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Abstract. Optoelectronic devices handling high bit-rate signals of picosecond or sub-
picosecond pulse repetitions are necessary for the OTDM or OTDM/WDM-mixed
systems. The bit-rate is 1st or 2nd order higher than the operation speed of conven-
tional devices. To meet the higher speed requirement, we have to develop ultrafast
optoelectronic device technologies in new device principles and materials.

1. Introduction

A national project of the Femtosecond Technology (FST project) in Japan that is spon-
sored by NEDO (New Energy and Industrial Technology Development Organization)
develops ultrafast optoelectronic devices in order to make OTDM/WDM-mixed Tb/s-
class photonic networks possible. The project was started in 1995 and will reach its
goal in 2004. FESTA (The Femtosecond Technology Research Association) and AIST
(National Institute of Advanced Industrial Science and Technology) execute the project
in cooperative works.

Most of the optoelectronic devices are based on the semiconductor device and
material technology in the project. We also develop organic dye aggregates as new
materials for the ultrafast optical switch. The reason why we challenge these devices
and materials instead of fiber-based technologies is the stable operation and the possi-
bility of device integration in future.

One of the key issues is the generation and the formation of ultrashort light-pulses
in the signal transmission. Mode-locked semiconductor laser diodes are suitable for
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oscillators of light pulses and/or standard signal pulses in OTDM light sources due to
their low jitter characteristics (see section 2). The group-velocity-dispersion compen-
sation is one of big issues in the ultrashort-pulse laser and in the OTDM transmission.
We developed a semiconductor pulse compressing device and a pulse shaping device
respectively for the dispersion compensation [1]. Pulse compressing devices are com-
posed of the semiconductor coupled-waveguide structure and will be used to make the
chirped laser-pulse width short in transmitters. Fiber Bragg gratings will be applied
to adaptive pulse forming devices for compensating pulse form fluctuations by the
environmental temperature in the long haul transmission [2].

Optical switches as optical node devices in the OTDM/WDM-mixed system will be
operated above 160 Gb/s. Speed limits of current electronic technologies are believed
to be about 100 Gb/s and the optical switches must be operated by some other control
pulses than electronic ones. Light pulses are used for the purpose. These devices are
called as all-optical switches.

Ultrafast optical switches developed in the project are based on new phenomena
and/or new materials. SMZ (Symmetric Mach-Zehnder) switches composed of PLC
(Planar Lightwave Circuit) Mach-Zehnder interferometer and SOAs for phase modu-
lation were used in the Demux and logic operations (see section 3). The PLC will be
replaced with photonic crystal waveguides in future. The photonic crystal SMZ device
partially embedded with quantum dots as optical nonlinear materials, i.e., PC-SMZ,
is expected to have abilities of small size and device integration. The ISBT (Inter
Subband Transition) switch uses high-speed recovery characteristics of the absorption
saturation in the quantum wells (see section 4). Ultrafast optical gates and Demux
are its promising applications. The two-photon resonance multi-layer device utilizing
the Kerr effect enhanced by the optical field confinement will be used as an ultrafast
optical gate [3].

FESLAP (Femtosecond Large Area Parallel Processor) switches using the satu-
ration absorption in organic dye aggregates convert the time serial signals to space
paraliel signals (see section 5). This switch is suited for header recognition in photonic
nodes because of dividing the frequency for lower-frequency circuit operations. The
high-speed wavelength conversion at the node is required in the OTDM/WDM-mixed
system. Four-wave mixing in semiconductor gain medium is employed in wavelength
conversion devices (see section 6).

Precise characterization of light pulses is inevitable for the development of opti-
cal devices. Timing jitter measurements were developed using time domain methods
of both the time domain demodulation and the time interval analysis. For high rep-
etition rate OTDM pulses, new technologies of the double-balanced mixing and the
optoelectronic harmonic mixing were combined to these time domain methods (see
section 7). The ultrashort light-pulses are extremely chirped and broadened under
chromatic dispersion in optical fibers because of their broadband spectrum. Time-
dependent variation of the pulse waveform is significant in long-distance propagation
due to variation of chromatic dispersion under temperature drift. We have developed a
frequency-resolved optical gating method using two-photon absorption, which enables
high-sensitivity real-time characterisation in time-spectral domain of the pulses [4].

In this paper, we will introduce several ultrafast optical devices developed in the
Femtosecond Technology Project.



New optical device technologies for ultrafast OTDM systems 427

Gain sections
Saturable absorber |

Sio,
HR coating &

GRIN-SCH-MQW / 3 D n-InP block
active layer / . ““p-InP block
n-InGaAs contact  n-InP substrate

Fig. 1. Schematic structure of CPM-LD.

2. Mode-Locked Laser Diodes

Ultrafast optical pulse generation is of great interests for many applications, such as
optical time division multiplexing systems, soliton transmission systems, optical mea-
surement systems, and so on. Mode-locked laser diodes (MLLD) are very attractive for
such applications because of its small size, high reliability, and high stability. Further-
more, a passively mode-locked laser diode (PML-LD) has the fascinating feature of
generating ultrafast optical pulses beyond limit of electrical speed, because it needs no
external modulation source for pulse generation [5]. In practical use, the most impor-
tant technical problems of PML-LD are synchronization of such high repetition pulses
to an external clock signal and reduction of the comparably large timing jitter. Hybrid
mode-locking [6] and optical synchronous mode-locking are well-known methods for
stabilization of PML-LD. These methods, however, require an electrical/optical signal
with a repetition frequency almost equal to that of the PML-LD. In this section, the
generation of ultrafast optical pulse train with a mode-locked laser diode and its control
techniques are described.

