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Introduction

Hiroshi Ishikawa

1.1 Evolution of Optical Communication Systems and Device
Technologies

Deployment of the optical communication systems started at the end of 1970s. The bit rate of the
early-stage systems was 100 Mb/s (1980), increasing to 400 Mb/s, 565 Mb/s, 1.6 Gb/s, 2.4 Gb/s
and 10 Gb/s over the past three decades. Increasing the transmission capacity was achieved not
just by increasing the bit rates as wavelength division multiplexing (WDM) technology was
developed in the 1990s. Systems capable of 100-200 wavelengths multiplexing with a single
channel bit rate of 2.4 Gb/s and 10 Gb/s were deployed, having scalable total capacities up to
2Tb/s. Recently, deployments of WDM systems with a single channel bit rate of 40 Gb/s have
started. Looking into the future, we will be required to realize still larger capacity networks,
as will be discussed later.

Owing to the above-mentioned increase in transmission capacity, broadband Internet net-
work systems have come to be used widely since we entered Twenty-first century. Internet
protocols (IP), various browsing technologies, varieties of related software, and increased
performance of personal computers and routers, largely contributed to the spread of broad-
band networks, which have had a huge impact on our society and our daily life. Worldwide
e-commerce and e-business has become an essential part of our economy with outsourcing of
office jobs, research and development being done using networks. Even production at remote
sites is becoming possible though networks. The world-wide impact of broadband networks is
clearly described in such books as Revolutionary Wealth by Alvin Toffler and Heidi Toffler[1],
and The World is Flat by Thomas L. Friedman[2].

When we looked back the technological evolution of these networks, development of new
or higher performance devices and components played crucial roles. Such devices were low-
loss optical fibers, semiconductor lasers, detectors such as APDs (avalanche photodiodes) and
PIN photodiodes, integrated driver circuits, multiplexing and demultiplexing ICs, and fiber
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2 Introduction

amplifiers. Many passive components such as arrayed waveguide gratings (AWG) and optical
filters were needed for WDM systems.

We can see a good example in light sources showing how their innovation contributed to
an increase in transmission bit rates. First, Fabry-Perot lasers, which lased in multiple spectra
enabled transmission rates of up to 400 Mb/s. To increase the bit rate to more than 1 Gb/s,
lasers with single wavelengths were essential to minimize the effect of chromatic disper-
sion of fiber. Distributed feedback (DFB) lasers were developed to this end. For longer-span
transmission with bit rates above 10 Gb/s, wavelength chirp in a single lasing spectrum was
a problem. Then the external modulation scheme was developed. Electro-optic modulators
using LiNbOs;, semiconductor-based, electro-absorption modulators (EAM) were developed.
Monolithic integration of DFB laser and EAM was done to realize a compact light source.
Owing to these advances in light sources together with advances in other devices and techno-
logies, it was possible to increase the transmission bit rate. If we target much higher bit rate
systems, such as 100 Gb/s and 1 Tb/s, for future applications, the key will be the development
of new and higher performance devices as well.

1.2 Increasing Communication Traffic and Power Consumption

Figure 1.1 shows the long term trend of communication traffic in JPIX, which is one of the
major Internet exchangers in Tokyo. The traffic in JPIX is increasing by 40 to 50 % per year.
Figure 1.2 shows the total traffic in Japan. The plots using closed circles are the time-averaged
amount of information per second being downloaded from networks as announced by MIC
(Ministry of Internal Affairs and Communications). The value was 324 Gb/s at November
2004. This increased to 722 Gbps in May 2007. The solid line in the figure is the estimated
total traffic assuming a 40 % annual increase. One of the driving forces for this rapid increase
is the increase in subscribers to broadband. Initially, ADSL (Asymmetrical Digital Subscriber
Line) was used; however, recently the FTTH (Fiber to the Home) subscribers are increasing
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Figure 1.1 Internet traffic in JPIX, which is one of the major Internet exchanges in Tokyo. (Reproduced
by permission of JPIX. (http://www/jpix.ad.jp/techncal/traffic.html))
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Figure 1.2 Total traffic in Japan. Solid circles are evaluated value by Ministry of Internal Affairs and
Communications. The line is the fit assuming a 40 % annual increase. Bars show the subscribers to FTTH

