 °C was reported by bonding p-doped quantum dot lasers in a later report [76].
Although the previous two structures were bonded on pure silicon wafers, wafer
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bonded quantum dot lasers on SOI waveguides have also been demonstrated (with
the optical mode still confined in the III–V layers), paving the way for future inte-
gration with silicon waveguides [77].

Direct growth of quantum dot lasers onto silicon substrates represents another
exciting approach for integration onto silicon. Historically, the primary focus of
monolithic integration by epitaxy has been to achieve good laser performance by
minimizing the number of generated dislocations as much as possible. Despite sig-
nificant reductions in dislocation density to 105–106 cm−2, dislocation densities
near native substrate levels (∼104 cm−2) appear difficult to achieve. One approach
to further reduce the negative effects of residual dislocations on laser performance
is to substitute QW active regions by three dimensional quantum dots. Physically,
efficient capture and tight spatial confinement of injected carriers by individual
quantum dots reduces total carrier migration and subsequent non-radiative recom-
bination at dislocation cores. Because individual quantum dots are essentially in-
dependent of each other, the effect of threading dislocations in the active layer is
greatly diluted if the quantum dot density is much higher than the dislocation den-
sity.

The prospect of using semiconductor quantum dots and their associated three-
dimensional potential wells to reduce the effects of dislocations was proposed as
early as 1991 [86]. Early explorations of this idea culminated in room temper-
ature pulsed lasing at 1.1 µm or shorter, summarized in Table 15.2. For integra-

Table 15.2 Summary of In(Ga)As self-assembled quantum dot lasers epitaxially grown on silicon

Year Ith (mA)/
Jth (A cm−2)

Max lasing
temp (°C)

Device size
(µm2)

λ (µm) PL linewidth
(meV)

Ref.

1999 788/3850
(Pulsed 80 K)

– 800 × 50 1 (80 K) 49 (17 K) [78]

2005–2009 500/900
(Pulsed)

95 (Pulsed) 600 × 80
(lowest
threshold)
800 × 8
(highest
temperature)

1 51 [79–81]

2011 1087.5/725
(Pulsed)

42 (Pulsed) 3000 × 50 1.3 37 [82]

2012 45/64.3
(Pulsed)
114/163 (cw)

84 (Pulsed)
30 (cw)

3500 × 20
(lowest
threshold)
3000 × 20
(highest
temperature)

1.26 38 [83]

2014 150/200
(Pulsed)

111
(Pulsed)

3000 × 25 1.25 37 [84]

2014 16/430 (cw) 119 (cw),
>130
(Pulsed)

(700–1200) ×
(4–12)

1.25 37 [85]
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tion with silicon waveguides and/or transmission through silica fiber, longer wave-
lengths are desirable to minimize propagation loss. The first 1.3 µm InAs/GaAs
quantum dot laser epitaxially grown on silicon was reported in 2011 [82]. The epi-
taxial structure comprised a GaAs buffer directly nucleated on a (001) silicon sub-
strate off-cut 4 degrees from the [110] direction, followed by In0.15Ga0.85As/GaAs
strained layer superlattice dislocation filter layers and another GaAs/Al0.4Ga0.6As
short-period superlattice. Following the buffer a conventional GaAs/AlGaAs sepa-
rate confinement heterostructure (SCH) laser structure was grown with five layers
of InAs/GaAs dot-in-a-well layers as the active region. Cleaved facet broad area
lasers 3 mm long and 50 µm wide with Ti/Au p-contacts on the III–V epitaxial
layer side and Cr/Au n-contact on the bottom silicon substrate showed room tem-
perature pulsed lasing with a threshold current density of 725 A/cm2. Lasing was
limited to ≤42 °C, and a maximum room temperature output power of 26 mW was
reported.

By using In0.15Al0.85As/GaAs strained layer superlattices in place of
In0.15Ga0.85As/GaAs strained layer superlattices for improved dislocation filtering,
as well as employing a top-top contact geometry to avoid current injection through
the dislocated GaAs/Si interface as was done previously, the pulsed lasing threshold
for a 3 mm × 25 µm broad area laser was reduced to 200 A/cm2 [84]. Room tem-
perature output powers above 100 mW have been obtained from a single cleaved
facet, and the maximum lasing temperature under pulsed operation was simultane-
ously increased up to 111 °C [84]. Continuous-wave (cw) performance has not been
reported for this device.

Previously, cw lasing of InAs/GaAs quantum dot lasers grown on a germanium
substrate was demonstrated with comparable performance to those grown on GaAs
substrates [87]. As mentioned above, epitaxial growth of germanium on silicon is
a mature CMOS technology, and Ge/Si templates are now widely commercially
available. Since Ge is nearly lattice matched to GaAs (0.08% lattice mismatch),
growth of GaAs on Ge/Si substrates allows for decoupling of the lattice mismatch
and polarity mismatch issues into separate interfaces (i.e. lattice mismatch is treated
at the Ge/Si interface while polarity mismatch is treated at the GaAs/Ge interface,
as opposed to dealing with both at the same interface which is the case with direct
growth of GaAs on Si).

Continuous wave lasing of InAs/GaAs quantum dot lasers epitaxially grown on
silicon was first achieved using such an intermediate Ge buffer approach [83]. The
same InAs/GaAs quantum dot laser structure grown on Ge/Si substrates with a 2 µm
Ge buffer but without strained superlattice dislocation filtering layers exhibits much-
improved lasing characteristics compared to direct nucleation of GaAs on Si with
very low room temperature pulsed lasing threshold of 64 A/cm2, as well as room
temperature cw lasing thresholds of 163 A/cm2. Maximum cw output power at room
temperature (RT) is 3.7 mW from both facets for a 3.5 mm long cavity with a 20 µm
wide ridge. cw operation was sustained up to 30 °C in a 3 mm long device.

Further improvement in cw performance soon followed. InAs/GaAs quantum dot
lasers grown on Ge/Si substrates with thresholds of 16 mA and 50 mW output power
for small cavities have been demonstrated, while larger cavities have yielded up to
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Fig. 15.14 (a) Room temperature cw light-current-voltage (LIV) plot of 7-layer quantum dot laser
epitaxially grown on Ge/Si substrate with 95% HR coating on one facet, 937 × 4 µm2 device size,
16 mA threshold current, 50 mW output power. (b) Characteristics of larger (1130 × 10 µm2) but
otherwise similar laser; 38 mA threshold current, 176 mW maximum output power [85]

176 mW output power so far with 38 mA threshold current (see Fig. 15.14) [85].
These devices employed seven dot layers for the active region and 95% dielectric
high reflection (HR) coating on one facet. Modulation p-doping the GaAs barriers
between the quantum dot layers can improve the laser characteristic temperature
(T0) to the 100–200 K range and cw lasing up to 119 °C (see Fig. 15.15). Analy-
sis of >300 devices on two different wafers from separate growth runs exhibited
similar characteristics with an average threshold current density of 500 A/cm2 and
minimum values as low as 250 A/cm2 (see Fig. 15.16). A summary of the progress
made with self-assembled quantum dot lasers epitaxially grown on Si or Ge/Si is
presented in Table 15.2.

Reliable performance of epitaxially grown III–V lasers on silicon has been a ma-
jor challenge. This is particularly true for GaAs/AlGaAs based lasers, which are
susceptible to recombination enhanced defect reactions [88]. Reported lifetimes for
GaAs based QW lasers epitaxially grown on silicon have ranged from a few seconds
to 200 hours at room temperature (see Table 15.3). For example, GaAs/AlGaAs QW
laser grown on Ge/GexSi1 − x /Si substrates reported a cw lifetime at room tempera-
ture of around 4 hours under a constant applied current density of 270 A/cm2 prior
to catastrophic failure [94]. The dislocation density measured at the surface of the
SiGe buffer in the aforementioned work was reported to be 2 × 106 cm−2. In com-
parison, GaAs/AlGaAs quantum dot laser diodes epitaxially grown on Ge/Si sub-
strates have surpassed 2100 hours of cw operation at 30 °C under an applied current
density of 2 kA/cm2 before the aging process was stopped for characterization (see
Fig. 15.17) [95].

Table 15.3 summarizes some representative lifetime data that have been reported
for GaAs based lasers grown on silicon to date. Compared to previous GaAs based
QW lasers, InAs/GaAs quantum dot lasers show significantly longer lifetimes at
harsher operating conditions, despite having a higher dislocation density compared
to some of the QW devices. The improved lifetime is attributed to the same princi-
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Fig. 15.15 (a) Room
temperature cw light-current
(LI) plots of the device in
Fig. 15.14(a) at various stage
temperatures showing lasing
up to 110 °C. (b) LI-plot of a
similar sized device (993 ×
5 µm2) but with p-doped
active region, demonstrating
lasing up to 119 °C [85]

ple that enables the operation of quantum dot lasers despite high defect/dislocation
densities, namely that once carriers are captured by a quantum dot they become
localized and can no longer diffuse laterally toward dislocations, unlike the QW
case. If the dot density significantly exceeds the dislocation density, then the capture
cross-section of individual dislocations or defects acting as non-radiative recombi-
nation centers is reduced due to competing radiative transitions of the quantum dot
ensemble. The net result is a reduction of the non-radiative recombination rate re-
sulting in improved device lifetime. Further, the strain field of the InAs quantum
dots presents an additional mechanical barrier for the propagation of growing dislo-
cation loops, and some loops may become pinned by the dots [89]. We expect that
future work combining state-of-the-art dislocation reduction techniques, as well as
improved uniformity and density of the quantum dot active region, will result in
significantly improved laser performance and in particular improved laser reliabil-
ity.

The following two sections describe more mature technologies, to fabricate high
performance transmitters on silicon, which have advanced closer to production and
anticipated to appear in the telecom/datacom market in the next few years.
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Fig. 15.16 (a) Histogram of cw threshold current density at 20 °C for 7-layer quantum dot lasers
epitaxially grown on Ge/Si substrates with 95% HR coating on one facet with either intrinsic or
p-doped active regions. Inset: corresponding threshold currents plotted against ridge width, the
dashed best fit line has a slope of 4.75 mA/µm. (b) Maximum cw output power at 20 °C versus
corresponding drive current. Solid and dashed lines are best fits for the undoped and p-doped
devices with slopes of 22.52 and 17.52 W/A, respectively [85]

Table 15.3 Summary of representative lifetime data for GaAs based lasers grown on silicon

Year Description Aging
condition

J (0)/P (0) Dislocation
density
(method
used)

Longest time
to failurea

Ref.

1987 GaAs/AlGaAs
SQW

RT APC –/2 mW 107 cm−2 (–) <10 s [90]

1991 In0.05Ga0.95As/
AlGaAs SQW

RT APC ∼2000 A/cm2/

2 mW
– 10 hours [91]

2000 In0.2Ga0.8As
“quantum dot
like” active
region

RT APC 1320 A/cm2/

0.5 mW
– 80 hoursb [92]

2001 GaAs/AlGaAs
SQW on ELO
stripe

RT APC 810 A/cm2/

1 mW
2 × 106 cm−2

(etch pits)
200 hours [93]

2003 GaAs/AlGaAs
SQW on
GexSi1 − x /Si

RT ACC 270 A/cm2/

<1 mW
2 × 106 cm−2

(PVTEM +
etch pits)

4 hoursb [94]

2014 InAs QDs on
Ge/Si

30 °C
ACC

2000 A/cm2/

16.6 mW
2 × 108 cm−2

(PVTEM)
4600 hours
(extrapolated).

[95]

aTime to failure is defined either by 2× increase in drive current in APC mode,2× increase in
threshold in ACC mode
bActual catastrophic failures [95]

Acronyms: ACC: automatic current control, APC: automatic power control, PVTEM: plain-view
TEM
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Fig. 15.17 Threshold current
(cw) at 30 °C aging
temperature of versus aging
time for one of the InAs
quantum dot lasers epitaxially
grown on Ge/Si substrates
reported in [85]

15.2.5 Hybrid (Assembly-Level) Integration

In Sects. 15.2.1–15.2.2 we reviewed a few of the major efforts to make silicon
lase by manipulating the material properties of silicon or by utilizing other phys-
ical mechanisms to obtain optical gain. Recent progress in monolithic integration of
direct bandgap materials on Si substrates is also highlighted in Sect. 15.2.3, though
the lasing efficiency requires significant improvement. Although much progress has
been made in this area and optically pumped Si Raman lasers have been demon-
strated, room temperature electrically pumped lasers with useful powers for optical
communication applications have not been demonstrated. Hybrid integration is a
promising approach where III–V compound semiconductors are used to provide
electrically pumped gain and are coupled into passive lightwave circuits on silicon.

The traditional approach to hybrid integration is to take prefabricated III–V lasers
and amplifiers and die bond these elements onto a passive planar lightwave circuit
(PLC). Since the waveguides on the host substrate, the PLC, and the laser die are
already defined, the alignment accuracy during placement needs to be a fraction of
the mode width. This is typically within a few hundred nanometers for silicon wave-
guides, making alignment a challenge for high volume manufacturing and leading to
substantial variation in coupling power and back reflections between the two wave-
guides. Efforts have been made to reduce the sensitivity of this coupling by increas-
ing the mode size through spot size converters [99]. Precision cleaving the III–V
active die and creating a perfectly matched trench in the PLC host substrate have
been explored in order to create assembly methods that allow for self alignment of
the optical modes [100].

Figure 15.18 illustrates a PLC utilizing hybrid integration for switching [101].
In this work, self alignment with ±1 µm precision is achieved by placing solder-
wettable pads on both the host PLC substrate and the III–V chips. During bonding,
the surface tension of the Au–Sn solder bumps pulls the two chips into alignment.
This demonstration yielded coupling losses of 4 ∼ 5 dB when used with spot size
converters. However, the production efficiency and chip yield result in expensive
integration cost. Another noteworthy tunable laser demonstration using this tech-
nique was published by NEC recently [102]. The laser included individual InP and
Si chips assembled to achieve gain and filtering/tuning functionality, respectively.
The laser had full C-band tunability with fiber coupled output power in excess of
100 mW. The linewidth across the entire wavelength range was around 15 kHz.
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Fig. 15.18 Schematic of
proposed hybrid integration
scheme for switching [101].
SOAG: semiconductor optical
amplifier gate, PWC: printed
wiring chips (reproduction
under the permission of
Institute of Electrical and
Electronic Engineers)

The following section includes a wide variety of high performance photonic de-
vices, which were demonstrated by bonding III–V layers onto SOI prior to laser
fabrication.

15.2.6 Heterogeneous (Wafer-Scale) Integration

A new heterogeneous integration methodology is the transfer of thin crystalline
III–V films onto an SOI host substrate. The silicon is typically patterned prior to
the transfer, and the III–V films are processed after transfer allowing for the use of
standard lithography-based patterning techniques used to fabricate III–V lasers. The
alignment of the optical modes is determined by the lithography, which allows for
an extremely repeatable fabrication process and coupling efficiencies near ∼1 dB
between the III–V regions and the passive silicon regions as demonstrated by Park
et al. [103]. The following section will focus on the new heterogeneous platforms
and devices.

Direct wafer bonding is commonly used to mate lattice mismatched semicon-
ductors such as AlGaAs and GaP for high power LEDs, InGaAsP, AlAs and GaAs
for improved mirror reflectivity in long wavelength VCSELs, and InGaAsP and Al-
GaAs for high characteristic temperature T0 lasers [104]. This process consists of
a thorough cleaning of the sample surface to remove all semiconductor particles
that were generated during dicing or cleaving as well as all organics on the surface.
Next a chemical surface treatment is employed to remove any surface native ox-
ides or other stable surface states. The samples are then placed in physical contact
with each other and undergo spontaneous bonding and are held together with Van
der Waals forces. This bond is relatively strong, depending on the two material sys-
tems being bonded, but is further strengthened through a high temperature anneal
(typically 600 °C or higher) while applying pressure on the bonded sample. The
high temperature anneal results in the formation of covalent bonds at the bonded
interface, while the pressure on the sample compensates for any waviness or sur-
face roughness and ensures greater surface area contact between the two materials.
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Fig. 15.19 Nomarski microscope images, showing the surface roughness of the transferred III–V
surface at bonding temperatures of (a) 600 °C and (b) 250 °C

The substrate of one of the material systems is then removed by using a wet etch
resulting in the transfer of one epitaxial layer structure to another.

The difference in the thermal expansion coefficient of silicon (αSi = 2.6 ×
10−6/K) and InP (αInP = 4.8 × 10−6/K, cf. Table 15.1), thermal damage, and dop-
ing diffusion pose a large challenge for achieving high quality with active region
transfer to silicon through direct wafer bonding. As samples cool down from 600 °C
to room temperature, the InP begins to fracture since the thermal stress built up was
larger than the fracture energy of the InP. Mild success in preserving the III–V ma-
terial can be achieved by thinning the substrate of the InP to ∼150 µm between
the spontaneous bonding step and high temperature anneal steps. The thinned III–V
materials conform more easily to the silicon without accumulating enough stress to
fracture the III–V but show cross hatching and material waviness in the transferred
III–V materials (Fig. 15.19(a)). Figure 15.19(b) shows a Nomarski mode micro-
scope image of the top surface of an InAlGaAs active region layer structure trans-
ferred to silicon after 250 °C anneal. The Nomarski mode of the microscope shows
the polarization dependence of the surface reflection and is useful for seeing surface
particles and roughness.

The thermal mismatch stress σ of the bonded wafers is given by:

σ = E

1 − v2

( EInP

1−v2
InP

αInPhInP + ESi

1−v2
Si
αSihSi

EInP

1−v2
InP

hInP + ESi

1−v2
Si
hSi

− α

)
�T (15.9)

where α is the thermal expansion coefficient, h is the thickness of the substrate,
E is Young’s modulus, ν is Poisson’s ratio, and �T is the difference between the
bonding temperature and room temperature. The critical stress τcritical required to
generate dislocations in InP is empirically formulated by Pasquariello et al. using
the theory of stress induced dislocation generation [105] as:

τcritical = 898 exp

(
5934

T

)
(15.10)
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Fig. 15.20 Critical
dislocation generation stress
in InP and sheer stress
between InP bonded to
silicon vs. temperature [106]
(reproduction under
permission of the Institute of
Electrical and Electronic
Engineers)

Fig. 15.21 SEM cross-sectional images of (a) DVS-BCB [107] and (b) LTOPA [108] bonding to
integrate InP thin epitaxial films on an SOI substrate

Figure 15.20 shows a plot of the critical stress and the sheer stress as a function of
temperature. In order to prevent the generation of dislocations in the InP, the bond-
ing temperature must be kept below 300 °C. Two low-temperature III–V film trans-
fer approaches have been used to yield electrically pumped lasers on silicon. The
first uses polymers such as divinyl-tetramethyldisiloxane-benzocyclobutene (DVS-
BCB) as a 300 nm thin adhesive layer between the III–V region and the wave-
guide as shown in Fig. 15.21(a) [107], and the second uses low-temperature oxygen
plasma-assisted (LTOPA) wafer bonding where the interfacial oxide with around
15 nm thickness is too thin to be seen in the SEM image of Fig. 15.21(b) [108].
Detailed studies of polymer-based and LTOPA bonding can be found in [109]
and [110], respectively. The transferred InP-based epitaxial thin film acts as a gain
medium to generate photons when carriers are injected optically or electrically. Then
the light can be evanescently coupled into the SOI waveguide underneath as long as
the interface material (i.e. polymer or oxide) is sufficiently thin.