Figure 1 shows a schematic structure of a colliding-pulse mode-locked laser diode
(CPM-LD) [7]. The CPM-LD is a kind of PML-LDs in which the saturable absorber is
placed at the center of the laser cavity. Both the gain and the absorber sections consist of
eight compressively strained InGaAsP quantum wells separated by In-GaAsP barriers,
with the GRIN-SCH for avoiding the electrical screening effect by trapped photo-
carriers at hetero-interface. The mode-locking frequency can be basically increased
as the cavity length is shortened. However the mode-locking frequency is restricted
by the carrier dynamics in the saturable absorber. When the repetition time is close
to or beyond the recovery time of the saturable absorber, the modulation depth at the
saturablc absorber become shallow. And then, the pulse width becomes broader and
the mode-locking operation itself is impeded in the worst case. This is because the
GRIN-SCH structure is introduced to the high repetition MLLD. When the currents
were injected to the two gain sections and the absorber section was reverse biased
suitably, passive mode-locking occurred. Figure 2 shows (a) SHG correlation trace
and (b) optical spectrum of the output of the CPM-LD. The saturable absorber section
was 17 pm and the total cavity length was about 174 pm. The repetition frequency
was about 480 GHz, which coincided with twice the round-trip frequency estimated
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Fig. 2. (a) Correlation trace and (b) optical spectrum of CPM-LD with the cavity length of 174
pm.

Fig. 3. SSML method.

from the cavity length. The pulse width was estimated to be 0.58 ps, assuming the
sech? waveform. The center wavelength and the spectral width were 1555 nm and 8
nm, respectively. The time-bandwidth product was 0.58, close to the transform limited
value of sech? pulses.

When the mode-locking frequency is extremely high, subharmonic optical syn-
chronous mode-locking (SSML) [8,9] by a subharmonic frequency optical pulse in-
jection (Fig. 3) is the most promising way for synchronization with an external signal
because this can be achieved with low-frequency master laser pulses and the applica-
tion is not limited by bandwidth of the drive electronics. The 480-GHz CPM-LD has
been stabilized by the SSML, using the hybrid mode-locked laser diode as a master
laser. The repetition frequency of the master laser (fmaster) Was 9.954 GHz, corre-
sponding to 48th subharmonics of the slave laser’s repetition frequency (fmv). The
center wavelength and the pulse width were about 1558 nm and 1.6 ps, respectively. In
the SSML experiment, no significant degradations were observed in both of the pulse
shape and the optical spectrum when the injected power was below —10 dBm.

Figure 4 shows an experimental setup for the jitter measurement of ultrafast optical
pulses [10]. Ultrafast optical pulses with frequency of fmy and reference pulses with
frequency of frer were injected in a semiconductor optical amplifier (SOA) simultane-
ously. Beat signal was generated due to nonlinear coupling for cross gain modulation



New optical device technologies for ultrafast OTDM systems 429

Polarization
controllers
- Ultrafast optical
' o pulse train
= Filtel? SOA EDFA
e f, ~ 39.92 GHz
fom~ 1.36 GHz ‘:% ) -
(=he-12f4) | ]__I_
b o :-n-u

EDFA ~ 22ps - Reference pulse source

R

] (40GHZz-HML-LD)
— % Electrical
Fiter (P2 spectrum
EDFA analyzer
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Fig. 5. Changes in electrical power spectra of beat signals in the SSML of 480 GHz CPM-LD.

between those pulses. We can estimate the timing jitter of the ultrafast optical pulse
train from the SSB noise of the beat signal, because the squared timing jitter of the
beat signal is given by the summation of those of the signal and the reference pulse
trains. In this experiment, the reference pulse source was a hybrid mode-locked laser
diode. The repetition frequency of the reference pulse train was 39.919 GHz. The pulse
width, the center wavelength, and the timing jitter were 2.25 ps, 1539.5 nm, and 0.23
ps, respectively. Figure 5 shows the changes in the beat power spectra with and with-
out the master laser pulse injection. Without master laser pulse injection, the spectrum
was broadened and no discrete frequency component was observed. This indicates
that the mode-locking frequency fluctuated under the passive mode-locking operation.
In contrast, a discrete frequency component corresponding to fur, — 12 frer appeared
and the side band noise level decreased with master laser pulse injection at the average
power of —12 dBm. This implies that the mode-locking frequency of the CPM-LD
was exactly locked to 48th harmonics of the master laser’s repetition frequency and
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Fig. 6. Schematic representation of a symmetric Mach-Zehnder all-optical switch. Differential
phase modulation is also illustrated in the inset.

that the timing jitter was also reduced. The timing jitter was estimated to be about
0.14 ps, less than that of the master laser. Stable ultrafast optical pulse generation by
SSML is very promising as a compact and reliable pulse source for future advanced
applications.

3. Symmetric Mach-Zehnder Type All-Optical Switches and Ultrafast
All-Optical Signal Processing

3.1.  Symmetric Mach-Zehnder (SMZ) Type All-Optical Switches

A symmetric Mach-Zehnder (SMZ)-type ultra-fast all-optical switch has been de-
veloped for a key device in an optical-time-division-multiplexing (OTDM) system
[11,12). From practical application point of view, one of the requirements for all-
optical switches is that a control-light-pulse energy must be much less than 1 pJ,
otherwise the control light power is too high even at a few tens of Gb/s. To satisfy
this requirement, the SMZ switch uses semiconductor optical amplifiers (SOAs) for
nonlinear elements to enhance the band-filling non-linearity in semiconductors by
stimulated emission. This enables true femto-joule switching, but the relaxation time
of SOAs limits the operating speed to less than a few tens of Gb/s. A promising way
to mitigate this problem is to use a differential phase modulation (DPM) scheme [11].
In this way, the difference in nonlinear phase shifts (¢n1) optically induced in the
two nonlinear elements defines the state of the switch, so the effect of slow relaxation
is circumvented, as illustrated in Fig. 6. The DPM scheme also realizes a rectangle-
like switching window, which is highly desirable in many applications. There are two
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Fig. 7. Structure and photograph of a hybrid-integrated symmetric Mach-Zehnder all-optical
switch.

variants of the SMZ switch: a polarization-discriminating SMZ [13] (PD-SMZ, of-
ten called UNI) and a delayed-interference signal-wavelength converter (DISC) {14].
These devices can be configured in inherently stable forms suitable for bulk optics
implementation. The original SMZ switch, on the other hand, can be unstable uniess
integrated. Hybrid-integrated [15,16] (Fig. 7) and monolithic [17] SMZ-type switches
have been reported.

