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ABSTRACT

Investigation of In-Situ Parameter Control in Novel

Semiconductor Optical Amplifiers

Kevin Carney

B.A. Physics

Fibre optic networks form the backbone of modern communications systems. As
demand for ever increasing bandwidth continues to grow, technologies that enable the
expansion of optical networks will be the key to future development. The semiconductor
optical amplifier (SOA) is a technology that may be crucial in future optical networks, as
a low cost in-line amplifier or as a functional element. As fibre networks extend closer
to the end user, economical ways of improving the reach of these networks are
important. SOAs are small, relatively inexpensive and can be readily integrated in
photonic circuits. Problems persist with the development of SOAs, however, in the form
of a relatively high noise figure and low saturation output power, which limits their use
in many circumstances. The aim of this thesis is to outline a concept for control of these
parameters such that the SOA can achieve the performance required. The concept relies
on the control of the carrier density distribution in the SOA. The basic characteristics of
the SOA and how they are affected by changes in the carrier density are studied. The
performance of the SOA in linear and high power transmission of CW and pulsed
signals is determined. Finally, the wavelength conversion characteristics of the SOA are
outlined. The role of the carrier density control in shaping all of these characteristics will
be explained.
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INTRODUCTION

In the last two decades, the field of optical communications has seen tremendous

growth. It has both driven and been driven by the expansion of the internet as a means of

communication and lately also by the ever increasing demand for high definition

television, online gaming, and video streaming applications. A communications

revolution was initiated by the invention and wide-scale deployment of optical fibres as

a means of data transmission. The use of optical fibres for long range communications

was shown to have numerous advantages over the traditional copper cable network. The

attenuation of optical signals in standard single mode fibres is ~ 0.2 dB/km in the 1.5 μm

transmission window, far below that of electrical signals in copper wire. Optical fibres

do not suffer from electromagnetic interference. The main advantage they possess over

copper cable is their enormous transmission bandwidth, meaning that fibre can transmit

orders of magnitude more information than a comparable copper cable. Thus it has been

installed in trans-oceanic links and backbone networks throughout the world. This level

of expansion was made possible due to the invention of optical amplifiers such as

Erbium doped fibre amplifiers (EDFA). Whereas before this, attenuation in long fibre

links would have to be compensated by expensive and bulky electrical repeaters, optical

amplifiers allowed the amplification of the signal without electrical conversion,

massively increasing efficiency. They also made possible the use of wavelength

multiplexing transmission schemes due to their wide amplification bandwidth.

Current speeds for single channels in optical networks are 10 Gb/s or 40 Gb/s,

with the introduction of up to 100 Gb/s speeds underway. However, the fundamental

speed limit on processing electronics means that an optical solution to signal processing

needs must be found. In addition to this, as fibre networks are expanded closer to the end

user, cheaper and more flexible amplification solutions will be needed to allow range

extension of optical networks. Semiconductor optical amplifiers (SOA) are ideally

placed in both scenarios, as they are compact, relatively cheap, and are a versatile

technology. They have an advantage over other optical amplifiers in that they

incorporate signal processing capabilities due to non-linear effects in the semiconductor

medium. With regards to in-line amplification, the lower cost and ease of deployment of

SOAs makes them attractive for range extension of passive optical networks in

particular. Problems exist with this application however, due to both the noise penalty

imposed by the SOA at low optical power and the effects of gain saturation at high

optical powers. What is needed is a flexible solution that can adapt to network demands.
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This thesis presents designs for SOAs that aim to introduce this flexibility, both in terms

of reduced noise and saturation effects. This is accomplished through control of the SOA

carrier density. One design utilizes gain clamping using a laser cavity embedded

laterally within part of the device, whereas the second design provides for the injection

of current through multiple electrical contacts, allowing for flexible control of the carrier

density. The thesis will be outlined as follows.

Chapter 1 reviews historical development of semiconductor optical amplifiers and

details the various technological advancements that have accompanied their

development. The physics and functionality of SOAs are outlined, and the processes

contributing to optical gain and carrier recombination in semiconductors is outlined.

Finally, the various parameters of interest in an SOA are detailed.

Chapter 2 explores further the concept of noise figure and saturation power in SOAs,

and details the limitations imposed on signal amplification by these characteristics. The

various methods that have been proposed to alleviate these problems are detailed.

Finally, the proposed concept for controlling the noise figure and saturation power is

described.

Chapter 3 gives the results of an experimental and simulated characterisation of the

steady state characteristics of the SOAs under test. A simulation based on the travelling

wave model of an SOA is used to illustrate the concept introduced in Chapter 2, and then

the results of the experimental characterisation are compared with the simulated results.

Chapter 4 examines the effect of the carrier density control concept on the in-line

amplification characteristics of a multi-contact SOA design. The errors in transmission

of a pseudo-random bit stream are determined as a function of the bias current applied to

the SOA, in order to illustrate the effect of the carrier density control. The characteristics

of ultrashort optical pulses after transmission through the SOA is also examined, with

the changes in the pulse and spectral shape determined.

Chapter 5 explores the functional applications of the SOA, and how these are affected

by the carrier distribution. The use of SOAs as potential wavelength converters and

optical switches is explored. The characteristics of cross gain modulation and four wave

mixing in the SOA are the presented as a function of the carrier density distribution.



3

1. SEMICONDUCTOR OPTICAL AMPLIFIERS

1.1. Introduction

1.1.1. SOA technology and historical development

Semiconductor optical amplifiers (SOAs) have been studied for as long as

semiconductor lasers, since they are a very similar technology. SOAs are effectively

semiconductor lasers with anti-reflection coated facets. An electrical current is injected

to the device in order to achieve optical gain for an injected signal. The signal itself is

confined through refractive index guiding to an area called the active region, which is

where optical gain takes place. The active region is surrounded by doped semiconductor

regions called cladding regions, and some of the signal leaks into these areas. The

amplification of the optical signal is accompanied by noise, which is an unavoidable

aspect of the amplification process. SOAs, like semiconductor lasers, are heavily based

on the III-V group of semiconductor materials. Early work on SOAs was carried out on

GaAs/AlGaAs material systems, but from the 1990s onwards, research focused on SOAs

based on InP with InGaAsP active regions 0. This material was chosen due to its ability

to amplify signals in the 1300 – 1600 nm wavelength range, which became the

wavelength region of choice for the expanding technology of optical fibre

communications. SOAs can be broadly classified into two main categories: Fabry-Perot

SOAs (FP-SOA) and travelling wave SOAs (TW-SOA). FP-SOAs have appreciable

facet reflectivities and so a cavity resonance is observed, resulting in large ripples in the

gain spectrum. TW-SOAs, on the other hand, have much reduced facet reflectivities due

to dielectric coatings at the air-semiconductor interface. While typical facet reflectivity

values for lasers is ~ 0.3, dielectric coating using SiO2 and similar materials in SOAs can

produce values < 10-4 [2]. As a result, the TW-SOA gain spectrum is broad and

relatively flat. Some cavity resonance still exists, due to the imperfect nature of the facet

coating for a wide range of wavelengths. The SOAs discussed within this thesis are TW-

SOAs. SOAs are fabricated using a variety of epitaxial growth techniques, which is the

lattice matched growth of one semiconductor on top of another. Such techniques include

liquid phase epitaxy, vapour phase epitaxy and molecular beam epitaxy. The most

common method used today is metal-organic chemical vapour deposition (MOCVD). In

this technique, metal alkyls in gaseous form are passed over an InP substrate, and form

an epitaxial layer of InGaAsP [3]. The rate of the gas flow controls the composition of

the InGaAsP layer. A basic schematic of an SOA is shown in Fig. 1.1.
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1.1. Schematic of a semiconductor optical amplifier.

1.1.2. SOA structures

The properties of SOAs are dependent on many factors, such as the injected bias current,

input optical power, temperature et cetera. In particular, the structure and dimensionality

of the active region of the SOA plays a crucial role in determining device parameters. As

the size of the active region is reduced, quantum effects begin to have a strong influence.

SOA active regions are generally composed of bulk material, quantum wells or quantum

dots.

Bulk SOAs

If the SOA active region has dimensions much greater than the de Broglie wavelength λB

it is a bulk structure. SOAs had only bulk active regions until the late 1980s and the

technology is well established. Bulk SOAs have the advantage of a relatively large

confinement factor. They also exhibit strong amplitude phase coupling compared with

other material systems, which is important for certain dynamic applications such as cross

phase modulation.

Quantum well SOAs

In a quantum well SOA (QW-SOA), the active region size is reduced to the point where

the carriers are confined to two dimensions, with the scale of the third dimension being

on the order of λB. As a result, the electron density of states takes the form of a step

function, rather than a continuous spread of possible states [4]. This has the effect of
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reducing the dependency of the SOA gain on the photon energy, and consequently

broadens the gain spectrum [5]. The threshold current of a QW-SOA is significantly

reduced compared to that of a bulk SOA. The confinement factor of the active region is

less than that of a bulk active region due to the small dimensions of a quantum well. In

order to compensate for this, stacks of wells as usually grown, with a layer of cladding

material between each well. Quantum well SOAs have a lower differential gain

coefficient compared with bulk SOAs. This leads to an improvement in the saturation

output power.

Quantum dot SOAs

Quantum dots (QD) are semiconductor crystals with all dimensions on the order of

nanometers. The carriers in quantum dots are confined in all directions, leading to a zero

dimensionality in the density of states. They improve upon the gain bandwidth and

saturation power performance exhibited by QW-SOAs [6, 7], while also displaying

greatly superior gain recovery properties to other types of SOA. The recovery dynamics

of QD-SOAs are accelerated by the capture of carriers from the higher energy wetting

layer states into the conduction band ground state, leading to gain recovery times on the

order of picoseconds [8]. Pattern free amplification of optical signals has been

demonstrated in QD-SOAs at speeds up to 40 GHz [9].

1.1.3. SOAs vs other optical amplifiers

The use of SOAs as in-line amplifiers in optical networks is becoming more common,

however their prevalence does not match that of Erbium doped fibre amplifier (EDFA),

which is the amplifier technology of choice for modern optical networks in the C-band

regime [10]. An EDFA consists of a length of optical fibre that is doped with Er+3 ions.

EDFAs exhibit high optical gain in the 1550 nm region and thus are widely used in

amplification in Dense Wavelength Division Multiplexed (DWDM) transmission

schemes in this wavelength region [11, 12, 13]. EDFAs were invented in the mid-1980s

and were an integral driver of the optical communications revolution. Their advantages

over SOAs for in-line amplification include lower noise figure, higher output saturation

power and crucially, slow gain dynamics, which allows them to amplify multiple input

signals without crosstalk effects. On the other hand, due to the necessity of a pump laser,

EDFAs are generally larger and more expensive than SOAs, and thus cannot be

integrated with other photonic devices. Their long lived gain dynamics compared with

SOAs mean that they cannot be used for functional applications. SOAs also have an
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advantage in amplifications windows outside of the C-band, where EDFA technology is

still relatively new. An SOAs active region material can be engineered to provide gain in

a wide variety of bands.

Another amplification technology in widespread use is Raman amplification.

Raman amplifiers use stimulated Raman scattering (SRS) to amplify signals. An intense

pump beam propagates in an optical fibre, and through SRS gives up its energy to create

another photon at a lower frequency by inelastic scattering. The remaining energy

manifests itself in the form of optical phonons. If the wavelength of the pump beam is

chosen carefully, energy can be transferred between the pump beam and a signal beam,

achieving optical gain. Advantages of Raman amplification include a wide gain

bandwidth and the ability to operate in amplification windows that EDFAs cannot [14].

However, like EDFAs, a strong pump beam is required to achieve gain, adding to

amplifier complexity and cost. SOAs have an inherent advantage in that they are

electrically pumped.

1.2. Semiconductor Physics and Photonic Emission

1.2.1. P-N junction

An SOA is a diode formed from the joining of a material doped with an excess of

electron donor ions (n-type), which contributes more electrons, and a material doped

with an excess of electron acceptor ions (p-type), which contributes more holes. When

the p- and n-type materials are joined, the excess electron concentration begins to diffuse

into the p-type material and vice versa [15]. As this diffusion proceeds, an electric field

begins to build up due to the positively and negatively charged ions left at the junction.

This electric field creates a drift of charges which counteracts the diffusion caused by

the material doping and an area called the depletion region forms which is free of charge

carriers [16]. If a forward bias greater than a certain magnitude, called the barrier

potential VD, is applied, then this electric field is reduced and current can flow across the

junction. This is the basic principle of a homojunction semiconductor diode. SOAs are

generally double heterojunction structures.
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1.2. Illustration of double heterojunction structure, with carrier confinement and index
guiding.

A heterojunction is a junction between two semiconductor materials of dissimilar

bandgap energy. In a heterojunction diode like an SOA, a layer of intrinsic (undoped)

semiconductor material such as InGaAsP is sandwiched between two layers of doped

material such as InP. The intrinsic material has a smaller barrier potential, or bandgap,

than the doped material. When a forward bias greater than the barrier potential of the

doped material is applied, electrons and holes flow into the intrinsic region, but cannot

cross the junction at the other side. Thus electrons in the conduction band and holes in

the valence band are confined in the one space and recombine in a region called the

active region [17]. The active region must be quite narrow so that the SOA supports only

a single transverse mode with one of two possible polarizations, transverse electric (TE)

or transverse magnetic (TM). The electric field of TE polarized light is oriented in the

epitaxial plane. For TM light this is the case for the magnetic field. The concentration of

carriers in the active region is what makes optical gain possible. The intrinsic material of

the active region has a higher refractive index than the surrounding cladding regions,

thus a refractive index step is created across the junction, which acts to confine the light

in the active region through total internal reflection. A representation of a heterojunction

structure is shown in Fig. 1.2. The amount of confinement created is represented by the

confinement factor,
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which is the ratio of the electric field E within the active region of width w to the total

electric field [18, 19].

1.2.2. Radiative Processes and Optical Gain

E-k diagram

We can approximate the radiative processes in the SOA active region with a two level

system. This approximation is valid for a bulk material system, which is the system

considered. Within the active region, the electrons injected via the applied forward bias

occupy the conduction band, leaving holes in the valence band. The electrons in the

conduction band can recombine with the holes in the valence band, releasing energy.

The band structure of a typical direct bandgap semiconductor is shown in Fig. 1.3, which

is an energy momentum diagram [20]. Direct bandgap means that the band edges of the

conduction and valence bands coincide in momentum space. The wave-vector k is

represented on the x-axis, which is related to the momentum of the carriers. The valence

band is split into different bands, depending on the hole effective mass. In a bulk

semiconductor, the light hole and heavy hole bands are degenerate at the band

maximum, i.e. they have the same energy [21]. Carrier recombination can happen

through radiative or non-radiative processes. In order for photonic emission to take

place, radiative recombination must occur. The three radiative processes are stimulated

absorption, stimulated emission and spontaneous emission [22].
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1.3. Band structure of typical direct bandgap semiconductor.

When a photon with energy equal or greater to the bandgap energy is incident on the

semiconductor, its energy can cause the transition of an electron from the valence band

to the conduction band, extinguishing itself in the process. This is the process of

stimulated absorption.

Another process that can occur when a photon is incident on the active region is

stimulated emission. Stimulated emission occurs when the incident photon causes the

transition of an electron from the conduction band to the valence band, recombining

with a hole. The energy lost by the electron in this process is emitted as a photon which

has the same phase, frequency and polarisation as the simulating photon, i.e. it is a

coherent process.

There is a non-zero probability that a conduction band electron may

spontaneously recombine with a hole, emitting a photon. The emitted photon has

random phase and direction. The frequency of the emitted photon is dependent on the

transition energy and can occur over a wide bandwidth. Spontaneously emitted photons

are essentially noise, and are an unavoidable part of the amplification process. In

addition to adding noise they reduce the amount of carriers available for stimulated

emission.
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1.4. Band diagram illustration of (a) stimulated absorption, (b) stimulated emission and
(c) spontaneous emission.

Population inversion and optical gain

Whether or not a signal is amplified in an SOA is dependent on the relative strength of

the various radiative processes. The rate of spontaneous emission is directly proportional

to the population of the conduction band N2 and can be expressed as,

22121 NAR spon  ,                                  (1.2)

where 1 and 2 represent the valence and conduction bands respectively and A21 is the

spontaneous emission probability per unit time from level 2 to level 1. The two

processes that mainly determine the optical gain are stimulated absorption and emission.

The rate of simulated absorption can be described as a function of the incident photon

energy density per unit frequency ρ(v) and the population of carriers in the valence band

N1,

  11212 NBR  ,                               (1.3)

where B12 is the stimulated absorption probability per unit time from level 1 to level 2.

Similarly, the expression for stimulated emission is,

  22121 NBR stim  ,                            (1.4)
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where B21 is the stimulated emission probability per unit time from level 2 to level 1. It

can be shown from the Einstein relations that B12 = B21, i.e. the probability of stimulated

absorption equals that of stimulated emission [23]. The spontaneous emission

probability is related to the stimulated emission probability by,
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where nr is the material refractive index. Introducing the induced transition lineshape

l(ν), ρ(ν) can be expressed as ρl(ν), where ρ is the energy density of the field inducing

the transition. We can then express the inducing field intensity Iν as,
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Using Eqs. (1.5) and (1.6), Eq. (1.4) can then be expressed as,
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In the case of a monochromatic plane wave propagating in the z direction through a

cross section area A and length increment dz, the change in optical power is given as,
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where Pν is the initial signal power. Thus the material gain gm(ν) at an optical frequency

ν is therefore derived as [2],
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From Eq. (1.9) it is clear that in order to achieve a positive gain, the population of the

conduction band must exceed that of the valence band. This is called a population

inversion and is achieved in SOAs and semiconductor lasers through electrical pumping.
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The presence of the spontaneous emission probability term shows how spontaneous

emission accompanies the gain process.

1.3. SOA carrier dynamics

1.3.1. Bulk SOA carrier recombination mechanisms

As outlined above, radiative recombination of carriers in the active region is necessary

for photonic emission and consequently optical gain. However, carriers in SOAs can

also recombine non-radiatively. Non-radiative recombination mechanisms dominate

radiative recombination for indirect bandgap semiconductors such as silicon or

germanium. Radiative recombination is much more likely for direct bandgap

semiconductors. The three main recombination processes in an SOA with no signal

injection are non-radiative recombination due to material defects, radiative

recombination due to spontaneous emission, and non-radiative Auger recombination

[24].

 Defects in the semiconductor material can give rise to “traps” in the active

region. Carriers caught at these traps can recombine without the release of a

photon because the defects introduce a continuum of energy states. This is called

Shockley-Read-Hall recombination. Defects can arise in semiconductor material

during the fabrication stage, or as the device ages. The rate of non-radiative

recombination due to defects is proportional to the carrier density n and is given

as,

nAR nrnr  ,                                            (1.10)

where Anr is the non-radiative recombination coefficient. A typical value for Anr

is 107 – 108 s-1.

 Radiative recombination with respect to stimulated emission has been covered

to an extent. Spontaneous emission is the spontaneous recombination of an

electron and a hole with the subsequent emission of a photon. Since the process

depends on the interaction between two particles, an electron and a hole, the

radiative recombination rate is dependent on both the carrier (electron) density n
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and the hole density p. In SOAs n is approximately equal to p, therefore the

recombination rate is,

2nBR radrad  , (1.11)

where Brad is the radiative recombination coefficient, which usually has a value

on the order of 10-16 m3s-1.

 The main non-radiative recombination mechanism is Auger recombination.

Considering the case of an n-doped semiconductor, the most prevalent Auger

process is the band-to-band CCCH Auger process. In this case, C stands for

conduction band and H stands for the heavy hole valence band. It is so called

because it involves four particle states, three electron states and a heavy hole

state. An electron recombines with a hole but instead of releasing its excess

energy and momentum to a photon, it transfers it to a second conduction band

electron, which is then excited to a high energy level. This electron can then

relax to lower energy levels through the emission of phonons. As the process is

dependent on two electrons and a hole, the Auger recombination rate is,

3nCR augaug                                             (1.12)

where Caug is the Auger coefficient, which has a value of ~ 10-41 m6s-1 in

InGaAsP material. Auger recombination is a temperature dependent process,

and is stronger in InGaAsP material systems, compared with AlGaAs [25].

1.3.2. SOA gain dynamics

The processes of stimulated and spontaneous emission reduce the optical gain of the

SOA because the recombination of carriers means that less are available for further

stimulated emission and thus amplification. When an optical signal is injected into an

SOA, there is an instantaneous reduction in gain. The gain recovers to its initial value

through various processes, each with their own timescale. These timescales determine

the dynamic switching speed of the SOA. The processes can be categorized into two

types: interband and intraband. The term interband describes processes that involve

transitions between the conduction band and the valence band. Intraband describes
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processes occurring within the bands themselves [26]. The three main processes

contributing to gain depletion and recovery in SOAs, in descending order of timescale,

are carrier density pulsations, carrier heating and spectral hole burning.

 Carrier density pulsations (CDP) is the name given to the replenishing of

carriers from the valence band to the conduction band by electrical pumping.

The timescale of CDP is determined by the carrier density and the

recombination rates for the radiative and non-radiative processes associated with

interband gain recovery, and is given by,

  3

1

nCnBAnR

n

augradnr 
 ,                           (1.13)

where n is the carrier density and R(n) is the combined recombination rate for all

interband processes. The CDP timescale is called the carrier lifetime. An

increase in the carrier density reduces the carrier lifetime and speeds up gain

recovery. Typical values for the carrier lifetime in SOAs is 0.1 – 1 ns.

 Carrier heating (CH) can arise from two different processes [27]. When an

optical signal is injected into an SOA and causes a stimulated emission event,

the electron that recombines is usually one of the conduction band carriers with

the least energy, i.e. below the quasi-Fermi level. The removal of this carrier

increases the average temperature of the remaining carriers, causing a reduction

in the gain. The other process by which this can happen is free carrier absorption

(FCA), or the plasma effect. The absorption of an incident photon by a

conduction band electron causes it to jump to a higher energy band, again

raising the average temperature of the carriers. The temperature of these carriers

relaxes back to the lattice temperature by the emission of phonons. This process

occurs in a timescale on the order of 1 – 2 ps.

 The final process is spectral hole burning (SHB), which is the localized

reduction in the number of carriers at the transition energy of an incident intense

optical signal. This causes a “hole” to appear in the gain spectrum of the SOA at

the incident photon frequency. The depth of the hole is dependent on the

intensity of the optical signal. The gain recovers due to carrier-carrier scattering

processes that operate on a timescale on the order of 50 – 100 fs.
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1.4. SOA parameters

An SOA can be characterized by a number of measurable parameters that determine its

suitability for use in an optical network. These parameters vary from device to device,

depending on material composition, active region type, device length et cetera.

1.4.1. Optical gain and saturation

As mentioned in Section 1.2.2, when a population inversion is achieved in the SOA

active region, the device exhibits optical gain. This simply means that the output power

from the SOA is greater than at the input. The gain of an SOA is dependent on both the

input optical power level and the input signal wavelength. The gain G can be expressed

as a function of signal power P by,

sP
P

G
G




1
0 ,                                  (1.14)

where G0 is the small signal gain value and Ps is the SOA saturation input power. It is

clear from this equation that the optical gain reduces drastically as P approaches Ps. This

is the phenomenon of gain saturation, which is covered in greater detail in Chapter 2.

One of the main objectives of this thesis is to demonstrate control of gain saturation

using novel SOA design. Ps is the optical input power at which the gain in the SOA is

reduced by half. The gain is also dependent on the signal wavelength. This is a

consequence of the band structure of the semiconductor medium. Since the conduction

and valence bands in a semiconductor material are not sharp and distinct energy levels

but rather bands, the density of states within these bands is spread out over a range of

photon energies. Therefore the rate of stimulated and spontaneous emission between

these bands will vary depending on the incident photon wavelength. The material gain

spectrum is a representation of this dependency and is roughly parabolic in shape. It can

be approximated by [28],

   20)(,   NgNg peak
mm ,                   (1.15)
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where N is the carrier density, λ is the signal wavelength, λ0 is the gain peak wavelength

and γ is a constant related to the width of the material gain spectrum. The peak material

gain is given by,

 01)( NNaNg peak
m  ,                              (1.16)

where N0 is the carrier density at transparency and a1 is the differential gain coefficient.

The gain spectrum of an SOA is said to be homogeneously broadened [29]. This means

that a reduction of the carrier density due to spontaneous or stimulated emission does not

change the shape of the gain spectrum. If the gain is saturated by a signal at one

wavelength, it is saturated for all input signals to the SOA.

1.4.2. Polarisation sensitivity

One of the main disadvantages of SOAs compared with EDFAs is their inherent

polarisation sensitivity. Since an EDFA is an optical fibre based system, it is polarisation

insensitive, whereas the polarisation sensitivity of an SOA is dependent on, among other

factors, its waveguide geometry. Due to the dimensions of the SOA waveguide, the

confinement factors for the TE and TM modes are not equal, and therefore they

experience different values of gain. The anti-reflection coatings used to suppress cavity

resonance can also exhibit polarisation sensitivity. The waveguide of the SOA can be

engineered to eliminate most of the confinement factor difference between the modes. In

bulk SOAs, square waveguides can be used in order to equalize the geometric factors

that affect the TM mode in normal rectangular waveguides. The most common and

effective method to reduce polarisation sensitivity is to introduce strain in the active

region during the fabrication process [30, 31]. This is done by creating a lattice

mismatch between the semiconductor layers. By introducing a tensile strain, the light

hole band edge is closer to the conduction band edge than the heavy hole band. This

enhances the TM mode gain at the expense of the TE mode gain. In this way the overall

optical gain of the modes is balanced.

