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Summary

Ultrafast all-optical signal processing us-
ing semiconductor optical amplifiers

As the bit rate of one wavelength channel and the number of channels keep
increasing in the telecommunication networks thanks to the advancement of op-
tical transmission technologies, switching is experiencing the transition from the
electrical domain to the optical domain. All-optical signal processing, including
wavelength conversion, optical logic gates and signal regeneration, etc, is one of the
most important enabling technolgies to realize optical switching, including optical
circuit switching, optical burst switching and optical packet switching.

Semiconductor optical amplifiers (SOAs) are very promising in all-optical signal
processing because they are compact, easy to manufacture and power efficient. It is
therefore very important to develop numerical models for the SOAs to understand
their behaviour in different system configurations, especially when the interacting
pulse duration becomes shorter and shorter with increasing bit rate, where several
effects that are neglected in previous models have to be accounted for.

To investigate high-speed SOA-based all-optical signal processing systems, in
this thesis we develop a comprehensive model, which includes both inter- and
intra-band carrier dynamics, gain dispersion and group velocity dispersion, in this
thesis. Polarization dependent effects can also be taken into account through
introducing an imbalance factor f . Finite-difference beam propagation method is
employed to solve the numerical model.

Mode-locking lasers offer a lot of applications in all-optical signal processing
systems. In this thesis we investigate a novel mode-locked laser based on nonlinear
polarization rotation in an SOA. The pulse narrowing process is demonstrated
numerically, achieving good agreement with our experimental results. The pulse
performance is largely determined by the ultrafast SOA gain dynamics and the
cavity dispersion. The laser can produce a pulse train of sub-picosecond pulse
width at a repetition rate of 28 GHz, which is limited by the carrier lifetime, for
a moderate SOA current level. For higher currents instabilities occur in the laser.
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One of the drawbacks of the SOA-based devices is the relatively long gain recov-
ery time which results in strong pattern effects for high bit rate operaion. In this
thesis we extensively investigate a very high bit rate wavelength converter based
on a single SOA and an optical bandpass filter. The enhancement in operation
speed is based on filtering an amplitude- and phase-modulated signal. We study
the underlying working principle and perform detailed analysis of the high-speed
wavelength converter, which leads to optimization rules for high-speed SOA-based
wavelength conversion. Moreover, both inverted and non-inverted wavelength con-
version at much higher bit rate(1 T b/s), is also predicted. Furthermore, genetic
algorithm is introduced in the optimization of the transfer function of the OBF
following the SOA. Through optimization, eye opening of more than 33 dB is
shown for non-inverted wavelength conversion. The optimized filter can be ex-
perimentally implemented through a combination of asymmetric Mach-Zehnder
interferometer and a Gaussian filter.

Enlightened by the working principle of the wavelength converter, we proposed
and demonstrated experimentally a novel optical logic gate with a very simple
structure: an SOA followed by an OBF. This logic gate can realize AND, OR
and XOR gate functions based on the same setup but with different operation
conditions. This novel device can be integrated.
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Chapter 1

Introduction

The transition from electrical to optical switching in telecommunication networks is
described and the importance of all-optical signal processing is identified. Through
an overview of all optical signal processing technologies, the foundation for this
thesis is established. The various contributions described in the thesis are presented
and the structure of the thesis is outlined.

1.1 Switching: From electrical to optical

In recent years we have witnessed the introduction of many new technologies for
optical transmission, such as wavelength division multiplexing (WDM), erbium-
doped fiber amplifier (EDFA), fiber Raman amplifier, etc. These technologies
help to expand the capacity of global telecommunication networks dramatically.
The underlying driving force for this vast expansion is an ever-present human
ambition to move forward, for example, from a mere text-based Email system to
the world wide web (WWW), from voice communication (including fixed line and
wireless communication) to voice over IP to on-line video conferencing, from on-
line chatting to on-line gaming. All these developments require more and more
network capacity. The direct consequence of this “hunger for bandwidth” is that
the single-wavelength capacity in many back-bone networks has progressed from
2.5 Gb/s or lower to 10 Gb/s. More exciting is that systems with 40 Gb/s at each
wavelength are being deployed in the field commercially right now1. To meet the
ever-increasing bandwidth requirements, researchers are constantly pushing the
transmission limit. This is demonstrated by reports of 2.56 Tb/s transmission at
one wavelength [1] and 14 Tb/s (111 Gb/s × 140 wavelength channel) in a WDM
link [2] at the European Conference on Optical Communication (ECOC) in 2005
and 2006, respectively.

1Detailed information can be found at http://www.lightreading.com/document.asp?doc id=
9656&site=globalcomm.
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Huge transmission capacity, however, does not form the whole picture. A com-
munication network basically has two functionalities: transmission and switch-
ing [3]. Information bits are sent from an origin to a final destination through
transmission channels via many intermediate network nodes. At these nodes, the
switching takes place so as to route the bits from the origin to the destination along
a prescribed pathway. The switching itself can be implemented in either the elec-
trical or the optical domain. Switching in the electrical domain use complicated
algorithms based on the global network information to avoid collision and service
degradation. It is very efficient and the technology is mature. The combination of
optical transmission and electrical switching works very well, as evidenced by the
fact that so far in most of the commercial networks, the information is transmit-
ted in the optical domain and switched in the electrical domain. The switching
in the electrical domain, however, is experiencing more and more pressure from
the above-mentioned ever-increasing transmission capacity. The situation becomes
even worse when there are many wavelength channels in one optical fiber, as is
common in today’s WDM networks, because a large number of optical receivers,
modulators and lasers will be required at each network nodes, resulting in a pro-
hibitively expensive network. At the same time, high-capacity electrical signal
processing consumes relatively large space and high power. The state-of-the-art
CRS-1 router (from CISCO) with up to 92 Tb/s switch capacity (72 line card
shelves, 40 Gb/s line cards in one shelf) occupies 100m2 space, consumes 1 MW
power and weighs 60 Ton 2.

To alleviate this problem, switching in the optical domain is proposed. The
possibility of monolithic integration of the optical switch fabric, keeping the high-
speed data in the optical domain and discarding the store-and-forward router
architecture allows lower power consumption and smaller real estate, eventually
reducing the cost [4]. There are essentially three kinds of optical switching tech-
nologies: optical circuit switching (OCS), optical burst switching (OBS) and op-
tical packet switching (OPS). As the earliest version of optical switching, OCS
performs switching by the input signal wavelength, which is pre-designed to indi-
cate the route that the optical signal will follow [3]. The idea behind this is that,
since most of the traffic only passes the intermediate nodes, it can be switched in
the optical domain without being converted to the electrical domain and back to
the optical domain again. Only those wavelengths that are destined for the node
will be dropped and processed in the electrical domain. In this way, the network
cost can be reduced. The equipments that can be used to realize such switch-
ing are called Optical Add-Drop Multiplexing (OADM) and optical cross connect
(OXC). Due to the increasing requirements for the network flexibility, reconfig-
urable OADM (ROADM) attracts a lot of attention in industry and academia [5].

As the network is becoming more and more Internet Protocol (IP) based, OCS
becomes more and more inefficient. Sub-wavelength traffic grooming capability is
also desirable in order to increase the flexibility of the network [6]. Based on these

2http://www.cisco.com/en/US/products/ps5763/index.html
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scenarios, optical burst switching (OBS) and optical packet switching (OPS) have
been proposed. OBS is a technique for transmitting bursts of traffic through an
optical transport network by setting up a connection and reserving resources end
to end only for the duration of a burst [7]. In contrast to OBS, the switching
granularity of OPS is data packet instead of optical burst, resulting in a higher
utilization efficiency. Just like its counterpart in the electrical domain, an optical
data packet is composed of a payload and a header. While the header indicates the
properties of the packet, such as the source address, destination address, Quality
of Service (QoS), the payload contains the information from the client layer and
it can be an IP packet, an Ethernet frame, an ATM cell, etc. At each node, the
optical data packets are switched individually. When an optical packet arrives at a
node, the optical cross-connect will process the header information and then switch
the packet to its destination based on the current network resource availability.
This means that the node should be reconfigured on a time scale shorter than the
packet duration, which is typically on the order of nanoseconds already. In this
way, OPS can provide almost arbitrarily fine switching granularity and enhance
the utilization efficiency of the network resources.

All these advantages of OPS do not come without a price. Fig.1.1 shows the

Figure 1.1: A schematic of a typical node structure of OPS node.

structure of a typical OPS node [8]. The important steps taking place in an OPS
node includes: 1) input alignment that happens in the input stage, including syn-
chronization of the incoming packets, pre-amplification, regeneration; 2)buffering
that solves packet contention in the time domain and wavelength conversion that
solves packet contention in the wavelength domain; 3) switching the packets to
the desired output port depending on the packet header information that are ex-
tracted and processed in either the electrical domain or the optical domain. It
is straightforward that, in order to realize OPS, many advanced all-optical sig-
nal processing functions should be realized, such as all-optical header recognition,
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buffer, switching, wavelength conversion, logic gates, flip-flop memory, etc [9]. In
particular, wavelength conversion is very crucial in all the discussed optical switch-
ing schemes (OCS, OBS and OPS) and has attracted significant research efforts
in the past. In the next section, we will discuss the progress in all-optical signal
processing.

It should be noted that in OPS networks, the payload is always kept in op-
tical domain no matter in which domain the header information is processed. In
many projects on optical packet switching, such as the European ACTS (Ad-
vanced Communications Technologies and Services) KEOPS (Keys to Optical
Packet Switching) project [10, 11], American project LASOR (LAbel Switched
Optical Router) [12] and IRIS (Integrated Router Interconnected Spectrally) [13],
the header information is processed in the electrical domain. Since the optical
packet duration is short, the latency introduced by electrical header processing
reduces the network utilization efficiency. Therefore, there are considerable efforts
to realize header processing in an all-optical fashion. For example, the Euro-
pean project IST-LASAGNE (all-optical LAbel SwApping employing optical logic
Gates in NEtwork nodes) aims at designing and implementing the first, modular,
scalable and truly all-optical photonic router capable of operating at 40 Gb/s [14].
The advantages associated with header processing in the optical domain include
higher header information capacity, transparency with regard to bit rate/packet
format/packet length, etc.

1.2 All-optical signal processing

1.2.1 Different materials

All-optical signal processing functions are usually performed using nonlinear op-
tical effects that occur in a device under certain conditions. In principle, nonlinear
optical effects can occur in almost all of the dielectric materials. In practical all-
optical signal processing systems aiming at applications in telecommunication net-
works, however, the nonlinearities are mainly based on optical fibers, semiconduc-
tor material such as InGaAsP or GaAs and solid crystals such as Lithium-niobate
(LiNbO3).

Optical fiber-based solutions enjoy several advantages. Firstly, fiber-based de-
vices are easily coupled to the transmission link, decreasing the coupling losses.
Secondly, the nonlinear effect occur on a typical time scale of tens of femotosec-
onds, enabling very fast signal processing far beyond 1 Tb/s. Thirdly, due to the
passive nature of the device, no noise is added to the signal in the processing. How-
ever, the device tends to be bulky because the nonlinear effects become noticeable
only at the end of a long piece of fiber 3. Moreover, due to the small nonlinear

3Development of highly nonlinear fiber is in fast progress. Demonstration of all-optical wave-
length conversion in a 1m fiber has been demonstrated [15]
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coefficient, the input optical power (usually more than 20 dBm) is too high for
practical application in ultra-high bit rate all-optical signal processing systems.

Second order nonlinear processes, such as sum/difference frequency generation,
in LiNbO3 material have also been utilized to realize all-optical wavelength con-
version, logic gates, etc. To improve the phase-matching condition and therefore
enhance the nonlinear effects, periodic poling is usually adopted and the resulting
material is called periodically poled LiNbO3 (PPLN). The advantages include a
full range of transparency, low noise level, high efficiency and optically tunable
wavelength conversion [16]. However, there are several drawbacks such as man-
ufacturing difficulty, polarization dependence, high operation power and narrow
bandwidth [17].

Semiconductor material is very attractive in all-optical signal processing. While
research on devices operating in absorption region [18] is going on, most efforts are
paid to semiconductor optical amplifier (SOA)-based devices. SOAs have several
striking advantages. Firstly, due to the gain of the device and strong resonate
nonlinear effects, the optical power of the input signal can be very low, leading
to high power efficiency. Secondly, the device dimension is small compared to
devices based on other material and it has the potential to be integrated with
other photonic devices [19]. In this thesis, we concentrate on SOA-based all-
optical signal processing. One drawback of SOA-based devices, however, is that
relatively long carrier lifetimes (typically tens to hundreds of picoseconds) result
in significant pattern effect limiting the maximum pattern-effect-free bit rate. One
of the main challenges in SOA-based signal processing is to combat this limitation
in order to increase the operation bit rate.

1.2.2 SOA-based all-optical signal processing: State of the
art

A lot of progress has been made in SOA-based all-optical signal processing in
the past. Complicated logic devices have been proposed and demonstrated. The
operation bit rate is always being pushed forward. The main mechanisms are
cross gain modulation (XGM), cross phase modulation (XPM), four wave mixing
(FWM) and cross polarization modulation (XPolM).

As mentioned above, the operation bit rate of SOA-based signal processing
systems is increasing. By combining XGM and XPM, all-optical wavelength con-
version has been achieved with a single SOA at 320 Gb/s [20], the highest bit rate
reported up to now. Integrated devices have also been demonstrated, operating at
80 Gb/s [21] and 100 Gb/s [22], respectively. With a similar approach, 640 Gb/s-
to-40 Gb/s all-optical demultiplexing has been demonstrated [23]. Penalty-free
all-optical re-amplification, reshaping and re-timing (3R) has been demonstrated
at 84 Gb/s [24].

Other novel functions have also occurred. Using XPolM, single and multi-cast
wavelength conversion at 40 Gb/s have been realized [25]. An optical power limiter
using a saturated SOA-based interferometric switch has been shown at 10 Gb/s
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[26]. Through coupled ring lasers that share a single SOA as the gain medium, 8-
state optical flip-flop memory has been demonstrated [27]. This multi-state optical
memory can be utilized to realize all-optical signal processing in the wavelength
domain [28]. An optical shifter register and an optical pseudo-random binary series
generator have been demonstrated [28]. Optical half adder [29] and full adder [30]
have also been demonstrated. In these complicated systems, optical logic gates
play a large role. With a so-called “Turbo Switch”, all-optical exclusive “OR”
(XOR) gate operating at 85 Gb/s has been demonstrated [31]. It is interesting to
note that optical logic gates, more specifically, XOR gates, are actually used to
realize packet address recognition in the IST-LASAGNE project [14]. Nowadays,
logic gates for other more advanced modulation formats attract more and more
attention [32].

In short, SOA-based devices are very promising in all-optical signal processing
and are being explored extensively for many novel functions. It is therefore very
important to understand the underlying physics, based on which the devices can
be optimized and novel device concepts can be proposed.

1.2.3 Motivation of the work

Numerical modeling is always necessary to understand the working principle of
the devices and to optimize their performance. It is also useful to verify a novel
idea before implementing it in the lab. Although the experimental results on SOA-
based signal processing have been demonstrated at very high bit rates [20, 23], to
the best of our knowledge, understanding the details through extensive numerical
work has not been achieved. When the bit rate reaches 320 Gb/s, 640 Gb/s or
even higher, the pulse width involved is usually around 1 ps or less. Under such
circumstances, many physical effects that have been neglected in the previous
work have to be taken into account, leading to simulation challenges that will be
described in detail in Chap.2. It is therefore very interesting to develop an SOA
model within the context of ultra-high speed all-optical signal processing and to
investigate the working principle numerically. With the knowledge gained from
these numerical experiments, new insight can be generated to understand and
optimize the all-optical signal processing systems better. At the same time, novel
concepts for all-optical signal processing can be developed.

1.3 Contributions of this thesis

In this thesis, a comprehensive SOA model has been established and extended.
This model allows simulation of propagation of optical pulses longer than 100 fs
in an SOA. Both inter- and intra-band carrier dynamics are taken explicitly into
account. Gain dispersion and group velocity dispersion are also included. The
outputs from the model are in good agreement with the experiments.
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A novel SOA-based mode-locked ring laser using nonlinear polarization rota-
tion is investigated numerically with the developed model. The system, involving
polarization optics, is carefully modeled using Johns matrix. The system shows
bistable behavior depending on the intensity of the initial pulse. The condition
for the system to build up is investigated and the dependence on the linewidth
enhancement factor and injection current is explored. The pulse width and the
highest possible repetition rate are investigated and their dependences on critical
system parameters are studied.

The model is also applied to investigate filter-assisted high-speed wavelength
conversion based on a single SOA. The role of the filter is to convert the phase
dynamics to amplitude dynamics, enabling high-speed operation of the wavelength
converter based on a single SOA. The operation principle is analyzed and the
performance dependence of the wavelength converter on critical system parameter
is studied. Insights are generated as to how to optimize the wavelength converter.
Moreover, Genetic Algorithms are introduced to optimize the transfer function of
the filter in terms of the output signal eye opening. The optimized filter shape can
be implemented by combining a Gaussian filter and an asymmetric Mach-Zehnder
interferometer, which is employed in the experiments. In theory, the wavelength
conversion can work at 1 Tb/s or higher but the performance will be limited by
amplified spontaneous emission noise, which is not accounted for in this work.

With the knowledge gained from the simulations, a novel logic gate is proposed
and demonstrated. Without changing the system structure, the proposed logic
gate can realize different logic functions, AND, OR and Exclusive OR, depending
only on the operation conditions. The logic gate has a simple structure (an SOA
followed by an optical bandpass filter) and can be integrated.

In short, we developed and extended a comprehensive model on sub-ps pulse
propagation in an SOA. With this model, we studied mode-locked ring laser based
on nonlinear polarization rotation, filter-assisted high-speed wavelength conversion
and a novel logic gate, which are important building blocks in future all-optical
signal processing systems.

1.4 Outline of this thesis

This thesis is organized as follows. In Chapter 2 the modeling of SOAs is firstly
over-viewed with respect to modeling the carrier dynamics and the field propaga-
tion. The numerical model used in this thesis is then described in detail, resulting
in a set of nonlinear partial differential equations (PDEs). The numerical schemes
used in solving the PDEs are presented.

A novel mode-locking scheme based on nonlinear polarization rotation in SOAs
is investigated in Chapter 3. After the concepts of nonlinear polarization rotation
and mode-locking are introduced, the numerical model for the whole mode-locking
system is described. Detailed analysis regarding the condition for mode-locking,
the pulse shortening process, the pulse width dependence and the achievable rep-
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etition rate is performed. Finally the experimental results are presented, which
qualitatively agree with the simulated results.

In Chapter 4 a high-speed wavelength converter based on a single SOA is in-
vestigated in detail. High-speed wavelength conversion is enabled by a detuned
optical bandpass filter following the SOA. The importance of wavelength conver-
sion and the advantages and problems of SOA-based wavelength conversion are
first presented. The operation principle of the filter-assisted wavelength conver-
sion is then analyzed, followed by the world record-setting experimental results
at 160 Gb/s and 320 Gb/s. The simulation configuration is then introduced and
the simulation resulted are presented. Simulation results at higher bit rate are
also presented, suggesting promising applications of SOA in ultra-high bit rate
all-optical signal processing. Finally discussions are presented.

In the analysis of Chapter 4, a Gaussian amplitude transfer function is assumed
for the optical bandpass filter. It would be interesting to know what the optimum
filter transfer function for such a wavelength converter is. This is investigated in
Chapter 5 through Genetic Algorithm, a multi-parameter optimization algorithm.
The output signal quality is optimized in terms of eye opening and output pulse
peak power. The robustness of the optimized filter is also investigated, against
the SOA operation conditions and the filter parameters. Furthermore, it is shown
that the optimum filter can be implemented through a combination of a Gaussian
filter and a delay interferometer.

In Chapter 6, a novel all-optical logic device is proposed and demonstrated.
This logic device is based on filtering the amplitude- and phase-modulated signal.
The operation principle is shown through simulations, followed by experimental
confirmations.

Finally, conclusions are drawn in Chapter 7, where recommendations for future
research are also proposed.



Chapter 2

Numerical model including
ultrafast carrier dynamics

As stated in the previous chapter, SOAs play a very important role in optical
communication systems, such as power booster at the transmitter side, in-line am-
plification, preamplification at the receiver side, etc. In particular, SOAs are very
attractive for all-optical signal processing due to their large nonlinearity and power
efficiency. In order to make innovative use of SOAs one has to understand the un-
derlying physics. Therefore it is necessary to perform numerical simulations based
on well-grounded physical models to propose new ideas and to optimize the device
(system) performance. In this chapter, the existent SOA models are reviewed and
the model used in this thesis is described in detail.

2.1 Overview of the SOA models

An SOA is an optoelectronic device that under suitable operation conditions can
amplify an input light signal. A fully packaged SOA is shown in Fig.2.1, where
the small dimension is clearly visible 1. The actual length of an SOA is on the
order of 1mm and the transversal area is on the order of 0.5 µm2. A schematic
diagram of an SOA is shown in Fig.2.2 [33], where it is seen that the active region,
which is composed by one kind of alloy, is buried into the device and surrounded
with another kind of material that has lower refractive index. Under electrical
current injection, the active region has its carriers inverted into an excited energy
level enabling an external input optical field to initiate stimulated emission and
therefore provides gain for the incoming optical signal. In fact, SOAs operate in
a similar fashion as lasers but the SOA is operated below its threshold for lasing,
which is typically at very high current since the facets are anti-reflection (AR)

1The figure is from http://www.ciphotonics.com.
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coated. The optical signal travels through the SOA only once, eliminating ripples
in the amplifier gain as a function of wavelength. This kind of SOA is called
traveling-wave SOA (TW-SOA). There is actually another kind of SOA, whose
facets are not AR coated and therefore are called Fabry-Perot SOA [34]. However,
throughout this thesis we only treat TW-SOA and for simplicity we will use SOA
instead of TW-SOA.

Figure 2.1: A fully packaged SOA.

Figure 2.2: A schematic of an SOA.

The SOA gain is closely related to the carrier number density in the SOA active
region and is determined by the device parameters and the injection current. The
gain changes dynamically if the carrier number density is modulated by either the
injected electrical current or the injected optical signal. Gain dynamics and carrier
dynamics are one of the central topics in SOA-related research. In modeling an
SOA, one would first consider how the carrier dynamics are modeled. Secondly,
one would be concerned about how to model the optical field propagation. There
exist many SOA models of different accuracies. The most accurate way of mod-
eling an SOA is to solve the Semiconductor Bloch Equation (SBE) but this is
extremely time-consuming [35]. The computation time is not acceptable for the
system applications of SOA-based devices, where many optical pulses have to be
transmitted through the SOA to evaluate the system performance. A simplified
approach is to include certain physical processes phenomenologically, as is done
in rate-equation models. These models enjoy the much faster calculation speeds.
Although the accuracy for sub-picosecond pules is not as good as the SBE calcula-
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tions, the rate equation models are quite successful in explaining the experimental
results for both laser diodes and SOAs [36, 37]. In this section, efforts are made to
summarize the SOA rate equation models, based on modeling of carrier dynamics
and optical field propagation, separately.

