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ABSTRACT

This research is in the area of high speed telecommunication systems where all-
optical technologies are being introduced to meet the ever increasing demand for
bandwidth by replacing the costly electro-optical conversion modules. In such
systems, all-optical routers are the key technologies capable of supporting
networks with high capacity/bandwidth as well as offering lower power
consumption. One of the fundamental building blocks in all-optical
routers/networks is the semiconductor optical amplifier (SOA), which is used in for
clock extraction, wavelength conversion, all-optical gates and optical processing.
The SOAs are perfect for optical amplification and optical switching at a very high
speed. This is due to their small size, a low switching energy, non-linear
characteristics and the seamless integration with other optical devices. Therefore,
characterisation of the SOA operational functionalities and optimisation of its
performance for amplification and switching are essential and challenging. Existing
models on SOA gain dynamics do not address the impact of optical propagating
wavelength, the combined input parameters and their adaptation for optimised
amplification and switching operations. The SOA operation is limited at high data
rates > 2.5 Gb/s to a greater extent by the gain recovery time. A number of
schemes have been proposed to overcome this limitation; however no work has
been reported on the SOA for improving the gain uniformity. This research aims to

characterise the boundaries conditions and optimise the SOA performance for



amplification and switching. The research also proposes alternative techniques to
maximise the SOA gain uniformity at ultra-high speed data rates theoretically and
practically. An SOA model is been developed and used throughout the research for
theoretical simulations. Results show that the optimum conditions required to
achieve the maximum output gain for best amplification performance depends on
the SOA peak gain wavelength. It is also shown that the optimum phase shift of
180° for switching can be induced at lower input power level when the SOA
biasing current is at its maximum limit. A gain standard deviation equation is
introduced to measure the SOA gain uniformity. New wavelength diversity
technique is proposed to achieve an average improvement of 7.82 dB in the SOA
gain standard deviation at rates from 10 to 160 Gb/s. Other novel techniques that
improved the gain uniformity employing triangular and sawtooth bias currents, as
replacements for the uniform biasing, have been proposed. However, these
current patterns were not able to improve the SOA gain uniformity at data rates
beyond 40 Gb/s. For that reason, an optimised biasing for SOA (OBS) pattern is
introduced to maximise the gain uniformity at any input data rates. This OBS
pattern was practically generated and compared to the uniform biased SOA at
different data rates and with different input bit sequences. All executed
experiments showed better output uniformities employing the proposed OBS

pattern with an average improvement of 19%.
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Chapter 1 Introduction

1.1. Research Fundamentals

As the demand for network capacity is rising due to the rapid increase in the
Internet traffic volume, there is a growing need for all-optical based system. The
all-optical system should offer much greater bandwidth and higher reliability than
the traditional copper cables and the optoelectronic based communication
technologies. The speed of the conventional electronic components used in these
systems is limited to 40 Gb/s [1, 2] and therefore, imposes a speed and a capacity

bottleneck to the networks.

In the beginning, optical fibre network started as a simple connection with no
routing capability. The use of wavelength division multiplexing (WDM) and optical

time division multiplexing (OTDM) [3-6] increased the overall capacity of the point-



to-point optical fibre transmission systems. The development of second-generation
high speed systems such as the synchronous optical network and the
synchronous digital hierarchy offered supplementary switching and routing
capabilities to the network [7-9]. Optical add/drop multiplexers and optical cross-
connectors were further introduced to the network in order to offer wavelength
routing capabilities [7, 10]. However, in such systems the switching process is still
performed in the electrical domain requiring optical-electrical-optical (O-E-O)
conversion modules [11, 12]. To meet the network speed and capacity demands
and to overcome the bottlenecks of O-E-O conversion, ultra-fast photonic
networks that rely on photonic signal processing are required. The next generation
optical network is aimed to carry out all the processing in the optical domain,
operating at speeds (hundreds of gigabits per second) well beyond the existing
electronic devices [13-18]. It is important to note that an all-optical processing
technology is not a replacement but is a complementary alternative to the
electrical processing particularly at the backbone optical layer where the data rate

is extremely high.

Both circuit and packet switching schemes could be adopted in all-optical
networks. However, packet switching is more flexible than the circuit switching in
dealing with the bursty traffic and having higher throughput and switching speed
[19-21]. An all-optical network offers transparency [22], implying that data can be
carried at a range of bit rates and protocols and it can also support different higher
layers. Figure 1.1 shows a typical packet switching core network. It is composed of

optical core routers (nodes) where packets are routed from edge routers that are



identified by unique addresses and the fibre links connecting these routers. In
optical core networks, packets traverse a number of different nodes before

reaching their destination ones.
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Figure 1.1 A photonic packet switching core network [23]

The transmitted optical packet consists of a clock signal, address bits and the data
payload as shown in Fig. 1.2. A typical all-optical core router consists of a clock
extraction module, header extraction, header recognition (to compare the header

with a routing table) and an optical switching unit (see Fig. 1.3).

My

Address

Figure 1.2 A typical format of an optical packet



The router architecture is based on the pulse position modulation header
processing (PPM-HP) scheme that has been developed in the Optical
Communication Research Group (OCRG) at Northumbria University. In this
scheme, an N-bit packet header address and a look-up routing table are converted
into the PPM format. PPM-HP scheme significantly downsizes the look-up routing
table and offers robust packet routing regardless of the packet header length and
network dimension as well as improved processing time and reduced system

complexity [23].
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Figure 1.3 Block diagram for an all-optical router [23]

With reference to Fig. 1.3, on arrival of packets first of all the clock signal is

extracted for system synchronisation. The header extraction module is used to



recover the address or label of the packet and then converts it into an appropriate
format for the header recognition module. The function of the header recognition is
to process the extracted header and to compare it with the routing table; the

matching output signal is then forward to the optical switching unit.

The development of high capacity optical networks increased the demand for new
optical devices that are able to perform in almost all all-optical functions. The key
processes in all-optical switching are regeneration and wavelength conversion
where SOA is the key building block. Among all-optical switches [24], ultra-fast all-
optical switches based on the SOA, such as Mach-Zehnder interferometers (MZI)
[25-31] are the most promising candidates for the realisation of all-optical
switching and processing applications compared to other switches, such as ultra-
fast non-linear interferometers (UNIs) [32, 33] and terahertz optical asymmetric

demultiplexers (TOADs) [34-36].

The use of SOA-based Mach-Zehnder interferometer (SOA-MZI) schemes will
allow the processing of packets ‘on-the-fly’ in future photonic routers. The SOA-
MZI is used in almost all functions inside a photonic router such as, clock
extraction circuits, header/payload separation, optical flip-flops, wavelength
converters, all-optical gates and switching [37-48]. The performance of SOA, in
terms of the gain temporal behaviour, the carrier density and stimulation emission,
is affected by several factors including the dimensions of the waveguide and input
parameters such as the external bias current and the power and wavelength of the
propagating input pulses. Controlling these factors will lead to improving and

optimising the SOA amplification and/or switching characteristics as well as the
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uniformity of the generated output pulses that is necessary to reduce the system

power penalty.

A number of models have been proposed to investigate the SOA gain dynamics,
which also includes the pump signal propagation [49-53]. However, in these
models the direct relationship between the input signal gain and wavelength which
would help maximising amplification has not been addressed. Moreover, the fast
and the strong non-linear features that characterise SOAs are widely studied in the
literature [54-57]. Nevertheless, these features were not adapted to set the

optimum conditions for the switching operation.

The SOAs performance is determined, to a great extent, by their gain recovery
time characteristics. To that end, for many high speed applications, SOAs must
have a fast gain recovery in order to ensure a minimum gain standard deviation for
the input pulses and therefore, avoid system power penalties arising from bit
pattern dependencies [58-60]. The SOA gain uniformity is also essential when
used in high speed optical routers. The gain recovery of SOA is limited by the
carrier lifetime, which itself depends on the applied or bias current [61]. Different
approaches have been used to speed-up the SOA gain recovery time. This is
done by changing the SOA cavity length, by changing the input pulse width or by
externally injecting an assist light at the transparency point of the SOA [38, 62-66].
However, no work on directly improving the SOA gain uniformity using its

characteristics has been reported in the literature.



Limited investigations have reported applying non-uniform currents to the SOA in
literatures. Only narrow impulses [67] and exponential [68] shaped currents were
recorded to reduce the SOA switching time. However, these biasing schemes
require more applied energy to the SOA device. Nevertheless, the linearity of the
output gain experienced by all input pulses has not been addressed by the

researchers.

1.2. Aims and Objectives

All-optical routers are able to support networks with high capacity and with
reduced power consumption. In an all-optical router, the building block for most of
the modules is the symmetric Mach-Zehnder (SMZ) which is a SOA-based Mach-
Zehnder interferometer. The aim of this research is to optimise the performance of
the SOA in order to efficiently execute different tasks within the optical router and
to overcome some of the SOA limitations observed at high speed data rates. The

key objectives are outlined as follows:

1. Designing a position-dependent segmentation model of SOA in order to
analyse the propagation of input signals through its active region. The
model should execute all the rate, propagation and phase shift equations to

investigate the factors affecting the SOA operation.

2. Locating and controlling the boundaries and conditions for the SOA in order
to optimise its characteristics so that it could be used to perform different
functions such as amplification and switching when used in all-optical

routers.



3.

Improving the SOA gain uniformity when injected with high speed input data
in order to reduce the system power penalties arising from bit pattern
dependencies. This task includes proposing novel techniques to minimise

the gain standard deviation of the output pulses.

Developing an experimental setup to demonstrate improved SOA gain

uniformity at high speed using the optimised non-uniform bias current.

1.3. Original Contributions

This thesis introduces a number of original contributions to the knowledge that are

summarised as follows:

Proposing a segmentation model of the SOA based on the numerical and
mathematical equations. The model is used to analyse the impact of the
input parameters and propagating signals on the SOA carrier density and its

gain response to further understand the SOA operation [A3].

Optimisation of conditions required for the SOA to maximise the output gain
for amplification. The direct effects of the input pulse power, the bias current
and the input signal wavelength on the SOA are investigated for the

optimum amplification [A5, A7].

Optimisation of SOA non-linear characteristics when used in optical
switching. The boundaries and conditions necessary for the input
parameters to achieve the 180° induced phase shift are identified and

managed for switching function in SOA-based optical switches. These



investigations are essential in order to select the optimum control pulse

needed for non-linear operation of SOAs [A5, A7].

e Proposed a new wavelength diversity technique to improve the gain
uniformity of the SOA at high data rates. A gain standard deviation equation

is introduced in order to measure the SOA gain uniformity [A9, A12].

e Proposed a novel technique, which employs electrical current
characteristics, for enhancing the SOA gain uniformity at the high speed
under certain conditions. Non-uniform biasing currents are used as
alternatives to the uniform biasing current [A6, All]. The non-uniform
current pattern is then optimised to maximise the SOA gain uniformity for

any input data rates [A15].

e Demonstration of practical implementation of the optimised non-uniform
biasing technique to verify the improvement of the SOA gain uniformity at

high input data rates [B1] and with different input bit patterns [B2].

In Fig. 1.4, a research road map is presented summarising the research areas and

original contributions of this thesis.
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1.4. Publications

In this section, a list of the published and accepted papers generated from the

work carried out through the thesis is presented.
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1.5. Chapter Outline

This research first studies the fundamental characteristics and types of SOA
devices. The structure and theory of operation for both the SOA and SMZ devices

are also explained in Chapter 2.

Chapter 3 presents the entire mathematical analysis used in this work and the
proposed segmentation model of the SOA. The impacts of input signals on the
segmentation model are simulated employing all the rate, propagation and phase

shift equations.

In Chapter 4, key parameters of the SOA are optimised for maximum ameplification.
The chapter locates and controls the factors affecting the SOA amplification
operation. On the other hand, Chapter 5 depicts the boundary conditions and
requirements for the SOA optimal switching operation. The key optimisations for
switching are obtained by controlling the input parameters to achieve the desired

phase shift.

Chapter 6 proposes a novel wavelength diversity technique to the SOA in order to
avoid the power system penalty by improving the gain uniformity at the high

speed.
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In Chapter 7, a novel technique is proposed to improve the SOA gain uniformity.
Periodic non-uniform biasing current signals are used as an alternative to the more
established uniform biasing current. The non-uniform biasing current pattern is
optimised in Chapter 8 to maximise the gain uniformity at high speed and to
overcome all limitations observed in Chapter 7. The chapter also proposes a non-
uniform biasing equation to optimise the gain flatness of the input data at any

speed.

In Chapter 9, a practical work is demonstrated by employing the optimised non-
uniform biasing current introduced in Chapter 8 in order to confirm the SOA gain
uniformity improvement. Finally, Chapter 10 concludes this thesis by summarising
all the research findings and proposals while Chapter 11 outlines the future

research work.
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Chapter 2 Semiconductor Optical
Amplifier

2.1. Introduction

In modern photonic networks, optical amplifiers are not only used as a general
gain unit but they also have many functional applications [7, 18, 41, 45, 46].
Optical amplifiers can be categorised into two classes: Optical fibre amplifiers such
as erbium doped fibre amplifiers EDFAs [69, 70] and waveguide amplifiers such as
SOAs [71, 72]. EDFAs are mainly used for in-line optical signal amplification
because of their wide optical amplification bandwidth, simplicity, a high output
saturation gain, low polarisation insensitivity, a low coupling loss and a low noise
figure [7, 9, 69, 70]. On the other hand, SOAs are used in many functional

applications including all-optical switching, regeneration and optical logic signals
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due to their small size, a low switching energy, high stability, fast and strong non-
linear characteristics, and the potential of integration with other electronic and

optical devices [7, 18, 71, 72].

The SOA is also considered a key component for cascaded optical fibre systems
and optical gating [73-75]. Optical gates are needed in most all-optical functions
such as the wavelength conversion, the add-drop wavelength and time

multiplexing, the clock recovery and the simple bit pattern recognition [44, 76].

Due to the lower cost and no requirement for optical isolators as often used in
different types of amplifiers such as EDFAs [77], SOAs are furthermore used as in-
line amplifiers for bi-directional transmission in local and metropolitan systems and
networks. For that reason, it is important to recognise SOA characteristics and its

functionality.
2.2. Semiconductor Optical Amplifier

2.2.1. SOA structure

Semiconductor optical amplifier is an optoelectronic device composed of an optical
waveguide. An input light signal injected into a SOA from the input facet side
through the active region will experience gain (amplification) under certain
conditions. The gain is achieved by applying an external electrical current to the
SOA [71]. The SOA is coated with an input and output facets as depicted in the
schematic diagram in Fig. 2.1. The SOA input and output facets result in gain

ripples due to their reflective characteristics [71].
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Figure 2.1 Schematic diagram of the SOA

2.2.2. SOA types

There are two main types of SOAs: the Fabry-Perot SOA (FP-SOA) and the
travelling-wave SOA (TW-SOA) as shown in Fig. 2.2. In case of FP-SOA, the
injected optical signal undergoes several reflections from the end facet [71, 78,
79]. On the other hand, in TW-SOA the injected signal undergoes a single pass
due to the very low level of reflectivity on the end facet. TW-SOA offers several
advantages over FP-SOA including a wider bandwidth, improved gain saturation
and lower noise characteristic. Moreover, the impacts of the bias current,

temperature and signal polarisation fluctuations are more effective in the FP-SOA
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type than the TW-SOA [71, 80]. However, FP-SOA operates below a threshold

level and offer significant amplifications at low applied currents.

Fabry-Perot SOA Travelling-wave SOA
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Output Output
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Figure 2.2 SOA types; (a) FP-SOA with ripples on the gain spectrum and (b) TW-SOA with a
smooth gain spectrum [71]

The gain spectrum of the FP-SOA exhibits ripples caused by the reflections at the
end facets (see Fig. 2.2 (a)), thus making the device strongly frequency
dependent. For this reason, FP-SOAs are replaced by TW-SOAs in almost all

practical applications [81, 82]. This research has used the TW-SOA.

2.2.3. Amplification principles

Electrons acquire higher energy when the SOA is biased with a direct current.
Therefore, applying more bias current will result in a larger number of excited

electrons in the conduction band. Hence, the conduction and valence bands
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(energy levels) containing electrons and holes, respectively are formed [39]. The
formation of these energy levels results in three different processes that occur

within the active region of the SOA as shown in Fig. 2.3:

spontaneous stimulated stimulated
electron emission emission absorption
\A.O....O....O...Q..OO conduction
A band
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/pOOO0.00000.000.0000

hole

Figure 2.3 Three processes that along the active region of the SOA

1. Spontaneous emission: this is the process where an excited electron from
the conduction band drops to the valence band releasing a photon or
generating heat in the active region. This process is considered as a loss or
noise because the generated photon is radiated with different phase and

direction.

2. Stimulated absorption: this is the process by which an electron in the
valence band absorbs enough energy from an incident photon to overcome
the energy gap and move to the conduction band. As a result, power is lost

from the input light signal and also considered as noise.
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3. Stimulated emission: this process occurs when an incoming optical beam
enters the active region of the SOA waveguide via the input facet. The input
photons interact with a number of excited electrons from the conduction
band releasing stimulated photons with the same phase, frequency and
direction (i.e. amplification takes place). More identical photons are
released by this interaction, thus amplifying the input beam [23, 39] (see

Fig. 2.4).
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Figure 2.4 SOA amplifications due to stimulation emission process

The reduction of excited electrons (i.e. the carrier density) in the conduction band
will lead to a drop in the SOA gain. This gain depletion is proportional to the carrier
population density and will furthermore increase the active refractive index. The
reason for such increase is the dependence of the non-linear refractive index on

the SOA carrier density [83, 84].
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The carrier non-equilibrium is governed mainly by the spectral hole burning effect
[85-87]. The distribution recovers to the equilibrium state by the carrier-carrier
scattering process. Instantaneous mechanisms such as the two-photon absorption
[88-90] and the optical Kerr effects [91-93] will then influence on the SOA
response. After few picoseconds, a quasi-equilibrium distribution will take place
due to the carrier temperature relaxation process and then the carrier density will

be recovered [94].