Figures 15.22(a) and (b) are the LTOPA wafer bonding-based heterogeneous sil-
icon evanescent platform (HSEP) cross-sectional schematic and SEM image, show-
ing a heterogeneous waveguiding structure formed by bonding III–V epitaxial lay-
ers onto the SOI substrate. The typical anneal temperature is kept at 300 °C in all
devices made on this platform and discussed in this section. The small index differ-
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Fig. 15.22 (a) Cross-sectional schematic and (b) SEM image of heterogeneous Si evanescent plat-
form [108]; (c) 150 mm diameter, 2 µm thick InP epitaxial transfer on SOI with >95% yield [112]

ence between Si and III–V materials enables a large freedom in manipulating modal
confinement in Si and the III–V semiconductor, which is realized by adjusting the
III–V layer thickness, the SOI waveguide dimension [111], and the rib etch depth.
The large index contrast for SOI waveguides can tremendously reduce the chip size
and power consumption and enhance the integration complexity and yield. Unlike
the conventional flip-chip die bond to place discrete active components on passive
chips, HSEP eliminates effort and loss in alignment and modal mismatch and liter-
ally millions of devices can be made with one bond. Proton implantation in III–Vs
creates a current flow channel resulting in good gain and optical mode overlap.
Scale-independent integration [110] is demonstrated up to the presently largest InP
substrates of 150 mm in diameter in Fig. 15.22(c) [112]. No degradation in bonding
quality or increase of processing complexity was observed as the process was scaled
up to 150 mm, indicating the possibility for low-cost mass production. Bonding and
III–V device back-end processing, both conducted at temperatures less than 350 °C,
are completely CMOS-compatible.

Since the first demonstration of epitaxial III–V layer transfer onto SOI, there
have been several lasers fabricated with various designs for different applications.
Distributed feedback (DFB) lasers [113–115], distributed Bragg reflector (DBR)
lasers [116, 117], microring/microdisk lasers [118, 119], arrayed waveguide grating
(AWG) multi-wavelength lasers [120, 121], and tunable lasers [122, 123] are some
of the prominent laser designs demonstrated in this platform. Figure 15.23 shows an
SEM image of an electrically pumped heterogeneous silicon DFB laser along with
its optical spectrum. A recent result [124] showed a 200 µm long DFB laser with
low threshold current of 8.8 mA and achieved 12.5 Gb/s data transmission using di-
rect modulation. A more compact DFB laser design, using hyperbolic materials, for
optical interconnect applications is discussed in [125]. Microring lasers with 50 µm
diameter and threshold current <5 mA have also been reported [126], and sub-mA
threshold operation has been demonstrated in a DVS-BCB (divinylsiloxane-bis-
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Fig. 15.23 (a) SEM image of longitudinal cross-section of heterogeneous Si DFB laser; (b) op-
tical spectrum showing 50 dB of side-mode suppression. Inset illustrates single mode lasing over
100 nm span [113]

benzocyclobutene) bonded disk laser with 7.5 µm disk diameter by Van Campen-
hout et al. [119]. All these results show promise of dense on-chip laser integration
for high bandwidth intra-chip communication with low power consumption.

Heterogeneous integration on the one hand helps to reduce the cost of an indi-
vidual laser due to increased wafer size, and on the other hand can also enable novel
laser designs that use more than one photonic element to improve the laser character-
istics for a specific application. The photonic circuit techniques described here can
evolve in parallel with material advancements and can be optimized separately. We
will discuss one example of such a circuit technique to reduce the laser linewidth.
The linewidth of a semiconductor laser can be reduced significantly by reducing the
loss of the optical cavity and by reducing the confinement factor, which is defined
as the ratio of the carrier confined volume to the volume occupied by the photons
in the laser cavity. The confinement factor can be further approximated as a product
of confinement factors for each of the laser dimensions, viz. lateral, transverse and
longitudinal confinement factor.

A narrow linewidth heterogeneous DFB laser on silicon was recently realized
by reducing the loss and transverse confinement factor of the optical mode. This
was achieved by designing a high-Q hybrid resonator with a grating in silicon to
reduce the optical losses so that very little modal overlap with the pumped quantum
wells was needed to provide gain. The high-Q silicon resonator is fashioned from a
silicon waveguide patterned with a 1D grating (see Fig. 15.24(a)). Coupling to ra-
diation modes is minimized via a bandgap-modulated defect section in the middle,
over a spatial width marked as Ld in Fig. 15.24(a), with uniform grating reflectors
of length Lm on either side. The defect is designed directly in the frequency do-
main by parabolically modulating the lower-frequency band edge of the grating as
a function of position localizing a resonant mode with a Lorentzian profile in both
real and reciprocal space along the resonator (Fig. 15.24(b)). The lowest measured
linewidth reported for this laser structure is 18 kHz, as shown in Fig. 15.24(c) [127].
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Fig. 15.24 (a) Schematic top view of grating in silicon along with spatial band structure of high-Q
hybrid resonator plotted against simulated transmission spectrum. (b) Experimental trace and
Lorentzian fit of transmission resonance of high-Q silicon resonator. (c) Distribution of spectral
linewidths of high-Q hybrid lasers as a function of emission wavelength [127]

It is expected that this linewidth can be improved even more by further reduction of
the transverse confinement factor by lowering the number of quantum wells and/or
increasing the spacer oxide thickness between the III–V epitaxial layers and sili-
con.

Linewidth reduction of tunable lasers can also be achieved by decreasing the
longitudinal confinement factor (as detailed in [128]). One corresponding imple-
mentation consists of a short active section coupled to a longer passive section by a
semitransparent mirror (e.g. 60% reflectance), where wavelength tuning is achieved
using two silicon waveguide based cascaded ring resonators with slightly different
diameters. This monolithic tunable diode laser showed a linewidth <100 kHz over
54 nm tuning range near the O-band (see Fig. 15.25(b)) [128]. Further optimization
of the filter design and the back mirror reflectivity can improve the linewidth even
further. Altogether, these heterogeneous integration schemes show great promise
with respect to realizing novel photonic integrated circuits which offer superior laser
characteristics combined with small size, low weight, low power consumption and
attractive cost.
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Fig. 15.25 (a) Schematic view of tunable laser design with integrated external cavity. Tuners
are yellow (two phase sections and two rings for wide tuning), and SOAs are orange (one is the
laser active section, and one is used as an ON/OFF switch or to control the level of feedback).
The monitor photodiode (MPD) is used to measure the laser output power for adjustment of laser
parameters. (b) Overlapping spectra showing >54 nm tuning range with SMSR >45 dB (resolution
bandwidth: 0.02 nm ∼= 2.5 GHz) along with the corresponding measured linewidth [128]

15.2.7 Industrial Development and Commercialization

While it has been a research interest to enable a Si-based light source in academia
for decades, industry has sped up the pace in R&D and commercialization over the
past 15 years, aiming to progress along the lines of Moore’s law. In this section, we
review the mainstream technology, near-future and long-term trends and highlight
some related recent research results to enable an on-chip Si laser for datacom and
telecom applications.

The first successful commercialization route was to take prefabricated III–V
lasers, either edge-emitters or VCSELs, and amplifiers and die bond these elements
onto a passive planar lightwave circuit (PLC), e.g., silica-based PLC initially and
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Fig. 15.26 Luxtera Si photonic transceiver chip photograph and packaging cartoon with laser
module and optical fiber assembly attached to the top surface of Si CMOS photonics die [129].
Courtesy of Luxtera

shifting to CMOS Si PLCs right now. This solution provides an optical carrier with
high power capability and state-of-the-art performance with low threshold current,
low relative intensity noise (RIN) and high wall-plug efficiency [130, 131]. It also
relies on mature devices and allows the prescreening of the lasers before assembly
to ensure good reliability. Therefore, it has been the mainstream approach for pho-
tonic interconnect products in the current market. Figure 15.26 are a photograph
of a Luxtera’s 40 Gbit/s transceiver product chip and packaging cartoon showing
a cw DFB laser module flip-chip bonded on a Si CMOS photonic chip [129]. The
cw laser output is sent into the CMOS photonic chip through near-vertical couplers
based on diffraction gratings, and split into 4 streams to feed 4 independent MZI
modulators. The company’s newest 4 × 26 Gbit/s transceiver module still employs
a similar architecture as the previous 4 × 10 and 4 × 14 Gbit/s products, showing
data handling expandability [132].

In addition to grating couplers, edge coupling via a spot size converter is another
popular approach. Though it takes more fabrication effort to make a spot size con-
verter than a grating coupler, a spot size converter has the advantage of a much larger
optical bandwidth than a grating coupler. Figure 15.27(a) shows the schematic of a
III–V diode laser die flip-chip bonded onto the Si substrate of an SOI wafer and
output aligned with a spot size converter in the Si waveguide [133]. The 600 µm-
long FP laser cavity is defined by two as-cleaved facets. In order to keep the excess
loss within 1 dB, the offset in the lateral direction needs to be less than ±0.9 µm.
This value can be improved up to ±1.5 µm by tapering the overcladding layer to an
input width of 8 µm. In the vertical direction, the offset has to be less than ±0.4 µm,
which leads to a tight control of III–V substrate and AuSn thickness. The reported
throughput is about 60 chips/hour [133]. Taking account of the alignment accuracy
of the flip-chip bonding machine, the coupling efficiency is estimated to be 35%
in the worst case and 85% in the best case based upon a theoretical investigation,
similar to the efficiency of grating couplers. However, this integration scheme gains
an advantage in better thermal management. As reported in the literature and to be
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Fig. 15.27 (a) Schematic
illustration of laser diode chip
integrated on Si waveguide
with spot-size
converter [133]. (b) 8-λ
superimposed spectrum of
flip-chip bonded AlGaInAs
DFB laser array under
100 mA × 8 channel
simultaneous operation at
70 °C [136]

discussed in more detail later in this section [134, 135], heat dissipation in III–V-on-
SOI structures is a serious problem for device performance and can pose a reliability
issue as well. The thick BOX layer blocks the heat from the III–V junction, so TEC
cooling at the Si substrate is of very little use. By partially removing the top Si layer
and the BOX layer, the III–V die can get direct contact with the Si substrate through
a thin AuSn layer which ensures efficient heat dissipation. An impressive charac-
teristic temperature (T0) of 132 K was therefore obtained from a GaInNAs-based
QW structure with 1250 nm emission wavelength [133]. Very recently an 8-channel
multi-wavelength hybrid laser array was also demonstrated based upon the same
platform (Fig. 15.27(b)) [136]. Benefiting from high-performance InAlGaAs-based
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Fig. 15.28 (a) Structure of integrated optical transmitter and laser wavelength selection mech-
anism [137], (b) temperature-dependent light-current-voltage (LIV) characteristics of Si hybrid
laser [138]

DFB laser arrays, the lasing wavelength is pushed to the 1550 nm window, and the
hybrid chip shows excellent spectral characteristics even at 70 °C.

Figure 15.28 illustrates a similar design which takes advantage of the same good
heat dissipation principle, however, the III–V part is only an SOA which provides
optical gain, and a FP laser cavity is defined by the high-reflection facet of the SOA
and a Si DBR mirror in order to achieve single wavelength emission and wavelength
tunability [137, 138]. As Fig. 15.28(a) shows, a properly designed DBR limits the
reflector bandwidth to less than a FSR of the microring resonator so that single-
wavelength emission is assured, and also allows some microring resonance shift
due to fabrication imperfection and environment change. Furthermore, since both
the DBR and the microring are pure Si components and in close physical proximity,
the temperature shift tends to move the DBR reflection band and ring resonance
by about the same amount, so that only very little (or even zero) tuning effort is
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Fig. 15.29 (a) Microscopic image of a fabricated 4-ch Si hybrid laser array, (b) spectrum of 4-ch
Si hybrid laser array [137]

required. The coupling between the SOA die and the Si waveguide does also rely on
a spot size converter. Si waveguide components have typically lower loss than III–V
counterparts, so they can be fabricated in well-controlled CMOS technology, and as
a consequence can lower the laser’s cost. Figure 15.28(b) shows the temperature-
dependent LIV characteristics of this flip-chip bonded Si hybrid laser [138]. The
threshold current is as low as 9.4 mA at 20 °C and 25 mA at 70 °C, and a good wall-
plug efficiency (WPE) from 7.6 to 4.5% in this temperature range is also achieved.

A hybrid CWDM laser array was also demonstrated recently based upon a large
gain bandwidth SOA chip [137]. Figure 15.29(a) shows the fabricated 4-channel
device with an SOA size of 1.8 × 1.1 mm2. The same microring resonator is used
for each channel and their FSR is designed to be around 12 nm. Each Si DBR
is designed differently so that each Bragg wavelength coincides with one of the
consecutive microring resonances. Figure 15.29(b) demonstrates the lasing spectra
showing four well-defined lasing peaks with over 5 dBm output for each channel
and 38 dB side-mode suppression ratio [137].

Besides Luxtera, Acacia Communications is another company employing the ex-
ternal coupling approach for 100G+ metro solutions. Their transceivers consist of a
coherent silicon photonic integrated circuit, which is co-packaged with a low power
ASIC/DSP chip and an external laser. The laser serves as the input to the modulators
and as the local oscillator for the receiver as well [139]. The company has been ship-
ping 100G C form-factor pluggable (CFP) PM-QPSK transceivers with total power
consumption of <24 W for the whole package and has recently announced a new
400G transceiver module set to ship later in 2015.

Since CMOS foundries normally do not allow any non-CMOS compatible (“ex-
otic”) materials into their fabrication line, packaging III–V dies, either fabricated
lasers or optical gain chips, with a Si photonic chip in the backend process is a
logical first step to realize a reliable silicon photonics light source. However, in-
evitable loss and reflection at the coupling interfaces, moderate fabrication effi-
ciency, considerable cost of the chip alignment step, and conflicting demands of
small dimensions of the III–V material based devices vs. minimum III–V chip size
required for reliable handling during packaging (resulting in inefficient III–V real
estate usage) all limit the long-term competitiveness of this approach in the fast
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Fig. 15.30 Development of
chip complexity measured by
the number of components
per chip for InP-based
photonic integrated circuits
(blue) and silicon based
integration distinguishing
PICs with no laser (red) or
with heterogeneously
integrated lasers (green),
which fit to exponential
growth curves (dashed) [145]

growing Si photonics market. The new heterogeneous approach discussed earlier
in this chapter (see Sect. 15.2.6), which is based upon the transfer of a III–V epi-
taxial layer onto a Si photonic chip by direct wafer bonding and subsequent def-
inition of the device structure, is a more attractive solution [107, 108, 140, 141].
Among industrial companies Intel had taken a leading position in the execution of
early advanced research and later product commercialization. In 2010 Intel demon-
strated a 50 Gbit/s heterogeneous transceiver based on 4-transmitter channels with
12.5 Gbit/s Si MZI modulators fed by four heterogeneously integrated DBR lasers,
and four Ge-based photodetectors in the receiver [142]. Three years later, Intel an-
nounced engineered samples of 100 Gbit/s Si photonics modules with heteroge-
neously integrated lasers [143]. HP recently launched a program called “The Ma-
chine”, in which photonic interconnects will eventually replace conventional copper
cable and provide low-power consumption, high-speed data transmission between
a new generation of computing cores and memories [144]. Heterogeneously inte-
grated Si lasers are likely to serve as the optical engines in this photonic interconnect
system.

Since the first demonstration of the heterogeneous device platform in 2005 [146],
there has been an extremely fast progression in both advanced research and prod-
uct engineering [141]. Figure 15.30 indicates that the growth of the number of
components/PIC in the heterogeneous Si platform doubles every year compared to
2.6 years for InP PICs [145]. The mature CMOS technology and profound knowl-
edge database accumulated during decades of research on PICs for telecom applica-
tions fuel the acceleration in device design and fabrication. Highly improved yield,
scaling potential and shorter processing time as demonstrated by recent studies of
III–V-to-Si direct wafer bonding have paved the way for efficient mass production
[110, 147]. Reliability has remained the last major concern, but fortunately, encour-
aging results were recently demonstrated from UCSB [148].

In the UCSB study, heterogeneously integrated Si DFB lasers similar to previ-
ously demonstrated DFB devices [113] were used. As it is known that superlat-
tices can serve as effective buffer to block the propagation of threading dislocations
in III–V-on-Si heteroepitaxy [58, 59, 149], similar superlattice structures were de-
signed in the bonding III–V epitaxial layers. In order to the study whether poten-
tial bonding-induced defects at the III–V/Si interface would cause reliability issues,
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Fig. 15.31 Side-view SEM
image of complete carrier
used in aging test [148]

three epitaxial structures (A, B or C) with the following key characteristics (full
details are given in [148])

• A: unstrained superlattice layers close to the bonding interface
• B: strained (−1% well, 1% barrier) superlattice layers close to the bonding inter-

face
• C: control design with thicker n-InP layer to obtain similar heterogeneous optical

mode profile

were transferred to pre-patterned SOI chips, and a total of 3000 laser diodes were
characterized. Each laser diode was integrated with an on-chip photodetector to
screen out defective lasers. The dimensions of a single die, comprising 300 laser
diodes each, were 8 mm × 8 mm. Fourteen typical devices of each epitaxial struc-
ture were selected for aging tests. For that purpose the initial dies were further diced
into smaller chips, each comprising of two lasers with the same grating design,
waveguide facets were polished and AR coated, and a 7° angle for the output Si
waveguide was chosen to minimize reflections. The dies were placed on ceramic
sub-mounts using silver epoxy for good thermal contact. In order to collect light
from a surface normal detector the dies were mounted at a 23° angle from normal
using the flip-chip bonder. The devices were wire-bonded to the pads on the sub-
mount alongside a thermistor. An SEM image of a complete carrier is shown in
Fig. 15.31 [148].

The aging tests were done at five different temperatures, viz. 25 °C, 50 °C, 60 °C,
70 °C and 85 °C while the devices were driven with 80 or 100 mA. Room temper-
ature (25 °C) LI curves were taken at certain intervals during the aging test. The
threshold current during the period of aging, at different bias conditions and tem-
perature, is shown in Figs. 15.32(a)–(f). Regardless of design and aging conditions,
most devices exhibited no significant degradation in this time period. Only two de-
vices showed increased threshold with time at 70 °C. With 50% increase in threshold
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Fig. 15.32 (a)–(f) Threshold current of devices under various aging conditions – Structure A
(blue), structure B (red) and structure C (green). (g), (h) Degradation data for two structures along
with the sub-linear fit (black)
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as failure criterion, the two equations below are used for a sub-linear fit to evaluate
the mean time to failure (MTTF):

Ith/Ith(0) = 1 + atm (15.11)

MTTF =
(

0.5

a

)1/m

(15.12)

where Ith and t are threshold current and aging time, respectively. The values for
the fitting parameters a and m for the data shown in Figs. 15.32(g) and (h) are
as follows: Structure A: a = 0.004678, m = 0.43 and structure B: a = 0.002215,
m = 0.51. This corresponds to MTTF values, at 70 °C, of 49,000 hrs and 40,000 hrs
for structures A and B, respectively. Due to insufficient lifetime of devices with
structure C corresponding laser lifetimes could not be determined [148].