2.1.1 Carrier dynamics

In most SOA models, carrier dynamics are taken into account through the total
carrier number density 2. The typical time evolution equation for the total carrier
number density N is

∂N

∂t
= Rinj − Rrad − Rnrad − Rst, (2.1)

where Rx denotes the carrier injection rate through the injection current (x =
inj), radiative recombination rate (x = rad), non-radiative recombination rate
(x = nrad) and stimulated emission rate (x = st), respectively. Rrad represents
spontaneous emission in the active region while Rnrad represents all the other re-
combination mechanisms, including surface recombination, defect recombination,
Auger recombination, etc. It can be seen from Eq. (2.1) that in the absence of
a large photon density, i.e., no external injection light and amplified spontaneous
emission is neglected, we have Rst = 0 and the following relationship should hold
at equilibrium:

Rinj = Rrad + Rnrad, (2.2)

that which tells us that the carrier recombination rate is determined by the carrier
injection rate, proportional to the injection current. In many models, the radiative
and non-radiative recombination terms are taken into account by introducing a
carrier lifetime τs = N

Rrad+Rnrad
[36]. The carrier lifetime is generally taken to

be a constant, it is in fact dependent on N because Rrad + Rnrad is not a linear
function of N [36].

The material gain g0is related to the total carrier number density N through
a linear relationship [36]

g0 = a0(N − N0) (2.3)

or a logarithmic relationship [38]:

g0 = a0N log(N/N0), (2.4)

where a0 is the differential gain and N0 is the transparency carrier density . While
these are good approximations for input optical signals with large time duration
(> 10 ps), the gain has to be modified by introducing a so-called nonlinear gain
suppression factor ε when the input optical signal has a time duration of less than

2According to charge neutrality, the number of electrons in the conduction band should be
the same as that of holes in the valence band for undoped material.
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10 ps or the input signal intensity is too high. Therefore, the gain is usually
expressed as

g =
g0

1 + ε S
, (2.5)

where g0 defined above.

The reason for introducing ε is to take into account intra-band carrier dynamics,
such as carrier heating and spectral hole burning [39–41]. For the same total carrier
density, the material gain decreases due to increasing carrier temperature or non-
equilibrium distribution of the carriers in the conduction band or the valence band,
causing gain compression. These intra-band carrier dynamics becomes more and
more important when the input optical signal duration is shorter than a critical
pulse width, which is determined by the material properties [42]. The value of ε
is usually obtained by fitting the experimental results with the simulation results.

By introducing the nonlinear gain suppression factor ε, one assumption has
been made: the response of the intra-band carrier dynamics is instantaneous with
the input optical signal [37, 39]. This assumption holds for pulses of several ps but
fails for sub-ps pulses since the response time constants of the intra-band carrier
dynamics are comparable to the input optical pulse width. Therefore, for sub-ps
pulse propagation in the SOA, care has to be taken to model the intra-band carrier
dynamics so that the gain dynamics can be derived correctly. In early 90’s, Mørk
et al. introduced the concept of the local carrier density in the SOA modeling and
by doing so, intra-band carrier dynamics such as spectral hole burning, carrier
heating and free carrier absorption can be modeled with great success to explain
the pump-probe experimental results [43, 44]. Our numerical model is based on
this model and will be detailed in next section.

2.1.2 Field propagation

The optical field propagation through the SOA is quite a complicated problem
because of the time-varying properties of the active waveguide–the gain and the
refractive index are continuously though slowly evolving when there is injected
light. To rigorously model the light propagation, the full Maxwell equations have to
be solved, usually with a finite-difference time domain (FDTD) method [45]. This
is computationally expensive and simplified methods are adopted. One assumption
is that the active region dimensions are such that the amplifier supports a single
waveguide mode [46] and the waveguide non-uniformities caused by the carrier
number density fluctuations are treated as perturbations. The electric field is
then separated into transverse component and longitudinal component. Through
introducing slow-varying amplitude approximation, the electric field satisfies 3:

∂A(z, t)

∂z
+

1

vg

∂A(z, t)

∂t
=

1

2
[Γg(z, t)(1 + iα)]A(z, t) − 1

2
αintA(z, t), (2.6)

3The field expression will be detailed in Sec. 2.2.1
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where Γ is the confinement factor taking into account the transverse effects, α is the
linewidth-enhancement factor taking into account the amplitude-phase coupling
effects, and αint is the internal loss coefficient. The first term in the right-hand
side represents the amplification of the input electrical field and the corresponding
phase modulation due to the refractive index change associated with the gain evo-
lution. The second term represents the loss that the optical electric field encounters
in the SOA.

In Eq. (2.6), gain dispersion (i.e, different frequency component of a signal
has different gain ) and group velocity dispersion (different frequency component
travels at a different speed) have been neglected because their effects are negligi-
ble for typical amplifier lengths (L = 0.2 ∼ 0.5mm) and pulsewidths (> several
ps) [46]. When the pulse becomes shorter with increasing bit rate, gain dispersion
and group velocity dispersion have to be taken into account. The most popu-
lar approach to include gain dispersion is implemented in the frequency domain.
Through dividing the gain spectrum into many small sections, in each of which
the gain is assumed to be constant, gain dispersion can be implemented. A sep-
arate equation is established for each small frequency section, resulting in a set
of coupled equations. This method is easy to implement but difficult to incorpo-
rate the broad-band nonlinear effects in the SOA [47] because nonlinear effects
are difficult to be treated in frequency domain (since the transform between the
time domain and the frequency domain, Fourier transform, is a linear transform).
Therefore it is desirable to implement gain dispersion in the time domain. Sev-
eral approaches have been proposed to deal with these effects in the time domain.
In [48], by assuming a parabolic gain spectrum, the gain dispersion is dealt with
through a finite impulse response (FIR) filter, taking into account the carrier den-
sity dependence of the gain spectrum. This method is quite successful for the
gain spectrum, however, the phase term has to be calculated separately because
the FIR filter introduces additional phase information. A first order infinite im-
pulse response filter was used to simulate a finite gain bandwidth in a mode-locked
semiconductor laser [49]. Another approach is to introduce another transient pho-
ton density [50]. The gain dispersion and group velocity can also be treated by
introducing higher order derivatives of A(z, t) with regard to t at the left hand
side of Eq. (2.6) [51–53]. In our model we adopted this method due to its simple
implementation and the procedure will be detailed in the next section.

Apart from the dispersion effects, several physical processes are not taken into
account in Eq. (2.6), such as free-carrier absorption and two-photon absorption,
which become more and more important for sub-ps pulse propagation [43, 44].
These effects will be included in our model. Besides, in Eq. (2.6), a single po-
larization is assumed for the input optical signal. In our model, the polarization
effects will be taken into account through decomposing the carriers into two sep-
arate carrier reservoirs and introducing an imbalance factor [54].

Another important topic in SOA modeling is the amplified spontaneous emis-
sion (ASE). ASE depletes carriers, thus decreasing the available gain for the signal;
at the same time, the ASE also adds to the output signal, decreasing the optical
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signal-to-noise ratio. ASE modeling is an involved task and usually performed in
the frequency domain through separate equations for the ASE noise and the prop-
agating signals, neglecting the interaction between the ASE noise and the signals.
This is a relatively simple approach, in which a detailed material gain model can
be implemented for the ASE noise. However, additional equations may be needed
to take into account the beating effects [55]. This approach actually only accounts
for the saturation effects of the ASE noise while neglecting the ASE’s stochas-
tic nature. To take into account the stochastic nature of the ASE in the time
domain, it is desirable to perform the simulations in a full time-domain model,
where the signal and the noise are generated and propagated together in the time-
domain [56] [57] [58]. Despite these progresses in the modeling of ASE noise, it is
still a challenging job to simulate the ASE noise in the time domain with pulses
of several hundred femotoseconds, where the time resolution is on the order of 10
fs. In our model, ASE noise is not accounted for, but is recommended for future
research.

2.2 The SOA model used in this thesis

2.2.1 Basic Model

As described in the previous section, the SOA shows rich carrier dynamics in
terms of processes occurring on different timescales and they are very important
in determining the performance of SOA-based photonic devices. Among these pro-
cesses, two photon absorption (TPA), free carrier absorption (FCA) and spectral
hole burning (SHB) are almost instantaneous process. TPA introduces additional
loss to the incoming optical signal while generating carriers of very high energy
(“hot carriers”), which contribute partly to the carrier heating effects [44]. Sim-
ilar as TPA, FCA also introduces additional loss to the input optical signal and
contributes to the carrier heating effects by exciting the carriers to higher energy
levels in the same band. SHB describes the fact that due to the short duration of
the input optical signal, because the carriers around the resonant frequency (which
corresponds to the photon energy) are consumed for stimulated emission, the avail-
able gain around the input optical signal wavelength decreases as a result of this
non-equilibrium state, forming spectral hole in the gain spectrum. The spectral
hole is “filled” due to intra-band carrier-carrier scattering process, which happens
on a time scale of ∼ 50fs. In general, the carrier-carrier scattering time constant is
shorter for holes than for electrons. Strictly speaking the scattering time constant
is also a complicated function of total carrier density but this dependence is usu-
ally neglected. When the spectral hole disappears, thermal equilibrium is achieved
in each band (conduction band and valence band) and the resulting temperature
in each band is higher than the lattice temperature, as a result of several carrier
heating mechanisms, such as stimulation emission, injection current heating, TPA
and FCA, etc. Due to the interaction between the carriers and lattice vibrations
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(phonons), the temperatures in each band gradually relax to the lattice tempera-
ture. This process is called carrier cooling (CC), which occurs on a time scale of
∼ 700 fs for the conduction band and ∼ 200 fs for the valence band. At the same
time, inter-band carrier dynamics occur due to the interaction between carriers
and the external light electrical field (stimulated absorption and emission), spon-
taneous emission and non-radiative process. In the following we will describe the
carrier dynamics model.

The arbitrarily polarized input electric field is decomposed into two linearly
polarized components, one parallel to the layers in the waveguide [x component,
transverse electric (TE) mode] and another perpendicular component [y compo-
nent, transverse magnetic (TM) mode]. These two polarization directions are
along the principal axes (x̂, ŷ) that diagonalize the wave propagation in the SOA.
In fact, apart from their indirect interaction through the carrier dynamics in the
device, these two polarizations propagate independently from each other. We for-
mulate a rate equation model in the fashion of the one that is presented in [59],
but extended to account for ultrafast nonlinear optical processes such as TPA,
FCA, self-phase modulation (SPM), carrier heating, and spectral and spatial hole
burning. The total electric field is defined by

~ETE/TM (z, t) = [ATE(z, t)x̂ + ATM (z, t)ŷ]ei(ω0 t−k0z) + c.c., (2.7)

where k0 = [n(ω0)ω0/c, n(ω0) is the refractive index taken at the central frequency
ω0, c is the light velocity in vacuum, and x̂ and ŷ are unit vectors along the x and
y directions. The frequency ω0 has been chosen such that the complex pulse
amplitudes ATE/TM are slowly varying functions of z and t. The propagation
equations for the complex amplitudes of the TE and TM modes in the SOA are

(

∂

∂z
+

1

vg

∂

∂t

)

ATE(z, t) =

{

1

2
ΓTE (1 + iα) gTE(z, t) − 1

2
αint

− 1

2
Γ2 β2 (1 + iα2) [STE(z, t) + STM (z, t)]

−1

2
ΓTE βc nc(z, t) − 1

2
ΓTE βv nx(z, t)

}

ATE ,

(2.8)

(

∂

∂z
+

1

vg

∂

∂t

)

ATM (z, t) =

{

1

2
ΓTM (1 + iα) gTM (z, t) − 1

2
αint

− 1

2
Γ2 β2 (1 + iα2) [STE(z, t) + STM (z, t)]

−1

2
ΓTM βc nc(z, t) − 1

2
ΓTM βv ny(z, t)

}

ATM ,

(2.9)

where STE/TM (z, t) =
∣

∣ATE/TM (z, t)
∣

∣

2
representing the photon number density

of TE/TM mode, respectively. In Eqs. (2.8) and (2.9), the first term on the
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right hand side represent the linear gain and α is the phase modulation parameter
(or linewidth enhancement factor in the context of semiconductor lasers). The
third term represents the TPA that is modeled by assuming that both the TE
and TM modes are involved in the TPA process where α2 is the corresponding
phase modulation parameter, while the last two terms represent the FCA in the
conduction and valence bands. The variables are defined as follows: vg is the
group velocity for TE and TM modes (it is assumed that TE and TM modes have
the same group velocity); ΓTE/TM are the confinement factors for TE and TM
modes, respectively; β2 is the TPA coefficient; βc,v are the FCA coefficients in the
conduction band and valence band, respectively; nc is the local carrier number
density in the optically coupled region in the conduction band; nx,y are the local
carrier number density in the optically coupled region in the valence band, coupled
with TE and TM modes, respectively. This reflects our assumption that the TE
mode and the TM mode couple to different reservoirs of holes [59].

Eqs.(2.8) and (2.9) can be reformulated in terms of the intensities STE/TM

and the phases φTE/TM , where the phase is defined as

ATE/TM (z, t) =
√

STE/TM (z, t)eiφT E/TM

. (2.10)

The equations for STE/TM and φTE/TM are:

∂STE(z, τ)

∂z
=
[

ΓTEgTE(z, τ) − αint − ΓTEβc nc(z, τ) − ΓTEβv nx(z, τ)
]

STE(z, τ)

− Γ2β2[S
TE(z, τ) + STM (z, τ)]STE(z, τ),

(2.11)

∂STM (z, τ)

∂z
=
[

ΓTMgTM (z, τ) − αint − ΓTMβcnc(z, τ) − ΓTMβvny(z, τ)
]

STM (z, τ)

− Γ2β2[S
TE(z, τ) + STM (z, τ)]STM (z, τ),

(2.12)

∂φTE(z, τ)

∂z
=

1

2
αΓTEgTE(z, τ) − 1

2
α2Γ2β2[S

TE(z, τ) + STM (z, τ)], (2.13)

∂φTM (z, τ)

∂z
=

1

2
αΓTMgTM (z, τ) − 1

2
α2Γ2β2[S

TE(z, τ) + STM (z, τ)], (2.14)

where a moving coordinate frame τ = t− z/vg has been introduced. The gains for
TE/TM modes can be expressed as

gTE(z, τ) =
1

vg
αTE(ω0)[nc(z, τ) + nx(z, τ) − N0], (2.15)
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gTM (z, τ) =
1

vg
αTM (ω0)[nc(z, τ) + ny(z, τ) − N0], (2.16)

where αTE/TM (ω0) are the gain coefficients and N0 is the total density of states
in the optically coupled region, whose width is dependent on the dephasing time
τ2. For a bulk SOA,

N0 =

∫ ~ω0+
~

2τ2

~ω0−
~

2τ2

1

2π2

[

2m∗

~2

]
3

2

E
1

2 dE (2.17)

where m∗ is the carrier effective mass and ~ = h
2π . More accurate estimation can

be obtained by taking into account the Lorentzian linewidth in the integration,
instead of taking a rectangular integration region.

In order to calculate the gains for TE and TM modes, we have to calculate the
local carrier densities. The evolutions of the local carrier number densities satisfy

∂nc(z, τ)

∂τ
= −nc(z, τ) − nc(z, τ)

τ1c
− vgg

TE(z, τ)(z, τ)STE(z, τ)

− vgg
TM (z, τ)(z, τ)STM (z, τ)

− nc(z, τ)βcvg [S
TE(z, τ) + STM (z, τ)],

(2.18)

∂nx(z, τ)

∂τ
= −nx(z, τ) − nx(z, τ)

τ1v
− vgg

TE(z, τ)(z, τ)STE(z, τ)

− nx(z, τ)βvvg [S
TE(z, τ) + STM (z, τ)],

(2.19)

∂ny(z, τ)

∂τ
= −ny(z, τ) − ny(z, τ)

τ1v
− vgg

TM (z, τ)(z, τ)STM (z, τ)

− ny(z, τ)βvvg [S
TE(z, τ) + STM (z, τ)].

(2.20)

The first terms on the right-hand side of Eqs. 2.18 to 2.20 describe the relax-
ation of the electrons and holes to their quasi-equilibrium values ni(z, τ), i ∈ c, x, y
that are specified later. These relaxation processes are driven by the electron-
electron and hole-hole interactions with time constants of τc and τv , typically on
the timescale of 50 ∼ 100 fs. The second terms describe the stimulated emission.
It follows from Eq. 2.18 that for the electrons the TE and TM mode contribute
equally to the stimulated emission, whereas, for the holes the TE mode only in-
volves nx(z, τ) and the TM mode only ny(z, τ).

In order to solve Eqs. 2.18 to 2.20, ni(z, τ), i ∈ c, x, y have to be computed.
They are defined as:

nc(z, τ) = N0F (Efc(z, τ), Tc(z, τ), Ec), (2.21)
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nx(z, τ) = fny(z, τ) =
fN0

1 + f
F (Efv(z, τ), Tv(z, τ), Ev), (2.22)

where F (µ, T, E) = 1/[1+exp(E−µ
kT )] is the Fermi-Dirac distribution function,Efc(z, τ)

and Efv(z, τ) are the quasi-Fermi levels in the conduction band and the valence
band, Tc(z, τ) and Tv(z, τ) are the temperature of the carriers in the conduction
band and the valence band, Ec and Ev are the corresponding transition energies
in the conduction band and the valence band, f is the population imbalance factor
describing the gain anisotropy in the SOA. In case of unstrained bulk material, the
gain will be isotropic and f = 1. In case of tensile strain, TM gain will be larger
than TE, i.e., f < 1. If the total carrier number density N(z, τ) and the energy
density in the conduction band Uc(z, τ) are known, at each time step, Tc(z, τ) and
Efc(z, τ) can be consistently computed using:

N(z, τ) =
1

V

∑

k

F

(

Efc(z, τ), Tc(z, τ),
~

2k2

2m∗

c

)

, (2.23)

Uc(z, τ) =
1

V

∑

k

~
2k2

2m∗

c

F

(

Efc(z, τ), Tc(z, τ),
~

2k2

2m∗

c

)

, (2.24)

where m∗

c is the effective mass of the electrons around the bottom of the conduction
band, k is the wave vector of the electron wave function, and V is the volume of the
active region in the SOA. Similarly, if the total carrier number density N(z, τ) and
the energy density in the valence band Uv(z, τ) are known, Tv(z, τ) and Efv(z, τ)
can be consistently computed using:

N(z, τ) =
2

V

∑

k

F

(

Efv(z, τ), Tv(z, τ),
~

2k2

2m∗

v

)

, (2.25)

Uv(z, τ) =
2

V

∑

k

~
2k2

2m∗

v

F

(

Efv(z, τ), Tv(z, τ),
~

2k2

2m∗

v

)

, (2.26)

where m∗

v is the effective mass of the electrons around the peak of the valence
band. It is noted that a factor of 2 is introduced on the right hand side of Eqs.
(2.25) and (2.26) since two sub-bands are involved.

The total carrier density N(z, τ) satisfies

∂N(z, τ)

∂τ
=

I

eV
− N

τs
− vg [g

TE(z, τ)STE(z, τ) + gTM (z, τ)STM (z, τ)]

+vgβ2[S
TE(z, τ) + STM (z, τ)]2, (2.27)

where I is the injection current and e is the fundamental electric charge. It is
noted that N(z, τ) counts all the electron-hole pairs, including those that are not
directly available for stimulated emission. The energy densities satisfy:
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∂Uc(z, τ)

∂τ
= βc~ω0nc(z, τ)vg [S

TE(z, τ) + STM (z, τ)]

− Ecvg [g
TE(z, τ)STE(z, τ) + gTM (z, τ)STM (z, τ)]

+ E2cvgβ2[S
TE(z, τ) + STM (z, τ)]2 − Uc(z, τ) − Uc(z, τ)

τhc
,

(2.28)

∂Uv(z, τ)

∂τ
= βv~ω0[nx(z, τ) + ny(z, τ)]vg [STE(z, τ) + STM (z, τ)]

− Evvg [g
TE(z, τ)STE(z, τ) + gTM (z, τ)STM (z, τ)]

+ E2vvgβ2[S
TE(z, τ) + STM (z, τ)]2 − Uv(z, τ) − Uv(z, τ)

τhv
,

(2.29)

where τhc and τhv are the time constants for the heated carriers in the conduction
band and the valence band to relax to the lattice temperature. In the right-hand
side of Eqs. (2.28) and (2.29), the first terms describe the change in every density
due to the stimulated emission. The second terms describe the contribution of
the FCA and the third terms account for the heating by TPA. The last terms
represent the relaxation to equilibrium due to carrier-phonon scattering (carrier
cooling). At equilibrium (the carriers have the same temperature as the lattice),
the energy densities are

Uc(z, τ) =
1

V

∑

k

~
2k2

2m∗

c

F

(

Efc(z, τ), TL,
~

2k2

2m∗

c

)

, (2.30)

Uv(z, τ) =
1

V

∑

k

~
2k2

2m∗

v

F

(

Efv(z, τ), TL,
~

2k2

2m∗

v

)

, (2.31)

where TL is the lattice temperature.

2.2.2 Extended model

The model described above does not take into account gain dispersion and group
velocity dispersion, which become more and more important when the investigated
pulse width becomes shorter than 10 ps [60]. Moreover, by taking the phase
to be proportional to the gain, one assumes that the amplitude-phase coupling
factors associated with intra-band carrier scattering processes such as SHB and
CH are the same as that associated with the inter-band carrier recombination (the
conventional linewidth enhancement factor). This assumption is experimentally
shown to be invalid [61]. Below the model is extended through taking into account
the facts above. The carrier dynamics is the same while the field propagation model
is modified. In this extended model, we neglect the polarization effects and thus
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only treat one polarization, or, equivalently, we assume a polarization-independent
SOA.

The equation for the complex envelope function is E(τ, z) given by:

∂A(z, τ)

∂z
=

{

1

2
Γ g0(z, τ) − Γ

i

2

∂g(τ, ω)

∂ω

∣

∣

∣

∣

ω0

∂

∂τ

− 1

4
Γ

∂2g(τ, ω)

∂ω2

∣

∣

∣

∣

ω0

∂2

∂τ2
− 1

2
Γ2 β2 (1 + iα2) |A(z, τ)|2

− 1

2
Γ βc nc(z, τ) − 1

2
Γ βv nv(z, τ)

+
1

2
βGV D

∂2

∂2τ
− 1

2
αint + P (z, τ)

}

A(z, τ),

(2.32)

where

P (z, τ) =
i

2
Γ [α gN (z, τ) + αCH∆gCH(z, τ) + αSHB∆gSHB(z, τ)] (2.33)

represents the phase term related to the SOA gain. It is noted that gN (z, τ) is
the gain determined only by the total carrier density,∆gCH is the gain suppression
induced by CH and ∆gSHB is the gain suppression induced by SHB [62]. From
Eqs .(2.15) and (2.16), we have

g = gN + ∆gCH + ∆gSHB , (2.34)

where

gN = αg(n
∗

c + n∗

v − N0), (2.35a)

∆gCH = αg(nc − n∗

c + nv − n∗

v), (2.35b)

and
∆gSHB = αg(nc − nc + nv − n∗

v). (2.35c)

In Eqs. (2.35), n∗

x = N0F (TL, µ∗

x, Ex) and nx = N0F (Tx, µx, Ex), TL is the lattice
temperature, µ∗

x is the Fermi energy determined solely by the total carrier density
under the lattice temperature (x = c, v) and αg is the gain coefficient.

