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Optical Communications ez
and Modulation Techniques in 5G
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Abstract Wired and wireless communication technologies are widely leveraged
for bilateral communications between the utility and end user in smart grid environ-
ments. With mobile technologies evolving, optical communications are projected to
play an essential role in emerging fifth-generation (5G) networks. In this chapter, we
first introduce fiber-optic communications and briefly address optical attenuation,
dispersion, and nonlinear effects for a variety of modulation devices in present and
future fiber-optic transmission and multiplexing technologies. Second, the develop-
ment of optical wireless communications is introduced, including free-space optical
communication and visible-light communication (VLC) systems. Third, waveform
designs and modulation techniques in 5G for the smart grid are addressed, including
amplitude shift keying (ASK), differential phase shift keying (DPSK), quadrature
phase shift keying (QPSK), multiple quadrature amplitude modulation (MQAM),
polarization shift keying (PolSK), plus other digital modulation and pulse modula-
tion formats, as well as coding technologies. Finally, an overview of the prospects is
given for future development, application fields, and socioeconomic influence.
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Differential phase shift keying (DPSK) - Quadrature phase shift keying (QPSK) -
Quadrature amplitude modulation (QAM)

12.1 Introduction

With the advent of massive Internet of Things (IoT) and the coming era of big
data, a wider range of device connections, more extensive data processing, and more
complex environments, higher requirements are presented for new communication
technologies. Marked by the emergence of cloud services, augmented/virtual reality,
the Internet of Vehicles (IoV), and other new services, revolutionary fifth-generation
(5G) technology is poised to handle the burgeoning network requirements to transmit,
process, and operate a massive increase in data owing to the proliferation of connected
devices. Compared with fourth-generation wireless (4G) long-term evolution (LTE),
5G networks aim to have the following characteristics [1]:

(@)

(b)

(©)

(d)

(e)

Data traffic growth. 5G networks need to be able to support large amounts of
data flow, more than three orders of magnitude the capacity of 4G networks,
while also enabling up to 100 Gbit/s/km? transmission.

Substantially increased equipment networking. As the growth of IoT devices
and connections is anticipated, 5G network coverage will be more extensive,
involving a large number of device-to-device, machine-to-machine, etc., appli-
cations with a connection density from 200 thousand up to 1 million per square
kilometer, all supported by a network infrastructure scaled up a 100-fold com-
pared to the 4G predecessor.

Greatly improved data transmission rates. The transmission speed of 5G
networks is two to three orders of magnitude higher than that of 4G, reaching
up to 10 Gbps, and in some special cases, up to 100 Gbps.

Superior spectrum efficiency. With 5G Internet handling more users and data
transfer and providing wider coverage, faster transmission speeds and so on,
higher spectral efficiency is expected of a factor of 5-10 that of 4G, which
requires channel multiplexing and compression technologies to improve the
signal source and channel performance.

Higher reliability and availability and reduced latency. A major challenge
to network operators is to handle an increased number of services and data
generated by end users, and to support even the various industrial and emergency
information systems. With the network undertaking more social functions and
social responsibilities, there is a need to further reduce inefficient consumption
of resources and network delay time. The network delay in 5G needs to be
mitigated by a factor of 5-10 that of 4G, especially for related sectors such
as public security and safety, with reliability being required to reach at least
99.99%. For 5G, the time delay needs to be less than 1 ms, while tight equipment
time synchronization needs end-to-end phase error limits as low as 400 ns, or
100 ns in joint transmission and reception.
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(f) More green, energy conserving, and environmentally friendly. The network
energy consumption will increase by approximately three orders of magnitude
compared to that of 4G. 5G networks put forward higher requirements to the
communication system’s information transmission rate, channel capacity, infor-
mation processing speed, and so on. Finally, in 5G networks, from the smallest
personal terminal to the largest conglomerates, anything digital-related, inter-
connection anytime, anywhere for any device, and all kinds of infrastructure,
users and Internet-compatible equipment, realize the 10T.

Three application scenarios have been defined for the 5G networks [2]: enhanced
mobile broadband (eMBB), massive machine-type communication (mMTC) and
ultra-reliable low-latency communication (WURLLC), in which case, optical communi-
cation technologies will play an important role. eMBB concerns improved data rate,
latency, user density, capacity, and coverage of mobile broadband access. mMTC
allows communications between low-cost, low-power highly connected devices for
applications such as smart metering and body sensors. uRLLC enables communica-
tion between devices and machines with high reliability, very low latency and high
availability, for smart grids, vehicular communication, industrial control, factory
automation, and public security applications.

To date, optical communication technology development far surpasses that of
other communication technologies, by dint of higher transmission rates, the abil-
ity to process information faster, as well as possessing greater broadband channel
capacity, and is therefore absolutely adequate to accommodate 5G network technol-
ogy demands. Optical communications have heretofore proven to be instrumental
in 4G networks, as they are widely deployed whether in long-haul communication
cables, short- and medium-length links for data center designs, or short-distance
fiber to the home (FTTH), as well as in local area network (LAN) connections and
hot-spot areas. Long-haul trunk line designs, including terrestrial and undersea or
submarine optical fiber cables, mainly utilize a large range of optical fiber cables
that prioritize the C and L bands in the telecoms window. Generally, single-mode
fiber is used, but if necessary, an assortment of fiber types can be combined in a
given cable [3]. Wavelength division multiplexing (WDM) enables multi-channel
transmission [4] and polarization division multiplexing (PDM)-multiple quadrature
amplitude modulation (MQAM) improves the single-channel utilization rate, which
may be combined with polarization mode dispersion (PMD) compensation or relay
technologies to achieve the desired broadband capacity for high-speed and long-range
transmission.

5G may also introduce all-optical networks (AONs), soliton-based optical com-
munications, and other technologies to improve data transmission rate, reliability
and transmission range. The design and development of data center infrastructure
have evolved under the weight of big data, cloud computing, virtualization, mobility,
post-operating system, and other emerging technologies. Modern data center strate-
gies can be implemented in collaboration with utilities to realize energy efficiency,
and IT enterprises can customize the required services according to the client’s indi-
vidual needs without having to worry about space or energy wastage and excessive
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configuration. Data centers need to establish an independent unified network archi-
tecture starting from 10 gigabit Ethernet, hence a large number of multimode fiber
(MMF) communication links are required for synchronization [5], and to transmit
and process data between data centers and end users. Short-distance FTTH includes
fiber to the desktop, fiber to the curb, fiber to the office, fiber to the zone, and fiber
to the feeder, which are part of the family of fiber to the x (FTTX) broadband net-
work architecture. It is popular to implement the “last mile” between the backbone
network and LAN or home user, using a point-to-multipoint passive optical network
(PON).

Optical communication systems can be classified into wired and wireless. The
former generally refers to the adoption of the optic-fiber medium. In 2017, the number
of users in China has reached more than two hundred million, while that worldwide
probably around a billion, and this number is set to increase manifold for 5G networks.
Hence, a large number of single-mode fiber cables will be deployed to maintain such
a massive scale of network connectivity. Furthermore, optical wireless networking
is also essential to support 5G. In addition to the traditional wireless fidelity (Wi-
Fi) technology for wireless LAN interconnection and hot-spot communication, light
fidelity (Li-Fi), which uses visible light for wireless data transmission instead of
radio waves, is gaining commercial foothold after trials in offices and industrial
environments. Potentially, Li-Fi may complement Wi-Fi, or may even replace it in
the foreseeable future. Hence, wireless optical communications will play a crucial
role in supporting 5G connectivity where it may not be practicable to lay optical fiber
cable links for applications such as interstellar communication, vehicular networking,
smart cities, etc. Among the most popular optical wireless communication systems,
there are free-space optical communication and visible-light communication (VLC)

technologies.

Fiber-optic communications rely on digital modulation formats such as ampli-
tude shift keying (ASK), differential phase shift keying (DPSK), quadrature phase
shift keying (QPSK), MQAM, etc., whereas VLC is supported by pulse modulation
technologies such as pulse position modulation (PPM) and differential pulse position
modulation (DPPM). The modulation technology for free-space optical communica-
tions is contingent on the optical source. To improve channel capacity, transmission
rate and reliability, specialized encoding techniques will be applied in conjunction
with various modulation formats. In 2016, 3GPP has determined that for 5G wire-
less standards, low-density parity-check (LDPC) is the appropriate data channel
encoding scheme along with polar codes to increase the spectrum efficiency. Fur-
thermore, improved coding performance and decreased decoding complexity allow
more energy efficient mobile terminals and increased coverage to support a larger
number of users.

In this chapter, optical fiber communications, free-space optical, VLC, as well as
digital modulation, pulse modulation, and encoding technologies for 5G networks
will be introduced. Power line communications designs are an alternative to fiber-
optic communications to eliminate additional system installations, for example, in
renewable smart grids [6], but which are utilized in areas where aging-induced per-
formance degradation is not a severe constraint. To complement the comprehensive
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survey on power electronics and renewable energy sources integrated into 5G [7], this
chapter will introduce and review the applicable waveform designs and modulation
formats based on wired and wireless communications infrastructure for point-to-
point communications in the smart grid environment.

12.2 Optical Fiber Communications

In 1870, John Tyndall, an Irish physicist, gave a public lecture in the Royal Society
lecture hall on the principle of total internal reflection of light, and included a simple
demonstration: he drilled a hole into the base of a water-filled bucket, and then shone
a beam of light onto the water surface to demonstrate the bending of light along the
water column outflowing from the hole into another bucket below. This was one of the
many early initiatives in controlling the most visible form of energy: light. In 1955,
Narinder Kapany prototyped an ultra-thin optical fiber made of glass for light trans-
mission based on the basic principles of refraction [8]. Since then, there have been
several attempts to use glass fiber for data transmission, but their success was inhib-
ited by a high loss rate owing to the attenuation of light in long-haul transmission. In
1966, Charles Kao and George Hockham, of The Standard Telecommunication Lab-
oratories in England, published a paper entitled “Dielectric-fiber surface waveguides
for optical frequencies,” which proposed for the first time the principle of low-loss
optical fiber through impurities/contamination removal, thereby opening the door to
the optical fiber communication industry [9]. By 1970, scientists in Corning Incor-
porated (then Corning Glass Works) in the USA, through doping silica glass with
titanium, finally achieved the world’s first ultra-low-loss fiber: a 30-m fiber sample
with attenuation less than 20 dB/km [10]. In the early 1970s, Bell Laboratories devel-
oped an enhanced chemical vapor deposition (CVD) standard for fiber-optic cable
manufacturing. Thereafter, fiber-optic technology continued to flourish, and optical
attenuation dropped from 4 dB/km as of 1972 down to 1.1 dB/km by 1974 [11]. In
1976, Bell Laboratories established the world’s first practical communication line
from Atlanta to Washington, transmitting at a data rate of 45 Mb/s using MMF and a
light-emitting diode (LED) optical source with a 0.85 pum emission wavelength and a
repeater spacing of up to 10 km. Also by 1976, NTT Electronics Corporation reduced
optical fiber losses to 0.47 dB/km (at 1200 nm) [12]. Upon further investigations, two
low-loss windows were established at 1.31 and 1.55 pm. By 1979, AT&T and NTT
have successfully developed continuous-wave semiconductor lasers with an emis-
sion wavelength of 1550 nm, and then NTT developed very low-loss single-mode
fibers (SMF) with 0.2 dB/km attenuation at 1550 nm [13]. In 1980, the multimode
optical fiber communication system was first commercialized (140 Mb/s), and exper-
imental work also began on the single-mode optic-fiber communication system. In
1990, the first single-mode fiber-optic telecommunication systems were commercial-
ized (565 Mbps), and synchronous digital hierarchy (SDH) was formulated as the
technical standard. In 1995, 2.5-Gbps SDH products entered the market, followed
by 10-Gbps in the following year. In 1997, 20- and 40-Gbps SDH products were
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demonstrated with zero dispersion-shifted fiber and WDM, and thus achieving a sig-
nificant breakthrough. Around the turn of the century, Japan and the USA began to
enter the commercial FTTH market. In 2005, 42.8-Gbps single-channel transmission
was established between Shanghai and Hangzhou, and 100-Gbps between Paris and
Frankfurt. Between 2007 and 2008, the US company Verizon built 3.1-Tbps experi-
mental lines [14]. In 2009, Corning commercially launched an ultra-low-attenuation
optical fiber with a loss of 0.16 dB/km at 1550 nm [15, 16]. Also in the same year,
Telstra and Nortel Networks have successfully completed a long-haul optical fiber
network transmission test between 40 and 100 Gbps. In January 2014, British Tele-
com deployed the world’s first Tbps fiber links based on commercial platforms, at
1.4 Tbps over a distance of 410 km between London and Ipswich. At the 2015
OFC, Corning announced a new fiber with 0.146 dB/km attenuation [17]. Since
then, single-channel 400-Gbps optical fiber communication systems were deployed.
In 2017, Sumitomo Electric launched a kind of low-loss fiber with an attenuation
coefficient of 0.1419 dB/km at a wavelength of 1560 nm [18]. At the OFC that year,
AT&T announced the successful completion of a 400-gigabit Ethernet connection
field trial between New York and Washington DC using a software-defined network
(SDN) controller. Also at the same OFC, Acacia Communications demonstrated the
ball grid array (BGA) photonic chip and the next-generation (dual core) Pico digital
signal processing (DSP) chip for coherent applications, supporting a wide range of
100G and 400G client interfaces. Meanwhile, advances in physical technologies,
such as high-performance semiconductor lasers and modulators, low-noise optical
amplifiers, broadband receiver devices, large-scale and ultra-large-scale integrated
circuits and microprocessors, continue to underscore the development of the optical
fiber communication system.

Optical fiber telecommunications, considered a revolutionary technology in the
history of electrical communications, have thus developed rapidly over the past three
decades [19-23]. To date, fiber optics are widely employed by virtue of various advan-
tages such as having much lower attenuation, large bandwidth, long-distance relay,
outstanding anti-interference properties/electromagnetic immunity, non-conductive
behaviour, high security, low-cost, lightweight characteristics, high transmission
quality, and so on. The first-generation MMF optics operated at a shorter wavelength
(850 nm), low bit rate (34 or 45 Mbps), and a transmission distance relay of about
10 km. Second-generation single-mode fiber-optic systems operated at 1310 nm
and enabled a transmission rate of 140-565 Mbps, and with repeater spacing of
50-100 km. Third-generation fiber-optic systems adopted dispersion-shifted single-
mode fiber links for operation at 1550 nm with a repeater spacing of 100—150 km and
an external modulation technology to realize 2.5-10 Gbps. Fourth-generation fiber-
optic systems employ WDM to increase data system capacity up to 20 Tbps, and
optical amplifiers enable distance relays in excess of few hundred kilometers, hence
reducing reliance on repeaters. Fifth-generation fiber optics focus on extending the
wavelength range for deployment of WDM, and other new technology developments
involve optical solitons.

The single-channel data rate of optical fiber links has increased from 2.5 Gbps
in 1985 to 400 Gbps in 2015. The main techniques include high-speed electro-
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Fig. 12.1 Technology development of fiber-optic communication transmission over the past three
to four decades. Reproduced from Cui et al. [38]

optic modulation, high-speed optical detection, hard decision forward error correc-
tion, DPSK, differential quadrature phase shift keying (DQPSK), coherent detection,
optical DSP, soft decision forward error correction, polarization multiplexing (PM),
MQAM and faster-than-Nyquist (FTN) modulation and demodulation [24-32].