A subsequent TEM study on one of the failed devices did not reveal any sign of
defect propagation towards the MQW active region, indicating that another failure
mechanism, e.g., metal-semiconductor contact degradation, dielectric failure, etc.
limits the lifetime of the selected device [148]. Additionally, no visible dark line
defects were observed in a separate electroluminescence experiment. The reliability
study is a necessary requirement en route to commercialization of heterogeneously
integrated PICs and we conclude that the technology is suitable for making reliable
active optical devices with lifetimes on par with commercially available semicon-
ductor active devices.

High temperature performance of the laser is important, because operation at
elevated temperatures cause a shift of the lasing wavelength, lowers the device
efficiency, and limits the direct modulation bandwidth. The thermal resistance is
strongly influenced by the thick (typically 800 nm or more) buried-oxide layer
(BOX) that is required to prevent optical leakage to the Si substrate. While Si with
a thermal conductivity of 130 W/mK is one of the semiconductor materials with
the best thermally conductivity, SiO2 is 100× worse in this respect which makes it
a thermal bottleneck [134, 135]. Compact device structures, e.g. heterogeneous Si
microring lasers, are likely to have higher series resistance and subsequently higher
thermal impedance and are more sensitive to thermal issues [150]. Figure 15.33 rep-
resents the simulated temperature rise in the heterogeneous microring laser active
region at threshold and corresponding thermal impedance values as a function of
ring diameter [150]. A finite element method was employed, but simulation is based
on experimentally determined device series resistance and threshold current. The
predicted temperature increase in the active region is 2.5 °C for D = 50 µm device
and it grows exponentially to 63 °C for D = 15 µm, which prevents cw lasing for
smaller ring diameters [150].

A thermal shunt approach was developed to overcome the heat blocking in the
BOX layer [151–153]. The idea was to etch a number of trenches through top Si
and the BOX layers within or around the III–V mesa, and then fill the trenches
with highly thermal conductive materials. Figure 15.34(a) is an SEM cross-sectional
image showing a heterogeneously integrated laser with two thermal shunts com-
posed of poly-Si underneath the III–V mesa [151]. The poly-Si shunts are formed
before the bonding process by first etching the trenches, and then backfilling the
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Fig. 15.33 Calculated active
region temperature rise at
threshold and experimental
and modeling data for thermal
impedance as a function of
ring laser diameter. Inset:
Temperature profile of ring
laser (D = 15 µm) at
threshold (9.4 mA) obtained
by FEM modeling [150]

etched region with amorphous silicon, followed by an anneal at 900 °C for one
hour. Figure 15.34(b) is the measured thermal impedance as a function of poly-
Si thermal shunt width and offset from the shunt edge to the Si waveguide center.
Wider shunts that are close to the silicon waveguide show the largest decrease in
thermal impedance Zt . A 7-µm-wide block of poly-Si that is 5 µm from the center
of the Si waveguide reduces the average Zt of an 800-µm-long FP laser from 41.5
to 33.5 °C/W. Narrower shunts provide less benefit, as they have a smaller cross
section through which heat can flow from the upper Si epitaxial layer into the Si
substrate [151].

A more effective thermal management by another thermal shunt design has been
implemented in heterogeneous microring lasers [152, 153]. Figure 15.35(a) shows
the 3D schematic of such a heterogeneously integrated microring laser whose p-type
contact and III–V-on-Si mesa are mostly surrounded by a Au layer, and this Au layer
extends to and has contact with the Si substrate after the top Si and BOX layers have
been locally removed. The n-type contact inside the mesa is also connected to the
Si substrate through another Au thermal shunt. This double metal shunt design en-
ables the Joule heat from the III–V mesa to be effectively “grounded” to the Si sub-
strate through the Au shunts [153]. Figures 15.35(b) and (c) are stage temperature-
dependent LI curves for D = 50 µm ring lasers with and without thermal shunts.
The first sudden increase in output power (just above 10 mA) corresponds to the
threshold. The kinks in the curves, above threshold, correspond to switching in las-
ing direction. When the stage temperature was at 20 °C, both devices exhibited the
same threshold current around 12.3 mA. The device without thermal shunt had ear-
lier thermal roll-over in the output power (L–I ) curves, and its maximum cw lasing
temperature was about 70 °C. The device with double thermal shunts, in contrast,
was able to lase cw up to 105 °C. The L–I curves show a slower thermal roll-over
at the same stage temperature while the output power is 8 to 10 dB higher. With the
help of this thermal shunt design, the measured thermal impedance of ring lasers
with 50, 30 and 20 µm diameter is reduced from 580, 1031 and 1591 °C/W to 364,
652, and 1105 °C/W, respectively. Clearly, 30% to 40% improvement in thermal
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Fig. 15.34 (a) SEM cross section of heterogeneous silicon FP laser with 5 µm wide poly-Si ther-
mal shunt. The shunts are used to bypass the low thermal conductivity of the SiO2, and channel
heat away from the III–V mesa into the Si substrate, (b) thermal impedance of heterogeneous Si
lasers including poly-Si thermal shunts between 2 and 5 µm wide and that are between 5 and 10 µm
away from the center of the silicon waveguide [151]

impedance was achieved for the devices with thermal shunts, and the maximum
cw lasing temperatures could be raised by more than 35 °C [153]. Cu, instead of
Au, can also be used and may lead to even better results due to its higher thermal
conductivity compared to Au. Furthermore, Cu is preferred in CMOS processing.

In addition to integrating thermal shunts with heterogeneously integrated devices
in order to minimize the BOX layer-induced thermal barrier effect, a more advanced
approach is to replace the entire BOX layer by another material which can conduct
heat much better and has proper optical properties (e.g., refractive index, absorption
coefficient, etc.). Diamond is a good candidate because (i) it exhibits the highest
bulk thermal conductivity of all materials found in nature, (ii) has excellent optical
properties, and (iii) is CMOS compatible. A recent demonstration of Si-on-diamond
(SOD) substrate fabrication and low-loss SOD waveguides constitutes a promising
start [154]. However, open questions associated with diamond growth, wafer bond-
ing and device fabrication require additional studies.
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Fig. 15.35 (a) Illustration of heterogeneous Si microring laser with thermal shunts, and LI curve
of 50 µm in diameter heterogeneous Si microring lasers (b) without and (c) thermal shunt design

Fig. 15.36 16 wavelength array with 200 GHz spacing, wavelength stabilized at 20 °C and
80 °C [155]

In cases where emission wavelengths have to be locked to a given grid, such as
in telecom applications, wavelength tuning and a feedback loop are typically re-
quired. Aurrion recently demonstrated an impressive 16-wavelength heterogeneous
laser spectra from two adjacent 8-channel, 200 GHz channel spacing arrays [155].
The wavelengths are locked in a range of 20–80 °C (see Fig. 15.36). The output
power exceeds 30 mW at RT and exceeds 15 mW at 80 °C, and the SMSR at all
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wavelengths of operation exceeds 40 dB. The corresponding diode efficiencies for
20 °C and 80 °C were 17% and 7%, respectively [155].

Without any doubt, the III–V-on-Si heterogeneous integration technology over-
comes the fundamentally poor light emission efficiency in Si, and it offers promising
CMOS compatibility and good robustness for a wide range of devices. As discussed
in Sect. 15.2.4, the recent breakthrough in high-quality QD heteroepitaxy on Si sub-
strates will make the monolithic approach significantly more competitive. As soon
as the defect density can be reduced by factor of 10 the number of hours of operation
can be increased to a level acceptable for commercialization, and thereafter will be
an attractive long-term solution because of its scalability, lower cost and superior
device performance. Regardless of which approach is adopted as the final solution
for a Si-based light source, the photonic community is looking forward to the vision
of photonics-microelectronics integration becoming a reality in the near future with
additional market opportunities for the entire semiconductor industry.

15.3 High-Speed Signal Processing in Silicon

The progress in high-speed silicon modulators has been extraordinary in the past
decade. Though conventional electro-optic effects are either unavailable (i.e. the
Pockels effect [156]), or weak (i.e. the Kerr and Franz-Keldysh effects) in sili-
con, the free carrier plasma effect has been successfully employed to provide in-
dex changes �n in the order of 10−4–10−3 with reasonable applied voltages. The
change of free carrier concentration not only causes the loss variation as according
to (15.3), but also determines the index change as given by (15.13) [157].

�n = −q2λ2
0

8π2c2nε0

(
Ne

m∗
ce

+ Nh

m∗
ch

)
(15.13)

Soref et al. derived the useful empirical equations (15.14)–(15.17) to relate the
free carrier plasma effect to the change of index �n and absorption loss �α in the
telecommunication windows at 1.31 and 1.55 µm.

At λ0 = 1.31 µm:

�n = �ne + �nh = −6.2 × 10−22�Ne − 6.0 × 10−18(�Nh)
0.8 (15.14)

�α = �αe + �αh = 6.0 × 10−18�Ne + 4.0 × 10−18�Nh (15.15)

At λ0 = 1.55 µm

�n = �ne + �nh = −8.8 × 10−22�Ne − 8.5 × 10−18(�Nh)
0.8 (15.16)

�α = �αe + �αh = 8.5 × 10−18�Ne + 6.0 × 10−18�Nh (15.17)

where �Ne and �Nh are the respective concentration changes of electrons and
holes. Please note the (�N)0.8 dependence for holes in the refractive index cal-
culation [157]. An appreciable index change �n > 1 × 10−3 is readily achievable
by a moderate doping of about 5 × 1017 cm−3, making the plasma effect the pri-
mary phase modulation mechanism in silicon. A more detailed derivation of carrier
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change-induced index and absorption variations from the Kramers-Kronig relations
can be found in [158], followed by an excellent review of the history of silicon
modulator development. The following sections highlight a few of the most recent
innovative high-speed optical modulators on a Si substrate.

15.3.1 Silicon Optical Modulators

The first two silicon modulators passing the 10 Gb/s data transmission benchmark
utilized a forward-biased MOS capacitor structure, and a ring-resonator p–i–n diode
structure, respectively [159, 160]. Further improvement in bandwidth in the former
case is limited by large capacitances in MOS capacitors, while the latter case suf-
fered from slow minority carrier generation and/or recombination [161].

A p–n diode-based Mach-Zehnder interferometer (MZI) design demonstrated
50 Gb/s data transmission and more than 40 GHz bandwidth [162]. The device
operates in a carrier depletion mode (i.e. reverse-biased), so the depletion region,
whose width is WD , replaces the MOS capacitor separation, resulting in a reduction
of device capacitance [163]. WD is given by

WD =
√

2ε0εr(VBi + V )

qNA

(15.18)

where εr , VBi, V and NA are the low-frequency relative permittivity of silicon, the
built-in voltage, applied reverse bias voltage, and acceptor concentration respec-
tively. The change of depletion region width leads to a change of free carrier con-
centration and to a related change of the refractive index as well. This subsequently
results in an optical phase change �φ

�φ = 2π�neff L

λ0
(15.19)

where �neff and L are the effective modal index and the device length, respectively.
The MZI geometry converts the phase modulation into an optical intensity modula-
tion.

Figure 15.37(a) is a cross-sectional schematic view of the phase shifter, showing
a 0.4 µm-wide p-doped rib waveguide. A special doping profile is designed to place
the pn junction in an optimal position for good optical mode overlap and results in
the highest depletion in a p-doped rib because the hole density change gives rise to
a large index change as described by (15.14) and (15.16). The traveling wave elec-
trode design based on a coplanar waveguide structure is utilized to overcome the RC
limitation on modulation bandwidth. The phase modulators were incorporated into
an asymmetric MZI structure with an arm length mismatch of 180 µm to convert a
phase variation into an intensity modulation. A phase efficiency VπLπ ∼ 2.8 V-cm
is obtained in a 1 mm-long phase shifter. Figure 15.37(b) shows the eye diagram
of this modulator’s optical output at a bit rate of 50 Gb/s. The extinction ratio is
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Fig. 15.37 (a) Cross-sectional view of phase modulator (schematic). (b) 50 Gb/s optical eye dia-
gram obtained at 1551.75 nm [162]

measured to be 2.2 dB and was limited by the noise from the EDFA. The eye dia-
gram shows that the modulator is capable of transmitting data at 50 Gb/s, which is
consistent with a 3 dB bandwidth >40 GHz. A polarization diversity scheme was
realized by modifying the doping profile in the rib waveguide enabling modulators
that can operate at 40 Gb/s for both TE and TM polarization [164].

The same research group has also demonstrated ring resonator modulators show-
ing open eyes for data rates up to 40 Gb/s [165]. At this high bit rate the extinction
ratio was 1.1 dB only, and this has been attributed to the imperfect electrical signal
feeding the device which does not completely reach the 1 and 0 levels during switch-
ing. This result is particularly interesting for two reasons. First, ring resonators oc-
cupy a very small area and hence allow for dense integration, lowering cost. Second,
the small size reduces the device capacitance and hence the power consumption for
the modulator is <100 fJ/bit. Furthermore, the total power consumption for ring
modulators including the driver can be made as low as a few pJ/bit [166].

15.3.2 Hybrid Silicon Modulators

A similar carrier depletion-mode modulator has also been implemented based on
the heterogeneous integration platform discussed in Sect. 15.2.6. The III–V MQW
epitaxial layer is transferred onto the SOI waveguide and the carrier density is modu-
lated by a reverse bias. Once the MQWs are in a carrier depletion state, several phys-
ical effects, such as band-filling-, plasma-, Pockels-, and Kerr effect, all contribute
to the index change. Among all of them, the Pockels effect is the only phenomenon
which is sensitive to crystal orientation. In other words, this effect can be additive
to the other effects if the optical signal propagates along the right direction, or it can
reduce the overall index change otherwise (see also Chap. 8, Sect. 8.2.1.4). On the
hybrid silicon platform, the direction of patterned silicon waveguides needs to be
aligned to the [011] direction of the III–V material so that the phase shift is maxi-
mized, or under the correct angle to make it polarization independent. Figure 15.38
shows simulation results with consideration of all these effects [167]. As can be
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Fig. 15.38 Estimated index
shift (TE polarization) of a
carrier depletion InAlGaAs
MQW phase modulator [167]

Fig. 15.39 (a) Top view of a device with a CL-slotline electrode. (b) Cross section (along x) of
the hybrid waveguide [169]

seen, the index change is proportional to the magnitude of the reverse bias. More-
over, the introduced index shift in the case of orientation match is approximately 1.5
times larger than in the mismatch case.

Targeting MQWs the same reverse-bias operation, a 16-period MQW active re-
gion has been designed with a PL peak at 1.36 µm in order to achieve high optical
confinement in the MQWs and low absorption at 1.55 µm [168]. Both, the top SCH
layer and the MQWs, are n-type doped in order to introduce free carriers. The thick-
ness and doping of the top SCH layer are carefully designed to result in complete
depletion of this layer at zero bias. Thus, all applied bias voltage will be used to de-
plete the MQW region only. As shown in Fig. 15.39(a), a capacitively loaded (CL)
traveling wave electrode (TWE) based on a slotline architecture is adopted to pre-
vent the electrical field from overlapping with the doped semiconductor underneath
the metal electrode. This reduces the microwave propagation losses and allows for
longer modulators and higher bandwidth. The dimensions on the slotline can also be
adjusted for matching the optical group velocity and the microwave phase velocity
which also improves the bandwidth.

The device capacitance is reduced by half by using a push-pull scheme because
the two diodes on both arms are in series [169]. The cross section of the loaded
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Fig. 15.40 (a) Normalized transmission as a function of reverse bias at 1550 nm for a 500 µm
long MZM device. (b) Modulation bandwidth measured at −3 V with 25 � termination. Inset:
Eye diagram at 40 Gb/s with 11.4 dB extinction ratio [170]

region is depicted in Fig. 15.39(b). The signal and ground of the slotline are on
top of each arm, respectively. The two arms have a common ground formed by
connecting the n-contact layers together. The cladding mesa is 4 µm wide, and the
active region is intentionally under-cut to 2 µm to reduce the device capacitance.
The silicon waveguides have a height of 0.47 µm, a slab height of 0.2 µm, and a
width of 1 µm. Figure 15.40(a) shows the normalized transmission of a 500 µm long
MZM device as a function of reverse bias.

As can be seen, the Vπ of a 500 µm long modulator is 4.7 V. This is equivalent
to a voltage length product of 2.4 V mm with a static ER of 20 dB. The frequency
response of the modulator with −3 V bias across the diode and 25 � termination
is shown in Fig. 15.40(b). The transmission curve indicates a 3 dB cutoff frequency
around 27 GHz. There is good agreement between the measured and expected band-
width. The inset of Fig. 15.40(b) shows open eyes at 40 Gb/s modulation speed with
11.4 dB extinction ratio [170].

In another approach the PL peak of an InAlGaAs-MQW based electroabsorption
modulator (EAM) is shifted closer to the operation wavelength which results in a
strong quantum confined Stark effect (QCSE) and consequently a high ER. The
MQW section of a realized 1.3 µm EAM contained 12 wells and 13 barriers with
a PL peak at 1247 nm. This design assured sufficiently low optical absorption, and
making the both, the top and bottom SCH undoped, resulted in a reduced overall
device capacitance.

The bias dependent optical waveguide transmission curves of the InAlGaAs-
MQW EAM measured at different wavelengths are shown in Fig. 15.41. The active
section, which has the same cross-sectional geometry as the MZM described earlier,
has a 100 µm long effective absorber length with a three level taper design to trans-
fer the mode into and out of the silicon waveguide with an insertion loss <0.5 dB
per taper [172]. The total device insertion loss is 4.9 dB for wavelengths greater
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Fig. 15.41 Bias dependent
transmission curves of
InAlGaAs-MQW based
electroabsorption modulator
at different input
wavelengths [171]

than 1300 nm. The static extinction ratio for a 2 V bias change is between 10 dB
and 20 dB.

The electrode design is very important for an electroabsorption modulator. It
affects the modulation bandwidth, the microwave reflection and the modulation ef-
ficiency. Figures 15.42(a) and (b) show the schematic structure and an SEM image
of a modulator which uses a traveling wave segmented electrode design with a low
impedance 100 µm active modulation segment and a high impedance 160 µm pas-
sive transmission line segment in cascade to improve the overall device modulation
bandwidth. An undercut process based on selective wet etching was adopted to nar-
row the intrinsic layer width down to 2.35 µm while keeping the p-InP mesa width
of 4 µm as defined by dry etching. A small silicon ridge width of 1 µm was chosen
to keep the main part of the optical mode confined in the intrinsic region, giving a
confinement factor of 24% in the MQWs. Figure 15.42(c) shows the measured and
calculated electro-optical (E/O) modulation response using a 50 � off-chip termi-
nation at the electrical output of the device. Only a 2 dB drop was observed up to
67 GHz, which was the upper limit of the lightwave component analyzer used. The
extrapolation based on simulation (assuming an intrinsic RC time constant of 1.3 ps)
gives a 3 dB bandwidth of ∼74 GHz. With such a large bandwidth, this device is
theoretically able to support a non-return-to zero (NRZ) transmission bit rate close
to 100 Gb/s [171].