2.2.4. Types of SOA material structure

Bulk and multi-quantum-well (MQW) SOAs are the two most commonly used types
of material structure to fabricate the SOA active region. The type of material
structure used will determine the SOA gain spectrum and operational

characteristics.

The bulk SOA active region is fabricated using a direct band-gap material while
the active region of a MQW-SOA is fabricated by an indirect material. Generally,
the direct band-gap structure is more likely to be used due to the higher probability

of electrons conversion into photons [71].

The MQW-SOAs material structure type have the advantage of providing higher
saturation power, higher gain, wider bandwidth and lower noise figure compared to
bulk SOAs. On the other hand, a bulk SOA is preferred for applications requiring
strong cross phase modulation because of its larger phase-to-amplitude coupling
factor and larger optical confinement factor. As a result, offering stronger non-

linear effect. In this research, the SOA used is of the bulk material structure.
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2.3. Fundamental SOA Characteristics

Semiconductor optical amplifier is an optical gain device that can be used for
several different optical applications. The desired properties of the SOA depend on
the function of the application. This section introduces the fundamental

characteristics of the SOA.

2.3.1.  Signal gain

There are two types of signal gain for SOAs: the fibre-to-fibre gain, where the input
and output coupling losses are considerate. The other gain is the intrinsic gain,
which is the ratio between the signal output and input power at the output and
input facets, respectively. The SOA gain depends on its type, material structure
and operational parameters. In this thesis, the SOA model used is the bulk TW-
SOA as mentioned earlier in the previous sections. The SOA operational

parameters are discussed in details in the next chapter.

2.3.2.  Saturation gain

One of the key factors affecting the SOA gain is the input signal power. The
depletion of carriers in the conduction band (i.e. carrier density) is higher for higher
input signal power. As a result lower gain is achieved by the input signal. An
important parameter is the saturation output power, which is output signal power
when the amplifier gain is halved (i.e. -3 dB). For SOA amplification applications,

the saturation gain can result in a significant signal distortion, while it can be useful
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for other functions such as switching. The SOA operation for amplification and

switching functions are further discussed in Chapters 4 and 5.

2.3.3.  SOA polarisation sensitivity

The SOA structure, the type and the active region material are factors defining the
input signal polarisation condition. Due to the dependence of the SOA gain on the
signal polarisation, it is more complicated for some applications to employ this
feature such as cascaded SOAs applications. However, other applications such as
SMZs rely on the SOA polarisation sensitivity for achieving the efficient switching
function. The SMZ theory of operation will be discussed and explained later in this
chapter. There are two main polarisation orthogonal modes for the SOA
waveguide: the transverse electric (TE) and the transverse magnetic (TM) modes.
Therefore, the polarisation sensitivity of the SOA can be defined as the magnitude

of the difference between the TE and TM mode gains [71].

2.3.4. SOA gain recovery time

When an input signal enters the SOA, depletion in the carrier density, which
corresponds to the input signal power, will takes place. As a result, the SOA gain
saturates and recovers back within few hundred picoseconds (see Section 2.2.3)
[95]. In high speed optical applications, the input bit streams are applied to the
SOA prior to full recovery of the SOA gain. Therefore, the input signals will
experience different gains thus resulting in system power penalty [58]. In this
thesis, new techniques are proposed in Chapters 6, 7 and 8 to overcome the

addressed problem.
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If input pulses with wide durations are applied to the SOA, then the amplifier gain
will react relatively quickly to changes in the input signal power, which can cause
signal distortion. In this research, short pulses are used as the input signal is

outlined in the next Chapter.
2.3.5. SOA non-linearities

Although the non-linear features of the SOA can cause problems, such as
frequency chirping, these features are useful in applications such as the
wavelength conversion and switching widely used in high speed photonic

networks. There are three major non-linear effects based on SOA,;

1. Cross-gain modulation (XGM): this takes place when a strong signal at a
given wavelength 1; is applied to saturate the carrier density of SOA. This
saturation results in modulation of the weak continuous wave (CW) input
signal at a different wavelength A, applied to the SOA. The XGM causes an
inversion of the input signal shape and acts as a wavelength converter as

displayed in Fig. 2.5 [96-98].

A2
-+

_—
input continuous wave Cross gain modulation waveform

SOA
21
t

control signal

A 4

v

\ 4

Figure 2.5 Cross-gain modulation in wavelength conversion
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2. Self-phase modulation (SPM) and cross-phase modulation (XPM): the
depletion of carrier density due to the propagation of an input signal pulse
through the active region of the SOA results in changes of the effective
refractive index. The leading edge of the propagating pulse achieves a
different induced phase shift compared to the lagging edge. This behaviour
is known as SPM that affects the input pulse shape. This non-linear
characteristic of the SOA can be used in several applications including the

dispersion compensation [99, 100].

When two or more input signals are applied to the SOA, XPM will takes
place between the signals [101]. A number of applications have been
developed based on XPM including the wavelength conversion and optical
switches, which depend on phase changes [102-104]. SMZ is a good
example for an optical switch that utilises XPM as explained in the following

section.

3. Four-wave mixing (FWM): this is the process where two input signals with
the same polarisation at different wavelengths are applied to the SOA,
resulting in a new signal at a different frequency (1,+Q) due to gain
modulation, see Fig. 2.6. The two input signals are the strong control signal
and the input signal at wavelengths of A, and (1,-Q2), respectively. The
generated signal is similar to the input signal however, the spectrum is

inverted (i.e. opposite phase), and thus the conjugate signal.
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Figure 2.6 Four-wave mixing

Since more than one input signals are required in FWM, the generated
signal may be turned on and off by switching one of the input signals on and
off. A number of applications such as all-optical wavelength converters
[105-107], and all-optical logic gates [45, 108] have been developed based
on the FWM. Moreover, FWM allows multi-channel operation and provides
phase conjugation, which is an efficient method to overcome the dispersion
problem in optical fibore communications [109]. However, there are some
drawbacks to this technique such as the polarisation sensitivity, the

wavelength dependency of SOA and lower conversion efficiencies [71].

2.4. Main SOA Applications

2.4.1. SOA-based switches

There are several optical switches that are used in all-optical networks. One of the
most promising switches among those is the SMZ due to its compact size, thermal

stability, low power operation and their short and square switching window.
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Considering various MZI configurations, the SMZ structure provides the highest
flexibility and shortest switching window [31, 110]. As displayed in Fig. 2.7, the
SMZ structure consists of two identical SOAs, polarisation beam splitters (PBSs),

two polarisation controllers (PCs) and four 3 dB couplers.

Switching operation is performed with the aid of two high power control pulses
(CP1) and (CP2). These control pulses create a switching window in order to
switch the input signal from one port to another. The switching time duration is the

time difference between applying both control pulses to the two identical SOAs
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Figure 2.7 SMZ structure for switching operation

Before applying any control pulse to the SOA, both arms of the SMZ are in the
balanced state and the input signal will exit the SMZ via port 2. The switching
window starts by applying CP1 to SOA1, which will result in variations in SOA gain

characteristics and therefore will change the balanced state of the SMZ. As a
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result, the output signal is switched from port 2 to port 1. To switch off the
switching window, CP2 is then applied to SOA2 delayed by the switching time
duration Tgaay from the entrance of CP1. Consequently, the SMZ balances again
and results in the emerging of the input signal from port 2. In order to differentiate
between the CPs and input signals at the SMZ output ports, CPs are applied at
orthogonal polarisation to the data pulses by using two PCs. At the output ports,

PBS is used to the separation of signals.

The power at both output ports of the SMZ are given as [111], respectively:

P = 3 Pa[G: 46, - 2:008(A9) /G, G, ] )
1
Pruz =5 Pu(Gy + Gy + 2-c08(89) G G, | @2)

where Py, is the power of the input signal, G; and G; are the gains of the upper and
lower SOAs and are described in the following chapter. Ag is the phase difference

of the input signals between the upper and lower arms of the SMZ given by [111]:
Ap=-05-a, -InG,/G,), (2.3)
where o er is the linewidth enhancement factor.

The width of the switching window (SW) profile is given by [111]:

S\N:%[GﬁGZ—Z-cos(Ago)-1/61-62]_ (2.4)
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2.4.2. SOA wavelength converters

One of the most important functions required for increasing the optical networks
flexibility and capacity is all-optical wavelength conversion [112, 113]. An all-
optical wavelength converter is not only used to support high speed bit rates, it is a
key solution for the wavelength blockage in optical cross-connects in WDM
networks and contention problems in all-optical routers [114-116]. Contention
occurs when two packets arrive simultaneously to a routing node at the same

wavelength and compete for the same output port.

The optoelectronic wavelength converter consisting of a detector followed by a
laser that re-transmits the incoming signal on a new wavelength results in large
power consumption and introduces additional complexity [117]. An all-optical
wavelength converter is a device that transfers information from one wavelength to
another without entering the electrical domain. The non-linear characteristics are
major advantages for the SOA to perform as an all-optical wavelength converter

employing XGM, XPM and FWM (see Section 2.3.5).

In XGM, an input signal is used to modulate the SOA gain. A CW signal at the
desired output wavelength A; enters the SOA to carry the same information as the
intensity modulated input signal at 1s. As shown in Figs. 2.8 (a) and (b), both input
and CW signals either propagate through the SOA in the same or the opposite
direction, respectively. In the case of both signals propagating in the same

direction (i.e. co-propagating), an optical filter is used to separate the converted
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signal from the input signal. On the other hand, if both signals propagate in the

opposite direction (counter-propagating), there is no need for an optical filter.
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ic -~
converted signal
(b)
Figure 2.8 XGM wavelength conversions for (a) co-propagating and (b) counter-propagating input
signals

The advantages of using XGM wavelength conversion devices are their simplicity,
a high conversion efficiency, polarisation independence, and insensitivity to the
input data wavelength [96, 117, 118]. However, these devices result in
degradation of the extinction ratio. To overcome this problem the SOA converter

can be used in the XPM mode.
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The XPM scheme relies on the dependency of the refractive index on the carrier
density in the active region of SOA. An incoming signal that depletes the carrier
density will modulate the refractive index and therefore, result in the phase
modulation of a CW signal coupled into the converter [117, 119, 120]. A good
example for XPM wavelength converters is the MZI converter. The MZI
configuration can be symmetric or asymmetric as shown in Figs. 2.9 (a) and (b),

respectively.
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Figure 2.9 XPM wavelength conversions for (a) symmetric and (b) asymmetric MZI configurations
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Interferometric devices such as MZIs utilising SOA non-linear characteristics offer
excellent performance in wavelength conversion applications. They have the
advantage of polarisation and wavelength independency, a low chirp, a non-
inverting output, a partial regeneration of the input, and a high extinction ratio. On
the other hand, restrictions on the amplitude modulation formats that could be
used as well as a complex control biasing mechanism are the drawbacks of this

device [117].

The SOA can also use FWM for wavelength conversion where CW and modulated
input signals applied to the active region generate a new conjugate signal, which is
an opposite phase to the input signal. An optical filter is used to select the
conjugate signal (i.e. wavelength converted signal). The main disadvantages of
FWM are their polarisation sensitivity and the frequency shift dependent

conversion efficiency [121].

2.4.3. SOA dispersion compensation

In long haul communication link channel induced dispersion, in particular the
chromatic dispersion limits the transmission data rates and/or the link span at
higher data rates. As discussed in the Section 2.3.5, XPM and FWM schemes

have been employed for effective dispersion compensation [122, 123].

2.4.4. SOA gates

For majority of all-optical functions in optical networks, there is a need for simple

gates that can be controlled optically, as shown in Fig. 2.10. A gate used to
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modulate a CW signal (or an input signal) can act as a wavelength converter, or
part of an optical regenerator as shown in Figs. 2.10 (a), (b) and (c), respectively
[76]. Whereas gating of an optical input signal can be used for time demultiplexing

[124, 125].
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Figure 2. 10 Schematic of optically controlled gate used for: (a) wavelength conversion by gating of
CW light, (b) regeneration and wavelength conversion by gating of clock pulses and (c)
demultiplexing sampling by gating of optical signal using clock pulses.
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Optical elements that can perform simple logic operations such as AND, XOR or
NOR [76] are also useful for routing functions. Many different gate configurations
can be constructed, the simplest of which consists of a single device as shown in
Fig. 2.10 [126]. SOA gate arrays can also be used to construct all-optical packet
switching nodes to direct the arriving optical packet to the desired output port. The
gate array can be fully integrated with input and output waveguides and couplers

[127].

2.5. Summary

Realisation of signal processing in the optical domain overcomes the speed
bottleneck imposed by the electronic components in very high speed optical
networks. In such networks, one of the key components employed in amplification,
wavelength conversion, switching and routing of optical signals is the SOA. This
chapter focused on the SOA and its structure. The chapter outlined the SOA
operation principle and different processes that occur during propagation of an
input signal through the waveguide. The SOA structure and types were introduced.
The chapter emphasised the fundamental SOA characteristics including the non-
linear effects such as the XGM, XPM and FWM. In this chapter, the main
applications that depend on the SOA such as switching and wavelength

conversion were also highlighted.

In the following chapter, a segmentation model of the SOA is proposed utilising all
the mathematical equations in order to study the factors affecting the SOA

performance and to realise its boundaries and limitations.
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Chapter 3 SOA Characteristics and
Segmentation Model

3.1. Introduction

This chapter presents the entire mathematical analysis used in this work and the
proposed segmentation model of the SOA. A full mathematical analysis of the gain
and the change of the carrier density of the SOA due to the propagation of input
signals are presented in terms of the rate, propagation and phase shift equations
based on the Wang’'s work [128]. In this chapter, a segmentation model of the
SOA is proposed to further understand the factors affecting the SOA operation.
The chapter also investigates the effect of an input pulse and a CW probe signals

on the SOA gain responses.
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3.2. Theoretical Model

In order to analyse the input parameters effect on the SOA gain and phase
characteristics, a numerical model is developed. The model is based on the
position-dependent rate and optical propagation equations for the carrier density
and gain in the co-propagating direction for the injected input signals. Therefore,
the model accounts for a non-uniform carrier distribution. The complete rate
equations for the SOA are iteratively calculated in small segments with 1% and 3™

order gain coefficients [128-130].
3.2.1. Rate equations

When light is injected into the SOA, the carrier and photon densities within its
active region will be altered. These changes can be described using the rate
equations. The gain medium of the amplifier is described by material gain
coefficient g (per unit length), which is dependent on the carrier density N and is

given by [128, 129, 131]:
g=a(N-N,), (3.1)

where a; is the differential gain parameter and N, is the carrier density at

transparency point. The net gain coefficient is defined by:

Or :F'g_as (32)

where T is the confinement factor which is the ratio of the light intensity within the

active region to the sum of light intensity [71] and as is the internal waveguide
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scattering loss. Assuming a constant carrier density at any given location z within
any segment in the active region of the SOA, the total gain experienced by an

optical wave can be calculated according to [131]:

G=¢e%" (3.3)

Therefore, the average output power P, over the length of the SOA L can be

expressed by:

.G dz, (3.4)

(3.5)

The rate of change of the carrier density within the active region of the device is

given by [53]:

IN_ 1 (AN+BN+CN)- Pl (3.6)
dt q-Vv V-h-f

where | is the SOA bias current, q is the electron charge and V is the active
volume of the SOA. A is the surface and defect recombination coefficient while B
and C are the radiative and Auger recombination coefficients, respectively. his the
Plank’'s constant and f is the input light frequency. The active volume is
determined by V = LxWxH where, W and H are the width and the thickness of the

active region, respectively.
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The cubic equation is the best fit to the real gain coefficient g, with the Lorentzian
and the quadratic failing to replicate the gain at shorter wavelengths [132]. The
material gain coefficient depends on both the carrier density N and the input signal
wavelength /4 and can be rewritten as [128]:

_ ai(N B No)_az(j“_j“N)2 +a3(j‘_j‘N)3
1+¢-P, ’

9 (3.7)

where a; and az are empirically determined constants that are chosen to fit an
experimentally measured SOA gain curve [132] to characterise the width and
asymmetry of the gain profile, respectively. iy is the peak gain wavelength and ¢ is

the gain compression factor. The peak gain wavelength is give by:
Ay =2, —3,(N=Ny), (3.8)

where 1, is the peak gain wavelength at transparency and a; denotes the empirical

constant that shows the shift of the gain peak.
3.2.2. Propagation equation

The SOA is assumed to have negligible reflectivity at the end facets, so the
reflected waves are omitted. The propagation of the input signal in the forward
light direction along the length of the SOA is presented by the propagation
equation and is given by [128]:

dP,
dz

:(r'g_as)Pin' (39)
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3.2.3. Phase shift equations

Changes in the carrier density take place with the propagation of the input signal
pulse through the SOA, hence affecting its propagation coefficient (via the non-
linear refractive index variations in the SOA active region). Because of the finite
carrier lifetime, the leading edge of the input pulse experiences a different phase
shift relative to the lagging edge. This process is (SPM) as highlighted in Chapter
2 [71, 128]. Let An represent the effective refractive index variation within the

active region [128]:
dn
An=T—(N-N,), 3.10
N s) (3.10)

where dn/dN is the refractive index shift coefficient and N is the carrier density at
steady state (i.e. with no input signal launched to the biased SOA). The total

phase shift experienced by the propagating input signal is [128]:

An-dz. (3.11)

3.3. Segmentation Model

In order to understand the factors affecting the SOA gain and the emerging output
signals, a segmentation model of the SOA is introduced where the SOA is divided
into fifty equal segments of length | = L/50 each. The model helps in identifying the
small changes that occur within the short length of each segment. Fifty segments

were chosen for a sufficient accurate investigation on the change in the carrier
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density and the signal gain along the SOA that match high speed input data rates

up to 160 Gb/s.
3.3.1. Model characteristics

The above equations are adopted in order to fit the proposed segmentation model
using Matlab™. This model presents a bulk homogeneously broadened travelling-
wave type SOA. The SOA segmentation model is illustrated in Fig. 3.1, showing
the reduction of N due to the input pulse propagation through all segments. The
carrier density is assumed to be constant within each segment. However, the
carrier density and the signal power changes from segment-to-segment depending

on the input power and the carrier density of the previous segment.

input Gaussian I output Gaussian

burst

—-~--~

.
\
“/(7\/

Figure 3.1 SOA active waveguide segmentation model

To calculate the segment total gain and its carrier density, the SOA length L is
replaced with | in all the equations given in Section (3.2). The physical SOA

parameters that are used for the rest of the study are given in Table 3-1. The SOA
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input parameters, if not changed within the rest of the study, are A = 1550 nm, | =
150 mA and input pulse peak power P, = 1 mW. These parameters are used in

theoretical and practical systems [71, 128].