1.4.3. Non-linear effects

When the input power is high enough and the SOA is in the gain saturation regime, non-

linear effects can have a detrimental effect on linear signal transmission. Patterning

effects due to the finite gain recovery time lead to problems in distinguishing between
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transmitted bits, while channel crosstalk limits the number of channels that can be

amplified simultaneously in WDM applications. The disadvantages associated with non-

linear effects in SOAs for linear amplification have proved to be useful when SOAs are

used as functional elements. When operating in the saturation regime, the non-linear

gain and refractive index dynamics of SOAs lead to a number of applications in

wavelength conversion and optical switching, such as four wave mixing, cross gain

modulation, and cross and self-phase modulation. SOAs designed for this purpose

exhibit relatively low saturation powers in order to improve the efficiency of the non-

linear effects. This enhanced functionality is what makes SOAs a potential key

component of future transparent optical networks. These topics are discussed further in

Chapters 4 and 5.

1.4.4. Noise figure

The key SOA parameter in low power in-line amplification is the noise due to amplified

spontaneous emission. The degradation of the signal-to-noise ratio (SNR) as the signal is

amplified is quantified by the noise figure, expressed in decibels as the ratio of the input

SNR to the output SNR,











out

in

SNR

SNR
NF 10log10                                              (1.17)

The noise figure is the limiting factor for SOAs in low power transmission compared

with EDFAs, which have a noise figure closer to the quantum limit of 3 dB. This topic is

discussed further in Chapter 2. One of the main topics of this thesis is the control of the

noise figure through carrier density control.
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1.5. Summary

In this chapter the physics and functions of a semiconductor optical amplifier were

outlined. A brief overview of the main technological advancements contributing to the

development of SOAs as a mature technology was followed by a description of the

various material systems that are used in the fabrication of these devices, and how the

composition of these material systems affect the SOA characteristics. The basic physics

of semiconductor heterojunction structures was explained and the origin of optical gain

in SOAs was outlined. A brief explanation of the carrier recombination mechanisms in

bulk SOAs was given. Finally, the main physical characteristics of SOAs were listed and

briefly explained. This chapter will serve as a background to the following work, which

further explores the role of both the noise figure and gain saturation on the performance

of SOAs, and how these parameters can be controlled.
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2. CONTROL OF NOISE FIGURE AND SATURATION POWER
IN SOAS

2.1. Introduction

Traditionally semiconductor optical amplifiers have suffered from a relatively high noise

figure (~ 7 dB) compared with erbium doped fibre amplifiers (EDFAs), which generally

can achieve noise figures ~ 5 dB and below [1]. This feature generally makes them

uncompetitive when it comes to long haul transmission applications, where the build up

of noise over hundreds or even thousands of kilometres could be very detrimental. At the

same time, it is desirable to increase the saturation output power of SOAs. The reason

for this is that, whereas EDFAs can and do operate in the saturation regime with no

patterning effects, the short carrier recombination time of SOAs means that high bit rate

signals can experience significant distortion when the amplifier is operating in the

saturation regime. Therefore, arguably the most important factors in determining the

suitability of an optical amplifier for use in optical networks, apart from the optical gain,

are the noise figure and saturation output power. For example, when SOAs are used as

upstream reach-extenders in passive optical networks, the maximum distance

permissible between the Optical Network Unit (ONU) and the passive splitter (coupler)

is determined by the noise figure, due to the weak transmission power of the ONU and

higher losses associated with transmission at 1310nm. Similarly, the maximum distance

between the amplifier and the Optical Line Terminal (OLT) is determined by the output

power that the SOA can deliver [2].

Put simply, a high noise figure will especially degrade the signal to noise (SNR)

ratio of a weak signal, posing problems for detection systems. This can be understood as

follows [3]:

- The statistically random nature of spontaneous emission means that an

optical transition from the conduction to the valence band can occur at

any time.

- This causes fluctuations in the carrier density N which in turn changes

the material gain gm.

- In addition to this, the fluctuations in carrier density induce changes in

the refractive index ng, depending on the value of the linewidth

enhancement factor α. Consequently, phase noise is introduced to the

signal, in a similar manner to linewidth broadening in semiconductor

lasers [4].
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2.1. Degradation of bit stream by optical noise.

All of these effects are exacerbated by the fact that the spontaneously emitted photons

experience optical amplification. Most importantly at higher powers, spontaneously

emitted photons propagating within the guided mode can beat with the incoming co-

polarised signal photons, causing further intensity fluctuations [5]. Other effects include

beating between co-polarised spontaneously emitted photons, which dominates at low

signal power, and the quantum shot noise of both the signal and spontaneous emission

[6]. Combined, the intensity and phase fluctuations caused by these noise components

degrade the integrity of individual transmitted bits; with the result that bit error rates

increase in receivers whose decision circuits base their deciding criterion on the signal

average power (see Fig. 2.1). This effect is further manifested in the closing of eye

diagrams.

On the other hand, a low saturation output power will limit the dynamic range of

input signal power that can be amplified without distortion. As was previously

mentioned, the saturation output power of an SOA is the power that the SOA can

produce at the point where its gain has reduced by 3dB due to gain saturation [7]. The

input power at this point is called the saturation power. This phenomenon can have a

profound effect on in-line amplification operations, particularly at high bit rates, on the

order of 20-40Gb/s. Because SOAs have a finite gain recovery time, on the order of

hundreds of picoseconds, a transmitted bit can be distorted by the gain saturation caused

by a preceding bit [8]. The ensuing patterning effect can give rise to increased bit errors

as some bits are amplified more strongly than others. An example of patterning can be

seen in Fig. 2.2.
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2.2. Bit patterning effects visible on a 10Gb/s PRBS signal. The wavelength of the signal
is 1547 nm, with an optical power of 5 dBm.

This is particularly problematic in Optical Time Division Multiplexing (OTDM)

schemes. In addition to this, within the saturation regime, non-linear effects such as

cross gain modulation (XGM), four wave mixing (FWM), self phase modulation (SPM)

and cross phase modulation (XPM) begin to manifest themselves. These phenomena can

have deleterious effects on transmission schemes that utilize Dense Wavelength

Division Multiplexing (DWDM). XGM, whereby a light signal experiences the gain

saturation pattern caused by another data stream, can cause crosstalk between different

channels in DWDM systems [9]. FWM, whereby carrier density modulations caused by

the beating between two signals gives rise to new frequency components, can have a

similar effect [10], where intermodulation distortion can interfere with equally spaced

channels. A solution to this problem is to use unequal channel spacing [11], although

this is not always possible. XPM is a nonlinear effect where the optical intensity of one

beam influences the phase change of another beam through the linewidth enhancement

factor leading to an amplitude modulation and power penalty [12]. Finally, SPM, an

effect similar to XPM whereby a pulse modulates its own phase due to the change in

refractive index induced by gain saturation, can under the right conditions cause both

spectral and temporal broadening, making it problematic for OTDM schemes [13].
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2.2. State of the art

As can be surmised from the above, there is a clear incentive to develop technology that

allows SOAs to compete with fibre amplifiers on all fronts. There have been numerous

efforts to improve or ameliorate these debilitating characteristics, with each scheme

having inherent advantages and disadvantages. Efforts to improve noise figure have

included the use of pump beams in order to change the carrier density profile, to the use

of different device structures such as vertical cavity SOAs or devices with reduced

confinement. Similarly, pump beams have been used to increase the saturation output

power, in addition to gain clamped SOAs, flared waveguides and SOAs with variable

contact resistance.

2.2.1. Pump beam schemes

An improvement in steady state NF can be realised through optical injection of a holding

beam in both co- and counter-propagation [14, 15]. The beam is injected in the

transparency region of the SOA. When injected in co-propagation mode, its main

function is to optically pump the carrier density at low bias currents, and to restore a flat

spatial carrier distribution at higher currents. A NF improvement of up to 2.5 dB has

been realised using such a scheme. The predominant use of pump beam schemes,

however, is to increase the saturation output power of the SOA, with an improvement of

up to 4.9 dB realised [16]. The function of the beam is to maintain the separation of the

quasi-Fermi levels through optical pumping [17]. This has the effect of reducing the

spontaneous carrier lifetime [18, 19], which is inversely proportional to the saturation

output power. The main drawback with the holding beam approach is that it requires the

use of an additional source to serve as a pump beam, which adds to both the cost and the

complexity of the setup.

2.2.2. Vertical cavity SOAs

Vertical-cavity semiconductor optical amplifiers (VCSOA) are devices where the input

beam is injected perpendicular to the waveguide. A major advantage of this approach is

excellent coupling efficiency, which is a result of the fact that the vertical cavity is

circularly symmetric, compatible with the modes of optical fibres. It also makes

VCSOAs polarisation insensitive. This improvement in coupling efficiency leads

directly to a reduction in noise figure [20, 21]. However, because the signal is injected
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perpendicular to the active region, the gain per pass is very small, and so a feedback

mechanism using distributed Bragg reflector mirrors is used to increase the gain.

Consequently, the gain bandwidth is restricted to linewidth of the Fabry-Perot mode.

While the reduced bandwidth filters any out of bandwidth noise, it also means that

VCSOAs are practically limited to single channel amplification.

2.2.3. Confinement factor

Reducing the confinement factor Γ of the active waveguide is another approach to

reducing noise figure [22]. For high confinement devices, the interaction between

carriers and photons becomes more important, and thus amplification of spontaneous

emission is more prominent. As a result the carrier density at the facets of the SOA is

reduced due to the increased ASE in these regions. A higher NF results from the lower

population inversion at the input facet, due to this carrier density reduction. However, in

low confinement SOAs, ASE is not amplified as strongly, which leads to a more

uniform carrier density distribution, lowering the NF and increasing the saturation

output power at the same time.

2.2.4. Gain clamped SOAs and LOAs

Gain clamped SOAs (GC-SOA) and linear optical amplifiers (LOA) are also used to

increase saturation output power. In a gain clamped SOA, a distributed Bragg reflector

(DBR) is introduced lateral or perpendicular to the waveguide [23]. The reflection

coefficients of the DBR are chosen so that lasing oscillation will occur at a threshold

current for a specific wavelength, usually at a wavelength close to the transparency

region of the GC-SOA, and clamp the gain at the threshold value. Due to homogenous

gain saturation in SOAs, the gain for wavelengths far from the Bragg wavelength is also

clamped, and is independent of increasing input signal power until the point where the

laser oscillation is switched off due to carrier depletion.

An LOA has a similar functionality, although the gain clamping is achieved not

through integrated Bragg reflectors, but through an integrated vertical laser that ensures

gain linearity. The overall effect is that deviations in gain are smoothed in the linear

regime, and the saturation output power is increased, with a corresponding decrease in

the magnitude of the linear gain [24]. GC-SOAs suffer from a higher noise figure than

LOAs. This is primarily due to longitudinal spatial hole burning, which occurs because

of the inhomogeneous photon density profile along the active later resulting from the

relatively high GC-SOA gain [25]. This same phenomenon also occurs in Fabry-Perot



28

and DBR lasers, but is more pronounced in GC-SOAs due to the lower reflectivity of the

integrated DBRs compared with lasers. This problem can be minimized through the use

of DBRs with unbalanced reflectivity, in order to reduced carrier density variation [26,

27].

2.2.5. Flared waveguides

The use of flared waveguides to increase the saturation output power of an SOA is well

known [28, 29]. The saturation output power is directly proportional to the waveguide

area, thus exponentially increasing the width of the waveguide from the input to the

output facet will allow higher output powers, in addition to maintaining fundamental

mode propagation.

2.2.6. Variable contact resistance

An alternative approach to increasing the saturation output power is taken in [30]. The

injected carriers are distributed along the waveguide according to a set contact resistance

pattern, varied in order to increase the carrier density towards the rear facet of the SOA.

Higher carrier density leads to an inverse reduction in the spontaneous carrier lifetime τ.

As τ is inversely proportional to the saturation power, in increase in carrier density

corresponds to an increase in saturation power.

2.2.7. Choice of gain material

There are fundamental differences between the gain, noise and saturation properties of

various gain materials, be they bulk, quantum well (QW) or quantum dot (QD) systems.

The basic physics of these differences were covered in the previous chapter. With

regards to both noise figure and saturation output power, lower dimensional structures

such as QW and QD have inherent advantages over bulk structures. QW SOAs exhibit a

lower noise figure than bulk SOA because the low confinement factor of the material

means that efficient population inversion is possible at much lower injected currents [31,

32]. QW structures also exhibit a lower waveguide loss, further decreasing the NF [33].

The higher loss in the cladding layers can be reduced by optimizing the doping levels in

these regions [34]. Record low noise figure values have been reported for quantum well

SOAs, including chip values as low as 3.7dB [35] and packaged SOAs reporting fibre to

fibre noise figure values of 4.5dB [36].
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The high saturation output power of QW SOAs is a major reason for the high level of

research interest in them. Saturation power is inversely proportional to both the

confinement factor Γ and the differential gain coefficient a1. As we have previously

seen, the confinement factor of a quantum well SOA is much lower than that of a bulk

device. In addition to this, at higher bias currents the differential gain coefficient is

lower for QW than for bulk [37]. The reason this is so is because the unsaturated gain

does not vary as strongly with carrier density, and therefore the carrier density depletion

caused by stimulated emission at high power does not compress the gain to the same

extent as a bulk device [7]; therefore QW SOA structures will generally have a higher

saturation output power than bulk SOAs. Devices with extremely high output powers

have been reported, all utilizing quantum well designs [38, 39].

The high saturation output power and low noise properties of quantum dot

SOAs (QD-SOAs) are related to the quasi three-level nature of the QD band structure,

similar to an EDFA. Indeed, because of this particular structure, QD-SOAs have more

efficient population inversion than QW-SOAs, and in fact can be almost completely

inverted. It is predicted that QD-SOA noise figures could approach the quantum limit of

3dB [40]. The relaxation of carriers from the wetting layer to the excited state means

that at high input powers, carrier numbers can deplete significantly before the gain is

affected. The effect of this is that extremely high output powers can be achieved before

gain saturation [41].

2.3. Noise Figure in SOAs

Noise is an unavoidable characteristic of all amplifiers. In any optically amplifying

medium, stimulated emission enables the amplification of incoming signal photons.

However, carrier relaxation via spontaneous emission will also occur, which is a random

and incoherent process. As spontaneous emission events can emit a photon in any

direction or phase, and at a range of possible wavelengths, they do not add coherently to

the signal, but only add a measurable noise power. In electronics, the noise

characteristics of an amplifier are measured by the noise figure (NF). The noise figure is

a useful figure of merit. Its basic definition is as a measure of the degradation of the

signal to noise ratio of a signal as it is transmitted through the device or system of

interest. It is usually measured in decibels (dB). Known NF values are useful to network

designers because they can know how much SNR degradation a given signal will suffer

by virtue of it being transmitted through the component of interest. In this sense, any

absorption of a signal will add linearly to the noise figure. A passive component that
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attenuates a signal by 2dB will thus have a noise figure of 2dB [42, 43]. NF is also used

to quantify the noise characteristics of components in optical systems. In this context,

different measurement techniques can be used to determine the NF. A more complete

evaluation of the noise characteristics of a system can be obtained through

optoelectronic measurements. However, for the purposes of evaluating the noise

contribution of a component such as an SOA or EDFA, optical techniques are usually

used, and give sufficiently accurate results. The noise figure values presented in this

thesis were obtained using optical techniques.

2.3. Eye diagram closure due to optical noise.

2.3.1. Types of optical noise

There are numerous contributing elements to optical noise in semiconductor optical

amplifiers, some making more significant contributions than others. The main sources of

noise are:

- Signal-spontaneous (sig-sp) beat noise

- Spontaneous-spontaneous (sp-sp) beat noise

- Signal and ASE shot noise

- Multipath interference noise (MPI).

Classically, beat noise from optical sources is considered to appear at the detector

because of the fact that the detector photocurrent is proportional to the square of the

incident optical fields. The quantum interpretation is that the sources of noise can be
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explained by fluctuations in the rate of stimulated emission. Both explanations are

equivalent in terms of the final calculation of the noise figure.

Signal-spontaneous beat noise

Signal-spontaneous beat noise arises from the beating between the signal photons and

spontaneously emitted photons in the same polarization as the signal, when both are

incident on a photodiode. Sig-sp beat noise is dependent on the signal photon density,

and so at higher input signal powers, or if the amplifier has appreciable gain, this is the

most dominant noise contributor. In a polarization independent amplifier, the signal

photons beat with half of the detected spontaneously emitted photons, as these photons

will be emitted in one of two mutually orthogonal polarizations. The signal is usually

passed through an optical filter prior to detection, as the noise contribution of the co-

polarized spontaneous emission will then be limited to the detection bandwidth. Fig. 2.4

depicts the spectral density of the signal-spontaneous beat noise photocurrent. The

bandwidth of the optical filter is B0. The noise spectral density stays constant within the

frequency interval (0 – B0/2). The reason for this is clear if we consider the beating

frequency of the noise power. The maximum frequency of the beat is determined by the

frequency interval between the signal and the spontaneous emission, which extends to a

maximum of ±B0/2, either side of the signal. An in-depth derivation of the signal-

spontaneous beat noise is given by Olsson [44].

2.4. Power spectral density of signal-spontaneous beat noise as measured on an
electrical spectrum analyzer. B0 indicates the bandwidth of the optical filter.
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Spontaneous-spontaneous beat noise

Spontaneous-spontaneous beat noise is caused by the beating between different

frequency components of the spontaneous emission within the same state of

polarization. Like signal-spontaneous beat noise, it manifests itself during the detection

process in a photodiode [45]. Beating between photons of different frequencies can give

rise to new RF components at the frequency difference between them. Sp-sp noise at the

detector can be reduced with the use of a narrowband filter and a polarizer. The purpose

of the polarizer is to pass the optical signal unchanged and to filter out half of the

spontaneously emitted photons (assuming polarization-independent amplification).

However, this technique is not necessarily useful in practical receivers as the

polarization of the input signal may not be known. Fig. 2.5 shows the spectral density of

the spontaneous-spontaneous beat noise photocurrent. The spectrum extends from 0 to

B0, with a triangular shape. The sp-sp noise beats within the entire bandwidth, since any

spontaneous photon may beat with any other. The reason for the triangular shape is that

smaller frequency intervals are more numerous than large frequency intervals, within a

bandwidth B0. If we define B0 as the maximum frequency interval in the optical

spectrum, only one such interval can occur between set photon frequencies at the band

edges. Conversely, the DC component of the noise can contain a number of terms equal

to B0/δv, where δv is a unit division of bandwidth. The derivation of sp-sp beat noise is

discussed in more detail in [44].

2.5. Power spectral density of spontaneous-spontaneous beat noise as measured on an
electrical spectrum analyzer. B0 indicates the bandwidth of the optical filter.



33

Shot noise

Shot noise is a form of intensity noise caused by fundamental quantum limits. It arises

due to the independent, random nature of the detection of incoming photons, although it

applies to any quantum particle. It manifests itself as a statistical fluctuation in detected

power levels, and is exacerbated when the detector used has a lower than unity quantum

efficiency. Shot noise is independent of the noise frequency and so may be thought of as

a kind of “white” noise. The magnitude of shot noise increases with the square root of

the expected number of detection events, although since the strength of the signal

increases more rapidly, the contribution of shot noise becomes relatively insignificant at

higher powers or optical gains. Shot noise from both the signal and the amplified

spontaneous emission contribute to noise in SOAs.

Multipath interference noise

Multipath interference noise (MPI) arises from multiple reflections in the signal path. If

an optical isolator is not used at the SOA output, reflections of ASE power back into the

active region can enhance sig-sp and sp-sp noise. This is normally taken into account by

multiplying the signal-spontaneous noise (the dominant term) by a factor, taking into

account the reflectivity and the optical gain. When an isolator is used, the main source of

this noise is the reflectivity of the SOA facets. MPI noise can thus be a problem for

vertical cavity SOAs [20]. However, for travelling wave amplifiers, where facet

reflectivities are generally very low, MPI noise can safely be neglected.

2.3.2. Derivation of optical noise figure

The optical definition of noise figure can be derived from the original electrical

definition, given certain constraints [46, 47]. The following derivations are based on

[46]. The equations for optical NF are basically a special case of noise figure where all

sources of noise except signal-spontaneous beat noise and shot noise can be ignored. We

need to begin the derivation by first defining what we mean by a signal to noise ratio.

SNR is a measure of the quality of a signal. It is measured in terms of the received signal

photocurrent isig and the received noise photocurrent in in a detector. Another way of

thinking about it is as the ratio between the mean value of the signal power to the

standard deviation of the noise power. In this sense we can write SNR as,
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The noise variance <Δ2in> is obtained by integrating the received noise spectral density

Sn over the bandwidth of interest. It is assumed that the input signal is shot-noise limited,

which is a reasonable assumption for good quality optical sources. Rewriting this

equation in terms of electrical power rather than squared photocurrent, we define the

signal to noise ratio of the input signal to be,
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where Pin is the signal input power, e is electric charge, ν is the optical frequency, η is

the photodetector quantum efficiency, Be is the bandwidth of the noise and R = ηe / hν is

the responsivity of the detector in amps/watt.  For the sake of simplicity, we shall

assume and ideal receiver and take the quantum efficiency to be unity. Assuming

negligible thermal noise, the input SNR becomes,

e

in
in Bh

P
SNR

2
 .                                     (2.3)

An equivalent approach can be taken for the output SNR, which is the ratio of the

detected signal power to the variance of the detected noise power,
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where in this case,

2222

inout PGRi  ,                                               (2.5)

where G is the optical gain of the component being characterised. Unlike in the case of

the input signal SNR, the variance of the output noise power depends on a number of

contributing sources. Therefore the power spectral densities of all of these sources must
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be added up in order to take them into account when calculating the noise power

variance. The output SNR then becomes,
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where the power spectral densities in the denominator represent the contributions from

signal-spontaneous beat noise, spontaneous-spontaneous beat noise, shot noise from the

signal and the ASE, and multipath interference noise. Now that the signal to noise ratios

at both the input and the output are defined, we can introduce the definition of the noise

factor. The noise factor is the ratio of the SNR of the input signal to the SNR of the

output signal. The noise figure is ten times the base 10 logarithm of the noise factor. In

the electrical domain, the noise factor would therefore be the ratio of Eq. (2.3) to Eq.

(2.6). This is a complete characterisation of the noise taking all components into

account.

In the optical domain, where optical measurement techniques are used, the

expression for the output SNR can be simplified. Firstly, we will assume a detector with

a quantum efficiency of unity, so that the η term in the shot noise spectral densities in

Eq. (2.6) disappears. Secondly, we can see that both the numerator and the denominator

of Eq. (2.6) depend on the value of the detector responsivity. Therefore, these terms will

cancel. In the case of an optical signal that is amplified by an amplifier with appreciable

gain (G >> 1), signal-spontaneous beat noise and the shot noise of the signal will

dominate over the other terms, and so spontaneous-spontaneous beat noise and the ASE

shot noise can be safely ignored. In an amplifier with very low or negligible facet

reflectivity, multipath interference noise can also be discounted. Thus, Eq. (2.6) then

becomes,
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We can now write the noise factor of an optical amplifier with appreciable gain as the

ratio of Eq. (2.3) to Eq. (2.7),
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The signal-spontaneous beat noise power spectral density can be expressed as,

inASEspsig GPS 4 ,                                 (2.9)

where ρASE is the ASE power spectral density. The signal shot noise can be written as,

inshot GPhS 2 .                              (2.10)

Eqs. (2.9) and (2.10) are derived in [44]. By substituting Eqs. (2.9) and (2.10) into Eq.

(2.8), we are left with the final expression for the noise factor of an optical system,

defined in terms of optically measureable parameters,
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By definition, the noise figure is ten times the base 10 logarithm of this expression,
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2.4. Gain Saturation and Output Power

Gain saturation is a phenomenon that will occur in any amplifying medium. In the case

of optical amplifiers in steady state conditions, it can be observed that as the power

injected into the system is increased, the optical gain remains approximately linear only

up to a point. After this point, the gain will decrease with increasing input power. Gain

saturation can be intuitively understood by approximating the amplifying medium as a

simple two level system. As was previously mentioned, there are a number of carrier

excitation and recombination processes occurring in SOAs. For the sake of argument,

we shall consider only carrier excitation resulting from electrical pumping, and carrier

recombination via stimulated emission. As input powers are increased, stimulated

emission becomes more prominent and thus in this example we can neglect the influence

of spontaneous emission, although at higher biases this effect cannot be overlooked. In

this simplified example, electrical pumping excites carriers from the valence to the
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conduction band. Conversely, incoming signal photons cause stimulated emission, with

the result that excited carriers recombine in the valence band. Due to conservation of

energy, as the input power to the amplifier is increased, the rate of stimulated emission

exceeds the rate of the pumping, and thus the upper state population decreases, along

with the optical gain. When the gain has reduced to half of its unsaturated value, the

input power at that point is the saturation power. The saturation output power of an

amplifier, as opposed to the saturation power, is defined as the power that is emitted

from the amplifier when the input power is at the saturation point. Both the saturation

power and the saturation output power are fundamental characteristics of an amplifier

and are important limiting factors when considering an amplifier’s suitability for in-line

applications. The saturation output power of an SOA can be determined by plotting the

optical gain as a function of the output power, as the input power is increased, and

determining the point where the gain is reduced by 3dB, as shown in Fig. 2.6.
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2.6. Output power of an SOA plotted against optical gain. Indicated is the 3dB
saturation point, where the gain is reduced by half. The output power at this point is the
saturation output power.