Large signal transmission experiments have been carried out at 50 Gb/s under
a bias of −4 V. 231 − 1 NRZ pseudorandom bit sequence (PRBS) patterns were
amplified to a level of around 2.2 Vpp and applied to the modulator. The input
wavelength was set to 1300 nm and the optical power reaching the modulator was
around 4 dBm. Figure 15.43 shows the transmission eye diagrams measured for a
back-to-back (B2B) configuration and a 16 km long single mode fiber (SMF) link,
respectively. All of these diagrams demonstrate widely opened eyes, and correspond
to more than 9 dB dynamic extinction ratio [171].

A similar device with a lumped electrode design showed good temperature stabil-
ity, with open eyes at 40 Gb/s from 20 °C to 80 °C [172]. The peak-to-peak voltage
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Fig. 15.42 (a) Schematic of heterogeneous distributed silicon modulator. Inset: enlarged taper
part without the probe metal. (b) Top-view SEM image of the final device. (c) The measured and
calculated modulation response for the modulator [171]

applied was only 1 V and the modulator consumed around 112.5 fJ/bit. There have
also been recent efforts to incorporate CVD graphene on silicon to potentially fab-
ricate a broadband temperature insensitive modulator. Reference [173] shows the
demonstration of a 10 Gb/s graphene-Si electroabsorption modulator operating be-
tween 20 °C and 50 °C, in the C band.

The QCSE has also been utilized in strained Ge/SiGe MQW structures monolithi-
cally integrated on Si substrates, though the absorption coefficient in SiGe MQWs is
still lower than in InP-based materials [174]. Furthermore, it has been reported that
strained silicon also exhibits a linear electro-optic refractive index modulation [175].
More recently, there has been an interest in integrating LiNbO3 on silicon to realize
highly linear modulators for analog applications. However, the modulation band-
width achieved needs much improvement before such devices can be incorporated
into large scale systems. In summary, we believe that each of these integrated mod-
ulator solutions will soon find its appropriate role in a variety of applications.
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Fig. 15.43 Measured 231 − 1 PRBS NRZ eye diagrams at 50 Gb/s for (a) a back to back config-
uration and (b) after 16 km SMF transmission. The modulator under test was biased at −4 V with
the input wavelength set at 1300 nm [171]

15.4 Summary

The roadmap of the microelectronics industry development indicates that Si is un-
likely to be replaced by other materials. The urgent need to break the “brick wall” of
interconnect bandwidth and power consumption in microprocessors plus emerging
markets (e.g. fiber-to-the-home) should be a compelling force to make Si the pri-
mary host material for PICs as well. Equipped with the recently developed Si lasers,
modulators and photodetectors, plus other necessary components demonstrated al-
ready or under development, sophisticated Si PICs should become widespread.
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Chapter 16
Photonic Integrated Circuits on InP

Norbert Grote, Moritz Baier, and Francisco Soares

Abstract This chapter is devoted to photonic integrated circuits (PIC) on InP semi-
conductor basis. This materials platform is capable of monolithically integrating not
only passive optical waveguide and receiver (Rx) devices but also transmitter (Tx)
type structures, in particular optical amplifiers and lasers. In the first part the prin-
cipal integration approaches of these diverse device structures will be addressed:
vertical integration schemes relying on evanescent optical coupling between verti-
cally stacked device levels; and lateral integration schemes exploiting in-plane opti-
cal coupling of the optical devices. In the latter case, butt-joint coupling, selective-
area-growth, and quantum-well intermixing are being used, all of them geared to
accomplish lateral band gap engineering. In the following section, recent examples
of PICs based on proprietary technology solutions will be given. The second part
of this chapter discusses generic photonic integration copying the foundry model
successfully established in the electronics world. In this model, using defined build-
ing blocks, PIC design and manufacturing are strictly separated, thereby facilitating
open access to this technology. As an example of such a generic platform, the TxRx
technology developed by Fraunhofer HHI will be outlined. Selected building blocks
will be described, and representative PICs made on multi-project wafer runs will
be shown highlighting the viability of the foundry approach. In addition, the supply
chain required for successful adoption of the foundry model will be briefly covered,
including the design software environment, testing and wafer validation capabilities,
and also generic packaging.
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16.1 Introduction

Monolithic photonic integration follows the same fundamental idea as the micro-
electronic integrated circuits technology, but in the optical domain: to combine a
number of the same and/or different device structures in one chip to implement
complex optical functionalities in the form of photonic integrated circuits. The mo-
tivations for this approach are manifold: lower packaging costs by reduced number
of fiber ports; defined optical phase conditions within the optical circuit as required,
for instance, with coherent technology; enhanced opto-mechanical stability of op-
tical connections, hence superior reliability; reduced optical coupling losses; lower
cooling power consumption; and miniaturization to meet the desire of more and
more shrinking the form factor of modules.

The vision to create monolithic photonic integrated circuits (PIC) using InP was
already conceived [1] shortly after the emergence of the first semiconductor lasers
on InP in the mid of the 1970’s [2]. At that time and during the following decade
III–V technology, and InP technology in particular, was generally in an infant state,
and all but viable to support the implementation of this concept. Amongst oth-
ers, extremely well controllable epitaxial growth techniques, providing composi-
tions and thicknesses and doping concentrations of InP and the related composite
InGaAsP and InGaAlAs layers with ultra-high precision, are key to successful re-
alization of any InP photonic device, and this is by far even more true for mono-
lithic integration. Until the second half of the 1980’s, Liquid Phase Epitaxy (LPE)
was still prevailing, which was not capable of meeting those demands. Advanced
growth techniques like Metalorganic Vapour Phase Epitaxy (MOVPE) and Molecu-
lar Beam Epitaxy (MBE) that are commonly used nowadays were only in an early
development stage with InP materials. Nonetheless, even during that period, basic
integration approaches were already successfully investigated and simple integrated
device structures accomplished, and in the late 1980’s and 1990’s those studies led
to remarkable early demonstrations of extended PICs, e.g. [3–5]. Despite steady
progress, however, interest in monolithic photonic integration drastically lost im-
portance during the last decade of the past century because of a growing economic
pressure on components developers to focus on more mature and deployable com-
ponents, meaning to give priority to simpler, essentially discrete devices. It also
happened at that time that quite a few big companies worldwide abandoned invest-
ing in InP technology and closed or spun off their respective departments. Many of
them reappeared as new but smaller companies for which risky PIC technology ex-
pectedly was not among their primary business goals. Moreover, hybrid integration
was seen as a viable alternative.

The situation changed with the US company Infinera (www.infinera.com),
founded in 2000 under the previous name Zepton Networks, which deserves the
credit of having re-energized InP PIC technology by identifying and establishing it
as a key enabler for future fiber communication systems. This commercial develop-
ment raised a lot of awareness for PICs, and in the following period of time a strong
increase of respective activities occurred having led to more and more enhanced
PIC capabilities.

http://www.infinera.com
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InP did not remain the only materials option for PICs but silicon-on-insulator
(cf. Chaps. 14, 15) emerged as a competing platform. There is a fundamental dif-
ference however: InP technology is unique in that it supports monolithic integration
also of light-amplifying and light-emitting devices, namely gain elements/optical
amplifiers and lasers which are of crucial importance for a wide range of photonic
applications.

Until recently the dominant working method in integrated photonics has been to
develop optimized chip designs and fabrication processes for each and every appli-
cation, starting from the specifications of the envisaged product. As a result of this
approach, a broad range of different and proprietary PIC technologies has been cre-
ated. Due to this huge fragmentation in relation to the associated market sizes, the
cost price per PIC chip has been high, likely too high, for a successful and sustain-
able introduction into products. In particular, the cost of entry is too high for most
businesses. To mitigate this issue research and development activities have been
commenced recently to adopt the foundry model which has been extremely suc-
cessful in the microelectronics industry for decades. This generic approach makes
use of a set of defined building blocks which are offered to designers to create their
individual integrated photonic chips. The cost advantages of this method are evi-
dent. In particular, many different circuit designs can be accommodated on the same
wafer and made in the same fabrication run so that prototyping costs can be shared
by many users. Compared to electronics, however, transfer of this approach to pho-
tonics is substantially more demanding due to the diversity of building blocks and
associated device structures.

In this chapter we will first address key technologies involved in InP based pho-
tonic integration, followed by examples of state-of-the art integrated components.
In the second part we will focus on the generic integration approach.

16.2 Key Technological Challenges of Photonic Integration

The InP class of materials (InGaAsP, InGaAlAs) offers to implement an unrivaled
range of different functionalities: “receiver” devices, especially pin photodiodes;
optical waveguides and passive optical devices built on them, like directional and
multi-mode interference (MMI) couplers, AWG filters, ring filters, polarization
splitters and converters; thermo-optic phase shifters and electro-optic modulators,
and others; and above all “transmitter” devices including (wavelength tunable) DFB
and DBR lasers, semiconductor optical amplifiers (SOA) and the structurally re-
lated electro-absorption modulator (EAM) devices. Even more, also electronic de-
vices may be incorporated for which InP materials are particularly qualified when
ultra-high speed applications are envisaged.

The various devices to be integrated rely on different “active” band gaps and layer
structures. At a given operating wavelength, waveguides need to be optically trans-
parent (i.e. high band gap) and photodiodes absorptive. The gain spectrum of laser
and SOA diodes should be centered around the operating wavelength for optimum
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gain performance whereas the band-edge of EAM elements has to be distinctly de-
tuned. Therefore, the fundamental challenge with monolithically integrating those
devices to create photonic circuits is how to realize the associated very diverse struc-
tures on the same wafer and how to accomplish optical connections between them –
as loss-less and reflection-less as possible. Not to forget electrical connections as
well as thermal issues. In the following main approaches will be described.

16.2.1 Vertical Integration

Dual-Waveguide Structures In adjacent waveguides with overlapping mode pro-
files guided light is well known to be transferred from one waveguide to the other
by evanescent coupling. This basic mechanism has been efficiently exploited to con-
nect different optical devices in a vertical configuration. The main advantage of this
scheme is the fact that the layer structures of the individual devices can be sequen-
tially grown in one epitaxial step.

Waveguide-Photodiode Integration The most common application of the ver-
tical coupling scheme has been the optical connection of a pin photodiode to a
passive waveguide, as illustrated in Fig. 16.1(a) (and described in more detail in
Chap. 6). In essence, the pin layer stack of the photodiode which can be seen as an
absorbing waveguide is placed on top of a waveguide. Due to the higher refractive
index of the intrinsic absorption layer the light is gradually extracted from the wave-
guide along its propagation direction to create a vertical flow of photo-generated
electrons and holes across the pin junction. This way the traveling distance of the
carriers determining the transit time is decoupled from the absorption length, and
ultra-high bandwidth (even >100 GHz [6]) can be achieved without sacrificing re-
sponsivity. When building such structures on semi-insulating substrates and using
semi-insulating waveguide materials to provide efficient electrical isolation between
different photodiodes, extended integrated receiver components (referred to as Rx-
PIC) can readily be designed and fabricated incorporating e.g. balanced detectors or
arrays of photodiodes in conjunction with other optical waveguide devices. Promi-
nent examples of Rx-PICs are amongst others receivers for phase- or quadrature-
modulated transmission systems (e.g. [7], see also Sect. 3); and for wavelength-
division-multiplexing (WDM) detection schemes (e.g. [8–10]).

Fig. 16.1 (a) Schematic of vertical waveguide-photodiode integration employing evanescent cou-
pling, and (b) passive-active waveguide integration using “offset” MQWs
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Fig. 16.2 Optical duplexer PIC relying on multi-guide vertical integration: (left) principal
layer stack comprising two different active waveguides for the photodiode and the laser diode;
(right) 3D-sketch of the structure with the blue line indicating the 1310 nm output laser beam and
the red one the incoming 1490 nm light (adapted from [12])

Off-Set Quantum Well Configuration A similar coupling technique which is es-
pecially employed with combinations of active-passive waveguides is presented in
Fig. 16.1(b). Here, an active MQW layer region (called “offset quantum-well”) is
placed on top of a passive waveguide with a bulk core layer (but may also consist
of another MQW region). The upper MQW is to form the active region of devices
like lasers, SOAs, and EAMs and will be removed outside the active area by a suit-
able etching process. As with the photodiode integration, light guided in the bottom
waveguide will be “drawn” into the higher-index MQW stack to get amplified (in
SOA structures) and to generate lasing (in the presence of a feedback mechanism).
At the active-passive interfaces the propagating lightwave experiences an unavoid-
able discontinuity of the refractive indices of the waveguide materials which induces
optical interface losses and back-reflections. To mitigate these detrimental effects
slanted and tilted structures are most helpful. A less challenging overgrowth step
covering the full wafer is finally required to create the upper cladding layer struc-
ture, including an InGaAs Ohmic contact cap layer.

Multi-Guide Vertical Integration Recently the vertical integration technique has
been largely generalized by the Canadian company OneChip Photonics (www.
onechipphotonics.com) towards multi-functional PICs by placing a series of func-
tional optical waveguide levels on top of each other. Such a technology has recently
been made available on a foundry basis [11]. As outlined above, light is propagat-
ing between the different levels by stepwise vertical twin-guide coupling. With an
input/output waveguide placed at the bottom the different levels are arranged such
that the associated waveguide band gap wavelengths are increasing upwards. All of
the waveguides feature a ridge design, and lateral tapers are formed at each guiding
level to enable smooth optical transition of the coupled light-waves. The principle is
exemplified in Fig. 16.2 on an optical duplexer chip comprising a transmitter laser
diode (1310 nm emission) and a photodiode tailored for 1490 nm detection [12]. In
this structure the bottom waveguide is designed such that it provides a wavelength
splitting function for the transmitter and receiver wavelengths by properly adjusting
its ridge width.

http://www.onechipphotonics.com
http://www.onechipphotonics.com
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Fig. 16.3 Schematic of an
electro-absorption modulated
transmitter laser PIC
incorporating a DFB laser
diode (DFB-LD);
electro-absorption modulator
(EAM); and passive
waveguides (PWG) with
spot-size converters (SSC);
N, P = electrical contacts
(courtesy of OneChip
Photonics)

Fig. 16.4 Image of 4 × 25 Gb/s SDM transmitter PIC implemented on a multi-guide vertical
integration platform [13]; MMI = multimode interference coupler; for other acronyms refer to
Fig. 16.3

Another example is an electro-absorption modulated laser (EML) represented in
Fig. 16.3. Here, an electro-absorption modulator (EAM) is placed below the laser
level carrying the DFB seed laser. From the EAM the emitted light is again coupled
downwards into the output waveguide which exhibits a spot-size converter at its end
to provide low-loss and alignment-tolerant coupling to a single-mode fiber.

Building on the multi-guide vertical integration technology various advanced
PIC components have been demonstrated recently: The transmitter structure shown
in Fig. 16.3 was extended into a four-channel transmitter PIC designed for 4 ×
25 Gb/s space-division multiplexing applications (Fig. 16.4, [13]). It comprises one
DFB laser (1303 nm) with a surface-etched Bragg-grating to feed four EAMs (3-
dB bandwidth measured to be 24 GHz) via an 1 × 4 beam splitter composed of
cascaded 1 × 2 MMI couplers. A photodiode allows for monitoring the launched
optical laser power. The output waveguides feature spot-size converters to provide
efficient output coupling to the four parallel single-mode fibers (PSM4). A match-
ing 4 × 25 Gb/s receiver PIC has been reported in [14], along with a similar device
designed for use in wavelength-division-multiplexing systems. The optical demulti-
plexer in the latter device was implemented as an etched diffractive echelle grating.
Further, a dual-polarization QPSK coherent receiver to operate at a symbol rate of
32 GBaud and capable of 112 Gb/s detection in total was demonstrated [15].

The main advantage of vertical integration is the fact that it needs only one epi-
taxial step for the entire layer structure. Thus, subsequent and potentially more risky
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regrowth processes, as crucial with lateral integration and addressed in the following
section, are avoided. Along with this, epitaxy and wafer processing may be strictly
separated in the supply chain. On the other hand, this scheme requires highly so-
phisticated epitaxial structure design with typically ∼100 individual layers demand-
ing particularly precise thickness and composition/refractive index control because
these parameters largely affect the optical coupling conditions inside the stack. Fur-
thermore, depending on the number of device levels a particularly large number of
corresponding lithographic masks may be involved in wafer fabrication.

16.2.2 Lateral Integration

The opposite scheme to vertical integration is lateral integration where the func-
tional elements are arranged in the same plane. Here, the light in the PIC propagates
horizontally from one waveguide into another – active or passive – across optical in-
terfaces that need to be formed so as to provide minimal optical coupling losses
and back-reflections. In fact, lateral integration configurations are most commonly
used even though, in practice, a mixture with vertically integrated structures is used.
This is particularly true when photodiodes are involved for which the evanescent
coupling scheme, as outlined in Sect. 2.1, represents the perfect solution.

Butt-Joint Coupling The most flexible lateral integration method is butt-coupling
(Fig. 16.5(a)) which allows combining waveguides of fairly different designs: ac-
tive/active and active-passive; quantum-well and bulk layers; widely differing band
gaps; weakly and strongly guidance; ridge and buried-heterostructures (see also
Chap. 3, Fig. 3.4). To enable smooth optical transitions tapered interface regions are
incorporated. An example is sketched in Fig. 16.5(b) which refers to semi-insulating
(Fe-doped) butt-joint ridge waveguides with a shallow (200 nm, loss <0.5 dB/cm)
and a deep ridge (1700 nm, ∼2 dB/cm), respectively, as used on Fraunhofer HHI’s
PIC platform [16]. Respective measurements (conducted at Politecnico di Milano)

Fig. 16.5 (a) Basic vertical cross-section of butt-coupled ridge-waveguides represented by the two
core layers 1 and 2; (b) example of tapered transition (top view) between a shallow (200 nm ridge
height) and deep ridge waveguide (1700 nm) of 2 µm width [16]
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have indicated a typical coupling loss of some 0.2 dB, and back-reflections well
below −50 dB. Comparable values (0.19 dB and < −50 dB, respectively) were ob-
tained on related active-passive butt-joint structures [17] suggesting such data to be
representative for what may be reliably achievable.

Butt-Joint Regrowth Implementation of the butt-coupling principle inevitably
demands epitaxial regrowth at defined areas on the wafer. The key word here is
selective-area-epitaxy (SAE) which has been studied and applied for more than
30 years, and published in numerous papers (e.g. [18, 19]). A widely established ap-
plication is the formation of current-blocking layers in buried-heterostructure laser
diodes (see Chap. 3, Fig. 3.4).