With the introduction of super channel technology [33-35], the channel rate
has exceeded 1 Tbps [36]. Meanwhile, the introduction of broadband fiber-optic
amplifiers, such as erbium-doped fiber amplifier (EDFA) and Raman fiber ampli-
fier (Raman amplifier), has enabled WDM to become a reality. The fiber-optic link
is also developed from an early single span to today’s multi-span, freely switched
transparent WDM and flexible-grid WDM networks [37], as shown in Fig. 12.1 [38].

Fiber-optic communications will be the foundation for 5G networks within the
physical layer, for which the service-based architecture (SBA) was identified as the
basic architecture for 5G core networks at the recent 3GPP conference in June 2017.
The future for 5G is in the evolution of optical fiber communication technologies,
incorporating advanced multiplexing, chromatic dispersion (CD) compensation, and
PMD compensation schemes, that will target high-capacity, high-speed, and ultra-
long-haul performance capabilities. Modified fiber manufacturing techniques enable
the all-wave fiber to expand on traditional communication channels, and in conjunc-
tion with soliton-based optical communications, electro-optic modulators are devel-
oped to boost single-channel transmission up to Tbps rates, and establish greater
capacity and reliability in AON technologies for fiber-optic communications.

The ensuing section first introduces the sources of loss and dispersion which
limit performance in fiber-optic communication, then introduces optical modulation
schemes and devices in fiber-optic systems. Multiplexing technologies including
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higher-order multiplexing will be discussed, in terms of their benefits to the sys-
tem capacity and data transmission rates. Finally, this section will introduce several
important directions in the research and development of fiber-optic communications
in 5G.

12.2.1 Fiber Characteristics for Communications

In fiber-optic telecommunication systems, laser diodes or LEDs are used as optical
transmitters, which convert electrical signals into optical signals that are coupled into
optical fibers for transmission. At the receiving end, PIN photo diodes or avalanche
photodiodes (APD) are employed, which recover the electrical signals from detected
optical signals. However, in long-haul systems and high-speed fiber-optic networks,
signal loss and dispersion are major challenges for fiber performance especially at
high data rates, for example, in excess of 100 Gbps. CD and PMD effects limit
fiber links, even in spite of high-powered lasers and fiber amplifier regenerators. In
particular, nonlinear effects occur when the optical signal power is boosted to mW
levels in an attempt to increase the unrepeated transmission range. Hence, a variety
of CD, PMD, and nonlinear compensation techniques have been proposed, with
modulation formats centered on reducing dispersion. Here, we discuss attenuation,
dispersion, and nonlinear effects in fiber optics.

12.2.1.1 Optical Fiber Loss

Optical power loss caused by fiber attenuation is very important to characterize in
fiber optics as it largely determines the maximum length of fiber that the signal can be
relayed without regeneration. Spectral attenuation, which is low at long wavelengths,
is due to absorption and scattering, which in turn depend on temperature, pressure,
humidity, the surrounding environment, and other physical factors. Absorption in the
optical fiber includes UV absorption, infrared absorption, transition metal absorp-
tion, and hydroxide absorption, while scattering includes Rayleigh scattering and
scattering from imperfect structures.

12.2.1.2 Optical Fiber Dispersion

As an optical fiber is composed of a normally dispersive media, a propagating opti-
cal pulse will consist of different group velocities depending on the wavelength, and
different mode field diameters and modal path lengths, thereby resulting in pulse
broadening and/or jitter in the received signal which is cumulative over the length of
the fiber link. Consequently, pulse spreading beyond allotted time intervals in digital
communications may lead to interference of one symbol with subsequent symbols,
or inter-symbol interference (ISI), thereby introducing errors in the decision device



12 Optical Communications and Modulation Techniques in 5G 409

at the receiver output due to signal distortion. With pulses overlapping into adjacent
pulses, their distinguishability at the receiver end is reduced, and thus the error rate
increases. Hence, fiber dispersion limits the bandwidth or data transmission capac-
ity of the fiber because bit rates cannot be too high, and pulses need to be further
apart to tolerate dispersion effects. There are three main types of dispersion in an
optical fiber: material dispersion, waveguide dispersion, and modal dispersion, the
former two causing CD in single-mode optical fibers. Material dispersion is due to
the varying wavelength-dependent refractive index in the transmission medium; the
longer wavelengths travel faster. Waveguide dispersion results from light traveling
faster in the cladding (lower refractive index) than in the core (higher refractive
index); longer wavelengths travel in a larger mode field diameter, and are therefore
more prone to material dispersion. Material and waveguide dispersion have oppo-
site frequency response characteristics, therefore judicious design of fiber material
and index profiles enables zero dispersion wavelength in single-mode fibers. Modal
dispersion occurs only in MMFs, due to the varying modal path lengths in the fiber.
To reduce modal dispersion, the core diameter can be reduced to, e.g., 9 wm or less
at 1.55 wm, where only one mode is able to propagate efficiently (i.e., single-mode
fiber). Hence for the single-mode optical fiber, there is no modal dispersion since
only one mode is permitted for transmission.

PMD is related to the different transmission rates, or differential group delay,
between two orthogonal polarized modes in the optical fiber due to material birefrin-
gence and waveguide birefringence. Variations in random physical characteristics of
each fiber in the link, such as concentricity or ellipticity (inducing waveguide bire-
fringence), and/or variations in ambient temperature or stress on the fiber (inducing
material birefringence), lead to PMD.

In the laying of optical fiber link lengths surpassing 1,000 km, the influence of
PMD will be amplified; hence, PMD compensators should be deployed. The wave-
length of light near 1.55 pwm is in a low-loss region; hence, the general transmission
wavelength is between 1.28 and 1.6 pm in the optical fiber. It is possible to pro-
duce single-mode fibers with a total dispersion of less than 1.6 ps/km/nm in this
wavelength range. Dispersion compensation technologies are mainly divided into
two categories: one is based on optical techniques, and the other based on electrical
techniques. The former is through the design and manufacture of optical compensa-
tion devices, such as the dispersion compensating fiber (DCF) that can be added in
optical fiber links. Negative dispersion compensation is provided at 1.55 pm, so that
the net dispersion is approximately zero; while the DCF consists of a complicated
structure at a high cost, the technology is relatively mature. The latter does not need
to add extra optical parts, and hence it is a low-cost and simple solution, but not as
mature due to limitations in the development of electrical techniques.

12.2.1.3 Nonlinear Effects in Optical Fibers

Nonlinear effects are other performance limiting factors in optical fibers. In conven-
tional telecommunication systems, optical fibers usually exhibit linear transmission
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characteristics due to the fact that quartz is a relatively weak nonlinear medium.
However, when the optical signal power is larger than a few mW, the intensity per
unit core area can reach up to the order of MW/m?, as the optical waves are confined
within the small diameter of the fiber core. When a sufficiently intense optical beam
is coupled into the fiber exceeding the threshold level, a nonlinear response will be
exhibited via Brillouin scattering with most of the light backscattered in the opposite
direction to that of transmission; in other words, the influence of the optical fiber
parameters on the light intensity is no longer constant. Especially in long-haul optical
fiber links, the cumulative nonlinear and attenuation effects are substantial. There are
two major kinds of nonlinear effects in fiber optics, namely stimulated scattering and
refractive index perturbation, which can result in signal degradation through signal
attenuation, power saturation, back-propagation, etc.

Stimulated scattering in optical fibers occurs when the light and one of the
crystalline lattice waves—acoustic mode (phonons), charge displacement mode
(polarons), or magnetic spin oscillation mode (magnons)—interact, causing a frac-
tion of the transmitted lightwave to change its momentum (thus wavelength) through
an inelastic process. The most important types of nonlinear scattering within optical
fibers are: stimulated Brillouin scattering (SBS) and stimulated Raman scattering
(SRS). The former may be caused when the electric field variations in an intense
optical beam induce acoustic phonon vibrations in the dielectric-fiber medium via
electrostriction or radiation pressure, thereby resulting in frequency shifts through
energy loss (gain) to generate (absorb) the quasi-particles (phones, polarons, or
magnons). Generated acoustic waves interacting with the pump wave lead to, through
alteration of refractive index, a backscattered optical wave called Stokes wave. The
propagation of acoustic waves through the optical fiber in turn induces spatially peri-
odic local compressions/expansions that cause local changes in the refractive index
(photoelastic effect). As a consequence of backscattering, SBS limits the maximum
signal power that can be transmitted through a fiber link. In contrast, SRS involves
only the interaction of electromagnetic waves with random and incoherent thermal
fluctuations (or optical phonons) generated by spontaneous Raman scattering, and
results in scattering in both the forward and reverse directions [39]. In a single-
channel optical fiber communication system, SRS is generally not an issue because
the threshold power for its onset is about 500 mW at 1.55 pwm, well above the typical
optical power of about 10 mW [40]. However, in the WDM system, as long as the
wavelength difference is within the Raman gain profile, SRS effects are significant,
resulting in energy transfer from shorter to longer wavelength signals. This process
induces power depletion in short wavelength channels and power amplification in
long wavelength channels, for interchannel separation reaching as high as 200 nm
in the presence of fiber nonlinearities. Thus, interchannel interference (ICI) can be
caused by nonlinear Raman crosstalk, and signal-to-noise ratio degradation is most
severe in the shortest wavelength channel. Without careful evaluation of the SRS
induced power depletion and suitable mitigation schemes, the maximum transmis-
sion range and capacity in WDM systems will be heavily constrained. SRS restricts
the maximum transmission power in the optical fiber and limits the transmission
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capacity, leading to inter-channel interference (ICI) in the WDM system, generate
SRS noise, cause error codes and reduce the communication quality.

Refractive index perturbation in a material in response to an applied electric field
is known as the optical Kerr effect. The second-order nonlinear refractive index of
quartz glass is relatively small, hence the nonlinear effect is correspondingly very
small. However, its compounded effect significantly affects fiber performance in very
long-haul communications fiber links. The nonlinear refractive index change result-
ing from the temporal change in optical signal intensity leads to phase shifts, known
as self-phase modulation (SPM), as well as cross-phase modulation (XPM) between
the two pulses. XPM is so-called when the optical power from one wavelength of
light modifies the refractive index, and through the optical Kerr effect, affects the
phase of another wavelength. In addition, four-wave mixing (FWM) is an intermod-
ulation phenomenon that may occur particularly with decreased channel spacing,
e.g., in dense wavelength division multiplexing (DWDM) systems, or at high signal
power levels, due to interactions between two or three wavelengths that produce one
or two new wavelengths. At high optical power, when three different frequencies
of incident photons interact in a nonlinear medium, they give rise to scattering that
produces the fourth photon frequency. As the optical transmission speed increases,
besides the nonlinear effects between channels, intra-channel cross-phase modula-
tion (IXPM) and intra-channel four-wave mixing (IFWM) become more significant
between pulses. SPM, IXPM and IFWM are collectively referred to as intra-channel
nonlinear interactions [41-43].

With the adoption of high-speed optical fiber communication systems based on
DWDM, high data rate transmission, high optical signal power, and high channel
density, can cause adverse fiber nonlinearities, ICI and other issues, which crucially
limit the performance of optical communication systems [44]. Compensation of
unwanted nonlinearities and suppression of phase shift caused by nonlinearity is key
to further improve the quality of optical fiber transmission. In fact, the compensation
of nonlinear effects in optical fibers should be distinguished from dispersion com-
pensation, though it is difficult to describe quantitatively its very complex interaction
with the signal. Scientists have studied ways to eliminate nonlinear effects in opti-
cal fibers and have developed nonlinear electrical equalization [45-47], precoding
[48], digital backward propagation [49, 50], and other, techniques. Nevertheless, a
principal means to control SBS is by broadening the spectral light source or rais-
ing the SBS threshold power above 20 dBm. The threshold power can be increased
either by optical phase modulation (dithering) or initial pulse modulation and spec-
trum scattering by transmission in a double-clad fiber. An appropriate design of fiber
Bragg grating (FBG) can also be applied within the optical fiber for SBS suppres-
sion. Spectral broadening of the signal due to XPM induced by the pump suppresses
the SBS effect in a Raman fiber amplifier. In WDM systems, the effect of SRS is to
amplify the long wavelength channels at the expense of short wavelength channels,
but this can be considerably reduced by properly configuring the number of channels,
channel spacing, optical signal power, and transmission distance [51]. Especially in
long-distance transmission, the difference in optical signal power between long and
short wavelengths due to SRS imposes a received power limitation [52]. Neverthe-
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less, spectral inversion techniques followed by compensation for fiber loss can be
implemented to determine the optical signal power to be launched at the different
wavelength channels; this can minimize spectral distortions and attenuations intro-
duced by SRS and the wavelength-dependent linear loss coefficient of the optical
fiber, respectively. In addition, reducing the input power at each channel can miti-
gate SRS-induced crosstalk, and a fiber-optic relay system can be utilized to extend
the transmission distance. For DWDM networks without optical generators, optical
signal power equalization can be applied at the input to increase the high-frequency
signal power so as to ensure homogeneity of the output optical power at each chan-
nel [53]. Furthermore, optical and electrical equalization technologies can effectively
reduce the impact of SPM [54-57]. Especially with regards to the phase shift keying
(PSK) system, because the nonlinear phase shift caused by SPM is related to the
signal strength, a phase shift proportionate to the received signal can be applied to
partially offset the influence of SPM [56, 57]. For 10-Gbps WDM as well as 10-
and 40-Gbps hybrid systems, XPM has an adverse impact on system performance
[58, 59]. The effect of XPM can be effectively mitigated by appropriate dispersion
management technologies [60]. In G.653 optical fiber systems and dense multi-user
systems, FWM is yet more serious. Predistortion techniques [61] and electro-domain
post compensation techniques [62] based on coherent detection are currently used to
reduce the influence of FWM. The effects of intra-channel nonlinear interactions are
more serious than that of XPM and FWM, and are thus dominant in 40-Gbps systems
[63]. IXPM and IFWM only occur in the overlapping regions of the pulses in the
channel, which can be suppressed by appropriate dispersion management schemes
[64-66], new modulation formats [67, 68], or optical (electrical) equalization tech-
nologies [69, 70].

12.2.2 Opftical Modulation and Modulators

In telecommunications, modulation is the process of varying the properties of the
carrier signal, which is a transmitting electromagnetic pulse or wave (or a laser-
generated light beam), with a modulating signal containing information to be trans-
mitted. This carrier signal may be carried over free space, or propagated through an
optical waveguide. Optical modulators are devices that modulate beams of light in
fiber optics. The following section is to introduce the concept of light modulation
and several optical modulation devices.

12.2.2.1 Optical Modulation

In fiber-optic communication systems, the optical pulse emitted by the light source
can be used as a carrier signal. An optical modulator is required to load the
information-bearing signal onto the carrier wave so that the resulting optical beam
can be physically transmitted and deciphered at the receiving end of the transport
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medium. There exists a large range of modulation techniques, which can be divided
into two categories, internal (direct) modulation and external modulation, as shown
in Fig. 12.2.