2.4.1. Saturation output power in linear transmission

EDFAs are very suitable for applications in linear amplification for two reasons. Firstly,

for non-burst data transmission, they can be and usually are operated in the saturation

regime without signal non-linearities. This is because of the relatively long carrier

lifetime of EDFAs with respect to SOAs, on the order of milliseconds. This means that

carrier density modulations caused by amplification of signals can be smoothed out over

thousands of bits, effectively averaging the gain available to a data stream. In addition,
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the slow modulation speed of the carrier density means that beating effects between

closely spaced signal channels are almost non-existent [48]. Secondly, because the

transition cross-section in an EDFA is generally quite small, the saturation energy is

relatively high. SOAs in general have a lower saturation output power than EDFAs. As

SOAs are best described as a two level system, the maximum output power is limited to

not much more than the saturation output power. This is not necessarily the case with

EDFAs, since they can be strongly pumped to give output powers larger than their

saturation output power, due to the three level nature of the Erbium ion. SOAs cannot be

operated in the saturation regime when being used as an in-line amplifier, as their carrier

lifetimes are much shorter than EDFAs, on the order of hundreds of picoseconds. When

SOAs amplify a long, high bit rate data stream in the saturation regime, patterning

effects occur that distort the signal. The first bit amplified saturates the gain, which

begins to recover. If however the data rate is on the order of 10-20GHz or above, the

gain does not have time to recover before the next bit arrives. This bit experiences a

reduction in gain due to the saturation caused by the first bit. The result of these pattern

effects is that bit errors can accumulate in detection systems, as the extinction ratio

between logical 1 and 0 levels for some of the affected bits can be too low. For this

reason, if SOAs are to be competitive as linear in-line amplifiers, and especially as

power amplifiers, a high saturation output power is essential. This parameter will

determine the transmission distance of a given SOA, constrained to operate in the linear

regime.

2.4.2. Non-linear effects in the saturation regime

In addition to patterning effects, non-linear effects such as cross gain modulation and

four wave mixing cause power penalties in multichannel transmission schemes such as

WDM due to channel crosstalk and intermodulation distortion. These non-linear effects

arise because of the short carrier lifetime of SOAs, and also because the gain medium of

SOAs is homogeneously broadened. A consequence of this broadening is that the

saturation of the gain by any signal in a multichannel system will saturate the gain for all

other signals being amplified. Saturation occurs homogeneously because it depends on

the total number of photons in the cavity for all wavelengths. Therefore, for linear

multichannel amplification the sum of the power of the individual signals cannot exceed

the saturation power. Channel crosstalk occurs because of cross gain modulation, which

is the imprint of a gain compression pattern of one channel onto another. When a given

bit pattern saturates the SOA gain, a second bit pattern in another channel will

experience the same gain saturation because of homogeneous broadening. Unless the bit
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stream is identical to the first channel, patterning effects occur. This process can be

useful for wavelength conversion if a CW beam is used as the second channel. Four

wave mixing is the principle cause of intermodulation distortion. When two closely

spaced channels interact with each other in a saturated SOA, the beating between them

causes sidebands to appear at the sum and difference frequencies between them.

Amplitude modulations caused by these sidebands distort the input channels. Again, as

with cross gain modulation, four wave mixing employed in a wavelength converter

scheme can be very useful. These effects will be studied further in later chapters. Other

non-linear effects in SOAs are caused by the accompanying refractive index change

resulting from a compression of the gain. An example of such an effect is self phase

modulation, in which the phase of an optical pulse is modified by the refractive index

change caused by the relation between the real (index) and imaginary (absorption)

components of the complex refractive index [49]. Self phase modulation results in a

frequency shift in the spectrum of the pulse, and can result in spectral spreading or

narrowing, depending on whether the pulse is positively or negatively chirped. For the

purposes of linear amplification in WDM schemes, in particular DWDM where the

channel spacing is small, non-linear effects in the saturation regime of SOAs are serious

impediments to their usage [50].

2.4.3. Mathematical description

The conservation of energy basis for the explanation of gain saturation can be inferred

from the carrier density rate equation for a slice of the active region with thickness d,
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where n is the carrier density, n0 is the carrier density at transparency, i is the bias

current, e is the electronic charge, R(N) represents the carrier density dependent

recombination rates, a1 is the differential gain coefficient, Is is the signal intensity, Isp is

the spontaneous emission intensity and ν is the optical frequency of the signal. The

material gain is represented as,

 01 nnagm  .                              (2.14)
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As the signal intensity is increased, the carriers depleted according to the intensity

dependent term outnumber the carriers added by the bias current dependent term, and so

dn/dt becomes negative. This in turn reduces the material gain. The propagation of the

signal intensity can be represented by the travelling wave equation,

 Ig
dz

dI
m  ,                                (2.15)

where z is the propagation direction, Γ is the optical confinement factor and α is the

waveguide loss coefficient. If we now introduce the concept of the saturation intensity

Isat, the material gain as a function of Isat is,
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where g0 is the unsaturated material gain given by Eq. (2.14) where the carrier density n

depends only on the bias current and spontaneous recombination rates. We can now

rewrite Eq. (2.15), using Eq. (2.16) as the expression for material gain,
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If, for simplicity, we assume that α = 0, then Eq. (2.17) is a first order differential

equation with the solution,
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where IL and I0 are the signal intensity at the output and input of the SOA, respectively.

The gain of the amplifier is the ratio of the signal intensity at the output to the intensity

at the input. Therefore Eq. (2.18) can be rearranged to give an expression for the single

pass gain,
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where the identities G = IL/I0 and G0 = exp(Γg0L) are used. From this equation we can

now define the saturation output intensity IL,sat, where the gain is equal to half of the

unsaturated gain, as,
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where the identity G = G0/2 is used. This is now an expression for determining the

saturation output intensity of an amplifier with the saturation intensity and the

unsaturated single pass gain as parameters. The saturation intensity itself can be

calculated from the rate equation and is defined as [51],




1a

h
I sat  ,                                                             (2.21)

where τ is the spontaneous carrier lifetime. Now, knowing the expression for IL,sat, we

can derive an expression for the saturation output power of an SOA. As power is equal

to the intensity multiplied by the area, we are left with,
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where A is the waveguide area. It is clear from this expression and the expressions for

saturation intensity and saturation output intensity that the saturation output power can

be increased by having a larger waveguide area, a smaller confinement factor or

increasing the saturation output intensity. This in turn can be increased by having a

larger gain, or by reducing either the differential gain or the spontaneous carrier lifetime.

Various methods for achieving all of the above were outlined in section 2.2.
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2.5. Concept for parameter control

In section 2.2, various techniques that have been published for reducing noise figure or

for increasing saturation output power in SOAs were outlined. It is the intention of this

work to examine two techniques that aim to accomplish the same goal. Key to both of

these techniques is the concept of manipulation of the carrier density distribution within

the active region of the SOA. The techniques differ in terms of the method of achieving

this control, with one being an indirect shaping of the carrier density profile and the

other being direct. The indirect technique has been designed with the aim of reducing

noise figure, while the direct technique is more flexible in that it aims to achieve either

NF reduction or increased saturation output power, depending on the application desired.

The following sections will outline the theoretical basis for these concepts. All results

presented in this section have been obtained using the simulation outlined in Chapter 3.

2.5.1. Reducing noise figure

Dependence of noise figure on population inversion factor

Key to reducing the noise figure of an SOA is the reduction of the population inversion

factor, or spontaneous emission factor, nsp. This parameter is a measure of the population

of the excited state compared with the ground state in semiconductor photonic devices,

given by,
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 ,                                                         (2.23)

where N1 and N2 are the population levels of the ground state and the excited state

respectively. Thus, as the name suggests, the population inversion factor is a measure of

the efficiency of population inversion in the SOA. Clearly, the magnitude of nsp depends

on the amount of electrical pumping applied to the device, such as this process increases

the rate of excitation of carriers from the valence to the conduction band. The effect of

this electrical pumping is to reduce nsp. The minimum value of nsp is 1, where the ground

state is empty of carriers, and the SOA is completely inverted.

At this point, the question of nomenclature should be resolved. In this thesis, nsp

shall be referred to as the population inversion factor, whereas spontaneous emission

factor shall be neglected so as to avoid confusion with the effective spontaneous
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emission factor introduced by Adams [52], which quantifies the proportion of

spontaneous emission coupled to the guided mode in an SOA. The term population

inversion factor also more intuitively illustrates the mechanism for NF reduction that is

outlined herein. We can show the dependency of the noise figure on the population

inversion factor by realizing the relation between spontaneous emission and nsp. The

additive noise power in an SOA (power added that is not part of the amplified signal) is

given by,

0)1( BhGnP spASE  ,                                               (2.24)

where G is the amplifier gain, ν is the optical frequency, and B0 is the measurement

bandwidth. This equation illustrates the advantage of using a narrowband optical filter

when using SOAs in optical networks, as reducing the bandwidth will reduce the noise

power proportionately. The noise power spectral density, which is the noise power per

unit of bandwidth, is,

 hGnspASE )1(  .                             (2.25)

Recalling that the expression derived for the optical noise figure is dependent on the

ASE power spectral density, we can combine Eq. (2.11) and Eq. (2.25) to derive an

expression for the noise factor in terms of the population inversion factor,
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As before, the noise figure is then simply,
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In the case where the amplifier gain is significantly greater than 1, the shot noise term on

the right hand side of the equation can be neglected, and the noise factor is determined

exclusively by the signal-spontaneous beat noise term, which reduces to,

spnF 2 .                                      (2.28)
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Eq. (2.28) clearly demonstrates that the noise factor (and noise figure) is dependent on

the population inversion factor. NF decreases as nsp decreases. What is more, it shows

that there is a fundamental lower limit for the noise figure of high gain (G>>1)

amplifiers, both semiconductor and fibre based. As the minimum value for nsp is 1,

which is the case when N1 is 0 (full population inversion), then the noise factor quantum

limit is 2, with the corresponding noise figure limit being 3dB [53]. The relations

outlined above suggest that to achieve a low noise figure, the electrical pumping of the

device needs to be high, and consequently increase the carrier density N in the active

region. The dependence of nsp on N is illustrated in Fig. 2.7.
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2.7. Population inversion factor plotted against carrier density as a function of position
in active region for a typical SOA. Inverse relationship is clearly shown. No signal is
injected into the SOA.

The population inversion factor is plotted against the carrier density as a function of

position along the length of the SOA active region. The data used for this plot comes

from a model that is described in detail in Chapter 3. The carrier density profile depicted

is a typical profile for an SOA. There is some depletion of carriers at the facets due to

the increased amplified spontaneous emission at the extremes of the waveguide. This

phenomenon gives the carrier density profile a parabolic shape overall. What is

interesting to note is that the population inversion factor shows an inverse parabolic

shape, reflecting the inverse relationship between nsp and the valence band population

N2.
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The problem of amplified spontaneous emission

It would seem that the solution to reducing the noise figure is therefore to increase the

bias current supplied to the SOA. However, recombination processes responsible for the

decay of carriers from the conduction band to the valence band become more important

at higher bias. As detailed in chapter 1, non-radiative, radiative and Auger processes

reduce the population of the excited state at a rate governed by their dependency on the

carrier density. Non-radiative recombination, caused by defects in the crystal lattice

structure, depends linearly on the carrier density. Auger recombination, while weak at

low bias currents, varies with N3 as it is a three particle process. Both of these effects

reduce the excited state population and thus prevent complete inversion. Of particular

importance, however, is the rate of radiative recombination, which results in

spontaneous emission. Radiative recombination is a two particle process and so varies

with N2. The problem is compounded by the amplifier gain and the facet reflectivity. The

higher the bias current, the greater the magnitude of the amplified spontaneous emission,

due to the increased gain. At high enough bias, the ASE can actually saturate the gain,

which is a problem for SOAs with lengths greater than ~ 1 mm [54]. The depletion of

carriers depicted in Fig. 2.7. illustrates the effect clearly. The problem of ASE is

compounded by residual reflectivity from the SOA facets. While anti-reflection coated

SOAs can achieve reflectivity as low as 10-5, a portion of the ASE produced will reflect

from the facets back into the active region, where it will be re-amplified and can

contribute to carrier depletion. This problem is only exacerbated at higher biases.

Therefore, for the reasons outlined above, simply increasing the bias indefinitely cannot

reduce the NF to its optimal level.

Noise figure of a chain of amplifiers

The carrier density within the active region of an SOA is considered to be constant when

operating at steady state conditions at a constant bias current. However, this is true only

for the total carrier number in the excited state. As was shown in Fig. 2.7, even in an

SOA with constant bias, the carrier density within the active region can vary as a result

of depletion of carriers by ASE or signal. As such, while for the purposes of practical

usage of SOAs it makes sense to talk only of the total noise figure of the SOA, it can

still be considered that the noise figure at any one point in the active region will vary as

a result of the local carrier density distribution. This reasoning can apply not just to the

noise figure, but to any parameter that depends on the level of carrier density, such as

the optical gain, refractive index and spontaneous carrier lifetime. When we think of an
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SOA not as a monolithic block with set parameters but as a structure of individual

components, each with their own parameters, we can draw an analogy between this

situation and that of a chain of optical or RF amplifiers. The total noise figure of an

amplifier chain and how it is related to the individual components is derived as follows

[46]; consider a chain of three amplifiers, each with their own gain Gm and noise photon

density ρm, where m denotes the individual amplifiers 1-3, depicted in Fig. 2.8.

2.8. Chain of amplifiers along with respective gain (Gm) and noise densities (ρm).

In this figure, the noise from each amplifier is equal to the noise from the previous

components in the chain, plus the amplifiers own noise density multiplied by its gain.

This figure is illustrative of how high levels of noise can build up in cascaded amplifier

chains, and must be carefully controlled. The result of this setup is that the total noise

photon density of the amplifier chain, generalized to n components, is,

nnnnntot GGGGGGGGGG   ........... 434324321 .                   (2.29)

Assuming that in an optical amplifier, the noise photon density is represented by the

signal-spontaneous beat noise density, we can use Eq. (2.11), neglecting the shot noise

term, to calculate the noise factor of each component and thus the overall noise figure,

and noise figure, of the chain. Inserting the expressions for ρtot into Eq. (2.11) instead of

ρASE, and taking the total gain Gtot = G1G2G3…Gn, we get,
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Again, using Eq. (2.11), Eq. (2.30) can be expressed in terms of the noise factors of the

individual components,
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It follows from this equation that, in a chain of amplifiers, the components contributing

the majority of the noise in the system is the component at the beginning of the chain,

simply because the noise power that it produces is amplified by every other amplifier

that follows it. Each successive term in the equation is divided by an additional factor G,

where G is the gain of the previous amplifier in the chain. It should be noted that all

values used in the equation are linear, rather than logarithmic. Fig. 2.9 visualizes this

concept, showing a chain of amplifiers and their relative contributions to the total NF.
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2.9. Contribution to increase in NF for a series of amplifiers, relative to the first
amplifier.

This is the reason that low noise amplifiers are place first in a cascaded system. If we

consider again our analogy of a single SOA being equivalent to a chain of amplifiers, it

should be reasonable to assume that if a carrier density profile could be created such that

the input region of the SOA had a low noise figure, then the overall noise figure of the

SOA should be reduced.
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Optimal carrier density profile

As discussed above, the most important aspect of reducing the noise in an SOA should

be to ensure low noise operation at the input facet region. It has been established already

that NF is proportional to the population inversion factor, which in turn is inversely

proportional to the level of carrier density in the active region. Therefore, in order to

reduce the noise in the input region of the SOA, the carrier density in that area must be

kept at a high level. On the basis that the intrinsic noise figure contributions of the non-

input regions of the SOA are not as important, the control of the carrier density in these

areas is not as much of a concern. However, when amplified spontaneous emission is

taken into account, the situation becomes more complicated. If the carrier density at the

input regions of the SOA is increased, ASE is amplified by an additional factor, and can

deplete the carriers at this facet. This is unavoidable if a high N is to be maintained.

However, as previously mentioned ASE can also emanate from the output region and

reflect from the output facet, travel backwards through the active region being amplified

on the way, and then further reduce the carrier density at the input facet. However, if the

carrier density in the region at the output facet is kept to a low level, three objectives are

achieved. Firstly, ASE emanating from the input region of the SOA experiences less

amplification than if the output region had a normal carrier density distribution, and may

even be attenuated. Secondly, this attenuation means that the magnitude of the reflected

ASE from the output facet is very small, and experiences very little amplification. Most

importantly, the magnitude of ASE emanating from the output region is greatly reduced

due to the low carrier density. As a result, the carrier density at the input of the SOA is

not depleted as it might have been given a normal carrier density distribution.



49

1

2

3

4

5

Length along SOA active region

n sp

Input Output

2.0

2.4

2.8

3.2

3.6

4.0

C
arrier density (m

-3)

x 1024

2.10. Optimal carrier density profile and population inversion factor for low noise
figure, as a function of position along SOA active region.

Fig. 2.10 shows this optimal carrier density profile, along with the population inversion

factor for illustration, as a function of position along the SOA active region. Of note is

the low value for nsp when the carrier density is at its highest level and the rapid increase

of this parameter as the carrier density decreases. Further evidence for this is presented

in Figs. 2.11a and 2.11b. Fig. 2.11a shows the carrier density distribution of a standard

SOA as a function of the position along the active region, for a range of input signal

powers. The effect of the injected signal is clear. At low input powers, the signal has an

insignificant effect on the carrier density distribution, and the profile we see is identical

to that shown in Fig. 2.7. As the input power is increased, the carrier density towards the

output facet of the SOA is depleted by the amplified signal. This effect becomes much

stronger at higher powers, and the peak of the carrier density distribution is shifted to the

input facet. The depletion of carriers at the output facet as the power is increased is also

responsible for the fact that the input facet carrier density is higher for the 0 dBm case

than for lower powers. This is because less ASE is emitted from the output of the device

that would otherwise deplete carriers at the input facet. Fig. 2.11b shows a standard

noise figure versus input power curve for the same SOA.
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2.11. (a) Carrier density profiles for a standard SOA, for a range of input powers, and
(b) noise figure vs input power for the same SOA.

What is significant is that the noise figure minimum observed on this curve is between

0dBm and -10dBm input power. Interestingly, the corresponding carrier density profiles

for both 0dBm and -10dBm input powers in Fig. 2.11a are similar to the optimal profile

described in this section. Chapter 3 will outline the structure of the simulation used to

model this concept and will describe SOA designs that aim to achieve this carrier

density profile, along with simulated and experimental results of this approach.

2.5.2. Increasing saturation output power

Dependence of saturation output power on spontaneous carrier lifetime

It has previously been stated in this chapter that the saturation intensity of an SOA is

indirectly proportional to the spontaneous carrier lifetime τ. The relation between τ and

the saturation intensity of the SOA is given by Eq. (2.21). It follows from this that one

way to increase the saturation output power is to decrease the spontaneous carrier

lifetime. The spontaneous carrier lifetime is defined as the average time it takes carriers

in the conduction band to recombine with holes in the valence band through spontaneous

processes. In a semiconductor medium with non-radiative, radiative and Auger

recombination mechanisms, the total recombination rate is expressed as [55],
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where N is carrier density and A, B and C are the non-radiative, radiative and Auger

recombination coefficients, respectively. Therefore the spontaneous carrier lifetime is

inversely dependent on the carrier density, as demonstrated by,

2

1

)( CNBNANR

N


 .                                              (2.33)

This suggests that increasing bias current supplied to the SOA and thus the carrier

density, the saturation power should be indirectly improved through an increase in the

saturation intensity. Similarly, according to Eq. (2.20), increasing the gain should

accomplish the same goal, as it is directly proportional to the saturation intensity. A

crucial difference between the methodology of reducing noise figure and increasing

saturation output power is that the ASE plays the opposite role in each process. As has

been demonstrated with long (> 1 mm) SOAs [56], a large ASE power increases the rate

of stimulated emission recombinations, reducing the carrier lifetime. At high enough

ASE power, the gain recovery dynamics are dominated by the ASE induced stimulated

emission rate [57], minimizing the depleting effect of the input signal. In a way the ASE

acts in a similar manner to a holding beam [17].

Optimal carrier density profile

Obviously the optimal carrier density to increase the saturation output power would be

as high as possible, limited by increased non-radiative and Auger recombination effects.

However, in the situation where the total bias current in the SOA is restricted to a certain

value, as it is in this case (see Chapter 3 for details), a specific carrier density profile

must be created that maximizes the saturation output power under the restrictions of a

fixed total bias. If we assume that the total bias limit is the same as that of the low noise

case, then the optimal carrier density profile should be the inverse of the low noise case.

The reason for this is that as the signal propagates through the SOA, it exponentially

increases in magnitude due to optical gain. Therefore, as it increases it converges on the

saturation intensity value. The saturation intensity of any one point in the SOA

waveguide, therefore, needs to be tailored to reflect the intensity of the signal being

amplified at that point. Recalling that to increase the saturation intensity, the

spontaneous carrier lifetime needs to be reduced through a higher carrier density, it
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stands to reason that higher carrier densities would be needed for the more strongly

amplified signals towards the rear facet of the amplifier. The optimal carrier density

profile is shown in Fig. 2.12, along with the corresponding spontaneous carrier lifetime

values, as a function of position along the SOA active region. A clear inverse trend is

observed. The decrease of τ along the propagation direction is the key to keeping the

saturation intensity higher than the intensity of the propagating signal.
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2.12. Spontaneous carrier lifetime and carrier density as a function of position along the
SOA active region.
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2.5. Summary

In this chapter, the concepts of optical noise and gain saturation in semiconductor optical

amplifiers were outlined. The problems of optical noise and gain saturation with respect

to linear amplification applications in optical networks were explored, and following on

from this, various efforts to improve both the noise figure and the saturation output

power of SOAs were detailed. An in-depth derivation and explanation of optical noise

figure was shown, along with a discussion about the types of optical noise in SOAs, as

well as their relative importance in optical systems. The effect of gain saturation on high

bit rate and multichannel amplification was outlined, as well as a derivation of the

saturation output power, an important parameter of SOAs. The central concept of this

thesis, the control of device parameters through the reshaping of the SOA carrier density

profile, was described, and an explanation as to the optimal carrier density profiles to

achieve control over noise figure and saturation power was given. In Chapter 3, we will

look at a case study of these concepts, as applied to two SOA designs that will be

outlined in detail. Simulated and experimental characterization in the steady state regime

will be presented, along with a detailed explanation of the model used to simulate the

SOA designs.
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3. SIMULATED AND EXPERIMENTAL STEADY-STATE

CHARACTERIZATION OF SOA DESIGNS

3.1. Introduction

As mentioned previously in Chapter 2, various schemes for reducing noise figure and

increasing saturation output power have been proposed and implemented [1, 2]. A

number of advantages and disadvantages of these ideas were outlined. It is the purpose

of this chapter to describe the practical implementation of the concepts for parameter

control, introduced in the previous chapter, in two SOA designs [3, 4]. The proposed

designs are simulated in the steady state using a travelling wave model. Experimental

characterization of the steady state parameters such as noise figure, gain and saturation

output power are then compared to the model in order to determine the effect of the

carrier density reshaping. The opening sections of this chapter will be dedicated to

describing the physical functioning of the two SOA designs. The first design, which is

primarily intended to reduce noise figure, is based on a lateral cavity implemented over a

portion of the waveguide, lateral to the axis of propagation. The second design, which

has the advantage of flexibility in its functionality, is based on the injection of bias

current through multiple electrical contacts, with the aim of directly controlling the

carrier density distribution within the active region. The two SOAs described herein are

prototype units. A thorough characterization can reveal potential for improvement in

future designs.

3.2. SOA designs

3.2.1. Lateral cavity semiconductor optical amplifier

The concept of gain clamped and linear SOAs has been discussed in Chapter 2 [5, 6, 7].

Central to the physical mechanisms of these designs is the ability to clamp the carrier

density, in order to smooth out any variations caused by changes in the input signal

power. The objective of these designs is to increase the linear dynamic range of the

SOA, and thus increase the saturation output power. GC-SOAs achieve this through the

use of DBR mirrors, usually situated in the axis of the epitaxial growth. LOAs, are

similar except that they use integrated lasers. In both methods, the carrier density

throughout the entire device is clamped. The first SOA design, that is the subject of this
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thesis, differs from the aforementioned gain clamped SOAs in a fundamental way. Like

GC-SOAs, the lateral cavity SOA, or LC-SOA, utilizes DBR mirrors in order to achieve

lasing in the cavity thus formed, clamping the carrier density and gain [8]. These DBR

mirrors are placed lateral to the waveguide axis, rather than vertical. Unlike the GC-

SOA, the DBR reflectors in the LC-SOA do not extend the full length of the waveguide,

but occupy only the output section. The reason why this is so is elaborated further on in

the chapter.