3.2.  Ultra-Fast All-Optical Signal Processing With the SMZ All-Optical Switches

As an example of ultra-fast all-optical signal processing, a de-multiplexing experiment
is explained here, in which the original 42-Gb/s signal is retrieved (de-multiplexed)
from a 336-Gb/s signal that is made by optically time-division-multiplexing 8—-42 Gb/s
signal channels. Figure 8 shows an experimental setup. A HI (hybrid integrated)-SMZ
all-optical switch is driven by a 42-GHz control pulse train to retrieve 42 Gb/s signal
pulses from 336 Gb/s signal pulses. Control pulses were generated by multiplexing
the output of a mode-locked fiber laser (MLFL, 10.5 GHz) twice by two-stage optical
delay lines. The 336 Gb/s signal was generated from the same MLFL. Here the output
of the MLFL was compressed, wavelength converted, and modulated with a pseudo-
random bit sequence (PRBS) of 27-1 before being multiplexed to 336 Gb/s by optical
delay lines. The low noise compression and wavelength conversion were achieved by
first generating super-continuum in an optical fiber, spectrally slicing it by a filter, and
applying a dispersion compensating technique. In this experiment, the control pulse
width was set relatively wide (1.5 ps), compared with the interval (3.0 ps) and the
width (0.9 ps) of the 336 Gb/s signal pulses, to minimize the degradation in switching
characteristics due to the intra-band effects in the SOA type nonlinear phase shifters. If
the control pulse width approaches or exceeds 1 ps, the switching energy increases and
the differential phase modulation becomes less complete, because of the hole burning
and the subsequent carrier heating effects in SOAs [18]. Of course, wider control pulses
allow a higher level of crosstalk between adjacent bits, but it is a weak function of
the control pulse width, because of the sinusoidal transfer function characteristic of a
Mach-Zehnder interferometer. Thus, the degradation in switching characteristics and
the cross-talk are compromised at 1.5 ps. Figure 9(a) shows an eye-diagram of the 336
Gbf/s input signal measured by an optical sampling oscilloscope, indicating uniformity



432 T. Sakurai and N, Kobayashi

|1545
S0A2
i | HI-SMZ (DEMUX)
O Puse compressm HI-SMZ (DEMUX)
= ; BERT
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Fig. 9. (a) Eye-diagram of the 336-Gb/s input signal. (b) Eye-diagram of the 42-Gb/s signal de-
multiplexed from the 336-Gb/s input signal. (c) Result of bit-error-rate measurements of 336—42
Gb/s de-multiplexing (42— 10.5 Gb/s optical de-multiplexing).

in multiplexing from 10.5 to 336 Gb/s, while Fig. 9(b) shows an eye-diagram of the
de-multiplexed 10.5 Gb/s signal. The extinction ratio between de-multiplexed and
rejected pulses was approximately 17 dB. A bit-error-rate (BER) was assessed at 10.5
Gb/s after further de-multiplexing the output 42 Gb/s pulses down to 10.5 Gb/s signal
by using another HI-SMZ. As can be see from Fig. 9(c), error free operation (BER
< 107 was achieved.
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Fig. 10. Schematic diagram of a 2DPC slab waveguide-based all-optical switch (PC-SMZ).

3.3.  Challenging Photonic Crystal-Based Ultra-Small All-Optical Switches

A GaAs two-dimensional photonic crystal (2DPC)-based ultra-small symmetrical
Mach-Zehnder (SMZ) all-optical switch (hereafter referred to as PC-SMZ) was pro-
posed [19]. 2DPC straight- {20}, bent- [21], Y-branch- [22], directional coupler- [23],
quanturn dot (QD)-embedded nonlinear-waveguides [24] and a PC-SMZ chip includ-
ing these waveguides [25] have been fabricated using a GaAs air-bridge membrane
with triangular-lattice line-defect waveguides. Figure 10 shows a schematic picture
of the PC-SMZ. Technical key issues are indicated by numbers 1-8. InAs quantum
dots (QDs) as optical nonliear (ONL) mateials are embedded only in the straight ONL
phase-shift arms between the Y-branch splitter (3) and Y-junction coupler (4). The de-
vice is expected to exhibit optical switching at a speed of over 40 Gb/s on a principle
of the conventional SMZ switch, while optical switching energy can be dramatically
reduced by using a low group velocity (V;), appearing in the vicinity of a photonic
bandgap [24,26]. ,

So far, single chip of the PC-SMZ was integrated in the area of about 500 x
500 zem? [25], while an extremely low propagation loss, less than 1 dB/mm, obtained
recently [27,28] allows us to integrate many chips in the area up to 1 cm in length. For
the Y-junction (4), use of a directional coupler [23] instead of a three-fold symmetry
Y-branch enables exhibiting a desired SMZ interference, otherwise an undesirable ring
resonance mode is generated in the SMZ loop. In the QD-embedded ONL arm, on the
other hand, a phase shift A¢ of 7 /2, which is necessary for operation of the SMZ
switching, was verified experimentally [29], while enhancement of the ONL effect by
use of the low V; was predicted theoretically [24].