Table 3-1 Physical parameters of the SOA

Parameter

Value

Carrier density at transparency (No)
Wavelength at transparency (4o)

Initial carrier density (N;)

Internal waveguide scattering loss (as)
Differential gain (a;)

Gain constant (ap)

Gain constant (ag)

Gain peak shift coefficient (as)

SOA Length (L)

SOA width (W)

SOA height (H)

Confinement factor (I)

Surface and defect recombination coefficient (A)
Radiative recombination coefficient (B)
Auger recombination coefficient (C)
Gain compression factor (¢)
Equivalent refractive index (Neq)

Differential of equivalent refractive index with respect to
carrier density (dn/dN)

1.4x10%*/m?
1605 nm
3x10%*/m®
40x10%/m
2.78x10%° m?
7.4x10% /m?
3.155x10% /m*
3x10%¥ m*
500 pm

3 um

80 nm

0.3

3.6x10° /s
5.6x10° m3/s
3x10* m°/s
0.2 /W

3.5

-1.2x10% /m®
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There are two kinds of transparency wavelengths: the material transparency
wavelength (where the material gain is zero) and the device transparency
wavelength (where the fibre to fibre gain is zero). Due to the coupling and
waveguide loss, the device transparency wavelength is longer than the material
transparency wavelength. The region between both wavelengths is called the
transparency region [128]. The study focuses on the impacts of the material

transparent light on the performance of SOA.

3.3.2.  Input pulses characteristics

In this study, input pulses to the SOA model are single mode with narrow
linewidths. The input optical pulse is Gaussian shaped with a full-width-half-
maximum (FWHM) of 1.167 ps and peak power P, of 1 mW as shown in Fig. 3.2.
In the following chapters, the pulse power is the peak power of the Gaussian
pulse. All the signal power is coupled directly into the SOA. The reason for chosen
a pulse with a width of > 1 ps is that at shorter pulses (i.e. widths < 1 ps) intraband
relaxation processes are not sufficiently fast to instantaneously replenish the
depleted carriers due to amplification in the energy range corresponding to the
pulse spectrum (spectral hole burning). If the average energy of the hole is lower
than that of the initial state, the result is a rise in the average carrier temperature.
The carrier-heating component becomes non-negligible as the pulse width

approaches 1 ps [89].
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Figure 3.2 Input optical Gaussian pulse profile adopted in the SOA model

3.4. SOA Gain Response

All the figures illustrated in this section are achieved using the SOA segmentation
model. The normalised gain response of the SOA using the physical parameters in
Table 3-1 with no input signal launched into the SOA can be shown in Fig. 3.3.
The rapid increase in the gain reaching a steady state value within tyas ~1 ns is
due to the SOA biasing. A large quantity of electrons in the valence band will gain
enough energy to overcome the energy gap, which increases N in the conduction

band and hence the SOA total gain.
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Figure 3.3 The normalised gain response of the SOA with no input signal

From Fig. 3.4, one can observe the sudden drop in the SOA gain when the input
pulse shown in Fig. 3.2 enters the SOA at time t ~ 3 ns. This depletion in the gain
is because of the sudden decrease in the carrier density that occurs during the
pulse propagation along the SOA lasting 5.83 ps as explained in Chapter 2. This
depletion is the signal output gain and it depends on the power and wavelength of
the input signal, which will be discussed in details in the next chapter. Following
the input pulse exit from the active region, the gain is recovered back to its steady

state value (see Section 2.2.2) within a recovery time of t, ~670 ps.
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Figure 3.4 The normalised SOA gain response due to an input Gaussian pulse

In order to further understand the SOA gain response to the injection of input
signals, a CW probe signal is applied to the SOA model. The CW signal causes a
continuous depletion in the SOA gain until reaching a stable saturated gain level
as seen in Fig. 3.5. The reason for such a response is the continuous stimulation
emission process. The carrier density, and hence the gain, continues to decrease

until excited electrons in the conduction band are no longer available.
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Figure 3.5 The normalised gain response of the SOA due to an input continuous wave probe
signal

3.5. Summary

This chapter has presented the mathematical model that describes the SOA
features utilising the complete rate, propagation and phase equations necessary
for the SOA operation. The segmentation model proposed was also introduced.
The chapter depicted the characteristics of both the model and the launched
optical input signal that are used for the rest of the thesis. The model of 10 um
segments showed an accurate and efficient understanding of the SOA gain
response. Therefore, the following chapter uses the proposed model to optimise

the SOA performance to achieve amplification function.
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Chapter 4 Optimisation of Key SOA
Parameters for Amplification
Function

4.1. Introduction

The important role that SOA plays in almost all functions within an all-optical router
was presented in Chapter 1. This chapter focuses on the SOA performance as an
amplifier. For maximum amplification, locating and controlling the peak gain is
indispensable. The chapter proposes a direct temporal analysis of the impact of
the input signal wavelength and applied bias current on the carrier density and the
SOA gain in order to optimise the amplification process. In addition, the

dependence of the SOA carrier density on the SOA length is also analysed.
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In order for the SOA to perform as an amplifier, the input signal should not be
affected by the SOA non-linear response due to the gain saturation. The
amplification can only be achieved if the SOA gain does not reach its stable
saturation level that is shown in Fig. 3.5 when applying an input signal pulse. For
more accurate and efficient analysis, all results obtained in this chapter are based
on the 3" order gain coefficient equation (3.7) using the proposed segmentation

model described in the previous chapter.

4.2. Input Signal Wavelength Investigation

The wavelength of the input pulse has a direct impact on the SOA gain as it can
be seen from the 3" order gain coefficient equation (3.7). The depletion of the
SOA gain that occurs due to the injection of input pulse is directly related to the
input power. Therefore, in order to understand these effects, the SOA gain as a
function of the peak power P, of the input Gaussian signal described in the
previous chapter for a range of wavelengths in the C-band (1530 to 1565 nm) is
illustrated in Fig. 4.1. As expected, the SOA gain reduces with increasing the input
pulse power at all wavelengths. This gain reduction is because a signal with higher
power level will interact with a larger number of excited electrons in the conduction
band, thus resulting in higher depletion of the carrier density and the SOA gain.
From the figure, it is observed that at lower wavelengths, lower gains are
achieved. Note that at specific power values the gain is higher for lower
wavelengths compared to the higher wavelengths. Intersections take place at 1.5,

6, 10 and 18 mW.
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Figure 4.1 The SOA gain as a function of the input peak power when operated in the C-band

The reason for such response is best explained in Fig. 4.2. The figure displays the
SOA gain against the input signal wavelength for a range of input peak power
measured at the intersection points in Fig. 4.1. In Fig. 4.2, the relationship
between the gain and bandwidth of the optical amplifier is shown. For the
amplifier, at any input power, the gain has a peak value within its bandwidth at a
wavelength iy and decays at both ends from this particular wavelength as defined
in (3.8). These peak gains are observed around 1550-1560 nm. At P, of 1.5 mW
the gain is ~ 22.5 dB for 1540 and 1565 nm wavelengths (dashed line) which
explains the intersection observed in Fig. 4.1. Similarly, at 6, 10 and 18 mW the
gains are ~ 21.7, ~ 20.7 and ~ 19.3 dB at wavelengths 1550 and 1560 nm, 1550

and 1565 nm, and 1560 and 1565 nm, respectively.
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4.3. Applied Bias Current Investigation

The applied current that is used for biasing the SOA has also a direct impact on
the SOA carrier density and gain. At higher bias current, the number of electrons
overcoming the energy gap increases (i.e. carrier density increases), thus leading
to increased SOA total gain, as shown in Fig. 4.3. The intersections observed on

the plot are due to the variation of Ay at different bias current values.
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Figure 4.3 The SOA gain versus the bias current for a range of C-band wavelengths

Figure 4.4 depicts both the input peak power and the applied bias current as
functions of Ay that will help to further understand the input factors affecting this
wavelength and hence optimum amplification. As Figs. 4.4 (a) and (b) show, Ay is
increased at higher input powers and at lower biasing currents, respectively. When
the SOA is injected by higher bias current, higher number of electrons are excited
in conduction band (i.e. carrier density) and hence, the SOA gain achieve higher

values. As a result, Ay shifts to lower values.

53



10 T T T

9k 4
g’ |
E
ne 7 4
o
5 6 1
o
X
)
a8 5T 4
Q
Qo
a 4 1
-
>
Q
£ 3 .

2+ 4

1 L L L 1 1 1 1
1554 1556 1558 1560 1562 1564 1566 1568 1570
Peak gain wavelength, N (nm)

(@)

180

170+

160

150 -

Bias current, | (A)

140

130 -

120 1 L 1 L L
1550 1552 1554 1556 1558 1560 1562 1564

Peak gain wavelength, Ay (nm)

(b)

Figure 4.4 (a) The input peak power and (b) the bias current as functions of the peak gain
wavelength

54



More specifically, this response is outlined in Fig. 4.5. The SOA gain reduces with
increasing the input pulse power and this response appears at all bias current
values. On the other hand, higher biasing current values result in higher SOA gain
achievement (see Fig. 4.3). The highest gain achieved is 31.1 dB with a 2% drop
from the steady state value at highest bias current and a peak power of 200 mA
and 0.5 mW, respectively. For lower values of bias currents, the gain profile is
almost flat. For example injecting the same 0.5 mW input at 100 mA current, 10.85
dB gain is achieved with just 0.2% drop from steady state. These results
correspond to the number of electrons available for amplification in the conduction

band for each case.
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Figure 4.5 The SOA gain versus input pulse peak power for a range of bias currents at a
wavelength of 1550 nm
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4.4. SOA Length Investigation

The length of the SOA is an important physical parameter that affects the total
gain. The dependence of the gain on the SOA length is plotted in Fig. 4.6 (left
axis) for a range of input pulse peak power values. For short length (< 200 um)
SOAs, where the depletion of N is negligible, the gain is the same for all values of
Pp. On the other hand, for longer length (< 700 pm) SOAs the gain is increasing,
peaking at L of ~400 um beyond which the gain drops. Figure 4.6 confirms that the

gain is higher for lower values of P,.
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Figure 4.6 The SOA gain and carrier density responses as a function of the SOA length for a range
of input power levels
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For longer length (700 pm — 1mm) SOAs, maintaining a stable applied bias
current, the number of electrons per unit length is smaller because of the lower
current density. Therefore, in order to achieve high gain at longer length SOAs the
applied bias current needs to be increased in order to maintain the number of

electrons per unit length, see inset of Fig. 4.6 (right axis) [133-135].

Figure 4.7 displays the effect of the bias current on the SOA gain for a range of
SOA lengths. Although the SOA gain has higher values when biased with more
current, for shorter length SOAs (100 um and 250 um) the rate of increase of gain

is lower than longer length SOAs.
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Figure 4.7 The SOA gain corresponding to the bias current at different SOA lengths
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4.5. Summary

This chapter introduced the use of the SOA to perform as an amplifier. Results
obtained using the proposed segmentation model showed the optimum conditions
required to achieve a maximum output gain for amplification function. The chapter
depicted the direct effects of the input pulse power, the bias current and the input
signal wavelength within the C-band on the carrier density and gain of the SOA to
optimise the performance as an amplifier. The SOA gain dependence on the

length of the SOA is also investigated.

It was shown that the maximum gain of the SOA can be achieved for low power
input signals propagating close to the peak gain wavelength. High biasing currents
are required in order to ensure higher amplifications. However, in fabricating the
SOA, there is an optimum length that is dependent on its parameters. In this

investigation this optimum SOA length was 400 pm <L< 500 pm.

The following chapter modifies these input parameters in order to set the
boundaries for the SOA to efficiently perform as a switch. The chapter introduces

the essential conditions required for optimised switching function.
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Chapter 5 Optimisation of Key SOA
Parameters for Switching Function

5.1. Introduction

Semiconductor optical amplifier is considered the key element in all-optical
switching processes for their fast and strong non-linear characteristics, small size
and low switching energy (see Chapter 1). This chapter investigates the input
boundaries and requirement conditions to the SOA in order to achieve optimum
switching operation. The key optimisations for switching are obtained by
controlling the power and wavelength of the input signal and the SOA biasing
current to achieve the desired phase shift. The chapter also studied the impact of

the SOA length on the carrier density and the induced phase shift.
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On the contrary to amplification, in order to use the XPM characteristics of SOA for
switching function, the signal should experience a phase shift of 180° for the
complete deconstructive interference [136]. Therefore, in this chapter, the phase
shift calculation employing equations (3.10) and (3.11) represented in Section
3.2.3 is crucial for setting the boundaries for the SOA switching function. The
phase shift could be induced by the input signal or by the aid of a CP injected to

the active region of the SOA.

Similarly to the previous chapter, the cubic equation (3.7) is used in the proposed
segmentation model as the material gain coefficient g to generate the results

obtained in this chapter.

5.2. Input Signal Wavelength Investigation

The phase shift experienced by the input signal, is directly proportional to the
depletion of N as defined in (3.10) and (3.11), as a result of changes in the
refractive index An. Figure 5.1 shows the phase shift as a function of the Gaussian
input pulse peak power for a range of wavelengths in the C-band. Intersections
between 1550 nm and 1560 nm that attain 100° phase shift and between 1550 nm
and 1565 nm that accomplish 149° phase shift are shown at 19 and 39 mWw,

respectively in the figure.
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Figure 5.1 The induced phase shift experienced by the input signal against the input pulse peak
power for a range of wavelengths

The reason for such intersections is the variation of iy at different input peak
powers. These intersections are more obvious in Fig. 5.2 (dashed lines), which
depicted the induced phase shift corresponding to the input signal wavelength at

the intersections of the input power values.
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5.3. Applied Bias Current Investigation

In order to understand the impact of the bias current on the induced phase shift of
the input signal, Fig. 5.3 is plotted. It illustrates the induced phase shift of the input
signal achieved at a range of input pulse power at different biasing current values.
From Fig. 5.3, it can be seen that at higher bias current values, the input signal
propagating along the SOA induces more phase shift. Higher biasing results in
higher SOA gain. From the third term in (3.6), which presents the depletion of the
carrier density, one can observe that higher gain (i.e. g) results in more N

depletion. Therefore, the phase shift increases accordingly.
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Figure 5.3 The induced phase shift of the input signal achieved against the input pulse power for a
range of biasing current values

5.4. SOA Length Investigation

It is also important to report the dependence of the phase shift of the input signal
on the SOA length. It is known from Chapter 4 that lower gains are achieved at
short (< 200 pm) and long (> 700 um) SOA lengths. It was also shown in the
previous figure that higher input power induces more phase shift, which explains
the response of Fig. 5.4. The figure presents the induced phase shift
corresponding to the input pulse power at different SOA lengths. As expected the

maximum achieved phase shift is at 500 pum.
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Figure 5.4 The induced phase shift of the input signal achieved as a function of the input pulse
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Figure 5.5 depicts the combined effects of L and the bias current on the induced
phase shift. The figure shows a symmetrical profile with peaks (i.e. peak gain)
occurring at longer SOA length and increasing with the bias current. The bias
current values in Fig. 5.5 are chosen to show the same phase shift induced at

different SOA lengths (dashed lines).
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5.5. Input Power Required for Switching Application

This section sets the boundaries in which the SOA can be used as a switch. The
input power in the form of Gaussian signal or CP is required to achieve 180° phase
shift. In this section, the input power required to reach the desired phase shift is
studied at different operation conditions regarding the biasing current, SOA length
and the input signal wavelength. Figures 5.6 and 5.7 illustrate the input power
required to obtain 180° phase shift for the SOA to be used in switching for a range

of bias current values at different wavelengths and L, respectively.
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Figure 5.6 The input power required for switching as a function of the biasing current at different
wavelengths

Due to the larger phase shift induced at higher bias currents, less input power is
required for achieving the 180° phase shift as shown in Fig. 5.6. At 200 mA
biasing, the input power required for switching is almost the same, regardless of

the wavelength of the input pulse.

As seen in Fig. 5.7, in case of 150 mA, since SOA length of 500 um achieves the
highest phase shift, it requires the least input power needed of 58 mwW for
switching function. The 750 um and the 250 um require the same input power of
170 mW, while the 100 um needs more than 2.5 W for achieving 180° phase shift,

respectively.
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5.6. Summary

In this chapter, the advantages of the SOA non-linear characteristics are optimised
for optical switching operation. The chapter presented the boundary conditions
required for the input parameters in order to achieve the 180° induced phase shift
required for switching function in an SOA-based optical switch. The impact of the
SOA length as well as the input parameters regarding the power and wavelength
of the Gaussian pulse and the applied biasing current to the SOA are investigated
to choose the required control pulse needed for the non-linear response of the

SOA.
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The achieved results showed that more phase shift is induced in case of higher
bias currents applied to the SOA and therefore, less input power is required for
achieving the 180° desired phase shift. Results also show that the power of the
input pulses is not significant at high bias current values. In this investigation, this
power required for switching is almost the same, regardless of the wavelength of

the input pulse at bias currents > 200 mA (for the parameters used in Table 3-1).