Device structure

The LC-SOA design is a multi-quantum well InP/InGaAsP MOCVD grown

semiconductor optical amplifier. It is designed to operate in the 1.5 μm window. To

minimize internal reflections of signal and ASE, the waveguide is tilted at 220 and is

anti-reflection coated. The entire device, shown in Fig. 3.1, is 1 mm long, with an 800

μm long active region and two 100 μm tapered regions at the facets. The active

waveguide is 1.6 μm in width in order to ensure single mode operation. The lateral DBR

cavity is implemented at the output region of the SOA over 450 μm, or 55% of the SOA

active region. The guided ASE mode is 73% polarised in the TE axis, making the LC-

SOA quite polarisation dependent. A number of LC-SOA designs were fabricated within

the same batch, each having different placement of the lateral cavity or different cavity

lengths. In addition to the LC-SOAs in this batch, a control device, lacking a lateral

cavity, was also fabricated. Of the devices with lateral cavities, only the LC-SOA under

investigation in this study had appreciable output power and gain. It is suspected that the

reason for this lies in the placement of the DBR grating close to the active waveguide in

the other LC-SOA designs, with the possible consequence of damage to the waveguide.

The DBR grating in the LC-SOA under test was placed further from the waveguide,

relative to the other LC-SOAs.
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3.1. Microscope view of LC-SOA, showing the waveguide and electrical contacts.

Lateral cavity design

As previously mentioned, the LC-SOA employs distributed Bragg reflectors (DBR).

DBRs are constructed of alternating layers of material with different refractive indices.

Assuming normal angles of incidence, the optical layer thickness is chosen to be one

quarter of the wavelength for which the DBR is intended to reflect. Each interface

between layers will contribute a Fresnel reflection when encountering an optical wave.

The optical path length difference between the forward travelling wave and the reflected

wave will be half the wavelength. In addition to this, the amplitude reflection

coefficients for each successive boundary have opposite signs. Therefore constructive

interference occurs at the chosen Bragg wavelength, which in a device such as a DBR

laser, amounts to a laser cavity. The reflections build up until the cavity gain equals the

loss, creating the condition for lasing. The same process occurs in gain clamped SOAs.

In the LC-SOA, the DBR grating is created by etching a slot pattern in the InP cladding

around the InGaAsP active region. The InP layer thickness is chosen to be 208 nm, with

an 80 nm air gap, giving a lasing wavelength of 1450 nm, according to the first order

Bragg condition [9],

 en20                                                                (3.1)

where λ0 is the central wavelength of the DBR bandwidth, ne is the effective refractive

index and Λ is the grating period.
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Lateral cavity function

The basic schematic of the LC-SOA is shown in Fig. 3.2. The DBR grating is introduced

at the output half of the waveguide, encompassing approximately 450 μm. At a certain

threshold bias current, the lateral cavity formed by the DBR grating starts to lase, and

the carrier density is subsequently clamped to the threshold value. As the bias current is

increased, the carrier density in the output clamped region does not increase. The

additional injected carriers translate directly into strengthening the intensity of the lasing

mode. It is important to note the carrier density for the entire SOA is not clamped to that

value. The input section of the SOA experiences a variable carrier density depending on

the bias current supplied. Consequently, as the bias is increased above the threshold

value for the DBR grating, the carrier density profile begins to resemble that of the low

noise case outlined in Chapter 2.

3.2. Schematic of the LC-SOA. Distributed Bragg reflector grating is positioned at the
output of the SOA.

In a normal SOA, as the bias is increased there is a corresponding rise in ASE power,

which eventually saturates the gain through depletion of carriers. As this effect is more

pronounced at the SOA facets, the noise figure is heavily affected, because of the

dependence of NF on the input section carrier density. The novel aspect of the LC-SOA

is that the low carrier density in the clamped region of the SOA has an attenuating effect

on amplified spontaneous emission. ASE emanating from the clamped region towards

the input facet is greatly reduced, and does not increase with increasing bias. As an
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additional effect, ASE emanating from the high carrier density input region towards the

output facet experiences much reduced amplification in the clamped region, making the

effect of reflected ASE from the output facet almost negligible. As a result of this

process, the carrier density at the input of the SOA is not depleted as it would be in a

normal SOA, and so the noise figure remains low.

3.2.2. Multi-contact semiconductor optical amplifier

The second design that will be discussed is that of a multi-contact semiconductor optical

amplifier. The later-cavity SOA controls the carrier density distribution with the active

region both directly, through gain clamping, and indirectly, through the reduction of

ASE travelling to the input region. The multi-contact SOA, or MC-SOA, achieves this

goal through directly shaping the carrier density profile [10]. The device is electrically

separated into a number of sections, and each section is independently electrically

pumped, allowing the direct control of the carrier density within. Multi-contact SOAs

have been studied before for a number of purposes. Control of gain bandwidth through

the use of MC-SOAs has been demonstrated [11]. Other applications include use as

interferometric devices, utilizing the ability to dynamically vary the phase change

experienced by input signals [12]. MC-SOAs have also been studied as potential

solutions for low chirp remote modulators in passive optical networks [13]. The key

advantage of MC-SOAs is their ability to dynamically alter device parameters depending

on the bias current injected.

Device structure

An image of the MC-SOA is shown in Fig. 3.3. The device is a bulk InP/InGaAsP SOA,

angled and anti-reflection coated, with a length of approximately 700 μm. Three

electrodes are used for current injection into three sections of length 236 μm, 254 μm

and 210 μm. The 236 μm side is nominally taken to be the input facet. Electrical

isolation between the contacts is provided by a 10μm slot, and resistance between

sections is measured to be 300 Ω. The waveguide is slightly flared at the facets. The

SOA is nearly polarization independent. For manufacturing reasons, the current in each

contact is limited to 100 mA. It has been experimentally observed that the gain of the

MC-SOA rapidly diminishes at overall bias currents > 150mA. Increased heating of the

device is a possible cause. Consequently, the total bias current for the three sections, in

all experiments, is restricted to 150 mA.
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3.3. Top-down view of multi-contact SOA, showing individually biased sections.

Function of multi-contact design

The individual sections in the MC-SOA share a common ground, and can be connected

to multiple current sources or a single source with a resistor network controlling the

distribution of current (see Fig. 3.4). The device presented in this thesis was biased using

three separate current sources. The key advantage of using a multi-contact design is that

there is complete flexibility regarding the choice of SOA operating conditions. The

carrier density profile achieved by the lateral cavity SOA by using gain clamping can be

created simply by injecting a higher bias current into the input section than the output

section. Similarly, the carrier density profile for achieving a higher saturation output

power, discussed in Chapter 2, can be obtained using the same total bias current, but

with a higher bias applied to the output section compared to the input.
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3.4. Schematic of MC-SOA. Sections can be pumped with multiple sources or single
source with resistor network.

3.3. SOA model

The SOA designs described above and the concepts for parameter control outlined in the

previous chapter are elaborated in this chapter using simulations. The simulations have

been developed based on a travelling wave description of an SOA [14, 15]. In order to

accurately model the variation of electric fields and carrier density along the waveguide

length, the SOA is modelled in n subsections, with values for all variables assumed to be

constant for each subsection and calculated for each one [16]. The carrier density is set

at an initial value and is updated from the determined values of the ASE and signal

fields. This process continues over a defined number of iterations. Values for carrier

density as well as ASE and signal fields are used as initial conditions for the next

iteration. The structure of the simulation is outlined in a flowchart in Appendix A.2. An

overview of the concept of the simulation is shown in Fig. 3.5 below. This depicts the

sectioning of the SOA, as well as the carrier density and forward and backward

travelling spontaneous emission fields.
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3.5. Schematic of simulated SOA, indicating carrier density (green) and forward (blue)
and backward (red) travelling spontaneous emission, for the case with no injected
signal.

The ASE intensity and the signal intensity along the waveguide (z axis) are described as

a function of angular frequency ω by slowly varying envelope functions, and calculated

using the set initial value of the carrier density and the material gain, which is itself

determined from the physical properties of the SOA specified in the simulation. The

material gain function used in this model is physical [17] rather than phenomenological

[18] and is outlined in Appendix A.1. The values of the ASE intensity I, for each

successive subsection are determined by the values in the previous subsection according

to boundary conditions. These boundary conditions govern how the facet reflectivity

affects the propagation of the ASE, and are given as,
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where m indicates subsection number. The relations above determine the behaviour of

the ASE intensity travelling in both the positive and negative directions at the subsection

boundaries and the facets, where r 1,2 is the reflectivity of facet 1 or 2. A similar

equation set determines the behaviour of the signal intensity with respect to time t and

position, z. The boundary conditions for the signal envelope functions are,
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where ωp0 and ωk0 are the gain peak angular frequency and signal angular frequency

respectively. Using the values for the ASE envelope function, modified by the boundary

conditions above, the spontaneous emission photon density is obtained as,
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where mN  is the carrier density in subsection m, mG  is the single pass gain (expressed

in linear scale) in subsection m calculated from the carrier density and material gain,

Rr(Nm) is the radiative recombination rate, α is the internal loss coefficient and   is the

effective spontaneous emission factor, a measure of the spontaneous emission coupled to

the travelling mode.  The photon density for the signal is also obtained in a similar way

using the signal envelope function:
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The values for the spontaneous emission photon density and the signal photon density

are then used to solve the carrier density rate equation. The program algorithm attempts

to find a solution for carrier density Nm such that the derivative equals zero,
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where im is the bias current injected at an individual subsection m, q is the charge of the

carriers, V is the volume of the active region in subsection m, a1 is the differential gain

coefficient and N0 is the transparency carrier density. R(Nm) represents the total

recombination rate equal to ANm+BNm
2+CNm

3, where A is the non-radiative

recombination coefficient, B is the radiative recombination coefficient, and C is the

Auger recombination coefficient. The simulation is modified in the case of modelling

the lasing that occurs in the lateral cavity SOA, which introduces a change in the carrier

density distribution. An additional term Slas, representing the laser photon density, is

added to the carrier density rate equation to take this into account. The evolution of the

lateral laser photon density with time is determined by,

  )(..),(. , mspLlasmlmlasLg
las NRSNgv

dt

dS
  , (3.7)

where ГL is the optical confinement factor of the lateral laser cavity, γ is the photon

lifetime and Rsp the spontaneous emission rate coupled to the lasing mode. This entire

process comprises a single iteration of the model. The solved value of the carrier density

is used to calculate the ASE and signal fields for the next iteration. Once convergence is

reached, the gain and the noise figure are then obtained. The noise figure of each

subsection in the SOA is determined from the population inversion factor for that

subsection, nsp,sub, in accordance with the relationship between the two parameters that

was established in Chapter 2. Following on from this, the noise factor Fsub for a single

subsection is given by,
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 ,                (3.8)

where Gsub is the single pass gain of the relevant subsection. The model presented takes

into account the shot noise of the signal in order to improve accuracy. The total noise

factor of the SOA, taking into account the individual noise contributions of each

subsection, must be described as equivalent to a chain of amplifiers, and is thus

calculated by the formula established in [19]. This formalism can be derived from the
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formalism given in [20] and described by Eq. (2.31) by taking into account the shot

noise term. If we define Ftot as described in Eq. (2.31) as equal to the noise factor due to

the signal spontaneous beat noise only, Fsig-sp,tot, then the total noise factor for a chain of

amplifiers, or in this case, subsections, is given by,

nnm
totspsigtotshotspsig GGGGG

FF
121

,, ...
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  ,                                       (3.9)

where Gm is the single pass gain of the mth subsection out of n subsections. Replacing the

individual noise factor terms Fm in Eq. (2.31) with the equation used in the model, given

in Eq. (3.8), and correcting for the extra shot noise terms, Eq. (3.9) becomes,
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(3.10)

Multiplying out this expression and combining Eqs. (3.8) and (3.10), we are left with an

expression for the total noise factor F of an amplifier (or subsection) chain that takes

into account sig-sp noise and shot noise,
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The noise model used in the simulation is a deterministic model, rather than a stochastic

model that takes the full noise bandwidth and random nature into account. The noise is

determined for the signal wavelength only, and so the model is used primarily for

determining the behaviour of the parameter control schemes, rather than for accurately

predicting the SOA noise figure. Results from the simulation are presented further on in

the chapter in sections 3.5.1 and 3.6.1. The parameters used in the simulation and their

values are given in Appendix A.3.
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3.4. Measurement techniques

The determination of the gain and noise figure for the modelled SOA designs is

governed by the equations outlined in the previous section. For the experimental

characterization, certain factors need to be taken into account, such as the optical losses

in the setup and the polarization of the input signal and ASE, both of which strongly

affect the measured NF.

3.4.1. Experimental setup

Shown in Fig. 3.6 below is the basic setup used to characterise the SOAs. Both SOA

designs are characterized using the same setup. The continuous wave injected signal

comes from a tabletop tuneable external cavity laser (ECL). The maximum wavelength

emitted from this laser with at least 0 dBm optical power is 1590 nm, and thus,

experiments are restricted to this extent. The output from this source is fiberized and the

polarisation of the signal is controlled through the use of fiberized polarisation controller

(PC). The signal is then propagated through free space by coupling to a lens. The use of

mirrors allows additional angular adjustment to the beam, allowing the improvement of

the coupling. The signal is linearly polarised using a free space polariser (POL) and the

beam is then coupled to the SOA via a 0.5 NA anti-reflection coated aspheric lens.

Polarization is set along the TE eigenmode of the waveguide for both SOA designs. The

collection side of the setup is similar, save for the absence of a polariser and a

polarisation controller, and the output signal is finally coupled to an optical spectrum

analyzer (OSA) with a resolution bandwidth of 0.06 nm. For the accurate determination

of the noise figure when not using an output polariser, it is necessary to know the

magnitude of the ASE that is co-polarised with the signal [21]. To achieve this, the free

space polariser is set to the polarisation of the input signal and is then placed at the

output of the SOA in the absence of an input signal. The ASE is then measured both

with the polariser and without, using a free space power meter. The ratio of the two

measurements is the percentage of co-polarised ASE. The absorption loss due to the

polariser is also taken into account.
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3.6. Experimental setup for characterizing SOAs in CW regime. ECL - external cavity
laser; PC – polarization controller; POL – polarizer; SOA – semiconductor optical
amplifier; OSA – optical spectrum analyzer.

3.4.2. Determination of losses

To accurately determine the noise figure of an SOA, it is vital to have a good estimation

of the coupling losses in the experimental setup. In particular, input losses affect the

noise figure to a large extent. When signal-spontaneous beat noise dominates over other

sources of noise, which it normally does in the case of a moderate to high gain SOA, the

relation between the fibre to fibre noise factor Fff and the intrinsic noise factor Fi can be

approximated to:

in

i
ff c

F
F  , (3.12)

where cin is the input coupling coefficient. The main source of loss when launching a

signal into an SOA is mode coupling loss. This occurs because the mode profile of a

light beam emerging from an optical fibre is circular, whereas the mode profile of the

spontaneous emission at the facet of an SOA is generally elliptical. The mismatch

between these two shapes causes a coupling loss at the input and at the output if a fibre

is used to collect the output signal. Other sources of loss in the setup can come from
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losses in the fibre itself, absorption and reflection in the free space polariser, the mirrors

and reflection from the coupling lenses. A wide aperture integrating sphere and power

meter is used to measure the power at various points in the experimental setup. In doing

so, the loss due to each element can be calculated.

1) Output losses

 The modal mismatch between the circular mode of the fibre and the elliptical

mode of the SOA is measured first. The ASE power is measured just after lens 3

using the integrating sphere. Power is measured using the OSA. The difference

between these readings is the output modal coupling loss + the losses from the

mirror and lens 4 + fibre just before the OSA.

 The ASE is measured after mirror 2. The difference between this reading and

the measurement after lens 3 gives the mirror loss for the ASE. This is

subtracted from the modal coupling loss to give pure modal coupling loss + fibre

and lens 4 loss.

 Mirror reflectivity is not necessary the same for signal and ASE. A signal is

injected at the output arm of the setup and power is measured before and after

mirror 2. The difference is the mirror loss for signal.

2) Input losses

 The modal mismatch at the input side of the setup is determined in the same way

as the output side. Because we assume that the optical path can be reversed, this

measurement should be valid to describe the modal mismatch of the signal

coupling to the SOAs elliptical mode. The polariser is removed from the setup

while calculating the modal loss. The mirror loss is also determined in the same

way.

 To calculate the loss from the polariser, a signal is injected into the SOA and

maximized (TE polarised) using the polariser. It can be observed on the OSA

when the maximum signal has been reached. The injected power is measured

before and after the polariser. This gives the loss associated with the polariser.
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3) Lens losses

 To find losses due to reflections at the coupling lenses (lenses 2 and 3), a signal

is injected through a lensed fibre in order to approximate the SOA output mode.

This signal is measured before and after the coupling lens (the integrating sphere

is placed in the setup instead of the SOA).

3.4.3. Measurement of gain and noise figure

Fig. 3.7 below shows a typical output spectrum of an SOA with an input signal injected.

The spectra are recorded over a wavelength span of 1nm and are corrected for the

resolution of the OSA, which is set at 0.06 nm for the measurements.  The peak value of

each spectrum, i.e. the peak of the signal, is found. The area around this peak is then

integrated, within a set bandwidth, giving the total signal power. Using these same

limits, a line is extrapolated across the peak, indicating the level of noise or ASE in the

received signal. Integration under this line gives this value, which is then subtracted

from the calculated total signal power. The same process is applied to the input signal

spectrum in order to determine the contribution of source spontaneous emission (SSE),

which is noise associated with the laser source. This is sufficient information to calculate

the noise figure. The gain is first determined by comparing the total output signal power

measured with the input signal, the power of which is already known. Both of these

values are corrected for losses. The noise figure can then be calculated from the optical

noise figure formula give in Eq. (2.12). Here, ρASE is the ASE power spectral density that

is co-polarised with the signal.

B

cPASE
ASE  , (3.13)

where ASEP  is the measured ASE power and B  is the noise bandwidth, which in this

case is taken to be the bandwidth of the signal. The correction factor c takes into account

the percentage of ASE that is polarised in the same direction as the signal and the loss

associated with the free space polariser.
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3.7. Output spectrum from SOA with signal injection recorded on optical spectrum
analyzer. Indicated are the signal and the extrapolated ASE noise within bandwidth B.

3.5. Simulated and experimental characterization of LC-SOA

This section presents the results of both a simulated and experimental characterization of

the lateral cavity SOA design in the static regime. The gain, saturation output power and

noise figure of a CW input signal after amplification is determined and the device

characteristics that are affected by the carrier density shaping are compared to the

model.

3.5.1. Simulated characterization

In order to take into account the lateral lasing and its effect on the carrier density profile

of the SOA, the carrier density rate equation Eq. (3.6) is modified to include a term to

describe the interaction of the carriers with the laser photons, such that the rate equation

can be written as,
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where Llas is the length of the laser cavity, W is the active region width and Sm,las is the

laser photon density.

Reduction of ASE

Fig. 3.8 shows the effect of the gain clamping caused by the lateral laser. Two carrier

density profiles are simulated, using a simulation with 20 subsections, both for a

standard SOA and for the LC-SOA with the output half of the waveguide clamped by

the lateral laser. The bias current supplied to each SOA is set to 250 mA. There is no

signal injected in the SOA. The standard SOA exhibits the familiar symmetric carrier

density profile, with some depletion of carriers at the facets due to higher ASE intensity

in these regions. For the LC-SOA, the carrier density in the gain clamped regions is

much reduced due to the consumption of carriers by the lateral laser. The level of this

clamping is set by the reflection coefficient of the cavity. Conversely, the carrier density

at the input of the LC-SOA has been increased relative to the standard SOA, although it

is still possible to observe depletion due to ASE. This profile therefore is analogous to

that in Fig. 2.10, which is designed to reduce the noise figure.
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3.8. Carrier density profiles of LC-SOA and standard SOA, showing effect of gain
clamping technique.

The carrier density at the input of the device is higher than that of the standard SOA

because of the reduction in backward travelling ASE, which would otherwise deplete the

carriers. This concept is illustrated in Fig. 3.9, which depicts the forward and backward

travelling ASE intensity for both the standard SOA and the LC-SOA. The ASE for the

standard SOA is symmetrical at both facets. However it is clear to see that in both
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forward and backward directions, the ASE is reduced for the LC-SOA as a result of the

gain clamped output region. The ASE from the output facet of the LC-SOA is also

reduced compared with the ASE emitted from the input facet.
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3.9. Evolution of forward and backward travelling ASE, for LC-SOA and standard SOA.
ASE is reduced in both directions for LC-SOA. The bias current used in the simulation
was 250 mA.

Steady state characterization

The extent of the lateral cavity over the length of the SOA has a significant effect on

both the noise figure and gain properties. Fig. 3.10 (a) shows the variation of the noise

figure as a function of the percentage of the SOA length under gain clamping conditions.

It has been found that the best NF performance can be obtained with 40 - 70% of the

waveguide clamped. The gain variation as a function of the cavity extent is also plotted,

in Fig. 3.10 (b). The gain steadily reduces from its maximum when none of the

waveguide is clamped (standard SOA) to its minimum when the entire waveguide is

clamped, as in the case of a linear optical amplifier (LOA). The LC-SOA used in these

experiments has a cavity extent of 55% of the active waveguide, which provides an

acceptable trade-off between appreciable gain and low noise figure. As a portion of the

waveguide is not clamped, and the carrier density within this region is free to increase

with bias current, the LC-SOA displays a higher gain than the LOA.
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3.10. (a) NF for LC-SOA (input injection) for various values of cavity length (% of
active region length) and (b) gain variation as a function of cavity extent. Input signal at
1500 nm, -30 dBm.

Fig. 3.11 depicts the noise figure of the LC-SOA, for both the input and output injection

directions, and the standard SOA as a function of SOA output power. The characteristic

shape of the NF curve for the standard SOA, as depicted in Fig. 2.12(a) in the previous

chapter, can be seen here. Notably, at lower input powers, the NF of the modelled LC-

SOA is much reduced compared with that of the standard SOA when the signal is

injected at the facet with no cavity, with a difference in magnitude of about 0.8 dB, or

almost 20%. Also interesting to note is that the NF of the LC-SOA is much higher when

the signal is injected at the facet with the cavity. This is due to the low carrier density,

and thus low population inversion factor, at the input of the device, increasing the

overall NF in the SOA. The increase of NF at higher input powers is due to the depletion

of carriers at the input facet. The subsequent increase in nsp leads to a higher overall NF

for the SOA.
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3.11. Noise figure as a function of input power for simulated SOA at 250 mA. Injected
signal wavelength is 1500mA.

3.5.1. Experimental characterization

Non-injection characterization

The output ASE power of the SOA is measured, using an optical power meter, as a

function of the bias current supplied. These data are plotted on an L-I curve, which is

shown in Fig. 3.12. The power is measured from both the input facet and the output

facet, which is the side with the embedded lateral cavity.
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3.12. L-I curve of LC-SOA, measured from both input (no cavity) and output (cavity).
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It is clear to see from Fig. 3.12 that the output ASE power from the facet without the

lateral cavity is higher, indicative of the higher carrier density in this unclamped region

of the SOA. This result corroborates the simulated data in Fig. 3.9. Also of note is the

reduction of the ASE power measured at the input side as the bias current is increased

past 200mA. Increased heating of the device is thought to be responsible for a reduction

in gain, due to poor thermal bonding between the chip and the submount. Am additional

cause of device heating could be that of excess heat trapped in the air between the Bragg

layers. For this reason, the experimental characterization of the LC-SOA is performed at

a maximum bias current of 250mA. Another important characteristic of the SOA in the

non-injection regime is the amplified spontaneous emission spectrum. The ASE

spectrum indicates the power spectral density of the ASE as a function of the

wavelength. The peak of the ASE spectrum generally corresponds to the maximum of

the material gain spectrum. To characterize the ASE, the output of the SOA was coupled

to an optical spectrum analyzer with a resolution bandwidth of 0.06nm. Fig. 3.13

presents these results, taken at a bias current of 175mA, again measured from both the

input and output facets. There is a measurable power difference between the spectra

measured from the input facet compared to that of the output facet. In addition to this,

the greater carrier density at the input facet leads to a wider ASE bandwidth. The ASE

peak wavelength is 1497nm.
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3.13. ASE spectra for LC-SOA, measured from input (no cavity) and output (cavity)
facets at 175 mA bias current.

Steady state characterization

The gain spectrum of the LC-SOA as a function of the input signal wavelength is
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presented in Fig. 3.14. An input signal of -10dBm was injected to the SOA. The input

modal mismatch was measured using the methodology described in Section 3.4.2, and

was found to be ~ 5.5dB, which is relatively high for an SOA, where modal mismatches

on the order of 3 dB are expected. The input modal losses as well as other setup losses

added up to a total input loss of ~ 8 dB. The input coupling coefficient, defined in Eq.