In Eq. (2.32) we introduce the frame of the local time τ(= t − z/vg) which
propagates with the group velocity vg at the center frequency of an optical pulse.
It is noted that nv(z, τ) denotes the carrier number density in the valence band
because the polarization dependence is not taken into account here by assuming the
input electrical field is linearly polarized along TE or TM axis of the SOA. It can
be easily extended to take into account the polarization effects. The parameters
have the same meaning as in Eq. (2.8) and βGV D is the group velocity dispersion
coefficient. The gain spectrum of an SOA is approximated by a parabolic curve,
which is determined by the value g0, first order derivative ∂g

∂ω |ω0
and second order
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derivative ∂2g
∂ω2 |ω0

at the reference frequency ω0. This approach has been employed
by several researchers and has been shown to agree with the experimental results
[51–53, 57, 63, 64]. For simplicity, in the following ∂g

∂ω |ω0
is replaced by g′ and

∂2g
∂ω2 |ω0

is replaced by g′′. With a decrease in the carrier density, the gain decreases
and the gain peak position is shifted to a lower frequency because of the band-filling
effect. This effect is taken into account by setting a carrier density dependent g′

and g′′:

g′(τ) = A1 + B1[gl − g(τ, ω0)]

g′′(τ) = A2 + B2[gl − g(τ, ω0)] (2.36)

where the saturation induced gain spectrum change is included by B1 and B2 and
gl is the small signal gain at the reference frequency.

2.3 Numerical implementation

2.3.1 Solving carrier equations

To take into account the longitudinal dependence of the carrier number densities,
the carrier temperatures, the Fermi energy levels, etc, the SOA is divided into many
small sections as shown in Fig. 2.3. In each small section, the physical quantities
are assumed to be constant along the SOA longitudinal axis and Eqs.(2.18) to
(2.31) are solved in each SOA section as ordinary differential equations (ODEs).
The ODEs can be solved either by Euler method or fourth-order Runge-Kutta
method.

z
.........

g
Efv
Efc
Tv
Tc

Uc
N

Uv

Ain Aout

Z

Figure 2.3: Schematic diagram of the SOA, divided into longitudinal sections.
The symbols are explained in the text.

One of the most time-consuming part in solving the carrier equations is to
evaluate the carrier temperatures Tc(v) and the Fermi-energy level Efc(v) with
the knowledge of the total carrier density N and the total energy densities Uc(v)

through Eqs. (2.23) to (2.29). The summations over k can be approximated by
Fermi integrations, resulting in the equations for the conduction band:

N =
2√
π

(

2πm∗

c

h2

)3/2

(kbTc)
3/2

∫

∞

0

ε1/2

1 + exp(ε − εfc)
dε, (2.37a)
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U =
2√
π

(

2πm∗

c

h2

)3/2

(kbTc)
5/2

∫

∞

0

ε3/2

1 + exp(ε − εfc)
dε, (2.37b)

where kb is the Boltzmann constant, ε = E
kbTc

and εfc =
Efc

kbTc
are the normalized

energy level E and Fermi energy Efc. Similar equations are obtained for the
valence band. The integrations in Eqs. (2.37) can be accurately approximated
by an analytical approximation [65], resulting two nonlinear equations. To obtain
the solutions (Efc and Tc) for a given pair of (N, Uc), a searching algorithm is
employed. Due to the nonlinearities of the equations, accurate solution is not easily
obtained. In practice, a bisection search method is employed. Newton method is
found to be less efficient as the bi-section search method in this particular problem.

2.3.2 Solving field equations

In the basic model presented in Section 2.2.1, the field is characterized by the
photon number density and the filed phase. The equations for the photon num-
ber density are first-order nonlinear equations and can be readily solved by general
methods for first-order differential equations [66]. In the extended model presented
in Section 2.2.2, due to the introduction of gain dispersion and group velocity dis-
persion, the field equation becomes a second-order nonlinear differential equation.
Finite-difference beam propagation method (FD-BPM) is employed to solve this
equation [53, 64]. It is noted that due to the time-dependence of the coefficients
before the first- and second-order time-derivatives in Eq. (2.32), fast Fourier trans-
formation beam propagation method (FFT-BPM) is quite difficult to implement,
if not impossible.

The electrical field in one bit duration is sampled in the time domain at different
time points τk(k = 1, 2, · · · , n), where n is the total sampling number and ∆τ is
the sampling interval. The electrical field in one bit duration is then defined on
a two-dimensional grid as Aj,k = A(j∆z, k∆τ)(j = 0, 1, · · · , m), where ∆z is the
length of one SOA section and the amplifier length L = m∆z. We replace the first-
and second-order time derivatives ∂A/∂τ and ∂2A/∂τ2, respectively, calculated at
each sampling point in time τk(k = 2, · · · , n− 1), with a centered finite difference
approximation, i.e., the first- and second-order time derivatives become

∂A(z, τ)

∂τ
=

Aj,k+1 − Aj,k−1

2∆τ
(2.38a)

∂2A(z, τ)

∂τ2
=

Aj,k+1 − 2Aj,k + Aj,k−1

∆τ2
. (2.38b)

The sampling interval ∆τ determines the resolution in the time domain and
the frequency range that can be modeled using this scheme. At the boundaries
of the computation window (k = 1, n), a transparent boundary condition is used
to calculate the derivatives [67]. Inserting Eqs. (2.38) in Eq. (2.32), we have the
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following discretized evolution equation:

(1 − aj+1,k)Aj+1,k − bj+1,kAj+1,k+1 − cj+1,kAj+1,k−1

= (1 + aj,k)Aj,k + bj,kAj,k+1 + cj,kAj,k−1,
(2.39)

which relates the comlex pulse amplitude at z = (j + 1)∆z to that at z = j∆z. In
the above equation,

aj,k =
∆z

2

[

1

2
Γ(1 + iα)gj,k

0 − 1

2
αint −

1

2
Γβcn

j,k
c

− 1

2
Γ2β2(1 + iα2)|Aj,k|2 −

1

2
Γβvn

j,k
v

+
1
2g′′j,kΓ(1 + iα) − iβGV D

∆τ2

]

,

(2.40a)

bj,k =
−ig′j,kΓ(1 + iα)

8∆τ
−

1
4g′′j,kΓ(1 + jα) − i

2βGV D

2∆τ2
, (2.40b)

cj,k =
ig′j,kΓ(1 + iα)

8∆τ
−

1
4g′′j,kΓ(1 + jα) − i

2βGV D

2∆τ2
, (2.40c)

where gj,k
0 , nj,k

c , nj,k
v , g′j,k and g′′j,k are the corresponding values of g0, nc, nv, g

′, g′′

at z = j∆z, τ = k∆τ . Their meanings are specified in the previous section.
If we know the complex pulse amplitude at position z = j∆z (Aj,k), we can

calculate that at position z = (j +1)∆z (Aj+1,k), using Eq. (2.39). Iteratively we
can finally propagate the field until the output facet of the SOA and obtain the
output electric field. Since this algorithm is implicit, i.e. we have to know Aj+1,k

in order to calculate the coefficients aj+1,k, bj+1,k , cj+1,k, several iterations are
used to reach a stable solution for each propagation step over ∆z [53].

2.4 Summary

In this chapter the SOA models are reviewed and the models used in this thesis are
explained in detail. The models takes into account the intra- and inter-band car-
rier dynamics with the carrier temperature explicitly calculated. In the extended
model gain dispersion and group velocity dispersion are also included to treat the
frequency-dependent gain of the SOA. In the following chapters, the models will
be employed to analyze SOA-based all-optical signal processing systems.





Chapter 3

Mode-locking based on
nonlinear polarization
rotation in an SOA

Nonlinear polarization rotation in the SOA has been extensively used in all-optical
signal processing systems. In this chapter, we propose and demonstrated a novel
mode-locking ring laser based on nonlinear polarization rotation in an SOA within
the ring cavity. A mode-locked train of narrow pulses is obtained by combining
nonlinear polarization rotation in the SOA and a polarization filter whose polar-
ization axis is set such that the tail of the optical pulses is removed in each cavity
round trip. The pulse narrowing process is demonstrated numerically and good
qualitative agreement with our experimental results is achieved. The pulse perfor-
mance is largely determined by the ultra-fast SOA gain dynamics and the cavity
dispersion. Our simulation shows that the laser can produce a pulse train of sub-
picosecond pulsewidth at a repetition rate of 28 GHz for a moderate SOA current
level. We observe that the laser can switch itself on or off depending on the initial
pulse1.

3.1 Background

3.1.1 Nonlinear polarization rotation in the SOA

Polarization is one of the most basic characteristics for the optical field and plays
an important role both in understanding the nature of light and in practical sys-
tem applications [70]. In SOAs, two eigenmodes, namely transverse electric (TE)
mode and transverse magnetic (TM) mode, can be supported and they propagate

1Part of this chapter is based on the papers [68, 69]
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”independently”, although they have indirect interaction with each other via the
gain dynamics [59]. Therefore, if the input optical field is linearly polarized along
TE (or TM) axis, the output field from the SOA will keep polarized along TE (or
TM) axis. However, for other input polarization states, linear or elliptical, the
output polarization is generally different from the input polarization. The Jones
vector is usually employed to describe the polarization state of an optical field [70]
and we assume the Jones vector of the input optical field is

[

A1(t)e
iφ01(t)

A2(t)e
iφ02(t)

]

, (3.1)

where A1(t), A2(t) and φ01(t),φ02(t) are the amplitude and phase of the TE, TM
components, respectively. The input polarization is linear along 45 degrees with
respect to TE axis when A1(t) = A2(t) = A0(t) and φ01(t) = φ02(t) = φ0(t).
Without loss of generality we consider such an input polarized field. During prop-
agation in the SOA, both TE mode and TM mode are amplified. In addition,
due to the non-zero linewidth enhancement factor in the SOA, both TE and TM
modes will pick up a phase term, which is related to the gain through the linewidth
enhancement factor, and the polarization state of the output signal is then

[

A0(t)
√

G1(t)e
i[φ0(t)+φ1(t)]

A0(t)
√

G2(t)e
i[φ0(t)+φ2(t)]

]

, (3.2)

where G1(t) and G2(t) are the power gain for TE and TM modes, φ1(t) and φ2(t)
are the phases picked up by TE and TM modes, respectively.

SOAs are generally birefringent because of their asymmetric waveguide geom-
etry, which leads to different TE and TM effective indices [71]. In bulk SOAs, the
material gain is isotropic [72]. However, the power gain is normally still polariza-
tion dependent due to different confinement factors for TE and TM [73] or internal
strain in the material [74]. In quantum well material, even the material gain is
generally polarization dependent [72]. It is also shown that in multiple quantum
well material, the linewidth enhancement factor is polarization dependent [75].
Therefore, in general the SOA is polarization dependent.

When the input optical signal is so weak that the gain saturation is negligible,
we have G1(t) = G1, G2(t) = G2 and φ1(t) = φ1, φ2(t) = φ2. In this case, if
φ1 − φ2 6= kπ (where k is an integer), the output polarization becomes elliptical.
Therefore, the output polarization from the SOA is generally different from the
input polarization (except for TE and TM modes) even when the SOA works in
the linear regime. This is the so-called linear birefringence. It is noted that the
polarization state modification due to linear birefringence is NOT t-dependent.

When the input optical signal is strong enough to induce noticeable gain sat-
uration, the output polarization state is t-dependent due to the t-dependence of
the power gain and phase terms. That means, for an input linear polarization, the
polarization of the output signal is continuously evolving, depending on the gain
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and phase evolution, as will be shown in Section 3.3.2. This phenomenon is called
nonlinear polarization rotation [59] and has been utilized extensively for all-optical
signal processing [76–79]. In Section 3.2, we will describe a novel mode-locking
scheme based on this effect.

3.1.2 Mode-locking

The output from mode-locked lasers are trains of ultrashort optical pulses (∼ ps
to ∼ fs), which have similar amplitude and phase and are separated regularly
from each other in the time domain. These pulse trains have found many applica-
tions in a variety of areas, such as optical communication networks, pump-probe
experiments in different fields, optical sampling, etc. People have been trying to
understand the physics behind and to invent new type of mode-locked lasers to
improve the performance of the lasers since the very beginning of lasers [80].

The word “mode-locking” has its origin in the frequency domain, where the
phases of many axial modes in a laser cavity are locked, producing short pulses.
By “locking” we mean that the phase relationship among all the axial modes is
fixed instead of being random. When the phase relationship among all the modes
are random, the laser output fluctuates irregularly, showing CW-like behavior
while occupying a broad spectrum. However, when the phases of the modes are
“locked”, all the individual modes oscillate in phase, leading to the formation of
optical pulses. For more detailed explanation, please refer to [81].

While it is nice to appreciate the physical picture of mode-locking in the fre-
quency domain, it is also instructive to understand it in the time domain. In
many mode-locking systems, there are mechanisms to narrow the optical pulse
and the narrowing mechanisms are generally dependent on the optical intensity.
After the laser is switched on, noise in the cavity generates small optical pulses.
Few of these small pulses are “lucky” to be strong enough to be influenced by the
nonlinear pulse narrowing mechanisms, resulting in shorter and stronger (after
amplification through the gain medium in the cavity) pulses, which will be nar-
rowed again. The process continues until the pulse broadening mechanism in the
cavity counterbalances the pulse narrowing effect, resulting in stable pulse trains.
One has to keep in mind that this description is rather conceptual and the physics
involved in mode-locking is much more involved. More details can be found in
many excellent textbooks, such as [81, 82].

Mode-locking can be achieved in various ways and it can be roughly classi-
fied into three categories: active mode-locking, passive mode-locking and mixed
mode-locking. In active mode-locking systems, an external modulating signal is
exerted on the laser to modulate the amplitude or the phase of the optical field
to achieve mode-locking [83]. In contrast to active mode-locking, nonlinearities
in the laser cavity are used while no external control signal is employed. Due to
fast nonlinearities, passive mode-locking can generate pulses as short as 6 fs (after
compression outside the laser cavity) [84]. In mixed mode-locking, which combines
the advantages of both active mode-locking and passive mode-locking, stable pulse
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train of high repetition rate and short pulses can be generated.

3.2 Working principle

Among many available methods for passive mode-locking, nonlinear polarization
rotation in optical fiber has been identified as a promising method due to the
large nonlinear index change as a result of the small mode diameter and long fiber
length [85]. With this technique, pulses as short as 42 fs have been generated [86].
A clear disadvantage of employing fiber nonlinearities for mode-locking is the large
amount of pulse energies (∼ 50 pJ for 450 fs pulse) which are necessary in order to
utilize the weak nonlinearity in the optical fiber [85]. Moreover, the long optical
fiber cavity, as well as the high peak power of the optical pulses, limits the system
to operate only at low repetition rates.

As discussed in Section 3.1.1, nonlinear polarization rotation also happens in
SOAs, whose strong nonlinearity can help reduce the cavity size, thus increasing
the pulse repetition rate. As shown in Fig. 3.1, the laser cavity is composed
of an SOA, followed by a polarization controller (PC), an optical isolator, an
optical filter, an optical asymmetric output coupler and a polarizer. The isolator
is introduced to in the cavity to keep the signal to propagate in one direction.
The coupler is used to monitor the signal in the ring cavity. When the input
optical intensity (point A in Fig. 3.1) is sufficiently low, the SOA operates in
the linear regime. The polarization state at point A in Fig. 3.1 is linear and
is set to 45 degrees to the TE and TM axes of the SOA. The two orthogonal
polarization components in the amplifier collect different phases and gains. This
causes intensity-dependent polarization conversion at the SOA output. Note, in
passing by, that in this context one often uses the word polarization rotation.
However, this may not be a correct description because in general TE and TM
components will collect different phase shifts while propagating. Therefore an
initial linear polarization state will not only rotate, but in general also assume a
center degree of ellipticity. Now suppose the input optical intensity becomes high
enough to saturate the amplifier. Then, TE and TM components collect different
intensity-dependent phases and amplitudes. This implies that different parts of
the output pulse assume different polarization states and this property makes it
possible to cut away the pulse part that has the same polarization as in the low
input intensity case. To realize this, one uses a combination of the PC and the
polarizer, which are adjusted properly to achieve the required functionality: the
PC is adjusted in such a way that for small case the polarization of the pulse (point
C in Fig. 3.1) is orthogonal to the axis of the polarizer, while the latter has been
oriented at 45 degrees to the TE and TM axes of the SOA. By doing so, a low
intensity input signal to the SOA will be removed from the ring, preventing the
signal from building up. On the other hand, for a sufficiently strong input pulse,
the self-induced nonlinear polarization rotation of the high-intensity part of the
pulse will create a non-zero but shortened pulse behind the polarizer. If the SOA
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has enough gain, a net round trip gain for pulses can be established. In fact, the
nonlinear polarization rotation, combined with the PC and the polarizer, has the
same functionality as a saturable absorber. This provides the basic mechanism for
our mode-locking system.

In agreement with the above description, we found that the system is itself
bistable in the sense that either an output train of short strong pulses or no
output at all occurs in the system depending on the initial conditions. Therefore,
this mode-locked ring laser could act as a basic element for a flip-flop memory
system, and may find its application in optical signal processing systems.

In the experiment in [69], which will be described below, one usually starts in
the non-optimized setting with a quasi-continuous oscillation in the laser. Then
during the adjustment of the PC, the system is disturbed to generate optical pulses
randomly in the cavity. Some pulses happen to satisfy the conditions that are set
by the PC and the polarizer such that they can pass through the polarizer and
reach the SOA again after one round trip in the cavity. After each round trip
those pulses become narrower and narrower and converge towards a stable pulse
train.

Figure 3.1: System setup of the SOA-based fiber ring laser, where PC is the
polarization controller and the linear polarizer has its transmitted
polarization under 45 degrees with respect to TE and TM axes of
the SOA.
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3.3 Simulation

3.3.1 System model

The possibility of mode-locking using self-induced nonlinear polarization rotation
in an SOA was discussed by Yang and coworkers numerically [87]. In [87], the
pulse narrowing and mode-locking due to self-polarization rotation has been in-
vestigated. However, the pulse narrowing observed in their study was not counter-
acted by a broadening mechanism, such as group velocity dispersion and ultra-fast
carrier dynamics. In this section, with the model presented in Chap. 2, we nu-
merically analyze mode-locking based on nonlinear polarization rotation in the
SOA.

The PC and polarizer are modeled according to [70]. By representing the
electrical field as the Jones vector, the functions of the PC and the polarizer can
be written in 2×2 matrices which act on the electrical field vector.

Suppose at point A in Fig. 3.1, a weak electric field is present with normalized
polarization vector given by:

1√
2

[

1

1

]

. (3.3)

3.3 represents linearly polarized light under 45 degrees with respect to the TE
and TM axes of the SOA. After propagation through the SOA, the TE and TM
components acquire different amplitude and phases. Hence, we can write the field
at B as

1√
2

[

τTE
0 eiφT E

0

τTM
0 eiφT M

0

]

, (3.4)

where τTE
0 and τTM

0 are the linear amplification and φTE
0 , φTM

0 the linear phase
shifts. Now, the PC is adjusted in such a way that the polarization state at C is
orthogonal to that at A:

1√
2
β

[

1

−1

]

, (3.5)

where by assuming lossless propagation from B to C, β can be written as

β =
1√
2

√

(

τTE
0

)2
+
(

τTM
0

)2
. (3.6)

The unitary matrix U, representing the PC, can be written as

U =
1

√

2
(

τTE
0

)2
+
(

τTM
0

)2

[

(τTE
0 + τTM

0 )e−iφT E
0 (τTM

0 − τTE
0 )e−iφT M

0

(τTM
0 − τTE

0 )e−iφT E
0 −(τTE

0 + τTM
0 )e−iφT M

0

]

,

(3.7)
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which can be easily checked from the requirement

U

[

τTE
0 eiφT E

0

τTM
0 eiφTM

0

]

=
1√
2

√

(

τTE
0

)2
+
(

τTM
0

)2

[

1

−1

]

. (3.8)

It should be noted in Eq. (3.7) that U is calculated from simulations in the linear
amplification regime. The polarizer is adjusted such that the field component
along (1, 1) will be passed through and that along (1,−1) will be blocked.

Now suppose that the input intensity to the SOA increases to values that are
large enough to induce polarization-independent gain saturation. Then, after the
PC some field component will be generated along (1, 1), which can be expressed
as

1

2

[

1 1

1 1

]

U

[

γTE

γTM

]

, (3.9)

where (γTE , γTM ) represents the field at B. The field, represented by Eq. (3.9),
will enter the SOA again.

A spectral filter is included in the simulations in order to account for dispersion
effects in the experiment. This filter accounts partly for the gain dispersion. The
filter in the system in modeled as a Lorentzian filter with a full width at half
maximum (FWHM) of 2D. The transfer function of the filter is

f(ω) =
D

D − i(ω − ω0)
, (3.10)

where ω0 is the central angular frequency of the filter. The filter is implemented in
the frequency domain using a Fast Fourier Transform (FFT) algorithm while an
eventual filter-induced change of the pulse polarization is included in the unitary
matrix U .

3.3.2 Results

The SOA used in the simulation has a strained bulk active region of 250 µm
and an active volume of 50 µm3. Other parameters are listed in Table 3.1. All
calculations were performed for 160 mA injection current except stated otherwise.
The parameters values of the SOA were chosen in such a way that stable mode
locking occurs. This is not an easy task because the region in the parameter space
that yields stable mode-locking appears to be quite small. For these values, the
small-signal gain for TE and TM components are 16.8 dB and 14.8 dB, respectively.