rapidly. NTT, one of the major carrier companies in Japan, is aiming at 20 million subscribers
to FTTH by 2010. The bars in Fig. 1.2 are subscribers to FTTH. NTT is to bring NGN (Next
Generation Network) into service in 2008. NGN is an IP-based network enabling various
services with higher quality [3].

The dramatic increase in traffic and the plan to increase various services will cause a serious
problem, namely the power consumption of the network equipment. Figure 1.3 shows the
router power consumption in Japan as estimated by T. Hasama of AIST (National Institute of
Advanced Industrial Science and Technology). The power consumption in 2001 is based on
actual data. Assuming a 40 % annual increase in traffic and reduction of the CMOS-LSI drive
voltage, plotted as closed circles in the figure, the power consumption of routers will reach
6.4 % of the total power generation in 2020 even for the low CMOS-LSI drive voltage of 0.8 V.
If the drive voltage reduction of CMOS-LSI is insufficient, the power consumption will still
easily reach a few tens of a percentage point or more. This means we cannot have the benefits
of larger capacity networks.

One of the causes of large power consumption in the present network is the WDM scheme
and electrical routing of the packet signals. The WDM requires O/E (optical to electrical)
signal and E/O (electrical to optical) signal conversion circuits with the same number as that
of the wavelength, resulting in an increase in power consumption. In addition to this, electrical
signal processing for IP packet routing and switching at the router consumes large amounts
of power. If we could realize 100 Gb/s to 1 Tb/s bit-rate transmission, huge capacity data
could be transmitted with a small number of wavelengths, which might reduce the power
consumption. If we could process ultrafast signals without converting to electrical signals,
this would also reduce the power consumption of routers. Consequently, the development of
ultrafast all-optical devices is very important for future, low power-consumption huge capacity
networks
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Figure 1.3 Estimated power consumption by Internet routers in Japan. Original data is from T. Hasama
of AIST. The value for 2001 is actual data. Plots shown by solid circles are the assumed drive of LSI
voltage used in routers. The percentages in the figure are the proportion of total power generation. If
we assume a 40 % increase in traffic, the router power consumption reaches 6.4 % of the total power
generation in 2020 even for a low LSI drive voltage of 0.8 V

1.3 Future Networks and Technologies
1.3.1 Future Networks

Forecasting the future of networking is of large importance in planning research and devel-
opment. It is obvious that the traffic of video content will keep on increasing. At present,
a large proportion of the network bandwidth is occupied by video content, such as TV and
movies, and moving-picture distribution services. The convergence of broadcasting and com-
munication will soon take place in NGN (Next Generation Network). Network users will
require higher resolution pictures; however there is a limitation on resolution due to the lim-
ited bandwidth. International distribution of 4K-digital cinema (for resolution of 2000 x 4000,
the required bandwidth is above 6 Gb/s without compression) by network was demonstrated
using data compression by JPEG2000 [4]. NHK (the Japanese public broadcasting organiz-
ation) is developing ultra-HDTV (high definition TV) having a resolution of 4320 x 7680,
requiring a bandwidth of 72 Gb/s, and is planing to start broadcasting ultra-HDTV in 2025 [5].