Direct modulation is relatively easy: by modulating the electrical signal (current
or voltage) driving the light source (e.g., semiconductor laser diode). The disadvan-
tage in this is that a narrow linewidth is required from the laser diode, and high
bandwidth chirp may occur when applying and removing the drive current; hence, it
is suitable only in low data rate and short-distance communication systems. External
modulation involves light modulator devices that can mainly be categorized into two
groups based on the material properties modified: absorptive modulators (absorp-
tion/attenuation coefficient) and refractive modulators (refractive index). In electro-
absorptive modulators, the absorption coefficient of the material can be controlled
by the quantum-confined Stark effect, Franz—Keldysh effect, excitonic absorption,
Fermi-level changes, or free carrier concentration changes. Refractive modulators
employ an electro-optic effect (electro-optic modulator), or acousto-optic effect
(acousto-optic modulator), or magneto-optic effect (magneto-optic modulator), or
exploit polarization changes in liquid crystals to modify the phase of an optical beam,
which can in turn be amplitude modulated using an interferometer or directional cou-
pler. Spatial light modulators (SLMs) can alter the two-dimensional distributions of
amplitude and/or phase of a light wave.

What follows is a brief introduction to these modulators. If the modulation is
imposed on the amplitude, frequency, phase, or polarization of the light beam to
represent the quantized digital signal “1” or “0”, we can transmit information by
using modulation techniques such as on-off keying (OOK), frequency shift keying
(FSK), DPSK, DQPSK, quadrature amplitude modulation (QAM) and PolSK, all
of which will be discussed in detail below. However, FSK is gradually less used
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in high-speed optical fiber communications due to limitations from fiber dispersion
and narrow band filtering effects. Amplitude and phase modulation technologies are
important to support high-speed optical fiber telecommunication systems, especially
in 5G.

12.2.2.2 Electro-Optic Modulator

Electro-optic modulators exploit the electro-optic effect that is due to the material’s
refractive index change resulting from the application of a DC or low-frequency
electric field. Electrostatic forces can modulate the refractive index by distorting the
position, orientation, or shape of the molecules constituting the material.

Either of two types of effects may dominate in an electro-optic medium: Kerr
effect or Pockels effect (Fig. 12.3). The effect dominating in the optical modulator
determines whether it is a Kerr cell or Pockels cell. For the Kerr effect, the refrac-
tive index change (or birefringence) is proportional to the square of the electric field
intensity. When no voltage is applied to the Kerr cell, the optical medium is trans-
parent, and the polarization state of the light propagating through it is unaltered so
that no output of light can pass through as the linear polarization is perpendicular
to the optical axis of the polarization analyzer Q. With an electric field applied, the
polarization state of the incident light is modulated, resulting in a corresponding
intensity of the beam output; an optimum electric field will allow nearly all the light
to be transmitted through. Periodic changes in applied voltage can modulate both the
polarization and intensity of the optical beam. By the Pockels effect, the birefrin-
gence produced is linearly proportional to the electric field. Two kinds of modulation
are possible in the Pockels cell depending on the orientation of the applied electric
field in relation to the light beam: longitudinal and transverse (see Fig. 12.3). Pis a
polarizer, and Q is a polarization analyzer in Fig. 12.3.

12.2.2.3 Acousto-Optic Modulator

An acousto-optic modulator consists of two parts: acousto-optic medium and a piezo-
electric transducer attachment (Fig. 12.4). The typical acousto-optic medium may
be made from lead molybdate crystals, tellurium oxide crystals, fused quartz, etc.
When an oscillating electric signal drives the transducer, ultrasonic waves are gen-
erated that propagate through the cell structure with the refractive index changed by
moving periodic planes of expansion and compression. The periodic refractive index
change in the optical medium is known as acoustic grating. The grating pitch is equal
to the wavelength of the acoustic wave. When a light beam is incident on the acoustic
grating, both diffraction and shifting of the light frequency occur, which is called the
acousto-optic effect, and represents the operating principle of acousto-optic modula-
tors (or Bragg cells). Light beam modulation can occur in five ways: (i) Diffraction.
The angular diffraction depends on the wavelength of the incident light relative to
the pitch of the acoustic grating. (ii) Intensity. The amount of light diffracted by the
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acoustic grating depends on the intensity of the ultrasonic wave. (iii) Frequency.
When the incident light is scattered from the moving planes of ultrasound waves,
the frequency of the diffracted beam will be Doppler-shifted by an amount equal
to the acoustic frequency. (iv) Phase. The phase of the diffracted light beam will
be shifted by the phase of the sound waves. (v) Polarization. The acoustic waves
induce a birefringent phase shift, much akin to the Pockels effect.

12.2.2.4 Magneto-Optic Modulator

In a magneto-optic modulator (Fig. 12.5), a crystalline medium having properties
that can be modified by the presence of a magnetic field is utilized. Gyromagnetic
materials are exploited in this case, wherein the plane of polarization can be rotated
for a linearly polarized light on passing through the crystal, known as the Faraday
effect. The amount of Faraday rotation is related to the direction of the incident
light, the permittivity tensor, and the thickness of the gyromagnetic crystal. Left-
or right-hand circular polarization therefore depends on the crystal medium. By



416 Y. Hu et al.

Sound absorber

Acousto-optic _

medium Diffraction light

\

Acoustic grating -

TR

Acoustic wave Incident light

. |

Transducer

Fig. 12.4 Structure of an acousto-optic modulator

Magneto optic
medium

Optical source

':;"iiiiiiiiiiiiii
\

Magnetic field coil

Fig. 12.5 Structure of a magneto-optic modulator with magnetic field applied perpendicularly to
the light propagation direction

changing the intensity of the applied magnetic field, the polarization and intensity
of the propagating light can be modulated, a principle similar to that of the electro-
optic modulator. The magneto-optic effect can also be deployed to design an optical
isolator through which the optical wave passes only in one direction but not in the
other. P is a polarizer, and Q is a polarization analyzer in Fig. 12.5.

12.2.2.5 Mach-Zehnder Modulator

By using a Mach—Zehnder interferometer, a phase-modulated electro-optic modu-
lator can be deployed as an amplitude modulator. In a Mach—Zehnder modulator
(MZM) shown in Fig. 12.6, the laser beam can be split into two paths, one of which
is phase modulated. The refractive index changes linearly with applied voltage in
the electro-optic material, so that there is a phase difference when the two beams
recombine. Changing the electric field on the phase modulating path will determine
whether the two beams interfere constructively or destructively at the output, thereby
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controlling the amplitude (intensity) of the exiting beam. If the optical path difference
of the two beams is an integer multiple of the wavelength, constructive interference
occurs; if the optical path difference is a half integer multiple of the wavelength,
then destructive interference occurs. Thus, the intensity and phase modulation of the
optical wave can be realized using an MZM.

12.2.3 Multiplexing Technologies in Optical Fiber
Telecommunications

On one hand, the requirements for high-capacity optical fiber communications
are increasing, and 400-Gbps single-carrier technology is popular. On the other
hand, 5G networks will require Tbps technology for a sufficiently large bandwidth,
which necessitates the application of various multiplexing technologies to cope with
increasing transmission capacity. With the evolution of high-capacity optical trans-
mission technology based on electrical time division multiplexing (TDM) in the early
1990s to that based on optical WDM by the end of the 1990s, transmission capacity
increased from 2.5 to 10 Gbps. WDM technology improved from coarse WDM to
DWDM. PDM allows doubling of the transmission capacity by utilizing waves of two
orthogonal polarization states so that two channels of information can be transmitted
on the same carrier frequency, thereby doubling the spectral efficiency. Furthermore,
code division multiplexing (CDM) has emerged in which multiple data signals are
combined for simultaneous transmission over a common frequency band, thereby
making full use of code domain resources to improve the bandwidth capacity. Using
higher-order modulation formats such as MQAM or orthogonal frequency-division
multiplexing (OFDM) can increase the spectral efficiency as well. For example,
PDM-16QAM and 256QAM-OFDM transmissions achieved a spectral efficiency
of 6.3 bit/s/Hz [71] and 14 bit/s/Hz [72], respectively. OFDM technology performs
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well in suppressing CD and PMD effects, and can resolve the problem of multi-path
fading in signal transmission. With the adoption of higher-order modulation formats,
the minimum Euclidean distance between constellation points decreases, accompa-
nied by a reduction in both dispersion and nonlinear tolerance. For increased optical
signal-to-noise ratio (OSNR) requirements, higher optical power is required in opti-
cal fiber links, but which induces susceptibility to nonlinear effects that limit the
system performance. Therefore, there is much focus on other multiplexing schemes
to further expand the transmission bandwidth in single-mode fiber links. Owing to
advances in multi-core fiber processing technology, multi-core space division mul-
tiplexing (SDM) has also gained a lot of attention.

Since the popularity of FTTX broadband networks in the previous century, mul-
tiplexing technologies have been extensively employed in PONSs, thereby driving
the development of TDM-PON, WDM-PON, OFDM-PON, TDM-WDM-PON, etc.
The main multiplexing schemes for optical signal transmission in optical fiber links
are WDM, OFDM, TDM, CDM, PDM, SDM and mode division multiplexing. The
growing data traffic resulting from the convergence of various network services can
be better handled through an evolution in DWDM, whereby a plurality of coherent
optical carriers are combined to form a super channel. This is one of the most essential
technologies for 5G high-speed data transmission. In fact, DWDM, TDM, and CDM
are the foremost multiplexing technologies to increase channel bandwidth and data
transmission rate; WDM is to increase the number of channels, whereas TDM and
CDM are to increase the data capacity of single-channel links. WDM, TDM, OFDM
and other various multiplexing technologies can be combined to greatly enhance the
fiber-optic system capacity.

12.2.3.1 Optical Wavelength Division Multiplexing

WDM is a technology that multiplexes two or more different optical carrier signals
onto a single strand of optical fiber at the same time, essentially by using different
wavelengths of the light beam, or frequency-division multiplexing (FDM), as shown
in Fig. 12.7. Carrier signals in the wavelength range between 1.26 and 1.6 jum can be
employed since the corresponding optical loss is relatively low in optical fiber links.
Figure 12.8 shows the structures of typical WDM and WDM with optical add-drop
multiplexers (OADMs). Prisms and diffraction gratings, which are passive devices
and are thus highly reliable, can be used in WDM optical systems to combine (multi-
plex) or split (demultiplex) different wavelength signals. With WDM, the extremely
high bandwidth (~25 THz) in the 1.55 pm low-attenuation band of single-mode fiber
can be fully utilized when a plurality of non-synchronous signals can be transmitted
along the same optical fiber link. WDM systems are popular because they allow the
capacity of the network to be expanded without having to lay extra fiber links. WDM
has been used to expand the capacity of installed point-to-point transmission systems
through the addition of wavelengths. There is no need to overhaul the backbone net-
work through new technology development in the optical fiber infrastructure since
using WDM and optical amplifiers is sufficient to achieve bidirectional communi-
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cations, upscale the capacity at great flexibility, and avoid high installation costs.

Coarse WDM, which uses wavelengths from 1271 through 1611 nm with a channel
spacing of 20 nm, allows less sophisticated and less expensive transceiver designs.
Advances in high-precision lasers and (de)multiplexing devices permit an increase
in the total number of channels in a single fiber by using very narrowly-spaced
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channels, in what is known as DWDM. Typical channel spacings range from 0.4 to
4 nm, providing a greatly improved bandwidth of between 50 and 500 GHz.
Advanced optical transmission technologies, such as coherent optical OFDM to
combat dispersion in optical media, Nyquist-WDM and arbitrary waveform genera-
tors, are identified as enablers of flexible-grid optical networks. The enhanced spec-
tral efficiency, operational flexibility, and network capacity by spectrum on-demand
allocation and adaptive modulation may be widely deployed in 5G networks.

12.2.3.2 Optical Orthogonal Frequency-Division Multiplexing

OFDM is a multi-carrier modulation technique, based on the principle of dividing
a channel into several parallel sub-channels (frequencies), thereby converting high-
speed data signals into parallel low-speed data streams. Essentially, it is a technique
of encoding digital data on multiple carrier frequencies, so that individually, each
optical sub-carrier is more dispersion-tolerant. OFDM has traditionally been adopted
in RF wireless systems; in the 1950s, it had been deployed in military data trans-
mission systems. Thereafter, with the rapid development of multi-chip modules and
integrated circuits, it has since been widely employed in high-speed digital commu-
nications, and has even become the core technology in 4G networks. In 1996, Pan
and Green published the first paper on optical OFDM, which referred to the idea
that OFDM technology can be applied to optical fiber communications [73], and
since 2001, OFDM technology has been employed in fiber-optic communications.
In 2006, Lowery et al. [27] showed that OFDM can be applied to adaptively mitigate
CD in ultra-long-haul single-mode fiber links. Overall, optical OFDM technology
has many advantages compared to traditional OFDM:

(1) Higher spectral utilization rate. A large number of closely spaced orthogonal
sub-carrier signals can be used to carry data on several parallel data streams, but
unlike DWDM, the sub-carrier spectra can even overlap, as shown in Fig. 12.9,
hence the spectral efficiency is superior. By extracting the phase and ampli-
tude of each sub-carrier, Fast Fourier Transform (FFT) is used to separate the
sub-carriers, which are orthogonal in the frequency space, without crosstalk.
Studies have shown that the OFDM spectrum utilization rate can reach at least
2.9 bit/s/Hz, and if combined with other multiplexing technologies, can achieve
more than 10 bit/s/Hz.

(2) Complex processing of rare earth elements for CD and PMD compensation
in fiber links not needed. As each sub-carrier data rate is much lower, CD in an
optical fiber, being inversely proportional to the square of the baud rate, is sig-
nificantly low. Hence, ISI caused by multi-path propagation can be eliminated.
In addition, a cyclic prefix can be added to the data block for resilience against
inter-channel interference.

(3) Digital equalization can be performed at the receiver using mature DSP
technology. Efficient phase and amplitude equalization can compensate vari-
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ations in dispersion along the fiber link, which is a significant advantage over
electronic pre-compensation in traditional OFDM.

12.2.3.3 Optical Time Division Multiplexing

TDM is a technique that divides a channel into multiple time slots using synchronized
switches at each end of the optical fiber link. An optical pulse consisting of different
baseband signals is distributed to occupy each time slot, so that N baseband channels
are multiplexed into a single transmission line, as shown in Fig. 12.10. Due to single
wavelength transmission, the management of cascaded amplifiers and dispersion is
greatly simplified because each node in the network of electronic devices operates
locally at a low data rate, therefore improving the transmission capacity of a single
channel. Each encoded TDM frame comprises a time slot for each sub-channel, a
synchronization channel, and may also include an error-correcting channel. In this
modulation technology, a stable, ultra-narrow pulse laser is key for high-speed and
long-haul optical fiber telecommunication systems.