SAE refers to a growth process where the wafer to be regrown is partially covered
by a dielectric masking film (usually made of SiO2 or Si3N4) which is etched away
in those areas where epitaxial growth is to occur. For implementing butt-joint struc-
tures this process is followed by etching of the underlying semiconductor layers to
create the exposed mesa grooves in which to selectively fill in the regrown layers.
Using “chemical” epitaxy techniques, MOVPE and also MOMBE (metalorganic
MBE), no deposition occurs on the mask material under defined growth conditions;
in a limited space of relevant growth parameters (temperature, reactor pressure, III/V
ratio, etc.) it takes place only in the exposed regions. At typical MOVPE growth
temperatures (for InP materials around 600 °C), the constituent species generated
by pyrolysis of the MOVPE precursors cannot be adsorbed on the amorphous mask
material. Rather, as illustrated in Fig. 16.6, they diffuse in the vapor phase and mi-
grate on the mask surface towards the growth area near the mask edge where they
additionally contribute to the wanted layer deposition. However, this occurrence
along with mesa sidewall effects is associated with irregular local growth behavior
characterized by enhanced growth rates, different crystal planes and also – in the
case of ternary and quaternary materials – stoichiometric deviations.

The MOVPE growth habit near the mesa edge is affected by a range of pa-
rameters including process parameters, mask dimensions, and materials involved.
Slightly overhanging masks are particularly effective in suppressing excess edge de-
position. Figure 16.7 shows a scanning electron microscope (SEM) photograph of

Fig. 16.6 Simplified basic mechanisms of selective-area-MOVPE, illustrated for the butt-joint
growth case: diffusion in the gas phase and on the mask material, and desorption from the mask
surface; open and full circles symbolize two representative growth species
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Fig. 16.7 SEM photo of a
cleaved butt-joint active
(laser)-passive waveguide
layer structure grown by
MOVPE (Fraunhofer HHI)

Fig. 16.8 Cross-section of a tunable laser diode, called digital supermode distributed Bragg re-
flector (DSDBR) laser, featuring four butt-joint interfaces (adapted from [20]); Q(P) = InGaAsP,
Q(Al) = InGaAlAs

cleaved cross-section of a real waveguide-waveguide structure made by butt-joint
regrowth. The perturbed region can be seen to stretch out only over a few microme-
ters, thus not largely affecting optical coupling.

In earlier days butt-joint growth was regarded as an integration technique that
would be extremely difficult to control and might inherently entail reliability risks.
Nowadays, however, such concerns have been eliminated, and butt-joint growth has
become a widely established processing step. This is exemplarily illustrated on the
widely-tunable laser structure sketched in Fig. 16.8, which combines gain and am-
plifier sections, a phase section and tunable gratings [20]. The fabrication of this
device, which can be considered a PIC in itself and meanwhile has reached prod-
uct status, involves no less than four regrowth interfaces. Even more, the structure
involves butt-join interfaces of InGaAsP/InGaAlAs layers which are particularly
challenging because of the known Al-oxide issue (see also Chap. 3, Sect. 3.3.2).

Selective-Area-Growth Based Integration A variant of selective epitaxy is
known under the name Selective-Area-Growth, SAG. This technique aims at creat-
ing spatial band gap variations of a given layer structure on the wafer whilst avoid-
ing butt-joint regrowth. Employing SAG, devices with different active regions can
be implemented that may be connected in series or configured as a parallel array, for
example to build a coarse-wavelength-division multiplexing (CWDM) transmitter.
Using the traditional channel spacing of 20 nm an 8-channel CWDM array requires
a set of laser diodes emitting over a wavelength span of 140 nm which is not achiev-
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Fig. 16.9 Relationship between mask width, wm, and InGaAlAs MQW peak wavelength as mea-
sured by micro-photoluminescence (spatial resolution: ∼2 µm) in the middle of the SAG stripe
(width ws = 20 µm). The insert schematically depicts the thickness profile. Reference QW thick-
nesses for large-area deposition (wm = 0) are 7 nm (blue curve) and 5 nm (red curve), respectively.
The inserted arrows indicate the wavelength region covered by 4 and 8 coarse-wavelength-division
multiplex (CWDM, 20 nm spacing) channels, respectively (work of III–V Lab, France)

able with the same active layer. Furthermore, SAG allows for regrowth-free grad-
ual – ideally adiabatic – transitions between waveguides of different effective band
gaps.

SAG deliberately makes use of the growth enhancement effect encountered with
SAE in that it locally generates increased layer thickness. When applied to QW
layers this increase directly leads to an increase of the associated QW transition
wavelengths. Indeed, SAG is essentially employed in conjunction with QW struc-
tures to exploit the large wavelength dependence on well thickness, dw , which is
well known to follow a �Eg ∼ 1/d2

w relationship (with �Eg denoting the band gap
increase). This effect is not present in bulk layers. Another reason for this restriction
is the fact that the SAG related growth rate enhancement effect comes along with a
change in layer composition, caused by different diffusion and decomposition rates
of the group (III) components. This occurrence is commonly subcritical with MQW
stacks but may be not in the case of thicker ternary and quaternary layers where the
induced strain tends to degrade the crystalline quality. Nonetheless, SAG has been
successfully applied to fabricate spot-size converters involving tapered InGaAsP
bulk layers, namely in MZ modulator devices [21].

Practically, SAG structures are fabricated under similar conditions as butt-joint
regrowth (see Fig. 16.6); the main difference is that the growth process generally
takes place on planar rather than etched wafers. SAG thickness control is accom-
plished by elaborate designs of the mask (SiO2; Si3N4) that is deposited on the
wafer prior to the SAG growth process. Usually a pair of stripes is involved the
area between which is utilized for the actual SAG devices. The inset in Fig. 16.9
shows a schematic cross-section. The SAG effect is predominantly determined by
the geometric dimensions of the mask, that is the width of the parallel mask stripes
and the distance between them. However, the overall mask lay-out also plays a role
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(“loading effect”), and dummy masks may be useful to achieve a uniform as possi-
ble distribution of patterned and non-patterned areas on the wafer. As represented in
Fig. 16.9 the SAG effect on the MQW band gap, here expressed by the inverse wave-
length, is really huge indeed. Increasing the mask width, wm, from zero (= large-
area growth) to 35 µm causes a wavelength “red-shift” of some 200 nm, slightly
dependent on the starting thickness of the well layer in the MQW stack. Decreasing
the gap width, ws , instead has a similar effect. The data of Fig. 16.9 were obtained
from micro-photoluminescence scans (spatial resolution of some 2 µm) perpendicu-
lar to the mask stripes across the non-uniform gap (ws ) and were taken in the middle
of that gap.

Smooth optical transitions between different MQW waveguide sections can be
easily achieved by properly shaping the mask geometry along the longitudinal di-
rection. Tapering wm gradually over a distance in the 100 µm to 200 µm range may
be sufficient to reach adiabatic behavior. The same SAG technique can be employed
for implementing BH-MQW laser diodes with integrated spot-size conversion func-
tionality by tapering the active MQW layer [22].

In principle SAG can be used with both the InGaAsP and InGaAlAs material
system. Most of the published studies relate to the former one (e.g. [23]). However,
InGaAlAs is not only known for its advantageous “inverted” band structure (see
Chap. 3) but also benefits from the presence of only one group (V) element. This
feature leaves, in a fairly linear fashion, growth rate and composition control solely
to the group (III) species which considerably eases predicting SAG results. In fact,
efficient modeling tools [24] have been developed in conjunction with InGaAlAs al-
lowing for simulating the impact of mask patterns on spatial (QW)-layer properties
(thickness, band gap, strain) and eventually for designing the SAG mask lay-out for
a complete PIC design. SAG process modeling has been relying on simplified dif-
fusion mechanisms in the MOVPE gas phase but more recently it has been refined
taken into account additional effects, like the overgrowth at mask edge and migra-
tion on the mask surface [25]. In any case, to transfer SAG simulation results to
real structures a range of experimental fitting parameters are required that are spe-
cific to the individual MOVPE growth reactor used. SAG transfer from one epitaxial
reactor to another still demands considerable recalibration work. For experimental
evaluations there is a particular need for measurement techniques featuring high
spatial resolution, such as micro-photoluminescence, micro-focus high-resolution
X-ray diffraction (HR-XRD), and synchrotron based XRD [26]. Optical interference
microscopy and mechanical profiling are employed for thickness measurements.

Recently, various world-class PIC devices relying on SAG technology have been
successfully demonstrated, particularly by researchers of III–V Lab, France. Fig-
ure 16.10 shows the emission spectra of a parallel 8-array of InGaAlAs MQW ridge-
waveguide DFB lasers, each of them butt-joined to a passive InGaAsP waveguide
at either side. The mask width, wm, was varied between 6 µm and 30 µm, whereas
the gap between the masks, ws , into which the laser material was grown was kept at
20 µm. The pitch of the array was 250 µm. As can be seen, the lasers cover a total
spectral range of more than 140 nm, with a fairly equal wavelength spacing of nom-
inally 20 nm. Typical threshold currents of these devices were well around 20 mA,
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Fig. 16.10 Emission spectra of an 8-CWDM DFB InGaAlAs MQW laser array fabricated by
SAG. Each DFB laser device is 400 µm long with a 200 µm long centered DFB grating and is
integrated with butt-joined passive input and output waveguides (collaborative work of III–V Lab
and Fraunhofer HHI conducted in the framework of the European project PARADIGM [27])

Fig. 16.11 Fabricated transmitter PIC for complex modulation schemes based on SAG technol-
ogy: chip photograph (top) and device architecture (adapted from [30]). The black stripes indicate
the waveguides (MQW wavelength ∼1390 nm), and the yellow patterns the various electrical con-
tacts of the DFB laser and of the EAMs (active MQW wavelength: ∼1550 nm and ∼1530 nm. The
50 µm long EAM elements exhibit a dynamic extinction ratio of up to 18 dB and a modulation
bandwidth of >20 GHz

and the optical output power measured at the passive waveguide output varied from
7–10 mW at 100 mA drive current.

A “serial” SAG based PIC is depicted in Fig. 16.11. It represents a compact trans-
mitter device that can be used for generating complex amplitude and phase modu-
lation formats [28, 29]. Essentially, it comprises a DFB source laser and a Mach-
Zehnder (MZ) interferometer structure each arm of which incorporates a current-
injection phase shifter and an electro-absorption modulator to provide push-pull
operation. In the MZ 1:2 and 2:1 MMI structures serve as input and output cou-
plers, the latter terminated by a spot-size converter accomplished by simultaneous
lateral and vertical tapering. Whereas the passive waveguide sections including the
MMIs have been grown in mask-free areas the band gaps of the laser diode and the
EAMs, and also of the SSC, are adjusted by adjacent SAG masks, as introduced
above.

The structure shown in Fig. 16.11 has been extended into a significantly more
complex transmitter enabling polarization-diversity QPSK transmission. Apart from
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quadrupling the number of EAMs and phase shifters that device additionally inte-
grated variable optical attenuators (VOA) and optical amplifiers (SOA) altogether
requiring five different band gaps [31].

Quantum-Well Intermixing Quantum-well intermixing (QWI) is a technique
that relies on a compositional modification of hetero-interfaces. To create a size-
able band gap effect, it is only applicable to quantum-well structures, as the name
suggests. The underlying physical effect is the natural tendency of different materi-
als to interdiffuse, and this phenomenon is deliberately enhanced by suitable QWI
processes which can be locally applied on a device wafer. The interdiffusion of
atoms tends to change abrupt interfaces into compositionally graded ones, and in
QW layers this affects the position of the QW energy levels and hence the band gap
wavelength, as sketched in Fig. 16.12.

In various investigations the QWI process was identified to be related to the pres-
ence of impurities and defects in the vicinity of the QW structure. Even without
special measures annealing processes tend to cause intermixing of atoms across the
QW interfaces, the rate depending on temperature (typically above some 600 °C)
and time, and a range of structural parameters; even the substrate properties (defect
density, doping) seems to have an impact [32]. The intermixing effect appears to
be mostly related to the group (V) elements, and consequently InGaAsP-QWs were
found to be more prone to this effect than comparable (In)GaAlAs structures [33].
Note that the latter features a uniform group (V), i.e. arsenic, concentration profile
across the QW barriers and wells.

QWI procedures are used to largely accelerate the intermixing process by in-
troducing additional point defects. This can be done in selected, lithographically
defined areas on the wafer, thus making local band gap engineering feasible. Dif-
ferent QWI variants have been developed, including impurity-induced disordering;
impurity-free vacancy-enhanced disordering; photoabsorption-induced disordering;
and implantation-enhanced interdiffusion. Here we will briefly address the latter ap-
proach [34, 35]. A comprehensive overview on the three former techniques may be
found in [36].

Ion implantation is employed to introduce point defects in a controllable way
using phosphorus anions (P+). These are not directly implanted into the QW layer

Fig. 16.12 Schematic representation of QWI effect on composition and effective band gap (ar-
rows) of a QW layer; conduction and valence band energy levels of an abrupt QW are indicated by
the broken lines, and those after QWI processing by the dotted ones



812 N. Grote et al.

Fig. 16.13 Schematic of ion
implantation based QWI. Ions
are implanted into an upper
InP buffer layer to create
point defects that diffuse into
the QW region upon
high-temperature annealing.
Spatial selectivity is achieved
through implantation masks

stack but in a buffer layer on top of it (Fig. 16.13). Upon thermal annealing at high
temperatures, typically above 600 °C for InGaAsP based structures, the generated
point defects diffuse into the QW region to induce the intermixing mechanisms.
The strength of this effect is determined by a number of structural and process para-
meters, such as layer thicknesses, compositions and doping; implantation energy
and dose; annealing ambient; time and temperature. It is obvious that for each par-
ticular device structure the QWI process has to be carefully adapted and recalibrated.
Areal selectivity is achieved by masks on the wafer surface. To create different band
gaps there are two choices, that is employing sequential implantation with differ-
ent ion energies and doses followed by a common annealing step, or alternatively
a common implantation step and stepwise annealing including sequential etching
of the previously annealed buffer layer region. The latter option is certainly more
economical since the expensive implantation process has to be used only once. Pa-
rameters reported in [35] for P+-ion implantations were: energy of 100 keV and a
dose of 5 × 1014 cm−2.

A prerequisite is, however, that the preceding intermixing steps remain unaf-
fected by the subsequent anneals. This is in fact the case as becomes apparent from
Fig. 16.14 depicting the QW wavelength shift in dependence of the annealing time
(RTA = rapid thermal annealing). Once an implanted region is removed the PL peak
wavelengths of the underlying QW regions behave stable.

The question as to how QWI may affect optical device properties is exemplarily
highlighted in Fig. 16.15 showing results of electro-absorption measurements per-
formed on as-grown samples and samples subject to ion-implantation based QWI
treatment. The excitonic absorption characteristics can be seen to be well retained
despite the intermixing processes evidencing QWI not to distinctly degrade the crys-
talline integrity.

Exploiting QWI technology various integrated devices, especially combinations
of lasers and electro-absorption modulators (EAM), have been successfully demon-
strated recently, notably at the University of California Santa Barbara. As shown
above EAMs are particularly predestined for utilizing QWI because it provides the
required band gap “blue”-shift in relation to the laser band gap, unlike SAG which is
a “red-shift” technology. Integration with widely-tunable SG-DBR lasers and with
DBR lasers have been reported in [37] and [38], respectively. Another application is
wavelength converters [35]. In one architecture, a widely tunable laser diode (SG-
DBR) was integrated with a SOA based Mach-Zehnder interferometer exploiting
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Fig. 16.14 Effect of rapid thermal annealing (RTA) time on QWI wavelength shift in a 7-QW In-
GaAsP/InGaAsP (PLpeak = 1560 nm) sample capped with an 450 nm thick phosphorus implanted
InP layer; The measured photoluminescence peak wavelength shifts towards shorter wavelengths
(“blue” shift) but remains fairly stable after removal of the implanted region (after [37])

Fig. 16.15 Photocurrent
spectroscopy measurements
on reverse-biased InGaAsP
based MQW pin mesa
structures. The exciton peaks
are still clearly visible after
QWI shifting the band edge
towards shorter
wavelengths [37]

cross-phase modulation. Employment of QWI successfully helped optimize active-
passive waveguide transitions and reduce the carrier lifetime in the QW-SOA result-
ing in wavelength conversion over the full C-band at 10 Gb/s data rates [39]. The
QWI technique is not restricted to InP materials but is likewise applicable to other
semiconductor systems. In [40] GaAs-GaAlAs based photonic integrated circuits
for sensing applications have been reported the fabrication of which involved QWI,
in this case in the form of vacancy-enhanced disordering, for the integration of DBR
lasers, photodetectors, phase modulators and passive waveguide elements.

16.3 Recent Achievements

In this section examples of InP PIC achievements will be presented to highlight the
current state-of-the-art in this field. We will focus on most recent implementations
essentially relying on application specific fabrication approaches. Comprehensive
overviews of previous developments may be found in [41, 42].
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Fig. 16.16 Evolution of InP
based monolithic photonic
integration by number of
components per chip [42]

Fig. 16.17 Chip photograph
of a monolithic CWDM
transmitter PIC made by SAG
technology (III–V Lab;
after [43])

As mentioned in the introduction photonic integration started already in the
1980’s. Since then steady progress has been made despite fluctuating attention over
the years. The worldwide evolution of InP based photonic integration from 1990
until today is depicted in Fig. 16.16. As an indicator of complexity the number
of devices integrated on the same chip has been taken which can be seen to have
reached a level of the order of >500. Such large-scale (on a photonic scale) PICs are
now being commercially deployed in optical communications systems. Predicting
the future evolution in InP PIC technology is naturally rather speculative, however,
unless a truly disruptive integration technology will emerge the count of integrated
devices per chip may not exceed a some ten thousand even in the long run owing to
limitations in functionality and fabrication yield.

Exploiting the SAG integration approach which has been shown in Sect. 2.2 to
be particularly useful for covering a wide operational wavelength range a 4-channel
CWDM transmitter PIC has been realized. A photograph of a respective chip is dis-
played in Fig. 16.17. The actual transmitter in each channel consists of a DFB laser
modulated by an electro-absorption modulator (EAM) at 10 Gb/s. At the backside
the laser diode is connected with a monitor photodiode (MPD). The signals, spaced
by 20 nm in wavelength, are multiplexed by a 4 × 1 MMI combiner the inherent
losses of which are compensated by a common SOA placed in the output wave-
guide which again is terminated by a spot size converter [43].
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Fig. 16.18 Microscope
image of a pulse-shaper PIC
for chirp compensation; chip
size: 6 × 6 mm2; PM = phase
modulator (TU Eindhoven,
The Netherlands; [45])

The PIC shown in Fig. 16.18 is targeting optical signal processing, namely opti-
cal pulse shaping which in general means synthesizing a defined output waveform
from a given optical input pulse (for further reading on this topic see [44]). The par-
ticular chip shown uses optical pulse shaping to perform dispersion compensation
for highly chirped optical pulses. The device integrates a 20-channel arrayed wave-
guide grating with 20 electro-optic phase modulators and 20 semiconductor optical
amplifiers on a single chip of 6 × 6 mm2. The light from an optical pulse source is
launched into the chip (AR-facet) and passes through an AWG to be decomposed
into its spectral components which again propagate through the phase modulators
and SOAs. These are used to manipulate their spectral phase and amplitude. Af-
ter back-flection at the HR-facet the individual components are recombined in the
AWG to finally exit the chip through the common input/output waveguide [45].