(3.12), is therefore 0.15. Consequently the input signal at the SOA facet is reduced to ~

-18dBm. The output modal mismatch is measured to be 5 dB, with the total loss equal to

~ 7 dB, a coupling coefficient of 0.19. The presented gain and noise figure values are

corrected for the system losses and so represent chip values.
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3.14. Gain spectrum of LC-SOA with respect to wavelength. Input signal power at SOA
facet is -18 dBm, injected at input facet (no cavity).

The maximum gain measured is 8.5 dB at a central wavelength of 1492 nm, 5 nm from

the ASE peak wavelength. The 3 dB bandwidth is measured as ~ 70 nm. The saturation

power characteristics are shown in Fig. 3.15 below. The gain is plotted as a function of

the input power for a wavelength of 1490 nm in Fig. 3.15a. The most obvious feature of

this plot is the gain difference between input and output injection schemes. A possible

explanation is that the presence of the slots reduces the refractive index immediately

surrounding the active region. This could increase the confinement factor in this area

and potentially introduce a directional dependent discrepancy in the facet loss. When the

signal is injected at the input facet, the larger confinement in the area of the cavity

increases the efficiency of the output coupling to the lens. This effect is absent when

injecting from the output facet, where the signal experiences a lower confinement as it

travels through the device. This discrepancy in output coupling causes a difference in the

gain. When measuring the loss factors present in the setup, as per Section 3.4.2, this
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extra loss would not be measured and accounted for, as it occurs between the SOA and

the coupling lens. As the extra loss occurs for the output coupling, it should not affect

the noise figure measurement, which is dependent only on the input coupling loss.
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3.15. (a) Gain as a function of input signal power at 1490 nm and (b) gain as a function
of SOA output power. 3 dB saturation powers are indicated by colour-coded dashed
lines.

In order to examine the dimensions of the output beams from the SOA facets, a large

area photodiode was used to measure the power from the SOA. It was placed on a 3-D

translation stage which allowed it to obtain a profile of the output beam in both x and y

directions. The step size of the stage is 2 μm. The photodiode was place at a working

distance of 200 μm from the SOA facet. This distance was measured using a microscope

with a calibrated micrometer scale. The starting point was set as the position of

maximum signal in both axes. The results can be seen in Fig. 3.16. The probability

density function (PDF) of the beam profile along the horizontal axis for both SOA facets

is shown in the figure on the left, while that along the vertical axis is shown on the right.

The beam profile from side 1, which is nominally the input facet, is shown in blue. The

beam profile from side 2, which is the output facet, is shown in red. The lateral cavity is

placed closest to the output facet. It is clear to see that the profile from the output facet is

narrower than that of the input facet. The FWHM of the side 2 beam profile in the

horizontal axis is 28.2 μm, compared with 31.1 μm for the side 1 profile. Similarly, the

FWHM of the side 2 beam profile in the vertical axis is 17.5 μm, compared with 24.2

μm for the side 1 profile. These results indicate the possibility of a coupling loss

discrepancy when coupled to the lens.
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16. Probability density functions of beam profiles, measured at both SOA facets for both
horizontal and vertical axes.

It can be seen from this Fig. 3.15 that the saturation power of the SOA is increased when

the signal is injected at the output facet. The reason for this is that the carrier density

profile experienced by the signal injected at the output is the high saturation power

profile explained in Chapter 2. In the case of the LC-SOA, the input signal does not

saturate the gain-clamped section of the amplifier, and the high carrier density at the

input facet of the SOA created by the gain clamping scheme ensures that the signal can

be linearly amplified in the this section as well. The effects combined increase the input

power required to saturate the SOA, measured to be -3 dBm and 0.8 dBm for input

injection and output injection, respectively. Similarly, in Fig. 3.15b, the saturation output

powers are measured to be 2.54 dBm and 4.31 dBm, respectively. These results

demonstrate a 1.77 dB increase depending on injection direction.

The key goal of the LC-SOA is to achieve control over the noise figure. Fig.

3.17 shows the noise figure plotted as a function of the signal wavelength, for signal

injection at both the input and the output facet. The injected signal power is the same as

that for Fig. 3.14, which was -18 dBm. Of particular note is the reduction in NF

achieved through injection at the input. This discrepancy is due to the particular carrier

density profile created by the lateral cavity scheme, as explained in the previous chapter.

The minimum NF measured for the input injection scheme is 8.2 dB at 1500 nm, which

is quite high. This value could possibly be explained by higher internal losses than

expected, in addition to explaining the low gain value. The minimum NF of the output

injection direction is 10.75 dB, which is 2.55 dB higher than that of the input injection

direction. This is direct evidence of the effect of the lateral cavity on device parameters.
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3.17. Noise figure of LC-SOA as a function of input signal power for both injection
directions. Signal wavelength is 1490 nm.

Control SOA

In order to assess the noise figure performance of the LC-SOA vis-à-vis a standard SOA,

an identical SOA from the same batch was characterized. This SOA does not have a

lateral cavity embedded. The chip gain spectrum of the SOA with respect to wavelength

is shown in Fig. 3.18a. The input power to the SOA is -18 dBm. As can clearly be seen,

the performance of this SOA is not comparable to the LC-SOA. The maximum gain

observable is 4.53 dB at a wavelength of 1487 nm. In addition to this, the minimum

noise figure value of 11.54 dB seen in Fig. 3.18b is higher than that of the output

injection scheme in the LC-SOA, which is counter to expectations from the simulated

data. As a result of these measurements, the control SOA cannot be used for an accurate

validation of the NF reduction achieved by the LC-SOA.
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3.18. (a) Gain of control SOA as a function of input wavelength. (b) Noise figure of
control SOA as a function of input wavelength. Input signal power is -18 dBm.

In conclusion, the results from both the simulated and experimental characterisation of

the LC-SOA indicate that the NF can be varied through control of the carrier density

distribution within the SOA. This is done through gain clamping with a lateral laser

cavity. The experimental characterisation also indicates that saturation output power of

the device can be improved by signal injection at the output facet. The overall values for

gain and noise figure were below expectations, although it should be noted that the SOA

is a prototype design. It is possible that the proximity of the Bragg structure to the active

layer introduces a direction dependent loss due to altering the mode confinement. Other

LC-SOA devices from the same batch with narrower lateral cavity exhibited

performance worse than that of the presented device. This problem could potentially be

addressed by further increasing the width of the lateral cavity.

3.6. Simulated and experimental characterization of MC-SOA

This section presents a study through simulation of the multi-contact SOA concept and

its effect on the noise figure and saturation power of an SOA. Experimental results from

the MC-SOA are then presented and the device characteristics are compared to those

determined by the simulation. For the following data, the following terminology will

apply. The carrier density profile for lowering noise figure is referred to as low noise,

and indicates 80 mA, 50 mA, and 20 mA in the input, middle and output sections of the

SOA for the simulated data, and 90 mA, 50 mA and 10 mA for the experimental data.

The reason for the discrepancy in the bias current between the simulation and the real
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data is due to a difference in the transparency current in the low bias section between the

simulation and the real device. The objective of the simulation is to identify the physical

mechanisms of the parameter control process. The carrier density profile for increasing

the saturation output power is referred to as high Psat. The bias conditions for this profile

are the opposite of the low noise profile. The third profile referred to is the standard

SOA profile, which is created by injecting 50 mA into each contact.

3.6.1. Simulated characterization

Simulating separate contacts

An important difference between simulating the LC-SOA and the MC-SOA is that

multiple injection currents must be taken into account. As the simulation models the

SOA in subsections, an individual bias current can be specified for each one. Following

on from this, groups of subsections are assigned to represent individually modelled

electrical contacts / sections.

3.19. Schematic of bias current injection for 24 subsection model, assuming differing
MC-SOA section sizes. 90 mA, 50 mA and 10 mA are the bias currents injected into the
input, middle and output sections respectively in this example.

For example, in the case of modelling a 3 contact MC-SOA, with each contact being of

equal size, a simulation that uses 12 subsections would assign 4 subsections to represent

each contact. In the case of the MC-SOA under test in this work, the SOA sections are

not of equal size. This fact has an important bearing on the characteristics of the device,

relative to an SOA with equal section sizes, and must be accurately modelled. To do

this, the number of subsections modelled is increased to 24. In this case, the 236 μm
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section is represented by 8 subsections, the 254 μm section by 9 subsections and the 210

μm section by 7 subsections. A schematic of this approach is shown in Fig. 3.19, above.

Evidence from model for parameter control

It has been predicted in the previous chapter that the carrier density profile used to

achieve a low noise figure should lead to lower levels of ASE in the SOA, relative to a

normal SOA, because the gain clamped / low bias sections cause an attenuation in the

propagating spontaneous emission. An indication of this effect in the simulation is

presented in Fig. 3.20, which shows both the forward and backward evolution of the

spontaneous emission intensity within the SOA for the three bias configurations in

question. The backward travelling ASE shown is representative of the spontaneous

emission emanating from the output facet, and not the reflected forward travelling ASE,

which is relatively low. The ASE is clearly attenuated for both the low noise and high

Psat configurations within their respective low bias sections, while the evolution of the

ASE is symmetric for the standard SOA case. Of particular note is that in both the

forward and backward directions, the total ASE intensity is reduced for both low noise

and high Psat profiles compared with the standard SOA profile. This phenomenon is a

result of both the attenuation of the ASE in the low bias sections and the lower optical

gain in these two configurations.
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3.20. Evolution of ASE intensity along waveguide for both forward (solid) and backward
(dash) traveling ASE, for 3 simulated bias conditions.

To achieve the lowest possible noise figure, the input section must be as highly pumped

as possible. For this reason the input section of out modelled SOA is set to 80 mA
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injected current, and the middle and end sections are varied from 5 mA to 90 mA in

steps of 5 mA. The resulting noise figure values are plotted on a colour map graph (Fig.

3.21) in order to illustrate the effect of the spontaneous emission.

3.21. Colour map of noise figure values, given in colour coded scale on the right. Blue
areas indicate lower NF, whereas red areas indicate higher NF. Input section bias is 80
mA.

The colour map indicates that for an input section bias current of 80 mA, the lowest

noise figure values are obtained when the middle section bias is ~ 40 – 90 mA and the

output section bias is ~ 10 – 30 mA. For a set total bias current of 150 mA, a reasonable

configuration would seem to be 50 mA in the middle section and 20 mA in the output,

which corresponds to the low noise configuration mentioned previously. The reason for

this result has been covered in Chapter 2. As the bias current is increased, the role of

spontaneous emission becomes more important. At high bias currents, backward

travelling ASE, whether due to reflections or otherwise, depletes the carrier density of

the input sections of the SOA, increasing the population inversion factor nsp and thus

increasing the NF.

The data shown in Fig. 3.22 shows the simulated evolution of the signal photon

density for the three bias conditions as it propagates through the waveguide, in a similar

manner to Fig. 3.20. The signal power and wavelength are 5 dBm and 1570 nm,

respectively, in order to saturate the SOA. The optical gain in this figure can be

imagined as the slope of the photon density. The reduction of the signal for the low noise

profile is clearly evident in the final subsections as the signal photon density drops

rapidly, indicative of the low carrier density in this region resulting in optical loss. A
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reduction in the slope of the standard profile curve is visible towards the output of the

SOA, whereas for the high Psat profile, the signal photon density increases sharply in the

highly pumped final subsections, indicating that the gain remains unsaturated in this

configuration.
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3.22. Photon density of input signal of 5 dBm as it propagates through waveguide, for
three bias configurations.

Fig. 3.23 shows the simulated gain, noise figure and saturation power values for various

bias conditions, again modelling an SOA with 3 contacts. The middle contact bias is

held constant, and the bias conditions in the other two contacts are varied. A simulated

signal of -15dBm power and 1570nm wavelength is injected for the gain and NF

calculations. The maximum gain is observed while operating in the standard condition,

i.e. that replicating a single contact SOA with equal current injection to all contacts. The

magnitude of the gain decreases as the carrier density profile becomes less symmetrical.

This effect is due to gain saturation at high bias, which is explained further on in this

section. As expected, the NF is observed to decrease as the bias condition approaches

that of the previously discussed low noise profile, and equivalently the saturation power

increases for the opposite case. For the saturation power calculations, the signal power is

increased to 5 dBm.
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3.23. Simulated gain, noise figure and saturation power for various bias configurations.

Simulated steady state characterization

The steady state gain and noise figure values were calculated for the modelled multi-

contact SOA for a range of input power, signal wavelengths and for the 3 bias current

distributions under investigation. All values given for gain and NF are considered to be

chip values and not fibre to fibre, as the model does not account for sources of optical

coupling loss. In order to determine the gain spectrum of the MC-SOA as a function of

the input wavelength, the signal wavelength was varied from 1540 nm to 1590 nm,

given that the SOA is designed to operate in the 1550 nm region. The input signal power

was chosen to be -15 dBm, which is within the linear amplification region of the SOA.

The resultant gain spectra for the 3 bias configurations of interest are presented in Fig.

3.24. The maximum gain is observed with the standard SOA profile and is measured as

18 dB at a wavelength of 1550 nm. The maximum gain of the low noise and high Psat

configurations is 16.06 dB and 15.54 dB respectively at 1570 nm, a difference in gain of

0.52 dB. At low input power, it would be expected that the gain should be equal. This

discrepancy is explained by the difference in the size of the individual contacts of the

SOA, as explained further on in this section. These gain values were calculated at

1570nm.
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3.24. Simulated gain spectra for investigated bias conditions as a function of input
signal wavelength. Input power is set to -15 dBm.

The blueshift of the gain peak in the standard SOA configuration relative to the other

two is caused by the relative increase in band filling at this bias configuration. As the

bias current is increased, the parabolic nature of the conduction band E-k diagram means

that the lowest energy states are filled before higher energy states. Hence in low bias

current conditions, such as those seen in the low noise and high Psat configurations in the

output and input sections respectively, the gain is more significant at longer

wavelengths.

The noise figure spectra of the modelled SOA are shown in Fig. 3.25. The

operating conditions are identical to those used to obtain the optical gain data in Fig.

3.24. The minimum NF determined by the simulation is 4.47 dB at 1570nm, for the low

noise bias configuration. A reduction in the noise figure of 0.6 – 0.7 dB between the low

noise configuration and the standard configuration is visible over the entire wavelength

range in the simulated data, which corresponds to a reduction of over 12%. The noise

figure for the high Psat configuration is approximately 2.5 dB higher than that of the low

noise case. The reason for this increase is due to the small bias current injected into the

input facet, causing a high NF and thus increasing the NF of the whole device.
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3.25. Simulated noise figure spectra as a function of signal wavelength.

The saturation input and output powers were obtained by calculating the gain as a

function of input signal power. The signal wavelength was chosen to be 1570 nm, which

is the gain peak wavelength for the low noise and high Psat cases. The input power was

varied from -30 dBm to 5 dBm. The results can be seen in Fig. 3.26a, which plots the

optical gain as a function of the input signal power. According to the data presented

here, the saturation of the gain occurs at much lower powers for both the standard and

the low noise configuration compared with the high Psat configuration. The input

saturation powers are indicated on the graph in colour-coded dashed lines, and are

calculated to be -5.44 dBm, -4.39 dBm, and -0.16 dBm for the low noise, standard and

high Psat configurations, respectively. The large difference in the saturation power is a

strong indication that the linear increase in carrier density along the waveguide allows

the gain to stay linear for a larger range of input powers. The difference in saturation

input power is large enough such that the smaller gain experienced by the high Psat

configuration is not enough to diminish the saturation output power below that of the

other two configurations. These data are presented in Fig. 3.26b, and follow a similar

trend to that of Fig. 3.26a.
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3.26. (a) Simulated optical gain as a function of input signal power, for three bias
configurations; (b) Simulated optical gain as a function of SOA output power, for three
bias configurations. For both figures, 3 dB saturation powers are indicated.

From Fig. 3.26b we can determine the saturation output powers to be 7.83 dBm, 10.82

dBm and 12.53 dBm for the low noise, standard and high Psat bias configurations,

respectively. This shows an increase in saturation output power of the high Psat case of

1.72 dB, or 48%, over the standard case.

Effect of Contact Size

In addition to the magnitude of the current injected into the device, the relative size of

the individual contacts impacts significantly on the characteristics of the SOA. As

described previously, the multi-contact SOA under investigation has three contacts of

slightly varying length. The consequence of this feature is that for a given injected bias

current, average carrier density at a particular contact will vary depending on its size,

and thus affect the gain and saturation properties of the overall device. The simulated

results presented in Figs. 3.24 and 3.26 exhibit a similar trend with regard to the

difference in gain observed between the low noise and high Psat cases at low input

power. In both cases the small signal gain for the low noise case is ~ 0.52dB higher than

that of the high Psat case. Fig. 3.27 demonstrates the explanation for this phenomenon.
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3.27. Gain vs contact size for various bias currents.

It is observed in simulation that as the size of the modelled contact increases, the gain is

reduced for low bias currents, whereas for higher bias currents it is increased, as seen in

Fig 3.27. For large contact sizes, a low injected bias current can mean that the carrier

density is below transparency, that is, gain is below 0 dB. Conversely, the same bias

current injected into a small contact leads to a larger average carrier density and thus

larger gain. At the other end of the bias scale, gain saturation due to ASE as well as

Auger and bi-molecular non-radiative recombination processes occurs sooner in small

contacts. This is due to their higher average carrier density, whereas the lower average

carrier density in the large contacts prevents saturation from occurring until far larger

bias currents are injected.
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3.28. Gain vs bias current for a single contact.
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The result of this behaviour can be seen in the SOA under investigation. For the low

noise case, a large current is injected into the larger of the facet contacts, and thus leads

to a higher gain than the equivalent high current contact in the high Psat case, where this

current is injected into the opposite, smaller contact. In Fig. 3.27 this difference in

represented by ΔG1. Similarly, for the low noise case, the small current is injected into

the small facet contact, producing a higher average carrier density than for the

equivalent low current contact in the Psat case. This difference is represented by ΔG2.

Consequently, the gain for the low noise case is higher. The effect of the contact size on

the characteristics of the SOA provides an additional flexibility in the design of the

device. It should be noted that the non-linear variance in gain with bias in a single

contact shown in Fig. 3.28 is due to the previously explained processes, and is the reason

why the gain is higher for the standard bias configuration. As the bias current increases,

recombination processes limit the increase in gain at high bias currents. Consequently, in

either the low noise or high Psat configurations, the larger gain experienced by the highly

pumped area is not enough to compensate for the lower gain in the low bias portion of

the device, and thus the overall gain is lower than that of an SOA with equally

distributed current, i.e. ΔGa < ΔGb, as per Fig. 3.28.

.

3.6.2. Experimental characterization

Non-injection characterization

Before signals are injected into the MC-SOA in order to determine gain and noise figure,

the basic non-injection characterization of the SOA is performed. Fig. 3.29 shows both

the L-I and V-I characteristics of the MC-SOA. For this plot, the 3 individual sections

are pumped in parallel from a single source, equivalent to a single contact SOA. The

bias current indicated is therefore the total bias supplied to the device, while the voltage

measured is that across all sections. The characteristic turn-on behaviour of the voltage

can be seen as current begins to flow in the device. As the current is increased, the

optical power rises steadily. However, between 100 and 150 mA, the power begins to

drop off rapidly. As previously mentioned, this is thought to be due to increased heating

of the device, resulting from poor thermal bonding of the chip to the submount.
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3.29. L-I and V-I curves for MC-SOA with all electrical contacts wired in parallel.

In Fig. 3.30, L-I and V-I curves are presented where the bias current in both the input

and output sections is held constant at 33 mA, while the bias in the middle section is

varied. In this case, the voltage across the middle section is non-zero at 0 mA bias

current. This is likely due to a combination of the voltage applied across the input and

output sections and the imperfect electrical isolation between the contacts. As the middle

section bias is increased towards 80 mA, the total current in the device approaches 150

mA and the measured optical power begins to decrease, similar to the trend seen in Fig.

3.29.
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3.30. L-I and V-I curves for MC-SOA with input and output section biases of 33 mA and
middle section bias varied from 0 – 80 mA.
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Fig. 3.31 shows the ASE spectra for the 3 bias configurations. The standard

configuration results in the largest emission of ASE, as is to be expected from the

simulations which indicate that it should result in the highest gain. This dependence on

gain is also supported by the fact that the ASE is consecutively lower for the low noise

and high Psat configurations. Inset in Fig. 3.31 is a close view of the ASE spectrum

showing the Fabry-Perot ripples caused by the residual facet reflectivity. These ripples

are approximately 0.2 dB peak to peak, so effectively the MC-SOA can be considered a

travelling wave amplifier. The OSA resolution bandwidth for measuring the ASE ripples

was 0.02 nm.
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3.31. ASE spectra of MC-SOA for 3 bias configurations. Inset: Fabry Perot ripples in
ASE spectra, taken at 0.02 nm resolution bandwidth.

Steady state characterization

The gain and noise figure of the MC-SOA are experimentally determined for a range of

input signal wavelengths and powers. The input and output coupling coefficients are

measured using the technique outlined in Section 3.4.2. The input loss due to the modal

mismatch between the fibre and SOA modes is calculated as ~ -3 dB. The additional

losses in the setup increase the input loss, the final input coupling loss determined to be

~ -5 dBm. The input coupling coefficient, defined in Eq. 3.12, is therefore 0.32.

Similarly, the total output losses are determined to be -6 dBm, giving a coupling

coefficient of 0.25. The chip gain characteristics are measured as a function of the input

signal wavelength, which is varied, as in the simulated characterization, from 1540 nm

to 1590 nm. The signal power is set to -10 dBm, giving an input power at the SOA facet
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of -15 dBm. The results are presented in Fig. 3.32. Similarly to the simulated data, the

maximum gain is observed in the standard bias configuration, and is measured to be 17.5

dBm at a wavelength of 1562 nm. The maximum gain measured for the low noise and

high Psat configurations is 15.05 dB and 14.25 dB, respectively, at 1570 nm. As with the

simulated characterization, there is a difference in gain between the low noise and high

Psat configurations, in this case 0.8 dB. This discrepancy has been explained previously

as a result of the difference in the SOA section sizes. The difference in the maximum

gain wavelengths for the individual bias configurations can be explained by the blueshift

in the material gain spectra at higher carrier density. This blueshift is also visible in the

ASE spectra in Fig. 3.31. The 3 dB bandwidth of the gain in the standard bias

configuration is measured to be 57 nm.
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3.32. Chip gain as a function of input signal wavelength for 3 bias configurations.

The chip noise figure spectra as a function of input signal wavelength is shown in Fig.

3.33. Of particular note in this plot is that lack of significant difference between the NF

of the low noise configuration and that of the standard configuration. The measured

difference of 0.2 dB is within experimental error. This unexpected result is thought to be

caused by the leakage of carriers between sections due to the small resistance of the slots

between the contacts, which is 300 Ω. It is anticipated that an increase in the slot

resistance could produce a measureable reduction in the noise figure of the low noise

configuration. The measured chip NF of the low noise case is 5 dB at 1568 nm, which is

comparable and superior to many commercial SOAs. Additionally, the difference in NF

between the low noise configuration and the high Psat configuration is measured to be 1.5

dB at 1570 nm.
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3.33. Chip noise figure spectra as a function of input signal wavelength.

This result demonstrates the effect of the carrier density profiles on the SOA noise

figure. The tunability of the device characteristics depending on the carrier density

profile is evident in Fig. 3.34, which plots the saturation characteristics of the MC-SOA.
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3.34. (a) Chip gain as a function of input signal power, at input wavelength 1570 nm;
(b) Chip gain as a function of SOA output power, at input wavelength 1570 nm. For both
figures, 3 dB saturation powers are indicated by dashed lines.