12.2.3.4 Optical Code Division Multiplexing

CDM or synchronous code division multiple access (CDMA) evolved from those
used in simple radio transceivers and is widely adopted in second-generation (2G)

and third-generation (3G) of wireless mobile telecommunications technologies.
CDMA is a technology that employs CDM to allow multiple users to share the same
multipoint transmission medium or communications channel. A typical CDMA sys-
tem setup is shown in Fig. 12.11. The system consists of users’ data sources, ultra-
short pulse lasers, optical switches, adjustable optical CDMA encoders, optical star
couplers, adjustable optical CDMA decoders, photodetectors, and electrical thresh-
old detectors, etc. In CDM technology, the transmitter encodes the signal using a
pseudo-random spreading sequence whereby each channel is assigned its own code
to separate it from one another. In other words, each user in synchronous CDMA
may use a code orthogonal to that of others for signal modulation. Multiplexing with
a spreading code increases the bandwidth by spreading it out over the available spec-
trum for the signal. When the underlying spreading codes are decoded at the receiving
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device, the original data signals are demultiplexed and restored from the transmitted
signal. Orthogonal codes have zero cross-correlation, which means that they do not
interfere with one another. Hence, CDM allows efficient practical utilization of the
fixed frequency spectrum, and high security and flexible resource allocation due to
channel coding, as well as having excellent anti-interference properties. Moreover,
the stability and linewidth requirement of the light source is less stringent than that
for WDM. Other advantages of CDM include asynchronous access, the ability to
deal with information transmission in an emergency, and the simplified manner of
optical information processing without requirement of highly selective frequency
filters, and freedom from nonlinear FWM effects.
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12.2.3.5 Other Division Multiplexing Technologies

I. Polarization division multiplexing

PDM doubles the fiber link system capacity and improves the spectrum utilization
rate through transmitting two channels of information on the same carrier frequency
by virtue of using optical waves of two orthogonal polarization states [74, 75]. Fur-
ther, the separate left and right circularly polarized light beams can be transmitted
through the same optical fiber. The key devices involved are the polarization beam
combiner, polarization beam splitter, polarization controller, and filter, etc. In prac-
tice, the polarization states of the signals may continuously drift during transmission
owing to the influence of physical changes in the fiber such as external pressure and
temperature. Therefore, it is important to be able to achieve dynamic demultiplexing
of two orthogonal polarization states at the receiving end of the communication link.
At present, polarization demultiplexing is based on two major technologies: direct
demultiplexing in the optical domain and coherent detection in the digital domain.
Compared with the latter, direct demultiplexing in the optical domain has the advan-
tage of not requiring high-speed DSP circuits or high-speed interfaces from ADC to
DSP, and the use of highly multilevel modulation formats to obtain ultra-high per
channel bit rates can be managed more efficiently.

II. Mode division multiplexing

MDM benefits the system bandwidth by exploiting the spatial modes of waveg-
uides to carry multiple signals simultaneously. The excitation of higher-order modes
with high efficiency, low complexity, and high resolution is the premise of MDM.
Different waveguide modes are orthogonal to one another, thereby providing inde-
pendent spatial dimensions for data transmission. Therefore, the development of
long-haul MDM systems requires fibers and optical components that support multiple
spatial modes, such as modal and wavelength (de)multiplexers, wavelength-selective
switches, and high-performance multiple-input multiple-output (MIMO) signal pro-
cessing architectures. Long-distance propagation over fiber links may result in intra-
group or inter-group mode coupling due to random or intentional index perturbations,
bends, twists, or stresses, but the received signals can be demultiplexed by MIMO
processing. When combined with WDM, a data rate higher than 4 Tbps may be
expected via a single multimode optical fiber link.

The present mode conversion and (de)multiplexing methods are based on employ-
ing waveguide structures of multimode long-period fiber gratings, planar waveg-
uides, photonic lanterns, and directional couplers; or are based on employing free-
space optics involving phase masks, phase plates, SLMs, beam splitters, mirrors, and
lenses. The approach using all-fiber/waveguide structures are considered to provide
higher mode conversion efficiency, besides being highly integrable and compact. On
the other hand, free-space optics systems are generally polarization insensitive and
demonstrably broadband.

III. Space division multiplexing
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The maximum transmission capacity of SMF is about 100 Tbps, constrained by
nonlinear effects and the Shannon limit. SDM technology is a breakthrough that, by
modulating each data channel into individual spatial or polarization modes, increases
the number of parallel channels to realize ultra-high-capacity long-haul transmission.
Multi-core fiber (MCF) multiplexing is an intuitive way to enhance the capacity of
a single fiber, and therefore SDM technologies include MDM utilizing few-mode
fibers (FMF), MCF, or multi orbital angular momentum (OAM) fibers, etc. [76].
Though the maximum capacity of a standard SMF is about 100 Tbps [77, 78], mode
multiplexing can achieve a capacity exceeding 115 Tbps [79], and 2.15 Pbps is
possible with multi-core multiplexing [80]; combining multiple cores and modes
can further improve the transmission capacity and spectral efficiency and eclipse the
performance records previously held [81, 82].

The multiplexing of multiple SMFs in the same transmission link increases the
spatial fiber density and constitutes the MCF [83]. Representative MCFs are schema-
tized in Fig. 12.12, which are typically utilized for increased spatial diversity. The
bandwidth can be multiplied, and with a larger core diameter, a substantially higher
spectral efficiency and power threshold can be achieved in SDM transmission com-
pared to that of SMF. To support multiple spatial paths, the key technologies in an
MCMM system include MCF design, fan-in and fan-out multiplexing, wavelength-
selective switching, inline optical amplification, multi-core alignment, and extensive
photonic and electronic integration. Increasing the number of cores and decreasing
the core spacing in MCFs will result in a linear increase in inter-core crosstalk, which
in turn varies linearly with transmission distance [84]. For 100 Gbps dual polarization
QPSK systems, inter-core crosstalk should not exceed —50 dB for a 1,000-km MCF
transmission [85]. A 14,350 km transmission experiment by TE SubCom using a 12-
core fiber [86] showed that MCFs can simultaneously improve capacity and power
efficiency for transmission at 105.1 Tbps and achieve a record capacity-distance
product of 1.51 Pb/s*km.

FMF multiplexing allows the propagation of a finite number of higher-order spatial
modes in tandem with the fundamental mode. FMF with a higher cutoff frequency
and larger mode field diameter can be achieved through judicious design of the
fiber core and cladding refractive indices (index contrast almost doubling) for the
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lantern, and ¢ spatial optical coupler. Reproduced from Lai et al. [76]

simultaneous transmission of several linearly polarized modes. The high transmission
capacity can be supported not only through the optimization of refractive index
profiles in the FMF, but through MIMO digital signal processors at the receiver in
long-haul SDM systems to control and compensate the adverse effects associated
with mode coupling (intermodal crosstalk) and dispersion (differential mode group
delay) [87]. Phase masks, photonic lanterns and spatial optical couplers are used to
realize mode conversion and multiplexing/demultiplexing as shown in Fig. 12.13.
Few-mode multi-core conversion and multiplexing technology combines MCF and
FMC multiplexing technology, which not only places a number of fiber cores in the
fiber cladding, but also transfers several linear polarization modes in each fiber core.

The photon possesses two vital properties that can be exploited in fiber optics:
spin angular momentum (SAM) and OAM [88], as illustrated in Fig. 12.14. SAM
is the angular momentum component related to the quantum spin and continuous
(counter)clockwise rotation of the perpendicular planes of circularly or elliptically
polarized electric and magnetic fields around the beam axis during wave propagation.
OAM is another component of angular momentum related to the quantum spin and the
field spatial distribution in lieu of polarization. By controlling the rotational direction,
angle and radius of beam wavefronts using spiral phase plates, SLMs or g-plates, etc.,
OAM multiplexing can be realized with different orthogonal signals, and is therefore
projected to add capacity when used in concert with the existing modulation and
multiplexing schemes [89]. Unlike SAM that offers only two orthogonal quantum
states associated with the two states of polarization, OAM can access a potentially
unbounded set of quantum states, and thus offers an unmatched number of channels.
The key techniques of OAM multiplexing systems include mode conversion and
control, mode multiplexing and switching, optical fiber system transmission, and so
on.
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12.2.4 Features of Optical Fiber Communications in 5G
Networks

12.2.4.1 Ultra-large Capacity, Ultra-long-Haul, and Ultra-high Data
Rate Optical Fiber Communication Systems

Due to the maturity of fiber-optic communication technologies operating at around
1.55 wm, and the development of coherent optical systems, transmission capacity and
data rates have significantly improved. Ultra-long-haul optical fiber communications
can be achieved with low-loss and low dispersion optical fiber technology, perfor-
mance improvements in a variety of optical signal amplifiers and repeater devices,
and development of dispersion and nonlinearity compensation technologies.

Atthe 2012 OFC, NTT reported an SMF transmission experiment with 224 wave-
lengths using the WDM-PDM-64QAM modulation method, at a total capacity of
102.3 Tbps, spectral efficiency of 9.1 bit/s/Hz, and transmission distance of 204 km.
In 2014, researchers in the Eindhoven University of Technology and University of
Central Florida have jointly developed a new type of optical fiber to achieve single-
channel transmission up to 5.1 Tbps in a single fiber, and 50-channel transmission
up to 255 Tbps (net 200 Tbps) over a fiber link of at least 1 km. In 2016, optical
fiber communications magazine reported the realization of 105-Tbps transmission
over 14,350 km using a 12-core optical fiber [86]. In 2017, FiberHome Technolo-
gies Group in China achieved a capacity of 560 Tbps in a WDM and SDM optical
transmission experiment using single-mode seven-core optical fibers, which also
represents the ability to support simultaneous phone calls by 13.5 billion people,
hence marking a new level of the nation’s ultra-large capacity, ultra-long-distance,
ultra-high data rate optical communications systems [90].

12.2.4.2 Coherent Optical Communications
The high sensitivity of coherent receivers in coherent optical fiber communications

permits a longer unrepeated transmission range, and with preservation of phase infor-
mation, electrical post-processing functions can be realized flexibly such as compen-
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sation for CD and PMD in the digital domain after coherent detection. Nevertheless,
coherent systems are more complicated compared to that of traditional intensity
modulation and direct detection (IMDD) systems by virtue of their sensitivity to
the phase and polarization states of the optical signal. In coherent schemes, homo-
dyne and heterodyne detection are typical, the former implying a single frequency,
whereas the latter deals with multiple frequencies. Homo- and hetero-dyne detec-
tions refer to the extraction of information encoded as modulation of the phase and/or
frequency of the optical signal, by determining the fixed offset in frequency and/or
phase compared with a reference waveform from a local oscillator that would be
identical to the signal if it carries null information. The key features of coherent
technologies include optical in-phase and quadrature (IQ) modulation and optical
delay detection, and high-speed DSP operation at the transmitter and receiver. Opti-
cal amplitude modulation (AM) and optical IQ modulation can be realized using the
respective Mach—Zehnder configurations, and the IQ modulator—that enables any
kind of modulation formats—can modulate the IQ components of the optical carrier.
Using two optical delay detectors in parallel, the optical signal IQ components can
be demodulated separately without the need for the local oscillator. Hence, many
obvious advantages compared to traditional IMDD systems are as follows:

(1) Any kind of multilevel modulation format can be handled using the phase-
diversity homodyne (heterodyne) receiver which mixes the optical signal with
that from the local oscillator and distinguishes the IQ components. This means
that greatly improved spectral efficiency can be supported without any increase
in system complexity. Moreover, by introducing the polarization diversity
scheme into the receiver, polarization demultiplexing and post-processing func-
tions such as compensation for group velocity dispersion (GVD) or PMD are
possible through DSP techniques.

(2) The ability to combine coherent detection with DSP can provide new capabilities
for optical communication systems with phase detection of the optical signal.
The carrier phase is recovered after homodyne (heterodyne) detection by means
of DSP. Electrical post-processing functions after detection can be performed
on the optical carrier, such as optical filtering and dispersion compensation.
Transmission impairments such as CD, PMD, nonlinearities and phase noise
can be compensated. Therefore, as optical compensators (such as DCFs) are
not needed, the cost of the transmission system is reduced.

(3) High-speed digital-to-analog and analog-to-digital circuits employed at the
transmitter and receiver, respectively, as well as DSP supported by application-
specific integrated circuits before (transmitter) and after (receiver) data con-
version, provide a simple and efficient means of carrier phase tracking, and
drastically improve system stability.

(4) Conventionally, high-capacity WDM systems deploy EDFA and semiconductor
optical amplifiers (SOAs) as repeaters. However, for long-haul optical fiber
cables installed in very harsh environments such as at the bottom of the sea
or in hot deserts, repeater equipment are highly susceptible to damage. On the
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other hand, the transmission range of coherent optical communications without
repeaters is far greater, and is therefore deployable under severe conditions.

(5) Finally, coherent optical communication systems have excellent anti-jamming
and anti-interception features, and therefore communications security is greatly
enhanced. With a large transmission bandwidth and relatively low power con-
sumption, there is potential for its development in inter-satellite communica-
tions.

12.2.4.3 All-Wave Fiber Communications

There are only two transmission windows, from 1260 through 1360 nm and from
1510 through 1610 nm in conventional SMFs that are favorable for long-haul opti-
cal fiber communications, whereby attenuation and dispersion effects are minimal.
Attenuation increases at wavelengths near 1380 nm due to the absorption by OH-
groups in conventional SMF. Therefore, the removal of OH-groups such as moisture
during fiber manufacturing reduces attenuation at these wavelengths in the all-wave
fiber (AWF), hence allowing broadband deployment over 1280 through 1625 nm,
popularly known as the “all-wave window”’; the water absorption peak at 1385 nm is
eliminated [91]. The biggest advantage of AWF is that it greatly widens the optical
fiber bandwidth, providing more than a 100-nm bandwidth compared to that of con-
ventional SMF. For example, if the wavelength interval is 0.8 nm in WDM systems,
this is equivalent to an increase by at least 125 channels, meaning a greatly improved
data transmission capacity.

12.2.4.4 All-Optical Network and Optical Amplifiers

AONS, also called high-speed broadband optical networks, are based on optical
wavelength-selective switching and routing in WDM optical communications net-
works. Established practices based on electronic circuitry to implement TDM net-
works cannot cope with the growing demand for bandwidth, operational speed, reli-
ability and simplified operation and management. In AONSs, data traffic relies on
the propagation of optical signals throughout the entire network from the source
to destination node without optical—electrical and electrical-optical conversion. No
photoelectric conversion bottleneck is expected, and data rates will not be limited
by electronic device performance. Therefore, AONs are scalable and reconfigurable,
and efficient AONSs are at the forefront of optical fiber communication technologies,
which represent the information highway of the 21st century; many countries regard
AONs as a foundation for the construction of the “information superhighway,” and
in their information technology strategic plans, designate it as an essential national
capability. In order to realize AON communications, a key technology is the optical
amplifier [39], which is a device that directly amplifies an optical signal without hav-
ing to first convert it into an electrical signal. SOAs employ a semiconductor such as
GaAs/AlGaAs, InP/InGaAs, etc., as the gain medium, and have a structure similar
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to the Fabry—Perot laser diode but with anti-reflection designs at the end faces akin
to that adopted in photovoltaics, for example [92]. Doped fiber amplifiers utilize an
optical fiber doped with rare earth elements as the gain medium, such as EDFAs for
C-band (1525-1565 nm) and L-band (1570-1610 nm), thulium-doped fiber ampli-
fiers for S-band (1450-1490 nm) and praseodymium-doped fiber amplifiers in the
1300 nm region. These can cover the entire band of wavelengths for optical fiber
communications.

12.2.4.5 Optical Soliton Communications

For large networks covering huge geographical areas, the use of soliton propaga-
tion allows optical pulse compression induced by nonlinear SPM effects to neu-
tralize group velocity dispersion effects. The soliton refers to any optical field that
is unaltered during propagation due to the delicate balance between nonlinear and
dispersion effects in the medium. Under specific conditions, such as a sufficiently
high pulse power density and in anomalously dispersive media, solitons can trans-
mit for long distances and are therefore suitable for AONs with reduced reliance
on repeaters. Transmission capacity at one to two orders of magnitude higher than
that in a traditional communication system can be achieved. Soliton-based optical
communication systems are superior to that of traditional IMDD systems and coher-
ent optical communications in high fidelity long-distance transmission performance.
Applying ultra-short pulse control and TDM or WDM transmission [93], the data
rate can be increased to at least the order of Tbps. Further, through reduction of
amplified spontaneous emission (ASE) noise using an optical filter, a transmission
distance up to 100,000 km or more can be achieved.