Optical switches are particularly suited for monolithic integration given the large
number of optical interconnects in matrices. There is currently much interest in en-
ergy efficient switching solutions for use within ICT equipment, both in datacenters
as well as in the wider Internet. Fast optical switches, based on InP semiconductor
optical amplifiers (SOAs) are attractive solutions because SOAs not only enable fast
switching speed along with large dynamic on-off ratios but also allow for compen-
sation of optical insertion losses. The switch shown in Fig. 16.19 is an 8 × 8 port
optical switch based on the Clos architecture, altogether incorporating 64 SOAs.
This 6 × 4 mm2 PIC has 8 input ports next to 8 output ports, located for ease of
access on the same facet of the PIC. The switch uses four 2 × 2 port broadcast and
select stages, followed by two 4 × 4 port and a further four 2 × 2 port stages to
achieve its functionality. All of the switch stages are connected by low-loss passive
waveguides. All of the optical paths through the switch exhibit on-chip gain between
4 dB and 8 dB. The performance of the switch is characterized by an input power
dynamic range (IPDR) of 9.5 dB for a 1 dB OSNR penalty and has a minimum
OSNR penalty of 0.65 dB for 10 Gb/s data streams. Simulations have been used to
predict the performance of this switch design when extended to a larger number of
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Fig. 16.19 An 8 × 8 port fast
optical switch PIC using
SOAs as switching elements
interconnected by passive
waveguides (Cambridge
University/Oclaro, UK)

Fig. 16.20 Transmitter PIC
incorporating a widely
tunable DSDBR laser diode
(>40 nm) and a
Mach-Zehnder modulator
(Oclaro, UK; [47])

input and output ports. It is predicted that a 64 × 64 port switch is feasible, with an
IPDR of 6 dB for a 2 dB penalty [46].

Mach-Zehnder modulators in conjunction with CW driven lasers are attractive
sources to generate ultra-high data rates using IQ modulation formats. While com-
parable with EMLs regarding potential electrical bandwidth they offer distinct ad-
vantages with respect to the optical operational bandwidth which can readily span
over >40 nm, thus being predestined for WDM systems. Single-mode source lasers,
with a fixed emission wavelength or wavelength-tunable, can be either co-packaged
or monolithically integrated, the latter rendering possible very small-form factor
modules. Figure 16.20 shows a monolithic chip that integrates a widely-tunable
DSDBR laser diode, as already sketched in Fig. 16.8, with a ∼2 mm long MZM.
Such PICs, assembled in an SFP+ module, have recently been successfully tested as
colorless transmitters in WDM configured passive-optical networks (PON) covering
the full C-band [47].

Phase-shift keying has emerged as a highly efficient modulation method to en-
able 100–1000 Gb/s transmission systems. To this end, coherent receivers (CRx)
have evolved into key devices for the demodulation of those phase-sensitive optical
data signals. Such CRx components have been developed recently in different con-
figurations by a number of companies and other organizations (e.g. [7, 48–51]). In
essence, these chips comprise a 90° optical hybrid, made of a 4 × 4 MMI or a com-
bination of 2×2 ones, providing output signals with the necessary phase relations to
detect the in- and quadrature phase with a pair of terminating high-speed (balanced)
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Fig. 16.21 Circuit diagram of recently developed monolithic dual-polarization coherent receiver
chip including a wavelength-tunable laser diode (SGDBR) as local oscillator (top) and constella-
tion diagram measured on a real chip (Freedom Photonics, USA; [51])

photodiodes, with or without on-chip electrical impedance matching. This circuitry
is fed through two input waveguides for the input signal (with defined polarization)
and the local oscillator reference signal. For exploiting both polarizations TE and
TM (dual-polarization, DP) to double the aggregated bit rate this design is basically
duplicated on the chip. Extensions have included variable optical attenuators [50]
and polarization beam splitters [7]. Even more, in [51] a dual-polarization coherent
receiver chip is presented that also incorporates a wavelength-tunable laser diode
serving as local oscillator and additional optical amplifiers. The photonic circuit
diagram of the latter device is depicted in Fig. 16.21, together with a measured
constellation diagram. Most recently, coherent receiver PICs for symbol rates of
100 Gbaud have been successfully realized [52].

Corresponding optical transmitters are again based on Mach-Zehnder modulators
(MZM) as their central components. For higher-order quadrature phase-shift keying
modulation (QPSK, QAM) so-called IQ modulators are used the core of which con-
sists of two data encoding MZ modulators nested in both arms of an outer MZM
structure (schematic illustrated in Fig. 16.23). Such transmitter components are be-
ing available today from various vendors for use in long-haul and increasingly also
metro networks.
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Fig. 16.22 Schematic (top) and microscope image (bottom) of a monolithic 8 × 25 Gb/s all-optical
OFDM/Nyquist-WDM transmitter PIC having a footprint of 15.5 × 28 mm2 (Fraunhofer HHI,
Germany, [53])

For WDM schemes multiple IQ structures have to be combined which is prac-
tically only feasible by photonic integration. Figure 16.22 shows a respective InP
transmitter PIC which has been realized for all-optical 8 × 25 Gb/s OFDM/Nyquist-
WDM data transmission (OFDM = orthogonal frequency division multiplexing)
in the framework of the European project ASTRON [53]. Coherent optical or-
thogonal frequency division multiplexing (OFDM) and Nyquist-wavelength divi-
sion multiplexing (Nyquist-WDM) are considered promising approaches for fu-
ture flexible optical networks to generate spectrally efficient superchannels with
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Fig. 16.23 Architectural diagram (top) of a PM-QPSK (polarization-multiplexed QPSK) trans-
mitter PIC, capable of 500 Gb/s data generation, integrating >450 functional elements (in the blue
part), including 10 tunable DFB lasers, monito photodiodes, 40 MZMs in total, and various sensing
and control functions; (bottom) photonic circuit of the corresponding coherent receiver involving
a local oscillator DFB laser for each wavelength channel (Infinera, USA; adapted from [55])

data bit rates up to several Tb/s. The entire chip measuring 15.5 × 28 mm2 en-
compasses eight IQ modulators involving MZMs with periodically capacity-loaded
traveling-wave electrodes. These structures are integrated with a 1 × 8 splitter and
combiner, respectively, and specially designed 8 × 8 arrayed-waveguide grating
(AWG) devices to enable direct/inverse discrete Fourier transforms of the signals
directly in the optical domain [54]. Additional optical and electrical elements includ-
ing spot size converters, phase shifters, monitoring diodes, electrical RF GSG/GS
converters and 50 � RF termination resistors are incorporated in order to pro-
vide low optical fiber-chip coupling, easy IQ MZM operating point settings, and
proper RF performance bringing the number of integrated components to a total
of 155.
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A related integrated transmitter architecture, which is likely to represent the
InP PIC with the highest device count made to date, is schematically displayed
in Fig. 16.23 [55]. It represents a 10-wavelength dual-polarization QPSK transmit-
ter comprised of 10 pairs of IQ modulators wavelength-multiplexed by means of
an AWG combiner for each polarization path. Each of these channels is fed by a
DFB laser diode which is tunable over a narrow band to allow for fine wavelength
adjustment. Their rear side is waveguide-connected to a monitor photodiode. Al-
together such a chip has been reported to include more than 450 integrated func-
tions, including control functions. Such PICs have been assembled into modules
which have been demonstrated to be capable of providing 500 Gb/s data traffic each
[56]. The corresponding coherent receiver chip is also shown in Fig. 16.23. Again
this PIC integrates 10 DFB lasers serving as local oscillator, similar to the one of
Fig. 16.21.

16.4 Open Access to Integration Platforms: Adoption
of Foundry Model

Until recently InP PIC achievements have exclusively been relying on dedicated in-
tegration technologies, and the industrial developments were to a large extent geared
towards in-house exploitation. Even if access to this technology would be provided
to external clients, many potential users, in particular small companies, can hardly
afford investing in a PIC development for their specific products, given the fact that
it may easily cost several hundreds of thousands of USD to up into the million USD
range only for getting proof-of-concept chips. Chip designers are required to have
an intimate knowledge of the proprietary technology utilized, including epitaxy re-
lated material data, detailed fabrication process features and process flow. This in-
formation is generally not disclosed by chip manufacturers to external parties. To
overcome these hurdles which are all but conducive to a wider-spread use of PIC
technology, adoption of a generic foundry model appears to be a natural way [57].

In the electronics industry the generic foundry business has already been suc-
cessfully used for decades. The key characteristics of such a generic model are: use
of a frozen technology; owned by the chip manufacturer; suited for many different
PIC designs; strict separation of PIC design and chip fabrication; technology-blind
circuit design made from a set of defined device building blocks; availability of
a “process design kit” (PDK) providing all the information needed by a designer;
and thanks to the generic nature different PIC designs can be accommodated on
a wafer and fabricated in the same multi-project wafer run. The foundry concept
not only helps overcome the afore-mentioned restrictions regarding open access to
design and manufacturing but also provides substantial advantages with respect to
cost-effectiveness: wafer run costs can be shared by MPW users; development costs
are minimized by process standardization; repeating the same processes run by run
enhances fabrication reliability; and testing and qualification can also be performed
in a generic manner.
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Clearly, adopting the foundry approach in photonics is more demanding than it
is in electronics due to the larger variety of basic active and passive optical device
functions and building blocks, and the enormous space of optical and electrical pa-
rameters associated with them. Not surprisingly, there was a great deal of skepticism
that a generic foundry model would be applicable at all in the photonics arena, and it
was only less than a decade ago that serious initiatives were launched to transfer this
concept to InP photonics. Europe has taken the lead here, particularly through the
two major R&D projects EuroPIC [58] and PARADIGM [27] funded by the Euro-
pean Community. The goal of these projects was not only to develop the technology
of generic InP based integration platforms but beyond that to establish a full eco-
system for generic InP PIC fabrication including an integrated design environment
(circuit design and simulation tools, mask layout software, design rule checking),
involvement of design houses, testing and to a certain extent generic packaging, and
even brokerage activities for MPW services.

As a result of those projects open access MPW services were launched recently
on a pre-commercial basis by three European entities – UK based Oclaro, Fraun-
hofer HHI of Germany, and Smart Photonics in The Netherlands, the latter exploit-
ing the technology of the COBRA institute of Eindhoven Technical University. All
of these PIC platforms are capable of serving a wide variety of applications. There
are, however, special differences in the technology and building block offerings.
Even in the longer run full convergence in capabilities may not be anticipated –
similar to Si electronics where foundries are also not compatible with each other in
all respects. In the next section the integration platform of Fraunhofer HHI will be
described in some more detail.

16.4.1 A Generic TxRx PIC Platform

Technological Platform Implementation Starting from a Rx platform develop-
ment which basically integrated a high-speed (40 GHz bandwidth) photodiode with
a range of passive optical waveguide functions, Fraunhofer HHI’s platform has been
substantially extended recently by adding laser type building blocks and further el-
ements so as to provide full TxRx capability, with Tx denoting transmitter and Rx
receiver functionalities [59, 60]. The technological implementation of this platform
is illustrated in Fig. 16.24.

The entire epitaxial PIC structure is built on a semi-insulating (Fe doped) sub-
strate which not only allows for true electrical isolation of the integrated active ele-
ments but is likewise essential for achieving high electrical bandwidth. To this end,
all of the passive waveguides used in the platform are made of Fe doped material
which has the added benefit of eliminating optical losses induced by free carrier
absorption. The bottom of the PIC layer stack is formed by a fairly thick diluted
waveguide structure from which the optical input/output waveguides of the PIC
chip are made. Terminated by vertically tapered spot-size converters they provide
optimized optical coupling to standard single mode fibers with less than 2 dB cou-
pling efficiency. On top of this Fe doped waveguide the “half” structure of the laser
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Fig. 16.24 Schematic of generic InP PIC platform as developed at Fraunhofer HHI (BG = Bragg
grating; PD = photodiode; DFB = DFB laser; EAM = electro-absorption modulator; SOA =
semiconductor optical amplifier)

building block designed for C-band operation is deposited. As its core it embodies
a thin quaternary bulk waveguide layer on top of which the active region in form
of an InGaAsP/InGaAsP offset multi-quantum well stack is placed. This stack is
used to implement laser gain blocks/SOAs and electro-absorption modulators. It
should be noted that the performance of the EA modulator is somewhat limited be-
cause of the use of a common active medium; employment of SAG technology will
help overcome this limitation. At places where DFB laser elements are to be po-
sitioned 1st-order complex-coupled DFB gratings are patterned involving electron-
beam lithography and reactive ion etching. In the same way tunable gratings, used
as building block for instance for DBR lasers, are realized after locally etching off
the active MQW material. Omitting the grating here, current-injection based phase
shifters can be made. Following these processing steps the wafer is overgrown with
the upper p-InP cladding and contact layer structure. Subsequently, the individual
Tx building blocks are mesa-structured down to the bottom waveguide layer to com-
plete the Tx level.

The next major fabrication stage encompasses the integration of the Rx level con-
sisting of the layers of the evanescently coupled pin photodiode (refer to Fig. 16.1)
and of the access waveguide which again is made semi-insulating. This waveguide
simultaneously interconnects the Tx elements to which it is butt-coupled. The key
technology used for this is selective-area-epitaxy, as described in Sect. 2.2. Outside
the photodiode areas the pin PD layers are removed. In the final wafer processing
stage all of the different functional building blocks on the PIC wafer are laterally
structured into ridge-waveguide devices. To this end the same mask is used for the
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passive waveguides and the Tx elements thus ensuring optimal lateral alignment.
Passive-active butt-coupling efficiency amounts to <1 dB/interface and is primar-
ily determined by the precision in vertical alignment. Due to the use of a semi-
insulating substrate both the metal n- and the p-contacts are required to be formed
on the surface side of the structure.

The entire process requires (only) three epitaxial growth steps, including base
wafer growth, and about 25 lithographic mask levels. An attractive feature of the
developed platform is the fact that the Tx and the Rx level are structurally largely
separated such that they may also be implemented as separate sub-platforms, yet
using the same design manual and PDK.

Building Blocks The principal physical functions that are required to create a
generic TxRx capable photonic integration platform are: single-mode guiding of
light; optical amplification; manipulation of optical phase; and absorption of light.
These functions lead to the key basic building blocks (BB): passive optical wave-
guide; gain/optical amplifier element; phase shifter; and optical detector. In prin-
ciple, these elements would suffice for a designer to create a wide range of inte-
grated photonic devices and circuits. In practice, however, the PIC manufacturer –
the foundry – will offer more complex building blocks composed of the elemental
functions to avoid an excessive number of design interfaces which would multiply
technology and performance risks. The building blocks are owned by the foundry,
and as rule of the game their technological implementations are usually not dis-
closed to designers.

The building blocks which are presently (at the time of writing) provided on
Fraunhofer’s PIC platform as illustrated in Fig. 16.24, are compiled in Table 16.1.

Performance characteristics and all the lay-outing information required by de-
signers are described in a comprehensive design manual. Here a selection of ex-
emplary BBs will be given along with keys device parameters. In Fig. 16.25 the
structure of the passive waveguides is represented featuring a rib design with three
different rib heights, h, (200; 600; and 1700 nm) and thus index contrasts. The latter
parameter immediately determines the minimum bend radius ensuring negligible ra-
diation loss. It also largely impacts the overall chip size of a PIC. Sidewall roughness
and free carrier absorption are the principal sources for the optical losses. The latter
one is essentially eliminated because of the use of Fe doped waveguide material,
as already noted above. Typical propagation losses measured on these waveguides
range from ∼0.5 dB/cm for the low-index and about 2 dB/cm for the high-index
structure, with losses for TE polarized light being consistently lower than for TM
polarization. To couple optical signals between the different waveguides transition
elements are available as a separate building block exhibiting losses of some 0.2 dB,
as already outlined in Sect. 2.2.

Figure 16.26 refers to a gain element which represents a fundamental building
block to generate and amplify light. As such it can be used as an optical amplifier
as well as a central part of any laser structure. On the platform these devices are
parameterized, that is their length can be chosen by the designer from 100 µm to the
mm-range. Achievable gain and spectral bandwidth are key device parameters. For
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Table 16.1 List of building blocks offered on Fraunhofer HHI’s InP PIC platform (F = fixed
design; P = parameterized)

Building block Design

Passive optical and electrical BBs

Waveguide (three different �n) P

Waveguide transitions F

Waveguide crossings F

Waveguide circular arc P

Input/output spot size converter F

MMI (1 × 2; 2 × 2) F

Directional coupler P

AWG P

Phase shifter (thermo-optic) P

Polarization converter F

Polarization beam splitter F

Metal interconnects incl.
waveguide crossover

F

RF lines F

Building block Design

Tx-related BBs

Gain element/SOA P

DFB laser diode (25 G) P

Tunable Bragg grating (5 nm) P

DBR laser P

Phase shifter (current injection) P

EA modulator (40 G, under
development)

P

P-isolation section P

Rx-related BBs

pin-PD (40 G and <10 G) F

Balanced pin-PD (40 G) F

Pin-PD impedance matching RC

Fig. 16.25 Cross-sections and simulated mode profiles of the three rib waveguide types used
on Fraunhofer HHI’s PIC platform. The waveguides consist of semi-insulating InP and InGaAsP
layers of 1.06 µm material wavelength (compare to Fig. 16.24). The rib width, w, amounts to some
2 µm. The rib height, h, determines the index contrast and correspondingly the minimum bend
radius, Rmin

the given active 8-QW stack typical characteristic SOA figures are: 3–4 dB/100 µm
gain per length and 3-dB spectral bandwidth of 40 nm around 1550 nm. Technolog-
ical modifications to the platform are underway to locally adjust the QW number
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Fig. 16.26 Gain vs current
characteristics of a 500 µm
long gain block (SOA)
measured in fiber-to-fiber
(SSMF) configuration. The
gain device was butt-coupled
to 1 mm long input and an
output shallow-ridge
(h = 200 nm) waveguides
terminated by a spot-size
converter at either end

Fig. 16.27 Small-signal
response curves of the
200 µm long DFB laser
building block in dependence
of bias current (incl. threshold
current). At 100 mA a 3-dB
bandwidth of >18 GHz is
achieved. The devices under
test were butt-coupled to
500 µm long waveguide
sections at both sides

in the SOA regions for optimizing specific properties separately from the other Tx
devices.

The standard laser source on the platform is a complex-coupled DFB laser. As
opposed to the DBR laser building block where the length of the gain and the grat-
ing section can be set by the designer a fixed cavity length of 200 µm has been
chosen for the DFB laser building block supporting high modulation bandwidth
up to around 20 GHz, as evidenced in Fig. 16.27, which is adequate for ∼25 Gb/s
operation. Recently, using such devices 56 Gb/s transmission experiments were suc-
cessfully conducted using 4-level amplitude modulation (PAM4) at a symbol rate of
28 Gbaud [61]. While the geometrical parameters are fixed the emission wavelength
can be adjusted across the C-band. Extension to cover also the L-band is being inves-
tigated. Typical threshold currents for the 200 µm long lasers amount to 8–10 mA,
and the ex-waveguide optical output power to ∼5 mW at 100 mA, measured at room
temperature on waveguide integrated structures similar to the afore-mentioned gain
blocks.