Typical SEM (canning electron microscope) photographs and transmittance spec-
tra of the PC-SMZ membrane are shown in Fig. 11 [25]. Figure 11(a)-(c) show a total
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Fig. 11. (a)-(c): SEM photographs of an air-bridge type 2DPC slab waveguide sample including
PC-SMZ patterns. (d) Transmittance spectra of the PC-SMZ membrane.

PC-SMZ pattern, expanded part of the directional coupler and cleaved edge of the air-
bridge, respectively, while Figure 11(d) shows transmission spectra of straight, double
bend and PC-SMZ-waveguides. A bandwidth of the PC-SMZ is narrower (~20 nm)
than those of the straight and bend waveguides (~50 nm). Nevertheless, it should be
noted that the transmittance of the PC-SMZ is not so degraded as that of the straight
waveguide, taking into account that the PC-SMZ involves eight bends between the
input and output ports.

3.4. Conclusion

A symmetric Mach-Zehnder (SMZ) all-optical switch achieves ultra-fast, low-power
switching by differential phase modulation. So far, ultra-fast de-multiplexing from
336 to 10.5 Gb/s was performed. The application of this device is not limited to de-
multiplexing alone. Error-free all-optical regeneration at 84 Gb/s [30] and error-free
wavelength conversion at 168 Gb/s [31] have also been reported, indicating the high
repetition capability of SMZ type all-optical switches. On the other hand, a 2DPC-
based GaAs ultra-small SMZ all-optical switch was also developed. Air-bridge mem-
branes including the PC-SMZ pattern as well as straight, bend, Y-branch and directional
coupler waveguides were fabricated and characterized in the 1.1-1.55 pim wavelength
region. 2DPC technologies developed here is promising not only for the PC-SMZ but
also for wide applications to other ultra-small photonic integrated circuits.
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4. Ultrafast All-Optical Switch Using Intersubband Transition in Quantum
Well

4.1. Introduction

Absorption saturation effect in the intersubband transition (ISBT) of a quantum well
is very attractive for ultrafast all-optical switches because of its very fast absorption
recovery [32]. Since it is necessary to use deep potential well to obtain 1.55 pm-
intersubband transitions, we are investigating three types of material systems. The
investigation will also provide us deeper understanding of ISBT leading to the devel-
opment of better performance switches. Here, we first review the principle of the ISBT
switch and show the-state-of-the-art development.

4.2.  Principle of the ISBT Switch

Figure 12 shows the potential lineup and the corresponding band diagram of a quantum
well. The well layer is heavily doped and then the ground state is occupied by electrons.
If we illuminate the quantum well with an intense p-polarized optical pulse (gate pulse)
whose wavelength corresponds to the transition wavelength between the ground state
and the second state, the carriers in the ground state is excited to the second state. When
the carrier number in the ground state and the upper sate becomes equal, the quantum
well is transparent. Therefore a small intensity signal pulse can transmit through the
quantum well; it means that the switch is in the “on” state. After the excitation pulse,
carriers in the second state relax to the ground sate and then the quantum well is
absorptive again, i.e.. the switch is in the “off” sate. The most attractive feature of the
ISBT is that the excited carriers relax to the ground state with a time constant of a few
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Fig. 13. Transmittance of GaN/AIN quantum well for various well layer thicknesses and layer
numbers.

100 fs to a few ps. Because of this very fast relaxation time, we can make use of ISBT
for ultrafast all-optical switches.

To realize intersubband transition at the communication wavelength of 1.55 ym,
we need a very deep potential well. Three material systems are being developed. They
are GaN/AlGaN system [33-37] (well depth; 2 eV), InGaAs/AlAsSb system [38-40]
(1.6~1.7 V), and CdS/ZnSe/BeTe system [41,42] (2.3 eV). Even with these materials
we need a very thin quantum well of a thickness of a few mono-layers to obtain the
transition wavelength of 1.55 pum.

The absorption recovery time is mainly limited by intersubband scattering time.
The scattering time depends on electron effective mass, dielectric constant, and LO-
phonon energy [43]. The calculated scattering times are 90 fs in GaN, 2500 fs in
InGaAs, and 180 fs in CdS. The scattering time is the shortest in GaN and the longest
in InGaAs.

4.3.  Quantum Wells for ISBT

4.3.1. GaN/AlGaN Quantum Well

The fastest response speed can be expected with this material because of the shortest
intersubband scattering time. We started the growth of GaN/AlGaN quantum well using
MOCVD and attained very fast response speed of 150 fs at the wavelength of 4.5 um
[34]. However, it was difficult to obtain the absorption peak at shorter wavelengths
of below 2.9 um. We therefore changed the growth method to MBE and changed the
barrier layer to AIN [35]. Figure 13 shows the absorption spectrum for various well
layer thicknesses and numbers. Barrier thickness was 4.5 nm. A high density doping of
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8 x 10'° cm~2 was performed to the well layer. In the measurement p-polarized light
was injected to the grown quantum well in Brewster angle. The shortest absorption
wavelength was 1.33 pm. The saturation energy, which is pulse energy to give half
of the initial absorption coefficient, was measured to be 500 fJ/um? at 1.55 pm. The
response speed at this wavelength was estimated to be 400 fs.