Since the polarization rotation is necessary for pulse narrowing is mainly due
to nonlinear phase shifts, it is obvious that the linewidth enhancement factor α
plays an important role. In our simulations, we use α = αTE = αTM . The net
pulse round-trip gain will increase with higher values of α. Therefore, for a given
injection current, α should be larger than some threshold value to cause the ring
to build up optical pulse and to converge to a stable pulse train. The threshold
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Table 3.1: Simulation parameters

Parameter V alue

Active volume 50 µm3

Confinement factor TE/TM/TPA 0.18/0.13/0.5

Linewidth enhancment factor TE/TM/TPA 4/4/-1

FCA coefficient in the conduction band 3×10−9 µm2

FCA coefficient in the valence band 0×10−9 µm2

Carrier lifetime 300 ps

Gain coefficient TE/TM 1.4×10−5 µm3/ps

Group velocity 100 ps/µm

Waveguide loss 1.75×10−3 µm−1

carrier-carrier scattering time in CB 0.1 ps

carrier-carrier scattering time in VB 0.05 ps

carrier-phonon relaxation time in CB 0.7 ps

carrier-phonon relaxation time in VB 0.25 ps

TPA coefficient 2×10−9 µ2

optical transition state density 3.6×106 µm−3

Optical transition energies (conduction band) 0.05 ,1.12 eV

Optical transition energies (valence band) 0.005, 0.11 eV
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is determined by the SOA parameters and the round-trip losses. If α is smaller
than the threshold value, the pulse will be attenuated, irrespective of the intensity
value of the initial pulse. This follows from the computation of the round-trip
gain, which is taken as the ratio between the current optical intensity at point A
in Fig. 3.1 and its previous intensity

G(t) =
{

[

τTM
0 τTE(t)

]2
+
[

τTE
0 τTM (t)

]2 − 2τTE
0 τTM

0 τTE(t)τTM (t)

cos
{[

φTM (t) − φTE(t)
]

−
(

φTM
0 − φTE

0

)}}

/2
[

(

τTE
0

)2
+
(

τTM
0

)

]2

,
(3.11)

where τTE
0 , τTM

0 , φTE
0 , φTM

0 are the single-pass transmission and the phase of the
pulse for TE and TM components in the low input intensity case while τTE , τTM ,
φTE and φTM are the time-dependent single-pass transmission and phase of the
pulse for TE and TM components in the nonlinear regime at point B in Fig. 3.1.
The t-dependence in Eq. (3.11) originates from the fact that different parts of
the pulse have different phase and intensity. The round-trip gain should be larger
than 0 dB for the pulse to build up.

In Fig. 3.2,the gain at the pulse peak in the first round trip is shown as a
function of the initial pulse energy for different α for the injection current of 160
mA. Throughout the section “initial pulse” means the pulse in the zeroth round
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Figure 3.2: The net round-trip gain at the pulse peak vs the initial pulse energy
for different linewdith enhancement factors α in the first round trip
(Initial pulse shape is chirp-free Gaussian with 2 ps RMS width).

trip, referring to the initial values set in the computer code. One readily observes
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that the linewidth enhancement factor α plays a crucial role in the pulse built-up
process. For the pulse to be amplified and narrowed, α should be larger than 4.
For a given α, the round-trip gain can be increased by pumping larger current into
the active region. That is shown in Fig. 3.3 for α = 4.
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Figure 3.3: The net round trip gain at the pulse peak vs the initial pulse en-
ergy for different injection current in the first round trip (linewidth
enhancement factor α is 4, other parameters are the same as in Fig.
3.2)

However, for very small α it may become impossible to obtain G > 0 dB
because of gain saturation at high currents. In Figs. 3.2 and 3.3, initial pulses
were taken to be Gaussian with a root mean square (RMS) width of 2 ps. The
simulations show that initial pulses with insufficient intensity cannot induce large
enough phase shifts between TE and TM components for the pulse to acquire
positive round-trip gain. This is shown in Fig. 3.4, where a 2 ps, 0.22 pJ Gaussian
initial pulse is seen to decrease after each round trip. When the initial pulse
intensity is increased beyond a threshold value, the pulse is amplified and narrowed
in every loop. After several tens of round trips the pulse has evolved into a stable
shape. This is shown in Fig. 3.5 for an unchirped Gaussian shaped initial pulse
of 2 ps duration and 0.66 pJ energy. A filter of 3.2 THz (FWHM) was used .The
dispersion in the laser cavity, simulated by the filter, is estimated to be 0.235
ps/nm. One can observe in Fig. 3.5 that after 25 round trips the stable state is
achieved, which is characterized by 537 fs (RMS) duration output pulse train. The
energy of each pulse is 2.33 pJ. The evolutions of the pulse peak power and the
pulse RMS width are presented in Fig. 3.6, in which the solid line corresponds to
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Figure 3.4: The initial pulse has insufficient energy for a net positive round-trip
gain, even though the parameter values are within the mode-locking
regime. Therefore, the pulse is attenuated after each round trip.
Note that narrowing takes place. The initial Gaussian pulse has a
width of 2 ps, is unchirped and has energy of 0.22 pJ. After a few
round trips, the pulse has disappeared. The injection current is 160
mA and the linewidth enhancement factor α is 4
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Figure 3.5: Numerical simulation of the pulse built-up for the same laser as in
Fig. 3.4. Initially the pulse has a duration of 2 ps and its energy is
0.66 pJ. After 3 round trips the pulse duration has decreased to 815
fs and the pulse energy has decreased to 0.45 pJ. After 25 round
trips the pulse has been shorted further to the ultimate width of
537 fs and energy 2.33 pJ. The filter bandwidth is 3.2 THz. The
injection current is 160 mA and the linwidth enhancement factor is
4.
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the above mentioned case of Fig. 3.5 and the dotted line corresponds to an initial
pulse of 4 ps, unchirped Gaussian pulse with the energy of 1.33 pJ. Two other

Figure 3.6: The evolution of the width and the peak power in the pulse built-
up process. The solid line corresponds to a 2 ps Gaussian initial
pulse; the dot-dashed line corresponds to a super-Gaussian (order
m=3) with white intensity noise; the dotted line corresponds to a
4 ps Gaussian initial pulse and the dashed line corresponds to an
arbitrary non-Gaussian pulse. The peak power in all the cases is the
same, except for the super-Gaussian case due to the contribution of
the noise. The filter bandwidth is 3.2 THz.

cases are also shown in Fig. 3.6, i.e, the dot-dashed line, which corresponds to a
super Gaussian pulse [88] (order m = 3) with white intensity noise, and the dashed
line, which corresponds to a pulse with non-Gaussian shape. Fig. 3.6 illustrates
that the system with different initial pulses evolves into the same final state, i.e. a
stable identical pulse train. In Fig. 3.7, the pulse evolution is shown for the case
of the noisy super-Gaussian pulse. In Fig. 3.8, the optical spectra corresponding
to the pulses shown in Fig. 3.5 are presented. The spectrum steadily broadens
after each round trip and finally the pulses achieve their stable spectrum. The
initial Gaussian pulse is unchirped, and its product of the RMS pulse temporal
width and the RMS spectral width is ∆t∆ν ≈ 0.08 [89]. The stable output pulse
has a RMS temporal width of 537 fs and a RMS frequency width of 0.56 THz,
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Figure 3.7: The pulse evolution in the 20 round trips during the built-up process
for a super Gaussian pulse (order m=3) with white intensity noise.
The initial pulse energy is 0.54 pJ and the pulse width is 1.27 ps.
The filter bandwidth is 3.2 THz.

Figure 3.8: The optical spectra corresponding to Fig. 3.5. Initially the spectral
width is 40 GHz. After 5 round trips, the spectral width has in-
creased to 0.18 THz and after 25 round trips the spectral width has
stabilized at 0.56 THz. The origin in frequency axis is the initial
pulse center frequency.
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hence their time-bandwidth product ∆t∆ν = 0.3. The relatively large value is
mainly caused by the pulse shape in which the leading edge is much steeper than
the trailing edge. By comparing this value with the time-bandwidth product of
the same pulse but without chirp, which is 0.19, we conclude that the output
pulse is moderately chirped. It is also seen from Fig. 3.8 that the main frequency
components of the pulse are red-shifted. According to the system principle, the
polarizer blocks the pedestal in the leading edge of the pulse and this causes the
leading edge to be very steep (see Fig. 3.5). On the other hand, the trailing edge
of the output pulse has a long tail, which is caused by the incomplete recovery of
SOA gain and phase difference between TE and TM components. This is shown
in Fig. 3.9, where the phase difference between TE and TM components in one
pulse after one round trip for different initial pulse energies is presented. The

Figure 3.9: The time-dependent nonlinear phase difference between TE and TM
components after the first roundtrip, where the initial pulse is a 2
ps unchirped Gaussian pulse with different initial pulse energies, as
indicated.

corresponding asymmetry of the pulse shape is the reason why we choose RMS
width as a measure for the pulse width instead of FWHM, similarly for the pulse
spectrum. We note here that the nonlinear phase difference between TE and TM
components evolves in a similar way as the corresponding gains, which explains
the importance of gain dynamics in the pulse evolution process. In Figs. 3.10 and
3.11, the azimuth and ellipticity angles, which determine the polarization states,
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Table 3.2: Pulse RMS width vs carrier phonon relaxation time at 160 mA

Carrier-phonon relaxation time (ps) 0.5 0.7 1

Final pulse RMS width (ps) 0.35 0.455 0.645

are shown during the 1st, 3rd and 50th round trips, respectively. The intensity-
dependent polarization states within the pulse duration can be clearly seen. We
also observe from Figs. 3.10 and 3.11 that large residual effect in the trailing edge
of the final output pulse.

The output pulse width was found to depend on the width of the filter that
is added in the model in order to account for the effect of dispersive effects. The
stable pulse width decreases for the increased bandwidth, as expected. The ques-
tion arises as to what determines the ultimate pulse width. As shown in Table.3.2,
the pulse width decreases to 350 fs when the carrier-phonon scattering time in the
conduction band was decreased to 500 fs. the pulse width increased to 645 fs when
the carrier-phonon scattering time was increased to 1 ps. The pulse width is also
found to be injection current dependent. As shown in Fig. 3.12, the final pulse
width increases from 0.15 ps to 0.82 ps when the injection current is increased
from 152 mA to 175 mA. In the simulations the carrier phonon relaxation time
is kept as 700 fs and the FWHM of the filter bandwidth is 3.2 THz. When the
injection current is below 152 mA, the system cannot build up pulses anymore
because the net round trip gain falls below 0 dB. On the other hand, when the
injection current is further increased to higher than 180 mA, instabilities instead
of mode-locking occur. To understand this current dependence, one should realize
that the long-lived tail in Fig. 3.9 (or Fig. 3.10) also depends upon the current. In
fact, for high currents the long-lived tail in the nonlinear phase shifts between TE
and TM components is further away from the initial value than for lower currents.
This makes the pulse compression for the high currents less efficient for the low
currents.

When the filter is removed from the cavity (corresponding to the ideal dispersion-
free operation), the pulse width decreases continuously in time, as shown in Fig.
3.13. Here we observe a rapid initial drop in pulse width, followed by a much
more gradual and ultimately even linear decreases to zero. In the first 20 round
trips, the pulse peak power evolves in the same way as described in Fig. 3.6 while
the pulse energy increases to its maximum value after its initial drop in the first
several round trips. After about 20 round trips, the pulse peak power remains
approximately constant and decreases dramatically after 110 round trips for 152
mA and 280 round trips for 160 mA. The pulse width decreases so much that the
pulse energy cannot maintain the required gain saturation anymore: the pulse fade
away. Note that all these behaviors refer to a situation without any dispersion.
Clearly, the effect of dispersion is to stabilize the pulse width as is shown in Fig.
3.6. Looking again at Fig. 3.13, the values of the pulse width directly after the
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Figure 3.10: The azimuth angle of the pulse at the exit of the SOA after various
round trips as indicated. The initial pulse is a 2 ps, unchirped
Gaussian pulse with 0.66 pJ energy.
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Figure 3.11: The ellipticity angle of the pulse at the exit of the SOA after various
roundtrips as indicated. The initial pulse is a 2 ps, unchirped
Gaussian pulse with 0.66 pJ energy.
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initial drops are close to the corresponding values in Fig. 3.12. Hence the current
dependence in Fig. 3.13 is fully consistent with Fig. 3.12.

Figure 3.12: The stable pulse RMS width under different injection currents.
The carrier-phonon relaxation time is 700 fs. The filter bandwidth
is 3.2 THz.

The pulse repetition rate in the experiments was 14 MHz, as we will describe
in detail below. In our simulations so far, the SOA fully recovered during one
round trip, i.e. the cavity length was assumed to be long enough for such recovery,
leading to upper bounds on the repetition rate. We also investigated the effect of
partial SOA recovery during one round trip. In as series of simulation experiments,
we found that the achievable pulse repetition rate is constrained by the carrier
recovery time. If the repetition rate increases, the intensity of the pulses decreases
due to gain depletion, until the pulse round trip gain falls below 0 dB and the laser
switches off. Once switched off, the system cannot start mode-locking again due
to the bistable behavior. As presented in Table 3.3, the pulse repetition rate is
limited up to 5 GHz when the carrier lifetime is assumed to be 300 ps. The pulse
repetition rate is increased to 20 GHz when the carrier lifetime is assumed to be
500 ps. At the same time, the pulse repetition rate can be improved by injecting
large current. In Table 3.4, the achievable repetition rates at different injection
currents are presented. As clearly seen ,the repetition rate can be increased when
the injection current is higher. However, after a critical current, 200 mA in our
case, instabilities instead of mode-locking occur.
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Figure 3.13: The pulse RMS width evolution with time when there is no filter in
the cavity under different currents (160 mA and 152 mA). Initially
the pulse has duration of 2 ps and its energy is 0.66 pJ.

Table 3.3: Achievable pulse repetition rate vs carrier lifetime at 160 mA

Carrier-phonon lifetime (ps) 200 300 500

Achievable repetition rate (GHz) 20 5 2.5

Table 3.4: Achievable pulse repetition rate vs injection current (carrier lifetime
is 300 ps)

Injection current (mA) 160 170 200

Achievable repetition rate (GHz) 5 8 28
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3.4 Experimental results

The mode-locked ring laser is implemented using commercially available fiber-
pigtailed components. The SOA was manufactured by JDS-Uniphase and has a
strained bulk active region of 800 µm. The polarization beam splitter has an
extinction ratio of 20 dB and the tunable filter has a FWHM-bandwidth of 13 nm.
The total cavity length of the commercially available fiber-pigtailed components
is in the order of 20 m.

Figure 3.14: Autocorrelation trace of the pulses. Assuming a sech2 pulse shape,
the pulse width (FWHM) is about 800 fs.

Fig. 3.14 shows the autocorrelation trace of the pulses that output of the ring
when the injection current is 276 mA. We observe a repetitive pulse train with
a repetition rate of 14.15 MHz. The pulses have a duration of 800 fs (FWHM),
assuming a sech2 pulse shape. Increasing the SOA injection current leads to
higher output power, but we observed mode-locking only when the SOA injection
current was greater than 160 mA. for each injection current, the pulse width and
the intensity of the output beam can be optimized by tuning of the polarization
controllers. Fig. 3.15 shows the measured optical spectrum of the output signal.
The FWHM-bandwidth of the output signal is greater than 5 nm (0.62 THz).
This indicates a time-bandwidth product of 0.48, which means that the pulse that
output the lasers is nearly transform limited. We observed an average power in
the cavity of about 0.2 mW.

It follows from Fig. 3.15 that the noise level was 35 dB lower than the signal
level. Since we did not implement a stability mechanism in the cavity, some in-
stabilities may occur due to temperature dependent polarization mode dispersion
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(PMD) and temperature dependent variations of the optical path-length in the
cavity. We did not observe mode-hopping; the spectrum depicted in Fig. 3.15
is very stable in time. Once mode-locked operation was realized, the system re-
mained stable for hours. In the experiment, the pulsewidth (FWHM) and the
spectral width (FWHM) are measured to be 800 fs and 0.62 THz, respectively.
In terms of time-bandwidth product, the simulated value (0.51) is close to this
experimental value (0.49). Qualitatively good agreement between the experiment
and the simulations is achieved.

Figure 3.15: The spectrum of the pulses shown in Fig. 3.14.

3.5 Summary

In this chapter a novel mode-locked laser based on nonlinear polarization rotation
is theoretically investigated and experimentally demonstrated. We presented and
discussed simulation results for the pulse built-up and narrowing as well as pulse
decay, depending on whether or not the initial pulse intensity is sufficiently high.
The required initial pulse energy can be reduced to achieve positive net round-trip
gain through increasing the linewidth enhancement factor or the injection current,
making it easier for the system to evolve into a stable mode-locking state. For
currents beyond a critical value, instabilities occur, destroying the mode-locking.
The highest possible pulse repetition rate is increased by increasing the injection
current while finally limited by the carrier lifetime. we obtained highest possible
repetition rate of 28 GHz at 200 mA. In the experiments, the repetition is limited
to 14 MHz, due to the long cavity length.





Chapter 4

Performance analysis of
filter-assisted high speed
wavelength conversion

A high-speed wavelength converter based on a single SOA and a detuned optical
bandpass filter is investigated. The experimental results are presented, followed by
detailed numerical analysis. The principle of the wavelength converter is illustrated
and the performance dependence on several critical operation parameters of the
SOA is analyzed. The speed potential of the studied wavelength converter is also
studied, suggesting successful operation at 1 Tb/s1.

4.1 Introduction

4.1.1 All-optical wavelength conversion

All-optical wavelength conversion (AOWC) refers to the operation that the in-
formation carried in one wavelength channel is transferred to another wavelength
channel in optical domain. AOWC is important basically because it has to be
used to extend the degree of freedom to the wavelength domain. In wavelength
routed optical networks, AOWC is crucial to lower the access blocking probability
and therefore increasing the utilization efficiency of the network resources [3]. A
significant part of network design, routing and wavelength assignment (RWA), de-
pends on the availability and performance of the wavelength converters. Moreover,
AOWC is also indispensable in future optical packet switching (OPS) networks to
optimize the network performance metrics, such as packet loss rate, packet delay,
etc [91]. Given the importance of AOWC, it has attracted a lot of attention from

1Part of this chapter is based on the paper [90].
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both academic area and industry. A large amount of papers are published on
this topic [20, 22, 92–96] and several kinds of all-optical wavelength converter are
commercially available 2.

As shown in Fig.4.1, at the input of the all-optical wavelength converter, there
are two signals: one is the information-carrying channel (which is also called pump)
at wavelength λ1 and the other (which is also called probe) is a continuous wave
(CW) at wavelength λ2. The output of the wavelength converter should be at
λ2 carrying the information transferred from λ1. In order to realize wavelength
conversion, the probe light is actually modulated by the pump signal all-optically.
It is known, however, that two light field can co-exist and propagate in space
“independently” in the framework of linear optics [97]. Therefore, nonlinearities
have to be employed in the AOWC because the probe light is modulated by the
pump light signal.

Numerous approaches have been proposed for wavelength conversion, depend-
ing on different nonlinear optical effects. AOWCs can be roughly classified into
two categories: optical gating based AOWCs and wave-mixing based AOWCs [92].
AOWCs based on optical gating employs an optical device which changes its char-
acteristics depending on the intensity of the input signal. This change is monitored
by the probe signal and the output probe signal will contain the information in
the input signal. This category is suitable for intensity-coded optical signal, on-off
keying, which is usually the case in practical systems. However, the technology
is evolving and other modulation formats that employ the phase information as
well are being seriously investigated recently, such as RZ-DPSK (Return-to-Zero
Differential Phase Shift Keying), RZ-QPSK (Return-to-Zero Quadrature Phase
Shift Keying), etc [98]. AOWC for signals in these formats can not be achieved
through optical gating; instead, they can be realized through wave-mixing based
AOWC, such as four wave mixing (FWM) [99]. It is noted that wave-mixing
based AOWCs can also be used for intensity-coded optical signals [100]. For a
more detailed description, readers are referred to [92] and references therein.

4.1.2 SOA-based AOWC: Advantages and Challenges

SOA is an important device for AOWC due to several advantages. First, usu-
ally, SOA-based AOWC utilizes the resonant nonlinearities, which is quite strong.
This leads to lower input optical signal power such that AOWC with high power
efficiency can be achieved. This is in contrast with the optical fiber-based counter-
parts, which usually need much higher input signal power due to the much weaker
nonlinearities [88]. Second, SOA-based all-optical wavelength converter has more
compact package because the SOA measures as ∼ mms, compared to ∼ km for
optical fiber-based wavelength converters [92]. Due to its semiconductor-based
nature, SOA-based all-optical wavelength converters can be integrated, resulting
in mass production and cheaper price. Given the above advantages, SOA-based

2see http://www.cipphotonics.com and http://www.kailight.com.
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AOWC is the mainstream.

SOA OBF

Pump

Probe

Figure 4.1: Schematic of the investigated wavelength converter.

Several mechanisms, such as cross gain modulation (XGM), cross phase modu-
lation (XPM), nonlinear polarization rotation and FWM, are employed to realize
AOWC based on SOAs. Due to the injection of one optical signal, the gain of
the SOA is modulated by the input signal due to the carrier density modulation,
resulting in a modulated gain for another co-propagating optical signal. This
phenomena is called XGM. Similarly, the phase of the co-propagating signal is
also modulated as a result of non-zero linewidth enhancement factor of the SOA
and this is called XPM. The XGM scheme has the advantage of being simple to
realize because it only needs one single SOA. However, many drawbacks exist,
such as limited operation speed determined by the gain recovery time, limited ex-
tinction ratio, relatively large spectral chirping, asymmetry between wavelength
up-conversion and down-conversion and inverted polarity [101]. Originally the
XPM scheme employs more complicated structures, composed of two SOAs in an
interferometer to convert the phase modulation into amplitude modulation. It
offers the advantages such as high extinction ratio, polarity-preserved operation
and smaller spectral chirp for the output signal [101]. The original structure also
suffers from the slow gain recovery time, which is largely determined by the carrier
lifetime. Several approaches have been proposed to improve this speed limit and
this will be described in detail in the next section. As mentioned in Chap 3, gain
saturation induces nonlinear polarization rotation and this can be employed to re-
alize wavelength conversion [77]. Depending on the system configuration, inverted
and non-inverted polarity output can be achieved. Recently, a remarkable wave-
length conversion at 40 Gb/s with multi-casting functionality based on nonlinear
polarization rotation has been demonstrated [25]. FWM based wavelength conver-
sion can support much higher bit rate, realize multi-casting with full transparency
in terms of bit rate, data modulation format, etc, and therefore attracts consid-
erable attention [92]. The data format transparency of FWM is used in several
recent experiments to realize AOWC and optical logic gates for DPSK signal [99].
However, FWM based wavelength conversion suffers from low signal-to-noise ra-
tio, large polarization dependence and low power efficiency and the research in
this area is still in progress [102]. It is noted that in this thesis only intensity
modulated signals are considered.
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4.2 Working principle of filter-assisted wavelength

converter

4.2.1 History in this field

As mentioned in the previous section, one of the main challenges for XGM- and
XPM-based AOWC is the relatively long gain recovery time, which is largely
determined by long carrier lifetime. As is shown in Chap 2, the carrier lifetime is
determined by the spontaneous emission rate and the non-radiative recombination
rate in the SOA, setting a limit to the operation bit rate for the SOA-based
AOWC. One natural approach to overcome the limit is to shorten the carrier
lifetime. It has been realized that the carrier recovery can be sped up greatly
if one injects a CW into the SOA. This injected beam is widely referred to as
holding beam and has been investigated under different circumstances [103]. SOAs
with an effective carrier lifetime of as short as 25 ps have been commercially
available [104]. In addition, it has also been numerically shown that a modulated
holding beam can achieve even better performance [105]. It has been realized that
the carrier lifetime of a longer SOA is shorter [106] and one of the reasons is that
the accumulated amplified spontaneous emission (ASE) inside the SOA acts as the
holding beam. Through efforts to reduce the effective carrier lifetime, successful
wavelength conversion based on cross gain modulation (XGM) at 100Gb/s have
been demonstrated [107].