12.2.4.6 Quantum Secure Optical Communications

With the development of the Internet, various security issues also manifest in spite of
advances in classical computing. In 2012, the LinkedIn website was compromised,
resulting in information thefts from more than 117 million LinkedIn user accounts.
In 2015, the Ukrainian power grid was hacked into, shutting down power supplies for
nearly 700 thousand homes. In the same year, supposedly due to a security breach in
the US general elections, about 191 million voter registration records were leaked.
In 2016, Los Angeles county was targeted in a phishing cyber attack, which com-
promised the private information of 760,000 people. These scenarios are part of the
general paradigm that information security is largely a critical issue not only for large
companies, banks, and defense organizations, but small business enterprises and indi-
vidual consumers. Fortunately, quantum computing and Shor’s algorithm [94, 95]
have emerged, and are finding applications in the fields of classical cryptography,
weather forecasting, drug design, financial analysis, and so on. Owing to its ability to
perform a range of useful tasks more rapidly and securely compared to classical com-
puting, quantum computing is expected to take the place of traditional encryption
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methods (RSA algorithm, Digital Signature Algorithm, etc.), emailing, electronic
payment, Internet, IoT and a range of other services having security implications.
On the other hand, more and more attention is being paid to the security of opti-
cal communication networks, with the consequential need to appropriately encrypt
the data transmitted in optical cables. Secure quantum communication technologies
based on post-quantum cryptography arose at a historic moment, and since it uses
the optical quantum states carrying information to distribute the quantum keys, its
security is impregnable because quantum states are indivisible, and cannot be cloned
[96].

In recent years, many countries around the world have been devoted to ushering in
the second quantum revolution and actively building ultra-secure national quantum
communication networks. The UK launched a flagship quantum communications hub
in 2015 at an expenditure of £ 270 million, and built Bristol and Cambridge quan-
tum metropolitan area networks in 2016. Japan built the quantum communication
Tokyo metropolitan area network in 2015, and planned to build national high-speed
quantum communication networks between 2020 and 2030. In 2016, the USA builta
650-km quantum link between Ohio and Washington, with a secure communications
backbone network spanning tens of thousands of kilometers long in the blueprint.
The European Union issued a “Quantum Manifesto” in 2016, and within the Euro-
pean H2020 research and innovation framework programme, invested € 1 billion
for a start in 2018 to support a flagship-scale initiative in quantum technology; this
targets development within 5-10 years a quantum secure communication network
linking distant cities, and a pan-European quantum secure Internet by 2035. Also
in 2016, South Korea built the Seoul, Pentang and Suwon Phase I networks, with
an aggregate link length of 256 km, and secure communications will be adopted
in all government networks by 2020 and in all commercial networks by 2025. In
China, the world’s longest quantum communication network spanning 2,000 km
long, dubbed the “Beijing-Shanghai trunk line,” had passed the acceptance test and
was opened in September 2017; this established a wide area space-to-Earth quan-
tum communication network when combined with the world’s first quantum sci-
ence satellite “Mo-tse” launched in the previous year, thus no sooner allowing the
first practical demonstration of an intercontinental ultra-secure quantum-encrypted
video chat between Beijing and Vienna. Also by September 2017, China has set up
its first commercial quantum network in Shandong province. Furthermore, interna-
tional telecommunications and hi-tech business leaders have been investing heavily
in ultra-secure communications in the era of quantum computing. For example, BT
Group plc has long been leading its own research into quantum communications,
focusing on quantum key distribution (QKD). In October 2016, BT and Toshiba
opened the UK’s first quantum communication showcase, with the latter company
having by then already applied quantum cryptography to secure transmission of
genome data in Japan. Deutsche Telekom AG and SK Telecom Co. Ltd. have co-
established a “quantum alliance” in February 2017, and by June 2017, SK Telecom
had developed a powerful quantum repeater that can dramatically extend the dis-
tance of quantum communication up to a distance record of 112 km for QKD. Since
announcing in October 2015 its first quantum cryptography cloud security solution
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(that increases data transmission security in networks), AliCloud has teamed up with
NVDIA to invest US$1 billion in cloud computing research and development, and
also with QuantumCTek to co-establish the China Quantum Communication Industry
Alliance. In March 2017, AliCloud became the first cloud computing company in the
world to provide quantum-encrypted transmission of information with cloud services
for industry, for example, in a case of long-distance cloud-based quantum cryptog-
raphy communication for MyBank’s business credit data. IBM, Hewlett-Packard,
Siemens, Philips, Alcatel Lucent, Hitachi, Huawei, ZTE, and other multinational
companies have also joined this quantum communication industry.

Encryption technologies, based on post-quantum cryptography, error-correcting
codes, lattice, hash, multi-variable, and so on, will become an important direction for
quantum-encrypted communications in the next few years. However, research into
the multiplexing of QKD and strong classical data signals continues to be crucial to
deliver quantum and classical signals in one fiber link, and pertinent to the integration
of quantum communication networks with gigabit-capable passive optical networks
in existing telecommunications infrastructure to implement ultra-secure quantum
communications.

12.2.4.7 Wavelength Conversion in Optical Networks

The explosion in data traffic and an associated high bandwidth demand has made
viable the use of multiple wavelengths in optical fiber links to increase network
capacity. Wavelength converters are essential in dynamically reconfigurable optical
networks and are parsimoniously utilized at key network nodes, enabling more effi-
cient exploitation of optical bandwidth under dynamic traffic patterns and permitting
transparent interoperability, wavelength routing, wavelength reuse, path protection
and restoration, as well as contention resolution and scalability. Therefore, the imple-
mentation of all-optical wavelength conversion (AOWC) will be a key feature in
next-generation AONs based on WDM. Furthermore, for 5G, the ability of wireless
networks to be adaptive, autonomous, scalable, stable, and sufficiently agile to main-
tain their services under all potential conditions is expected by default. Self-healing
networks are thus envisioned to be crucial, providing autonomous fault manage-
ment including performance monitoring, fault detection, active compensation and
recovery, and outcome evaluation. Existing wavelength conversion technologies to
support this framework for 5G can be grouped into the following: those based on
SOAs including cross-gain modulation (XGM), XPM and FWM [97-99]; or those
that employ, cross-absorption modulation in an electro-absorption modulator (EAM)
[100], difference frequency generation/sum frequency generation (DFG/SFG) using
periodically poled lithium niobate (PPLN) optical waveguides [101-103], FWM or
degenerate FWM in highly-nonlinear fiber (HNLF) or silicon waveguide [104, 105],
or injection-locked semiconductor lasers [106], etc.
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Fig. 12.15 Network challenges correlated with new 5G technologies to mitigate them

12.2.5 Key Technologies of 5G Optical Transmission
Networks

Communication networks can be classified into core networks, convergence net-
works, access networks, and customer premises networks according to the logic
function; and 5G networks must be constructed based on the classical optical trans-
mission network. Six foreseeable future needs/challenges will have to be handled
by 5G optical transmission networks, i.e., (i) large bandwidth, (ii) flexible connec-
tivity, (iii) network fragmentation, (iv) low latency, (v) time synchronization, and
(vi) management of operation and maintenance. In order to maintain the advan-
tages of packet transport network (PTN), the SDN architecture needs to be extended
to meet future development requisites. Key 5G-related technologies include the 4-
level pulse amplitude modulation (PAM4) optical module and DWDM technologies,
Flexible Ethernet (FlexE) and physical layer cross-technologies, layer 3 sink and
source routing technologies, IEEE 802.1 time sensitive networking (TSN) and low
delay forwarding technologies, ultra-high-precision time synchronization, and SDN
technologies, etc. (see Fig. 12.15).

DWDM has already been introduced earlier, and PAM4 will be introduced in
Sect. 12.4. FlexE is a communications protocol maintained by the Optical Inter-
networking Forum, and is the third generation of Ethernet compatible with the 5G
era that, allows data center providers to utilize bandwidth more flexibly, possesses
low added latency, and reuses several mechanisms from Ethernet. Service isolation
and network slicing on the bearer network can also be implemented. Lightweight
enhancements to Ethernet have been achieved by adding a middle FlexE shim layer
between the layer 2 Ethernet medium access control (MAC) layer and layer 1 physi-
cal layer, which schedules client interface data to different channels viaa TDM-based
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distribution mechanism. One or more channels can be used as needed by each client
interface to isolate services. For example, the FlexE shim layer can divide a 400GE
interface into 20 channels working at 20 Gbps, meaning that full use is made of the
existing optical transport network in channelized isolation for 5G services. FlexE
can also increase interface capacity through interface bonding, without resorting to
multiple interfaces that result in wasted capacity and unbalanced service traffic dis-
tribution, or requiring service adjustment and cutover. Furthermore, FlexE can slice a
physical Ethernet interface into multiple elastic Ethernet hard pipes based on timeslot
scheduling, bringing about twin properties of improved service isolation and high
network efficiency, as well as statistical multiplexing. Therefore, when combined
with DWDM, FlexE not only provides high bandwidth capacity, but also permits
flexible bandwidth adjustment and data isolation features that fully meet 5G service
requirements and drive industry development.

When routing at layer 3 using SDN as its core technology, individuals or subnets
may be configured for intercommunication and resource sharing between layer 2,
in which individuals or several user groups must access the same access network(s)
without interference with one another. The IEEE 802.1 TSN standards guarantee
packet transport with bounded low latency, low packet delay variation and low packet
loss. For example, this means that the PTN processing delay can be reduced from
about 50 s to about 5-10 ps.

Ultra-high-precision time synchronization between two remote sites is desirable
for large-scale, flexible networks that support the 5G-industry chain by improving
accuracy and reducing cost in measurement and control systems. However, the pre-
cision of currently prevailing timeservers is around £100 ns, but which needs to
be reduced to 30 ns for 5G and IoT. In December 2017, ZTE Corporation had
announced its completion of tests for a high-precision time source device based on
the principle of satellite common view, achieving a time precision of 10 ns.

Ultra-high-precision bidirectional time-frequency transfer is needed over high-
speed, long-haul fiber-optic links, with propagation delays associated with forward
and backward transmissions expected to be the same (symmetrical) over the same
fiber link using identical wavelengths. Nevertheless, each node and link may intro-
duce asymmetries through fiber dispersion effects and their temperature dependence
that affect the time/phase accuracy over networks. For 5G compatibility, the time pre-
cision requisite for each link and node should be reduced from +1000 to £=100-300 ns
and +30 to +5-10 ns, respectively. Different factors responsible for the uncertainty
of time transfer include precision and stability of the transmitted wavelengths, the
power dependence of the transceiver delay, Sagnac effect, etc. WDM-based schemes
have been adopted to successfully suppress the impact of Rayleigh backscattering
on signal timing jitter in bidirectional propagation.

The SDN technology is a novel cloud computing approach that facilitates network
management and efficient network configuration for high-level system performance
and diagnostics. Network functions virtualization (NFV) and virtual private net-
works (VPN) are enabled, with the core technology characterized by open flow via
dissociation of the network device control plane (routing process) from data plane
(forwarding process of network packets) so as to expand the smart capability of
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the network. The control plane constitutes the centralized intelligence, as bearer net-
works and wireless networks require a central orchestration and management system
for flexible control of network traffic.

As stated earlier, the 3GPP officially confirmed in June 2017 that 5G core net-
works will be assimilated into the unified infrastructure; this is in accordance with the
SBA architecture proposed jointly by China Mobile and 26 other operator and net-
work equipment manufacturing companies. The SBA architecture is compatible with
SDN/NFV technology, allowing the 5G network to adopt cloud computing (cloud
native), and therefore convenient for rapid network upgrading, as well as enhanc-
ing the network resource utilization rate and ushering in new network capabilities.
Indeed, the service-oriented 5G core network aims to support a very diverse range of
services with very different levels of performance requirements, incorporating use
cases such as industrial control, augmented/virtual reality, interconnected vehicles,
etc. Therefore, this calls for end-to-end network slicing to support a rich range of ser-
vices and industries on one physical network infrastructure. Taken together, network
operators can flexibly enable new services in neighboring sectors and incorporate
their networks into new industry value chains.

12.3 Optical Wireless Communications in 5G

Wireless communication technology has developed at an unprecedented pace in
recent decades and is playing an important role in modern society. Wireless commu-
nications usually imply the adoption of radio waves. The electromagnetic spectrum
is a scarce resource that is managed and regulated by governmental bodies and inter-
national agencies. With the coming era of 5G, the demands for higher data rates
and ultra-high-capacity networks are ever-soaring, but the existing radio spectrum
resources are limited in capacity and challenged to keep up. Hence to resolve the
backhaul bottleneck, other viable options for wireless communications include the
upper frequency portions of the electromagnetic spectrum, and not just RF. For
example, optical wireless communications (OWC) refer to transmission in unguided
propagation media or wireless data transmission for telecommunications or computer
networking, through the deployment of optical carriers in the visible, infrared, and
ultraviolet bands. When terrestrial point-to-point OWC systems operate at the near
IR frequencies (750-1600 nm), they are referred to as free-space optical communica-
tions, whereas when operating in the visible range (390—750 nm), they are referred to
as VLC. There has also been an upsurge of interest in operation within a solar-blind
UV spectrum (200-280 nm), known as UV communication. Categories of OWC
applications according to the transmission range include: (i) the ultra-long-range
inter-satellite and deep-space links; (ii) long-range terrestrial inter-building connec-
tions; (iii) medium-range wireless local area networks (WLANs) and inter-vehicular
and vehicle-to-infrastructure networks; (iv) short-range wireless body area network,
wireless personal area network and underwater communications; and (v) ultra-short-
range chip-to-chip communications [38]. In 5G networks, OWC can complement
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optical fiber communication, wireless Internet and mobile broadband services, and
can penetrate environments which prohibit the installation of optical fibers or which
contain RF shielding enclosures.

12.3.1 Free-Space Laser Communications

The free-space laser communication system is an OWC system that uses the laser
output as a carrier wave, and vacuum, outer space or air, as the transmission medium;
this is projected to become one of the important technologies to support 5G commu-
nication networks. Free-space lasers can have applications in deep-space telecom-
munication networks, or inter-satellite or satellite-ground networks, as well as ter-
restrial networks. Ultra-high-capacity and high data rates can be achieved using laser
transmitters and cost-effective transparent links without requiring the installation of
optical fibers [107-109]. The general long-haul transmission distance ranges from
one to hundreds of thousands of kilometers. In 2013, NASA’s Lunar Laser Commu-
nication Demonstration [81] achieved two-way communications between the ground
station and the lunar satellite at a record-breaking error-free data rate of more than
20 and 600 Mbps for uplink and downlink, respectively, by using a pulse laser beam
to transmit data over the 380,000 km between the moon and Earth. In 2015, the Euro-
pean Space Agency in its European Data Relay System achieved data transmission
at 1.8 Gbps across 45,000 km between spacecrafts in low earth and geostationary
earth orbits, using a new generation laser communication terminal. Early last year,
a satellite was launched in China for a high-speed coherent laser communication
experiment at a satellite-ground distance of 1600 km, yielding 20 Mbps uplink to
the moon and 5.12 Gbps downlink from the moon supported by PPM, and bringing
about a transmission capacity consistent with streaming video on demand [82].