For light detection waveguide-integrated photodiodes are offered with two sizes.
The high-speed version exhibits a 3-dB bandwidth of >30 GHz suitable for receiv-
ing 40 Gb/s data signals. Mean values of the dark current of these devices are around
1 nA at −2 V bias. Figure 16.28 shows a respective distribution that was collected
from a receiver chip comprising 100 photodiodes [10] and from test structures with
another 84 devices in total, all of them made on the same wafer. An electrical passive
on-chip biasing circuit is available for impedance matching, and a pair of balanced
photodiodes is provided as a separate building block.
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Fig. 16.28 Dark current
distribution of 40 Gb/s
capable waveguide-integrated
pin photodiodes taking into
account 184 devices on the
same wafer

Polarization components are of paramount importance for photonic integrated
circuits for handling optical signals of arbitrary polarization. Whereas light emitted
from laser diodes is commonly strongly TE polarized the polarization state of light
received e.g. through an optical fiber is generally unknown and may vary with time.
Polarization diversity is an effective scheme to cope with this issue: The lightwave is
split into its optical TE and TM component by means of a polarization beam splitter
(PBS), then separately processed and finally recombined optical signal in the electri-
cal domain. However, various optical circuit elements like SOAs, electro-absorption
and Mach-Zehnder modulators are only sensitive to TE modes. To overcome this
restriction, TM polarized light is transferred into the TE state using a so-called po-
larization converter (PC). The PBS building block implemented on the platform
relies on a thermo-optically adjustable asymmetric Mach-Zehnder interferometer
structure which enables polarization extinction ratios of >25 dB [62]. For integrat-
able waveguide based PC devices a common approach makes use of a 2-section
slanted waveguide structure achieved by wet chemical etching [63]. However, to ac-
complish optimum TE/TM conversion of >20 dB the waveguide width (∼1.2 µm)
with previous designs was found to demand extremely tight fabrication tolerances
of <100 nm. Applying an optimized set of design parameters simulation studies
have indicated more relaxed tolerances of >200 nm which significantly eases reli-
able fabrication even using state-of-the art optical lithography. Figure 16.29 shows
respective simulation [64] and preliminary experimental results [65].

Multi-Project Wafer Foundry Runs As outlined above the principle of the
generic platform approach is the separation of PIC design and PIC fabrication. The
different users on a multi-project wafer (MPW) run are responsible for designing
their PICs but may hire a specialized design house for this purpose. The designs
are transferred into mask files using dedicated software tools (see next section) and
eventually submitted to the foundry where the final wafer lay-out is made. A broker
organization may be involved here – a role that for InP PICs has been assumed by
the European organization JePPIX [66]. On the HHI platform the standard user cell
measures 4 × 12 mm2 which the user is free to divide into sub-cells of 2 × 4, 4 × 4,
and 6 × 4 mm2. Sticking to a constant width, here 4 mm, is essential to facilitate bar
cleaving. Following the lay-out process the physical masks are made and the wafer
processing started. At Fraunhofer HHI all the masks are made in-house employing
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Fig. 16.29 Performance of polarization converter building block consisting of a 2-section slanted
waveguide structure as reported in [64]: (left) simulated polarization extinction ratio (PER) as a
function of waveguide top widths of the two sections (dashed curves: 10 dB- and 20 dB iso-PER
contour lines); (right) measurement results of TE/TM extinction as a function of deviation from
nominal width (=1.2 µm) [65]

electron-beam lithography. Before dicing the bars into the individual chips the in-
put/output facets are usually anti-reflection coated with dielectric materials utilizing
an ion beam sputtering process. Figure 16.30 displays the lay-out of a completed
wafer along with examples of fabricated (and published) PIC designs.

Top left: Multichannel AWG based colliding pulse mode-locked laser on which
generation of 12.7 GHz optical pulse trains with 17–19 ps pulse widths was demon-
strated: The chip incorporates an 4-array of 700 µm long SOAs, a set of passive
optical waveguide delay lines to equalize the optical path lengths of the four wave-
length channels, an AWG serving as 4×1 wavelength combiner, a common 100 µm
long saturable absorber section and a 400 µm SOA section in the SSC terminated
output waveguide [67].

Top right: 8-channel WDM transmitter structure incorporating a directly modu-
lated DFB laser and a monitor photodiode in each channel. The lasers merge into
a common output waveguide with spot-size converter using multimode interference
(MMI) couplers in different architectures (8 × 1 and cascaded 2 × 1 and 4 × 1 de-
signs). The DFB laser diodes can be thermally tuned over a few nanometers by
integrated heaters to adjust the channel wavelengths (spacing: 100 GHz) [68].

Middle left: Chip with flip-flop (FF) for all-optical static-random-access-memory
(SR-FF). The FF circuit (two ones shown on chip) is based on coupled SOA-MZI
switches arranged in ”master-slave” architecture and features eight input/output
waveguides with spot-size converters. In each of the four MZIs a 1 mm long SOA
is integrated in one arm, and a current-injection phase shifter in the other one. MMI
structures are used as couplers in the MZIs. Each FF chip measures 6 × 2 mm2.
Read/write operation at 5 Gb/s was demonstrated [69].

Middle right: The chip represents a test structure for assessing stray light which
may have adverse effects (optical crosstalk) in any integrated photonic device and
need to be suppressed to lowest possible levels. In the middle a DFB laser is placed
that is connected to a passive waveguide with a reference photodiode on top. Stray
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Fig. 16.30 Floorplan of a full Multi-Project-Wafer and selection of four exemplary TxRx-type
PICs (photographs of chip surface)

light generated at the butt-coupling interfaces is captured and monitored by a sur-
rounding ring of photodiodes to give an indication of relative power levels and spa-
tial distribution. Without applying “light blocking” structures (trenches, absorbers)
measured values were down to the −40 dB level [59].

Bottom: The photo shows an 8-channel demultiplexer PIC for simultane-
ous mode-division-multiplex and wavelength-division-multiplex transmission over
“few-mode” fibers. This Rx-type PIC can handle two spatial fiber modes and four
wavelength channels. In essence, it is comprised of a balanced Mach-Zehnder cou-
pler with integrated thermo-optical phase shifters and an 8-channel AWG (50 GHz
channel spacing; 400 GHz free spectral range) with integrated photodiodes [70].

16.4.2 Testing of PICs

How can the proper function of the chips be verified? Naturally, the separated re-
sponsibilities for design and fabrication impede cause analysis if the chip perfor-
mance does not meet expectations. The foundry does not measure the real PIC
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Fig. 16.31 On-wafer modal
gain measurement using a
wavelength demultiplexer to
sample gain at various
wavelengths: schematic of
test structure (top) and
measurement results. The five
colored bars indicate the
passbands of the AWG
(bottom) [75]

devices because generally it is design-agnostic, and beyond that may not be ex-
pected to have at its disposal all the dedicated measurement equipment needed for
the different specific applications. Instead, wafers are released on validation mea-
surements against specifications set for agreed parameters of building blocks and/or
test structures, and also structural parameters like waveguide width. These valida-
tion measurements can be very comprehensive, time consuming and thus expensive.
Automated and standardized optical on-wafer measurements requiring vertical on-
chip tapping structures are highly desirable; even more methods that are capable of
characterizing optical device properties solely by electrical measurements.

An example of the latter is a “non-invasive” capacitive technique that allows for
light detection in waveguides with fairly simple-to-measure variations in electri-
cal conductivity of the waveguide core, induced by surface-state carrier generation
effects [71]. This approach, referred to as CLIPP (contactless integrated photonic
probe), can be exploited for on-chip measurements of waveguides losses by apply-
ing multiple CLIPP structures. It is likewise promising for monitoring the state (i.e.
working points) of photonic circuits [72] as well as for active fiber alignment appli-
cations using CLIPP structures as on-chip optical power monitors [73].

Use of “smart” integrated test structures, accommodated on the wafer specifi-
cally for validation purposes, is a more general approach which still opens up wide
opportunities for introducing innovative ideas. On-wafer measurement schemes are
applicable by making use of the integrated light sources and detectors. For instance,
waveguide propagation losses have been measured employing ring resonator struc-
tures integrated with a laser and detector [74]. Another example along this line is a
test structure for modal gain characterization, as depicted in Fig. 16.31. It consists
of a SOA with two or more sections (at least one pair) of different lengths the modal
gain of which is to be determined. An AWG spectrally resolves the amplified spon-
taneous emission (ASE) from the SOA, and the photocurrents of the corresponding
photodetectors provide a measure for the spectral gain values [75].
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Fig. 16.32 Schematic illustration of three important layers of abstraction above a foundry’s inte-
gration technology: physical, circuit and system level. The process design kit (PDK) contains infor-
mation on the technology and physical parameters, like the relevant material parameters. It further
contains circuit level models of the BBs and important boundary conditions such as crosstalk and
design rule checks (DRC). This data together with a given design can be used to perform full
system simulations

16.4.3 Design Environment

Just as photonics emerged as a technology for discrete devices, the tools used for
designing and simulating them were also focused on discrete device structures. As
such, those tools gained a lot of depth for specific applications, but not necessarily
a lot of breadth. With the emergence of PICs, however, this paradigm is bound to
change, as it is highly impractical for a PIC designer to adopt a different solution
for each component he uses in his design [76].

It is useful to think of PIC design in terms of a hierarchy of abstraction layers,
see Fig. 16.32. To assess the performance of a complex PIC, it evidently makes
little sense to try and solve Maxwell’s equations in the optical domain on an area
of several mm2 in size. If one further thinks of electro-optic or thermal effects and
their interrelation, it becomes obvious that abstraction is key. In the following the
three main abstraction levels with respect to PIC design are briefly addressed.

Physical Simulations The relevant physics in PICs is vast, and as such there is no
“definite solver” for all problems. The main areas that usually are to be simulated
are Maxwell’s equations for optical- and RF waves, the Poisson equation for charge
distributions, the heat equation for thermal simulations, and models for semiconduc-
tor physics. More and more tools actually offer co-simulation of the various physical
aspects involved to allow for coupling of different effects. Simulating charge effects
and optical waves simultaneously, for example, enables thorough simulation of the
dynamics of electro-optic modulators.
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Maxwell’s equations are usually solved in two dimensions to calculate the modes
that can propagate in a given cross-section, as already illustrated in Fig. 16.25. To
propagate those modes, specialized uni- or bidirectional methods are typically used
[77, 78]. In some cases, this mixed approach is insufficient, and Maxwell’s equations
have to be solved in a three-dimensional space, predominantly using the finite dif-
ference time domain (FDTD) method [79]. Examples for such challenging devices
include grating couplers or nano-lasers.

For most active devices, models of electronic bands of the semiconductor as
well as a set of rate equations are to be solved simultaneously. For field effects,
the (dynamic) charge distribution is also of importance. All of those physics usu-
ally take place in optical cavities supporting a set of transversal and longitudinal
modes, making the simulation of active devices very challenging. Many simulators
rely on mixed models where some effects are defined phenomenologically, such as
the logarithmic gain-current dependence in quantum wells.

All of the above generally depends on temperature. For high optical powers,
optical nonlinearities come into play. Hence, the models obtained in physical sim-
ulations will generally rely on electrical current or voltage, temperature and optical
power. From those dependencies, simplified phenomenological models can be de-
rived and can then be fed up to the circuit simulator. The easiest example for such a
simplification is the scattering matrix of an optical waveguide. Once the losses and
group indices and their dispersion are known for all modes of a waveguide, this data
can be encapsulated into a simple matrix.

Circuit Simulations With the more phenomenological models obtained from
physical simulations, circuit level simulations can be conducted to provide informa-
tion of the performance of composite building blocks and eventually of a complete
photonic circuit. Passive components can easily be modeled with scattering matrices
in frequency domain. Active components can only be modeled non-linearly in fre-
quency domain, as fully physical models for those mostly rely on time domain. For
efficient simulation, however, frequency domain models are essential. Hence, cir-
cuit level simulators mostly rely on fits of experimental data or phenomenological
models for active components. Examples for this are effective noise figures of SOAs
or the chirp parameter of a laser. Electro-optic effects can often be sufficiently mod-
eled with a static model plus a small-signal response. Recently design capabilities
for assessing the impact of fabrication tolerances on functional PIC performance us-
ing Monte-Carlo simulations have been incorporated in a circuit simulator tool [80].
An illustration is depicted in Fig. 16.33.

System Simulations From a system perspective, an individual PIC, as complex
as it might be, is only a small piece of a much larger puzzle. Hence, to perform
system level simulations, the PIC has to be reduced to a simple (preferable fre-
quency domain) model with a set of electrical and optical I/Os. This kind of model
is exactly the end result of circuit simulators. System simulation tools that started
pushing towards inclusion of PIC models are available from various vendors: Trans-
missionMaker from VPI Photonics [81], PICWave from PhotonDesign [82] and In-
terconnect from Lumerical [83]. Those tools are all capable of simulating complex
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Fig. 16.33 (Top) Ring resonator as modeled in ASPIC [80]. The loss of the 2 × 2 MMI, α22, and
its coupling ratio, K22, are modeled statistically using the Monte-Carlo method. For the purpose
of this simulation, the waveguide parameters have no statistical distribution. (Bottom) normalized
transmission of the ring filter. The transmission has a certain average and standard deviation, de-
pending on the statistics of the MMI. The circuit was fabricated in HHI’s platform, from which the
parameters were taken. The measurement is within the predicted deviation (grey) from the ideal
transmission curve (courtesy of Politecnico di Milano/Filarete)

electro-optical transmission links as deployed in the field. Their toolboxes for PICs
now also enable simulating the performance of a newly designed PIC in a given
system before starting its actual fabrication.

Process Design Kits and Layout To achieve the afore-mentioned level of ab-
straction, foundries typically supply their users with so-called process design kits
(PDK). The PDK contains detailed data on both performance and layout of all BBs.
It further contains cross-sectional data to enable the designer to carry out simula-
tions on the physical level. The BBs are characterized by models which are fed by
the foundry’s experimental data. The layout part of a PDK contains information on
geometry and electrical and optical connections. It further contains a set of design
rules, e.g. to make sure the bend radius of a waveguide is not too tight. Figure 16.34
shows an example where all this information in the PDK is used for circuit simula-
tions and then to directly generate a layout from the circuit simulator.

Typically, the PDK of a foundry is accompanied by a design manual. This is a
document that describes the PDK’s content and gives some insight into the foundry’s
technology but without disclosing proprietary details. It is also intended to give a
complete documentation of all BBs inside the PDK, including design examples and
experimental data.

The assembly of the final mask set for an MPW wafer is commonly done in a
fully automated fashion. The foundry inserts the private content of its BB into the
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locations specified by the users’ designs. This private content in turn is adapted to
the parameters set by the user. For example, a designer may have used a parame-
terized DFB laser building block and specified its wavelength with a certain value.
The wafer layout tool at the foundry will use this wavelength to calculate the correct
grating period and inserts this grating automatically into the BB.

To ensure the interoperability of the various tools used in modern PIC design, the
PDAFlow foundation was created [86]. This consortium encompasses all the afore-
mentioned software companies. Within the foundation, a continuing effort towards
standardization of all aspects of PIC design is made.

16.4.4 Generic Packaging

In addition to design and fabrication, packaging capabilities are crucial because bare
chips are in fact of only minor value for users. Generic packages that are compat-
ible with a broad range of PICs are therefore of utmost importance to allow for
rapid prototyping and for packaging of smaller volumes for which expensive cus-
tomized developments are hardly affordable. Notwithstanding that with large vol-
umes customized packages may be the preferred solution. In the already mentioned
PARADIGM project steps were taken to create a generic package for PICs. An
outcome of those activities is shown in Fig. 16.35. This particular built has been
designed to be capable of supporting up to 12 single-mode fiber connections to the
PIC via a lens array. Electrically, it supports 10 high-speed connections (25 GHz),
and 36 slow-speed/DC electrical connections implemented by electrical interposers.
Further, two high-current DC connections are available for the thermoelectric cooler
enabling precise temperature control of the PIC chip. Thermal materials have been
included in the design which is also capable of being hermetically sealed where re-
liability and environmental conditions require it. The package style has been specif-
ically designed to fit within one of the most common transceiver platforms in use
today; the XFP platform. It should be emphasized that the generic packaging ap-
proach demands optical and electrical interfaces on the chip to be compliant with
the design constraints imposed by the standard package.

Fig. 16.35 Generic package
for InP PICs as developed in
the PARADIGM project
under the responsibility of the
consortium partner Gooch &
Housego (courtesy of
B. Musk, Entropix Ltd, UK)
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Despite this early generic development a bottleneck with PIC packaging is con-
tinuing to exist, and in response to this in 2016 the European Commission has
launched a call for proposals under the HORIZON 2020 program aiming at es-
tablishing a pilot line for PIC packaging in Europe building on existing expertise.