It is still difficult to realize XGM/XPM based wavelength conversion at bit
rates higher than 100 Gb/s simply by trying to reduce the effective carrier lifetime.
Last decade, the operation speed of SOA-based wavelength conversion has been
pushed forward by driving the SOA in a push-pull mode, which was proposed and
developed by Sokoloff et al. [108] and Tajima et al. [109]. The TOAD structure
proposed in [108] has a single SOA placed asymmetrically in a ring configuration.
The symmetric Mach-Zehnder interferometer proposed in [109] is based on two
SOAs with one in each arm of the interferometer. These structures are promising
since the slow effects induced by long carrier lifetime can be canceled out and
therefore the operation bit rate can be greatly enhanced.

In 1996, Patel et al. proposed to use a single SOA and two short spans of
polarization-maintaining fiber to increase the operation bit rate [110]. This de-
vice is widely referred to as the ultrafast nonlinear interferometer (UNI). Later, a
simplified version, which is composed of only one SOA and an asymmetric Mach-
Zehnder interforemeter (AMZI), has been utilized to realize 168 Gb/s wavelength
conversion [111] with discrete components and 100 Gb/s wavelength conversion
with monolithically integrated setup [22].

In Ref. [93], a fiber Bragg grating (FBG) was used to improve the bandwidth of
the SOA-based wavelength converter. Later in 2004 a detuned filter was employed
to realize 80 Gb/s inverted wavelength conversion [112]. Through combining a
detuned optical filter and an AMZI, 160 Gb/s and 320 Gb/s non-inverted wave-
length conversion have also been realized [20, 94]. A wavelength converter based
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on an SOA and an AWG, monolithically integrated on the same chip, was also
demonstrated at 80 Gb/s [21]. The structure of such high speed wavelength con-
verters mentioned above can be generalized as an optical bandpass filter (OBF)
following an SOA [95, 96], where the filter is employed to convert the phase dy-
namics (accumulated while propagating in the SOA) to the amplitude dynamics,
thus overcoming the limit imposed by the long carrier lifetime. In the next section,
the working principle of the filter-assisted AOWC based on SOAs is explained.

4.2.2 Working principle

As shown in Fig.4.1, a modulated pump signal and a CW probe are injected into
the SOA simultaneously. It is well known that, due to XGM and XPM, the probe is
both amplitude- and phase-modulated, leading to a broadened spectrum [46]. The
broadened spectrum is asymmetric with respect to the CW frequency as a result
of non-zero linewidth enhancement factor, which also leads to chirp in the output
probe [46]. The probe signal is red-shifted at the falling edge (corresponding to the
leading edge of the pump pulse) and blue-shifted at the rising edge (corresponding
to the trailing edge of the pump pulse), as is shown in the lower panel of Fig.4.2,
where the asymmetry between the red chirp and blue chirp is clearly seen. For
comparison, the gain recovery is also shown in the upper panel of Fig.4.2. It is
straightforward to see that the output probe power evolves similarly as the SOA
gain (recovers slowly), when the central wavelength of the OBF following the SOA
is located at the probe wavelength. One readily see that although the gain recovers
on a long time scale, the chirp dynamics evolves within the duration of the pump
pulse. It is this key feature of the chirp that enables the ultra-fast operation of the
filter-assisted AOWC, regardless of the relatively slow recovery of the SOA gain.

If the central wavelength of the OBF is blue shifted with respect to the central
wavelength of the probe beam, as shown in Fig.4.3, the converted signal recovers
much faster compared to the case that the central wavelength of the filter and the
probe beam coincide. The operation of the wavelength converter is schematically
presented in Fig.4.3. The dotted and dashed lines in Fig.4.3 are the SOA gain and
chirp, respectively, reproduced from Fig.4.2. The fast recovery of the wavelength
converter can be explained as follows. When the pulse appears at point A, the SOA
carriers deplete and the gain drops, reaching its minimum at point B. The SOA
gain saturates during time-slot A-B. Furthermore, in time-slot A-B, the wavelength
of the probe light moves to a longer wavelength (red chirp) and thus receives
more attenuation by the detuned filter. As a result, the transmittance of the
probe light through the filter is reduced. At point B, the chirp becomes zero,
and the SOA starts to recover. From this point onwards, the wavelength of the
probe light is blue shifted, leading to an increased transmittance. If the OBF is
properly selected (the slope of the OBF is especially essential), the enhancement
of transmittance due to the blue chirp can compensate the gain saturation. Thus,
the transmittance at point C is equal to the transmittance at point A. From points
C to D, the wavelength of the probe light slowly moves back to the probe carrier
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wavelength, leading to decreased transmittance. However, the SOA gain starts to
recover, leading to an increased amplification of the probe light. These two effects
take place on the same timescale and cancel each other out. As a result, the net
intensity at the filter output is constant. This means that the system effectively
recovers much faster than the SOA gain, enabling ultra-high bit rate operation of
the AOWC.

It is noted that the above description explains how the detuned OBF elimi-
nates the linear patterning effect [95] through converting the phase dynamics to
amplitude dynamics and therefore enabling the probe signal fully recover in one bit
duration. However, as one may expect, the gain saturation and chirp amplitude
is different for different bits due to the long carrier lifetime. This causes non-
linear patterning effect, which can not be fully compensated [95]. The nonlinear
patterning effect is, however, indeed reduced by the detuning OBF [113].

4.3 Experimental results

The wavelength conversion scheme explained above was successfully demonstrated
at world-record 160 Gb/s and 320 Gb/s [20, 94]. In this section the experimental
results are briefly reviewed.

Figure 4.2: The SOA gain dynamics (upper panel) and the chirp dynamics
(lower panel) as a function of time due to an injected pump pulse.
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Figure 4.3: Schematic of the optical spectrum of the input probe light
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4.3.1 Experimental results at 160 Gb/s

The experimental setup for 160 Gb/s wavelength conversion is shown in Fig.4.4,
which was constructed by using commercially available fiber-pigtailed components.
As seen in Fig.4.4, 160 Gb/s data stream is generated by multiplexing sixteen
10 Gb/s tributaries, which are 27 − 1 retrun-to-zero (RZ) pseudo-random binary
sequence (PRBS). The wavelength converter is composed out of an SOA, a 1.4 nm
OBF, and a delay interferometer (DI). The DI consists of two PCs, a polarization
maintaining fiber (PMF) with 2 ps differential delay, and a PBS.The operation
principle of the DI can be found in [111, 114, 115]. Note that the DI allows photonic
integration [115].

Figure 4.4: Experimental setup for 160 Gb/s all optical wavelength conversion.

The spectrum of the probe light at the SOA output is broadened as shown in
Fig.4.5 (a) (measured by an optical spectrum analyzer with 0.02 nm resolution).
A 1.4 nm OBF (FWHM) OBF, which is placed at the SOA output, selects the
blue-shifted sideband of the probe light. The OBF characteristic is indicated by
the dashed line (experimental result) in Fig.4.5 (a). The center wavelength of
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the OBF is detuned 1.23 nm to the blue side with respect to the probe carrier
wavelength. The insertion loss of the detuned OBF is about 13 dB. Fig.4.5 (b)
shows the optical spectrum of the probe light at the output of the OBF.

Figure 4.5: (a)Optical spectra of the probe light at the input and output of the
SOA; the dashed line shows the shape of the 1.4 nm OBF. (b) The
probe spectrum after filtering the SOA output. (c)Transmission
characteristic of the delayed interferometer (DI). (d) Spectrum at
the output of the DI.
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Fig.4.6(b) shows that an inverted 160 Gb/s signal with a clear open eye pattern
is obtained, which indicates that the wavelength converter recovers in less than
3 ps. The inverted 160 Gb/s signal is subsequently injected into the DI, where the
polarity of converted signal is changed, i.e., the inverted signal is changed into a
non-inverted signal, as is shown in Fig.4.6(c). The transmittance of the DI, which
acts as a “notch” filter, is shown in Fig.4.5 (c). The wavelength of the notch is set
to be the center wavelength of the converted probe, ensuring a high attenuation
of the DC component corresponding to the “1” level in the inverted signal and a
larger transmittance of the “0” level. The optical spectrum at the output of the
DI is shown in Fig.4.5(d).

(a) Input (b) Inverted (c) Noninverted

Figure 4.6: The eye diagrams at 160 Gb/s.

After wavelength conversion, the converted signal is demultiplexed from 160 Gb/s
to 10 Gb/s by using a gain transparent ultrafast nonlinear interferometer [116].
The bit error rate (BER) of the demultiplexed signals is measured and the results
are shown in Fig.4.7. It can be observed that the average sensitivity penalty for
wavelength conversion at a BER = 10−9 is about 2.5 dB with respect to that of
the original 160 Gb/s signal. No BER floor is observed, indicating the excellent
performance of the wavelength converter.

4.3.2 Experimental results at 320 Gb/s

The experimental setup at 320 Gb/s is similar as in Fig.4.4, except that the base
rate is 40 Gb/s and the OBF is composed of a Gaussian filter and a Fiber Bragg
Gratings (FBG), whose transfer function is such that the pump light is rejected
while the blue-shifted probe spectrum is selected.

An inverted 320 Gb/s signal with a clear open eye-pattern is obtained when
the Gaussian filter is 2.56 nm detuned to the blue-shifted spectrum of the probe,
as shown in Fig.4.8 (b), which indicates that an effective SOA-recovery of less than
1.8 ps is achieved. After the following DI, where the polarity of the inverted signal
is changed, a non-inverted eye diagram is obtained, as shown in Fig.4.8 (c).

In Fig.4.9 (a), the spectra of the probe signal before and after the SOA are
shown while the filter characteristic of FBG, the Gaussian filter and the DI are
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Figure 4.7: (a)BER performance of 160-Gb/s wavelength conversion. (b)
and (c) Eye diagrams of the demultiplexed 10-Gb/s input and
wavelength-converted signal,respectively.

(a) Input (b) Inverted (c) Noninverted

Figure 4.8: The eye diagrams at 320 Gb/s.
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illustrated in Fig.4.9 (b). The optical spectrum at the output of the AOWC is
shown in Fig.4.9 (c), corresponding to the eye-diagram shown in Fig.4.8 (c). As
in the 160 Gb/s wavelength conversion, the “notch” characteristics of the DI is
clearly seen.

Figure 4.9: Optical spectra and the filters’ shape as well as BER performance
of 160 Gb/s wavelength conversion. (a)The optical spectrum of the
probe light at the input and output of the SOA. (b) The character-
istics of the filters (FBG, Gaussian filter and the delayed interferom-
eter.(c)The probe spectrum at the exit of the wavelength converter.
(d) BER performance of 320 Gb/s wavelength conversion. (e)(f):
The eye-diagrams of the demultiplexed 40 Gb/s input and wave-
length converted signal, respectively.

After wavelength conversion, the converted signal is demultiplexed from 320 Gb/s
to 40 Gb/s and the BER is measured. Fig.4.9 (d) shows BER measurements of the
320 Gb/s input signal and the converted signal. It can be observed that the aver-
age sensitivity penalty of wavelength conversion at a BER=10−9 is about 10 dB
with respect to that of the original 320 Gb/s signal. In Figs. 4.9 (e) and (f), the
eye-diagrams of the demultiplexed 40 Gb/s input and the wavelength-converted
signal are shown, respectively.

4.4 Simulation results

4.4.1 Previous work

As mentioned in Sec. 4.2.1, the wavelength converters implemented differently
in the experiments can be generalized as a structure of an SOA followed by an
OBF. The structure has been extensively studied theoretically by several research
groups [22, 93–95,113–115,117–121]. In this section, some of the previous work is
reviewed.
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In [93], the frequency response of an inverted wavelength converter, composed
of an SOA followed by a FBG , is studied. The frequency response is found to be
enhanced thourgh filtering the output from the SOA with the transmission edge of
a FBG. The operation principle is explained through a simplified model, where the
transfer function of the FBG is treated as a linear function in the frequency range of
interest (the frequency range covering the probe spectrum), mimicking an optical
differentiator. While this simplified differentiator model is useful to investigate
the filter-assisted wavelength conversion, there is a mistake in the argument. In
Eq.(7) of [93], the real part of the electric field is taken as the amplitude and
the imaginary part is taken to be the phase, misleading to the conclusion of “the
fiber grating can enhance the time response of an SOA fiber grating by at most
a factor αH”. As shown later in the experiments [20, 94], the enhancement of the
frequency response is larger than the typical αH of the SOA, which ranges from
2 to 10 [93]. However, the differentiator model can partly explain the output from
the wavelength converter and therefore useful to understand the working principle.

Nielsen and Mørk carried out a series of work to analyze the bandwidth en-
hancement of the wavelength converter composed of an SOA followed by an OBF
[95, 113, 117, 118]. In [95], a small signal analysis is employed to investigate the
principle of modulation bandwidth enhancement using optical filtering and some
analytical results are obtained, which are shown to agree with the experimental
results [118]. The reduction of the nonlinear patterning through optical filtering is
investigated in [113]. Through comparing simulations and experiments, ultra-fast
carrier dynamics are found to reduce nonlinear patterning and therefore enable
the high speed wavelength conversion (>100 Gb/s) [117].

Delayed interferometric signal converter (DISC), which is one implementation
of the general structure, was proposed by Ueno et al [122] as a simplified version
of an earlier proposal by Tajima, symmetric Mach-Zehnder interferometer [109].
The device has been extensively investigated both theoretically and experimen-
tally [119–121]. Leuthold et al. also investigated this structure [22, 114, 115].
In [96], a general concept for the design of all-optical wavelength converters with
pulse reformatting functionality was presented. The filter transfer function was
obtained through dividing the spectrum of the ideal output signal by the spectrum
of the input signal (to the filter), which is itself the output from the SOA. Non-
inverted wavelength conversion at 40 Gb/s was demonstrated with a microelec-
tromechanical system-based setup. A practical problem related to this approach
is that the spectrum of the input signal to the filter is constantly changing, de-
pending on the SOA saturation. Thus the filter transfer function also changes,
increasing the complexity of the implementation.

Although a lot of work has been done in this field, both theoretically and exper-
imentally, to our best knowledge, there is no systematic study on the performance
dependence of the wavelength converter operating conditions. In later sections,
through extensive numerical work the performance of a wavelength converter com-
posed of an SOA followed by a Gaussian OBF will be analyzed.
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4.4.2 Simulation Configuration

The SOA discussed in this section is based on III-V material (InP/InGaAsP) and
the working wavelength is at 1550 nm. In the simulations the pump is generated
by modulating a continuous wave with a 27−1 PRBS RZ signal. For every run 256
bits are calculated after an initial stabilization process of the SOA. The SOA is
discretized into 50 sections (∆z = 5 µm). In one bit duration 512 sampling points
are used, corresponding to a sampling interval of 12.2 fs. The default simulation
parameters unless otherwise stated are summarized in Table 4.1.

In our simulations, we have two input signals, pump and probe, at different
central frequencies fp and fq, respectively. We have used the following equation
to describe the input electrical field:

E(τ) = Ep(τ) + Eq exp(i∆Ωτ), (4.1)

where Ep(τ) and Eq are the complex envelope functions of the input probe and
pump, and ∆Ω = 2π(fq − fp) is the angular frequently detuning between pump
(fp) and probe (fq). As is seen in Eq. (4.1), the input probe intensity is time-
independent and the the pump frequency is taken as the reference frequency. Dif-
ferent wavelength configurations for pump and probe can be achieved by modifying
the input electric field. This method is attractive for simulating SOA-based devices
because the input signal can be easily re-configured to simulate different situations,
for example, four wave mixing induced by two modulated pulse trains [53].

The model has been used to simulate the power of the modulated probe by
10 Gb/s clock pulses (the pulse FWHM is 2 ps) and good agreement with the
experimental result is achieved, as shown in Fig.4.10 [94]. The dashed line shows
the simulated probe power while the solid line shows the experimentally measured
probe power using an optical sampling oscilloscope (700 GHz bandwidth). The
gain compression induced by carrier heating is clearly visible.

Filter model

The OBF is modeled in the frequency domain. Throughout this paper the transfer
function of the OBF is assumed to be Gaussian (amplitude) and linear (phase). For
a minimum phase filter, the amplitude response and phase response are related
through a Hilbert transform [123]. Our assumption of linear phase response is
justified by the fact that the calculated phase response from the amplitude response
(Gaussian function in this case) through a Hilbert transform is linear in most of its
passband. A linear phase response with a slope of τ delays the input signal by an
amount of τ without introducing distortions in the time domain waveform (suppose
the amplitude transfer function is a constant) [123]. Therefore, for simplicity,
we neglect the linear phase response. It should be interesting to investigate the
influence of an arbitrary phase response [95] but this becomes nontrivial because
the delay introduced by such a filter is also arbitrary, making it difficult to compare
the signals in different circumstances. The transfer function of the OBF is written
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Table 4.1: Simulation parameters

Parameter V alue

confinement factor 0.28

TPA confinement 0.5

amplitude-phase coupling factor α 6

amplitude-phase coupling factor αCH 1.5

amplitude-phase coupling factor αSHB 0.1

TPA linewidth enhancement factor αTPA -2

FCA in conduction band (CB) 1×10−9 µm2

FCA in valence band (VB) 0×10−9 µm2

carrier lifetime 300 ps

gain coefficient 5.4×10−7 µm2

group velocity 100 ps/µm

waveguide loss 1.75×10−3 µm−1

carrier-carrier scattering time in CB 0.1 ps

carrier-carrier scattering time in VB 0.05 ps

carrier-phonon relaxation time in CB 0.7 ps

carrier-phonon relaxation time in VB 0.25 ps

TPA coefficient 3.5×10−7 µm/mW

optical transition state density 3.09×105 µm−3

gain dispersion coefficient A1 6.81×10−4 ps/µm

gain dispersion coefficient A2 -2×10−5 ps2/µm

gain dispersion coefficient B1 -0.06 ps

gain dispersion coefficient B2 0 ps2

group velocity dispersion coefficient 5×10−6 ps2/µm

CW power 5 mW (160 Gb/s) 3 mW(320 Gb/s)

pump pulse energy 10 fJ (160 Gb/s) 5 fJ (320 Gb/s)

pump pulse width (FWHM) 1.5 ps(160 Gb/s) 0.8 ps(320 Gb/s)

probe wavelength 1534 nm (160 Gb/s) 1527 nm (320 Gb/s)

pump wavelength 1550 nm

SOA injection current 125 mA
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as

H(f) = exp

[

−(f − f0)
2

2σ2
f

]

, (4.2)

where f0 = fp + δf is the central frequency of the OBF, δf is the detuning of the

OBF, σf = ∆f
1.665 is the RMS bandwidth of the OBF and ∆f is the FWHM of the

OBF.

Performance metrics of the output signal

The polarity of the output signal from the wavelength converter can be either
inverted and non-inverted depending on the center wavelength of the OBF. We
define the following quantities to assess the quality of the output signal. For the
inverted signal, we define the eye opening as

EO = 10 log10

[

P0
min

max(P1
min)

]

(dB), (4.3)

and the overshoot [see Fig.4.13 (c)], as

OS = 10 log10

{

[min(P1
max) − P0]

P0

}

(dB). (4.4)

For the non-inverted signal,

EO = 10 log10

[

min(P1
max)

P 0
max

]

(dB), (4.5)

Figure 4.10: Simulation(dashed line) and experimental result (solid line) for the
probe power evolution induced by a 2.2ps, 30 fJ pump pulse.
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and the pulse amplitude fluctuation is given by the standard deviation of the
maxima of the 1 bits, i.e.

PAF = 10 log10











[
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(P1
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max)
2
]

1

2

(
√

N P1
max)











(dB), (4.6)

where N is the total number of 1 bits, the sum is over all 1 bits, and P is the
average power. The 0 (1) superscript indicates a 0 (1) bit, the ‘min’ (‘max’)
subscript indicates the minimum (maximum) power level of a particular bit, and
the ‘min()’ [‘max()’] operator gives the minimum (maximum) value of a particular
power level. A Q factor is also defined by

Q = 20 log10

(

|P1 − P0|
σ1 + σ0

)

(dB), (4.7)

where σ0 is the standard deviation of the 0 bits and σ1 is the standard deviation
of the maximum (minimum) power of the 1 bits in non-inverted (inverted) case,
respectively. It is noted that in this study, the Q factor only takes into account
the PAF caused by the pattern effect and the noise induced PAF is neglected.
When the filter detuning is large, the signal power drops considerably and the noise
induced PAF becomes dominant. In this case, eye opening is a better measurement
of the signal quality.

Characteristics of the investigated SOA

It is known that the saturation pulse energy is dependent on the input pulse width
and that the saturation pulse energy is smaller when the pulse width is below some
critical pulse width [42]. Fig.4.11 shows the amplification gain as a function of the
input pulse energy for different pulse widths. As is seen the model predicts similar
behavior. The saturation pulse energy for 1.5 ps pulse is about 30 fJ and the
saturation pulse energy for more than 10 ps pulses remains about 100 fJ. These
values are in good agreement with the experimental results [42].