Fig. 3.34a shows the chip gain as a function of the input power. The input signal

wavelength is 1570 nm. The 3 dB saturation input powers are indicated by the colour-

coded dashed lines. It should be noted that the gain of the standard configuration in this

plot is lower than the peak gain, as the peak gain wavelength in this bias configuration is

closer to 1550 nm. The trend observed is identical to that of the simulated data. The low
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noise configuration saturates at the lowest input power, -5.23 dBm, due to the small bias

current in the output section, where the signal intensity is highest. The standard

configuration saturates at a similar input power, -4.75 dBm, mainly due to the increased

gain in this configuration causing saturation in the output sections of the SOA. However,

due to the high carrier density in the final sections, which reduces the carrier lifetime,

the high Psat configuration saturates at an input power of -1.83 dBm. The input saturation

power is dependent on the SOA gain in that a higher gain causes the strongly amplified

signal to saturate the SOA earlier along the waveguide. Accordingly, at a wavelength of

1540 nm, which is closer to the standard bias gain peak, the input saturation power of

the low noise and high Psat configurations are increased to -3.32 dBm and 0.71 dBm,

respectively. Conversely, the input saturation power of the standard bias configuration is

reduced slightly to -4.88 dBm. Fig. 3.34b shows the saturation output power for

injection at 1570 nm. The measured powers are 6.08 dBm, 7.53 dBm and 9 dBm for the

low noise, standard and high Psat configurations, respectively. It should also be noted

that the greater negative slope of the gain curve of the standard bias configuration

suggests that gain saturation for this case would be greatest at higher input powers than

were used in this experiment. Although the saturation input powers measured in the

experimental characterization are similar to those in the simulation, the lower gains

measured for the experimental data reduce the saturation output power relative to the

simulation. Nonetheless, an increase of ~ 1.5 dB, or 40%, has been achieved by shaping

the carrier density profile in the device.
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3.7. Summary

In this chapter, two proposed SOA designs for controlling noise and saturation

parameters were outlined. The devices in question, namely an SOA employing a lateral

laser cavity for clamping the carrier density at the SOA output (LC-SOA), and an SOA

with multiple electrical contacts (MC-SOA) were characterized both experimentally and

theoretically. The structure of the simulation that was used to model the SOAs was

outlined. The SOA characteristics and the processes behind the parameter control were

simulated and presented. A description of the experimental characterization of the SOAs

was then given, along with the results from this characterization. It has been found

theoretically that the LC-SOA concept has the potential to reduce the NF as compared to

a standard SOA. Experimentally, injecting a signal from either facet of the LC-SOA

yielded different values for the noise figure, suggesting that the carrier density

engineering has an effect. However, the characteristics of the control SOA used for

comparative purposes were not comparable to the LC-SOA in terms of gain, which is

not what was expected. Thus, it was not possible to experimentally verify the expected

reduction in noise figure. With regards to the MC-SOA, simulated results suggested that

great flexibility could be achieved in terms of controlling the parameters of the device.

By varying the bias current distribution, the noise figure could be reduced, or conversely

the saturation output power increased. The experimental characterization revealed that

the noise figure reduction over a standard SOA was less than expected. A possible

reason for this might lie in an inadequate slot resistance between the SOA sections,

leading to carrier leakage. A large increase in saturation power over a standard SOA was

observed in the experimental characterization. These results, combined with potential

improvements to the SOA design, suggest that the MC-SOA could be a flexible low

noise or high saturation power component for in-line amplification.
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4. CHARACTERISTICS OF MULTI-CONTACT SOA FOR IN-

LINE AMPLIFICATION

4.1. Introduction

4.1.1. SOAs as amplifiers in optical networks

The previous chapters outlined the theoretical basis for the SOA designs under

investigation in this thesis, as well as a study of their experimental characteristics. These

characteristics are important indicators of how the SOA will perform in a real-life linear

transmission system. SOAs have been shown to be viable as amplifiers in certain

wavelength division multiplexed (WDM) networks, when the total input power is kept

below the saturation power of the SOA [1]. While SOAs generally do not compete with

EDFAs when it comes to high channel count long haul WDM transmission, their lower

cost makes them attractive for use in shorter distance, metro and access networks, that

may have a much reduced channel count compared to long haul networks [2]. SOAs also

have an important advantage over EDFAs in terms of in-line amplification of packet

switched data, as their gain dynamics take place at the speed of the bitrate, and so

exhibit none of the transient effects displayed by EDFAs. The desired attributes of the

SOA depend on the function that it is used for, whether that is amplifying weak or strong

signals, single or multiple channels, et cetera. For example, a potential application for in-

line amplification by SOAs is in reach extension for passive optical networks (PON),

which is a type of network design in which a single optical line terminal in a central

office serves multiple end users via a single fibre and a network of passive splitters [3].

The downstream transmission wavelength of PONs is generally in the 1550 nm window,

whereas upstream transmission takes place in the 1310 nm window. SOAs are ideally

suited to both wavelength ranges, due to the tunability of their material composition. An

SOA with a high saturation power would be suitable for extending the range of the PON

downstream transmitter, whereas SOAs with low noise figure are necessary for effective

amplification of weaker upstream signals. The effect of the multi-contact SOA in both

the low power and high power amplification regimes is characterized in this chapter.

The effects of SOA gain saturation in particular are especially important when

amplifying short optical pulses. Due to the strong coupling between gain and refractive

index changes, gain saturation in SOAs can lead to significant spectral distortion of
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optical pulses. The impact of the bias current distribution on both the temporal and

spectral characteristics of these pulses is characterized in the Section 4.3.

4.1.2. SOA requirements for in-line amplification

In linear transmission systems, unlike when SOAs are used for wavelength conversion

applications, the limiting factors are the noise figure and the saturation power [4]. The

influence of one or the other depends on the whether the SOA is used as an in-line

amplifier, a preamplifier or a booster amplifier.

In-line repeaters

Before the development of optical amplifiers, the attenuation of optical signals

transmitted over long distances had to be compensated for by terminating the signal at a

photodiode, amplifying it electrically, and then retransmitting. This process, in addition

to having transparency issues, has a major disadvantage in that the equipment needed for

it is inherently expensive. The advent of optical amplifiers made these electrical

repeaters obsolete, as the optical signal could now be amplified instantaneously in the

optical domain. As has been mentioned previously, the amplifier of choice for long haul

transmission has been the EDFA, due to its long lived gain dynamics and low noise

figure. As well as EDFAs, Raman amplifiers and linear optical amplifiers (LOAs) have

been studied for WDM transmission [5, 6]. SOAs have also been shown to fulfil this role

[7], for single channel and multichannel amplification, either through keeping the total

injected power below the SOA saturation point, or through the use of novel schemes

such the use of an optical reservoir channel [8]. Because of the ability to tune the

operating bandwidth by altering the material composition of the device, SOAs are the

most suitable technology for in-line amplification in Coarse Wavelength Division

Multiplexing (CDWM) schemes, where the signal wavelengths are outside the

amplification bandwidth of EDFAs [9]. In the case of a long haul transmission link,

numerous amplifiers would be used in a cascade. In this case, the Friis transmission

equation for noise figure (Chapter 2 and Chapter 3) would apply, whereby the amplifier

with the lowest noise should be placed first in the chain. In the case where noise power

builds up from multiple cascaded SOAs, the gain can saturate due to ASE. The total

number of SOAs can be used in an amplifier cascade before noise saturation is given by

[10],
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where Po,sat is the saturation output power of the amplifiers, nsp is the population

inversion factor, G is the gain of the SOAs, B0 is the optical filter bandwidth, and ηin and

ηout are the input and output coupling losses. The dependence on both Po,sat and nsp

suggests that both the noise figure and the saturation output power are important

parameters for in-line amplifiers, depending on where the are placed in the amplifier

chain.

Pre-amplifiers

SOAs can be used to boost the power of a weak signal prior to detection by a

photodetector [11, 12, 13]. A key advantage is that they can be integrated with

photodetectors in one package [14, 15], saving on cost and footprint. Receiver sensitivity

can be greatly improved when the signal is optically preamplified, compared to an

avalanche photodiode (APD) alone, when used in non-coherent direct detection

schemes. The crucial parameter for an SOA preamplifier is the noise figure. Since the

optical signals being amplified have a low power, there is little to no suppression of the

ASE, and thus signal spontaneous beat noise plays an important role. The lack of ASE

suppression means that an optical filter must be used in order to block the broadband

noise from the SOA. If the polarization state of the signal is known, a polarizer may be

used to pass only the co-polarized ASE, improving the photodetector sensitivity by 3 dB.

However, this is usually not the case. The fact that low power signals are being

amplified means that SOA preamplifiers should have an appreciable gain.

Booster amplifiers

Booster amplifiers are typically used immediately following a laser transmitter, in order

to boost the power prior to transmission [16]. This allows the deployment of greater

stretches of fibre without the need for optical or electrical repeaters, cutting down on

costs and increasing reliability. Due to the high input powers encountered by booster

SOAs, the saturation output power is a crucial design factor [17]. The greater this

parameter, the greater the distance the signal can travel, unamplified. The use of SOAs

in WDM transmission applications is reliant on the SOA having a high saturation power.
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This is because the saturation of the SOA is determined by the total power injected into

it, i.e. the sum of the powers of the individual WDM channels. It is necessary to operate

the SOA in the linear regime for amplifying WDM signals in order to avoid non-linear

distortions, such as intermodulation distortion due to four wave mixing of the WDM

channels. Quantum dot SOAs have attracted a significant amount of attention as booster

amplifiers due to the high saturation output powers that they display [18, 19].

4.2. Data transmission using MC-SOA

4.2.1. Introduction

Errors can occur in the detection of optically transmitted signals because of a number of

factors. As previously stated, the limiting factors with regard to SOAs in linear

transmission systems are noise figure and saturation power. Generally, at low optical

power, the noise figure of the SOA is the critical factor. When an optical signal is

incident on a photodiode, a small current is generated. This current is subject to

distortions arising from various factors such as the photodiode dark current, thermal

noise and statistical gain fluctuations for avalanche photodiodes. Importantly, in the case

of SOAs, they are subject to beat noise due to the interaction of spontaneous and signal

photons in the SOA itself (Chapter 2). A decision circuit after the photodiode compares

the received electrical signal to a reference voltage, known as the threshold voltage. The

level of the received signal with respect to this voltage determines whether a 1 or a 0

was transmitted. The various sources of noise in the system give rise to fluctuations in

the signal. If these fluctuations are strong enough, a transmitted 1 can be detected as a 0,

and vice versa. In the case of a high power signal amplified through an SOA, gain

saturation causes inter-symbol interference (ISI), which generally can cause a

transmitted 1 to be detected as a 0, since it has been compressed in the SOA due to the

reduction in gain. In this section the impact of the bias distribution in the multi-contact

SOA on the detected errors in a linear transmission system will be examined, for both

low optical power and high optical power. The data to be used in the experiment is

coded in non-return to zero (NRZ) format, which is an amplitude modulation scheme

whereby the transmitted bit occupies an entire bit time slot.
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4.2.2. Analysis of signal quality

It is necessary to assess the quality of an optical transmission system in order to identify

faults and sources of noise in the link. This can be done by tapping the signal at a point

along the line and analyzing it using an oscilloscope or network analyzer, or by

analyzing it at the receiver end of the line. In order to analyze the impact of the MC-

SOA on the integrity of the transmitted signal, the eye diagrams of the signal is

examined and the bit errors are counted using a bit error rate tester.

Eye diagram

A convenient way to assess the quality of a data signal is the eye diagram. An eye

diagram consists of a series of oscilloscope traces of a modulated signal, repetitively

sampled, and then superimposed on top of one another. It is an intuitive way to visualize

the various factors that impair data transmission [20]. The centre region of the eye

diagram (the “eye”) is a measure of the signal integrity.

4.1. Illustration of NRZ eye diagram indicating measurements obtained.

Fig. 4.1 is an illustration of a typical eye diagram of an NRZ pulse stream. The extent of

the eye opening is measured by the eye height, which is defined as the separation

between the upper and lower 3σ points, where the 3σ point is the point that is three

standard deviations σ from a mean upper or lower level. If the top and bottom levels, or

“rails”, are distorted or spread out, as in this case, it is indicative of intensity noise in the

signal. The signal to noise ratio can be obtained directly from the eye diagram by
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measuring the extent of this distortion. The timing jitter between measurements is also

visible as a spreading out of the transition between bits at the crossing point. All of these

effects contribute to a closure of the eye and a corresponding rise in errors.

Bit error rate testing

The bit error rate (BER) of a transmission system is an end-to-end type of signal quality

assessment that incorporates all of the potential sources of error in a link. It is the best

way to determine the actual performance of a system in its entirety, rather than testing

individual component parts. The signal detected at the receiver end of the link is

compared to the transmitted signal, with any discrepancies between the two counted as

errors. The BER is simply defined as,

sentbitsofnumbertotal

errorsofnumber
BER  .                                          (4.2)

A generally accepted value of BER for error free transmission is 10-9, although certain

standards such as 40/100 Gb Ethernet have even more stringent requirements,

demanding BER of 10-12 and below [21]. A BER of 10-9 for a transmission bit rate of 10

Gb/s corresponds to 10 detected errors every second. In the case of a BER of 10-12, a bit

rate of 10 Gb/s yields one error every 100 seconds. In order to make an accurate

estimation of the BER, the measurement would have to be performed over a significant

period of time. Data errors occur in a random fashion because most of the noise sources

in the optical link are random processes. Therefore in a real non-random data

transmission, it could take too long to detect sufficient errors for an accurate assessment

to be made. In testing bit error rates on a system, a pseudo random binary sequence

(PRBS) can be used instead of the data signal. A PRBS is an approximation of a random

bit pattern, such that a more accurate appraisal of the error introduced by random noise

sources can be made. For the BER analysis performed with the MC-SOA, a 10 Gb/s

signal was transmitted and the errors counted over a 90 second period. This gives an

error count of 900 at a BER of 10-9, which is sufficient to make an accurate assessment.

Analysis of the Q-factor

Each of the transmitted “1” and “0” signal levels has its own associated noise power,

and consequently its own signal to noise ratio (SNR). As such it is required to define a
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parameter that takes into account both SNR values, incorporating them into an overall

measure of the quality of the signal. The Q-factor is such a measure [22] and is defined

as,

01

01

 



vv

Q ,                                                        (4.3)

where vi and σi are the average signal and noise powers of the “1” level (i = 1) and the

“0” level (i = 0) level, respectively. The Q-factor is related to the bit error rate, for

thermal noise limited signals with Gaussian noise distributions, by,
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A BER of 10-9 corresponds to a Q factor of ~ 6 dB.

4.2.3. Measurement of bit error rates in MC-SOA transmission

Experimental setup

In order to demonstrate the effect of the carrier density distribution in a practical

transmission system, the detection of a pseudo random binary sequence (PRBS) was

performed using the MC-SOA, which was biased in the relevant configurations of

interest. The setup for this experiment is shown in Fig. 4.2.
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4.2. Setup diagram of BER measurement experiment. ECL – external cavity laser, PC –
polarisation controller, MZM – Mach-Zehnder modulator, EDFA – erbium doped fibre
amplifier, BPF – bandpass filter, ATT – variable attenuator, POL – polariser, RF AMP
– electrical amplifier, PD – photodiode, OSC – sampling oscilloscope, BERT – bit error
rate tester.

The optical source used was an external cavity laser (ECL), of the same type as that used

in the CW characterization of the SOA in Chapter 3. The output signal power was 4

dBm, which was the highest optical power the ECL could sustain. The signal was then

coupled to a Mach-Zehnder intensity modulator (MZM) via a polarization controller

(PC). The MZM is biased at 2.2 V. An RF signal (0.5 Vp-p) coupled to the MZM, via an

electrical amplifier with a gain of 25 dB, modulated the optical carrier with a 9.95 Gb/s

PRBS non-return to zero (NRZ) signal, which had a bit pattern length of 27-1. The

optical signal was amplified using an erbium-doped fibre amplifier (EDFA), with a gain

~ 25 dB and a noise figure ~ 5.5 dB, before being filtered by a 2 nm tuneable bandpass

filter and passed through a polarisation controller. A variable attenuator allowed

monitoring of the optical power prior to injection to the SOA. The pulses were injected

into the SOA via a free space setup similar to that outlined in Fig. 3.6, with the

exception of the mirrors. The lenses used were also different, with a numerical aperture

of 0.68. The coupling losses were estimated to be ~ 4 dB per facet, using the method

described in Section 3.4.2. A polariser was used at the SOA output in order to filter out

orthogonally polarised ASE and reduce spontaneous-spontaneous beat noise and shot

noise. In addition to this, the polariser functioned as a quality control, in combination

with the attenuator/power meter at the SOA output, in order to determine if the signal

polarisation had changed in the SOA. An attenuator at the output of the SOA allowed
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measurement of the SOA output power. The detection scheme consisted of an EDFA

(gain ~ 22 dB, NF ~ 4.5 dB), a 2 nm bandpass filter and a variable attenuator in order to

keep the optical power to the photodetector at a constant level, well above the detection

threshold. The optical signal was coupled to a 10GHz photodetector (PD) and bit error

rate tester (BERT). The detection threshold power of the PD is approximately -15 dBm.

Separately, the signal waveforms were recorded using a sampling oscilloscope with an

electrical bandwidth of 80 GHz. The BERT consists of a pattern generator, for

outputting the PRBS test signal to the MZM, and an error detector, to count the errors

generated by the system. The 10 GHz clock signal for the sampling oscilloscope was

provided by the BERT unit. The clock signal was also internally wired in the BERT in

order to synchronize the pattern generator and the error detector. For this experiment, the

temperature of the SOA was held at 230C.

BER at low input power

In order to determine the effect of the SOA noise figure on the sensitivity performance

of the detection system, signals with a very low average power were injected into the

SOA. The output signal from the SOA was amplified by the EDFA to a detector power

of 60 μW, for all values of SOA input power, in order to determine the effect of the

SOA. The back-to-back sensitivity of the detector, i.e. in the absence of the SOA, was

also determined in order to illustrate the extent of the sensitivity improvement obtained

in each bias configuration. Fig. 4.3 shows the eye diagrams of a signal with an average

power of ~ -26 dBm, measured at the SOA output, for the low noise and high Psat bias

configurations, as well as the back to back case.
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4.3. Eye diagrams of -26 dBm signal at 1550 nm at SOA output for low noise (left) and
high Psat (right) bias configurations. Also shown is the back to back eye diagram (top).
The wavelength of the injected signal is 1550 nm.

The signal levels are normalized and displayed in arbitrary units (AU). The increased

noise in the high Psat configuration is evident in the value of the measured signal to noise

ratio (SNR). The SNR measured on the sampling oscilloscope for the low noise case is

7.87 dB, whereas for the high Psat case it is 7.03 dB, illustrating the effect of the SOA

noise figure on the injected signal. The SNR of the back to back signal is measured as

10.61 dB. The eye opening amplitudes were measured by fitting a Gaussian distribution

function to a histogram of the eye diagram, and finding the 3σ points, as detailed in

Section 4.2.2. Fig. 4.4 shows a plot of the bit error rate detected by the BERT as a

function of the input power injected to the SOA. The bit errors were counted by the

BERT over a 90 second period and the rate was then calculated. The optical power at the

photodetector was kept at a constant 60 μW by the combination of the EDFA and

variable attenuator. The back to back measurement was also taken as a reference. The

input power in the back to back case was measured at the attenuator before the SOA
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input (with SOA removed), as shown in Fig. 4.2. The wavelength of the input signal was

1550 nm.
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4.4. BER curves for low power signal transmission at 1550 nm, for various bias
configurations. Minimum BER for error free transmission is indicated.

A clear difference in the detected BER is visible between the low noise and high Psat bias

configurations. At a BER of 10-9, the minimum BER for error free transmission, the

power penalty for the high Psat configuration compared with the low noise configuration

is ~ 1.8 dB. This indicates a clear effect of the carrier density distribution. The back to

back measurements indicate a receiver sensitivity at a BER of 10-9 of -24.1 dBm average

power. This compares with receiver sensitivities of -25.94 dBm, -27.76 dBm and -27.83

dBm for the high Psat, low noise and standard bias configurations, respectively. The low

noise configuration does not lead to an improved receiver sensitivity relative to the

standard bias configuration. This is due to the low noise figure and higher gain values

displayed by the standard bias configuration.

BER at high input power

In order to measure the impact of gain saturation on the bit error rate in transmission

through the MC-SOA, the injected signal power was increased into the SOA saturation

regime. Fig. 4.5 shows the eye diagram of an input signal of ~ 6 dBm average power and

the resultant signal at the output of the SOA, biased in the low noise configuration. The

effects of gain saturation are clearly visible in the output signal eye diagram, causing a

closure of the eye.
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4.5. Eye diagrams for 6 dBm signal at 1550 nm (left) before injection and (right) after
injection into SOA. Bias current is set to low noise configuration.

The SNR values measured by the sampling oscilloscope were 10 dB for the input signal

and 3.68 dB for the output signal, indicating the extent of the penalty imposed by the

gain saturation. Fig. 4.6 shows the detected bit error rate as a function of the average

input power to the SOA, for the three studied bias configurations. The SOA is well

within the saturation regime before errors in transmission are detected. Appreciable

errors are detected for the standard bias configuration at ~ 2.5 dBm average input power.

The equivalent powers for the low noise and high Psat cases are 4.8 dBm and 6.4 dBm,

respectively. These results confirm that the higher saturation power enabled by the high

Psat bias configuration leads to decreased bit errors at high input power, relative to other

bias configurations. Interestingly, the standard bias configuration leads to the largest

error count. This is because the signal is injected at the gain peak wavelength of this bias

configuration, 1550 nm, and consequently the input saturation power is reduced. In

contrast, the gain peak wavelength of the low noise and high Psat cases is 1570 nm, and

thus the saturation power for these cases is relatively high at 1550 nm. The results of the

high power BER characterization indicate the potential suitability of the multi-contact

SOA as a power booster SOA.
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4.6. BER curves for high power signal transmission at 1550 nm, for various bias
configurations. Minimum BER for error free transmission is indicated.

4.3. Picosecond Pulse Amplification in MC-SOA

4.3.1. Ultrashort pulse generation for optical communications

As data rates in optical communications networks exceed 40 Gb/s, pulsed optical

sources are becoming indispensible components of transmission systems. The narrow

pulsewidth obtainable with mode locked laser diodes [23] allows efficient utilization of

the available bandwidth within a single fibre. For example, the bit spacing for a channel

multiplexed to 160 Gb/s is only 6.25 ps, requiring pulsewidths much smaller than this.

Optical pulses are inherently Return to Zero (RZ) in format. RZ is distinguished from

NRZ in that the signal level drops to zero between each bit. RZ pulses lead to increased

receiver sensitivity when compared to NRZ signals [25, 26], for a given energy per

pulse. Comparative studies of RZ and NRZ formats have shown that at high bit rates, RZ

signals suffer less from optical non-linearities [27], with the main limiting factor being

dispersion, due to the short optical pulsewidth [28].

Optical pulses for data transmission can be generated through numerous means.

Semiconductor laser diodes are the most common devices used in modern

communications systems. The multiple modes generated by a laser diode can generate

optical pulses if a fixed phase relationship is maintained between them, through the

process of mode locking [29]. The laser modes will all constructively interfere at a fixed
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interval, generating a short, intense burst of light. Mode locking can be achieved through

active, passive, or hybrid means.

 Semiconductor lasers employing active mode locking are frequently

used in optical communications as they can be synchronized to an

external electrical modulation signal [30]. This signal modulates the loss

of the laser cavity, allowing the transmission of an optical pulse if the

modulation period is matched to the resonator round trip time. Active

mode locking can be achieved through amplitude modulation (AM),

frequency modulation (FM) or synchronous pumping of the laser

medium with another optical source.

 Passively mode locked lasers have an advantage over actively mode

locked lasers in that they can generate shorter pulses [31]. This is due to

the use of a saturable absorber section in order to generate mode

locking. The absorber can be engineered so that the absorption bleaches

at the peak of the mode intensity, thus transmitting a pulse. The

attenuation of the leading edge of the pulse causes the pulse to

temporally compress. The faster response time of saturable absorbers

compared to modulation speeds achieved by active mode locking is the

reason for the shorter pulses created by passive mode locking.

 Hybrid mode locking combines elements from both active and passive

mode locking, for example, the use of a saturable absorber and

modulation of the electrical injection to the laser [32]. This approach

has the advantage of generating short pulses due to the saturable

absorber section, while also allowing for synchronization with an

external electrical signal.

Another technique for the generation of pulses in laser diodes is gain switching. The

principle behind gain switching is that the laser is DC biased just below threshold, and

the optical gain is modulated through the application of high amplitude electrical pulses.

In this way, optical pulses are generated that can be of considerably shorter duration than

the electrical switching pulses. CW lasers can also be used to generate optical pulses

through the use of an external modulator such as a Mach-Zehnder interferometer or an

electro-absorption modulator (EAM). In a MZI, when a voltage is applied, the refractive
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index in one of the two waveguides changes, resulting in a phase change in that arm.

This leads to destructive interference, and thus modulation of the beam.

4.3.2. Effects of SOA dynamics on picosecond pulses

SOAs are suitable devices for use in pulse amplification schemes due to their wide

amplification bandwidth (> 5 THz). This allows them to amplify pulses on the order of a

few picoseconds in duration without distortion due to gain dispersion and other effects.

The penalizing effect of dispersion that affects ultrashort pulses in long stretches of fibre

does not have a significant effect in SOAs due to the short length of the devices,

however non-linear phenomena such as gain saturation and self phase modulation can

cause pulse distortions, depending on the pulse energy injected into the SOA. An optical

pulse with energy below the saturation energy of the SOA is generally amplified with

few distortions, but non-linear effects come into play once the pulse energy reaches this

limit.

Propagation of a pulse in an SOA

The propagation of an optical pulse in an SOA is governed by the following set of

equations. The evolution of the pulse amplitude A is expressed as [33],
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,                                            (4.5)

where z represents distance along the propagation axis, vg is the group velocity, t is

absolute time and α is the linewidth enhancement factor. A itself is represented in terms

of the power P and the phase Φ by,

   tzietzPA ,,                                                      (4.6)

Neglecting the spontaneous emission term, and using the phenomenological

approximation for the gain coefficient, Eq. (1.16), the carrier density rate equation of Eq.

(3.6) can be expressed as,
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where g0 is the unsaturated steady state gain coefficient, τc is the effective carrier

recombination time, P is the power of the pulse and Esat is the saturation energy of the

SOA.