In terrestrial free-space laser communications between buildings, the atmosphere
is the transmission medium, but absorption and scattering of the signal can occur
with the variety of gas molecules, solid particles, and water vapor present in the
atmosphere, thus resulting in signal attenuation. Hence, the transmission range for
terrestrial applications is generally limited to a few tens of kilometers and is also
influenced by atmospheric turbulence-induced fading and sensitivity to the weather
conditions and gradual changes in air temperature and pressure as well as platform
motion. Terrestrial free-space laser communications can be implemented for last
mile broadband access and other communication solutions. This terrestrial technol-
ogy first emerged in the 1980s, with the US Naval Academy having developed low
data rate atmospheric laser communication links between islands and the mainland
for secure and reliable bidirectional data transmission; but the system only had an
8-MHz bandwidth using a limited number of optoelectronic devices [110]. In 1994,
ThermoTrex Corporation established a data transmission rate of 1.13 Gbps with less
than 10~° bit error rate (BER) at elevations from 1.8 to 2.1 km above sea level using
a free-space laser link between mountain summit observatories 42 km apart [111].
In 1998, Lucent Technologies Inc. prototyped a free-space optical communication
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system achieving a data transmission rate of 2.5 Gbps over a transmission distance
of 2.5 km. In February of the same year, Lucent implemented a testbed, with a data
transmission rate reaching 10 Gbps. In 2000, Lucent collaborated with Astro Terra
Corporation to further develop the prototype, enabling 10 Gbps at a transmission
distance of 5km [111]. In 2004, No. 34 Research Institute of China Electronics Tech-
nology Group Corporation developed a commercial free-space laser communication
system with data transmission rates ranging from 11 to 155 Mbps over a distance
of 8 km [112]. In the same year, LightPoint Communications Inc. and Huawei Cor-
poration configured wireless optical communication systems for African operators.
In 2008, a high-speed atmospheric laser communications team in Wuhan University
developed a free-space optical communication experimental prototype using WDM
technology, which was capable of a transmission data rate of 2.5 Gbps over a range
of 16 km. By 2010, the data transmission rate reached 7.5 Gbps over a distance of
40 km through further improvements to the light source [113]. The National Institute
of Standards and Technology in USA demonstrated optical time-frequency trans-
fer over free-space via bidirectional exchange between coherent frequency combs
phase-locked to local optical oscillators (clocks), achieving femtosecond-scale tim-
ing deviation, a residual instability below 10~'® at 1000s, and systematic offsets
below 4 x 10~!9 across a 2-km link. In 2016, researchers from the Institute of Optics
and Electronics, Chinese Academy of Sciences, adopted adaptive optics to improve
the quality of atmospheric laser communications. A coherent laser light source was
used in the atmospheric laser communication link, yielding a data transmission rate
of 5 Gbps. Modulation techniques for free-space laser communications are basically
the same as for fiber optics, notably allowing modulation by amplitude, polarization,
phase, and so on. [114]. In addition, other intensity modulation techniques can be
used with direct detection, such as PPM and DPPM, which will be explained in detail
in the next section.

12.3.2 Visible-Light Communications

As a subset of the OWC technologies, VLC uses fluorescent lamps to transmit sig-
nals at 10 Kbps, or LEDs at up to 500 Mbps, over typical distances between 1 and
2 km. To support 5G networks, VLC can be used as a communications medium for
ubiquitous computing. Light-producing devices for indoor/outdoor lighting, TVs,
traffic signs, etc., are pervasive, and therefore wired links are not needed to simul-
taneously support multiple computers or mobile phone terminals on the Internet,
without adversely affecting speed. The advantages of VLC include high bandwidth,
and secure and reliable transmission with high energy efficiency, and without elec-
tromagnetic interference when using larger scale optics and more powerful LEDs, as
well as the fact that the system is safer for high-power applications because humans
can perceive the optical beam and avoid possible harm.

Hence, VLC can be deployed as Li-Fi in indoor wireless communications, train
and aircraft wireless communications, vehicular networking, intelligent transporta-
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tion, secure electronic transactions, [oT, etc., and particularly useful in electromag-
netic sensitive areas such as aircraft cabins, hospitals, and nuclear power plants. In
2000, Tanaka et al. of Keio University in Japan proposed using LEDs in communi-
cation base stations, and carried out various experimental modulation techniques for
VLC systems [115-117]. In 2012, the team credited for coining the popular Li-Fi ter-
minology led by Professor Harald Haas at University of Edinburgh, patented a tech-
nology using flashlights to transmit digital information [118]. In 2013, researchers at
Fudan University reported successful realization of the technology in the laboratory,
whereby the network signal was powered by a 1 W LED lamp, which interconnected
four computers at the same time, achieving a maximum data rate of 3.25 Gbps and
average Internet speed of 150 Mbps [119]. The modulation schemes suitable for VLC
include PPM, DPPM, OOK or digital pulse interval modulation (DPIM), which will
be introduced in the next section.

12.4 Modulation Technologies in 5G

Analog modulation aims to transfer analog baseband signals over an analog band-
pass channel at a different frequency, whereas digital modulation aims to transfer a
digital bit stream over an analog bandpass channel or over a limited RF band. Typ-
ical methods of analog modulation are AM, frequency modulation (FM) and phase
modulation, while typical methods of digital modulation are ASK, FSK PSK, DPSK,
etc.

Modulation technologies have a long history of evolution with the development
of communication networks. The first-generation wireless cellular networks were
analog telecommunication standards that first emerged in Tokyo in the late 1970s,
and relied on FM with a bandwidth ranging from 10 to 30 kHz and data rates around
10 Kbps, suitable only for speech and data transmission. Around the same time, fiber
optics was used extensively by network operators to build their telecommunications
infrastructure. Sprint Corporation in the USA was the first carrier to operate a fully
digital fiber-optic network in the mid-1980s. Commercial SMF systems and the
SDH transmission protocol appeared in the 1990s, and Sprint was again the first to
deploy synchronous optical networks, a variant of SDH. The 2G cellular technology
networks that emerged in the 1990s are digital, offering a bandwidth of 200 kHz and
peak data rate of at least 300 Kbps. Moreover, the digitization permits less energy
consumption and enhances voice clarity and mitigates noise. As 2G systems were far
more spectrally efficient, they were launched based on CDMA standards, or on the
global system for mobile communications (GSM) standards based on time division
multiplexing access, depending on the type of multiplexing used. Gaussian minimum
shift keying, a subset of FSK, is most notably used in GSM cellular technology, but
while its spectral efficiency is high, a higher power level is required than that of
QPSK, a subset of PSK, in order to transmit the same amount of data reliably. The
2G networks in Japan and North America use another PSK known as DQPSK. By
the end of the 1990s, the USA, Japan, Britain, France, and more than 20 other
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countries together pledged a commitment to optical fiber communications, and to
vigorously develop optical modulation technologies, and adopt WDM for increased
data system capacity. Coherent optical fiber communications had been extensively
studied in the 1980s, but due to the success and rapid progress in high-capacity
WDM systems using EDFAs, concerted interest in the former was interrupted for
almost 20 years. OOK was widely adopted in IMDD schemes, and for improved
spectral efficiency and data rates in WDM systems, modulation techniques such as
binary phase shift keying (BPSK), DPSK, QPSK, DQPSK, etc., were developed.
In 2002, Bell Labs developed DPSK, which when coupled with other technologies
such as extended L-band amplifiers, Raman amplifiers, forward error correction, and
optical dispersion compensation, allowed the doubling of error-free, high bandwidth
transmission distance to over 4000 km at 2.56 Tbps using a 64-channel DWDM
system.

At the 2002 OFC, a British team reported on a 10-Gbps coherent detection trans-
mission system based on DQPSK modulation [120]. Interest in coherent optical com-
munications was soon revived after a demonstration in 2005 of digital carrier phase
estimation in digital coherent receivers which enable a variety of spectrally efficient
modulation formats to be employed, such as multiple phase shift keying (MPSK) and
QAM without dependence on the somewhat complicated optical phase-lock loop.
Encoding formats for transmission such as those based on non-return-to-zero (NRZ)
and return-to-zero (RZ), were adopted in communications interfaces. For example,
carrier-suppressed return-to-zero (CSRZ) was used to generate specific optical mod-
ulation formats, such as CSRZ-OOK or CSRZ-DPSK, in which data are encoded on
the signal intensity or differential phase, respectively, using a binary scheme. Others
include RZ-DPSK, RZ-DQPSK.

3G wireless networks also emerged at the outset of the 21st century, with new
frequency bands to support the services that provide a data rate of at least 2 Mbps,
thereby ensuring wireless voice telephony, mobile Internet access, fixed wireless
Internet access, video calls, and mobile TV. Packet switching was used rather than
the circuit switching in 2G for data transmission. The first commercial networks were
live in South Korea by January 2002, on the CDMA-based evolution-data optimized
telecommunications standards.

In 2008, a set of criteria for what is marketed as 4G, known as the interna-
tional mobile telecommunications advanced (IMT-Advanced) standard, was spec-
ified by the international telecommunications union-radio communications sector.
Since 2009, LTE was commercially deployed, and LTE-Advanced is a candidate
targeting to outperform the IMT-Advanced compliant T-advanced standard, which
will make use of additional frequency bands and multiplexing to achieve higher
data rates. Mobile worldwide interoperability for microwave access Release 2 and
LTE-Advanced were standardized in 2011, and are IMT-Advanced compliant, allow-
ing speeds up to the order of 1 Gbps. The 4G system uses an all-Internet protocol
(IP)-based communication such as IP telephony. Multiple access schemes are avail-
able; examples are orthogonal frequency-division multiple access multi-carrier trans-
mission that allows simultaneous low data rate transmission from several users, or
single-carrier frequency-division multiple access as an attractive alternative espe-
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cially where low peak-to-average power ratio (PAPR) in uplink communications
means increased transmission efficiency and reduced power amplifier costs. Other
new access schemes, such as interleaved frequency-division multiple access, multi-
carrier CDMA and beam-division multiple access, are also gaining more importance
for next-generation systems.

For single-channel transmission reaching 100 Gbps, advanced digital modulation
formats such as differential 8-phase PSK (D8PSK), PM 16-QAM, and other multi-
level signaling schemes began to be widely used. In optical communications, PolSK
is a novel modulation technique that is preferentially adopted for increased reliabil-
ity in free-space optical systems than for fiber optics because the polarization state
fluctuates due to birefringence in optical fibers, thereby presenting a challenge for
detection. Multilevel digital coherent optical modulation formats such as multilevel
PolSK have been proposed due to the higher data rates advantage compared to binary
modulation counterparts. Hence in optical communications, multilevel modulation
schemes have been widely used in combination with polarization multiplexing, such
as polarization multiplexed-QPSK (PM-QPSK), or PM 16-phase QAM. To enable
capacity scaling of WDM optical networks, it is necessary to increase spectral effi-
ciency. PM-QPSK has been applied to a 100-Gbps system, with a theoretical spectral
efficiency of 4 bit/s/Hz, though the spectral efficiency of 16QAM doubles that of PM-
QPSK.

In 2009, Bell Labs reported coherent optical communications performance for
a 10-channel WDM transmission with 112-Gbps PDM-16QAM and a 15-channel
WDM with 100 Gbps PM-QPSK over a fiber link distance of over 620 and 7200 km,
respectively [121, 122], with the former achieving a spectral efficiency of 6.2 bit/s/Hz.
In the following year, Bell Labs again reported at the OFC conference, 10 x 224-
Gbps WDM transmission of 28-Gbaud PDM-QAM over 1200 km of fiber link,
achieving a spectral efficiency of 4 bit/s/Hz [123]. At the same conference the year
after, Fraunhofer Institute for Telecommunications (Berlin) presented a serial 10.2-
Tbps transmission system employing a 1.28-Tbaud RZ-16QAM signal, polarization
multiplexing, and ultra-fast coherent demultiplexing, which achieved an error-free
data rate of 9.5 Tbps and transmission over 29 km long [124].

5G networks may involve more advanced optical modulation formats, and in fiber-
optic communication systems, direct detection will be entirely replaced by coherent
detection. More advanced modulation formats are being intensively researched, such
as 64QAM, 256QAM, 512QAM, 1024QAM, and 4096QAM, or MQAM [125, 126].
Another modulation scheme for beyond-4G cellular wireless communication systems
is frequency and quadrature amplitude modulation (FQAM), which is a combination
of FSK and QAM [127]. In ultra-high data rate communications, such as 400-Gbps
client-side data links covering distances from 100 m to 10 km, higher-order modu-
lation formats, such as PAM4 are adopted due to the simplicity and power efficiency
to replace conventional NRZ in order to reduce the need for high bandwidth devices.
In lieu of NRZ that relies on 2-level amplitude detection, PAM4 uses 4-level ampli-
tude detection, thereby doubling the transmission capacity with the same bandwidth
optical devices, though at a penalty of signal-to-noise performance [128]. Many cur-
rently deployed fiber and free-space optical systems (or VLCs) use together with
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direct detection, common intensity modulation schemes such as OOK, PPM, DPPM,
DPIM or color shift keying. With a visible-light spectrum 10,000 times larger than
the RF spectrum, Li-Fi represents a massive capacity expansion, and with data rates
exceeding 224 Gbps, and is expected to complement, if not replace, Wi-Fi in many
applications of short-range wireless communications.

The increase in data transmission speed and number of channels will inevitably
require greater reliability. To reduce the BER, appropriate channel coding is needed
for 5G. In addition to the Turbo codes used extensively in 3G and 4G, other coding
schemes were proposed for 5G, such as LDPC codes, also known as Gallager codes,
polarization and polar codes, etc. At the 3GPP conference in 2016, polar codes and
LDPC were slated to be adopted in the eMBB control channels for the 5G New Radio
interface and for the corresponding data channel, respectively.

The following section will briefly introduce a variety of digital modulation and
pulse modulation technologies, and several coding schemes that may be adopted in
5G networks.

12.4.1 Digital Pulse Modulation

12.4.1.1 Amplitude Shift Keying

The simplest and most common form of ASK modulation is OOK. The presence of
an optical carrier for a specific duration denotes a binary “1” while its absence for the
same duration symbolizes a binary “0”. At the transmitter, the electrical data signal
is loaded onto the optical carrier using the optical modulator to output the intensity
modulated signal. At the receiving end, a photo-detector is used to transform the
optical signal into an electrical signal for sampling and decision based on direct
detection. The decision threshold is set to half the optical signal intensity of binary
“1”. Within the sampling time where the intensity is greater than the threshold,
the signal is judged to be binary “1”, otherwise binary “0”, thus restoring the data
signal. More sophisticated encoding schemes, such as 4ASK and 8 ASK, have been
developed using additional amplitude levels, i.e., when a finite number of amplitudes
are used, each assigned a bit value (or an equal range of bits).