If we could get rid of the bandwidth limitation, there would arise a lot of new applications.
Higher resolution, real-time, moving pictures with realistic sound will make the TV conference
a far more useful tool. International conferences could even be held using remote-presence
technology. This would reduce the energy consumption by reducing the traffic. Medical applic-
ations for the network will also be important. Using high-resolution pictures without time delay,
remote diagnosis can be done, and even remote surgery is within its scope. Other important asso-
ciated technology would be grid technology. One of the present applications of grid technology
is to establish connections or paths between various computer sites or data storages. The large
bandwidth optical paths, which can be controlled by a user, will enable high performance grid
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computing (e-science) by connecting computers worldwide. Grid-based virtual huge capa-
city storage, and grid-based economy (e-economy, e-commerce, e-production) will also be
important issues.

When we look at the current IP-based network, it is not suited to handling such a huge
capacity of data. It is optimized rather to low granularity traffic and requires data compression
for large-capacity data because of the bandwidth limitation. This causes the time delay, and
we cannot obtain the benefit of real-time information. A novel network capable of real-time,
high-capacity, transmission is required. One candidate is the optical-path network, in which
end-to-end connection and broadcasting end to multi-ends connection can be achieved with
optical paths where large-scale optical switches are used for routing. The concept of optical
path has been discussed in terms of wavelength path or virtual wavelength path [6]. The
dynamic huge-scale path network including the wavelength path with very high bit rate is
highly attractive as a future network for huge capacity data transmission. In such path systems,
information can be transmitted transparently, i.e. regardless of the modulation format and bit
rate, without using electronic routers. Combination of IP based networks, which handle small
granularity data, and dynamic optical path networks, which handle huge capacity data with
very high bit rates, is one of the promising forms of the future network.

1.3.2 Schemes for Huge Capacity Transmission

There are two ways of achieving huge capacity transmission. One is the optical time division
multiplexing (OTDM) technology as illustrated in Figure 1.4, and the other is the employment
of multilevel modulation schemes as illustrated by Figure 1.5.
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Figure 1.4 Optical time division multiplexing (OTDM) scheme. (a) By giving proper delay to each
channel we can generate a very fast optical signal. (b) For demultiplexing we are required to develop
all-optical switches
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Figure 1.5 Constellation diagram of OOK (on—off keying), 8 PSK (phase shift keying) and 16 (quad-
rature amplitude modulation). By utilizing phases of light waves we can realize multilevel modulation

In the OTDM scheme, optical signals from different channels are multiplexed by applying a
proper delay to each channel in order to get high bit-rate signals. We can generate high bit
rates, for example 160 Gb/s or 1.28 Tb/s [7], which cannot be achieved by electric circuits.
To make the OTDM systems into real ones, we need to develop ultrafast, all-optical signal
processing devices. There are ultrafast light sources and ultrafast all-optical gate switches
for such functions as gating, clock extraction, 2R (retiming and reshaping) operations, and
DEMUX (demultiplexing). To make the system flexible, a wavelength conversion device is
also essential. Dispersion compensation including polarization-mode dispersion, is also an
important issue for long-distance transmission.

The other scheme involves the use of multilevel modulation, which not only uses the
amplitude of light but also the phase [8,9]. By utilizing phases of the light field we can
perform multilevel modulation. Figure 1.5 shows examples of multilevel modulation in
the form of constellation mapping. The horizontal axis is the real part of the electric field
and the vertical axis is the imaginary part. Figure 1.5(a) is the conventional on—off key-
ing (OOK). Figure 1.5(b) is 8 PSK (phase shift keying), which can transmit 3 bit/symbol,
and (c) is 16 QAM (quadrature amplitude modulation) capable of 4 bit/symbol modulation.
Precise control of phases and sophisticated decoding technology are required to realize a
large multilevel [10, 11]. The multilevel scheme has an advantage in that it can increase the
total capacity without increasing the symbol rate. This makes the dispersion compensation
easier.