Effect of gain saturation on pulseshape

As the pulse propagates through the SOA, it experiences an energy and time dependent

gain. We can substitute the absolute time t for a time frame τ moving with the

propagating pulse by the transformation τ = t – z / vg. Using this frame of reference, and

using Eq. (4.6), the following equations can be obtained from Eqs. (4.5) and (4.7),
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If Eq. (4.8) is integrated over the length of the amplifier, the output power can be

obtained,

      h
inout ePP  ,                                              (4.11)

where Pin is the input pulse power, and h(τ) is the integrated gain at each point of the

pulse profile, given as,

   
L

dzzgh
0

,                                                (4.12)

By using this identity in the gain rate equation given in Eq. (4.7), and then integrating

this equation in the special case where the width of the pulse is much less than τc (which

is true in the case of picosecond scale pulses), we have,
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This equation can be solved to obtain h(τ). The instantaneous amplifier gain is related to

h(τ) as G(τ) = exp[h(τ)], giving,
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where G0 is the unsaturated gain of the SOA and E(τ) is the energy of the pulse

integrated up to time τ. When a pulse propagates in an SOA, it is assumed that the

leading edge of the pulse will experience the maximum unsaturated gain G0. This

implication is clear from Eq. (4.14), where if we assume that only a fraction of the total

pulse energy has passed, the exponent can be approximated to zero. The corollary of this

result is that the trailing edge of the pulse experiences the least amount of amplification,

due to the saturation of the gain by the leading edge. In this case E(τ) is replaced in Eq.

(4.14) by Ein, the total input energy of the pulse. This saturation temporally broadens the

pulse, as the reduced gain experienced by the trailing edge causes it to “stretch out” [34],

. In addition to this, the leading edge of the pulse is sharpened. The peak of the pulse is

also shifted to earlier times with increasing pulse energy, due to the saturation of the

gain occurring earlier for a given pulse energy. This behaviour is assuming a Gaussian

pulse shape. For rectangular pulses, temporally compression can occur. The broadening

of pulses can pose problems for OTDM transmission schemes where pulses are

interleaved so that the spacing between them is small. Pulse broadening can lead to

inter-symbol interference (ISI), meaning that detection systems could experience

problems distinguishing between the successive pulses.

Spectral effects of gain saturation

Dynamic carrier density variations in SOAs not only cause a change in the gain

characteristics, but also lead to a phase variation in the SOA. A change in the carrier

density results in a corresponding change in the imaginary part of the complex refractive

index. This in turn is accompanied by a change in the real part of the refractive index,

inducing a fluctuation in phase. Small changes in the optical gain can lead to large

variations in the phase, depending on the strength of the coupling between the gain and
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the refractive index. This is governed by the linewidth enhancement factor [35], defined

as,

dNdg

dNdne





4
 ,                                              (4.15)

where λ is the signal wavelength, N is the carrier density, g is the material gain and ne is

the SOA effective refractive index. The linewidth enhancement factor was originally

proposed to account for linewidth broadening in semiconductor lasers. It is essentially

the ratio between the change in the real part of the refractive index to the change in the

imaginary part of the refractive index with respect to the carrier density. Thus, a

reduction in the carrier density will lead to an increase in the real part of the complex

refractive index, and cause a corresponding change in phase.

When an optical pulse propagates through an SOA, the intensity variation along

the pulse, translated into a variation in the carrier density due to gain saturation, leads to

a corresponding modulation of the phase. In this sense, the optical pulse affects its own

phase through the process of self phase modulation (SPM). SPM can cause large

distortions in the spectral shape of a pulse through frequency chirping. Frequency

chirping is the variation of the instantaneous frequency of a pulse caused by the change

in phase, and is given as,
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The chirp resulting from SPM in SOAs has the opposite sign to that imposed on directly

modulated semiconductor lasers. The relatively large value of the linewidth

enhancement factor in bulk SOAs (~ 5 or higher [36]) means that significant frequency

chirp can occur as a result of SPM when the gain saturation is quite small.

The overall effect of SPM is to asymmetrically shift the pulse spectrum to

longer wavelengths, often with the formation of multiple peaks [37]. This is due to

interference between different points in the pulse profile that may have the same

instantaneous frequency. SPM also leads to a broadening of the pulse spectrum, for

initially unchirped and positively chirped pulses (increasing in frequency across the

pulse), by effectively transferring pulse energy to spectral components that are further

from the central frequency. The dynamics of SPM in SOAs depends to a large extent on

the duration of the pulse. For pulses on the order of 1 ps or less, intraband effects can
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come into play. The thermalization of hot carriers through the carrier heating process

rapidly replenishes the carrier density reduction resulting from non-linear gain

compression after the peak of the pulse. A blue chirp (increase in frequency) on the

trailing edge of the pulse results from this process [38]. For pulses longer than a few

picoseconds, this effect is not as significant.

SPM has been used in optical fibres to temporally compress pulses [39, 40]. The

SPM process in optical fibres is due to the intensity dependent optical Kerr effect, rather

than a dependence on carrier density. In optical fibres with anomalous dispersion, higher

frequencies propagate faster than lower frequencies. The reduction of the frequencies at

the leading edge of the pulse caused by SPM allows the trailing edge to “catch up” with

it, thus compressing the pulse. The SPM dynamics of SOAs have also been used instead

of fibres, as the required pulse energy is much less than that required in fibre based

schemes [41, 42]. If the effects of self phase modulation and dispersion are balanced, a

soliton can propagate in the fibre. An optical soliton is a pulse that can propagate while

maintaining its shape, without dispersive broadening.

In a similar manner to the broadening of positively chirped pulses, SPM can also

cause a compression of the pulse spectrum if the pulse is initially negatively chirped;

that is, reducing in frequency from the leading to the trailing edge of the pulse [43, 44].

SPM causes a transfer of pulse energy to spectral components closer to the central

frequency of the pulse. This effect has been demonstrated for femtosecond pulses

propagating in a standard single mode fibre [45, 46], and transform limited spectral

compression has been demonstrated in photonic crystal fibre [47].

4.3.3. Characterization of pulses by SHG-FROG

The optical pulses in this work are characterized both in the spectral domain and the

temporal domain. The temporal profile of relatively long, repetitive pulses can be

measured using a wide bandwidth sampling oscilloscope with a fast photodiode. The

oscilloscope should have a bandwidth large enough to detect the modulation frequency

of the signal. Despite having a potentially low sampling rate compared with the bit rate

of the signal, the oscilloscope can build a complete trace of the pulse using multiple

delayed triggering events from an external trigger signal. Alternatively, a real time

oscilloscope can be used in order to record single or repetitive pulses, by taking

advantage of a high sampling rate. The upper limit on the detectible bit rate is lower than

that of a wide bandwidth sampling oscilloscope. Both types of oscilloscope are

ultimately limited in the duration of the pulses they can measure by their resolution. In

the spectral domain, an optical spectrum analyzer can be used to measure the frequency
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spectrum of a pulse. The aforementioned measurement techniques characterize either the

temporal or spectral profile of the pulse. In order to determine the complete

characteristics of the electric field of a pulse, both temporal and spectral information

must be obtained simultaneously. Frequency resolved optical gating is a technique

whereby both the amplitude and the phase of the pulse can be measured [48].

Autocorrelation and SHG-FROG

The most common technique for measuring ultra-short pulses is autocorrelation. The

principle of autocorrelation is that the pulse is used to measure itself. A beamsplitter is

used to replicate the original pulse. The replica is delayed relative to the original and

then recombined in a non-linear medium that exhibits second harmonic generation

(SHG). The SHG signal displays a frequency twice that of the input signal used to

generate it, and requires a strong optical power for an efficient conversion. The SHG

signal is focused onto a detector that integrates the resultant signal over a long

timeframe relative to the pulse length. The magnitude of the SHG signal can be related

to the input pulse by,

    tEtEESHG ,                                          (4.17)

where τ is the time delay introduced onto the replica pulse. Due to the slow response of

the detector, the actual structure of the pulse cannot be resolved, so the measurement

produces an autocorrelation,

     




 dttItIA  ,            (4.18)

where I is the detected pulse intensity. Autocorrelation traces are symmetric around the

point τ = 0, and any phase information in the pulse is lost, since no spectral

measurements are made.
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4.7. Basic schematic of FROG setup using second harmonic generation.

Frequency resolved optical gating (FROG) resolves this issue through a combination of

spectral and temporal measurements [49]. Similar to an autocorrelation measurement,

the pulse to be measured is split using a beamsplitter, and the replica pulse is time

delayed. The pulses are again recombined in a non-linear medium (like a SHG crystal).

In contrast to an autocorrelator, the resultant signal focused onto a spectrometer. In this

way, traces of intensity versus frequency ω as a function of the time delay are measured.

A basic schematic of a second harmonic generation FROG (SHG-FROG) setup is shown

in Fig. 4.7. The result of this measurement is the spectrogram,

       
2

exp, 




 dttitgtESE  ,                       (4.19)

where E(t) is the field of the pulse to be measured and g(t-τ) is the field of the gate pulse

that is used to measure the original pulse. In this case, the gate pulse is simply the replica

of the original pulse. An example of spectrogram of a 2 ps pulse is shown in Fig. 4.8.

The different colours on the plot indicate the intensity of the pulse. Note that the signal

field determined by Eq. (4.17) is invariant with respect to the sign of the time delay τ.

This leads to an ambiguity in the electric field with respect to time. The phase and pulse

temporal structure can be obtained from the spectrogram measurements through the use

of a two dimensional phase retrieval algorithm [50]. An initial estimate of the electric

field is made, and the SHG signal field is constructed from Eq. (4.19) for this. The

constructed field is Fourier transformed to find the frequency domain signal. The

experimental FROG trace is compared with this signal and an improved signal field is

generated. By inverse Fourier transforming this improved field back to the temporal

domain, a new estimate for the electric field is made. This process continues over
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successive iterations until the error between the measured FROG trace and the retrieved

trace is a minimum.

4.8. Spectrogram of SHG signal generated from a 2 ps optical pulse.

It should be noted that due to the time ambiguity in the FROG trace, the sign of the

retrieved phase and thus the frequency chirp can be difficult to determine. This can be

resolved by introducing a known phase distortion onto the pulse, for example, running it

through a length of fibre with a known dispersion sign. This should affect the chirp of

the pulse in a measureable way and the relative signs of the chirp before and after the

phase distortion should remove the ambiguity.
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Experimental setup

4.9. Schematic of pulse characterization experimental setup. OSA or FROG setup are
alternately used to measure pulses after SOA. OSO is used to measure pulses before and
after SOA.

The setup for characterizing the optical pulses after amplification by the MC-SOA is

shown in Fig. 4.9. The pulses are generated by a tuneable mode locked laser diode

(TMLL) at a wavelength of 1550 nm and have a sech2 shape. They have a pulsewidth of

approximately 1.5 ps and a time-bandwidth product of approximately 0.34, close to the

limit for sech2 pulses which is ~ 0.315. The TMLL has a saturable absorber section that

enables passive mode locking within a range of 9.8 to 10.8 GHz. Hybrid mode locking is

also possible and this is the technique used in this experiment. A 10 GHz clock from a

signal generator is applied to the TMLL to enable mode locking. The power of the clock

signal is 12 dBm at the output of the signal generator. A 50:50 splitter is used to separate

the clock signal so that it can also be used to trigger an optical sampling oscilloscope

(OSO) in order to confirm the mode locking of the laser. The OSO has a temporal

resolution of 1 ps. The TMLL is biased at ~ 50 mA, which is slightly above the turn-off

current. The reason for this is because at higher biases, satellite pulses can appear next to

the main pulse peak.

In order to account for the time ambiguity in the FROG traces, the pulses are

first passed through 450 m of single mode fibre (SMF). The anomalous dispersion in the

SMF introduces a negative chirp on the pulses, and also causes the temporal width to

broaden to 4.3ps. The pulses then are amplified with an EDFA (gain ~ 25 dB, NF ~ 5.5
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dB) before being passed through a wide band optical filter (5 nm bandwidth), a variable

attenuator and a polarisation controller. The mode locking procedure is monitored on the

optical sampling oscilloscope, which has a temporal resolution of 1 ps, before coupling

to the SOA. The pulses are injected into the SOA using the same free space setup that

was used for the BER characterization. The coupling loss at each facet is again estimated

to be ~ 4 dB. At the output of the SOA, an EDFA (gain ~ 30 dB, NF ~ 5.5 dB) amplifies

the pulses so that the optical power is at a suitable level for efficient second harmonic

generation. A polarisation controller is also necessary as the FROG is polarisation

sensitive. The temporal and spectral resolution of the FROG is 26.66 fs and 0.05 nm,

respectively. In addition to the FROG, the spectral characteristics of the pulses are

measured using an optical spectrum analyzer with a resolution of 0.02 nm. In order to

obtain an accurate measurement using the FROG, the error between the measured pulse

field and the estimated signal field must be on the order of ~ 10-6.

4.3.4. SOA gain characteristics in pulsed amplification

The average power of the signal is varied from -25 dBm and 10 dBm. Accounting for

the input facet coupling loss, these powers correspond to pulse energies between 1 fJ and

400 fJ at a 10 GHz repetition rate. The optical gain of the MC-SOA as a function of the

input pulse energy is shown in Fig. 4.10, as measured by the optical spectrum analyzer.

The input saturation energy for the standard, low noise and high Psat bias configurations

are measured to be 34 fJ, 40 fJ and 80 fJ, respectively. These energies correspond to

average signal powers of -4.68 dBm, -3.98 dBm and -0.96 dBm, respectively. These

values are slightly higher than those measured for the CW case. The low power gain

values are broadly in agreement with the measured CW values. The values measured for

both the low noise and high Psat configurations are slightly lower because the pulses are

generated at 1550 nm, which is redshifted from the peak gain wavelength for these

biases. The higher saturation energy of the high Psat bias configuration can be visualized

from the slope of the gain curve with respect to the other bias configurations.
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4.10. Optical gain as a function of injected pulse energy. Pulses have a wavelength of
1550 nm.

The gain characteristics of SOAs can be very different when amplifying short optical

pulses, compared to CW signals [51]. For a single pulse being amplified in a SOA, the

saturation energy is greater than that of a CW beam of similar energy, due to the effect

of carrier recovery. At repetition periods on the order of the carrier recovery time and

below, however, the saturation energy approaches that of the CW case as the gain does

not have sufficient time to recover between pulses. This is the reason for the relatively

small difference between the saturation power of the 10 GHz pulses and the CW signal.

The distortion of pulses due to gain saturation and SPM is also reduced at high

repetition rates because the amount of gain compression experienced by each pulse is

greatly reduced. Fig. 4.11 shows the amplification of a stream of pulses from the TMLL,

multiplexed to a repetition rate of 160 GHz. The bias configuration of the SOA is set to

the standard configuration. These pulses have not been passed through the SMF and

have a pulsewidth on the order of 2 ps. They are amplified before being coupled to the

multiplexer. The process of multiplexing the 10 GHz pulses four times to a repetition

rate of 160 GHz significantly weakens the optical power. A second EDFA is used after

the multiplexer to compensate for this. The remainder of the setup up to the SOA input

is identical to that shown in Fig. 4.9, after the first EDFA. At the output of the SOA

another 5 nm bandpass filter is used to eliminate SOA and EDFA noise, and the signal is

detected at the optical sampling oscilloscope. The OSO has a detection bandwidth of

500 GHz and a time resolution of 0.8 ps. The average power of the pulses before

injection is ~ 5 dBm, which reduces to ~ 1 dBm at the facet due to coupling losses.
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4.11. Eye diagram of 10 GHz, 2 ps pulses multiplexed to 160 GHz. Pulses before SOA
are shown in top figure, while pulses at SOA output are shown in bottom figure.

The output pulses are well separated and show very little distortion due to gain

saturation effects. The lower peak power of the detected output pulses is indicative of

the coupling losses at both SOA facets. The calculated gain for this pulse stream is ~ 7.7

dB, assuming coupling losses of 4 dB per facet. This is similar to the CW gain

calculated for 1 dBm input power of 8.7 dB. At very high repetition rates such as this,

the gain of the SOA responds to the average power of the pulse stream, rather than the

individual pulses.

4.3.5. Temporal characteristics of pulses

Using the setup shown in Fig. 4.9, pulses from the TMLL, mode locked at a 10 GHz

repetition rate, are injected into the SOA at a wavelength of 1550 nm. The pulse energy

was varied from ~ 1 fJ to 400 fJ. The pulsewidth was measured at the FROG as a

function of the injected pulse energy and also as a function of the SOA bias current. The

broadening of the pulsewidth can be clearly seen in Fig. 4.12, which plots the temporal

pulse profile as a function of the injected pulse energy for the standard bias

configuration, as measured at the output of the SOA.
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4.12. Temporal profiles of pulses as a function of pulse energy, for standard bias
configuration.

A 40 fJ pulse before injection to the SOA is plotted for comparison. The measured

pulsewidth for the input pulse is 4.3 ps, which indicates the temporal broadening

introduced by the 450 m SMF reel. The pulse intensity is normalized for all profiles. The

broadening of the pulses can be clearly seen as the injected pulse energy is increased.

Additionally, the peak intensity is shifted to earlier times as the saturation of the gain

occurs further towards the front of the pulse. The small ripple feature at the leading edge

of the pulse is a pedestal pulse produced by the TMLL. It was minimized by using the

low bias region of operation of the TMLL. The effect of the SOA bias configuration is

summarized in Fig. 4.13, which shows the increase in the width of the injected pulses as

a function of the pulse energy for the three bias configurations studied. The higher

saturation energy of the high Psat bias configuration leads to a less significant effect on

the pulsewidth as the pulse energy is increased. By contrast, the lower saturation energy

of the other two bias configurations is manifested in a more pronounced increase of the

pulsewidth. The standard bias configuration shows the greatest increase in pulsewidth.

This is due to the larger unsaturated gain [37] and lower input saturation power at 1550

nm compared with the other bias configurations. Also plotted is the calculated

pulsewidth for the pulses before injection.
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4.13. Measured temporal width as a function of pulse energy, for various bias
configurations. Also plotted for reference is the temporal width of pulses before SOA
injection.

A potential useful application for the MC-SOA is illustrated in the following results and

in Fig. 4.14. The middle contact of the SOA is biased at 90 mA and the end contact at 50

mA. The input contact bias is varied from 0 mA to 4 mA. A reduction in pulsewidth is

measured at low input energy when the input contact bias is less than 2 mA. This can be

explained by saturable absorption in the input, low bias section. As the pulse propagates

through this section, the leading edge is attenuated by this absorption. The absorption is

saturated at or near the peak intensity of the pulse, thus allowing greater transmission of

the trailing edge of the pulse. This narrows the temporal width of the pulse. Another

effect of the leading edge attenuation is the shifting of the intensity peak to later times,

in contrast to the gain saturation process. The increase in pulsewidth at higher powers is

due to the pulse saturating the gain in the highly pumped middle and end sections. This

broadening effect dominates over the pulsewidth narrowing in the input section at high

input powers, and vice versa. This is a similar reason for the increase in pulsewidth

observed with the increase in bias. The increased electrical pumping of the input section

reduces the amount of carriers available for absorption, and thus the absorption is

bleached earlier along the temporal profile of the pulse. As a result, less of the leading

edge is attenuated and the pulse compression effect is reduced.
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4.14. Intensity profiles (top) of 50 fJ pulse before and after SOA, showing reduction in
width, and evolution of pulsewidth (bottom) with respect to pulse energy, for various
values of input contact bias.

4.3.6. Spectral characteristics of pulses

The phase and chirp characteristics of the optical pulses are measured using the FROG,

and the corresponding optical spectra are measured separately on the OSA. The intensity

profiles and the frequency chirp of the input signals taken before and after the 450 m

SMF reel are shown in Fig. 4.15. The initial pulse has a very slight up-chirp, although

the absolute sign of the chirp remains ambiguous when taken in isolation. Since the

operating wavelength used in the experiment takes place in the anomalous dispersion

regime of the SMF, it is already known that a negative chirp should be imposed on the

initial pulses. In this way, the time ambiguity of the SHG-FROG is resolved. It can then

be assumed that the negative chirp attributed to the broadened pulse in Fig. 4.15 is a

correct representation. The dispersion in the SMF also increases the pulsewidth. The

width of the initial pulse was measured to be 1.62 ps. This was broadened to 4.3 ps by

the SMF.
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4.15. Intensity profiles and frequency chirp for pulse before and after 450 m SMF.

The spectra of a pulse both before and after injection to the SOA are shown in Fig. 4.16.

The pulse energy for this figure is 398 fJ, with the SOA bias current set to the standard

configuration. The main feature of the plot is the redshift of the spectrum of the pulse at

the SOA output relative to the pulse before the SOA. The change in the peak wavelength

of the pulse for this pulse energy is measured as ~ 0.45 nm, which is equivalent to a

frequency shift of ~ 55 GHz. A multipeak structure is also visible in the spectrum of the

output pulse, due to interference effects. Both of these results are due to self phase

modulation in the SOA brought about by gain saturation. Fig. 4.17 shows the frequency

chirp imposed by SPM on the same output pulse, compared with the input pulse. The

downshift in frequency, and thus the shift to longer wavelengths, is clear. Also plotted

for reference is the input pulse intensity profile. Downshift in frequency at the leading

edge of the pulse is ~ 55 GHz, which is in agreement with the result obtained from the

OSA spectral measurements.
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4.16. Optical spectra of 398 fJ pulse before and after injection in SOA, bias in standard
configuration. Power at output is measured as lower than input due to coupling losses to
SOA.
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4.17. FROG trace showing frequency chirp of 398 fJ pulse before and after injection
into SOA, which is biased in standard configuration. Intensity profile of input pulse
plotted for reference.

The extent to which SPM affects the spectral characteristics of the pulses is dependent

on the SOA bias configuration, as illustrated in Fig. 4.18. This shows the change in peak

wavelength of the pulses as a function of the input pulse energy. The smallest

wavelength shift is seen in the high Psat bias configuration, indicating that the strength of

the SPM effect is reduced due to the relatively low saturation of the gain.
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Another notable feature of the optical spectra shown in Fig. 4.16 is that the spectral

width of the output pulse is narrower than that of the input pulse. This is a direct

consequence of SPM, combined with the negative chirp of the pulse before injection into

the SOA. The standard bias configuration shows a more significant effect, with a

reduction in spectral width of up to 25 GHz at input pulse energy of 398 fJ. The smallest

effect is seen in the high Psat bias configuration, due to the weaker SPM process in this

case. It is expected that for initially up-chirped pulses, the resultant spectral broadening

would be least detrimental in the high Psat bias configuration. These results are shown in

Fig. 4.19.
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4.4. Summary

The effects of the bias current distribution in the multi-contact SOA on signal

amplification have been demonstrated. Analysis of the measured eye diagrams of an

NRZ PRBS signal showed the increased noise evident on the signal in the high Psat bias

configuration, when compared with the low noise bias configuration, in the low power

regime. This is clearly manifested in a reduced sensitivity improvement over the back to

back case at a bit error rate of 10-9, compared with the other bias configurations. The

sensitivity improvement over back to back was almost identical for the low noise and

standard bias configurations, which is consistent with the measured noise figure results

from Chapter 2. In the case of high optical power transmission, the improved saturation

power of the high Psat configuration enables much higher optical powers to be

transmitted error free compared with the standard bias configuration. An improvement

of almost 4 dB was achieved. The standard configuration, despite having the largest

unsaturated gain, has the lowest saturation power of the three configurations at 1550 nm,

and thus patterning effects impact more strongly in this case. The amplification of

picosecond scale optical pulses in the multi-contact SOA indicated similar results to the

high power data transmission experiment. Again, the standard bias configuration

exhibited the greater temporal broadening of pulses, while the high Psat configuration

suffered from a less significant penalty. The spectral distortions induced by self phase

modulation showed a similar trend. It is expected that, in the case of positively chirped

optical pulses, the standard bias configuration would suffer significant temporal and

spectral broadening compared with both the low noise and high Psat bias configurations.

The results of this chapter indicate the advantage of flexible control of the SOA carrier

density for minimizing non-linear effects when SOAs are used for in-line amplification.
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5. EFFECT OF CARRIER DISTRIBUTION ON WAVELENGTH

CONVERSION CHARACTERISTICS

5.1. Introduction

Previous chapters have focused on the applications of SOAs, and in particular the SOAs

under investigation in this thesis, for in-line amplification and data transmission. The

technologies available for this functionality are relatively mature, with widespread use

of EDFAs in long-haul transmission and increasing adoption of SOAs and other

technologies in metro and access networks. The use of SOAs in optical networks allows

added functionality not possible with fibre amplifiers due to the non-linear interaction of

photons in the semiconductor medium that give rise to potentially useful effects,

including signal processing, switching and wavelength conversion. In the last two

decades, the augmentation and improvement of communications networks by utilizing

the nearly limitless bandwidth of optical fibre has proceeded at a rapid pace [1]. In order

to maximize this enormous potential and properly implement higher speed networks, a

transparent network is required [2, 3]. Transparency in this sense means that the network

is able to deal with and process any data format, bit rate or modulation scheme in the

optical domain. A transparent network would incorporate all wavelength conversion and

cross-connects in an all-optical format, that is, without recourse to opto-electro-optical

(OEO) conversion [4].