4.3.2. InGaAs/AlAsSb Quantum Well

The potential well depth of this system is rather shallow than that of GaN/AIN and
CdS/ZnSe/BeTe systems. It was then difficult to obtain the transition wavelength of
1.55 pm with InGaAs/AlAsSb single-quantum well due to the inter-diffusion of com-
posite atoms between well and barrier layer. To suppress the inter-diffusion, we in-
serted a few mono-layers of AlAs between the InGaAs well layer and AlAsSb barrier
layer [38]. Further we introduced a coupled-quantum well structure. Figure 14 shows
the coupled-quantum well structure and the absorption spectrum {40]. The coupled-
quantum well structure splits the ground state and upper state. We can obtain the
transition wavelength of 1.55 um between sublevels 1 and 4. The insertion of a few
mono-layers of AlAs at the interface increased the absorption coefficient largely. Ab-
sorption spectrum without insertion of AlAs layer is also shown for comparison. It
was also confirmed that the coupled quantum well gives faster response than the single
quantum well [41]. This is because of the second sublevel serving as a carrier reservoir,
which rapidly supplies carriers to the depleted ground state. We obtained absorption
recovery time of 600fs in the coupled quantum well, while the time was 1.5-2.0 ps in



438 T. Sakurai and N. Kobayashi

BeTe barrier
(4ML) T T T T 1
T 10 -3
r 09 - Recovery time n
2 70 fs @1
ZnSe spacer < 06 ik i —
- (5oMp T /
w 04 —
%
£
O 02t -
%]
3 - W“"w.v%,\'_a
i | | | 1 |
Y -05 00 05 10 15 20

InSe(ZMLYCdS(3.0MLYZnSe(2ML) well

with ZnCl, doping Delay Time (ps)

@) (b)

Fig. 15. (a) A schematic potential lineup of CdS/ZnSe/BeTe quantum well. (b) Absorption
recovery under short pulse excitation.

the single quantum well. The absorption saturation of the quantum well was evaluated
with the same measurement configuration as shown in the inset of Fig. 14. The value
ranged 40 f)/um? to a several hundred fJ/pum?.

4.3.3. CdS/ZnSe/BeTe Quantum Well

Figure 15(a) shows the structure of the quantum well. The well layer consists of very
thin CdS layer and ZnSe layers [42]. The CdS layer was introduced to eliminate the
effect of X-band in the BeTe cladding layer. The thin CdS layer lowers the energy levels
so that the second level is lower than the X-band of the BeTe layer. This eliminates the
carrier relaxation via X-band in BeTe layer, and enables us to obtain very fast response.
Figure 15(b) shows the response for a sample whose absorption peak is 1.8 zm. We can
confirm a very fast recovery of 270fs. The saturation powers ranging 100-600 £J/pm?
were obtained for the samples with absorption peak wavelength of 1.6-1.8 um. The
shortest absorption wavelength so far achieved with this quantum well was 1.58 ym.

4.4. ISBT Switching Device

Waveguide-type switching device is under development for these three types of ma-
terial systems. Figure 16 shows an example of the device structure realized using
InGaAs/AlAs/AlAsSb coupled-quantum well [39). A ridge type waveguide is used
and the ridge is tilted by about 7 degrees to reduce the reflection at the facet. Figure 16
shows the input pulse energy versus transmittance characteristics of the device for a
pulse width of 150 fs. In this case 40 pairs of coupled-quantum well were used. Trans-
mission increased by 3 dB for input-pulse energy of 20 pJ. The problem in this specific
device is that the two-photon absorption is large as evidence in the steep reduction in
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Fig. 16. (a) Schematic structure of ridge-waveguide type ISBT switch. (b) Transmittance of the
ISBT switch for 150-fs gate pulse.

transmittance at high pulse energy. This two-photon absorption comes mainly from
the InP substrate. The reduction of the field penetration to the substrate would improve
this situation largely and the improved structure is under development.

4.5. Summary

Because of material parameters, the GaN, and CdS/ZnSe well layer gives very fast
response while the InGaAs quantum well gives slower response. It is a general princi-
ple that higher energy is needed for faster response. Therefore it will be necessary to
select material systems depending on the applications considering required switching
speed and energy. One of the promising applications of the ISBT switch is ultrafast
switching in OTDM systems. At present. the switching energy and the extinction of In-
GaAs/AlAsSb device are yet unsatisfactory. We can further improve the performances
by employing the structure to reduce the two-photon absorption, and further reduc-
tion of the switching energy by the improvement of the quantum well. Devices using
GaN/AIN, and CdS/ZnSe/BeTe quantum well are also under development to realize
ultrafast switches.

5. All-Optical Spatial Switch Using Ultrafast Nonlinear-Optical Response of
Organic Films

5.1.  Introduction

In the field of optical switching materials, compound semiconductors such as In-
GaAs and dielectric materials such as silica optical fibers have been commonly used.
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Fig. 17. Principle of ultrafast moving slit (a) and serial to parallel conversion of signal pulses (b)
activated by irradiation of a gate pulse from horizontally oblique angle.

Semiconductors exhibit high nonlinear-optical susceptibility, however speeds of their
responses are relatively slow. For silica fibers, ultrafast switching can be achieved
while requires long interaction length because of lower susceptibility. To fabricate ul-
trafast all-optical switches using such materials, device structures should be designed
to utilize their characteristics effectively. In case of organic dye molecules, strong
absorption at resonant wavelength of # — 7 transition reflects in exhibition of high
nonlinear susceptibility. Furthermore, when highly ordered molecular arrangement
called J-aggregates are formed, ultrafast decay of response can be achieved {44,45].
Characteristics of organic materials lie on strong interaction with the light at resonant
wavelength and should be used in a form of thin film. In order to make full use of these
ultrafast organic films, unique concepts of optical switches would be desired.