Gain dispersion

The gain dispersion is included in the model. Moreover, as stated, the gain spec-
trum modification induced by carrier density change is also taken into account. In
Fig.4.12, the dynamic gain spectrum modification is shown, where the saturation
induced by a 10 fJ, 1.5 ps Gaussian pulse and the following recovery is also pre-
sented in the inset. The gain peak shifts to lower frequency due to gain saturation
[compare curve (a) and (b)] and shifts back to higher frequency when the gain is
recovered.
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Figure 4.11: (Color online)Gain saturation characteristics for different pulse
width: 200 fs (magenta circles); 1.5 ps(blue dots); 10 ps (red Xes); 15 ps(black
diamonds).
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Figure 4.12: (Color online)Gain spectrum for different carrier densities. The
inset shows the material gain evolution during one pump pulse.
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4.4.3 Simulation results at 160 Gb/s

Output from detuned OBF

In this section, for a given output signal from the SOA, the output signals from
different OBFs will be analyzed to illustrate the working principle of the inverted
and non-inverted wavelength conversion. One has to keep in mind that when the
filter bandwidth is larger (smaller), the filter has to be detuned further (closer)from
the probe center frequency to obtain non-inverted signal. In this section we choose
a filter with a FWHM of 200 GHz. In Fig.4.13, the Q factor is shown as a function
of the OBF detuning, where typical eye diagrams for different OBF detuning are
also presented in the inset. One can see that the output signal from the OBF
is inverted when the detuning is small (in this case, -200GHz to 280 GHz) and
the output becomes non-inverted when the detuning is larger. Note that in the
transition region, the overshoots observed in Figs. 4.13 (c) and (d) become larger
and it is difficult to classify the output as inverted or non-inverted. Nevertheless,
in this thesis we classify the output signal by comparing the energy contained in
one ‘0’ bit and that in one ‘1’ bit. If the energy contained in one ‘0’ bit is larger, the
signal is classified as inverted. Otherwise the signal is classified as non-inverted.
An inverted signal is denoted by symbols on lines while a non-inverted signal is

−500 −400 −300 −200 −100 0 100 200 300 400 500
−5

0

5

10

15

20

25

Filter detuning (GHz)

Q
 fa

ct
or

 (
dB

)

24
26
28

0.4

0.6

1.4
1.6
1.8

P
 (

m
W

)

0 5 10
0

1

2
x 10

−3

T (ps)
0 5 10

0

5
x 10

−4

T (ps)
0 5 10

0.05
0.1

0.15

T (ps)

P
 (

m
W

)

(a) 

(b) 

(c) 

(d) 
(e) 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(f) 

OS 

OS 

Figure 4.13: The dependence of Q factor on the OBF detuning. Eye diagrams
corresponding to different filter detunings are shown in the inset. (a) 0 GHz; (b)
-200 GHz; (c) 240 GHz; (d) 280 GHz; (e) 500 GHz; (f) -500 GHz. The filter
FWHM bandwidth is 200 GHz.

denoted by symbols with no lines. Throughout this paper we will adopt the same
convention.
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There are several features in the figure. Firstly, the eye diagram when the
filter is not detuned is almost closed [Fig.4.13 (a)] . This is due to the slow gain
recovery of the SOA, resulting in strong pattern effects. Secondly, one can notice
that for the inverted signal, the Q factor depends on the OBF detuning in an
asymmetric way about the probe frequency, i.e., 0GHz detuning. This asymmetry
can be understood by combining the amplitude and phase features (which gives
the chirp effect) of the probe signal after the SOA. It is known [94] that the
probe is red-shifted at the leading edge of the pump pulse, where the probe power
drops, and it is blue-shifted at the trailing edge of the pump pulse, where the
probe power recovers. More details can be found in Fig.3 in Ref. [94]. Therefore,
if the OBF is detuned towards higher frequency than the probe, the detuning
attenuates the power-dropping part of the probe more than the power-recovering
part, enhancing the modulation depth caused by XGM. Thus, the Q factor of the
output is improved, as already explained in Sec. 4.2.2. On the other hand, when
the OBF is detuned towards lower frequency than the probe, the attenuation for
the power-recovering part is more than that for the power-dropping part of the
probe, degrading the modulation depth and therefore the Q factor. The Q factor
begins to increases when the filter is detuned more to the lower frequency where
the power-recovering part is attenuated so much that the eye diagram starts to
open [Fig.4.13 (b)]. We also see that the larger absolute detuning is necessary to
obtain non-inverted output when the filter is detuned towards higher frequency.
This is due to the probe’s asymmetric spectrum. Thirdly, comparing Figs. 4.13
(c) and (d), one can see that while the Q factor increases for the inverted output
when the OBF is detuned further towards higher frequency, the overshoots at both
the leading edge and the trailing edge become more and more pronounced. The
overshoot distorts the output signal and this is why we also introduce an overshoot
to measure the quality of the inverted output signal. It is noted that the filter
bandwidth should be carefully adjusted, because the pulse will be broadened to
induce inter symbol interference if the filter is too narrow and the pump signal
cannot be effectively rejected if the filter is too broad.

As is seen from Fig.4.13, to obtain non-inverted wavelength conversion the OBF
has to be detuned far from the probe frequency (either to the higher frequency
or to the lower frequency) to suppress the probe frequency component. This is
consistent with the published experimental results, where both detuning to lower
[124, 125] and higher frequency [20, 94, 126] are employed to obtain non-inverted
output. This detunings inevitably introduce significant loss to the output signal
and limit the cascadability of the wavelength converter. This can be overcome to
give an error-free output, at the expense of reduced optical signal-to-noise ratio, by
amplifying the output signal at the OBF output and then filtering the noise [94].

Pump pulse energy dependence

Since the wavelength conversion is based on XGM and XPM, which are induced
by pump pulses, it is obviously very important to investigate the dependence of
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the wavelength converter performance on the pump pulse energy. Fig.4.14 shows
the Q factor under different OBF detunings for different pump pulse energies. It
is noted that the computation of the performance quantities is done separately for
non-inverted signals and inverted signals according to Eqs. (4.3) to (4.7). Care has
to be taken to interpret the values around the transition from inverted operation
to non-inverted operation, since the waveforms in this region are usually strongly
distorted, as shown in Fig.4.13 (b) and (d). In other regions, the values offer a
good measurement of the signals.

It can be seen again from Fig.4.14 that, for the inverted output, the Q factor is
dependent on the OBF detuning asymmetrically about the probe frequency. For
the inverted output, it is seen that the Q factor does not degrade too much when
the pump pulse energy increases from 2 fJ to 10 fJ. But when the pump pulse
energy is much larger (100 fJ or 1 pJ), the output signal degrades rapidly.
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Figure 4.14: (Color online)The Q factors dependence on OBF detuning for dif-
ferent pump pulse energies. Red circle: 2 fJ; Blue rhombus: 10 fJ; Black star:
100 fJ; Cyan cross: 1 pJ for inverted (solid line) and non-inverted (no line) cases.

For the non-inverted output, the Q factor first increases with increasing OBF
detuning and begins to decrease when the detuning is larger than a certain value,
both in the red-shifted region and blue-shifted region. This is more obvious for
high pump pulse energy (1 pJ in this case), as shown in Fig.4.14. It is interesting
to note that Q factor drops considerably for higher pump pulse energy. In contrast
to the inverted case, the maximum Q factor drops by almost 10 dB when the pump
pulse energy increases from 2 fJ to 10 fJ. This is also illustrated in Fig.4.15, where
the maximum Q and eye opening for non-inverted signal are shown as a function
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of pump pulse energy. The maximum Q and maximum eye opening are separately
calculated (for non-inverted case only, since non-inverted polarity is always desired
in practice) through optimizing the OBF detuning separately. The Q factor drops
continuously from > 30 dB to < 10 dB with increasing pump pulse energy from
2 fJ to 1 pJ. At the same time, the maximum eye opening has a maximum value
for a pump pulse energy around 10 fJ. One may conclude that since Q factor
increases as we decrease the pump pulse energy, it is always good to keep the
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Figure 4.15: (Color online) The dependence of the maximum Q factor (blue
squares) and the maximum eye opening (green circles) on the pump pulse energy.

pump pulse energy as low as possible. However, the eye opening decreases when
the pump pulse energy is too low. Moreover, the average peak power of the ‘1’
bits in the non-inverted output signal is also smaller when the pump pulse energy
decreases, as shown in Fig.4.16, degrading the optical signal to noise ratio. The
average peak power of the ‘1’ bits in Fig.4.16 is calculated for the detuning offering
the maximum Q factor. This ‘optimal’ detuning fluctuates around a pump pulse
energy of 0.1 pJ, which explains the dip in Fig.4.16. The smallest pump pulse
energy will then be limited by the noise in the system, which we do not account
for in this work.

Probe power dependence

The probe power is also critical to determine the performance of the wavelength
converter. The carrier effective recovery time can be shortened by increasing the
probe power, so as to increase the working bit rate of the SOA-based wavelength
converter [127]. Fig.4.17 shows the Q factor under different OBF detunings for
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Figure 4.16: (Color online) The peak power of the non-inverted output signal
with different OBF detunings for different pump pulse energies.
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Figure 4.17: (Color online)The Q factors dependence on OBF detuning for dif-
ferent probe powers. Blue circle: 0.5 mW; Pink star: 5 mW; Black cross: 20 mW
for inverted (solid line) and non-inverted (no line) cases.
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different probe powers. A similar trend for Q factor as in Fig.4.14 is observed.
For both inverted and non-inverted outputs, the Q factor increase with increasing
probe power. Again, the dependence of Q factor on probe power is observed to be
smaller for the inverted case than non-inverted case. For non-inverted cases, the
trend is shown in Fig.4.18, where the maximum Q and eye opening are shown as
a function of the probe power. It is seen that the maximum eye opening reaches
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Figure 4.18: (Color online) The dependence of the maximum Q factor (blue
squares) and the maximum eye opening (green circles) on the probe power.

a peak value when the probe power is around 3 mW while the maximum Q factor
increases logarithmically with increasing probe power. When the probe power is
increased, due to the shortened effective carrier lifetime, the PAF of the output
signal decreases, as shown in Fig.4.19. This explains the increasing Q factor when
the eye opening decreases with increasing probe power. However, when the probe
power is too high, the output signal power drops due to increased gain saturation,
as shown in Fig.4.20. Thus the signal is more and more influenced by the noise
with increasing probe power. The optimum value in this case is around 2 mW,
which is close to the value in the experiment (2.6 mW) [94].

Linewidth enhancement factor dependence

The linewidth enhancement factor, sometimes also called α factor, is very im-
portant in SOA-based devices since it gives a measure of the coupling between
the refractive index change with the gain change in the SOA. In the wavelength
converter under investigation in this chapter, the α factor plays an essential role
in determining the performance of the output signal because it is directly related
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Figure 4.19: (Color online)The dependence of the PAF of the non-inverted out-
put signal on the filter detunings for different probe powers. Blue circle: 0.5 mW;
Pink star: 5 mW; Black cross: 20 mW for inverted (solid line) and non-inverted
(no line) cases.
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Figure 4.20: The dependence of the average peak power of ‘1’ bits of the non-
inverted output signal on the probe power.
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to the chirp dynamics, which are utilized in the wavelength conversion. The α
factors are the properties of the active material and can be engineered , for ex-
ample through introducing strain [128]. In Fig.4.21, the Q factor dependence
on the filter detuning for different α factors are shown. It is observed that, for
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Figure 4.21: (Color online)The Q factors dependence on OBF detuning for dif-
ferent α factors. Red circle: α = 1; Blue X: α = 6; Black cross: α = 10 for inverted
(solid line) and non-inverted (no line) cases.

the inverted cases, the Q factor increases with increasing α when the filter is de-
tuned towards higher frequency than the probe while decreases with increasing α
when the filter is detuned toward lower frequency than the probe. The asymme-
try between blue detuning and red-detuning increases with increasing α. This is
understandable because, smaller α means smaller amplitude-phase coupling and
smaller chirp, causing smaller asymmetry of the spectrum of the probe signal from
the SOA (when there is no amplitude-phase coupling, ideally the spectrum of the
probe from the SOA is symmetric). In non-inverted cases, however, the Q factor
increases with increasing α for blue-detunings and decreases with increasing α for
red-detunings. Nevertheless, as can be seen, the Q-factor difference caused by
different α factors is quite small.

In Fig.4.22, the maximum Q factor and eye opening for the non-inverted case
are shown as a function of α. We see that both Q factor and eye opening increase
with increasing α. As shown in Fig.4.21, the improvement in the Q factor from
α = 1 to α = 10 is less than 1.5 dB, although in general, a large α is beneficial for
non-inverted wavelength conversion.

The effect of the other amplitude-phase coupling factors, such as αT , αTPA



4.4 Simulation results 73

is also investigated. As shown in Fig.4.23 and Fig.4.24, αT and αTPA do not
influence the output significantly with their typical values [52, 129, 130]. αSHB is
usually small [52, 129] and the simulations (not shown) suggest that it has little
influence on the Q factor of the output.

Injection current dependence

The SOA injection current also plays an essential role in SOA-based devices be-
cause it determines the operation point (small signal gain, saturation character-
istics, etc.) of the SOA. It is important also because it is the easiest parameter
to control for SOA-based devices. Fig.4.25 shows the relationship between the Q
factor and the OBF detuning for different injection currents. It can be observed
that higher current leads to higher Q factor in inverted case since the gain satu-
ration for higher currents are stronger than that for lower currents. However, for
non-inverted case, it is seen that lower current leads to higher Q factor. This trend
is more clearly shown in Fig.4.26, where the maximum Q factor and the maximum
eye opening are shown as a function of injection current. We see that the maximum
eye opening increases until a certain current with increasing injection current, but
the improvement is quite small (< 0.7 dB). However, the maximum Q factor drops
with increasing injection current. The reason is that although higher current leads
to stronger XGM and XPM therefore larger eye opening, the PAF is also stronger
for higher current, as shown in Fig.4.27, hence reducing the overall Q factor. As
both the Q factor and the eye opening should be considered when optimizing the
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Figure 4.22: (Color online) The dependence of the maximum Q factor (blue
squares) and the maximum eye opening (green circles) for non-inverted wavelength
conversion on α.
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Figure 4.23: (Color online) The Q factors dependence on OBF detuning for
different αTPA factors. Red circle: αTPA = 0; Blue X: αTPA = −1; Black cross:
αTPA = −2 for inverted (solid line) and non-inverted (no line) cases. α = 6 and
αT = 1.5.
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Figure 4.24: (Color online) The Q factors dependence on OBF detuning for
different αT factors. Red circle: αT = 0.5; Blue X: αT = 1.5; Black cross: αT = 3
for inverted (solid line) and non-inverted (no line) cases. α = 6 and αTPA = −2.
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Figure 4.25: (Color online)The Q factors dependence on OBF detuning for dif-
ferent injection currents. Red circle: 80 mA; Blue X: 120 mA; Black cross: 160 mA
for inverted (solid line) and non-inverted (no line) cases.
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Figure 4.26: (Color online) The dependence of the maximum Q factor (blue
squares) and the maximum eye opening (green circles) on the injection current.
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system performance, the injection current should be carefully optimized.

4.4.4 Simulation results at 320 Gb/s

Simulations are also performed at 320 Gb/s. The simulation parameters are listed
in Table.4.1. In general, similar trends are observed for the performance depen-
dence on the SOA parameters as in the 160 Gb/s case. There are, however, several
aspects that are worth mentioning here.

Fig.4.28 shows the dependence of the Q factor on the filter detuning for different
α values. As in 160 Gb/s case, the influence of α on the non-inverted wavelength
conversion, which occur with large detunings, is quite small. For the inverted wave-
length conversion, the asymmetry around the probe frequency is again observed,
which increases with increasing α values. Comparing with Fig.4.21, it is found
that the asymmetric dependence of the Q factor on the detuning changes less with
increasing α at 320 Gb/s than 160 Gb/s. Moreover, one can see that, when the
OBF is not detuned, the Q factor for 320 Gb/s is larger than the corresponding
160 Gb/s case. This is understood because shorter pulses are employed in higher
bit rate systems and that is beneficial for XGM-based inverted wavelength conver-
sion due to enhanced gain suppression driven by ultra-fast carrier dynamics [131].
However, the maximum Q factor and eye opening for non-inverted wavelength
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Figure 4.27: (Color online)The dependence of the PAF (overshoot) of the non-
inverted (inverted) output signal on the filter detunings for different injection
currents. Red circle: 80 mA; Blue X: 120 mA; Black cross: 160 mA for inverted
(solid line) and non-inverted (no line) cases.
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conversion is generally smaller than their counterparts at 160 Gb/s.
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Figure 4.28: (Color online)The Q factors dependence on OBF detuning for dif-
ferent α factors. Red circle: α = 1; Blue X: α = 6; Black cross: α = 10 for inverted
(solid line) and non-inverted (no line) cases.

The dependences of the Q factor and the eye opening on the SOA parame-
ters, similar as those in 160 Gb/s, are summarized in Fig.4.29, for non-inverted
wavelength conversion at 320 Gb/s. These trends are useful in optimizing the
performance of the OBF assisted wavelength conversion.

4.4.5 Simulation results at 1 Tb/s

The function of the OBF following the SOA is to convert the chirp dynamics
into useful amplitude modulation. Since the chirp evolves mainly in the pulse
duration [94], the studied wavelength converter is expected to work at even higher
bit rate than 320 Gb/s. In this section, to investigate the speed potential of the
SOA-based wavelength converter, simulations are performed at 1 Tb/s. The results
suggest that the wavelength converter can work at bit rates as high as 1 Tb/s. At
this bit rate, the pulse width is in the order of hundreds of femtoseconds and the
ultrafast carrier dynamics are more prominent in the operation, as can be beneficial
for high speed wavelength conversion [117, 131]. In this section, the possibility of
working at 1 Tb/s for the SOA-based wavelength converter is investigated.

In the simulations, Gaussian pulses with a pulse width of 200 fs are employed as
pump pulses, whose central wavelength is 1574 nm. The CW probe is at 1526 nm.
The relative location of the pump and the probe is shown in the simulated spec-
trum, shown in Fig.4.30, where the frequency origin is corresponding to 1550 nm.
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Figure 4.29: (Color online)The dependence of the maximum Q factor (blue
squares) and the maximum eye opening (green circles) on (a)linewith enhancement
factor α; (b)injection current; (c)CW probe power; (d) pump pulse energy for non-
inverted wavelength conversion at 320 Gb/s.
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It is readily seen from the spectrum that the probe signal is broadened after prop-
agating through the SOA and the FWM components at -6 THz and 9 THz are
visible. The simulated waveforms and eye diagrams are shown in Fig.4.31, where
the CW power is 5 mW, the pump pulse energy is 5 fJ and the OBF has a FWHM
of 1.67 THz. When the OBF is not detuned, the eye diagram is closed due to the
strong pattern effect, as shown in the lower panel in Fig.4.31(a). It is, however,
interesting to note that the ultra-fast carrier dynamics give an ultra-fast gain re-
covery component, clearly visible at the filter output [upper panel in Fig.4.31(a)],
that is in turn followed by the slow gain recovery process (longer than 40 ps)
driven by the inter-band carrier dynamics. The observed pattern effect is reduced
when the OBF is detuned to higher frequency than the probe and the result for a
detuning of 2.5 THz is shown in Fig.4.31(b). As in the simulation results for lower
bit rate operation, the fluctuation reduction is more significant for the inverted ‘0’
(lower power) level than the inverted ‘1’ (high power) level.
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Figure 4.30: The spectrum of the input signal to the OBF.

The signal polarity is reversed and non-inverted wavelength conversion can be
realized when the filter is further tuned to the blue side of the probe. With an OBF
of 1.33 THz FWHM, non-inverted wavelength conversion can be achieved when
the OBF is detuned 3.5 THz higher than the probe. The output signal waveform
and the eye diagram are shown in Fig. 4.32(a). At the same time, it is interesting
to mention that non-inverted wavelength conversion can also be obtained by com-
bining a blue-shifted OBF and a DISC, which in fact modifies the shape of the
OBF. The result is shown in 4.32(b). With this scheme, the detuning of the OBF
can be smaller (for OBFs with the same FWHM) to achieve non-inverted wave-
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length conversion, which allows for non-inverted operation at wavelength closer to
the probe wavelength. This is understandable because the transfer function of the
combined filter has a sharper slope around the probe frequency, which is essential
for non-inverted operation. The filter shape optimization will be heavily inves-
tigated in next chapter, where genetic algorithms are used to find the ‘optimal’
transfer function of the filter.
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(a) Detuning ∆ν = 0 THz
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Figure 4.31: Simulated 1 Tb/s waveforms (upper panel) and eye diagrams (lower
panel) when the filter is not detuned (a) and when the filter is detuned 2.5 THz
higher than the probe (b).
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(a) Output from a blue-shifted OBF
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(b) Output from a blue-shifted OBF
combined with a DISC

Figure 4.32: Simulated 1 Tb/s waveforms (upper panel) and eye diagrams (lower
panel) for (a) 3.5 THz detuning and 1.33 THz FWHM OBF (b)3 THz detuning
and 1.33 THz FWHM OBF, combined with a DISC (150 fs delay and π phase
bias).
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4.5 Discussion

4.5.1 Differentation function of the OBF

As stated above, the OBF following the SOA is essential to speed up both inverted
and non-inverted operation of the SOA-based wavelength converter. In [93], a
differentiator model was proposed to explain the function of the filter. The filter
transfer function is approximated by a linear function in the frequency range of
interest:

T (ω) = a0 + kω, (4.8)

where k is the slope of the OBF and a0 is the field transmission at the frequency

origin (the probe frequency). Suppose Ein(t) = E0 exp [ g(t)(1+jα
2 ] and Eout(t) are

the probe fields at the input and output of the OBF, respectively, where E0 is the
input probe field to the SOA (assumed to be chirp free), g(t) is the probe power
gain and α is the linewidth enhancement factor, we have:

Eout(t) = F−1{F [Ein(t)] × T (ω)} = a0Ein(t) − jk
dEin(t)

dt
, (4.9)

where F{} indicates Fourier transform and F−1{} indicates the inverse Fourier
transform. After some algebra, Eout(t) can be expressed as

Eout(t) = Ein(t)

[

a0 −
jkg′(t)

2
+

kαg′(t)

2

]

. (4.10)

The output intensity Iout(t) is

Iout(t) = E2
0 exp [g(t)]

{

[

a0 +
kαg′(t)

2

]2

+
k2g′(t)2

4

}

. (4.11)

From Eq.4.11 one can see that the output intensity is determined by several fac-
tors, such as a0, k, g′(t) and α. Although we know that the gain g(t) is limited
by the slow carrier recovery lifetime, g′(t), the first order derivative of the gain
evolves during the pulse duration and is not limited by the slow carrier recovery
lifetime, thus enabling the ultra-fast wavelength conversion. One can see that:

1) When a0 = 1 and k = 0, the filter is centered at probe frequency, the output
becomes E2

0 exp [g(t)] and is the usual output from a wavelength converter based
on XGM.

2) When the linewidth enhancement factor α = 0, the output signal from the

SOA is not chirped, the output becomes E2
0 exp [g(t)]

{

a2
0 + k2g′(t)2

4

}

. Through

carefully choosing a0 and k, it is still possible to realize inverted and non-inverted
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wavelength conversion at high bit rate, consistent with what we observe in numer-
ical simulations (see Section 4.4.3).

3) Non-zero α introduces chirp to the output from the SOA and benefit this

wavelength conversion by enhancing the influence of g′(t) through the term kαg′(t)
2 .

4) To obtain non-inverted wavelength conversion, a0 should be very small and
ideally 0. The output intensity becomes

Iout(t) = E2
0 exp [g(t)](1 + α2)

k2g′(t)2

4
, (4.12)

which forms the working principle of DISC. In DISC, the optical is made of an
AMZI, whose differentiation function has been shown in [132]. One can notice
that the existence of α does not change the output intensity waveform, instead, it
amplifies the output intensity by a factor of (1 + α2).

5) The OBF functions better when k, the filter slope at the probe frequency, is
larger. However, since the OBF is passive, the maximum transmission is one. To
make the linear transfer function assumption valid, the bandwidth of the probe
signal (δν) then limits the available filter slope k (kmax = 1

δν ). The probe signal
bandwidth is determined by many factors, such as input pump and probe power,
α, input pump pulse width, etc.