There are two kinds of OOK waveforms: NRZ-OOK and RZ-OOK (see
Fig. 12.16). The NRZ-OOK format, with a 100% duty cycle and a symbol period
equalling the pulse width, can be generated using direct modulated lasers and
electro-absorption modulators for short- and intermediate-reach transmission, or
using MZMs for long-haul systems, at data rates up to 10 Gbps [129]. However,
the modulation is affected by Kerr nonlinearities such as SPM, XPM or FWM in
the optical fiber, thus impairing the transmission bandwidth and BER performance.
Hence, NRZ-OOK is suitable only for lower data rates and shorter-range transmis-
sion. On the other hand, RZ-OOK has a duty cycle less than 100% (common duty
cycles are 33, 50 and 67%) with temporal spacing between adjacent pulses, and a
symbol period not equalling the pulse width. As long as the delay spread is smaller



12 Optical Communications and Modulation Techniques in 5G 441

Fig. 12.16 Two kinds of (a)
optical waveforms: a P
NRZ-OOK modulation and T

b RZ-OOK modulation ‘ ‘

0 I 2T 3T 4T 5T 6r 11 t

(b)
s

P
|
ST 6I 1T ¢

Fig. 12.17 aNRZ and b RZ (a)

code generation using the I ica
g g yd MZM T\RZ optical
Mach-Zehnder modulator signal

NRZ electric signal

(b)

Q— v >

NRZ electric signal Clock signal

RZ optical

signal

than the symbol period, ISI is very small, and RZ-OOK possesses greater tolerance
to nonlinearities, CD and PMD effects. Figure 12.17 shows the generation of the
NRZ and RZ codes using the MZM.

12.4.1.2 Differential Phase Shift Keying

PSK is a digital modulation scheme, in which the carrier phase is correlated with the
data signal, while the amplitude and frequency are constant. In the BPSK waveform,
two phases are used and separated by 180°, hence the so-called 2PSK, which is
functionally equivalent to 2-QAM. In a coherent system, when the modulated signal
has the same phase as the carrier, the transmitted digital baseband signal is “1”.
Otherwise, the baseband signal is “0” when the modulated signal has a reverse
phase with respect to the carrier signal. As it takes the highest amount of noise or
distortion for an incorrect decision by the demodulator, this digital modulation is the
most robust of all the PSKs. However, due to an arbitrary phase shift introduced by
the communications channel or phase ambiguity existing in the recovery of 2PSK
signals, the demodulated signal and the transmitted digital baseband signal become
confused, i.e., “1” becomes “0” and “0” becomes “1”, resulting from an incorrect
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Fig. 12.18 DPSK signal waveform

decision by the demodulator. This is known as the “inverted  phenomenon.” To
overcome this problem, DPSK is used. Instead of using the data to set the phase,
they are used to change the phase of the carrier wave. Data are digitally transmitted
depending on the difference between successive phases, or encoded in the optical
phase change between adjacent bits [130]. The DPSK demodulator relies on one-bit
delay interferometers to detect phase information by comparing the phases of two
adjacent bits in the entire bit period. If “0” and “n” phase shift are used to represent
the binary data “0” and “1”, respectively, then the 2DPSK waveform can be obtained
according to the coding principle illustrated in Fig. 12.18 [131].

It is known that compared to OOK, DPSK provides much higher sensitivity and
robustness to nonlinear impairments in high data rate optical fiber communications.
Approximately 3 dB lower OSNR is required by DPSK to reach a given BER. For
the same average optical power, the optical peak power is 3 dB lower for DPSK than
for OOK. Furthermore, the optical power is more evenly distributed in DPSK with
power present in every bit, hence reducing bit pattern dependent nonlinear effects.
Therefore, due to these reasons, DPSK has good resilience to nonlinearity [132].
DPSK can also be classified into NRZ and RZ formats, with similar characteristics
to that of OOK. The NRZ code structure is compact and simple, with the optical
power in each bit occupying the entire bit slot; but the average transmission power
is relatively high and nonlinear distortion is serious, thereby limiting applications to
shorter-range transmission. In RZ format, the optical power in each bit appears as an
optical pulse, and because the average optical power is lower, the OSNR requirement
for a given BER is low, hence it has better dispersion (besides nonlinearity) toler-
ances compared to that of NRZ. Three commonly used methods of pulse carving by
applying a sinusoidal drive signal to an MZM-based pulse carver result in RZ duty
cycles of 33, 50, and 67%. Carving at half the duty rate, or 67% duty cycle, results
in CSRZ combined with an OOK optical modulator, which can be applied to long-
haul high-capacity transmission due to higher tolerance to drive phase errors. The
implementation of the RZ- and CSRZ-DPSK transmitter using MZMs is illustrated
in Fig. 12.19. CSRZ-DPSK, which was proposed by NTT Corporation in Japan in
2002, has enhanced ability to suppress PMD effects because of the more evenly dis-
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tributed optical power in the time domain [133]. Moreover, the spectral efficiency is
improved.

12.4.1.3 Quadrature Phase Shift Keying

QPSK is a digital modulation technique that takes into account efficient band utiliza-
tion and power utilization with anti-interference features; hence, it is widely exploited
in optical communication systems. Modulating the carrier phase using 4-state or 2-bit
encoding per symbol accomplishes transmission of information. Figure 12.20 shows
the conceptual transmitter structure for QPSK. The transmitter has a local oscillator
that generates the carrier wave. Two MZMs and a 90° phase shifter are typically used
to shape the I and Q waveforms.

The principle of the receiver structure underlying the detection of QPSK signals
is illustrated in Fig. 12.21. The QPSK waveform is usually composed of two orthog-
onal binary phase states, so that the system bandwidth for QPSK is the same as that
for BPSK but doubles the data rate. At the receiver, two signals are usually multi-
plied by the respective local oscillator-generated orthogonal coherent carrier signals,
to separate the two baseband signals before conversion into the original waveform
by low pass filtering, sampling, and parallel to serial conversion. Two sets of 45°
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Mach—Zehnder delay interferometers, balanced detectors and decision-making cir-
cuits, are used in a QPSK demodulation module.

The type of QPSK adopted depends on the data rate required. At 2 Mbps, DQPSK
isused, such as in the 2G cellular networks in North America and Japan. The DQPSK
system is shown in Fig. 12.22. DQPSK was first integrated in optical signal trans-
mission as reported by Groffin et al. at the 2002 OFC [120]; this concerns the relative
phase shift between successive symbols rather than the absolute phase of each symbol
in QPSK, and has a very narrow spectral width. For a given data rate, the dispersion
tolerance is unchanged, but the system capacity is doubled as compared to that of
DPSK.

Offset-QPSK (OQPSK) is a modified version of QPSK, using four different phase
values to transmit. The OQPSK system has an additional one-half symbol period
(Ts/2) delay circuit in the Q branch, as shown in Fig. 12.23. The demodulation
scheme for OQPSK is basically the same as that for QPSK except for an additional
Ts/2 delay circuit in the Q branch of the demodulation system, as shown in Fig. 12.24.
As a consequence, the two component waves are offset by half a symbol period. In
QPSK, the phase can change by 180° at once, while in OQPSK the phase changes
are only of the order of 0° and 90°, meaning that the abrupt phase shifts occur about
twice as often as for QPSK though the magnitude of fluctuations is less severe—this
is occasionally favorable in practice.

If the transmitted signal itself serves as a phase reference instead of using an
absolute carrier phase reference, an adaptation of OQPSK can produce a functionally
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equivalent D8PSK or D16PSK system [134]. For DSPSK or D16PSK, a m/4 (7t/8)
phase modulator is needed for signal generation, while a corresponding multi-path
delay interferometer is needed at the receiver to perform the demodulation. To recover
the original data, the decision circuit (comparator) computes the phase difference
between the received signal and the preceding one that is then mapped back to the
symbol it represents through a logical operation.

12.4.1.4 Frequency Shift Keying

FSK uses discrete changes in the carrier frequency to transmit digital data. Binary
FSK is the simplest form, which uses a pair of discrete frequencies to transmit a
binary bit stream (1’s and 0’s). A binary “1” is called the mark frequency, and “0” is
called the space frequency.

The simplest way to realize FSK at the transmitter is through direct modula-
tion of the drive current to the distributed feedback laser light source, for example,
1 GHz frequency shift corresponding to an electric current change about 1-2 mA.
As the output power versus drive current is not absolutely constant in the saturation
region, the FSK waveform is accompanied by a certain degree of ASK modulation,
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which reduces the signal quality. Moreover, the bit rate is limited by the modula-
tion response of both the distributed feedback laser and electro-absorption modulator
used to compensate the output signal. Complex dispersion management and compen-
sation systems are frequently required to deal with PMD, CD and nonlinear effects
for long-haul transmission. The closely-spaced FSK carriers due to the limited drive
current range hinder precise signal demodulation and also further limit the modula-
tion data rate because of a high risk of severe crosstalk. The larger frequency FSK
signals may be easily filtered out using narrowband optical filters, but the resulting
wide spectrum may be susceptible to dispersion and nonlinear effects. Given the
frequent high costs and complexity of direct demodulation, it is important to develop
simple and inexpensive solutions such as that based on tuning of the frequency tone
spacing using lasers to achieve higher receiver sensitivity in high-speed transmission
systems and optical label switching networks.

12.4.1.5 Multiple Quadrature Amplitude Modulation

The traditional digital modulation systems, such as Multiple ASK (MASK) , MPSK
and Multiple FSK(MFSK), carry information by changing the phase, amplitude, or
frequency of the carrier signal in M discrete steps. Different bandwidth efficiencies
can be achieved, but at a penalty of power efficiency. Moreover, as the hexadecimal
number M increases in M-ary digital transmission, the minimum distance between
adjacent points in the I-Q plane (constellation diagram) decreases, hence increasing
BER. To fully utilize the bandwidth allocated per channel, MQAM can be adopted for
instance, when the amplitude is allowed to vary with the phase, thereby increasing the
number of states per symbol whereby each state is defined with a specific variation
in amplitude and phase. Hence, higher bandwidth efficiency can be achieved than for
MPSK using the same average signal power. MQAM is now universally employed
in satellite digital video broadcasting, as well as in cable television networks, with
fairly strong ISI suppression and signal-to-noise performance.

In 4G networks, 16QAM, 64QAM, and 256QAM have been utilized, but at
present, 1024QAM, 2048QAM, and beyond, such as multidimensional 3D 64QAM
are being developed [126]. For domestic broadcasting, 16QAM, 64QAM, and
256QAM are used in digital cable television and cable modem applications through
fiber optics and VLC systems. 16QAM and 64QAM are currently adopted in the UK,
and 64QAM and 256 QAM are currently standardized in the USA, for digital terres-
trial television. Higher-order QAM variants greatly increase data rates and spectral
efficiency, but are more susceptible to noise and higher BER. Hence, a balance needs
to be struck between obtaining higher data rates and maintaining an acceptable BER
with the trade-off improving with fairly sophisticated QAM receivers and demodu-
lators; nevertheless, even with increased complexity these decoder or demodulator
systems can be mass-produced at reasonable costs with larger scale ICs.

In 2013, Omiya et al. demonstrated an improved frequency domain equalization
technique that extended the transmission distance to about 720 km, for 400 Gbps
PDM-256 coherent optical orthogonal frequency-division multiplexing, with higher
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level QAM sub-carrier modulation (QAM-OFDM) at 14bit/s/Hz spectral efficiency
[72].In 2016, ZTE demonstrated a single-carrier 800G long-haul transmission of 120
Gbaud WDM 16QAM signals over 1200 km terrestrial optical fiber links. In 2016,
Khanna et al. reported error-free transmission of 400 Gbps single-carrier DWDM
64QAM and 128QAM over 80 km [135]. In 2017, ZTE reported successful trans-
mission of 34 Gbaud single-carrier PM-256QAM signals over 80 km of standard
SMF [136].

The principle of MQAM modulation for wireless communications is as shown in
Fig. 12.25. Serial binary input pulses firstly go into the serial to parallel converter, and
the data stream is divided into two halves of the data rate, which are then converted
from 2 to L levels, where L? = M. The baseband sequences go into the pulse shaping
filters (raised cosine filters) to suppress out-of-band radiation, thus forming the in-
phase I (t) and quadrature Q (t) channels. The in-phase channel is multiplied by a
cosine, and the quadrature channel is multiplied by a sine wave of the same frequency,
resulting in a 90° phase difference, which are finally summed to output the MQAM
signal.

The principles underpinning the transmission of optical and RF MQAM signals
are basically the same. QAM constellations can be constructed in many different
configurations, such as square, rectangle, star, and ring. For example, the star [6QAM
formatis as shown in Fig. 12.26. Two MZMs are driven by the two laser output pulses,
with the first and second pulses driving MZM; to generate the QPSK; signal, and the
third and fourth pulses driving MZM,, the output for which is phase-shifted by 45°
to produce the QPSK, signal. The star 16QAM signal is then generated by vector
superposition of QPSK; and QPSK,. The demodulation for star is more complex
than for square, but it has lower OSNR and attenuation loss. The square 16QAM
format is as shown in Fig. 12.27, in which a 6-dB attenuator replaces the phase
shifter in the lower branch for the star configuration. In this case, the constellation
points are evenly arranged in the 4 x 4 grid. Modulation/demodulation for the square
constellation is relatively simple, but the BER is marginally worse.
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The constellation points for ring 16QAM are evenly distributed in concentric
circles as shown in Fig. 12.28, thereby achieving maximal angular spacing for a
given energy. Therefore, ring MQAM allows better BER performance for a given
bandwidth than that of square, having reduced nonlinear distortion but requiring
more complex modulation/demodulation schemes.

The MQAM signals are prone to noise in optical fiber or wireless transmission. In
moving to higher-order QAM constellations for higher data rates and modes, multi-
path interference typically increases. The constellation points spread out, therefore
decreasing the spacing between adjacent states, hence making it challenging for
signal decoding at the receiver. The noise immunity is thus reduced with a smaller
OSNR, or carrier-to-noise ratio, which in turn results in a higher BER. Figure 12.29
shows noise effects on the constellation points for 64QAM and 256QAM. Therefore,
as M increases, the susceptibility to interference significantly increases, as seen by the
markedly reduced spacings between adjacent constellation points [125]. Figure 12.30
shows the theoretical error rates for MQAM simulated on MATLAB [126]. It can be
expected that if noise or dispersion compensation techniques are improvised in the
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transmission medium such as optical fibers, the benefits in higher spectral efficiency
afforded by higher-order QAM can be reaped.

Multidimensional QAM can be realized in combination with other modulation and
multiplexing technologies in order to improve the system bandwidth while maintain-
ing an acceptable BER. For example, combining QAM with FSK creates FQAM,
which is touted to be important for 5G networks to mitigate inter-cell interference
while providing ubiquitous and high data rate connectivity [127].

Likewise, when combined with PM, PDM-MQAM is possible [137]. Figure 12.31
shows the constellation diagram of three-dimensional 64QAM, which possesses the
same BER as for two-dimensional 16QAM, but the bandwidth is equivalent to that
of two-dimensional 64QAM, as shown in Fig. 12.32 [126].

12.4.1.6 Polarization Shift Keying

In addition to amplitude, frequency, and phase, polarization is an important parameter
of optical waves. With data transmitted by varying polarization states corresponding
to the binary “1”” and “0”, the available degrees of freedom in the polarization domain
can be exploited to reduce the size of antenna arrays in conventional MIMO systems.
PolSK is therefore one of the important techniques for 5G, which is able to resolve
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phase noise issues that IMDD systems encounter, or the problem of polarization
state fluctuation in the optical domain. Higher optical gain can be achieved while
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Fig. 12.31 3D-64QAM modulation signal constellation. a Initial and b received signal. Reproduced
from Zhang [126]

Fig. 12.32 Comparison of 10°
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reducing nonlinear effects (XPM and SPM) in optical fiber, appropriate for binary
and multi-level transmission.