5.2.  Principle of the FESLAP

Femtosecond laser pulses are characterized by short duration, strong peak intensity
and thinness in propagation direction. A laser pulse of 100 fs duration has thinness
of only 30 pm. A train of femtosecond laser pulses at 1 Tbit/s aligns with distance of
0.3 mm to each other. When keeping eyes on this thinness of the femtosecond pulses
and an organic thin film exhibiting ultrafast response, we can observe a cross-sectional
intensity distribution of pulses in space domain by using the film as an ultrafast shutter.
As shown in Fig. 17(a), when activation gate pulse of a switching film irradiated in a
horizontally oblique angle, only narrow intersection area of the film and the gate pulse
turned to be transparent like a slit at a certain instant. The slit moves with propagation
of the gate pulse, which acts as an ultrafast shutter. If we irradiate other signal pulses
from normal direction to the film, a spatial patten of the signal pulses will be projected
on a screen behind the film as shown in Fig. 17(b). The spatial distance between the
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Fig, 18. Chemical formulas and absorption spectra of organic dye molecules for ultrafast optical
switching; SQ (a) and solid line, BM (b) and broken line.

observed narrow lines on the screen indicates the interval time between the signal
pulses. Using an ultrafast switching film, train of serial pulses in Tbit/s repetition rate
can be converted into parallel pulses in space domain of mm size, which corresponding
the light velocity. We named this principle to be FESLAP: femtosecond large-area
parallel processor [46]. Although similar method for measuring time profiles of short
pulses using converted spatial patterns of them have been proposed using second
harmonic generation from a nonlinear crystal [47] and optical Kerr gate of quartz plate
[48], our proposed principle has advantage in simplicity of the configuration, wider
dynamic range and lower driving energy.

5.3.  Verification of the Principle of FESLAP

For the materials of the ultrafast optical switching films, we have been studying on for-
mation and characterization of squarylium-dye J-aggregates (SQ-J) film and reported
that the SQ-J film exhibit ultrafast and efficient absorption saturation {49, 50]. We also
succeeded synthesis of a new type of infrared absorbing dye molecules (BM dye),
which exhibit ultrafast switching around telecommunication wavelength range [51].
Chemical formulas and absorption spectra of these dye molecules and films are shown
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Fig. 19. Experimental set up for serial-to-parallel conversion of a 1-Tbit/s signal pulse train into
two-dimensionally aligned pulses (a) and a typical image of converted signal pulses observed by
a CCD camera (b).

in Fig. 18. In order to verify the principle of FESLAP, we used the SQ-J film for a
switching film [52]. As shown in Fig. 19(a), we applied optical Kerr gate configuration
to achieve enough on/off ratio. A train of 8 signal pulses with time interval of 1 ps
is formed by splitting and joining fs laser pulses at 773 nm using half mirrors and
retro-reflectors. Time delay of 4 ps is added to lower half of the signal pulse train
passed though a polarizer using transparent glass plate. A single gate pulse at 810 nm
with polarization 45 degrees tilted to the polarizer irradiates the SQ-J film in horizon-
tally oblique angle with the signal pulses. Part of each pulse in the signal pulse train,
which irradiate an area on the SQ-J film where the gate pulse irradiates in the same
timing changes to tilted elliptically polarization because of instantaneously induced
dichroism and birefringence by the gate pulse. Finally, different part of each pulse
in the signal pulse train passes thorough cross-polarized analyzer. As the result, an
image of two-dimensionally arranged signal pulses was observed on a charge coupled
device (CCD) camera as shown in Fig. 19(b). Switching on/off ratios more than 5 were
observed under gate pulse energy density of 2 pJ/ zm?.

5.4.  Future Prospects

We also think on the required efficiency of the switching for practical applications.
Such open-air configuration requires irradiation of the gate pulse in large area on the
film where switching of signal pulses occur only a small restricted area (or a spot). In
order to reduce switching energy, it is effective that focusing signal and gate pulses to
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the same small spots on the film. We can achieve the same driving energy densities
with much lower total energy through tight focusing and reducing the size of switching
spots. Further progress in configuration of this optical switch using focusing lenses and
enlarging number of output channels through modularizations of optical components
is now in progress.

6. Sub-Picosecond Wavelength Conversion by Four-Wave Mixing in
Distributed-Feedback Laser and Semiconductor Optical Amplifiers

6.1. Introduction

High-speed wavelength conversion is strongly required in the future OTDM/WDM ail
optical network. In order to operate this network smoothly, the wavelength conversion
occurs at every node.

The idea introduced here is to construct the simple wavelength conversion devices.
We utilize the four wave mixing process (FWM). We try using two devices of the
distributed feedback (DFB) laser and the semiconductor optical amplifiers (SOA).
In the following the performance of these two types of wavelength conversion is
introduced.

6.2. FWM With DFB Lasers

The FWM using lasers has been first proposed and demonstrated by H. Nakajima et al.
[53]. In this report, the lasing light working as the pump is a conventional Fabry-Perot
lasers. FWM using DFB lasers have been demonstrated in highly nondegenerate case
[54] and in nearly degenerate case [55]. Wavelength conversion for input signals with
continuous wavelengths has been demonstrated using a /4 phase shifted DFB laser
[56].

To realize the wavelength conversion of short pulses with a pulsewidth of less than
several pico-seconds, there are two subjects to be overcome; the suppression of a slow
component of the 3rd order nonlinear effect and the avoidance of the cavity mode of
a laser cavity.

A/4 phase shifted DFB lasers are suitable for the overcome of these subjects [57].
The carrier density pulsation effect can be suppressed due to the stopband of the grating.
In usual case, the carrier density effect strongly occurs in the small detuning of less
than 100 GHz from the pump frequency and generates a long tail in converted pulses.
In a A/4 phase shifted DFB laser, the small detuning components in signal pulses and
converted pulses are blocked by the stop-band. The cavity mode effect can be also
avoided. A \/4 phase shifted DFB laser has anti-reflection coatings in both facets. The
laser works as the traveling wave semiconductor optical amplifier for the signal pulse
and the converted pulse.