1.4 Ultrafast All-Optical Signal Processing Devices
1.4.1 Challenges

In this book we describe the challenges for semiconductor-based ultrafast (100 Gb/s - 1 Tb/s)
all-optical signal processing devices. A major application is in ultrafast OTDM networks;
however, a multi-level scheme based on a symbol rate beyond 100 Gb/s could also be a possib-
ility in further increasing the transmission rate. Focus is put on semiconductor-based devices,
although fiber-based devices are used for ultrafast OTDM experiments, for example, NOLM
(Nonlinear Optical Loop Mirror) [12, 13]. Advantages of semiconductor devices when com-
pared with fiber devices are their small size and possible integration of devices for higher
functionality. With semiconductor devices, however, there is a lot of difficulties in realizing
practical devices. One of the major difficulties is the intrinsic one that faster all-optical device
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operation based on optical nonlinearity requires larger optical energy. This is theoretically
illustrated in the next section. This problem can be avoided in fiber devices because long fiber-
lengths can be used to obtain sufficient nonlinearity for low energy operation. In semiconductor
devices, although the nonlinear susceptibility is greater than with optical fibers, device sizes
are very small. It is not, therefore, easy to realize low-energy operating devices; hence, for the
development of ultrafast all-optical semiconductor devices, full utilization of many new ideas
and concepts are required.

A systematic challenge for semiconductor-based, ultrafast all-optical devices was The
Femtosecond Technology Project (1995-2004) in Japan, which was conducted with the sup-
port of the Ministry of Trade and Industry, and NEDO (New Energy and Industrial Technology
Development Organization) [14]. Mode-locked semiconductor lasers were developed, as were
various types of all-optical gate switches, and WDM transmission technology based on 160
Gb/s—320 Gb/s OTDM signals. Described in this book are mode-locked lasers (Chapter 2),
symmetric Mach—Zehnder gate switch (Chapter 3), intersub-band transition gate switches
(Chapter 5), four-wave mixing wavelength converters (Chapter 6), and transmission techno-
logies (Chapter 7). Another project, named ‘Research and Development on Ultrahigh-speed
Backbone Photonic Network Technologies’ (1996-2005) was conducted under the auspices
of NICT (National Institute of Information and Communication Technology). In this project,
a 160-Gb/s CS-RZ (carrier suppressed return to zero) signal was generated by OTDM tech-
nology using an electro-absorption modulator (EAM) [15]. A field transmission experiment
was demonstrated over 635 km. The OTDM light source developed in this project is described
in Chapter 2, and the transmission experiment is briefly reviewed in Chapter 7. Outside of
these projects, much interesting research work has been done worldwide, including a device
using an ultrafast photodiode and traveling-wave electro-absorption modulator, described in
Chapter 4, and a use of SOA with wavelength filter enabling use of only the very fast response
component of SOA response (Chapter 3).

1.4.2 Basics of the Nonlinear Optical Process

For ultrafast, all-optical, signal processing using semiconductor-based devices, we use optical
nonlinear effects, mainly the third-order nonlinearity. The third-order process is highly useful
since it gives such effects as absorption saturation (gain saturation) and four-wave mixing.
Here we briefly look at the third-order nonlinear process, taking the simplest two-level system
as an example in order to achieve basic understanding of the device operation and to illustrate
the intrinsic difficulty with all-optical ultrafast devices.

Figure 1.6 shows a two-level system. We assume N two-level systems with inversion sym-
metry in a volume J'. We consider a case where only one frequency plane wave with angular
frequency wis applied. The response of the two-level system to the optical field can be described
by a density matrix equation of motion [18, 19]. If we write down all the components of the
equation of motion:

—= Paa = i(pabI_Ibu - [—[abpba) —Va (loaa - )0(0)) (11)
dt h “

d

i
prb = 7—1(,01711 Huy — HoaPar) — Vb (,Obb - /015(1);)) (1.2)
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d i i

Epab = ﬁ(Eb — E,)par + %(Habpaa — Hap060) — Yav Pab (1.3)
9 e = By = B pn + - (oapiy — Hrupus) (1.4)
dr Pra = 7 e b) Pba n ba Pbb ba Paa Yab Pba .