In high speed optical applications, rapid SOA gain recovery is necessary in order
to ensure the minimum gain standard deviation and thus leading to reduction in
the system power penalties. The following chapter focuses on the dependence of
the SOA gain on the wavelength characteristics of the input signal. The chapter
proposes a wavelength diversity technique to enhance the gain uniformity of SOA

at high speed data rates.
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Chapter 6 SOA Gain Uniformity
Improvement Employing Wavelength
Diversity Technique for High Speed
Optical Routers

6.1. Introduction

The gain recovery time defines, to a great extent, the performance of SOAs of any
types. At low data rates that are slower than the SOA gain recovery time, the input
pulse is amplified by an unsaturated gain (i.e. the SOA gain is at steady state
level). On the contrary, at high data rates that are faster than the SOA gain
recovery time, the input pulses are amplified by a lower gain (i.e. saturated gain)
which results in different gain reductions to the output pulses. Such response

leads to serious of pulse distortion which is known as patterning effect [59, 137-
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139] and results in system power penalties. Therefore, in order to reduce these
power penalties at high speed optical routers, fast SOA gain recovery is required
to maximise the output gain uniformity.

This chapter proposes a wavelength diversity technique (WDT) to achieve SOA
gain uniformity for high speed optical applications. This method can be used to
noticeably increase the system capacity by simultaneously transmitting many
independent channels at different wavelengths [140-142]. The enormous capacity
of the WDM systems is achieved by having a very narrow channel spacing of 0.4
nm (50 GHz) or less. In principle, the capacity of a single mode fibre (SMF) is >30
Tb/s [9, 143], therefore a large number of wavelengths could be used provided the
channel spacing is kept to a minimum. However, in a practical system, the
minimum channel spacing is limited by the inter-channel crosstalk and by the
amplifier gain response [9, 143]. Basically, WDM systems are often classified as
coarse or dense systems, depending on their channel spacing (typically, channel
spacing of > 5 nm and <1 nm for coarse and dense WDM systems, respectively)
[9]. In most commercially available WDM systems channel spacing is 100 GHz
(0.8 nm) at 1552 nm [9, 144]. Recently, the International Telecommunication
Union (ITU) has specified narrower channel spacing of 25 and 50 GHz for future

WDM systems [7, 145].

The chapter investigates the wavelength impact of an input packet of Gaussian
pulses on the SOA gain profile. The output gain standard deviation of the packet
using a single wavelength is compared to the WDT. The comparison demonstrates

the improvement of the SOA gain uniformity employing the WDT at data rates up
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to 160 Gb/s. The limitations of the proposed technique regarding the applied bias

current are also studied at all input data rates.

6.2. Impact of Signal Wavelength on SOA Gain Uniformity

The dependence of the SOA gain on the input pulse wavelength was presented
and explained in Section 4.2. However, in order to understand the effect of
wavelength on the SOA gain uniformity, a number of successive pulses are
required to propagate along the SOA active region. Therefore, a packet of identical
Gaussian pulses, described in Chapter 3 is applied to the SOA at 1550 nm. The
packet consists of 10 pulses of 1 mW peak power each and they are separated by

100 ps (10 Gb/s) for a packet duration t, of 1 ns.

The gain response of the SOA when the packet is launched into the active region
is displayed in Fig. 6.1. When the first pulse in the packet enters the SOA att ~ 3
ns, sudden gain depletion occurs due to the interaction of the input pulse with the
excited electrons in the conduction band. Due to the slow recovery of the SOA
gain, following the exodus of the first pulse, the next pulse enters the SOA prior to
full gain recovery. A further gain depletion is introduced because of the second

pulse. This process continues until the last pulse exits the SOA.

In order for all pulses to accomplish the same gain, the gain depletion due to all
pulses should reach the same level. It is apparent from Fig. 6.1 that the gain
reduction reaches different levels from one pulse to another (i.e. the gain depletion
envelope is not uniform). Figure 6.1 also shows that by applying a packet with

more pulses, the variation of gain depletion is negligible. Therefore, there is no
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significant difference when injecting more than 10 pulses in the current

investigation.
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Figure 6.1 SOA gain response to a packet of Gaussian pulses

In this chapter, we have adopted a bit pattern of all ‘1’s in the simulation. This is

because the all ‘1’s bit pattern will give the least recovery time for the SOA, thus

resulting in the worst case scenario for SOA gain uniformity. This scenario will

therefore show the significance of the improvement achieved by the WDT in the

following sections.

In order to measure the gain uniformity of the output pulses, the gain standard

deviation is introduced, which is given by:
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p vyl

where n, is the number of successive input pulses within the packet applied to the
SOA, Gy is the gain achieved by each input pulse and G, is the average gain of all

the pulses.
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Figure 6.2 Gain standard deviation responses to input packet wavelength within C-band range

Therefore, to identify the dependence of the SOA gain uniformity on the input
wavelength, the gain standard deviation is calculated and plotted against the C-
band wavelength range in Fig. 6.2. As depicted earlier in Figs. 4.1 and 4.2, the
peak gain value is achieved at a wavelength Ay. On the other hand, at a

wavelength of 1530 nm the gain is minimum compared to the C-band
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wavelengths. Correspondingly, maximum value of ¢ is 6.3 dB (i.e. least gain
uniformity) is at An. The o is proportional to the output gain, thus explaining the
highest and lowest gain uniformities at 1530 nm and 1548 nm wavelengths,

respectively as shown in Fig. 6.2.

6.3. Wavelength Diversity Technique at 10 Gb/s

Different wavelengths result in different gain responses as presented in the
previous section. Therefore, a wavelength diversity technique (WDT) is proposed
where each Gaussian pulse is assigned a different wavelength to attain the same
output gain. In this section, the input packet to the SOA consists of 10 pulses at a

rate of 10 Gb/s.

In order to determine suitable wavelengths for WDT, there is a need to investigate
the SOA gain response of all pulses within the packet to the C-band wavelength
range (see Fig. 6.3). From Fig. 6.3, it is clear that different pulses can achieve the
same gain at different wavelengths and hence, uniform output gain. As shown in
Fig. 6.3, the maximum gain value that intersects with all pulses is G, = 22.85 dB
(dashed line) which is the peak gain value of the 10™ pulse which appears at a
wavelength of 1552.9 nm. The dotted lines in Fig. 6.3 show the wavelengths that
achieve the same G, for the proposed technique and these wavelengths for
pulses 1 to 9 are 1542.1, 1544.3, 1546.4, 1547.9, 1549.3, 1550, 1550.7, 1551.4

and 1552.1 nm, respectively.
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Comparing the SOA gain uniformity using a single wavelength and the WDT, a
significant improvement of 6 dB of the gain standard deviation is achieved using
the packet with the proposed technique. The wavelength of the 1% pulse in the
WDT packet (i.e. 1542.1 nm) is used as the single wavelength for the other
packet. This wavelength is chosen in order to maintain the same impact of the 1°

pulse of both packets on the SOA gain.

The SOA gain responses corresponding to both packets are illustrated in Fig. 6.4
to show the improved output gain uniformity. The envelope of the gain depletion
using the WDT (circled in Fig. 6.4) is more uniform compared to using a single

wavelength packet.
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Therefore, to measure the ability of the proposed technique to enhance the SOA
gain uniformity at higher data rates, the following section repeats the same

comparison between both packets at 20, 40, 80 and 160 Gb/s.

6.4. WDT at Higher Data Rates

The same 10 Gaussian pulses with different time separations (i.e. 50, 25, 12.5 and
6.25 ps) are launched to the SOA. The change in the input pulses rate has a direct
impact on the SOA total gain and therefore, the gain uniformity. In order to

understand this impact, the SOA gain responses to the 10 pulses packet of 1550
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nm wavelength are plotted in Fig. 6.5 at 20, 40, 80 and 160 Gb/s. In Fig. 6.5, the

packets at all data rates enter the SOA at the same time.
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Figure 6.5 SOA gain responses to a packet of 10 Gaussian pulses at (a) 20 Gb/s, (b) 40 Gb/s, (c)

80 Gb/s and (d) 160 Gb/s

For all data rates, the depletion in the SOA gains due to the propagation of the 1%

pulse of the input packet are similar, however, the time available for the gain to
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recover after the departure of the 1* pulse from the SOA is halved in each case.
Therefore, the 2™ input pulse enters the SOA at a lower gain level (compared to
lower data rate), and results in further gain depletion (i.e. less gain is achieved).
This response is more obvious in Fig. 6.6 which displays a comparison between all
given data rates for the SOA gain profiles of the packet 2" pulse corresponding to
the C-band wavelength range. As expected, the 2™ pulse of the input packet at
higher input data rates achieve less gain at any wavelength and result in a larger
gain difference with the 1% pulse. That explains the less uniform envelope of SOA
gain depletion achieved at higher input data rates as it can be seen in Fig. 6.5.

The input pulses at 160 Gb/s shows the least uniform envelope in Fig. 6.5 (d).
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Figure 6.6 Comparison between all input data rates for the SOA gain profiles of the packet 2™
pulse corresponding to the C-band wavelength range
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For low data rate applications, where the time separation between successive
pulses > 670 ps (i.e. SOA gain full recovery time), the gain depletion envelope is
flat. The reason for such response is that the 2" input pulse enters the SOA after
the full recovery of gain following the departure of the 1 pulse. In such case, there

is no need to apply the WDT to improve the SOA gain uniformity.

The gain standard deviations for the packets at all data rates are measured for a
single wavelength and compared to the WDT in order to distinguish the
improvement of the SOA gain uniformity. This gain standard deviation comparison

between both techniques is illustrated in Fig. 6.7.
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Figure 6.7 Comparison between the gain standard deviation of a packet using a single wavelength
and WDT at all data rates
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As plotted and explained earlier in Figs. 6.5 and 6.6, the SOA has a better gain
uniformity (i.e. o is lower) at lower data rates which is more noticeable in Fig. 6.7.
The figure shows that ¢ increases at higher data rates for both curves. This
response is valid due to applying the same number of pulses at all data rates.
Applying more pulses at higher rates will be discussed later in this section. It is
clear from Fig. 6.7 that the wavelength diversity technique results in lower ¢ values
at any input data rate. The proposed technique shows enhanced SOA gain

uniformity regardless of the input data rate.

80 160
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Gain standard deviation reduction, (dB)

Figure 6.8 Gain standard deviation reduction when using WDT instead of a single wavelength at all
data rates

The advantage of using the WDT over a single wavelength can be seen in Fig.

6.8. The figure depicts a bar chart of the gain standard deviation reduction when
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the single wavelength is replaced by WDT at all rates. Results obtained show gain
standard deviation reductions of 6, 7.7, 8.7, 8.5 and 8.2 dB at 10, 20, 40, 80 and
160 Gb/s, respectively. In case of using the proposed wavelength diversity
technique, the average ¢ improvement is 7.82 dB at data rates investigated in this
chapter. At higher rates > 20 Gb/s, more enhancement in the SOA gain uniformity
is achieved (> 8 dB) and the fluctuation of ¢ reduction is less perturbed. The
reason for the small differences in ¢ reduction at higher rates is that time spacing

between input pulses is shorter and hence, smaller gain differences.

The wavelengths of the 10 pulses within the WDT packet at all data rates are
presented in Table 6-1. On the other hand, the only wavelength used for the other

packet is the 1% pulse wavelength of the WDT packet for all rates.

Table 6-1 Wavelengths of the pulses within the WDT packet at all data rates

Pulse wavelength (nm) | 10 Gb/s | 20 Gb/s | 40 Gb/s | 80 Gb/s | 160 Gb/s
1st 1542.1 1537.9 1534.3 1532.1 1530.7
2nd 1544.3 1540 1535.7 1533.6 1532.1
3rd 1546.3 1542.1 1537.9 1535 1533.6
4th 1547.9 1543.6 1539.3 1537.1 1535.7
5th 1549.3 1545.7 1541.4 1538.6 1537.1
6th 1550 1547.1 1542.9 1540.7 1539.3
7th 1550.7 1548.6 1545 1542.9 1542.1
8th 1551.4 1550 1547.1 1545.7 1545
9th 1552.1 1551.4 1550 1549.3 1548.6
10th 1552.9 1552.9 1555 1555.7 1556.4
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The previous section highlighted that there is no vital need to apply more than 10
pulses in the investigation; however, at data rates > 10 Gb/s, the variations of gain
depletion after the 10™ pulse cannot be neglected. The injection of more number of
pulses in the packet at each higher data rate is necessary. Therefore, in the
following investigation, the number of pulses per packet is increased at each data
rate maintaining the packet duration of 1 ns. The SOA gain response when a 1 ns
packet of 20 Gaussian pulses at 20 Gb/s is applied to the SOA is displayed in Fig.
6.9. Figure 6.9 shows the further depletion of SOA gain after the 10" pulse and it
is clear that applying more than 20 pulses does not affect the gain depletion

envelope.
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Figure 6.9 SOA Comparison between SOA gain responses to a 20 pulses packet of single
wavelength and WDT at 20 Gb/s
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Figure 6.9 also illustrates the response of the SOA gain when the WDT is applied
to the 20 pulses packet (circled) in order to confirm the enhanced uniformity of the
gain depletion envelope (compared to using a single wavelength). A reduction of
7.5 dB in ¢ is achieved employing the WDT. The wavelengths used for pulses 1 to
20 are 1537.9, 1539.3, 1541.4, 1542.9, 1545, 1545.7, 1547.1 1547.9, 1548.6,
1549.3, 1550, 1550.7, 1551.4, 1551.4, 1552.1, 1552.1, 1552.9, 1553.6, 1553.6

and 1553.6, respectively.

As it can be seen from Fig. 6.9, the last few pulses of the packet using the single
wavelength technique cause the gain of the SOA to drop to levels with small gain
differences. This response explains the small wavelength spacing between these
pulses. Some of the pulses use the same wavelength however; the minimum

spacing between pulses using two different wavelengths is 0.7 nm.

The same approach is repeated using 1 ns packet containing 40, 80 and 160
pulses at 40, 80 and 160 Gb/s. An improvement of 8 dB in the gain uniformity is
achieved using the proposed technique at 40 Gb/s. By applying the WDT for 80
and 160 Gb/s packets, the wavelengths of pulses 1 to 15 and 1 to 4, respectively
are < 1530 nm which determines the lower boundary of the C-band wavelength

range. In this thesis, only wavelengths within the C-band range are considered.

6.5. Boundaries of WDT

The boundaries and limitations of the proposed wavelength diversity technique are
studied in this section in order to efficiently enhance the SOA gain uniformity. The

wavelengths of the input pulses are chosen according to the wavelength band
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used in the high speed application. This study focuses on the C-band range and
therefore the minimum and maximum wavelength boundaries are 1530 and 1565

nm, respectively.

From Fig.6.3, it is also clear that G, is another gain boundary (maximum) value by
which the WDT can be used (i.e. all input pulses achieve the same gain level).
Therefore, it is of interest to investigate the impact of | on Gn. Figure 6.10 depicts
the maximum uniform SOA gain achieved corresponding to the applied bias

current at all input data rates.
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Figure 6.10 Maximum uniform gain achieved corresponding to the SOA applied bias current at all
input data rates

As a result of the excitation of more electrons in the conduction band (i.e. higher

N), it is anticipated that | is proportional to G, which is observable in Fig. 6.10.

84



Figure 6.10 also shows that G, has a lower value at higher data rates for any
biasing current value due to the limited time available for the gain to recover at

higher data rates.

6.6. Summary

This chapter showed improvement in the gain uniformity of the SOA at high speed
data rates employing a proposed wavelength diversity technique. In this chapter a
gain standard deviation equation is introduced in order to measure the SOA gain
uniformity. The impact of the wavelength diversion characteristics of a packet of
Gaussian pulses on the SOA gain and gain uniformity is investigated. The least
gain uniformity appeared at the peak gain wavelength while the best uniformity is

achieved at 1530 nm within the C-band range.

The chapter compared the SOA gain uniformity using a single wavelength and a
proposed wavelength diversity technique for the same input packet. The obtained
results verified the ability of the WDT to enhance the SOA gain uniformity at
different data rates. The average gain standard deviation improvement is 7.82 dB
at data rates investigated in this chapter up to 160 Gb/s. The same comparison
between both techniques is repeated maintaining a fixed packet time duration of 1
ns (similar to 10 Gb/s packet). The WDT also achieved a 7.5 and 8 dB reductions
in gain standard deviation at 20 and 40 Gb/s. The limitations of the proposed
technique regarding the wavelength and the applied bias current at all the input

data rates are studied to set the boundary conditions.
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Finally, it is important to note that the implementation of the proposed technique is
complex due to the different wavelength for each pulse within the packet. The
proposed technique would be possible if it is within the C-band range as
investigated in the paper since most WDM systems have narrow channel spacing
of 0.4 nm or less [142]. For that reason, a different approach is proposed in the
next chapter to improve the SOA gain uniformity for high speed data rates in order
to reduce power system penalties. Non-uniform electrical signal patterns are used

as a replacement for the uniform current to bias the SOA.
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Chapter 7 SOA Gain Uniformity
Improvement Employing Classical
Non-Uniform Biasing Technique for
High Speed Optical Routers

7.1. Introduction

The previous chapter highlighted the importance of the SOA amplification gain
flatness in order to minimise the patterning effect. This chapter introduces a
different technique to overcome the disturbance of the output SOA gain uniformity
at high speed data rates. Non-uniform periodic signals are proposed to electrically

bias the SOA as a substitute of the uniform bias current.

In this chapter, biasing the SOA with non-uniform bias current patterns, namely,

triangular and sawtooth electrical patterns are proposed. The impacts of both
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uniform and non-uniform biasing on the SOA gain responses and the
corresponding gain standard deviations are analysed. The SOA gain uniformity is
measured and compared for all the biasing patterns for input data speed up to 40

Gbl/s.

The optical packet which consists of ten successive Gaussian pulses that was
injected to the SOA in the previous chapter is also used as the input packet in this
chapter. The same packet is used for consistency at different time separations

between the pulses.