In the above discussions, two basic assumptions are made: the optical field
phase is directly proportional to the SOA gain through α and that OBF transfer
function is linear in the whole probe spectrum. As shown both theoretically [129]
and experimentally [61] in previous work, for pulses shorter than a few ps, the
optical phase is not related to the gain through one α anymore. In this case,
ultrafast carrier dynamics such as carrier heating and spectral hole burning will
dominate the carrier dynamics and therefore αCH and αSHB will play a role. The-
oretical results confirm the experimental observations [121, 131] of sub-pulses in
high speed DISC operation and the sub-pulses are related to the ultra-fast gain
dynamics and phase dynamics. Sub-pulses are also visible in our simulations. The
linear transfer function assumption simplifies the analysis, however, in practice
the linearity can only be assumed in a small frequency range. Nevertheless, the
simplified analysis does shed considerable light on the working principle of the
filter-assisted high speed wavelength conversion. Further analysis, both experi-
mentally and theoretically, will be required to fully understand the implication
of ultrafast carrier dynamics and linearity assumption on high speed SOA-based
wavelength conversion.

4.5.2 Influence of ASE

In our investigation, the ASE noise is not included in the model. Therefore the
analysis results indicate the best results we can achieve with the same SOA un-
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der the same working conditions. However the ASE noise plays two roles in the
investigated wavelength conversion scheme. Firstly, the ASE noise saturates the
SOA decreasing the effective gain recovery lifetime through holding beam effect.
Secondly, the in-band ASE noise will deteriorate the output signal to noise ratio,
increasing the receiver power penalty. The essential point of the wavelength con-
verter is that the following OBF is detuned with respect to the probe wavelength,
reducing the output probe power. The attenuated signal power is then boosted
by a following Erbium Doped Fiber Amplifier (EDFA) in the experiment, which
again adds ASE noise to the signal. In this case, the influence of the ASE noise
is even larger. Since ASE noise is a broad noise and usually treated as white
noise [55], at higher bit rate the ASE noise will become more serious. As shown in
Sec. 4.3.1 and 4.3.2, the power penalty at 320 Gb/s is more than 7 dB higher than
160 Gb/s. Among others, more in-band ASE noise power due to larger bandwidth
at 320 Gb/s contributes to the large penalty. The ASE noise puts a serious limit
on the wavelength conversion scheme. More detailed analysis, both experimentally
and theoretically, on the influence of the ASE noise is required.

4.6 Summary

Despite the relatively long carrier lifetime, the potential of the SOA in very high
bit rate all-optical wavelength conversion systems is investigated. The enabling
technique is to use a detuned OBF, which convert the chirp dynamics into useful
amplitude dynamics. Successful operation at 320 Gb/s has been experimentally
demonstrated while 1 Tb/s operation is suggested possible numerically. Through
extensive numerical simulations, the output performance dependence on the criti-
cal operation parameters, such as probe power, pump pulse energy, injection cur-
rent and linewidth enhancement factor is investigated. For inverted wavelength
conversion, we found an asymmetry of the Q-factor dependence on the filter detun-
ing. This asymmetry is caused by amplitude-phase coupling induced by non-zero
linewidth enhancement factors of the SOA. It is also found that for non-inverted
wavelength conversion, detuning to both higher frequency and lower frequency
give similar output signal quality in terms of Q factor and PAF. A large α factor
is beneficial for wavelength conversion, especially for inverted output, but the in-
fluence of α on non-inverted output is quite small. The probe power, pump pulse
energy and the injection current should be carefully optimized to obtain good
performance.





Chapter 5

Filter optimization for
wavelength converter based
on Genetic Algorithms

Genetic algorithms, a multi-parameter optimization technique inspired by Darwin’s
theory of evolution, are introduced for the first time to optimize the transfer func-
tion of the OBF in the wavelength converters investigated in Chap. 4. A fourth
order Hermite-Gaussian sum series is used to describe the filter transfer func-
tion. After optimization, signal eye opening greater than 33 dB is obtained for
non-inverted wavelength conversion. The dependence of output signal quality on
variations in the filter center frequency and bandwidth is explored. Finally we show
that the optimum filter transfer function obtained through genetic algorithms can
be approximated with good agreement using an AMZI combined with a Gaussian
OBF.1.

5.1 Introduction

5.1.1 Problem statement

It becomes clear from Chap.4 that, in the wavelength converter, the OBF following
the SOA plays an essential role to determine the polarity and the quality (in terms
of Q factor, eye opening, etc) of the converted signal. In the experiments, different
schemes are employed to perform the filtering, such as asymmetric Mach-Zehnder
interferometer (AMZI) that shows “notch” characteristic at the probe frequency
[111], a blue-shifted OBF [126], a blue-shifted OBF followed by a DI and a FBG
[20], a single FBG [93], etc. Question arises then as to how to choose the transfer

1Part of this chapter is based on the papers [133]
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function of the OBF in order to achieve an optimum output signal. Depending
on the most required performance metrics, the optimization criteria is defined
differently. In this investigation, The optimization target is to improve the EO
(as large as possible) and PAF (as small as possible) for non-inverted wavelength
conversion. For inverted wavelength conversion, the EO and OS are used as the
criteria of optimization. It is very interesting to know what is the optimum transfer
function for a particular operation condition and how does the optimum transfer
function change for different operation conditions, such as different pump pulse
energy, CW probe power, SOA injection current, etc.

Phase response of a filter is important in that it describes the filter’s time-
shifting properties for every frequency component in the input signal [123]. In
many applications, such as in the transmission systems, a linear phase response is
desirable because, when combined with a constant amplitude transfer function, the
output will a time-shifted version of the input. Indeed, most of the filters used in
the wavelength conversion experiments , such as AWGs, have linear phase response
[134]. The AMZI used in DISC also has a linear phase response, except for the π
phase jumps at the transmission minimum [119], which can be absorbed into the
amplitude response. In theory an OBF with an arbitrary amplitude and a linear
phase response can be designed but in practice the fabrication precision will limit
that capability [123]. A nonlinear phase response, although very interesting, makes
the searching more difficult because the delay of input signal can be dramatically
changed due to a phase response change and the evaluation of the performance
metrics becomes nontrivial. Therefore, in our optimum filter searching, we assume
a linear phase response and concentrate on the optimization of the amplitude
response of the filter.

A fourth order Hermite-Gaussian sum series is used to describe the filter am-
plitude transfer function:

T(f) = exp

[

− (f − ∆f)2

2σ2
f

]

4
∑

i=0

aiHi

(

f − ∆f

σf

)

, (5.1)

where f is the frequency and Hi is the ith order Hermite polynomial with coef-
ficient ai. For simplicity, we refer to ∆f (∆f = f − fprobe) and σf as the filter
center frequency detuning (relative to the probe frequency fprobe) and bandwidth,
respectively. However, the Hermite polynomial series may cause the actual center
frequency and bandwidth of the filter to differ. The optimization of the amplitude
transfer function then becomes a multi-parameter search problem for optimum
coefficients ai, ∆f and σf .

5.1.2 Search algorithms

Search algorithms can be roughly classified into three categories, calculus-based,
enumerative and random [135]. Calculus-based methods are widely applied when
the derivatives exist for the objection function. The optima can be obtained by
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solving the usually nonlinear set of equations resulting from setting the gradient
of the objective function equal to zero. Another way to find the optima is hopping
on the function and moving in a direction related to the local gradient. Many algo-
rithms belong to this category, for example, conjugate gradient method, Newton-
Raphson methods, etc. Although calculus-based search algorithms are useful,
especially in theoretical analysis, they suffer from at least two main drawbacks.
First, they rely on the derivatives of the objection functions, which, in practice,
are rarely available, even if we allow numerical approximation for the derivatives.
Second, these methods tend to find a local maximum (or minimum) because they
always seek the best in a neighborhood of the current searching point.

Very popular in some searching problems due to their simplicity, enumerative
algorithms suffer from the heavy computation power they need when the system
dimension is high. For multi-parameter search problems, a rough estimation of
the searching points in a searching space would suggest usage of another kind of
algorithm, even when moderate accuracy is required.

To reduce the chance of being trapped by local optima by calculus-based al-
gorithms and keep the computation tractable, random search algorithms have
been proposed and developed extensively. With randomly chosen initial solutions
(or from a good guess based on the knowledge on the system), random search
algorithms take particular steps in the solution space which do not necessarily
lead to an increase (decrease) in the objective function value of the current so-
lution or solution set. This way, random search algorithms can often avoid local
minima problems and obtain the global optimal solution with relatively high effi-
ciency. One should also keep in mind that the choice of a search method is very
application-dependent and there is no single search algorithm that can serve any
application. In our filter optimization problem, we have seven parameters to op-
timize (ai, i = 0, . . . , 4, ∆f and σf ) and genetic algorithms (GAs) are very useful
in multi-parameter search problems.

5.1.3 Genetic Algorithms

GAs are a multi-parameter optimization technique used in evolutionary comput-
ing, inspired by Darwin’s theory of evolution, to solve problems by an evolutionary
process resulting in a best solution [135]. The aim of the optimization process is
to find the optimal value of the objective function, which is a function of the
parameters. In genetic algorithms, the parameters are coded to facilitate the op-
timization. Binary code is the most widely employed and therefore one sample in
the solution space (a combination of the parameters) is represented by a series of
binary bits.

The optimization starts with a randomly chosen group of samples in the solu-
tion space, each represented by a train of binary bits. These samples form the first
generation. For each sample, the objective function is evaluated and the value is
called fitness of the sample. Each sample is then attached with a reproduction
probability, which is proportional to its fitness value. That says, one sample has
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a higher probability to be reproduced, i.e, to be kept in the second generation,
if it has higher fitness value. Following reproduction, a process called crossover
is employed to generate other samples for the second generation. This process
takes two parent samples and the two bit sequences of the samples exchange at
a randomly chosen position in the bit sequence according to a given probability,
thus generating two offspring binary sequences in the second generation. There is
also a tiny probability for mutation, where one bit of the binary sequences changes
from ‘0’ to ‘1’ or vice versa. Mutation is important to prevent the GAs from be-
ing trapped in a local optimum. After reproduction, crossover and mutation, the
samples in the second generation are determined.

Repeating the selection and reproduction processes leads to the evolution of the
population and eventually, after sufficiently long time, to the best solution. The
main advantage of using GAs over other optimization techniques is their ability
to avoid local solutions and find good solutions quickly even for difficult search
spaces. They are very well suited for nonlinear problems and can manipulate
many parameters simultaneously. Finally, the searching mechanism is intrinsically
parallel and does not require information about the path taken to arrive at a given
point.Hence, GAs can sample the solution space in multiple directions and find
solutions that may otherwise be ignored as they may not be in the current search
path .More details on GAs can be found in [135].

5.2 Simulation configurations

The same SOA model is employed as in Chap 4. All the parameters are kept
the same as in Chap 4, except for the parameter under study. After an initial
stabilization process of the SOA, 64 bits from a 160 Gb/s 27 − 1 PRBS are used
to generate pump signal at 1550 nm, which are then wavelength converted onto
a CW probe at 1534 nm. The output from the SOA, which is composed of the
pump and probe light combined, is then used as the input to the filter optimization
algorithm. During the filter optimization, the input signal to the filter (which is
also the output from the SOA) is kept unchanged.

To optimize the filter transfer function we use a common GA technique with a
population size of 100 individuals, and a probability of jump mutation, cross-over
and creep mutation of 0.02, 0.5 and 0.04, respectively. The difference between the
jump and creep mutations is that in the former a parameter, represented by a
chromosome, can take any random value within the parameter range whereas in
the latter a chromosome also takes a random value but which is, in this case, only
one increment away from its parent value [135, 136]. In both cases, the mutated
chromosome is different to the parents’ corresponding chromosome.

We use EO and average of peak power of ‘1’ pulses (P1) to evaluate the non-
inverted signal, as defined in Chap 4. The fitness function is then calculated by

F = CEO
EO

EOmax
+ CP1

P1

P1
max

(5.2)
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for non-inverted output. In Eq.(5.2), CEO, , and CP1 are weight factors that are
used to give the EO, and P1, respectively, different importance. We scan over
the full range of weight factors, i.e. between zero and one in steps of 0.05 with
CEO + CP 1 = 1, to determine which values make the GA evolve to give the best
EO, and P1. EOmax and P1

max are normalization coefficients used to ensure that
EO and P1 have comparable orders of magnitude. These are obtained by allowing
the GA to evolve to give maximum EO regardless of the value of P1, or maximum
P1 regardless of the value of EO. In practice, since P1 reaches a large value when
the output becomes inverted, we give a large penalty to the fitness value when the
EO is smaller than 10 dB (for inverted signal, EO is negative), thus ensuring that
the evolution is towards an optimal non-inverted output.

5.3 Optimization results

5.3.1 Optimum filters

The results of the optimum filter transfer functions for inverted and non-inverted
output signals obtained using the GA are given in this section. The parameters
are the default values used in Chap 4, list in Table 4.1.

The optimal EO and P1 are plotted as the function of CEO in Fig.5.1 (a) and
(b), respectively. The correspondence between a high EO and a low P1 is clearly
seen. When CEO is high, the optimization is more for EO, the results show a large
EO (around 33 dB) but P1 is quite low (around 2 µW). On the contrary, when
CEO is low, P1 is maximized (around 40 µW) but EO drops considerably until
10 dB, which is the lower limit set in the implementation. Through checking the
output results, we choose CEO = 0.75 to take into account the trade-off between
EO and P1. This applies to all following numerical experiments.
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Figure 5.1: The dependence of optimal value of (a) EO and (b)P1 on the weight
coefficient CEO.

Fig.5.2 shows the evolution of the best filter in the population at different gen-
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Figure 5.2: (Colour online) Evolution of the best filter amplitude transfer func-
tion, at different generations where the filter improves, for a non-inverted output
signal.

erations. The filter spectra shown are relative to the input probe wavelength. For
clarity, only the best filters of those generations at which there is an improvement
(in terms of the objective function value) are shown. One can see that initially,
while the filter transfer function is far from optimal, the filter can change consider-
ably from one improvement to the next. However, as the population evolves there
is less room for improvement and the changes observed are minor adjustments to
the filter transfer function. This can be interpreted as an initial coarse tuning
of the filter over short periods of time with a subsequent fine tuning over long
periods of time. This can also be seen from Fig.5.3 where the evolution of the best
fitness value of each generations is given. We can indeed see that the fitness value
improves very fast in the beginning and the improvement slows down in the later
optimization process. It is important to note that already in the first generation,
filters with good performance are generated. This is due to the large population
used, which ensures fast convergence towards the optimum solution.

Figure 5.4 shows the optimized filter for the non-inverted signal together with
the signal spectrum before and after the filter. The filter is detuned by δν =
0.46 THz and has a FWHM bandwidth of about 0.2 THz. It is noted that the
Hermite polynomial series may cause the actual center frequency and bandwidth
of the filter to differ from ∆f and σf in Eq.(5.1). The eye diagram of the output
signal from the optimized filter is also shown in Fig.5.4 (b), where the EO is found
to be more than 33 dB with a P1 of 2 µW. Comparing with the results in Chap
4, where the EO is less than 20 dB with similar output power for all possible
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Figure 5.4: (Color online) (a) Optimized filter for the non-inverted (dashed)
output signal. Also shown is the signal spectrum prior to the filter. (b)Signal
spectrum after propagating through the optimized filter. Also shown is the output
eye diagram from the optimized filter.

Gaussian filters, we can appreciate the power of the optimization through GAs.
An important feature to note is that for the non-inverted output, the dip of the
filter transfer function coincides with the probe suppressing it considerably. This
agrees with the ideal filters found in [96].
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Figure 5.5: (Color online) The dependence of EO (Black solid), Q factor (green
double dotted dash) and P1 (pink dashed) of the output signal on the filter de-
tuning δf .

5.3.2 Optimum filter tolerance against filter parameters

The effect on EO and P1 of the output signal due to variations in the optimum
filters’ center frequency and bandwidth is investigated to determine the flexibility
and tolerance in the fabrication and utilization of the filter. In Fig.5.5, the de-
pendence of EO,P1 and Q factor of the output signal on the filter detuning δf is
shown. It is seen that when the absolute detuning is small, the EO is negative,
resulting in very low Q factors and high average output power. When the absolute
detuning is larger, the EO becomes positive, increasing the Q factors at the cost of
decreased output power. The optimal filter has a detuning of 0.52 THz and there
is another similar peak (a detuning of -0.44 THz)when the filter is red-shifted,
showing less EO. The noticeable feature is that, despite the large difference in
EO for the two peaks, they have similar Q factors, which suggests that the PAF
is larger for the blue-shifted peak than the red-shifted one. Similarly,the depen-
dence of EO, P1 and Q factor of the output signal on the filter bandwidth σf is
shown in Fig.5.6. As seen, the average power of ‘1’ bits of the output increases
with increasing bandwidth, but the EO drops significantly when the bandwidth
is higher than the optimum value. The EO also drops for bandwidths lower than
the optimum value, primarily due to the spreading of the pulses as a result of a
narrower bandwidth. The Q factor does not change very much when the filter
bandwidth changes due to the corresponding changes in the PAF.

From Fig.5.5 and Fig.5.6, we can see that the optimum filter has tolerance
in both the filter detuning and bandwidth to keep the EO within 3 dB from the
optimum value. It is also shown that, with different bit sequences input, resulting
in different signal spectrum prior to the filter, the output from the optimized filters
shows negligible change in EO and PAF.
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Figure 5.6: (Color online) The dependence of EO (Black solid), Q factor (green
double dotted dash) and P1 (pink dashed) of the output signal on σf .

5.3.3 Optimum filter tolerance against α and SOA operation
condition

The robustness of the optimum filter is tested through changing the input optical
signal. The input optical signal, which is the output from the SOA, is tuned by
adjusting one of the SOA parameters while keep others constant (the default values
are: α = 6, PCW = 5 mW , I = 125 mA, ε0 = 10 fJ). The dependences of the
output signal quality, represented by Q factor and EO, on the SOA parameters
are shown in Fig.5.7.

It is clear from Fig.5.7 (a) that a larger α is beneficial for the output since
both Q factor and EO increase with increasing α. One can notice that although
the optimum filter is optimized for α = 6, both Q factor and EO increase when α
is larger than 6. The change of the Q factor and EO is less than 1.5 dB and 2 dB,
respectively, when α runs from 1 to 10. This confirms the observation in Chap.4
that for non-inverted wavelength conversion, the influence of α is small.

In Fig.5.7(b), the dependence of the Q factor and EO of the output from the
optimum filter on the injected CW power is presented. The Q factor increases
monotonously while the EO reaches the maximum at 5 mW. Stronger holding
beam effect occurs for higher CW power decreasing the pattern effect, which ex-
plains that the Q factor continues to increase although the EO decreases for probe
power higher than 5 mW. It can be seen that the EO decreases much faster when
the CW power is smaller than 5 mW than when it is higher than 5 mW. The rea-
son for this is that higher CW power drives the SOA into deep saturation, where
the output does not change considerably. This suggests that the CW power needs
careful optimization, especially because the CW power is usually not too high to
decrease the SOA gain too much [90].

The Q factor decreases continuously when the injection current increases, as
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Figure 5.7: (Color online) The dependence of Q (Black solid), EO (Red dashed)
of the output signal from the optimum filter on the SOA parameter (a)Linewidth
enhancement factor α (b)Probe power (c)Injection current (d)Pump pulse energy.

shown in Fig.5.7(c). However, the EO reaches the maximum when the current is
125 mA, at which the optimization is performed. Deviation from this value causes
the EO to decrease. It is observed that for a 3 dB tolerance for both Q factor and
EO, the injection current can be tuned in a broad range.

The influence of the pump pulse energy on the output signal from the optimum
signal is shown in Fig.5.7(d). The Q factor continues to drop with increasing pulse
energy, as we also see in Chap.4 for a normal Gaussian filter. This is explained
by the more serious pattern effect caused by larger pump pulse energy. The EO
reaches the maximum when the pump pulse energy is 10 fJ and drops when the
pump energy deviates from this value. The reason for this behavior is explained
in Section 4.4.3. Although the Q factor is large when the pump pulse energy is
small, the output signal is very weak due to the small gain saturation introduced.
The range for 3 dB EO reduction is from 4 fJ to 20 fJ.

From the analysis it is seen that the optimum filter generated by GA is quite
robust to the SOA operation conditions, such as the injection current, pump pulse
energy and probe power. In the next section the experimental implementation will
be discussed.

5.4 Implementation consideration

An optimum filter has been found through GA analysis in terms of EO and peak
power of the output non-inverted signal. The optimum filter is robust to the SOA
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operation conditions and its central frequency and bandwidth. How to experimen-
tally implement such a filter is then very interesting. Very luckily we found that
the transfer function of the filter can be approximated using a known experimental
setup, i.e., combining an AMZI and an OBF. Here we adopted a Gaussian OBF.
The AMZI has a delay τ in one arm and a phase bias φ in the other, offering a
periodic notch filter. The combined filter of the AMZI and the Gaussian OBF is
given by

TA(ν) =
1

2
exp

[

− (ν − δν)2

2∆ν2

]

[exp(iφ) + exp(i2πτν)] , (5.3)

where the center frequency of the Gaussian OBF is δν and its bandwidth is ∆ν.
In fact, such a set-up has been used to perform regenerative all-optical wavelength
conversion at 160 Gbit/s [94, 111, 114].
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Figure 5.8: The transmission characteristics of (a) the AMZI and (b) the Gaus-
sian OBF that are used to fit the optimized filter transmission.

Fig.5.8 shows the transmission characteristics of the corresponding AMZI and
Gaussian OBF, which are used to fit the optimized filter transmission. The pa-
rameters for the combined filter is:τ = 1.085 ps, φ = 1.155π, δν = 2.43THz and
∆ν = 0.146 THz. The transmission of the combined filter is shown in Fig.5.9
(dashed line), where the GA-optimized filter is also shown (solid line) for com-
parison. One can see that it is possible to approximate the AMZI plus Gaussian
OBF filter transfer function to that of the optimum GA filter with good agree-
ment, in particular, near the probe frequency. It is clear that the approximation is
not as good for frequencies higher than the second notch frequency but the probe
spectrum is very weak (see Fig.5.4) so that it is of little significance. Using the
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AMZI and OBF filter, one obtains an EO of 30.6 dB with similar power from the
optimized filter.
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Figure 5.9: The transmission characteristics of the combined filter and the GA-
optimized filter.

The sensitivity of the AMZI plus OBF filter with respect to changes in the
center frequency and bandwidth is similar to the results shown in Figs.5.5 and
5.6, respectively, for the GA-optimized filter. The output from the combined filter
is relatively insensitive to changes in the phase and bias the delay. The former
can be tuned over a range of ∼ 0.03π and the delay over a range of ∼ 0.85 ps
for a 3 dB reduction in EO. In both cases, the average peak power of the “1”
pulses is very small and changes only by less than 4.0%. These ranges may be
increased with rather tedious adjustments of combinations of the delay, phase,
centre frequency and bandwidth. However, we found that the improvement in the
range, over independent adjustments of the variables, was minimal.

5.5 Discussion

When using genetic algorithms one would ideally allow the population to evolve for
an infinite number of generations to have the certainty that the best overall solution
has been obtained rather than a local optimum solution. However this is not
practical and one has to decide when to stop the evolution of the population. The
evolution of the filters’ center frequency, bandwidth and ai coefficients suggests
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that the filter transfer function for the inverted output may still improve with
further evolution of the population. On the other hand, one can see from Figs.
(5.2-5.3) that further evolution of the filter results in minor adjustments away
from the probe wavelength giving small improvements of the value of the objective
function. Hence, we believe that allowing the population to evolve further would
not result in significant modifications nor improvements of the filter amplitude
transfer function.