For a plane-wave electric field E (), the perturbation Hamiltonian under dipole approximation
can be written as,

Hy (@) = =P - E (@) = =y - (Boe™ +c.c) (1.5)
where m,, is a dipole moment given by:
Moy = {aler|b) (1.6)

P and ,0,52) are the unperturbed diagonal elements of the density matrix, which can be replaced
by electron distribution functions such as Fermi—Dirac or Boltzmann distribution function
under thermal equilibrium. y, and y, are the phenomenological relaxation rates of the diagonal
component of the thermal equilibrium. We may put y =y, =y, = 1/ T}, where T] is the energy
relaxation time of an electron. y,, is the dephasing rate of the off-diagonal element. Elastic
scattering, as well as inelastic scattering, of electrons contributes to the dephasing of a dipole.
Its inverse is the dephasing time 7.

E, @)
hw“ ‘7 =1/T,
E, )

hw,=E,=FE —E,
Figure 1.6 A model of two-level system

The equation of motion can be solved by using the iterative procedure. A first-order solution
for the off-diagonal component can be obtained by using unperturbed diagonal terms for the
right-hand side of Equation (1.3). Retaining only the resonant term, we obtain:

Mab * Ewe_w)l

ol (@) = (P — pyy) + ce. (1.7)

h(wab - (1)) - ihyab
Inserting this into Equations (1.1) and , we obtain second-order solution, o2 and o2 Again, by
inserting second-order diagonal terms into Equation (1.3), we obtain the third-order solution
of the off-diagonal term. This is a rather tedious calculation procedure. Retaining only the
resonant terms makes the analysis simpler. Once the density matrix components are known,
the polarization of the system is given by:

2N 2N
P(w) = 77Tr (mp) = =7 (Was Pab + WbaPra) (1.8)
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The first-order solution of the off-diagonal terms gives the first-order polarization, and the third-
order off-diagonal terms give the third-order polarization. Retaining the first- to the third-order
terms, the generated polarization can be written as:

P(w) =& (x" (@) + x? () |[E, ) E, (1.9)

where &, is the vacuum dielectric constant, x" is linear susceptibility and x©® is the third-
order nonlinear susceptibility. There is no second-order nonlinearity because we have assumed
a system with inversion symmetry. The above iterative solutions of the equation of motion give
susceptibilities as:

2N | ftas|? 1
) - _ O _ 5O 1.10
X (w) eV (@ — @) — ihye (Paa — Pop) ( )
SN y 4 ’ 0 _ O
X(s) () = — [tas|*Var (Ogq — Pbp ) (1.11)

eV y (hw — hew., + ihya) (hz(wab —w)* + hz)/azb)

Development of a light electric field under nonlinear susceptibility can be written using slowly
varying envelope approximation as:

d 1 2 2.1 2 1 2.3 2

EEw = T2k (&)MOCU + Eofow, X — k )Ew - ﬁgoﬂow X7 E,"E, (1.12)
where 1 is the vacuum permeability. This can be rewritten by separating the real and imaginary
part of the susceptibility as:

k2

d i 1
E, = 2 (1 M O g — E, — 2(, (0 ®E,[°)E,
B, = Seoow [ X VB = = Sphoeo” (xi” + X1 B )
(1.13)

Suffix R denotes the real part, and / denotes the imaginary part. For this equation to hold:

k= eopow” (14 xi” + x5 |E,I7) (1.14)
d w
—E,=—— (x;" + x” [E.I) E, L15
da 2en (X[ + x| |) 2 ( )

Equation (1.14) gives the refractive index as:

172

n=(1+xg"+xi |Eul) (1.16)
This equation means that the refractive index changes in the optical field through a third-order
nonlinear process. Equation (1.15) can be rewritten as an equation describing optical power
propagation. Using:

dE

d dE*
B[ =B, — 4+ E—*

1.17
“ dz dz ( )