7.2. Uniform Bias Current

The SOA gain response to the input 10 pulses packet is previously investigated
and explained in Chapter 6 using a uniform bias current | of 150 mA (see Fig. 6.1).
However, further analysis is required in order to understand the role of the bias
current and N rate of change (i.e. dN/dt) on the gain profile. In this section, the
applied uniform current is maintained the same. Prior to the entry of the first pulse
of the packet, N is almost constant and therefore, the change of the carrier density

in (3.6) is neglected. Equation (3.6) is presented here to aid the discussion.

%ZI__(A.NJFB.Nz +C.|\|3)_F'g'—P'L
da qg-Vv V-h-f

With no input pulse entering the SOA, only the 1% and 2" terms of (3.6) are
considered due to the absence of the input power. The instant decrease in the
carrier density due to the entrance of the first pulse results in a high negative dN/dt

value. This is explained with reference to the 3" term in (3.6), which depends on
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the power of the input pulse and the material gain coefficient, thus causing dN/dt to

have a high negative value.

When the pulse exits the SOA, the 3" term returns to zero value. Therefore, dN/dt
becomes a positive value which creates a gap between the 1% and the 2™ term of
the rate equation; hence the carrier density starts to increase (i.e. SOA gain
recovery). As described earlier, the next pulses entering the SOA before full
recovery introduce further gain depletions. The 1% term of (3.6) is always constant
due to the uniform biasing of the SOA and therefore, it is not possible to control
the changes of the carrier density. Consequently, to minimise ¢ (i.e. to achieve a
flat gain profile), it is important to control the rate of change of N, thus it is of
interest to apply non-uniform biasing current to the SOA. In order to bias the SOA
with non-uniform bias currents, refer to Section 4.3, specifically Figs. 4.3 and 4.4

to appreciate the influence of the applied bias current on the SOA gain.

In following sections, non-uniform current patterns are proposed to bias the SOA
in order to study their impact on the SOA gain uniformity. The non-uniform bias
currents applied to the SOA have an average value of 150 mA (equivalent to

uniform bias current) in order to maintain the same power used in both cases.

7.3. Triangular Bias Current

There are two criteria to control the pattern of the non-uniform bias current applied
to the SOA. 1) The need to increase the value of the 1% term of the rate equation
(3.6) to accelerate the gain recovery of the SOA. Therefore, a steep increase in

the bias current is required following the departure of the pulse from the SOA. 2)
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To maintain the average bias current (power) similar to the uniform current value
(i,e. at 150 mA). Therefore, the bias current should decelerate at the same
acceleration rate but in the opposite direction. Hence, a triangular pattern bias

current is proposed to meet the required criteria in this section.
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Figure 7.1 Triangular bias current

For an input packet with 10 Gb/s pulses rate, the bias current is adjusted to the
same repetition rate of 1/T. Over a triangular cycle T of 100 ps, the bias current
can be represented as:

(7.1)

| m-t+C, for 0<t<T/2
“|m,-t+C, for T/2<t<T’
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where my and m, are the slopes of the triangular biasing signal with values 30.26
and -30.26 mA/ns, respectively. C; and C, are 70.55 mA and 388.25 mA,
respectively. It will take the bias current almost 50 ps to increase from ~70 mA to

230 mA as shown in Fig. 7.1 which displays the triangular bias current.

The 10 pulses packet at 10 Gb/s is applied to the SOA biased by the triangular
current in Fig. 7.1. The corresponding gain response of the SOA is illustrated in
Fig. 7.2. From Fig. 7.2, one can see the oscillations of the SOA gain due to the
alternating bias current prior to the entry of the 1% pulse of the input packet.
Similarly in uniform biasing, the entry of the input pulse results in a rapid depletion
in the SOA gain within the 5.83 ps. However, in the case of triangular biasing, this
depletion is less effective compared to the uniform biasing. The corresponding

profiles of the amplified Gaussian pulses are depicted on the bottom of Fig. 7.2.

It can be seen that the 1% pulse achieves the maximum gain due to depletion of
the SOA gain from the steady state value, as expected. It is important to note that
the non-uniform biasing current does not produce amplitude modulation to the
optical pulses; on the contrary, the applied current pattern to the SOA avoids the

divergence in amplitudes of these output pulses.
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Figure 7.2 SOA gain response to a packet of 10 Gaussian pulses using triangular bias current and
the corresponding profiles of the output pulses

When the input pulse propagates through the SOA, the 3™ term in rate equation
(3.6) is the dominant term. That term is controlled by the time the input pulse
enters to the SOA. There are two different conditions that affect that term. These
conditions can be explained by plotting the change in N within the active region of

the SOA when biased by a triangular bias current in Figs. 7.3 (a) and (b).
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Figure 7.3 Carrier density change rate within the SOA active region due to triangular biasing

corresponding to input packet of Gaussian pulses (a) at lower carrier density values and (b) at
higher carrier density values
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From (3.1) (and correspondingly (3.7)) and (3.2), one can see the dependence of
the material gain coefficient and the net gain coefficient on N. In the first case (see
Fig. 7.3 (a)), the 3" term in (3.6) has less impact on the depletion of N and the total
gain when the input pulse first enters the SOA at a lower value of N. Therefore, the
effect of the subsequent pulses is minimised resulting in enhanced output gain
uniformity. N has lower values for 0< t <T/2, where dN/dt is initially negative and at
the same time the bias current increases (i.e. positive slope my of 1) which results

in the overall increase of dN/dt.

Figure 7.4 shows the carrier density of the SOA which is directly proportional to
the SOA gain as shown in Fig. 7.2. On the bottom left of Fig. 7.4, one can see that
the input pulse is launched at a lower value of N which results in low gain
depletion. On the other hand (see Fig. 7.3 (b)), when the input pulse enters the
SOA at a higher value of N (i.e. T/2<t <T) which can be seen on the bottom right of

Fig. 7.4, higher gain depletion is introduced.
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Figure 7.4 Carrier density of the SOA when the input pulse is launched at lower (bottom left) and
higher values (bottom right) for triangular biasing

Figure 7.5 shows the comparison of ¢ for uniform and both cases of triangular (for
input pulse at lower and higher values of N) biasing conditions at 10 Gb/s. Figure
7.5 is plotted against the pulse peak to realise the validity of the study at any input
power. The figure shows that improved gain uniformity compared to uniform
biasing is achieved when the input pulses are injected at lower N values in case of
triangular biasing. However; at higher N values, less gain uniformity is achieved
regardless of the input power levels. At higher input power, the fluctuation of ¢ is
less perturbed. As predicted, ¢ has a higher value when more input signal power is

applied which further increases the 3™ term of (3.6).
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7.4. Sawtooth Bias Current

In the previous section, it was clear that the SOA gain is more linear during the
positive slope of the triangular bias current. For this reason, the criteria to control
the non-uniform pattern for biasing the SOA is different in this section. The bias
current is required to have a steep increase (i.e. positive slope) for a longer time
maintaining the rising rate and an average current of 150 mA. Consequently, a

sawtooth current is proposed to bias the SOA.
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Figure 7.6 Sawtooth bias current

For T = 100 ps, the sawtooth bias current can be expressed by:

l=m-t, (7.2)

where my is the same positive slope used in triangular biasing. The sawtooth
biasing current rising from 0 to 300 mA is plotted in Fig. 7.6. The SOA gain and the
corresponding output profiles of the input pulses due to sawtooth bias current are

shown in Fig. 7.7.
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Figure 7.7 SOA gain response to a packet of 10 Gaussian pulses using sawtooth bias current and
the corresponding profiles of the output pulses

From the figure, the SOA gain processes higher oscillations compared to
triangular biasing prior to the entry of any input pulse. Such response is due to the
variation of a larger range of the bias current (O to 300 mA). The depletion of the
SOA gain due to the input packet is detected from t ~ 3 to 4 ns. Less gain
fluctuations are observed in the SOA gain depletion envelope (i.e. more gain
uniformity) in Fig. 7.7 compared to the uniform biasing illustrated in Fig. 6.1.
However, the impact of the input pulses on the SOA in case of sawtooth bias
current depends on the time they are applied to the SOA (similar to the triangular

biasing case). This can be more obvious in Fig. 7.8 which depicts the effect of the
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input pulse on the carrier density of the SOA when launched at lower and higher

values.
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Figure 7.8 Carrier density of the SOA when the input pulse is launched at lower (inset left) and
higher values (inset right) for sawtooth biasing

Similarly to triangular bias current, Fig. 7.8 (inset left) shows small impact of the
input pulse when applied to the SOA at lower N. Alternatively, high N depletion
occurs when the pulse is applied at a higher value (Fig. 7.8, inset right). Therefore,
to view the impact of these two different conditions on the SOA gain uniformity,

Fig. 7.9 is plotted comparing them to uniform biasing.

In spite of the power of the input pulse, the SOA shows an improved gain
uniformity employing sawtooth bias current when the input packet arrives to the

SOA at a lower N compared to uniform biasing.
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Figure 7.9 Comparison of gain standard deviation between uniform and both sawtooth biasing
cases (at lower and higher carrier density values) against peak power of input pulses at 10 Gb/s

In order to appreciate the bias current pattern that results in the best achieved gain
uniformity, the following section compares all the investigated biasing techniques

(for lower N values) at different input packet data rates.

7.5. SOA Gain Uniformity Comparison for Uniform and

Non-uniform Techniques

This section concludes the differences of all the investigated biasing techniques

regarding the SOA gain uniformity.
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Figure 7.10 Comparison of gain standard deviation between all biasing techniques at different
input data rates

Figure 7.10 compares the gain standard deviation of the uniform and non-uniform
biasing techniques at different input data rates (i.e. 10, 20 and 40 Gb/s).
Maintaining the number of pulses at all data rates, the achievement of lower ¢ at
lower data rates is because the recovery of the SOA gains is more restricted at
high speed input data rates. The sawtooth bias current shows a lower gain
standard deviation (better gain uniformity) than the triangular biasing at all data
rates as seen in Fig. 7.10. For all cases, o is lower for the non-uniform biasing
particularly at 10 Gb/s data rate. At 20 and 40 Gb/s, minimum improvements are
achieved. The reason is that, at higher data rates and for the same number of

pulses, the output gain has a higher ¢ due to the reduced separation period (i.e.
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short time available for the SOA to recover as a result of each input pulse). For 10,
20 and 40 Gb/s data rates, o for triangular and sawtooth biasing are 4.7, 9.3 and
11.1 dB, and 4.3, 9.2 and 11.1 dB respectively. For uniform biasing these are 6.6,

9.6 and 11.2 dB, respectively.

The advantage of using non-uniform techniques over uniform biasing is more
evident in Fig. 7.11. The figure illustrates the improvement of the gain standard
deviation for using non-uniform (triangular and sawtooth) bias currents as a

replacement of the uniform current.
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Input data rate, (Gb/s)

Figure 7.11 Gain standard deviation improvement for using triangular and sawtooth bias currents
over uniform bias current at different input data rates

At a data rate of 10 Gb/s the non-uniform biasing techniques result in a gain

standard deviation improvement of 1.9 and 2.7 dB for the triangular and sawtooth
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biasing schemes, respectively. Meanwhile at 20 Gb/s, these improvements are
only -2.7 and -1.3 dB (i.e. 0.54 and 0.73 absolute values), respectively. At the

speed of 40 Gb/s minimum improvement is achieved.

7.6. Summary

This chapter focused on the impact of the electrical current characteristics which is
used to bias the SOA on the carrier density and the gain uniformity of the SOA.
The chapter proposed non-uniform techniques for biasing the SOA that were able
to improve the SOA gain uniformity at high speed data rates under certain

conditions.

The chapter analysed the carrier density rate of change and the SOA gain when
biased by the proposed triangular and sawtooth patterns. The uniform bias current
is compared to the non-uniform biasing techniques when the same input packet is
applied to the SOA at 10, 20 and 40 Gb/s. The gain uniformity comparison showed
a reduction in the gain fluctuation (i.e. gain standard deviation) for both non-
uniform currents compared to the uniform biasing. This reduction occurs at the
condition when the pulses are injected at low carrier density level. The sawtooth
biasing technique appeared to have the best gain uniformity at all investigated
data rates. The obtained results show an enhancement in the SOA gain uniformity
of 1.9 and 2.7 dB employing the triangular and sawtooth bias currents at 10 Gb/s,
respectively. This improvement was only -2.7 and -1.3 dB (i.e. 0.54 and 0.73
absolute values) for the triangular and sawtooth currents at 20 Gb/s, respectively.

However, minimum reduction in the gain standard deviation is obtained at 40 Gb/s.
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Finally there is a need to synchronise the non-uniform biasing with the incoming

pulses so that they coincide with low carrier density level.

Few limitations were observed employing the proposed non-uniform biasing
techniques in this chapter. None of the proposed bias currents were able to
enhance the gain uniformity beyond 40 Gb/s. The gain standard deviation showed
a minimum improvement at high data rates, particularly 40 Gb/s. In addition, the
non-uniform current needed to be adjusted at the same repetition rate as the input
data rate. For that reason, the following chapter optimises the non-uniform bias
current pattern in order to maximise the SOA gain uniformity improvement. The
proposed pattern is able to achieve more uniform SOA gain for data rates reaching

160 Gb/s at a repetition rate of only 1 GHz.
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Chapter 8 Optimised Biasing for
SOA (OBS)

8.1. Introduction

Improving the SOA gain uniformity was the main focus of the previous chapter
which proposed applying non-uniform (i.e. triangular and sawtooth) currents to
bias the SOA. However, few limitations were observed employing the previous
proposed biasing patterns and minimum improvements were achieved in the SOA
gain uniformity at high speed data rates up to 40 Gb/s. For these reasons, this
chapter proposes a general equation that optimises the non-uniform bias current
pattern in order to maximise the SOA gain uniformity improvement for all

conditions.
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This chapter investigates the SOA gain profile when the same input packet used in
the previous chapter enters the SOA. The chapter analyses the impact of the bias
current on the SOA gain responses in order to optimise the non-uniform bias
current pattern for input data speed up to 160 Gb/s. The uniform bias current is
replaced by the optimised non-uniform pattern to compare the SOA gain uniformity
for both techniques for all conditions which include different number of input
pulses, input pulse sequences and data rates. The chapter also compares the
average output power of the pulses between both biasing techniques to further

evaluate the proposed technique.
8.2. Optimising Non-uniform Bias Current Pattern

The same non-uniform SOA gain problem is previously stated in Chapter 6.2
which shows the SOA gain response to the 10 pulses packet at 10 Gb/s when
biased with a uniform 150 mA current. The all ‘1’'s bit sequence will be simulated in
this chapter to present the worst case scenario for SOA gain depletion. The all ‘1’s
sequence is also a commonly used bit sequence in optical applications employing
polarisation modulation techniques such as, SOA-based ultrafast all-optical
switches [146-150]. In order for all pulses to achieve the same output gain, bias
current characteristics are used so that these pulses enter the SOA at the same
carrier density. Based on the direct temporal relationship of the bias current on the
SOA gain shown in (3.6), this chapter proposes applying a non-uniform bias
current pattern to the SOA, where each Gaussian pulse enters the SOA at a

different biasing value in order to improve the output gain uniformity.
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Consequently, in order to optimise the non-uniform bias current pattern that would
achieve the best gain uniformity, the SOA gain response of all the input pulses for

a range of bias current values are investigated (see Fig. 8.1).
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Figure 8.1 SOA gain response of all pulses within the packet to the uniform bias current

From Fig. 8.1, one can see that the same gain (i.e. uniform output gain) can be
achieved by the input pulses at different bias current values. However, it is
important for the non-uniform bias current applied to the SOA to have an average
value equivalent to the uniform bias current in order to maintain the same power
used in both cases. For 10 Gb/s input data rate, this uniform output gain condition
occurs at Gy, = 23.02 dB (horizontal dashed line in Fig. 8.1). This gain value
intersects with all pulses at different biasing values while maintaining an average

bias current I = 150 mA where | oscillates between the minimum, |, and
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maximum, I bias currents corresponding to the 1% and 10" pulses respectively.
Similarly, input packets are applied to the SOA at higher data rates maintaining the
packet duration of 1 ns in all cases. The SOA gain responses to the 1 ns packets
of 20, 40, 80 and 160 successive Gaussian pulses at 20, 40, 80 and 160 Gb/s are

displayed in Figs. 8.2 (a), (b), (c) and (d), respectively.
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Figure 8.2 SOA gain responses to the input packets at (a) 20, (b) 40, (c) 80 and (d) 160 Gb/s
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The appropriate responses of the non-uniform bias currents should be the inverse
to the SOA gain depletion envelopes shown in Figs. 6.1 and 8.2 for all investigated
data rates in order to obtain uniform amplitudes for the output pulses.
Consequently, this chapter proposes a general equation for the optimised non-
uniform biasing pattern at any input data rate and for any number of pulses based
on the scheme approached in Fig. 8.1 for all the pulses to achieve the same

output gain G,

8.3. General Optimised Biasing for SOA (OBS)

In this section, the general optimised biasing for SOA (OBS) equation is derived
from the rate equation (3.6) which take in three different scenarios into account.
The initial state is represented in the 1% scenario where N depletes from the
steady state value due to the propagation of the 1% pulse through the SOA in time

tine (i.€. 5.83 ps). Accordingly, (3.6) is rewritten as:

N_ 1 (AN +B-N2+C-N2)-

YN F'g$'L'F?avl
dad gV

vV.hT (8.1)

where Ng and gs are the carrier density and gain coefficient at the steady state
value, respectively, while Pa, is the average power of the 1% pulse. The carrier
density depletes from Ng to N; after the 1% pulse is amplified by the SOA gain G;