In 1964, Niblack and Wolf first proposed the conceptual polarization modulation
[138], but because optical communications was at an early stage, it was not yet an
attractive solution. In the 1990s, Benedetto et al. introduced PolSK for optical digital
transmission, which prompted overwhelming interest for new generation communi-
cation systems [139]. In PolSK systems, the polarization modulator, which is used to
modulate the polarization state of optical waves, is the most critical component. The
most common type is the LiNbOj; polarization modulator, which can generate any
polarization, suitable for binary and multi-level PolSK systems, and which operates
at a wavelength of 1550 nm. In these systems, a polarization-maintaining optical
fiber or a cheaper and low-loss single-polarization fiber can be used to preserve lin-
ear polarization during propagation, so that there is little or no cross-coupling of
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optical power or PMD. Appropriately designed fiber cores can tackle polarization
dependent loss (PDL), which occurs when two polarizations suffer different rates of
loss in the fiber due to asymmetries, thereby degrading signal quality.

12.4.2 Pulse Modulation

Pulse modulation is often used in visible-light and optical wireless communications.
To transmit narrowband analog signals over analog baseband channels, pulse mod-
ulation schemes encode message information through the control of the amplitude,
width or position of a train of carrier pulses. The primary application of pulse width
modulation (PWM) is in the control of the power supply to electrical devices, or
in maximum power point tracking in photovoltaics. PAM is used in some versions
of Ethernet communications, with PAM4 slated for next-generation high-speed data
center interconnect applications. PAM4-compatible chips are already required in
200G/400G data center tranceivers. Typically, the encoding mechanism used in serial
communications is the binary NRZ, whereby 0 is a low level and 1 is a high level.
To encode more data into the same timeframe, PAM4 adopts multi-level signalling,
using 4 distinct levels to encode 2-bit data so that the bandwidth is doubled. For
future technology development, PAMS or even PAM16 may be adopted, requiring
more advanced or more complex hardware. Indeed, PAM may also be adopted in
the control of LEDs in VLC systems, whereby improved energy efficiency can be
achieved over other common driver modulation techniques such as PWM.

In PPM, data are transmitted in short pulses having the same amplitude and
width, but the pulse delay is moodulated according to the information signal. At
the transmitter, the blocks of M message bits are encoded in a single pulse by one
of the required 2M possible time shifts [114]. Increasing the size of the message
bits increases the transmission data rate, but also risks increasing the BER. Usually,
direct modulation is adopted for PPM, whereby the electrical drive current modulates
the pulse signal output from the LED or laser diode. A key advantage of PPM is
that it is a multiple modulation scheme that can be implemented in optical direct
detection systems, such that a phase-locked loop is not required at the receiver to
track the carrier phase. PPM is mainly useful for optical communications systems
where there is little or no multi-path interference, and has recently been largely
replacing PAM in non-baseband applications, or may be used in conjunction with
PAM. All in all, PPM is currently being used in fiber-optic communications, deep-
space communications, and radio-control systems. Specifically, PPM has been widely
used in IR communication systems and is adopted for the IEEE 802.11 infrared
physical layer standard, and is also used in Infrared Data Association (IrDA) serial
data links operating at 4 Mbps.

Multiple pulse position modulation (MPPM) is an improved form of the traditional
PPM, whereby two or more pulses are used to transmit information in each channel
symbol. More than one pulse can be placed in all possible ways among the n =2M
time slots, thereby generating a much larger number of usable channel symbols. (n,
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Table 12.1 Encodings of 2 bits 4-PPM 4-DPPM (4,2)MPPM
4-PPM, 4-DPPM, and
(4,2)MPPM 00 1000 1 1100

01 0100 01 1010

10 0010 001 1001

11 0001 0001 0101

R) MPPM denotes a system of M message bits encoded in R pulses. The number
of symbols generated by R pulses arranged in all possible permutations among n

slots is ( R)’ If ( R) > 2M M message bits can be transmitted at the same time.

For example, (5,2)MPPM has a total of = 10 symbols, which is more than

23 =38, therefore meaning that (5,2)MPPM can simultaneously transmit three bit
messages. In order to adapt to the dimming function, the number of pulses should
be determined with the brightness of light (duty cycle), namely R/n. The number of
pulses per symbol is determined from R/n. Therefore, it is clear that R-pulse MPPM
increases the amount of information throughput as the number of pulses per symbol
increases. Compared to traditional PPM, MPPM can achieve the same transmission
rate within the same symbol time interval, hence enhancing the spectral efficiency.

In addition to MPPM, another method to improve spectral efficiency is through
DPPM. In DPPM, each pulse position is encoded with respect to the previous one,
such that the receiver must only measure the difference in the arrival times of suc-
cessive pulses, therefore side-stepping the need to synchronize the receiver to align
the local clock with the beginning of each symbol. The principal idea is to eliminate
as many redundant time slots as possible without affecting the transmitted message.
Table 12.1 shows 2 bit encoding by 4-PPM and 4-DPPM and (4,2)MPPM. DPPM
is obtained after deletion of null binary digits in the PPM signal, hence the average
symbol length for L-DPPM is (L +1)/2.

Certainly, in order to improve the spectral utilization, PPM can also be combined
with other pulse modulation methods, such as DPPM combined with PAM that creates
differential amplitude pulse position modulation, in which the pulse position can vary
with amplitude. PPM can also be combined with PWM, to create pulse position width
modulation, in which the pulse position can vary with pulse width [141]. In order to
improve transmission capacity and power efficiency, pulse intervals can eliminated in
each PPM frame, such as through DPIM, dual header pulse interval modulation (DH-
PIM), or reverse dual header pulse interval modulation (RDH-PIM) [141]. In DPIM,
information is encoded by changing the number of empty slots between adjacent
pulses. The pulse intervals that are essentially redundant in each PPM frame are
removed when adopting DPIM. DH-PIM not only eliminates the redundant pulse
intervals in a PPM frame, but also reduces the average frame duration to around
half that of DPIM and a quarter that of PPM. However, for VLC applications [142],
DH-PIM brings about some limitation, such as dimming or flickering, which affects



454 Y. Hu et al.

the lighting efficiency. In RDH-PIM, no pulse time slot is used to represent message
bits, but the LED is kept in the working state at binary “1” for as long as possible.
It is known that RDH-PIM has the highest average transmission power and spectral
efficiency eclipsing that of DPIM and PPM, and therefore is best suited for optical
wireless communication systems in 5G.

12.4.3 Channel Coding Technologies

In telecommunications, information theory and computer technology, encoding is
the process of putting a sequence of characters into a special format for transmis-
sion or storage. In high data rate transmission, random noise, interference, device
impairment, etc., may degrade the reliability of the signal during propagation through
communication links, therefore resulting in corruption of the original data stream at
the receiving end. Through channel coding techniques that employ a specialized set
of algorithmic operations on the data stream at the transmitter, errors can be detected,
controlled, or corrected in data transmission over unreliable or noisy communication
channels. This is done by encoding the message in a redundant way using an error-
correcting code (ECC) . Decoding operations need to be performed at the receiver end
for error correction. For 5G services, the physical layer design should thus include
an efficient channel coding scheme that is able to provide robust performance and
flexibility. Ever since the discipline of information theory was established by the pub-
lication of Claude Shannon’s seminal paper, linear ECCs shortly emerged, such as the
Hamming code, convolutional code, cyclic code, Golay code, BCH code, RS code,
GOPPA code, RM code, etc., which gradually refine error correction in the channel
[143, 144]. Later, scientists began seeking out optimal coding techniques that could
approach the Shannon limit, such as the forward error correction (FEC) LDCP [145]
and Turbo codes [140, 146]. Turbo codes are a class of high-performance FECs
that have a capacity extremely close to the Shannon limit, and can be realized with
minimal complexity, so that they are used in 3G/4G mobile communications and in
deep-space satellite communications. LDCP codes were not initially well regarded
because of the lack of sufficiently advanced supporting hardware, which was why
its implementation lagged behind that of other codes, notably Turbo codes. How-
ever, with advancement in large-scale IC technologies over the decades, LDPC codes
rose in significance. LDPC codes are now finding increasing usage in applications
requiring reliable and highly efficient information transfer over bandwidth-limited
channels in the presence of corrupting noise. To date, developments in LDPC codes
allowed them to surpass Turbo codes in terms of error floor and performance in
the higher code rate range. Qualcomm Research has demonstrated that LDPC codes
have advantages in terms of complexity and implementation when scaling to ultra-
high throughputs and block lengths. Furthermore, LDPC coding has been shown to
be ideal to combat wireless fading channels. Consequently, at the 87th meeting of
3GPPRANTI, advanced LDPC was unanimously decided as the coding scheme for the
eMBB data channel. Advanced, flexible LDPC channel coding will therefore make
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the global 5G standard a reality. On the other hand, Huawei Corporation announced
the achievement of 27-Gbps performance in 5G field trial tests using polar codes for
channel coding. In the following month, 3GPP decided to adopt polar codes for the
eMBB control channels for the 5G New Radio (NR) interface. These latter coding
techniques are employed to enhance code domain utilization toward the Shannon
limit, and efficiency and performance can be improved to realize ultra-high-speed
and reliable data transmission by combining with FTN throughput.

12.4.3.1 Turbo Codes

Turbo codes were developed around 1990-1991, but was first introduced in 1993 by
Berrou et al. [140, 146]. The basic encoding principle is through parallel concatena-
tion of the code words from each of the two recursive systematic convolutional com-
ponent encoders and interleaver, which respectively output the corresponding parity
bit. In a typical communication receiver, soft decisions produced by a demodulator
are transferred to a decoder. Iterative decoding involves feeding outputs from one
soft input/soft output decoder to the inputs of other equivalent component decoders,
through an interleaver. Turbo codes have excellent error correction performance and
capacity close to within 0.7 dB of the Shannon limit for a BER of 107>, while the
encoding/decoding complexity is not high.

12.4.3.2 LDPC Codes

Robert Gallager conceptually developed LDPC codes, also known as Gallager codes,
in his doctoral dissertation in 1960 [145]. However, with limited computing capabil-
ity at that time, LDPC codes were once considered infeasible. In the 1990s, Mackay
and Neal studied the performance of LDPC codes using randomly constructed Tanner
graphs [147, 148], and the belief propagation (BP) decoding algorithm was used. It
was progressively found that LDPC codes have many advantages over Turbo codes:
(1) For large block lengths, LDPC codes perform within 0.04 dB of the Shannon limit
at a BER of 107%; (2) unlike Turbo, LDPC codes do not require a long interleaver
to achieve good performance; (3) the block error-correcting performance of LDPC
codes is better; (4) the error floor occurs at lower BER; (5) the decoding complexity is
generally less (simpler operations in each iteration step) than that of Turbo codes, and
decoding is not based on trellises. However, there are many disadvantages, such as
the scale of hardware resources, complex coding, large coding delay, etc., involved.
Subsequently, researchers have investigated aspects of code design and optimization,
decoding algorithms, and implementation. A variety of code structures have been
proposed for enhanced benefits, such as structured LDPC codes, non-binary LDPC
codes, cascade two sub graphs of LDPC codes, finite geometry LDPC codes, progres-
sive edge growth LDPC codes, and irregular LDPC codes [149-157]; and decoding
algorithms such as BP, message passing, density evolution, offset BP-based, etc. [80,
158, 159].
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12.4.3.3 Polar Codes

Erdal Arikan introduced the structure of polar codes based on channel polarization in
2008 [160-162], and since then, polar codes have been considered as the latest major
breakthrough in coding theory. The channel performance has now almost reached
the Shannon limit and has a great advantage in reduced decoding complexity over
LDCP codes and Turbo codes. Different approaches were developed to construct
the polar codes. Consider an M-bit message sequence to be transmitted through the
virtual channel, in which transformations occur through linear combination and split-
ting operations. At the transmitter/encoder, channel combining initially maps curated
combinations of bits to specific channels. The channel splitting that follows at the
receiver translates the bit combinations into time-domain bit streams for the decoder.
Conventional successive cancellation decoding then ultimately converts the bit block
and associated channels into a polarized bit stream at the receiver, i.e., the received
bit and associated channel are classified as “good channel” or “bad channel” poles.
As the bit block size increases, the received bit stream polarizes in a manner that the
number of “good channels” approaches the Shannon limit; this makes polar codes the
first and only directly verifiable capacity-achieving practical channel codes among all
other coding technologies. The polar codes can be constructed using Bhattacharyya
parameters to efficiently calculate channel reliabilities for binary input erasure chan-
nels (BECs), or density evolution with Gaussian approximation for other channels.
In developing the decoding algorithm, a BP was introduced with factor graph rep-
resentation and was shown to outperform successive cancellation decoders [163],
but because of the sensitivity of BP decoders to the message-passing schedule, it is
not realized on channels other than BEC. Maximum likelihood decoders can only
work on short code blocks, but a successive cancellation list (SCL) decoding algo-
rithm was introduced to approach the performance of maximum likelihood decoder
with an acceptable complexity [164]. For enhanced performance over standard SCL
decoding, cyclic redundancy check assisted SCL decoding was also introduced [165].
The absolutely low-complexity advantage of polar codes has made them a pre-
ferred choice over Turbo and LDPC codes, as they have so far replaced Turbo codes
in 5G eMBB control channels as well as on the physical broadcasting channel, though
these channels typically operate at low data rates. Other potential applications in 5G
are URLLC and mMTC. The state of the art for polar code implementations cur-
rently deliver only around 5 Gbps, which remains a challenge for polar codes to
be applied to data channels typically having a much higher data rate requirement
(around 20 Gbps peak for 5G mobile broadband and Tbps rates beyond-5G).

12.5 Conclusions

The future smart grid will need to be supported by broadband networks that con-
nect a large range of intelligent devices as well as power and communication sys-
tems that function in real time. Hence, the communication layer is one of the most
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critical for smart grid applications; communication networks need to meet specific
requirements, e.g., bandwidth, security, latency, reliability, etc., depending on the
application. 5G networks are emerging and are expected to be available by 2020,
bringing about higher capacities and efficiencies than ever. They are expected to be
hybrid, where optical fiber and wireless systems co-exist as complementary infras-
tructure, hence reaping the benefits of the bandwidth and durability of optical fiber,
and ubiquity and mobility of wireless networks. Optical communication technolo-
gies exploiting the electromagnetic spectrum from visible to infrared will be essen-
tial to support fiber-optic and optical wireless communications in 5G, giving rise
to cloud networks, mobile networks, 10T, vehicular networks, and other networks
that are instrumental for applications in the smart grid, cloud computing, artificial
intelligence, and augmented and virtual reality, etc. New higher-order modulation
technologies will be developed, including more advanced multiplexing techniques,
resulting from technological or manufacturing advancements to benefit the latency,
capacity and reliability of the channel. It is crucial to design modulation schemes with
simple generation and detection while possessing excellent spectral efficiency, sen-
sitivity and dispersion tolerance, to cope with optical 5G mobile fronthaul. Although
much attention has revolved around fiber optics, there have been tremendous devel-
opments in optical wireless communications. Optical wireless communications are
important to support smart management and smart grid measurement and metering,
and other communication methods. Laser-based free-space optical communication
systems allow line-of-sight connectivity for short-range data rate transmission up to
several Gbps, and are thus suitable as backhaul technology for 5G wireless systems.
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