2Z
E, > =P (1.18)
n
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where P is the optical power density and Z, is the vacuum impedance given by:

Ho

Zy = (1.19)
&o
We can obtain the equation for the optical power density as:
dP agP agP
————— = 5 (1.20)
dz 1— ZoXi 1+ —
2nx;" b

where «, is the linear absorption coefficient and is expressed as:

w0 = 250 = <&> Zowoity, hya Ap® (1.21)
en”! v no R (wg — o)’ + 2yl

where Ap© = py)) — p% and P, is:

2nX]“) cneyy ) ) -
P, (w) = AT (W (@ar — ) + B2Y2) (1.22)

Equation (1.20) means that the absorption coefficient is reduced for large optical power density
and is half of the initial value for P = P,. P, is called the saturation power density and we can
use this for an all-optical gate. If we introduce an intense control pulse to the two-level system,
the system becomes transparent by absorption saturation. Under this condition, a weak signal
light can pass through the two-level system. This is the ‘on state’ of the gate. When we turn
off the control pulse, the system is again absorptive with a time constant of 7}, and the gate
switch is in the ‘off-state’. It can be seen that the absorption saturation takes place over the
homogenous width of Aw = w — w,, = hy,,. When there is population inversion, the two-level
system has optical gain, and the third order process gives the gain saturation. SOA corresponds
to this case. This also can be used as an all-optical gate switch.

To examine the relationship between the response speed and the optical power density
needed to saturate the two-level system, we consider the on resonant case, i.e. ® = @,;,. The
saturation power density is given by:

h? h?
R' — n Zyyab — cnzg() (123)
2/‘LabZO ZMHleTz

The smaller 7, and 7, give faster response speeds while, however, smaller 7, and 7, give
larger P,. Large optical energy is needed for a very fast nonlinear response. This is the intrinsic
limitation in using nonlinearity for all-optical signal processing devices. In the evaluation of
ultrafast devices, we use short pulses. It is customary to use pulse energy rather than optical
power density as a measure of device performance. The saturation pulse energy is the product
of P, the cross section of the beam, and the pulse width. The discussion on the relationship
between the response speed and optical power density (pulse energy) also holds for the refract-
ive index, because of Kramers—Kronig relation that connects the absorption coefficient and
refractive index.
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More detailed analysis reveals that there are varieties of interesting effects in the optical
nonlinearity. For example, if we assume pump wave w, and signal wave w; of different fre-
quencies and consider beat frequency 2w, — w,, we obtain the third-order susceptibility for
nondegenerate four-wave mixing. This frequency is the beat frequency between @, — w, and
w,, i.e. the pump wave w, is scattered by the beat frequency w, — w; to generate a new fre-
quency 2w, — w,. Detailed discussion on four-wave mixing in SOA is described in Chapter 6,
which considers some other effects on the third-order nonlinear susceptibility. If we further
extend the analysis to multi-level systems, we obtain expressions for multi-photon absorption
and Raman scattering processes [17].

To extend the analysis from the simple two-level system to semiconductor band structures,
following substitution using the wave number of electrons, k applies.

2N
(7> — D (k) dk, where D (k) is the density of state.

. h2k? . .
Express parameters in terms of k, for example fiw; — ——-, where m* is the electron effective

mass:

O 2 — Fermi-Dirac distribution function expressed in terms of k
Then integrate over k. This gives the parameters for semiconductor-based systems. It goes
without saying that relationship (1.23) also holds for semiconductors.

1.5 Overview of the Devices and Their Concepts

Here we briefly review the devices described in this book in order to have an overview of
their basic concepts as related to ultrafast operation. Lots of new ideas are employed and new
challenges have arisen.