(due to the 1° order material gain coefficient g;) and they are given by:

dN
N]_: N$+E'tim, (82)
g, =a(N,—N,), (8.3)
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G1 — e(r‘gl_as)l- . (84)

where s is the internal waveguide scattering loss. The 2" scenario defines the
recovery of N after the departure of the propagating pulse i from the SOA and
before the injection of the following input pulse j, where j=i+1, at the level x (i.e.
from N; to Ny). Each input pulse is separated by a period te,=1/bit-rate. Therefore,
(3.6) is rewritten considering only the first two terms (due to the absence of the

propagating signal in the SOA) as follows:

ﬂ:'_—(A-Ni+B-Ni2+C-Nf’), (8.5)
a qg-Vv
where,
dN.
NXj = Ni E'tmt (86)

Similarly, the corresponding material gain coefficient, gy and SOA gain, Gy are

defined as:
ng = ai(ij - No)! (87)

G, =g ol (8.8)

X

The 3" scenario is described by the propagation of the i pulse along the SOA
length. The corresponding rate, carrier density and gain equations are presented

as follows:
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dN,, r
L —(A-NXJ.+B-NXZJ.+C-N;) g‘— (8.9)
a q-Vv V-h-f
dN,,
Nj = ij +ij.tint’ (810)
g, =a(N,-N,), 1)
G = ok (8.12)

A generalised equation for N is formed from the different scenarios to reflect the
gain depletion envelope. Therefore, the instantaneous carrier density Nx to amplify

the input pulse k by the gain Gk is described by:

dN  kadN, < AN,

N, =N -t 3 8.13
k $+ dt mt+|Z:1d sep+JZ::2 dt int ( )
Hence, the instantaneous 1% order gain coefficient:
k k dN..
gk = g$ + ai( dN t|nt + ZldN SED + thJ 'tint] ) (814)
j=2

Taking I', as and L into account in the exponential, (8.14) becomes

dN | kdN, t k dN,
G =G, -exp I'-a-L-t —L.= 411, (8.15
eXp( A '”‘( a & t, i dt D (8.15)

where, Gg is the SOA gain at steady state condition (i.e. before the entry of any

pulse) derived from the net gain coefficient grs and is defined as:
G =e"=", (8.16)

s
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Let

oN_
d¢ qVv
aN _ 1
d¢ qv 7
dN,, |

:__D3’
dad q-Vv

where,

D,=(A-Ng+B-N2+C-N2)

D,=(A-N, +B-N2 +C-N?)-

T-gy-LP

avl

V-h-f

D,=(A-N,+B-NZ+C-N?),

Therefore, G, can be rewritten as:

G, :Gss-exp(l“-al-L-tim(q.—v—Dﬁ

s
G

q-V

t k-1

i=1

1—1'ng

L-P

avi

V-h-f

Consequently, from (8.23), the final OBS equation is given by:

q-v

1

= (2-tint +tsep)

|

I'a;-L

.

iJ+tim[Dl +
G$

112

k-1

i=1

int

k
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(8.17)
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The OBS pattern will repeat periodically after the packet duration t,. The OBS
pattern for 10 Gb/s input data rate using equation (8.24) is shown in Fig. 8.3. On
the contrary to the previous chapter, the bias current cycle (repetition rate) covers
all the packet duration (i.e. 1 ns which is only 10% of the input data rate in the

current investigation) and varies between 148.5 and 151.5 mA.
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Figure 8.3 OBS pattern for input packet at 10 Gb/s

The corresponding OBS patterns of the biasing currents at 20, 40, 80 and 160
Gb/s input packets are plotted in Figs. 8.4 (a), (b), (c) and (d), respectively. The
repetition rate of the periodic OBS pattern is at 1 GHz regardless of the input data
rate (i.e. < 1% of 160 Gb/s data rate). The proposed OBS pattern confirms the

ability to overcome the repetition rate constraint presented in the previous chapter.
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Figure 8.4 OBS patterns for input packets at (a) 20, (b) 40, (c) 80 and (d) 160 Gb/s

Figure 8.4 shows that the OBS pattern fluctuates within a higher range as the data
rates increase. These current fluctuation ranges are 6, 12.6, 22 and 35.6 mA at
20, 40, 80 and 160 Gb/s, respectively maintaining l, = 150 mA. It is also clear
from Fig. 8.4 that biasing pattern at higher input rates have steeper slope to reach

the maximum current value I This response refers to the slope of the gain
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depletion envelope of the first few pulses of the input packet. The reason for the

steep slope at higher rates is due to the limited recovery time.
8.4. Impact of the Applied Bias Current on OBS Pattern

For the non-uniform technique, the maximum current value of the biasing OBS
pattern should not exceed the practical SOA biasing limit of 300 to 400 mA [151].
This study focuses on the 300 mA as the maximum (boundary) current limit for
safe SOA operation. Therefore, further investigations are carried out for higher 15,
i.e. 200 and 250 mA at all data rates to find the boundary condition for the
proposed OBS technique. Results obtained show that in case of maintaining Il =
200 mA, the I for the OBS are 206.7, 213, 224, 235.1 and 247.8 mA as
illustrated in Figs. 8.5 (a), (b), (c), (d) and (e) at 10, 20, 40, 80 and 160 Gb/s,

respectively.
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Figure 8.5 OBS patterns for input packets at (a) 10, (b) 20, (b) 40, (c) 80 and (d) 160 Gb/s
maintaining average biasing current of 200 mA

On the other hand, for I, = 250 MA, the I« values are beyond 300 mA at 80 and

160 Gb/s. Nevertheless, the SOA gain uniformity is improved employing the OBS

patterns in all cases.
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8.5.

SOA Gain Uniformity Comparison Between Uniform

and the Non-uniform OBS Patterns

In order to emphasise the capability of the proposed OBS pattern to improve the
SOA gain uniformity, this section compares the gain standard deviations of the

output pulses when the SOA is biased by uniform and the non-uniform OBS

patterns.

This comparison between both biasing techniques at all investigated packet
speeds is displayed in Fig. 8.6 for 1, = 150 and 200 mA. Figure 8.6 confirms the

improvement in the SOA gain uniformity achieved employing the proposed OBS

technique for all input data rate or the average bias current |,,.

Gain standard deviation, ¢ (dB)

Figure 8.6 Comparison between the gain standard deviation of a packet when the SOA is biased
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In contrast to the previous chapter where the SOA gain uniformity improvement
was limited to only 40 Gb/s, the OBS pattern in this chapter is able to maximise
the SOA gain uniformity for data speeds up to 160 Gb/s. Results show that the
OBS pattern has lower ¢ compared to the uniform curves at any input rate. The
higher curves of the 200 mA |, are predictable due to the higher differences
between the output powers achieved by the pulses. As a result, the 200 mA 1, will

show better gain uniformity improvements in the following figure.

Figure 8.7 shows the advantage of using the OBS pattern over uniform biasing
depicted in a bar chart of o improvement when the uniform bias current is replaced
by the proposed technique at I, = 150 and 200 mA for all rates. At higher input
rates, more improvement in the SOA gain uniformity is achieved. Figure 8.7 also
shows that fluctuation of ¢ improvement is less perturbed at rates > 40 Gb/s for
both 1, cases. The reason for the small differences in o improvement at higher
rates (> 40 Gb/s) for different I,, level is due to shorter time spacing between input
pulses hence, smaller gain differences. An enhancement of 4.6, 6.3, 8.7, 10.1 and
10.2 dB in the SOA gain uniformity when biased with the OBS pattern is achieved
at input rates of 10, 20, 40, 80 and 160 Gb/s, respectively for 150 mA l,. On the

other hand, these values reach 15.2, 16.3, 17.7, 18 and 17.4 dB at 200 mA.
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Figure 8.7 Gain standard deviation reduction employing the OBS pattern for all ‘1’'s bit sequence
packet

8.6. Average Output Power Comparison Between Uniform

and OBS Techniques

This chapter presents another key advantage of employing the OBS pattern to the
SOA which is the higher average output power. Although both biasing techniques
supply the same power to the SOA, the proposed technique offers higher power
amplifications for the input pulses. The average output peak powers Py Of the
pulses within the packet are plotted in Fig. 8.8 to compare both biasing

techniques.

119



T T T T T T T

600+ <&

o —o— uniform biasing at |, = 150 mA |
~ & OBSatl_ =150 mA
S \& o
€ 500- \ N & uniform biasing at . =200 mA [
S N av
g N — - OBSatl_=200mA
Q_Q- \\ av
400 - 1
x\ .
300 - \\\\\ N - |av =200 mA s

200 -

Average output peak power,

100 |-

0 20 40 60 80 100 120 140 160
Input data rate, (Gb/s)

Figure 8.8 Comparison between the average output peak powers of a packet with all ‘1’s bit
sequence when the SOA is biased by uniform and the non-uniform OBS patterns at all data rates

In Fig. 8.8, the comparison is carried out at 10, 20, 40, 80 and 160 Gb/s for I,, of
150 and 200 mA. From Fig. 8.8, one can see that the average output powers are
higher at lower data rates for all curves. The comparison in Fig. 8.8 shows the
higher output power achieved by the pulses when the applied bias current to the
SOA is optimised using OBS equation for all input data rates and for both I,
cases. Figure 8.9 introduces the increase in Ppeay for using OBS pattern instead of

the uniform current at 150 and 200 mA I ,,.
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Figure 8.9 Average output peak power increase employing the OBS pattern as a replacement of
the uniform current for all ‘1’s bit sequence packet

Figure 8.9 shows that biasing the SOA with the proposed OBS pattern amplify the
input pulses with higher power regardless of the pulses speed rate. At 150 mA l,y,
Ppoav IS increased by 1%, 3%, 5%, 9% and 14% at 10, 20, 40, 80 and 160 Gb/s,
respectively. The reason for such response is due to the continuous saturation in
case of uniform biasing. Figure 8.9 also verifies the higher increase in Ppsy at 200
mA 1 of 5%, 10%, 16%, 21% and 26% at 10, 20, 40, 80 and 160 Gb/s,
respectively. The maximum increase in Pp Of 50.5 mW appears at 40 Gb/s

maintaining |5, = 200 mA.
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8.7. SOA Gain Uniformity and Average Output Power
Comparisons Between Uniform and Non-uniform OBS

patterns for Random Bit Sequences

It is of interest to measure the impact of the OBS pattern on other optical

applications that use random bit sequences.
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Figure 8.10 Comparison of gain standard deviation between uniform and non-uniform OBS
patterns for random bit sequence packet

For that reason, we have applied input packets with the same random bit
sequence to SOA biased with both techniques at all data rates. Figure 8.10
illustrates a comparison of the gain standard deviation between uniform and non-

uniform OBS patterns for random bit sequence packet.
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Results obtained from the comparison in Fig. 8.10 show that ¢ is similar for both

biasing cases. However, the proposed technique improves (i.e. increases) the

average output power of the packet regardless of the data rate or the average

biasing current. This conclusion is more obvious in Fig. 8.11 which depicts a

comparison between both biasing techniques for the average output peak powers

when an input packet with random bit sequence enters the SOA.
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Figure 8.11 Comparison between the average output peak powers of a packet with random bit
sequence when the SOA is biased by uniform and the OBS patterns at all data rates

Similarly to the input packet with all ‘1's bit sequence, the average output show

higher powers when the SOA is biased by the OBS pattern at any input data rate

and for I, of 150 and 200 mA. Ppav also appear to have higher values at low input

data rates and at higher I, values as in Fig. 8.8.
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Figure 8.12 Average output peak power increase employing OBS pattern as a replacement of the
uniform current for random bit sequence packet

In the same way, Fig. 8.12 depicts the improvement (i.e. increase) in the average
output power of the random pulses using the OBS pattern. Ppeay IS increased by
2%, 4%, 8%, 15% and 23% at 150 mA I, while at 200 mA, these improvements
are 9%, 14%, 24%, 34% and 38% at 10, 20, 40, 80 and 160 mA, respectively.
Results show that applying input packets with random sequence result in higher
Proav @chievements compared to all ‘1's sequence at all input data rates (see Fig.

8.9).
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8.8. Summary

This chapter proposed an optimised biasing for SOA (OBS) in order to maximise
the SOA gain uniformity at high speed data rates. The proposed technique was
able to overcome the constraints of the previous chapter regarding the high speed
of the non-uniform current and the limited improvement at 40 Gb/s speed. The
OBS pattern of only 1 ns time duration significantly improved the SOA gain

uniformity at high speed data rates up to 160 Gb/s.

In this chapter, the carrier density and corresponding SOA gain uniformity
dependence on the applied bias current are analysed. Accordingly, the current
pattern for biasing the SOA was optimised in order to linearise the gain of the input
pulses. An OBS equation to maximise the gain uniformity at any input data rate

and for any number of pulses is also proposed.

The chapter compared the uniform bias current to the OBS pattern for the same
input packet in order to highlight the advantages of employing the proposed
technique. The SOA gain uniformity comparison confirmed the reduction in the
gain standard deviation at all investigated data rates. In the case of using the OBS
pattern, the average ¢ improvements are 8 and 16.9 dB for 150 and 200 mA I,

respectively at all the data rates investigated.

This chapter also introduced another evaluation scheme, namely the average
output power of the pulses Ppav between both biasing techniques. The OBS
pattern offered higher power amplifications for the input pulses regardless of the

packet bit rate or sequence. The average percentage increase in Ppa achieved at
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all investigated data rates employing the proposed technique for all ‘1's bit
sequence was 6% and 15% at 150 mA and 200 mA average biasing current,
respectively. On the other hand, for the random bit sequence these average
improvements were 11% and 24% for the 150 mA and 200 mA average currents,
respectively. The boundaries of the proposed technique are studied regarding the
maximum current limit that should be reached by the OBS pattern. Results
showed that the average output power will improve employing the proposed OBS
pattern regardless of the input bit sequence while the gain uniformity will either

show improvement or remain unaffected.

In the following chapter, the OBS pattern is practically generated at 1 GHz.
Different experimental developments of the OBS pattern are demonstrated in

order to verify the improvements of the SOA gain uniformity.
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Chapter 9 Experimental
Implementation of Optimised
Biasing for SOA (OBS) Pattern

9.1. Introduction

In this thesis, different techniques were proposed in chapters 6, 7 and 8 to improve
the uniformity of the output pulses due to the propagation along the SOA at high
data rates. In chapter 8, the OBS equation (8.24) was proposed and showed
significant improvements to the SOA gain uniformity at all investigated data rates.
Experimental demonstration is necessary to validate the improvement offered by

the proposed OBS technique.

This chapter presents the laboratory experimental setup and the obtained results.

All the experimental setup, from input optical pulses generation, SOA connections
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to the biasing circuits are described. The proposed OBS pattern in the previous
chapter is generated with 1 GHz repetition rate and is used to bias the SOA. The
experiments executed at 10 and 20 Gb/s data rates for all ‘1's (the worst case
scenario) and random bit sequences apply both uniform and the OBS patterns to
bias the SOA. The output power standard deviation from the experiments are
analysed in order to compare both biasing techniques. The chapter also discusses

the factors that affected the practical achieved results.

9.2. Experimental Setup

After the simulation of the SOA and its applied bias current to improve the SOA
gain uniformity, the corresponding experiment setup is implemented to verify the
principle of the proposed technique. A general block diagram of the experimental
setup is shown in Fig. 9.1. The experiment can be divided into three parts:
generation of optical pulses, SOA-based Mach-Zehnder interferometer (SOA-MZI)
connections and the biasing circuit. The following sections describe the
equipments used, connections and the output signals of the experiment setup.

These output signals are then analysed.

Biasing
circuit

Figure 9.1 General block diagram of the experimental setup

variable optical delay line
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The variable optical delay lines are used in order to synchronise the optical input
pulses with the OBS pattern when they enter into the SOA-MZI active region. This
synchronisation is explained later in Section 9.3. All the optical connections of the
experiment use single mode fibre (SMF) patch cords that operate at 1550 nm.
However, these patch cords are polarisation maintaining (PM) fibres and have

high attenuation.

From Fig. 9.1, a SOA-MZI is used in the experimental setup in place of a single
SOA due to the availability of such module in the laboratory. Consequently, there
are few limitations in the experimental results that are discussed later in Section

9.3.

9.2.1. Generation of optical pulses

A block diagram for the generation of optical pulses setup is shown in Fig. 9.2. The
input optical pulses are generated using an optical pulse source, Calmar Optcom
picosecond pulsed fibre laser (PSL-101TNUU12). This optical pulse generator will
be referred to as ‘PSL’ for the rest of this chapter. The PSL is a mode-locked fibre
laser that generates a near Gaussian shaped optical pulse train with a pulse width

< 2 ps at 10 GHz (specifically, 9.95328 GHz) repetition rate.
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Figure 9.2 Block diagram of the generation of optical pulses setup

In order for the PSL to achieve a stable mode-locking (i.e. ensure a stable
operation) at 1550 nm wavelength, three parameters must first be adjusted. These

PSL mode-locked operating parameters are listed in Table 9-1.

1. Pump current; which is the current in the EDFA within the PSL that
provides optical pump to excite the gain medium. Adjustment of the

pump laser current changes the output power.

2. Bias; which is the electro-optic modulator that modulates the loss in the

laser cavity. It is controlled by externally supplied bias voltage.

3. Phase; which controls the phase of the radio frequency (RF) drive in a

phase locked loop circuit that fine-tunes the laser cavity length.
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Table 9-1 PSL mode-locked operating parameters

Parameter Value
Wavelength 1550.583 nm
Pump current 0.599 A
Bias 5.29V
Phase 3.98V

In order to initiate the PSL operation, an external RF source is required with a
driving frequency between 9 and 13 GHz and a driving power level between -1
and 2 dBm. Therefore, the RF source used to drive the PSL is the Agilent
Technologies (AT) PSG CW signal generator (E8247C). The frequency and power

of the RF source are adjusted to 9.95328 GHz and 0 dBm, respectively.