The structure of a A/4 phase-shifted DFB laser used in the experiment of short
pulse wavelength conversion is shown in Fig. 20. The auto-correlation traces of an
input signal pulse of a wavelength of 1558 nm and an output converted pulse of a
wavelength of 1548 nm are shown in Fig. 21. The pulsewidths are estimated to be
1.4 ps for input and 2.5 ps for output under the assumption of the hyperbolic cosine
pulse shape. The result shows that a long tail of several 10 ps due to the carrier density
pulsation effect is suppressed.
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Fig, 21, The auto-correlation trace of a pulse after wavelength conversion. The peak wavelength
of the pulse is converted to 10 nm shorter than that of the input signal pulse.

6.3. FWM With SOA

Conventional SOAs with the bulk or quantum-well active region have a drawback
that the efficiency of the conversion to longer wavelengths is too small [58,59]. The
application of quantum-dot SOAs to this scheme is attractive, because of the possibil-
ities of eliminating destructive interference and obtaining symmetric, i.e., direction-
independent, and large conversion efficiency by their small linewidth enhancement
factor as well as their intense spectral hole burning [60}. The conversion efficiency is
proportional to the absolute value of the third-order susceptibility given as
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where the first term on the right-hand side represents the contribution of the spectral
hole burning, the second term is that of the carrier density pulsation, A, is the differen-
tial gain, 7}y is the intraband relaxation rate, 8, A is the constant inversely proportional
to the differential gain, I';, is the polarization dephasing rate, v is the alpha parame-
ter, Rrec 1s the carrier recombination rate, Rsiim is the stimulated emission rate, and
Aw = wp — ws is the detuning. Equation (1) tells us that the zero alpha parameter
enables symmetric conversion and that the slower relaxation rate of 7}, = 200-300 fs
in quantum dots than that of Ti, = 10-50 fs in conventional semiconductors improves
efficiency.

Figure 22 shows the structure of the quantum-dot SOA, with self-assembled InAs
quantum dots in the active region. With the inputs of both the pump at the frequency
of wy and the signal lights at ws, we obtain the converted signal at w. = 2wy, — ws.

Figure 23 shows the conversion efficiency for positive (closed circles) and negative
(open circles) detuning [61]. Remarkable differences were observed in comparison
with those in a bulk SOA (taken from [58]); The efficiency for both the positive and
negative detuning in the quantum-dot SOA has become almost same (symmetric). The
detuning dependence is much flatter due to the spectral-hole burning. These results are
indicative of the advantages of quantum-dot SOAs as devices for FWM wavelength
conversion.

6.4. Summary

The FWM has the merit of fast wavelength conversion. We introduced two promising
types. The introduced devices have merits and demerits in the present stage. We need
the much improvement keeping each merit. These devices are key devices in the future
all optical networks.
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7. Precise Measurement of Timing Jitters of Repetitive Laser Pulses

Generation of highly repetitive laser pulses is an important issue for such applications
as optical time-division multiplexed (OTDM) communication [62], high-resolution
photonic analog-to-digital conversion [63,64], and high-speed optical sampling mea-
surement [65]. Since these applications require stringent performances on pulse timing
jitter as well as on pulse width, it has become a matter of great concern to precisely
evaluate the magnitude of timing jitter in repetitive laser pulses. For example, to ensure
the bit error rate below 10712 in OTDM transmission systems, timing jitter should be
less than 1/14.1 of the bit period [66], which corresponds to 443 fs in a 160-Gbit/s
transmission.

A commonly employed method for timing jitter measurement is the so-called
single sideband (SSB) phase noise measurement proposed by von der Linde [67],
which performs noise measurement in a frequency domain and is based on the standard
technique used for microwave and millimeter-wave phase noise measurements. If we
detect the intensity of repetitive laser pulses with a fast photodiode, the first harmonic
component of the electrical output signal is given by

I(t) = Ip{1 + €(t)} sin{ 2~ frept + &(t)}, 93]

where Iy and frep are the nominal amplitude and repetition frequency, respectively,

and e(t) and ¢(t) represent the amplitude and phase noise, respectively. Timing noise
J(t) is related to phase noise ¢(¢) by

J(t) = B(t)/27 frep- 3

The most fundamental measure of the timing noise is a phase power spectral
density (PN-PSD) S,(f) of ¢(t), where f represents the Fourier frequency, and a
root-mean-square (RMS) timing jitter o5 is calculated from Sy (f) using the relation
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fr
oy (fn, fi) = 2w}rep\//f Se(f)df, 6]

where f; and f;, denote the lower and upper limits of integration, respectively.

In SSB phase noise measurement, the quantity L(f), which is the ratio of the
noise power in one sideband to the total signal power, is used as a measure of timing
noise. This quantity corresponds to the power spectral density of the first harmonic
1(t) and contains information on both the amplitude and phase noise. When the RMS
phase deviation is much smaller than | radian, L{f) is related to the phase noise
power spectral density (PSD) S,(f) by an approximated refation Ss(f) ~ 2L(f).
Although SSB phase noise measurement is quit easy to implement, it is accompanied
by inherent limitations, such as limited frequency span and dynamic range, difficulty
in discriminating amplitude and phase noise, and inaccuracy when applied to a non-
stationary process such as passively mode-locked laser pulses [68].