In Chapter 2, we describe ultrafast light sources. These are mode-lock lasers and EAM-based
light sources. The mode-locked laser uses the absorption-saturation effect for mode locking.
Hybrid mode locking using microwave modulation and sub-harmonic synchronous locking
were employed to generate high repletion rate short pulses with small jitter. Mode-locked
lasers can also be used for clock extraction from the deteriorated received signal. The 3R
(retiming, retiming, regeneration) operation for a 160-Gb/s signal was demonstrated using
mode-locked lasers. Also described in Chapter 2 is the EAM-based ultrafast light source. By
cascading two EAMs, which are modulated by a 40-Gb/s electric signal, 3-ps width short
pulses with 40 Gb/s repletion were generated. Then, a 160 Gb/s optical signal was generated
by OTDM, i.e. by applying a proper time delay to four 40-Gb/s channels using space optics. An
interesting point was that the CS-RZ (carrier suppressed return to zero) signal at 160 Gb/s was
generated by controlling the phases of each channel by temperature. The CS-RZ modulation
format is robust to nonlinear effect in the fiber, such as four-wave mixing, because of no carrier
in the spectrum.

In Chapter 3, switching using a SOA (semiconductor optical amplifier) is discussed. In the
SOA, population inversion is realized by current injection. When we put in an intense gate
pulse, it causes a gain reduction and an associated refractive index change takes place. This is
the third-order nonlinear process, and its basic principle can be understood by replacing the
absorption coefficient in Equation (1.20) by the gain of SOA. A characteristic feature of this
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response is that it is very fast for the rise time; however, there is a slow component of the order
of 1ns in the response recovery, which is the band-to-band recombination lifetime. This slow
component has been the obstacle in realizing ultrafast switching devices above 100 Gb/s. Two
methods are described for solving this problem. One is to use a wavelength filter to select
only the very fast, blue-shifted component of the response [16, 17]. By using only the fast
component, which is due to intraband electron—phonon scattering, we can perform wavelength
conversion, 2R (retiming and reshaping) operation and DEMUX operation. Another method
is to use the Symmetric Mach-Zehnder (SMZ) interferometer configuration. By putting SOA
symmetrically at both arms of a SMZ, we can cancel out the slow response component by using
gate on pulse and off pulse. Using the SMZ configuration, DEMUX operation of 640 Gb/s to
10 Gb/s was demonstrated. Error free DEMUX operations of 320 to 40 Gb/s and to 10 Gb/s
were also demonstrated. Also demonstrated were the wavelength conversion and retiming and
reshaping (2R) operations. It is interesting that this SMZ gate switch can be used for rather
slow signal processing. Bit rate free 2R operation (2.5-42 Gb/s) was demonstrated for NRZ
signals.

Chapter 4 describes a different approach to realizing ultrafast signal processing. The Uni-
Traveling-Carrier Photodiode (UTC-PD), which has a very fast response with high output
current, followed by a monolithically integrated traveling-wave electro-absorption modulator
(TW-EAM), was used for ultrafast signal processing. In this method, very short gate pulses are
converted to the electrical signal using UTC-PD, which has a 3-dB cut-off frequency of above
300 GHz. The electric signal modulates the optical signal by TW-EAM, which is monolithically
integrated with the UTC-PD. Using this method, DEMUX operation of 320 Gb/s to 10 Gb/s
was demonstrated. We are not bothered by the intrinsic relationship of response time and energy
requirement inherent to the third-order nonlinear process. Careful design taking into account
RC limit and phase matching of the traveling wave EAM modulator are crucial issues.