A high speed ‘DCA oscilloscope’ (AT-86100C) is used to monitor the output optical
pulses from the PSL that will then propagate through the variable optical delay line
to the SOA-MZI. In order to monitor these high speed optical pulses, the DCA
requires a synchronised RF trigger. Therefore, the RF source output signal is split
into two parts using a RF splitter: one used as a driver to the PSL and the other as

a trigger to the DCA.
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Figure 9.3 RF signal used to drive the PSL and trigger the DCA oscilloscope
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Figure 9.4 PSL generated output optical pulse train
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The 10 GHz sinusoidal RF signal used to drive the PSL is shown in Fig. 9.3, while
the PSL output optical pulse train with 10 GHz repetition rate (i.e. 100 ps
separation) is displayed in Fig. 9.4. The adjusted wavelength of these generated

optical pulses is monitored using the optical spectrum analyser (AT-86146B).

9.2.2. SOA-MZI connections

Due to the available resources in the laboratory, the experimental demonstration
uses a SOA-MZI (Quad 40 Gb/s 2R Optical Regenerator) made by The Centre of
Integrated Photonics (CIP) Technologies. The optical module is a hybrid integrated
device consisting of four planar silica MZIs with two quad arrays of non-linear
SOAs in the interferometer arms. The module includes Peltier and thermistor
electrical pins for temperature control due to the high rise in temperature during
operation. The SOA-MZI also contains other electrical pins for SOA bias currents
and phase shifters. The independent thermo-optic phase shifters are incorporated
to allow precise phase control of the interferometers. However, these phase
shifters result in dramatic increase in the module temperature and requires
additional cooling system. For that reason, in this experiment, the phase shifter
pins are not connected. The input and output optical pulses are fed to and from the

SOA-MZI via optical fibres.

For stable performance, the operating temperature of the SOA-MZI should be
25C. In order to control the temperature, the resistance between the electrical

thermistor pins is maintained 10 kQ by adjusting the voltage across the Peltier
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pins. This is achieved using the thermoelectric temperature controller (Thorlabs

TED200C).

In the laboratory, for this experimental setup, a box was specially designed to
house the SOA-MZI module for easier access to the connections from the top of
the box and in order to avoid electrostatic contact or damage. A picture of the
SOA-MZI module inside the designed box can be seen in Fig. 9.5. The schematic

diagram of the SOA-MZI part of the experiment is illustrated in Fig. 9.6.

housing box
biasing pins electrical connectors
temperature thermistor pins

controller pins

CIPregenerator
(SOA-MZI)

optical connectors

Figure 9.5 SOA-MZI module within the designed box

Although each SOA-MZI module contains two identical SOAs (one in each
interferometer arm as shown in Fig. 9.6), this practical experiment is setup to
compare the gain uniformity of the output pulses of a single SOA when biased with
uniform and the OBS patterns. For that reason, only one SOA device within the

module is biased (i.e. operating).

134



SOA |
: : oufput pulses
SOA

O O
A A

25 °C (10 KQ)

input pulses

Temperature
controller

Figure 9.6 Schematic diagram of the SOA-MZI| setup

9.2.3. SOA-MZI biasing circuits

This section presents the different approaches used to practically bias the SOA.
Comparing the output results that are obtained by applying these different bias

currents on the same experimental demonstration is the main aim of this chapter.

9.2.3.1 Uniform pattern

Since this experiment focuses on the differences between the biasing methods, it
is necessary to apply a stable current source for biasing the SOA using Thorlabs
‘multi laser controller module’ (MLC8200CG). This biasing current source will be
referred to as ‘MLC’ for the rest of this chapter. The block diagram for the uniform
biasing setup is displayed in Fig. 9.7. In order for the MLC module to operate, it is

biased with 5 V and -5 V using two power supplies as shown in Fig. 9.7. The MLC
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will bias the SOA with a stable 150 mA electrical bias current as in the simulation

in the previous Chapters.

; +5V \
! Power ;
E supply E
! GND ™ MLcs200cG !
I Power E
5 supply
: -5V 150mA
‘ Uniform biasing
. R 2R

Figure 9.7 Block diagram of the uniform biasing setup

9.2.3.2 OBS pattern

The aim of this section is to practically generate OBS pattern depicted in Fig. 8.3
(for 10 Gb/s inputs) and bias the SOA. However, producing such signal is
challenging at the desired 1 GHz repetition rate. An electronic circuit is designed in
order to help achieving the required signal. This section introduces the proposed

method to achieve OBS pattern and its demonstration.

The OBS pattern that varies between 148.5 and 151.5 mA (i.e. 3 mA) within 1 ns
in Fig. 8.3 can be divided into two signals: a uniform current of 150 mA and a non-

uniform current fluctuating from -1.5 to 1.5 mA (see Section 8.2). The setup
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presented in the previous section (see Fig. 9.7) to bias the SOA with uniform 150

mA is used for providing the uniform part of the desired biasing pattern.

On the other hand, in order to produce the non-uniform part, a square wave signal
with 1 GHz repetition rate (specifically 1.0625 GHz) generated from AT ‘serial bit
error rate tester (BERT N4906B)’ is used. The block diagram of the OBS setup is
depicted in Fig. 9.8. To monitor these high speed signals via the DCA
oscilloscope, RF splitter is used to trigger the DCA with a synchronised signal from
the BERT. The output square wave from the BERT is displayed in Fig. 9.9.
Although the practical signal generated in Fig. 9.9 is not a pure square shape (due
to input impedance mismatch between the BERT and the DCA), the output signal
from the electronic circuit illustrated in Fig. 9.10 shows a non-uniform pattern as

required.

The voltage of the square wave from the BERT is tuned so that the non-uniform
current pattern oscillate from -1.5 to 1.5 mA to match the simulated OBS pattern in
Fig. 8.3 when added to the uniform 150 mA. It can be seen From Fig. 9.10 that the
amplitude of the signal is presented in 2 division where the DCA channel has a 50
Q resistance and is adjusted to 75 mV/division. The conversion of the available
square wave at such high speed in the laboratory (i.e. 1 GHz) to the desired
pattern is achieved by the electronic circuit. This circuit consists of a diode to
operate only in the positive part of the square wave, 15 pF capacitor, 1 kQ and 22

Q resistors.
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From Fig. 9.10, one can see that the generated non-uniform current pattern
decays within 50% from the entire 1 ns signal duration which is the main difference
to the simulated signal illustrated in Fig. 8.3 that makes an impact on the obtained
results and will be discussed in Chapter 9.3.6. Practically, generating the desired
signal with an instantaneous drop is complex because a synchronised high speed

switch is required to allow the capacitor to discharge to a different resistor.

The output non-uniform signal from the electronic circuit is then added to the 150

mMA current using a ‘bias-T’ component to produce the desired OBS pattern.

v Uniform ™
d biasing setup \

5 150 mA 5
E RFinput | DC |
! Non-uniform biasing X
! patter n cir cuit BiasT !
5 o E
; BERT > RF splitter :
DCA
| - »  oscilloscope !
, trigger !
. OBS L
N N e e e e e e o o o o e e e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e i' ___________ -
SOA-MZI

Figure 9.8 Block diagram of the OBS setup
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Figure 9.9 Generated square wave from the BERT
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Figure 9.10 The non-uniform bias current added to the 150 mA to form the OBS pattern at 10 Gb/s
input data rate
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9.3. Experimental Measurements and Results

This section presents the practical experiments executed in the laboratory. All the
experiments are connected according to the basic setup shown in the block
diagram in Fig. 9.1. Any changes to the experiment setup will be discussed in the
corresponding section. For each experiment, the SOA is first biased using the
uniform 150 mA current while the variable optical delay line is adjusted to zero
delay and the output signals are measured. The 1 GHz non-uniform signal is then
added to the uniform current to form the OBS pattern. Synchronisation between
the input pulses and OBS pattern is necessary to obtain the optimised output gain
uniformity. This is achieved by manually adjusting the variable optical delay line
which is tuned from zero delay and increased by a step of 5 ps. All the output data
obtained from biasing the SOA with both uniform and OBS patterns are analysed

and the output power standard deviation are calculated.

In this section, the standard deviation of the output power replaces the gain in
equation (6.1) for calculating the uniformity of the output pulses due to the severe

loss achieved by the input pulses instead of amplification as explained later.
9.3.1. Experiment 1: Comparing biasing techniques at 10 Gb/s

This section displays the results obtained from executing the first experiment
where the input data are launched to the SOA with all ‘1’s bit sequence (that
presents the worst case scenario for SOA gain depletion) at 10 Gb/s. After the
propagation of the input pulses through the uniform biased SOA, the output pulses

are monitored via the DCA oscilloscope and displayed in Fig. 9.11.
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A frame of 10 pulses (in case of 10 Gb/s data rate) with 1 ns duration is
considered as in the previous chapter. The peak power of the pulses from PSL is
25 mW each. The output pulses from the DCA and illustrated using Matlab™ are
shown in Figs. 9.11 (a) and (b), respectively. The results show a dramatic
attenuation experienced by the input signals (generated from the PSL) in the
experimental setup. Unlike theoretical simulations that investigated the SOA as a
single unit, there are some factors in the experimental demonstration that result in
the high power attenuations. The external connections to the SOA were not taken
into account in simulation however; all these connections introduce power losses
and have impact on practical output pulses. Consequently, these pulses suffer
from power losses due to the repeated attenuations along the way. These losses
are as a result of the optical connectors, fibres insertion losses, attenuations by

the optical PM fibres and the variable optical delay line.

Using the SOA-MZI module instead of a single SOA device has caused additional
attenuations to the power of the output pulses. The configuration of the optical
regenerator module is the major reason for the severe power losses experienced
by the input optical pulses. These pulses are launched to the symmetric SOA-MZI
(SM2) structure and propagate through optical couplers with 3 dB splitting ratios.
The SMZ operation includes biasing both identical SOAs and therefore, the
splitted signals from both branches interfere either constructively or destructively.
However, due to biasing a single SOA in these experimental setups, the splitted
signals from each coupler are lost. The SOA also introduces input and output

coupling and excess losses. Moreover, the phase shifter pins that are responsible
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for maximising the power of the pulses at the desired output port are not
connected to avoid the temperature increase of the SOA-MZI module. As a result,
a portion of the input pulses power propagates through the undesired output port.
The experimental power losses experienced by the propagating pulses are
summarised in Table 9-2 which includes the losses of the bit rate multiplier (BRM)

that is used in Section 9.3.3.

Table 9-2 Experimental power losses

Parameter Loss (dB)
1 m PM fibre attached to an optical connector 14
Maximum PM fibre insertion loss 1
Each SOA-MZI coupler 3
SOA input/output coupling loss 0.79/1.24
SOA input/output excess loss 0.7/12.4
Bit rate multiplier (BRM) 2.5

The output pulses are also affected by the amplified spontaneous emission (ASE)
noise which is the noise that has been optically amplified in the SOA gain medium
by the process of spontaneous emission. The ASE noise shows higher effects on
the propagating signals when biased with high bias currents. However, in this
experiment, average bias currents are applied to the SOA is fixed at 150 mA,

therefore the impact of the ASE noise is the same in all cases.

As a result of these high attenuations, Fig. 9.11 shows that the peak powers of the

output pulses are around 1 mW. The output pulses are then interpreted and the

143



uniformity of these 10 pulses is calculated using the output power standard
deviation equation. The standard deviation of the output powers appears to be
54.38 uW that corresponds to -42.65 dB. In order to minimise the fluctuations on
the output pulses power resulting from the ASE noise, hence the output uniformity
results, the averaging feature in the DCA oscilloscope is used on the monitored
signals. Consequently, the output pulses monitored in Fig. 9.11 after using the

averaging feature of the DCA is re-illustrated in Fig. 9.12.
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Figure 9.12 Pulses output power employing uniform bias current at 10 Gb/s using DCA averaging
feature and (inset) interpolated signal.

From Fig. 9.12, it can be seen that the monitored output pulses are clearer
(compared to Fig. 9.11) with minimum fluctuation. The attenuation throughout the

experiment is more obvious in Fig. 9.12 where the pulses output peak powers are
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shown around 0.8 mW. For that reason, for the rest of this chapter all the results
shown will use the averaging feature of the DCA oscilloscope. Therefore, the
output power uniformity of the pulses is calculated again using the averaged
measurements to give 15.98 uyW deviations (-47.96 dB). The interpolated output
pulses are depicted in the inset of Fig. 9.12 showing the output peak powers

envelope in order to highlight its non-uniform shape.

The proposed OBS pattern is then applied and is best synchronised with the input

pulses using the adjustable variable optical delay line.

1

0.9

o
)
|

(mw)

out

N
———
T T ==
——

0.6

i

BEANAIAN
ll AL
J

0.1

‘ ‘
i |
L/ | 'l
T |
| ( [ | /
o || 1] ‘\ “““‘ ol I
R e A A O A
A A
| ‘w““‘“\\““““‘\\‘\‘
i O AR I
| [ I O A I Y Y |
0.3l | | [ [ [ | 1
O O O O [ !
- [ [ [ | R
T Y O A O A N A O [ 1] ]
VoL

Pulses output power, P

—
L
—_—
—
—
L
—_—
;?@mmem%ﬂm;
o
m

\ \ / (
( \/ \ \/ \/ \/
I \/ V % v \ W
o1l Y v

0

0 01 02 03 04 05" Te* Uy .08 00" 1
Time, t (ns)

Figure 9.13 Pulses output power employing synchronised OBS pattern at 10 Gb/s and (inset)
interpolated signal

The corresponding powers of the output pulses are depicted in Fig. 9.13 while the

interpolated output pulses are plotted in the inset of the figure to show the more
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uniform envelope response. Employing the proposed OBS pattern, a 3% drop in
the output gain standard deviation (compared to uniform biasing) is achieved with

a -63.85 dB improvement in the output power uniformity.

In order to further evaluate the proposed OBS pattern corresponding to the
previous chapter, the average output peak powers (i.e. Ppoa) for both biasing
techniques were measured. These measurements show that replacing the uniform
current with the OBS pattern results in 78 pW increase in Py (10%
improvement). These outcomes justify the simulated results in the previous
chapter and verify the validity of proposed OBS pattern to improve the output

uniformity of the SOA and the average output powers.

9.3.2. Experiment 2: Comparing biasing techniques at 10 Gb/s with

EDFA amplification

Due to the continuous attenuation of the optical pulses along all connections and
the SOA-MZI module, in this section, another experiment is performed where an
erbium doped fibre amplifier (EDFA) is added to the Experiment 1 setup. The
block diagram for this experiment in Fig. 9.14 shows the position of the EDFA

used to amplify the output pulses from the SOA-MZI to ~ 1 mW.

The same input pulses used in the Experiment 1 are launched to the SOA-MZI
module. The output pulses are monitored after being amplified by the EDFA in
Figs. 9.15 and 9.16 when the SOA is biased by the uniform and the OBS patterns,

respectively. Similarly, a frame of 10 pulses within 1 ns is measured and analysed.
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From Fig. 9.15, it can be seen that the output pulses from the uniform biased SOA

are amplified to reach ~ 1 mW with Ppoa 0f 0.97 mW.

Biasing
circuit
\ 4
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| ) e B
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Figure 9.14 Block diagram of experimental setup 2
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Figure 9.15 Amplified pulses output power employing uniform bias current at 10 Gb/s
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Figure 9.16 Amplified pulses output power employing OBS pattern at 10 Gb/s

Comparing the peak powers from Figs. 9.15 and 9.16, one can observe that the
output pulses are more uniform and achieve higher average power level in case of
using the OBS pattern. The proposed technique shows significant improvements
which result in a reduction of -47.36 dB in ¢ (59% improvement) is achieved while

Ppoav IS increased by 54% (i.e. 0.53 mW) to reach 1.5 mW.

9.3.3. Experiment 3: Comparing biasing techniques at 20 Gb/s with

EDFA amplification

After the previous experiments verified the ability to improve the SOA output
uniformity by employing the OBS pattern at 10 Gb/s, it was important to further

carry out the practical investigation to higher input data rates. In this experiment, a
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20 Gb/s frame with all ‘1’s bit sequence pulses is generated the Calmar Optcom

optical ‘bit rate multiplier (BRM)’ (BRN-T16).

The block diagram of this experimental setup illustrated in Fig. 9.17 is similar to
the Experiment 2 with the addition of the BRM. However, the required OBS pattern
for the 20 Gb/s frame will correspond to the simulated result in Fig. 8.4 (a). For
that reason, the non-uniform current that varies from -3 to 3 mA shown in Fig. 9.18

is added to the uniform 150 mA to form the OBS pattern.

Biasing
circuit

multiplier Monitoring
(BRN-T16)

e

10 Ghls 20 Gb/s

Gener ation Bit rate

of optical

ariable optical delay line

Figure 9.17 Block diagram of experimental setup 3
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Figure 9.18 The non-uniform bias current added to the 150 mA to form the OBS pattern at 20 Gb/s
input data rate

The BRM is a passive device that splits the input pulses into two identical images.
One of these images is delayed and equalised manually in order to achieve twice
the repetition rate with similar amplitudes. Consequently, the BRM results in 2.5
dB additional power loss to the input signals (see Table 9-2). For that reason, the
EDFA pumping current in this experiment is adjusted to a higher level compared to
Experiment 2 for the 20 Gb/s pulses to reach the same 1 mW peak powers at the
output. Similar frame duration of 1 ns is measured where the 20 Gb/s frame
contains 20 pulses (same as the simulation). These output pulses resulted from

the uniform and OBS approaches are plotted in Figs. 9.19 and 9.20, respectively.
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The comparison between the outcomes from both biasing techniques once again
shows better results at a higher data rate using OBS pattern. The SOA output
power uniformity is improved by 16% (i.e. ¢ is reduced -54.8 dB) with an increase

of 21.85 yW in Pyeay Which corresponds to 2% improvement.
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Figure 9. 19 Amplified pulses output power employing uniform bias current at 20 Gb/s
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Figure 9.20 Amplified pulses output power employing OBS pattern at 20 Gb/s

9.3.4. Experiment 4: Comparing biasing techniques for the same

random bit pattern used for simulated results

This experiment further examines the ability of the proposed biasing technique to
improve the output results compared to the uniform biasing when a random input
pulses are launched to the SOA. According to the PSL manual of operation, an RF
sinusoidal wave is necessary to drive it. For that reason, when the BERT provided
a random bit sequence to drive the PSL, the ‘zero’ bits showed certain peak

powers. This PSL limitation will impact the practical output results.