It is clear from the evolution process that to obtain a non-inverted output
signal with high EO, one has to suppress the frequency component at the original
probe frequency to obtain a smooth spectrum. Physically, the probe frequency
can be viewed as the “DC (Direct current)” component of the output signal which
has to be suppressed in order to obtain non-inverted signal. Traditionally this is
achieved through an AMZI with a phase bias slightly deviated from π to optimize
the output signal [122]. As the bit rate increases and the pulse duration decreases,
optimization solely through adjusting the phase bias can not suppress the observed
enhanced sub-pulses that are induced by the fast carrier dynamics [121, 131]. One
of the solutions to eliminate the sub-pulses is to detune the bandpass filter following
the AMZI 2. This process results in a bandpass filter whose transfer function is
modified by an AMZI. As confirmed in previous analysis, the combination of an
AMZI and a Gaussian OBF does provide an optimum solution.

It is worth to note that both φ0 > π [121] and φ0 < π [95] are reported
to optimize the AMZI for wavelength conversion. The reason for this seeming
discrepancy is that the phase bias and delay are introduced into the AMZI in
different ways. In [121], the phase bias and the delay are introduced in different
arms in the AMZI, while they are introduced in the same arm in [95]. They are
actually the same since a phase difference of φ0 in one arm is equivalent to −φ0

in another arm, which in turn is equivalent to 2π − φ0. However, in our work,
the fitted phase bias φ0 is larger than π, although we use the same configuration
as in [95]. The reason for this is the different convention used in defining the
optical electrical field. Here we use exp(iωt), whereas exp(−iωt) was used in [121]
and [95].

5.6 Summary

Genetic algorithms are employed to optimize the filter transfer function used in
high speed non-inverted SOA-based wavelength conversion. Eye opening greater
than 33 dB has been achieved through optimization. The dependence of the output
signal quality on variations in the filter center frequency and bandwidth is explored.
The optimized filter is robust against the operation conditions, such as injection
current, input pump pulse energy and input probe power. Finally we show that
the optimized filter can be approximated with good agreement using an AMZI
combined with an Gaussian OBF.

2In early literatures on DISC, this bandpass filter is employed to block the pump signal .





Chapter 6

A novel all-optical logic gate
based on an SOA and an
optical bandpass filter

6.1 Introduction

Logic gates are the fundamental building blocks of digital electronics, whose coun-
terparts in optical domain, all-optical logic gates, are considered as very important
devices for the future transparent optical networks. All-optical logic gates deal
with the incoming digital optical signals and generate an optical output signal
according to a given logic function, such as AND, OR, XOR, etc. The truth table
for different logic functions is given in Table. 6.1. Due to their potential appli-
cations, all-optical logic gates have received considerable attention in the field of
optical networks [137]; they can enable many advanced functions such as all-optical
bit pattern recognition [138], all-optical bit-error rate monitoring [139], all-optical
packet address and payload separation [140], all-optical packet drop in optical time

Table 6.1: Truth table for different logic functions

Input1 Input2 AND OR XOR

1 1 1 1 0

1 0 0 1 1

0 1 0 1 1

0 0 0 0 0
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domain multiplexing (OTDM) networks [141] and all-optical label swapping [142].
Many approaches have been proposed, based on the nonlinear effects either in
optical fiber or in semiconductors. Compared with their optical fiber based coun-
terparts [141], all-optical logic gates based on SOAs are promising due to their
efficiency and potential for photonic integration [137]. Most SOA-based optical
logic gates employ interferometric structures, which requires several SOAs and
makes the system complicated [143–145]. A logic gate based on four-wave mixing
in SOAs has also been demonstrated in [32], however, the scheme suffers from low
conversion efficiency and polarization dependence [100]. In this chapter a simple
logic gate, which can realize several logic functions with the same setup but under
different operation conditions, is proposed and experimentally demonstrated.

6.2 System concept

We propose a simple and polarization-independent logic gate composed of a single
SOA followed by an OBF. With the same setup we are able to achieve various logic
functions under different operation conditions. Two pulsed control signals and a
continuous wave (CW) probe are injected into the SOA leading to a broadened
spectrum due to XGM and XPM in the SOA. In this section we will explain how
different logic functions can be realized by filtering the spectrally broadened probe
light. Simulation results are also presented.

The proposed logic gate is shown in the dashed box in Fig. 6.1(a). Two
modulated optical return-to-zero (RZ) control signals (data1 and data2), combined
with a CW probe, are injected into the SOA. The control signals may be at different
wavelengths but this is not essential. However, the control and probe signals should
be at different wavelengths. Due to XGM and XPM, the falling edge of the inverted
probe signal is red-shifted while the rising edge is blue-shifted [46]. Hence the probe
spectrum is broadened, as shown in Fig. 6.1 (b), where the OBF shape is also
shown by the dashed curve. Since the control pulses induce spectral blue-shift for
the probe light, an OBF can be used to reject the central wavelength of the probe
light and select the blue-shifted spectrum, so that the probe can only pass through
the OBF when the control signal is present. Based on this principle, non-inverted
all-optical wavelength conversion at 40 Gbit/s has been demonstrated [126]. The
magnitude of the induced blue-shift can be controlled by the individual powers of
the input signals. By controlling the power levels and the filter detuning (∆λ in
Fig. 6.1 (b)), different logic functions can be realized.

If control pulses are launched simultaneously at data1 and data2, the modu-
lated probe will receive a much stronger spectral blue-shift compared to the case
where only one pulse is present, either in data1 or data2, since the SOA works in
a deeper saturation. The OBF can be used to select this stronger blue-shift, while
rejecting the weaker blue-shift. Thus, at the output of the OBF, a pulse from
the probe will be generated in the presence of control pulses in data1 and data2
simultaneously, resulting in an AND gate. Similarly, the OBF can be adjusted to
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select the weaker blue-shift and reject the stronger blue-shift. At the output, a
pulse from the probe will be generated only when one control pulse appears, real-
izing an XOR gate. When the SOA operates in strong saturation, the difference
in the amount of blue-shift, induced by two simultaneous control pulses or a single
control pulse, is small. Both induced blue-shifts can fit in the passband of the
OBF, resulting in an OR gate.

A rate equation model [46] is employed to simulate the logic functions at a data
rate of 10 Gbit/s and the results are shown in Fig. 6.1 (c-g). In the simulations,
a Gaussian filter with 15 GHz full-width-at-half-maximum (FWHM) is used. The
SOA has a carrier lifetime of 200 ps and the linewidth enhancement factor of the
SOA is 6.

6.3 Experimental results

The experimental setup shown in Fig. 6.2 was constructed using commercially
available fiber-pigtailed components. A 10 Gbit/s data stream with 2.3 ps (FWHM)
optical pulses, generated by an actively mode-locked fiber ring laser, is modulated
by an external modulator at 10 Gbit/s to form a 27 −1 RZ pseudo-random binary
sequence (PRBS). The center wavelength of the data signal is 1549.98 nm. This is
then divided into the two control channels. The data2 signal is delayed by prop-
agating through 2 km of dispersion-shifted fiber (DSF) to remove the coherence
between the two channels, so that the interference between the two channels can
be avoided. Another 3 dB coupler is used to combine the two channels again. They
are then combined, amplified and injected into the optical logic gate with a CW
probe. All the couplers used in this experiment are 3 dB couplers. The attenuators
are adjusted to equalize the average powers in data1 and data2 before the SOA.
The variable delay (VD) is adjusted to synchronize data1 and data2. The optical
logic gate (dashed box in Fig. 6.2) is composed of an SOA and a 0.3 nm (FWHM)
OBF, centered at 1560 nm. After the optical filter, the signal is amplified by an-
other EDFA before being monitored by an oscilloscope with a specified electrical
bandwidth of 50 GHz. The SOA (manufactured JDS Uniphase) is pumped with
a current of 350 mA. The gain recovery time of the SOA is approximately 150 ps.
Note that, in the experiment, we tune the wavelength of the probe to adjust the
detuning of the filter (∆λ). This detuning attenuates the output power and the
attenuation in the experiment is more than 15 dB.

Fig. 6.3 shows the experimental results at 10 Gbit/s. Two input control chan-
nels are shown in Fig. 6.3 (a) and (b). The results for the AND (OR, XOR) gate
operations are presented in Fig. 6.3 (c-e), respectively. The detailed experimental
configurations, such as the input probe power, the control signal power and the
filter detuning, are detailed in Table. 6.2. In the experiment we did not observe
pattern effects. We observed some small residual pulses in the AND and XOR
gates output, which ideally should not appear. However, this could be improved
by optimizing the filter transfer function. In Fig. 6.3 the zero levels of the output
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Figure 6.1: (a)Proposed logic gate structure; (b)Simulated spectrum of the
probe; (c-g)Simulated results of logic gates
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Figure 6.2: The experimental setup. VD: variable delay; ATT: variable optical
attenuator; MOD: modulator; PC: polarization controller; DSF: dis-
persion shifted fiber; CW: continuous wave.
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signals are not precisely at the ground level. This is due to the fact that the slope
of the optical bandpass filter in the experiment is about 0.4 dB/GHz, which is not
steep enough to reject the center part of the probe spectrum. The zero levels can
reach the ground level if the filter slope is steeper than 0.6 dB/GHz, as confirmed
experimentally [126].

Figure 6.3: Input pulse train in data1 and data2 and the corresponding output
for different logic gates.

Further simulations suggest that the proposed logic gate could operate at higher
bit rates with further OBF detunings. This degrades the output signal-to-noise
ratio and ultimately limits the operation speed.
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Table 6.2: The experimental condition for different logic gates

Logic function Probe power (mW) Control power (mW) OBF detuning (nm)

AND 1.12 0.65 1.82

OR 0.64 1.13 0.54

XOR 1.06 0.27 1.52

6.4 Summary

In this chapter a simple optical logic device, composed of a single SOA and an
OBF, is proposed and demonstrated at 10 Gbit/s. This logic device is based on
XGM and XPM in an SOA. The OBF filters different part of the probe spectrum,
which is broadened by XGM and XPM, resulting in logical output. We explain
how the system can realize AND, OR and XOR gate functions based on the same
setup but with different operating conditions. The proposed logic gate has a very
simple structure and allows for photonic integration.





Chapter 7

Conclusions and
recommendations

In this thesis we have developed and extended a comprehensive numerical model
to investigate SOA-based all-optical signal processing at high bit rates. With this
numerical model, we investigated a novel mode-locked ring laser based on nonlinear
polarization rotation in an SOA and a high-speed SOA-based wavelength converter
based on cross gain modulation and cross phase modulation. Moreover, a novel
all-optical logic device, which can perform different logic functions (AND, OR and
XOR) under different working conditions, is also proposed and demonstrated.

The model takes into account both inter- and intra-band carrier dynamics, such
as spectral hole burning, carrier heating, free carrier absorption and two photon
absorption, which becomes increasingly important when the optical pulse duration
becomes shorter and shorter. Polarization effects are also included through intro-
ducing an imbalance factor f (see Chap.2). Gain dispersion and group velocity
dispersion are accounted for as well. The simulated results agree well with the
experimental results.

Mode-locked lasers can generate high quality short pulse trains and are there-
fore very important in different fields [68], including high speed all-optical signal
processing systems. A novel passive mode-locked laser based on nonlinear polar-
ization rotation in one single SOA is investigated numerically. The advantage of
this mode-locked laser is that it has a simple structure and the pulses generated
can be very short (∼500 fs). In an unrealistic case of dispersion-free operation,
there is no fundamental limit to the pulse narrowing. However, in practice, the
achievable pulse width depends on cavity dispersion and ultra-fast carrier dynam-
ics, which is current dependent. Lower current leads to shorter pulses, however,
the current should be beyond a certain value for the cavity to lase. Too high in-
jection currents will lead to instabilities instead of stable mode-locking. Suppose
the laser cavity is short enough therefore the output repetition is not limited by
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the cavity length, the repetition rate can be increased by increasing the injection
current but ultimately limited by the carrier lifetime. The highest possible bit rate
achieved in the simulations is 28 GHz. The cavity length, however, does pose a
limit on the repetition rate because the polarization devices in the cavity is very
difficult, if not impossible, to integrate with current technologies.

Wavelength converters are very important in future optical networks since it
can make the network infrastructure more flexible. SOA-based wavelength conver-
sion is the most promising solution due to its large nonlinearities and integration
potential and therefore attracts a lot of research efforts. Despite limitations im-
posed by the relatively long carrier lifetime in SOAs (typically tens to hundreds of
ps), successful SOA-based wavelength conversion at as high as 320 Gb/s has been
demonstrated [20] utilizing a detuned optical bandpass filter (OBF). In this thesis
we have analyzed the working principle of the wavelength conversion and inves-
tigated systematically the performance dependence of the wavelength conversion
on the SOA operation parameters. Both inverted and non-inverted wavelength
conversion can be realized with detuned OBF and simulations suggest that the
operation bit rate can be as high as 1 Tb/s. For inverted wavelength conversion,
the OBF should be detuned towards higher frequency than the probe enhanc-
ing the modulation depth and therefore the Q factor. Although there exists an
asymmetry for the OBF detuning for the inverted output, we found that for the
non-inverted output, detuning to both higher frequency and lower frequency give
similar output signal in terms of Q factor and pulse amplitude fluctuation (PAF).
It is also found that for inverted operation, the linewidth enhancement factors
plays an important role while they are less important for non-inverted conver-
sion although larger linewidth enhancement factors lead to better output signal in
general. For non-inverted operation, the pump pulse energy, probe power and in-
jection current should be carefully optimized in order to obtain good performance.
The optimal pump pulse energy is less than the 3 dB saturation energy (which is
pulse width dependent [42]) and the optimal probe power is about 3 dBm in our
simulations.

Since the OBF plays an essential role in the wavelength conversion, how to
choose the transfer function of the OBF becomes a pivotal problem. The OBF
should have enough bandwidth to accommodate the high-speed signal and at the
same time the transfer function should be appropriate to obtain non-inverted
wavelength conversion with good output signal quality. We introduced Genetic
Algorithms for the optimization of the filter transfer function and achieved output
signal with eye openings of higher than 33 dB. The robustness of the optimized
filter is tested against both the filter parameters and the SOA operation condi-
tions and it is found that the optimum filter is robust. In practice the filter can
be implemented by combining a Gaussian filter and a delay interferometer, which
can be integrated monolithically [22].

Enlightened by the principles of the wavelength conversion, a logic gate based
on a single SOA is proposed and demonstrated. The logic gate can realize several
logical functions (AND, OR and XOR) with the same setup but under different
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operation conditions. This reconfigurable logic gate has a very simple structure
and allows photonic integration.

The work described in this thesis can be further extended in the following as-
pects:

1) As ASE is unavoidable in the SOA, to obtain more accurate quantitative
agreements with the experimental results, careful modeling should be performed
to implement ASE noise in the current model. One of the difficulties lies in the
fact that ASE propagates in both directions in the SOA while the model in its
current form can not treat bi-directional propagation problems due to the use of
FD-BPM. A model which takes into account gain dispersion and ASE was re-
ported [56] but the intra-band carrier dynamics is modeled as a nonlinear gain
suppression factor, which becomes increasingly inaccurate when the pulse width
is shorter than 1 ps. It is also important to keep in mind that, in order to include
ASE in the simulations, gain dispersion should be taken into account in order to
keep the ASE power to a realistic value.

2) The parameter region for the mode-locked ring laser to lase stably is quite
narrow. It would be interesting to investigate the dynamic behavior shown in the
system in other parameter regions and how to optimize the operation parameters
for the mode-locked laser. This would also help further study on all-optical sig-
nal processing based on nonlinear polarization rotation induced by sub-ps optical
pulses.

3) Although the investigated wavelength converter based on an SOA and an
OBF can operate at very high bit rate, the output signal power is quite low due to
the filter detuning and therefore suffers from the low optical signal to noise ratio
(OSNR). With an updated model with ASE, the output OSNR can be quantified.
Moreover, the chirp of the output signal should also be further investigated since
it also influence the propagation of the signal in the next transmission link. Trans-
mission experiments could be performed to investigate the quality of the output
signal and the cascadability of the high-speed wavelength converters [146].

4) The work presented in this thesis is based on intensity modulated optical sig-
nal. Since many other modulation formats, such as DPSK, QPSK, DQPSK and so
on, are attracting heavy research efforts due to their potential higher transmission
performance, it is very interesting to think about how to perform all-optical signal
processing for these modulation formats. Some research groups have already done
some work in this field [32, 99] while much more work is expected.

In summary, in this thesis ultrafast SOA-based all optical signal processing
is investigated based on a comprehensive model, developed to include physical ef-
fects that become important at high bit rates. The work contributes new insight in
SOA-based mode-locked ring lasers and high-speed all-optical wavelength conver-
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sion. Moreover, a novel all-optical logic gate is proposed and demonstrated. The
work concentrates on high-speed operation (higher than 80 Gb/s), where optical
signal processing can offer significant cost savings with respect to their electronic
counterparts [147]. As we have shown through our analysis, SOA-based devices
can operate at very high bit rates, although special techniques are required. Future
progresses will surely make SOA-based all-optical signal processing more feasible.
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Appendix A

List of Abbreviations

AMZI Asymmetric Mach-Zehnder interferometer
ASE amplified spontaneous emission
AWG arrayed-waveguide grating
CW continuous wave
DPSK differential-phase shift key
EDFA erbium-doped fiber amplifier
ER extinction ratio
FBG fiber Bragg grating
FD-BPM Finite-difference beam propagation methold
FWHM full-width at half-maximum
FWM four wave mixing
NPR nonlinear polarization rotation
NRZ nonreturn-to-zero
OADM Optical Add-Drop Multiplexing
OBF optival bandpass filter
OPS optical packet switching
OTDM optical time division multiplexing
PAF pulse amplitude flucutation
PBS polarization beam splitters
PC polarization controller
PM phase modulation
PRBS pseudo-random binary sequence
PSK phase shift keying
RZ return-to-zero
SOA semiconductor optical amplifier
SPM self-phase modulation
TE transverse electric
TM transverse magnetic
VOA variable optical attenuator
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WDM wavelength division multiplexing
XGM cross-gain modulation
XPM cross-phase modulation
XOR Exclusive OR
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Appendix C

Samenvatting

Volledig optische signaalverwerking gebruikmakend van optische halfgelei-

der versterkers

In moderne optische transmissiesystemen, neemt zowel het aantal bits per
golflengte toe als het totale aantal golflengte kanalen. Schakelen vereist een omzetting
van het optische domein naar het elektrische domein. Volledig optische signaalver-
werking met daarbij inbegrepen golflengte omzetting, optische logische poortfunc-
ties en signaalregeneratie, is éen van de meest belangrijke technologieën om optisch
circuit, burst, of pakket schakelen mogelijk maken.

De optische halfgeleider versterker (in het engels vaak “semiconductor optical
amplifiers” of SOA’s genoemd) js een veelbelovende kandidaat voor volledig optis-
che signaalverwerking omdat hij compact en gemakkelijk te fabriceren is. Daar-
naast zijn SOAs vermogensefficiënt. Het is daarom belangrijk om numerieke mod-
ellen te ontwikkelen voor de SOA’s, en om hun gedrag te begrijpen in verschil-
lende systeemconfiguraties. Dit wordt des te belangrijker bij stijgende bitsnelhe-
den waar de interactietijd van een optische puls met halfgeleidermateriaal steeds
korter wordt. Bestaande SOA modellen verwaarlozen in dat geval verscheidene
effecten.

In dit proefschrift is een volledig model ontwikkeld om zeer snelle SOA gebaseerde
optische signaalverwerkingsystemen te bestuderen. In het model worden de inter-
en intra-band dynamica van ladingsdragers, vermogensdispersie en groepssnelheid-
dispersie meegenomen. Polarisatieafhankelijke effecten worden ook in beschouwing
genomen dankzij de introductie van een zogenaamde “imbalance” factor f. Een
eindigelementen methode genaamd “beam propagation” methode is gehanteerd
om het numerieke model op te lossen.

Modevergrendelde lasers bieden een veelheid aan toepassingen in volledig op-
tische signaalverwerkingssystemen. In dit proefschrift is een nieuw type modever-
grendelde laser onderzocht die is gebaseerd op niet-lineaire polarisatie rotatie in
een SOA. Een pulsversmallend proces is numeriek beschreven waarbij een goede
overeenkomst met experimentele resultaten is behaald. De kwaliteit van de puls
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wordt grotendeels bepaald door de ultrasnelle vermogensdynamica in de SOA en
door de dispersie in de trilholte. De gemode-lockte laser, met een SOA jngesteld
op een gemiddeld stroomniveau, kan een reeks pulsen genereren met een frequentie
van 28 GHz. De pulsen zullen een sub-picoseconde pulsbreedte hebben, waarbij
de frequentie is gelimiteerd door de levensduur van de ladingsdrager. Er ontstaan
instabiliteiten in de laser bij hogere stroomniveaus.

Eén van de minpunten van SOA-gebaseerde schakelingen is de relatief lange
hersteltijd van de versterking, die resulteert in zogenaamde patrooneffecten die
op hoge bitsnelheden zichtbaar worden. In dit proefschrift is een golflengte-
omzetter onderzocht die op zeer hoge bitsnelheden foutenvrij opereert. Deze
golflengte omzetter is gebaseerd op éen enkele SOA en een optisch banddoor-
laatfilter. Deze ultrahoge omzettingssnelheid is gebaseerd op het filteren van een
amplitude- en fase-gemoduleerd signaal. Het onderliggende principe is bestudeerd
en gedetailleerde analyses zijn uitgevoerd om de snelheidsbeperkingen te begri-
jpen. De studie en de analyse hebben geleid tot een set optimalisatievoorschriften
voor SOA gebaseerde golflengte omzetting die opereert op ultrahoge bitsnelhe-
den. Er is ook een voorspelling gedaan voor gëınverteerde en niet-gëınverteerde
golflengte omzetting op de nog hogere bitsnelheid van 1 Tb/s. Daarnaast is een
genetisch algoritme ontwikkeld om de overdrachtsfunctie te optimaliseren van het
optisch banddoorlaat filter na de SOA. Dit resulteerde in een oog opening van
meer dan 33 dB in het geval van een niet-gëınverteerde golflengteomzetting. Het
geoptimaliseerde filter kan worden gëımplementeerd door een combinatie van een
asymmetrische Mach-Zehnder interferometer, en een Gaussisch filter.

Gëınspireerd door het werkprincipe van de golflengteomzetter is een nieuw type
optische logische poort ontwikkeld met een erg simpele architectuur, namelijk een
SOA gevolgd door een optisch banddoorlaatfilter. De logische poort kan de functies
AND, OR en XOR realiseren door alleen de instellingen te wijzigen. Deze nieuwe
schakelaar kan worden gëıntegreerd.
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