Successful commercialization of any product demands a complete supply chain
to be in place. For foundry-type manufacturing of InP PICs, as outlined above, the
major links of this chain have been successfully established on the R&D level in re-
cent years, encompassing a design platform with interoperability of different design
tools; PIC processing and testing; and packaging. Pre-commercial foundry opera-
tions have been commenced including involvement of professional design houses
and brokerage activities. Currently, in terms of manufacturing readiness level, MRL
(scale: 1–10), this technology area may be characterized by MRL 3–5, depending
on the specific disciplines. For the years to come, it will be decisive for sustainable
growth and for acceptance in diverse potential application areas to steadily progress
to higher levels.
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Symbols
2D optical switch, 487
2nd order grating, 143
3 dB bandwidth, 250, 251
3D optical switch, 487
α-parameter for modulators, 172
α parameter (of fibre), 62
λ/4 phase shift, 120
κ · L product, 122
Q-factor, 252

A
Acousto-optic modulator, 575
Acousto-optic tunable filter, 471
Active layer etching, 122
Actuator, opto-mechanical~, 493
ADC architectures, flash~, pipeline~, serial

ripple~, 340, 341
ADC, time-interleaved SAR-~, 342
ADC concepts, 342
AlAsSb, 134
Aliasing, 339
All optical amplifier, 724
All-optical wavelength demultiplexer, 725
All-pass filter, 419
Amplified spontaneous emission, 592, 745
Analogue actuator, 486
Angled facet, 117
Apodization, 447, 701
Apodized fibre Bragg grating, 422
Arrayed waveguide grating, 436, 691, 693
Arrayed waveguide grating, reflective~, 693
Asymmetric Mach-Zehnder interferometer,

689
Asymmetric waveguide, 116
Au heatsink, 136

Auger recombination, 743
Avalanche photodiode, 257

B
Back facet phase, 123
Balanced receiver, 400, 403, 405
Band gap shrinkage, 213
Band-edge filter, 456
Band-pass filter, 418, 456, 458
Bandwidth efficiency, 313
Bend loss (fibre), 60
Bend-optimized fibre, 71, 74
Benes switch, 487
Binary phase plate, 12
Binary-weighted DAC, 337
Bit error ratio (formula), 304
Blaze angle, 432
Blaze wavelength, 432
Block turbo code, 327
Box shell layout, 634
Bragg condition, 121
Bragg fibre, 83
Brillouin scattering, 619
Broad-area device, 116
Broadcast and Select, 492
Building blocks of PICs, 823
Buried oxide layer (BOX), 682
Buried ridge stripe laser, 108
Buried tunnel junction, 135
Buried-heterostructure, 107
Butt coupling, 708
Butt-joint coupling, 805
Butt-joint integration, 169, 648
Butt-joint method, 648
Butt-joint regrowth, 806
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C
Cantilever coupler, 704
Capacitively loaded electrode, 383
Carrier density pulsation, 231
Carrier frequency recovery, 332, 334
Carrier phase recovery, 334
Carrier transit time, 251, 708
Cascaded microring filter, 467
Cascaded microring modulator, 466
Characteristic temperature, 115
Chirp, 125, 158, 172, 360, 363–365, 367–371,

388, 392, 394, 397, 398
Chirp, facet-reflection induced~, 173
Chirp, static~, 173
Chirp parameter, 360, 361, 363, 368–370
Chirped grating, 448
Chirped optical pulses, 815
Chromatic dispersion, 57, 362, 364, 370, 395,

397, 398, 402
Chromatic dispersion coefficient, 360, 361,

370
Chromatic dispersion compensation, 333
Circuit simulation, 831
Client data framer, 299
Clos architecture, 487
CMOS-compatibility, 679
Coarse-wavelength-division multiplexing, 807
Code, low-density parity-check~, 328
Code, turbo block~, 327
Code overhead, 301
Coded modulation, 301
Coherent detection, 297
Coherent receiver, 296, 309
Coherent receiver frontend, 345
Coherent transceiver, 299
Colourless AWG, 442
Complex coupling, 121
Compressive strain, 110
Conduction band discontinuity, 111
Connector, high power~, 559
Connector, multi-core fibre~, 28
Connector, polarisation-maintaining~, 557
Constant chirp parameter approximation, 369
Constant modulus algorithm, 333
Constellation diagram, 302
Constellation size, 300
Contactless integrated photonic probe, 829
Contrast factor, 453
Cost-efficiency, 4
Counter propagating ring resonator, 697
Coupled mode theory, 425
Coupling coefficient, 122
Coupling efficiency, 115
Coupling length, 427

Critical coupling, 465
Crossbar switch, 486
Current tuning, 138
Curved stripe DFB laser, 127
CWDM transmitter, 814

D
DAC, binary-weighted~, segmented~, 337
DAC, resistor ladder~, thermometer-coded~,

336
DAC architectures, 340
DAC resolution, 335
Dark current, 251, 709
Data converter, 300, 334
Data mapping, 330
DBR (coarse, fine) tuning, 216
DBR laser, 214
Degenerate four wave mixing, 720
Detection limit, 253
DFB grating, 120
Dielectric DBR, 136
Dielectric multilayer filter, 455
Differential drive, 367, 368, 388, 391, 397
Differential gain, 125
Differential mode attenuation, 60
Differential mode delay, 59
Diffraction grating, 431, 491
Diffraction order, 432
Digital equalization, 330
Digital optical switch, 513
Digital signal processing, 28, 299
Digital supermode DBR laser, 225
Diluted nitrogen containing InGaAs, 134
Direct modulation, 361, 362
Directional coupler, 428
Discrete mode laser, 129
Dispersion equalizer, 332
Dispersion slope, 420
Dispersion tolerance, 361, 363, 364, 371, 402
Dispersion-compensating fibre, 74
Dispersion-tailored fibre, 69, 72
Distributed Bragg reflector, 132, 214
Distributed feedback, 120
Double stripe layout, asymmetrical~, 635
Double-heterostructure, 106
DPSK modulation, 398
Drude model, 372
DSDBR laser, 394, 816
Dual carrier FDM, 317
Dual polarization I/Q modulator, 343
Dual polarization operation, 307
Dual-depletion region photodiode, 263
Dual-polarization QPSK, 804
Dual-waveguide structure, 802
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Duobinary encoded signal, 396, 397
Duobinary encoding, 396
Duplexer, ~chip, ~PIC, 803

E
Echelle grating, 435, 689, 693, 694, 696
EDFA, 21, 586
Edge coupler, 702
Edge filter, 459
Effective number of bits, 336
Electrical signal-to-noise ratio, 593
Electro-absorption modulated laser, 804
Electro-optic effect, 374
Electro-optic switch, 510
Electroabsorption, 373
Electroabsorption (EA) modulator, 169, 363,

374
Electrostatic deflection, 139
Emission and absorption cross sections, 589,

590
Emission spectrum, 114
Energy efficiency, 4
Entangled photon pairs, 725
Equalization functions, 329
Equalizer, 333
Erbium doped fibre amplifier, 21, 586
Erbium energy level diagram, 587
Etalon, 450
Etched slot, 129
Evanescent coupling, 708, 802
Evanescently-coupled WGPD, 268
Excitonic absorption, 812
External cavity tunable laser, 234, 649
External quantum efficiency, 249
External slope efficiency, 123
Eye opening penalty, 363, 364, 369, 370

F
Fabry-Pérot interferometer, 450
Fabry-Pérot laser, 113
Far Nyquist DWDM, 312, 313
Far-field, 115
Faraday effect, 715
Fast optical switching, 119
FDM frontend, 346
FEC decoding, 334
FEC encoding, 330
Feedback sensitivity, 127
Ferrimagnetic garnet, 715
Ferromagnetic garnet, 715
Ferrule, 550
Few-mode fibre, 6
Fibre and planar directional coupler, 425
Fibre attachment groove, 636

Fibre attenuation, 585
Fibre bundle, 16
Fibre bundle scanning switch, 495
Fibre collimator, 492
Fibre collimator array, 523
Fibre coupler, 562, 566
Fibre coupler categories, 567
Fibre dispersion, 56
Fibre fabrication, 54
Fibre loss, 55, 60
Fibre response method, 363
Fibre splicer, 28
Fibre-chip coupler, 703
Filled-box geometry, 635
Filter, finite impulse response~, 688
Filter dispersion, 420
Finesse, 452
Finite difference time domain, 831
Finite impulse response filter, 688
Flame hydrolysis, 440
Flash ADC, 340
Flexible grid, 488
Forward error correction, 299, 326
Forward error correction, hard decision~, 326
Forward error correction, soft decision~, 327
Foundry model, 820
Franz-Keldysh effect, 363, 372, 374
Free carrier absorption, 211, 372, 743
Free propagation region, 691
Free spectral range, 215, 227ff., 236ff., 393,

438, 452, 465, 580, 689ff., 828
Frequency offset compensation, 334
Frequency-dependent gain, 257
Frontend correction, 332, 333
Fused biconical coupler, 566

G
G-center, 748
GaAs-based QD lasers, 112
Gain chip, 117
Gain flattening filter, 460, 457
GaInNAs quantum well, 141
GaSb-based VCSEL, 135
GCSR laser, 224
Ge photodetector, 707
Gires-Tournois interferometer, 454
Graded-index few-mode fibre, 7
Graded-index multimode fibre, 61
Grating coupler, 698, 701
Gray mapping, 300
Gridless operation (of wavelength selective

switch), 488
Group delay, 420, 421
Group delay ripple, 423
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Group velocity dispersion, 591
Growth enhancement effect, 808
Guided mode, 52

H
Half-wavelength voltage, 368, 391, 393, 400,

403
Heterodyne receiver, 296
Heteroepitaxy, 753
Heterogeneous (wafer-scale) integration, 763
High index contrast waveguide, 677
High temperature (laser) operation, 125
High-contrast grating, 139
High-pass filter, 419
High-power laser diodes, 116
High-temperature (laser) performance, 111
Higher order filter, 466
Hitless wavelength selective switch, 488
Homodyne receiver, 296
Horizontal cavity surface emitting laser, 142
Hybrid assembly, 637
Hybrid dielectric/gold back reflector, 136

I
Impact ionization engineering, 261
Implantation-enhanced interdiffusion, 811
In-plane coupler, 699
Index contrast, 823
Index ellipsoid, 374–376
Index-coupled DFB laser, 121
Infinite impulse response filter, 688
InGaAlAs material family, 105
InGaAlAs-BH laser, 108
Integratable discrete mode laser, 129
Integrated modulator, 240
Integration platform, 820, 821
Interdiffusion, 811
Interleaver, 468
Intermodal dispersion, 56
Internal loss (of laser), 132
Internal quantum efficiency, 742
Intervalence band absorption, 379
Intra-modal dispersion, 57
Intracavity contacting scheme, 140
Intradyne receiver, 296
Inversion, 588
Inverted taper, 703, 704
Ion implantation, 811
IQ modulator, 342ff., 403ff., 817
IQ modulator structure, 344

K
Kerr effect, 375
Kramers-Kronig relations, 373

L
Large-signal analysis, 156
Laser diode structures, 106
Latching mechanism, 493
Lateral integration, 805
Lattice filter, 689
Leaky mode, 53
Least-mean-squares algorithm, 333
Lens integrated surface emitting laser, 143
LIDAR, 116
Lift-off process, 631
Linear phase mismatch, 613
Linewidth characteristics, 131
Linewidth enhancement factor, 158, 361
Liquid crystal based switch, 497
Liquid crystal on silicon, 498
Littrow configuration, 432
Long-cavity (laser) design, 136
Long-period FBG, 449
Low-density parity-check code, 328
Low-pass filter, 419
Lumped electrode (structure), 365, 379

M
Mach-Zehnder delay interferometer, 400
Mach-Zehnder interferometer, 366, 429, 717
Mach-Zehnder interferometer modulator, 366
Mach-Zehnder modulator, nested~, 309
Mach-Zehner interferometer, asymmetric~,

689
Magneto-optic Kerr effect, 715
Mask set, 832
Maxwell’s equations, 51, 720, 831
MEMS switch, 518
MEMS waveguide switch, 519
Micro-electro-mechanical system mirror, 139
Micro-photoluminescence, 809
Micro-structured optical fibre, 82
Micro-electro-mechanical systems (MEMS),

517
Microring resonator, 463, 509
Microstrip line, 388
Microwave beam-former, 664
Minimum-phase filter, 420
Mirror, 644
Mirror loss, 164
Modal bandwidth, 58
Modal differential group delay, 7
Modal theory of light propagation, 51
Mode selection, 214
Mode-hop free (laser) operation, 130
Mode-selective excitation, 12
Modified uni-travelling-carrier photodiode,

265
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Modulation, coded~, 301
Modulation bandwidth, 126
Modulation decoding, 334
Modulation efficiency, 301
Modulation encoding, 330
Modulator, 118, 169–175, 180, 183–191, 197,

240, 308, 330, 343–345, 359ff., 498,
511, 718, 727, 781–788, 804, 810, 815,
816

Monte-Carlo simulation, 831
Moore’s law, 740
MQAM transmitter, 309
MSM photodetector, 255
Multi species gas detection, 130
Multi-core fibre, 88
Multi-core fibre connector, 28
Multi-core structure, 632
Multi-guide vertical integration, 803
Multi-modulus algorithm, 333
Multi-project wafer, 820, 826
Multicast optical switch, 491, 516
Multilayer DBR, 133
Multimode fibre, 50, 57, 63
Multiple carrier I/Q modulator, 345
Multiple-band filter, 459
Multiple-quadrature-amplitude-modulation,

301

N
(nano) photonic wire, 677
Nanopatterned crystalline Si, 747
Near Nyquist DWDM, 312, 313, 331
Nematic liquid crystal cell, 497
Nested Mach-Zehnder modulator, 309
Net coding gain, 327
Noise figure, 592, 593, 606, 607
Nonlinear K-factor, 154
Notch filter, 419
Nyquist DWDM, 312
Nyquist pulse shaping, 331

O
Off-center phase shift, 123
Off-set quantum well configuration, 803
Ohmic tunnel junction, 135
On-wafer measurement, 829
On-wafer testability, 132
Optical amplifier, 20
Optical beam steering, 499
Optical circulator, 569, 570, 579, 580
Optical connector, 548
Optical frontend, 300
Optical gain, 164
Optical isolator, 571ff., 573, 575–579, 715

Optical loss, 823
Optical nonlinearity, 831
Optical receiver frontend, 345
Optical receiver, 257
Optical switch, 483ff., 815
Opto-mechanical actuator, 493
Opto-mechanical switch, 492–495
Out-of-plane coupler, 699
Outdiffusion, 107
Over-filled launch, 58

P
P–i–n photodiode, 253
Packaging, 834
Parabolic index profile, 51
Parallel-serial filter, 691
Partially-depleted-absorber photodiode, 265
Passive-optical network, 816
Patch cord, 556
Path-independent insertion loss, 486
Pattern effect, 362, 400
Phase effect, 419
Phase recovery, 332
Phase sensitive amplifier, 724
Phase velocity, 383
Phase-shift method, 421
Photodiode, modified uni-travelling-carrier~,

265
Photodiode, side-illuminated waveguide-~,

266
Photonic lantern, 17
Photonic switch array, 119
Pipeline ADC, 340
Pixel fill factor, 498
Planar concave grating, 693
Plasma effect, 361, 372
Plastic optical fibre, 64
PMD compensation, 333
Pockels effect, 374–378
Polarization beam splitter, 430, 826
Polarization controller, 641
Polarization diversity, 700
Polarization division multiplexing, 298, 307
Polarization independent optical switch, 502
Polarization recovery, 332, 333
Polarization rotator, 497
Polymer waveguide, 630
Power splitter, 428
Power-equalization filter, 419
Pre-FEC bit error rate, 328, 329
Preform, 54
Prism switch, 494
Process design kit, 832
Propagation equation, 589, 592, 600, 607
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Propagation loss, 829
Pulse shaping, 325
Pump depletion, 606
Push-pull operation, 367, 717

Q
QD-based VCSEL, 141
Quadrature amplitude modulation, 301
Quadrature phase-shift keying modulation, 817
Quantization error, 339
Quantum dash, 113
Quantum dot, 112
Quantum dot laser, 756, 758
Quantum efficiency, external~, 249
Quantum-confined Stark effect, 169, 363, 373
Quantum-well intermixing, 811
Quantum-well structures, 109

R
R-EAM-SOA, 118
Radiation caustic, 74
Raised-cosine filter, 331
Raman amplifier, 599ff.
Raman gain coefficient, 602
Raman scattering, 618, 749
Rate equations, 153, 361, 362, 588
Rayleigh scattering, 609
Reach penalty, 319
Receiver sensitivity, 253
Receiver signal processing, 332
Reconfigurable optical add-drop multiplexer,

488
Recursive tree structure, 513
Reflection coating, 114
Reflective AWG, 693, 694
Reflective defects, 129
Reflective SOA, 118
Refractive index variation, 213
Relative confinement factor, 133
Relaxation oscillation (frequency), 153, 362
Resistor ladder DAC, 336
Resolving power, 433
Resonance frequency, 137
Responsivity, 250, 254, 708
Rib waveguide, 684
Ridge waveguide, 107
Ring based add-drop filter, 696
Ring based wavelength filter, 698
Ring resonator, 695
Robotic optical switch, 495
Root raised cosine filter, 331
Round trip condition, 133

S
Sampled grating, 219
Saturated amplifier, 594
Scattering loss, 129
Scattering matrix, 563, 831
Schottky electrode, 378, 383
Segmented DAC, 337
Segmented electrode, 383, 395
Selective-area-epitaxy, 806
Selective-area-growth, 169, 807
Self-assembled quantum dot laser, 757
Semiconductor optical amplifier, 117
Serial ripple ADC, 340
SFP+, 816
SG-DBR laser, 220, 221
Shannon capacity (limit), 303
Shannon-Hartley theorem, 303
Short cavity design, 136
Short-cavity edge-emitting laser, 165
Short-wavelength Bragg mode, 128
Shot noise, 252
Si nanoclusters, 744
Side-illuminated waveguide-photodiode, 266
Side-mode suppression, 123
Signal-to-noise ratio, 252, 400, 592
Signal-to-noise ratio, electrical~, 593
Signal-to-noise-and-distortion ratio, 336, 339
Signal-to-quantization-noise ratio, 339
Silica dispersion, 57
Silicon Raman laser, 750, 752
Silicon-on-insulator, 676ff.
Single stripe geometry, 635
Single-mode aperture, 137
Single-mode fibre, 66
Single-mode yield, 123
Slot waveguide, 687
Small-signal frequency response, 153
Small-signal modulation, 126, 153
Soft decision FEC, 327
Space (spatial) division multiplexing, 1ff., 597,

804
Spanke architecture, 486
Spatial beam steering, 497
Spatial hole burning, 122
Spatial light modulator, 498
Spatial multiplexer, 9
Spatial phase modulator, 497
Spectral efficiency, 310, 312
Spectral pre-shaping, 331
Split step Fourier method, 360
Spot-based spatial multiplexer, 10, 12
Spurious free dynamic range, 336
SSG-DBR laser, 223
Standard, optical connectors, 551
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Standard single-mode fibre, 69
Standardization, 65, 68
Standing-wave effect, 133
Star coupler, 568
Stark shift, 373
Steam oxidation, 134
Step index profile, 51
Step-index few-mode fibre, 7
Step-index multimode fibre, 61
Stimulated Raman scattering, 750
Strained QW, 110
Strip waveguide, 682, 683
Successive approximation register ADC, 340
Super-structure grating, 223
Supermode, 17
Surface relief grating, 433
Surface relief transmission grating, 434
Surface-emitting laser diodes, 131
Symbol error probability, 304
Symbol rate, 301
System simulation (tools), 831

T
Tandem lattice filter, 690
Tap coupler, 428
Tapered laser, 115
Tapered transition, 805
Tensile strain, 111
Thermal noise, 252
Thermo-optic switch, 511, 513
Thermometer-coded DAC, 336
Thin film element, 638
Thin-film filter, 455
Threshold gain, 122
Time-interleaved SAR-ADC, 342
Timing recovery, 332
Transceiver package, 152
Transit time-limited bandwidth, 251
Transmission grating, 433
Transmission line, 380
Transmissive star coupler, 568
Transmitter, 309
Transmitter, MQAM~, 309
Transmitter building blocks, 330
Travelling wave electrode, 405
Travelling-wave structure, 379
Trench assisted structure (of UMCF), 63

TriPleX waveguide, 633
Tunable twin guide (TTG) laser, 228, 229
Tunable vertical cavity surface emitting laser,

234
Tuning map of SG-DBR, 222
Tunnel junction, 135
Turning mirror, 142
Twisted nematic liquid crystal cell, 497
Two photon absorption, 750
Two-stage isolator, 575

U
U-groove, 636
Uncooled EA/DFB laser, 185
Uncooled laser operation, 124
Uni-travelling-carrier photodiode, 263

V
Valence band discontinuity, 112
Vernier effect, 221, 224, 244, 468
Vertical integration, 802
Vertical-cavity surface-emitting laser, 131
Volume-phase holographic grating, 434

W
Wafer bonding, 140, 756, 763, 764
Wannier exciton, 373
Wave equation, 52
Waveguide coupled diffraction grating, 699
Waveguide dispersion, 57
Waveguide Ge photodetector, 707
Waveguide-photodiode integration, 802
Wavelength and power locker, 227
Wavelength converter, 723
Wavelength detuning, 125
Wavelength selective filter, 687, 688
Wavelength selective switch, 25, 487, 497,

529, 531
Wavelength-division-multiplex, 124
Weakly-coupled (SDM) fibre, 85
Weakly-guiding approximation, 52
White Gaussian noise, 303
Widely tunable laser, 219

Y
Y-laser, 224
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