Chapter 5 describes the inter-sub-band transition (ISBT) gate. The ISBT gate utilizes the
absorption saturation in the inter-sub-band transition in the conduction band of a very thin
quantum well. To obtain a 1.55um transition, a deep potential well and ultra-thin well
have to be employed. Material systems satisfying this are (GaN)/AIN, (CdS/ZnSe)/BeTe,
and (InGaAs)/AlAs/AlAsSb material systems. Materials in parentheses are well layer mater-
ials. Response time depends on 7} and 7, times, which depend on parameters such as
LO-Phonon energy, effective mass, and dielectric constant. Because of these paramet-
ers the (GaN)/AIN quantum well shows the fastest response, then (CdS/ZnSe)/BeTe, with
the (InGaAs)/AlAs/AlAsSb system being the slowest. However, even in the slowest case, the
response time is about 1 ps. Owing to the very fast response time of ISBT, we can realize a
very fast absorption saturation type gate. A problem, however, is that gating energy becomes
large for a fast response, as can be seen from Equation (1.23). Then in ISBT gates, much effort
has been put into realizing low-gating energy despite the very fast response. In addition to the
intensity gate based on absorption saturation, a new very interesting phenomenon has been
found in the InGaAs/AlAs/AlAsSb ISBT gate, i.e all-optical, deep-phase modulation can be
used on the loss-less TE mode probe light when the quantum well is illuminated by a TM gate
pulse. This new phenomenon is quite useful, and wavelength conversion of picosecond pulses
with 10 Gb/s repetition was demonstrated using this effect.

In Chapter 6, four-wave mixing (FWM) wavelength conversion using SOA is presented.
Various methods of wavelength conversion are reviewed and then the chapter focuses on FWM
using the semiconductor gain medium, SOA and semiconductor lasers. Various effects giving
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third-order nonlinear susceptibility are discussed. These are carrier density pulsation, carrier
heating, and spectral hole burning. An impeding effect for the application of FWM for practical
systems is the asymmetry in the wavelength conversion efficiency with respect to the pumping
wavelength. The wavelength conversion efficiency from long wavelength to short wavelength
is high, while the short to long is small. To solve this problem, quantum dot SOA was used,
and almost symmetric wavelength conversion was demonstrated at 1.3 um. The wavelength
conversion of a 160-Gb/s signal was demonstrated at 1.55 pm, although there remained asym-
metry. Also demonstrated was the use of a two-wave pumping scheme using bulk active layer
SOA monolithically integrated with Mach—Zehnder interferometer configuration. This gen-
erates a replica of the signal at a different wavelength. Use of the conjugate wave for the
compensation of the dispersion effect was also demonstrated using FWM.

In Chapter 7, transmission experiments performed using the devices illustrated in this book
are reviewed. A 160-Gb/s based eight wavelength WDM experiment and a 320-Gb/s based ten
wavelength WDM experiment were performed using mode-locked lasers (see Chapter 2) and
SMZ gate switch (see Chapter 3). Another was a field experiment using an EAM-based CS-RZ
light source (Chapter 2). In addition to these experiments, several recent experiments above
160 Gb/s are reviewed briefly, and the trends in very high bit rate transmission technologies
are discussed. Based on these discussions and the state-of-the-art development of the devices
described in this book, the technical issues to be overcome to make these devices useful and
practical ones are discussed.

1.6 Summary

We saw that the development of new and higher performance devices has played a crucial
role in higher bit rate systems. The increased communication capacity has brought us to a
new era of the information society, where broadband Internet has had a huge impact on our
daily life. We have the benefit of networks; however, we are facing the problem of increased
power consumption by the network equipment. To take full advantage of the communications
network we are required to establish new technologies that enable transmission of huge capacity
data with minimum power consumption. One of the ways to achieve this is to introduce
ultrafast, all-optical, signal processing. With ultrafast all-optical signal processing, we will be
able to transmit huge amounts of data by OTDM by combining WDM and/or a multilevel
scheme. To this end, semiconductor-based, ultrafast, all-optical signal processing devices are
essential. There is a lot of difficulty in realizing satisfactory performances. We have discussed
a third-order nonlinear process taking the simplest case, and showed that there is a restrictive
relationship between the device response speed and the optical energy need for operation. In
this book, readers will find a lot of new ideas and trials so far encountered in attaining our goal.
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