In order to overcome the above difficulties, the time domain demodulation (TDD)
[69] and the time interval analysis (TIA) [70] techniques were developed, both of which
perform measurements in a time domain. The TDD technique directly measures the
phase noise ¢(¢) of a sinusoidal signal from the in- and quadrature-phase amplitudes,
while the TIA technique measures the period AT = 2w{d¢(t)/dt} " using zero-
dead-time counters. The former technique offers a high sensitivity but is not suitable
for measuring signals exhibiting a timing drift. In contrast, although the sensitivity is
limited, the latter technique is effective for the measurement of drifting signals. These
two techniques are complementary with each other and are used properly or combined
depending on the properties of timing noise.

Since the time domain measurement equipment cannot directly handle highly
repetitive signals beyond 10 GHz, electrical and/or optical frequency down conversion
is required before signal processing. A double-balanced mixer (DBM) can be employed
to down-convert an electrical signal at f,op into a lower frequency IF signal at fir =
frep — fLo, where f10 represents the frequency of an electrical local oscillator (LO).
This method is applicable to pulses with the repetition frequency up to 50 GHz [71]
as limited by the response time of photodetectors. To down-convert pulses beyond 50
GHz, an optoelectronic harmonic mixer (OEHM) were developed [72] which produces
an IF signal at fir = frep — nfLo with the help an electro-optic intensity modulator,
where n is the integer. The modulator driven by an LO signal generates modulation
sidebands located at +n fi,o from each longitudinal mode and produces beat signals
between the nth sidebands and the adjacent longitudinal modes.

Figure 24 shows the results of timing noise measurement for various repetitive
laser pulses, where curves A—FE represent the PN-PSD S, (f) and curves F-J represent
RMS jitter o ;. The value of o is calculated for f;, = 18 MHz and is plotted as a
function of f;. Curves B and G represent the noise of 19.444 GHz pulses emitted by a
hybrid mode-locked laser diode [73] and were evaluated by the combination of TDD
and DBM. For comparison, noise of the frequency synthesizer is plotted by curves A
and F. Curves A and B almost overlap below 100 kHz Fourier frequency, which suggest
that the laser is accurately synchronized with the RF signal. However, the existence
of a white noise component above 100 kHz indicates the incomplete synchronization
caused by the spontaneous emission coupled into the lasing modes. The RMS jitter for
the laser pulses amounts to 3.4 ps (2.5 mHz-18 MHz).
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Fig, 24. PN-PSD S,(f) (curves A- E) and RMS timing jitter ¢ ;. (curves F-J) for various
repetitive laser pulses. A, F: frequency synthesizer that drives the 19.444-GHz hybrid mode-
locked laser; B, G: 19.444 GHz pulses emitted by hybrid mode-locked laser; C, H: 77.776 GHz
OTDM pulses generated from the hybrid mode-locked laser diode; D, I: 155.552 GHz OTDM
pulses generated from the hybrid mode-locked laser diode; E, J: 160.64 GHz pulses emitted by
the colliding-pulse mode-locked laser diode.

Curves C and H correspond to 77.776 GHz OTDM pulses and were evaluated by
the combination of TDD and OEHM. These pulses were generated from the 19.444-
GHz mode-locked laser diode by the use of fiber-optic multiplexers. Frequency down-
conversion was achieved with the second order modulation sidebands produced by a
40-GHz intensity modulator. The values of Sy (f) for curve C are approximately 16
times as large as those on curve B, which is consistent with the increased repetition
frequency. Moreover, the shapes of curves B and C are almost identical indicating that
the excess noise added during the multiplexing process is small and that the timing
noise of the original laser pulses is dominant. The RMS jitter for the OTDM pulses
amounts to 3.7 ps, which is almost equal to that of the original laser pulses.

Curves D and I correspond to 155.552 GHz OTDM pulses evaluated by the com-
bination of TDD and OEHM. Although the values of S;(f) on curve D are nearly 64
times as large as those on curve B between 10 Hz and 1 MHz, they increase rapidly
below 10 Hz. The observed increase in the low frequency noise is attributed to the
thermal drift of the OTDM multiplexer. A slight decrease of S4(f) on curve D above 1
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MHz is due to the incoherent addition of the pulse intensity at the output of the OTDM
multiplexer [74]. The RMS jitter amounts to 4.5 ps (7.8 mHz-18 MHz).

Curves E and ] represent the noise of 160.64 GHz pulses emitted directly by a
colliding-pulse mode-locked laser diode [75]. Since the laser exhibits large timing vari-
ation under passively mode-locked operation, TIA technique combined with OEHM
was employed. The values of S, (f) on curve E are inversely proportional to f? above
1 Hz, which is characteristic of random walk noise. However, it rapidly increases be-
low 1 Hz due to the slow drift caused mainly by the temperature variation. The RMS
jitter amounts to 0.11 ms (5.8 mHz-34 MHz).

From the above results it can be seen that TDD and TIA techniques have enabled
the timing noise evaluation of repetitive laser pulses up to 160 GHz over nine decades of
Fourter frequency (2.5 mHz-34 MHz) with 300-dB dynamic range. To handle higher
repetitive pulses, nonlinear frequency conversion technique [75] will be promising
although it requires a stable reference pulses instead of an electrical LO source.

8. Summary

It is remarkable that many leading research results on the ultrafast optical devices
and related technology have been produced in the systematic and long-term R&D of
FST project. A novel technology platform of optical devices will be formed by the
devetopment of devices in the project.

Using a mode-locked semiconductor laser and SMZ switches developed in the
EST project, we successfully accomplished an unrepeated 140 km transmission of 8
x 160 Gb/s OTDM/DWDM signals [76]. It is also expected that the application of
the OTDM technology will be realistically promoted by taking advantage of these
advanced devices.

This direction of the R&D will, moreover, open the possibility of the future ul-
trafast optical signal processing. Ubiquitous information networking system based on
such ultrafast optical signal processing and communication technology will play an
important role to meet the demands in the business, social security and human life as
a flexible and reliable communication system in the future.
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