In this section, a setup similar to Experiment 1 (i.e. at 10 Gb/s with no EDFA

amplification) is implemented but with random input pulses sequence as in
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simulation. The bit sequence used in this experiment is ‘1011011101". Similarly to
Experiments 1 and 2, the non-uniform current used is the pattern shown in Fig.
9.10. These output pulses are displayed in Fig. 9.21 where the SOA is uniformly
biased while the output pulses corresponding to the OBS approach is depicted in

Fig. 9.22.
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Figure 9.21 Pulses output power employing uniform bias current at 10 Gb/s for random bit
sequence
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Figure 9.22 Pulses output power employing OBS pattern at 10 Gb/s for random bit sequence

In the simulation results there is no improvement in o for OBS pattern at 10 Gb/s
while there is a 2% increase in the average output power. The practical results
however, achieved -45.92 dB (8%) improvement in ¢ with 41.4 pyW reduction (i.e.

8% decrease) in Pyoay.

At low output powers resulted from the severe power losses along the
experimental demonstration, the uniformity of the output pulses is more perturbed
due to the ASE noise. For that reason, applying the proposed OBS pattern has
practically improved the power uniformity of the output pulses. On the other hand,
the drop in Pyeay that contradicts the simulation results is mainly caused by the PSL

limitation in generating random sequences.
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9.3.5. Experiment 5. Comparing biasing techniques for a different

random bit pattern used for simulated results

In order to verify the random bit sequence practical results, Experiment 4 is
repeated in this section with a different input sequence. The random sequence
11011100171’ is launched to the SOA in this experiment. The corresponding output
frames when the SOA is biased with the uniform and OBS patterns are displayed

in Figs. 9.23 and 9.24, respectively.

The improved output uniformity and the reduction in Py Of the random output
pulses achieved in this experiment support the findings in Experiment 4. However,
due to a more distinct random sequence (between ‘1’s and ‘zero’s), compared to
the random sequence used in Experiment 4, the proposed OBS pattern showed
better ¢ reduction of -44.8 dB (10% improvement). However the Py reduced by

51.1 yW (i.e. 10% due to the PSL limitation).
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Figure 9.23 Pulses output power employing uniform bias current at 10 Gb/s for a different random
bit sequence
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9.3.6. Summarised results

Overall, five different practical experiments are carried out in the laboratory and
discussed in this chapter. A picture for the practical setup is displayed in Fig. 9.25.
This section summarises the outcomes of all these experiments and highlights the
achievements. Each experiment is executed with different variables and conditions

and it is important to compare the practical results with the theoretical simulation.

Figure 9.25 Output power standard deviation when the SOA is biased by uniform and the OBS
patterns for all executed experiments

Figure 9.26 depicts the summary of the measured ¢ for all the five experiments
using uniform and OBS patterns. The figure shows that the output pulses of all
experiments achieved better power uniformity by applying OBS pattern compared

to the uniform current.
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Figure 9.26 Output power standard deviation when the SOA is biased by uniform and the OBS
patterns for all executed experiments

One can also observe from Fig. 9.26 that ¢ has higher values (i.e. > -36 dB) in
Experiments 4 and 5 for both biasing approaches compared to all other
experiments which are expected due to the input random sequences in both
experiments that results in relatively low output uniformities. This observation
corresponds to the simulated results that showed high ¢ values (i.e. >18 dB)
compared to all ‘1’'s sequences for both biasing approaches. The lower power
scale of the practical results compared to simulations is due to the high power

losses discussed earlier.

On the contrary to simulations, the ASE noise that practically affected the low

output pulses power for random sequences and decreased their uniformities
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allowed the proposed technique to improve o (see Section 9.3.4) as reflected in
Fig. 9.27. The figure illustrates ¢ improvements in percentage while employing the
OBS pattern compared to the uniform biasing for all experiments and its
corresponding simulations. Figure 9.27 also shows that the bit sequence used in
Experiment 5 is more sensitive than Experiment 4 to the proposed OBS pattern

and achieves better results experimentally and in simulations.
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Figure 9.27 Percentage reduction in the output power standard deviation employing the OBS
pattern as a replacement of the uniform current for all executed experiments and the corresponding
theoretical simulations

Experiments 1 and 2 are executed at 10 Gb/s for all ‘1’s bit sequences and that is
the reason both experiments has the same corresponding theoretical simulations
in Fig. 9.27. However, the only difference between both experiments is the use of

EDFA in Experiment 2 which has closer ¢ improvements to the simulated results.

159



From Fig. 9.27 it can be seen that the experiments that use EDFA (i.e.
Experiments 2 and 3 corresponding to 10 and 20 Gb/s, respectively) achieved
larger improvements. Experiments 2 and 3 also show that higher data rates
achieve less o percentage improvements which agree with the theoretical
simulations. The percentage of o improvement is less in practical experiments
compared to the simulations for the case of all ‘1’s bit sequence due to the fact
that in the practical OBS pattern, the charging and discharging cycle requires the
same amount of time as shown in Fig. 9.10. As a result, half of the pulses in the

frame will experience lower gains.
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Figure 9.28 The average output peak powers when the SOA is biased by uniform and the OBS
patterns for all executed experiments
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In the same way, the average output powers of the monitored pulses from all five
experiments are assembled for both biasing currents in Fig. 9.28. However, in this
evaluation scheme, the severe power losses achieved by the optical pulses
throughout the experimental setup makes it difficult to compare with the simulated
results. Moreover, the use of EDFA in Experiments 2 and 3 in order to amplify the
output pulses by gain values of 1.25 and 2.2, respectively to reach 1 mW peak

powers has a significant influence on the obtained results.

It can be seen from Fig. 9.28 that Py, When uniform biased is ~ 0.8 mW for
Experiment 1 (see Section 9.3.1) which is amplified by EDFA to reach ~ 1 mW
(specifically 0.97 mW) in Experiment 2. Similarly, Experiment 3 uses EDFA with a
higher gain level to overcome the 2.5 dB power lost by the BRM in order for Ppoay
to reach the 1 mW. These experiments with all ‘1’'s bit sequences have achieved
an increased Py (similarly to the simulated results) to reach 0.89, 1.5 and 1.03
mW, respectively employing the proposed OBS pattern. Another resemblance to
the theoretical results presented in Fig. 8.8 is observed in Fig. 9.28 which confirms
the higher Ppoa that are > 0.8 mW (140 mW in simulations) offered by the all ‘1’s
input sequence at 10 Gb/s (Experiment 1) compared to random sequences in

Experiments 4 and 5 that show Ppoa.< 0.5 mW (90 mW in simulations).

However, due to the losses presented in Table 9-2, the ASE noise and the
different EDFA gains, the percentage increase in Ppoay 0f 10%, 54% and 2% for all
‘1’s sequences in Experiments 1, 2 and 3 is different from the corresponding

results of 1% and 3% at 10 and 20 Gb/s, respectively. On the other hand, due to
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the PSL limitation regarding the amplitudes of the ‘zero’ bits in random sequences
(see Section 9.3.4), Experiments 4 and 5 experience 8% and 10% reductions,
respectively to Py @S shown in Fig. 9.29. These results disagree with the
simulations that show 2% increase in Ppa for the corresponding random bit

sequence.
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Figure 9. 29 Average output peak power increase employing the OBS pattern as a replacement of
the uniform current for all executed experiments

9.4. Summary

In the previous chapter, the output gain uniformity was theoretically maximised at
high speed data rates by applying an optimised biasing for SOA (OBS) pattern.

The proposed technique achieved significant improvements at different data rates
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and for different input bit sequences. This chapter presented the different
experimental demonstrations that were implemented in the laboratory
corresponding to the theoretical investigations in order to practically validate the
achievements of the previous chapter. All experiments show improved output
pulses’ uniformity when employing the OBS pattern and justified the theoretical

simulation results.

This chapter first presented the experimental demonstration and introduced the
equipments used. The optical and electrical connections of the different
experimental parts are described including the circuit involved for generating the
OBS pattern at 1 GHz. In the practical work, there are some factors affected the
output powers. These factors that result in severe losses in the output signal
powers are discussed in this chapter in order to clarify the differences between the
achieved results. Five different experiments were carried out in the laboratory
while exploring input signals with all ‘1’'s and random bit sequences at rates of 10

and 20 Gb/s.

The comparison made between the uniform and the OBS techniques in all
experiments verified the ability of the proposed OBS patterns to practically
generate the output pulses from the SOA with more uniform power. The obtained
results has corresponded to the theoretical simulations and showed lower o
percentage improvements at higher data rates for all ‘1's bit sequences. It was
also shown that experiments using EDFA to overcome the severe losses achieved
better output uniformities. Although the output uniformity of the random bit

sequence was not affected in the simulation results employing the OBS pattern,
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the corresponding practical experiments achieved 8% improvement using the

same bit sequence and 10% using a different random sequence.

As in the theoretical investigations, this chapter furthermore investigated the
average output powers between the two biasing techniques. The output results
corresponded to the simulated results for the all ‘1’s input sequences and showed
an increase in average output powers at the different data rates although the
percentage increase was different because of the attenuations, the ASE noise and
use of different EDFA gains in some experiments. However, due to the PSL
limitation to ‘zero’ bits, experiments with random sequences achieved lower

average output powers.

Considering the practical factors and limitations in the experiments, the obtained
results in this chapter confirms the achievements of the previous chapter
employing the proposed OBS technique. The following chapter concludes all the

findings and contributions made in this thesis.
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Chapter 10 Conclusions and Future
Work

10.1. Conclusions

As the need for capacity in optical transmission systems and networks increases,
all-optical processing became the key for the design of an all-optical router for
today and future high speed photonic networks. Such systems benefit from
employing optical signal processing for relatively simple functionalities. The
building block of all-optical routers is SOA-based interferometers (SOA-MZI) that is
able to perform such tasks due to the attractive features of the SOA such as the
multi-functional capability, low power consumption, compactness, broad gain
bandwidth and ability to be integrated [37, 40, 43, 48]. This thesis therefore aims

to characterise the SOA features and optimise its performance in order to execute
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different tasks within the optical router and to propose new solutions that
overcome the limitations that appear at high speed data rates. This section
summarises all of the important findings of the work and discusses the achieved

outcomes throughout the research.

The thesis began with a comprehensive review of the high speed photonic
networks demands and the vital role of SOAs in all-optical routing and switching.
The different structures and types of the SOA were introduced in this research. A
comprehensive study on the SOA fundamental characteristics and its major non-
linear effects that are useful for high speed optical communication networks was
presented in Chapter 2. The principles of operation of the SOA including the
different processes that occur when input optical signals propagate along its active
region are explained. Accordingly, the type and material structure of the SOA used
in this study is chosen. Chapter 2 also presented some of the literature main
applications that depend on the SOA in all-optical signal processing such as

switching and wavelength conversion.

The entire mathematical models that describe the SOA features utilising the
complete rate, propagation and phase equations necessary for the SOA operation
were presented in Chapter 3. A segmentation model of the SOA was proposed
employing the mathematical analysis in basis of understanding the small variations
that occur within the short length of each segment. An accurate and efficient
identification to the changes of SOA gain and the propagating input signals were
achieved using the 10 um segments model. This segmentation model presented in

Chapter 3 was then used for all theoretical investigations simulated in this thesis.
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This thesis presented the optimised input parameters and the required conditions
for the SOA to efficiently perform different tasks within the optical router. In
Chapter 4, it was shown that for maximum SOA amplification function, the
propagating signals are required to be close to the peak gain wavelength with low
input powers. The biasing current is directly proportional to amplification and
therefore, higher currents are needed. Maximum amplifications are achieved at an
optimum SOA length which is dependent on its physical parameters. On the other
hand, in Chapter 5, it was shown that for an efficient SOA switching operation less
input power is required for achieving the 180° desired phase shift in case of

applying higher bias currents which induces more phase shifts.

At high speed operations, the saturation gains of the SOA result in degradation to
the power of the output pulses (i.e. patterning effect). These non-uniform output
powers from the SOA will induce higher system power penalties. In this study a
gain standard deviation equation was introduced in order to measure the
uniformity of the SOA gain. This thesis proposed different new techniques in order

to overcome the speed limitation of the SOA and improve the SOA gain uniformity.

Chapter 6 had used the wavelength diversion characteristics of the input pulses to
propose a wavelength diversity technique (WDT) that was able to improve the
SOA gain uniformity at high speed data rates up to 160 Gb/s within the C-band
spectrum. The uniformity of the output pulses were compared using a single
wavelength and the proposed WDT at the investigated data rates. An average
improvement of 7.82 dB in the SOA gain uniformity employing WDT at input rates

up to 160 Gb/s were achieved. Chapter 6 also studied the wavelength and biasing
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current limitations to set the boundary conditions for the WDT. The complexity of
applying a different wavelength for each pulse was the main limitation for
implementing the proposed technique practically. However, the rapid increase in
wavelength conversion technologies and the narrow spacing between channels in

WDM systems would make it possible.

A different method was then approached in Chapter 7 utilising the biasing
characteristics of the applied current in order to achieve lower gain standard
deviations. This thesis proposed applying non-uniform current patterns (i.e.
triangular and sawtooth) that improved the gain uniformity under certain conditions
compared to the uniform bias current. The non-uniform biasing techniques were
able to improve the gain uniformity employing the triangular and sawtooth bias
currents at 10 Gb/s and 20 Gb/s. However, no significant improvements were
achieved beyond 40 Gb/s. Moreover, the non-uniform current patterns needed to

be adjusted at the same repetition rate as the input data rate.

In chapter 8, the non-uniform biasing current shape was optimised in order to
overcome the above limitations and constraints observed to the proposed
techniques in Chapter 7. The optimised biasing for SOA (OBS) pattern was able to
maximise the uniformity of the output pulses for data rates reaching 160 Gb/s at a
repetition rate of only 1 GHz. A general OBS equation to maximise the gain
uniformity at any input data rate and for any number of pulses was proposed. The
OBS patterns based on the proposed equation had achieved 8 and 16.9 dB
average improvements to the gain uniformity at investigated rates for 150 and 200

mMA average currents, respectively. The obtained results showed that the gain
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uniformity was either improved (in case of all ‘1’s bit sequence) or remain
unaffected (in case of random bit sequence). Another measurement scheme was
introduced in Chapter 8 in order to further evaluate the proposed technique
regarding the average output power achieved by the emerged pulses. The OBS
pattern offered higher power amplifications compared to uniform biasing for the

input pulses regardless of the packet bit rate or sequence.

In order to validate all the improved SOA output power uniformities theoretically
simulated at different data rates and with different input sequences in Chapter 8,
five different experimental demonstrations corresponding to the theoretical
investigations (at 10 and 20 Gb/s for all ‘1’'s and random input sequences) were
implemented in the laboratory and the results were presented in Chapter 9. The
obtained results from all experiments verified the ability of the OBS patterns to
practically improve the uniformity of the output pulses from the SOA. The results
obtained from the different executed experiments corresponded to the theoretical
simulations. Moreover, an improvement to the random sequences output gain
uniformity was shown. On the other hand, by applying the average output power
evaluation scheme, all executed experiments have corresponded to simulated
results at a much lower scale and different percentage improvements due to the
attenuations. Nevertheless, the practical results at random input sequences
showed reductions in the average output power due to the limitation of the laser
source to ‘zero’ bits. Overall, taking the practical limitations and attenuations that
affected the practical demonstrations into account, the practical outcomes

confirmed the achievements of the simulated results.
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10.2. Future work

This section discusses the future work that can use the thesis outcomes and carry

out further investigations as an extension for this study.

All the theoretical results simulated are based on the proposed segmentation
model that employed the complete rate equations of the SOA. However, in this
work the ASE noise effect on the emerged output pulses from the SOA was not
considered in order to study the direct impacts of the investigated parameters and
techniques independently. Adding the ASE noise parameters to this mathematical
model is the next step forward in the verification and evaluation of the proposed
techniques. Moreover, this segmentation model was based on a bulk TW-SOA
therefore; different SOA types (such as multi-quantum-well) and structures (such

as FP-SOA) can be investigated in order to validate the proposed contributions.

All investigations carried out in this thesis used Gaussian shaped optical pulses
with fixed pulse width. Further analyses are required to all the proposed
techniques employing different optical pulses shapes and pulse widths. These
factors will also affect the required conditions for the SOA to perform amplification

and switching functions.

The direct impacts of the input signals wavelength on the carrier density and the
corresponding SOA gain were studied in order to optimise the SOA performance
to execute different tasks. Only signals with wavelengths within the C-band
spectrum (1530 to 1565 nm) were investigated. This research also proposed a

new WDT that was able to improve the SOA gain uniformity within the same

170



wavelength range at data rates up to 160 Gb/s. It is therefore important to further
extend these investigations to different optical wavelength bands such as the S-
band (1460 to 1530 nm) and the L-band (1565 to 1625 nm) in order to evaluate

the concept.

Due to the absence of a single unit SOA device in the laboratory, all executed
practical experiments in this thesis used a SOA-MZI module that cause dramatic
attenuations to the input pulses due to 3 dB couplers and the biasing of only one
SOA from the SMZ structure. It is very beneficial to execute these experiments
using a single unit SOA in order to fairly compare the obtained outcomes with
theoretical simulated results. Moreover, direct comparisons can be made if the
laboratory contains optical pulse source equipment that is sensitive to random bit

sequences.

All the theoretical and practical work presented in this thesis used co-propagating
signals through the active region of the SOA. It is therefore important to launch the
input pulses to the SOA from the counter-propagation direction in order to confirm
the achievements of this thesis despite the propagation direction of the optical

signals.
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