In order to provide a clear optical path between the source and destination of a

particular channel in a Wavelength Division Multiplexed (WDM) network, switching

wavelengths is necessary to allow the full utilization of the available network bandwidth.

At present the most common method of signal processing and wavelength conversion is

to detect the input optical signal and convert it to electronic format using a

photodetector, and retransmit the signal at the same or another wavelength by

modulating a laser [5]. The technologies used for the electro-optical (EO) technique are

mature and it has distinct advantages, including the ready implementation of 3R

regeneration (retiming, reshaping, reamplification), and the detection of the optical

signal can accommodate a wide range of input power levels and any signal polarization

state. However it suffers from a number of disadvantages. The components of an EO

wavelength converter can be expensive, and their power consumption can be

considerably higher than that of other technologies, with the power required increasing

for higher bit rates [6]. Upgradability is another serious issue; generally, the sensitivity
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of an EO wavelength converter is optimized for the highest bit rate it will encounter, and

as such higher bit rates could pose problems for such systems. The primary disadvantage

with EO switching, however, is the issue of transparency, which was mentioned above

[7]. There are two main issues regarding transparency. Firstly, when the optical signal is

terminated at a photodiode, all phase, polarization and wavelength information is lost.

Secondly, the maximum switching speed of an EO converter will always be limited

when compared to all-optical approaches, since the conversion to an electrical signal is

slower than an optical signal, and as bit rates increase beyond 40Gb/s [8], the “electronic

bottleneck” becomes more of a problem. Therefore, for future optical networks, the

development of optical switching solutions is of particular importance.

5.2. Switching and wavelength conversion in WDM networks

5.2.1. Wavelength Division Multiplexing

In order to utilize the full bandwidth capacity of optical fibre, wavelength division

multiplexing was developed, multiplying the capacity of optical networks [9].

Previously, to increase the capacity of a network beyond what was possible using Time

Division Multiplexing (TDM), additional fibre would have to be laid to carry extra

channels. WDM solves this problem by transmitting multiple channels within the same

fibre, each channel having a separate wavelength [10]. These individual channels in turn

may service multiple users through TDM. The aggregate bit rate passing through a

WDM node could potentially be on the order of multiple Terabits per second [11]. For

example, a WDM scheme with 40 channels, each modulated at 40 Gb/s, gives an

aggregate bit rate of 1.6 Tb/s [12]. WDM schemes are classified into categories

depending on the number of channels that are transmitted. Coarse WDM (CWDM)

utilizes a channel spacing of 20 nm, within a wavelength range of 1271nm to 1611nm

[13]. The wide spacing allows for the use of cheaper and less capable receivers and other

equipment. Dense WDM (DWDM) on the other hand provides for channel spacing

down to 12.5 GHz, or ~ 0.1 nm, with central wavelengths generally contained within the

C-band in order to avail of optical amplification by EDFAs [14]. A DWDM

transmission system consists of a number of components, as seen in Fig. 5.1.
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5.1. Schematic of a WDM system. Rx – receiver; MUX – multiplexer; DMUX –
demultiplexer; OA – optical amplifier; Tx – transmitter.

A multiplexer at the Optical Line Terminal (OLT) terminates multiple channels from

different fibres and retransmits the electrical signals into a single fibre using a 1550nm

band laser. The transmitter can be combined with an optical amplifier to extend the

range. The signal may be amplified at some point along the signal path by EDFAs

before it reaches the terminal demultiplexer, which separates the combined channels into

individual fibres.

5.2.2. Applications of wavelength conversion

Key to maximizing the efficiency of a WDM network is the ability to change the

transmission wavelength of a particular channel depending on the network requirements

[15]. This process is called wavelength conversion. There are numerous applications

where wavelength conversion is necessary in an optical network; cross connects, which

switch optical channels within a mesh network; add/drop multiplexers, which filter out

or add specific channels; and in optical signal monitoring.

Optical cross-connects

Optical cross-connects (OXCs) are used where bandwidth management is important,

such as where multiple WDM transmission routes converge in a mesh network. They

have they ability to switch channels from one fibre to another at a basic level. This is a

vital function to enable a clear channel to be opened up between the source and end user.

OXCs also allow the optical network to reconfigure to bypass failures in a particular
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node or fibre. More advanced cross-connects add the capability of wavelength

conversion [16, 17]. OXCs incorporating this capability are important network elements

in terms of reducing blocking caused by wavelength contention. This problem can arise

when two channels at the same wavelength are to be routed to the same output node. In

this case, one of the channels must be converted to another wavelength. By doing so, the

wavelength contention is resolved.

Optical add/drop multiplexers

Optical add/drop mutiplexers (OADMs) perform a similar task to cross-connects in that

they involve rerouting particular optical channels. In the case of an OADM however, it

is usually only one channel, or a limited number, that need to be rerouted. OADMs are

used when a wavelength channel needs to be added and/or dropped from the multiplexed

signal [18, 19]. This is accomplished through demultiplexing and filtering technologies.

OADMs are categorized according to their capabilities. Fixed OADMs do not utilize

switching. They are concerned with adding or dropping a particular wavelength.

Reconfigurable OADMs (R-OADMs) on the other hand have the capability, through

wavelength conversion, to add or drop arbitrary wavelengths, and in this sense most

resembles an OXC.

Advantages of optical wavelength conversion

As mentioned previously, there are numerous drawbacks to wavelength conversion and

switching when using EO conversion, namely the lack of transparency and the

“electronic bottleneck” that results from the limited speed of electronics. The ultimate

end goal is that all wavelength conversion tasks in optical networks would be performed

in the optical domain [20]. As the signal is not terminated and converted to electrical

form, information such as the phase and polarization of the signal are preserved. Most

importantly, an optical switching system is inherently upgradeable in terms of increasing

bit rates, which in the long term greatly decreases the cost of the network.

5.2.3. All-optical wavelength converters

There are numerous techniques used to achieve wavelength conversion in the optical

domain, each with their own benefits and drawbacks. Key goals to be achieved by an

optical wavelength converter include:
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- Optical transparency

- High switching speeds

- Good conversion efficiency

- Low SNR

- Simplicity

Optical wavelength converters can be grouped into different categories depending on the

physical mechanism involved in the conversion process, as outlined below.

Optical gating wavelength converters

1) Non-linear optical loop mirror (NOLM) – A NOLM consists essentially of a

Sagnac interferometer, using a non-linear medium such as a dispersion shifted fibre

instead of free space mirrors. In a Sagnac interferometer, a beam is split using a half

silvered mirror, with the two resultant beams traversing an optical path in opposite

directions. Asymmetry in the paths of the two beams causes an interference pattern

to appear, while no asymmetry causes destructive interference, with no output beam

appearing. In a NOLM, an additional modulated signal is coupled to the fibre,

propagating in a certain direction. This modulates the refractive index of the non-

linear fibre due to the optical Kerr effect. As a result, the phase of the probe beam

propagating in the same direction as the signal increases, and the resultant

asymmetry causes the modulated probe beam to appear at the output [21, 22].

2) Saturable absorption and intensity modulation in semiconductor lasers – For

the saturable absorber technique, a modulated signal saturates the absorption when

a “1” is transmitted, allowing the simultaneous transmission of a probe signal at a

different wavelength [23, 24]. The bandwidth of this method is restricted due to the

time taken for carrier recombinations. The bandwidth can be increased in laser

diodes by modulating the intensity of the lasing mode through the injection of a

modulated signal. In this way, the signal can be converted to the wavelength of the

lasing mode. The bandwidth is increased due to the role of the stimulated emission

in the laser diode reducing the effective carrier lifetime.

3) Cross gain modulation in SOAs – Cross gain modulation (XGM) is a technique

that utilizes the homogeneously broadened gain of an SOA. A pump data stream

modulates the gain of the SOA, and this modulation is imprinted onto a probe beam

at another wavelength. This topic is discussed in more detail in the following

section.
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4) Cross phase modulation in SOAs – When the gain of an SOA is modulated by a

pump beam, such as in XGM as described above, it is accompanied by a

simultaneous modulation of the refractive index. If a probe beam is injected into the

SOA, it experiences a phase shift due to this refractive index modulation. If an

interferometer is used, this phase modulation can be translated to an intensity

modulation [25, 26, 27]. Fig. 5.2 shows a basic symmetric Mach-Zehnder

interferometer incorporating two SOAs.

5.2. Symmetric Mach-Zehnder interferometer incorporating XPM in SOAs.

A CW probe beam at λ2 is coupled to the two SOAs through a 50:50 coupler.

Simultaneously a modulated pump signal at λ1 is coupled to SOA1 at the output facet.

The refractive index modulation introduced by the pump changes the phase of the probe

beam in SOA1 relative to SOA2. When the probe beams are recombined, they can

interfere either constructively (outputting a logical “1”) or destructively (logical “0”). In

this way, a XPM wavelength converter can act as an effective switch, tunable through

both the bias current of the SOA (controlling the magnitude of the carrier density

modulation) and the power of the input signal. XPM converters have been shown to

have higher conversion efficiency than XGM converters. A lower input power is

required to achieve the necessary phase shift of π radians than is required for XGM,

leading to a lower frequency chirp. Additionally, the converted signal remains non-

inverted, with no difference in extinction ratio for up- or down-converted wavelengths.

One disadvantage of XPM conversion schemes is the requirement for strict bias current

control, due to the strong dependency of the induced phase shift on bias current.



151

Wave-mixing wavelength converters

1) Difference frequency generation in passive waveguides – Difference

frequency generation (DFG) is the non-linear interaction of two waves, a pump

and a probe wave, in a non-linear medium such as a LiNbO3 or AlGaAs passive

waveguide [28]. The advantage of this technique over other techniques such as

four wave mixing (FWM) in SOAs is that the conversion process in passive

waveguides adds no excess noise to the converted signal, and the satellite

signals that occur in FWM are absent. DFG is an optically transparent process,

maintaining phase and modulation information at any bit rate. The main issue

with DFG is the difficulty of maintaining phase matching over the interaction

length. There is also the challenge of fabricating low loss waveguides with high

conversion efficiency. Typical conversion efficiencies are on the order of -6 dB.

2) Four wave mixing in SOAs – FWM in SOAs results from the interaction

between a pump beam and a probe beam in the non-linear medium of the SOA.

It allows relatively efficient wavelength conversion through gain enhancement,

albeit with the addition of optical noise. This topic is discussed in more detail in

section 5.4.

There are different degrees of transparency offered by the various optical wavelength

converters. The only techniques offering full transparency are the wave mixing

techniques, although a balance has to be struck between this feature and other

considerations, such as conversion efficiency and signal to noise ratio. In this chapter the

focus will be on an optical gating technique, XGM, and a wave mixing technique,

FWM. The goal of this work is to demonstrate the effect of the carrier density

distribution in the MC-SOA on the characteristics of each wavelength conversion

process.

5.3. Cross gain modulation in MC-SOA

5.3.1. Introduction

As previously discussed, cross gain modulation (XGM) is an example of an optical

gating wavelength conversion technique. It is the most conceptually and practically

simple design that has been discussed herein. It takes advantage of the non-linear gain

suppression mechanism in semiconductor optical amplifiers.
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5.3. Visualization of non-linear gain reduction in SOA due to pump signal saturation.

As the input power to an SOA is increased, the optical gain is decreased due to the

stimulated recombination of carriers, which is proportional to the input signal photon

density. For a modulated pump signal, when the optical power is high (“1” level), the

carrier density is depleted, while for low optical power, no depletion occurs. Because the

material gain spectrum of an SOA is homogeneously broadened, the gain of the SOA at

all wavelengths is compressed when saturated by the pump signal. Therefore, when a

CW probe signal at the converted wavelength is injected simultaneously into the SOA,

as per Fig. 5.3, the gain modulation caused by the pump signal is imprinted onto the

probe, modulating it with the inverse bit pattern to that of the pump signal. The probe

signal can be injected at the same facet as the pump (co-propagation) or at the opposite

facet (counter-propagation). When injected in co-propagation mode, as in Fig. 5.4, an

optical band-pass filter must be used at the output of the SOA in order to pass the

converted probe signal and block the pump.
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5.4. Co-propagating XGM wavelength conversion scheme.

The modulation bandwidth of an XGM converter is determined by the carrier recovery

time. If the data rate is high enough such that the conduction band population, and hence

the gain, does not have time to recover, patterning effects begin to appear. Another

limitation on XGM wavelength converters is the amount of wavelength chirp

experienced by the converted signal. This can make transmission over long distances

difficult in the absence of dispersion shifted fibre. Despite these impairments, impressive

performance of XGM wavelength converters has been demonstrated. The fast gain

recovery properties of quantum dot SOAs have been utilized to achieve pattern free

wavelength conversion at up to 160Gb/s [29, 30, 31, 32]. The use of optical filters to

select the blue chirped components of the modulated output probe signal allows for a

significant improvement in the modulation bandwidth, with the consequence of a loss of

signal to noise ratio [33, 34, 35, 36]. Another successful approach is that of the turbo

switch, in which the gain dynamics of a second SOA placed after the wavelength

converter are used to compensate for the slow “tail” of the converted probe signal. Error

free performance was observed at over 170Gb/s [37].

For the characterization of XGM in the MC-SOA, the setup shown in Fig. 5.5

was used. The pump and probe signals, both generated using external cavity lasers

(ECLs) of the same type used in the previous experiments, were arranged in co-

propagation mode. The CW probe signal was set at 0 dBm input power. The pump

signal was modulated at 2.5 Gb/s using a pseudo random binary sequence (PRBS)

source with a bit pattern length of 27-1 binary symbols. The PRBS signal was amplified

using an electrical amplifier with 25 dB gain, and a splitter was used in order to allow

both modulation of the pump signal and to trigger a sampling oscilloscope. The

wavelength of the pump signal was initially set to 1570 nm, which is the peak gain

wavelength of the SOA in the low noise and high Psat bias configurations. The pump

signal power was varied between 2 dBm and 10 dBm (prior to SOA injection). Both
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pump and probe were amplified using EDFAs (gain ~ 25 dB) before injection into the

SOA. Filters and attenuators were used subsequent to amplification in order to control

the final input power and to reduce the noise emanating from the EDFAs. The signals

were coupled to the SOA using the free space setup utilized in Chapter 4. The coupling

losses at the SOA input and output facet were measured to be ~ 4 dB per facet, which

reduced the probe signal power at the input facet to -4 dBm. A polarizer was used at the

SOA output in order to reduce the contribution from spontaneous beat noise. The

detection scheme consisted of an additional EDFA (gain ~ 22 dB, NF ~ 4.5 dB), a

tuneable filter and a sampling oscilloscope with optical input. The optical detection

bandwidth of the OSO is 63 GHz. The EDFA was used in order to maintain a constant

detector power of 4 dBm.

5.5. Setup diagram for XGM experiment. ECL – external cavity laser; MZM – Mach-
Zehnder modulator; BPF – bandpass filter; PC – polarisation controller; EDFA –
Erbium doped fibre amplifier; ATT – variable attenuator; POL – free space polariser;
OSO – optical sampling oscilloscope. Optical and electrical paths are represented by
solid and broken lines, respectively.

5.3.2. Noise in XGM wavelength conversion

Sources of noise in XGM wavelength converters

A key parameter in the characterization of a wavelength converter is the noise imparted

to the converted signal. This noise can be described using a small-signal analysis applied

to the SOA rate equation [38],



155


 




psi N

ii
av

av

Lg

xLx
tNN

dt

dN

i,

)0()(
)( ,                                   (5.1)

where N is the unsaturated carrier density, Nav is the average carrier density integrated

over the length of the waveguide at time t, gN is the differential gain at carrier density N,

Γ is the mode confinement factor, τ is the spontaneous carrier lifetime and L is the length

of the waveguide. The symbols p and s denote the pump signal and probe signal,

respectively. Finally, the normalized optical power is represented by,
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where Pi(z) is the optical power at position z, and Pi
sat is the saturation power. The rate

equation is solved for i = s at position L, i.e. the converted output probe, with the

solution given as,

 )0()()0()()( psss xbxaGLx   ,                                      (5.3)

where Gs is the optical gain experienced by the normalized probe signal and ω is the

modulation frequency of the pump signal. The coefficients a and b are defined as,
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where β is the ratio of the differential gain at the pump wavelength to that at the probe

wavelength. The quantity ωB is defined as the 3 dB bandwidth,
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Thus, the noise within the bandwidth of the converted probe signal has two origins,

according to Eqs. (5.3) – (5.5). The last term in Eq. (5.4) as well as the coefficient b

describe the non-linear interaction of the pump and probe waves with the carrier density.

In effect this describes the gain fluctuations caused by signal spontaneous beating on the

pump signal being converted onto the output probe wave. The pump noise is

“modulated” onto the converted signal. The other contribution to the noise comes from

the direct transmission of the input probe noise, degraded further due to signal

spontaneous beat noise from the SOA.

5.3.3. XGM noise characterisation of MC-SOA

The Q values for the converted probe signal of -4 dBm were measured for a pump signal

at 1570 nm, with the pump power varied from -2 dBm to 6 dBm. All optical power

values quoted in the setup are considered to be after coupling losses are taken into

account. The results are shown in Fig. 5.6 for two negatively detuned probe

wavelengths, 1566 nm and 1564 nm, and for two bias configurations, the low noise and

high Psat cases. The corresponding BER values for the 1564 nm probe wavelength are

shown in Fig. 5.7. The evolution of the Q-factor shows two separate trends for both

probe wavelengths and both bias configurations. At moderate pump power levels, the Q-

factor increases with pump power, and then at a certain point begins to decrease. In

addition to this trend, a clear difference in the magnitude of the Q-factor is observed

between the two bias configurations.
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5.6. Q factor of converted probe signal, at two separate wavelengths, as a function of the
injected pump power for both bias configurations under investigation. Inflection points
are indicated by dashed lines. Pump wavelength is set to 1570 nm. Connecting lines are
eye-guides.

The initial increasing trend in Q-factor can be explained with reference to Eqs. (5.3)-

(5.5). It is clear that as xp is increased, and Gp and Gs subsequently decreased due to gain

saturation, the coefficients a and b will tend towards 1 and 0, respectively. This indicates

is that the conversion of the intensity fluctuations caused by the pump noise onto the

probe wavelength is suppressed at higher powers [39, 40]. The predominant source of

noise at the probe wavelength in this case is the transmission noise of the input probe

itself, as well as the noise of the SOA within the bandwidth of the probe. This noise

suppression effect is further illustrated in Fig. 5.8. This figure shows a histogram of the

measured converted probe signal eye diagram. The SOA is in the low noise bias

condition. The optical power on the x-axis is normalized to the binary signal levels. This

plot gives an indication of the relative magnitude of the noise (σ) at the “1” or “0” levels.

Plot (a) is a histogram of the converted probe signal at -2 dBm pump power, whereas

plot (b) is a histogram of the converted signal at 6 dBm pump power. This figure shows

the reduction in magnitude of the noise at the “0” level when the pump power is 6 dBm,

relative to the lower pump power.
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5.7. Bit error rate curves as a function of pump power for input probe wavelength of
1564 nm, for two bias configurations. Connecting lines are eye-guides.

This result illustrates the explanation given above for the suppression of noise by a

strong pump signal. This noise suppression directly translates to the converted signal in

terms of the “0” level noise, due to the fact that the signal waveform is inverted in XGM.

The Q-factor begins to show a decreasing trend at higher pump powers [39, 41]. While

the suppression of the “1” level noise is still in effect at this point, gain saturation due to

the higher SOA input powers reduces the power of the output probe signal, thus

degrading the SNR. This trend is illustrated in Fig. 5.9, which shows the normalized

probe output power with respect to the pump power, for both bias configurations. This

figure indicates that conversion efficiency of the pump signal to the probe is better in the

high Psat bias configuration.
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5.8. Demonstration of pump signal noise suppression and its effect on probe signal.
Histograms illustrate change in probe noise levels for (a) -2 dBm pump and (b) 6 dBm
pump.

A key point to note is that the gain saturation for the low noise case is more significant

at a lower pump power than for the high Psat case, as is to be expected. The positions of

the inflection points, indicated by dashed lines, and convergence of the Q-factor curves

in Fig. 5.6, as well as the convergence of the BER curves in Fig. 5.7 is evidence of the

stronger effect of gain saturation on the low noise bias case. Simultaneously, as the

pump “0” noise level continues to rise with pump power, gain fluctuations due to

beating between the ASE photons from the pump EDFA give rise to increased noise on

the converted signal “1” level. This is shown by the increase in σ0 at the higher pump

power in Fig. 5.8 (b). Gaussian fits to the histogram data indicate a reduction in σ0 of 50

% due to the noise suppression and an increase in σ1 of 70 %. The EDFA noise is visible

on the pump “0” level in Fig. 5.10 (a), which shows the 6 dBm pump signal at the SOA

output. Fig. 5.10 (b) shows, as an example, the corresponding probe signal for the low

noise bias case at 1566 nm, where the noise on the “1” level is clearly seen.
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5.9. Normalized probe output power with respect to pump power for two bias conditions
at a probe wavelength of 1560 nm.

The overall effect is that at the inflection points in Fig. 5.6, the reduction of the signal

due to gain saturation, combined with the added EDFA noise imprinted onto the

converted “1” level begins to outweigh the effect of the noise suppression caused by the

strong pump signal. These results, along with the BER values from Fig. 5.7, would

suggest that an optimum pump power exists in order to achieve the minimum bit error

rate for a given bias configuration.

5.10. Eye diagrams of pump and probe signals at 6 dBm pump power. The waveform on
the left (a) is the pump signal at the SOA output, while the waveform on the right (b) is
the output probe signal at 1566 nm.
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The large discrepancy between bias conditions in the Q-factor at moderate pump powers

is due to the same reason that co-propagating pump and probe signals yield a larger SNR

than counter-propagating signals [42]. In the case of co-propagating signals in a normal

SOA, the pump signal depletes carriers as it traverses the waveguide, creating a carrier

density profile similar to the low noise profile under investigation in this work.

Conversely, when the pump signal is injected at the output of the SOA, the opposite

carrier density profile results, and thus the probe signal experiences a higher population

inversion factor at the SOA input, increasing the overall noise figure. Both situations are

replicated in the MC-SOA depending on the bias current distribution, assuming that the

saturation of the SOA due is mainly determined by the pump signal. This particular

result suggests that the main influence on the Q-factor of the converted probe signal is

the ASE at the output of the SOA.

5.3.4. Variation in extinction ratio

The extinction ratio of a wavelength converter is defined simply as the ratio of the

logical “on” power to the logical “off” power, i.e.

0

1

P

P
ER  .                                                             (5.7)

In an ideal transmission system, the “off” state would correspond to zero power, in

which case the extinction ratio would be infinite. However in practical transmission

systems, this is not the case. For the “0” state, directly modulated lasers are usually

biased near the threshold current, with the consequent emission of a limited optical

power, while intensity modulators for externally modulated schemes always have a

finite extinction ratio. The extinction ratio in a XGM wavelength converter is heavily

dependent on the pump signal power. As the pump signal is increased, the gain is

compressed more strongly, creating a larger differential between the saturated and

unsaturated gain [43]. The level of the saturated gain is what determines the extent of

compression of the CW probe signal and thus directly determines the extinction ratio.

The evolution of the ER with respect to pump power can be seen in Fig. 5.11. The

measured extinction ratio for the low noise configuration is higher than that of the high

Psat configuration. This is as a result of the lower saturation power of the low noise

configuration. Also plotted is the extinction ratio of the input pump signal, indicating a
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problem with XGM wavelength converters, that of extinction ratio degradation. The

values obtained for the ER at higher pump powers are sufficient for error free detection.
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5.11. Evolution of extinction ratio as a function of input pump power. Injected pump
wavelength is 1570 nm, probe wavelength 1560 nm.

Another problem with XGM in SOAs is that it is impossible to accomplish symmetric

extinction ratio conversion with a single SOA. This problem is illustrated in Fig. 5.12,

which shows the evolution of the extinction ratio as a function of the injected probe

wavelength. The wavelength of the injected pump signal is 1560 nm, while the optical

power is 0 dBm. The extinction ratio shows a decreasing trend when the probe moves to

longer wavelengths. For XGM, wavelength down-conversion always yields a higher

extinction ratio [44]. This is due to the dependence of the extinction ratio on the

differential gain. When the SOA is saturated, the peak of the differential gain shifts to

longer wavelengths resulting in down-converted signals experiencing a greater

differential gain, and thus a higher extinction ratio. In effect the greater the negative

detuning of the probe signal, the larger the extinction ratio. The extinction ratio is also

higher when the pump signal is injected at the gain peak of the SOA, due to the

increased depletion of carriers at this wavelength.
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5.12. Extinction ratio of output probe signal as a function of probe wavelength. Pump
signal injected at 1560 nm, 0 dBm optical power.

5.3.5. Change in rise/fall times

The main factor in determining the maximum bit rate achievable in an XGM wavelength

converter is the rise time of the converted signal. The rise time as it is used in this work

is defined as the time taken for the probe signal to increase from 10% of the logical “1”

power level, to 90% of this level. The fall time is the inverse of this. The physical

mechanism affecting this time is the slow gain recovery of the SOA, which is

determined by the effective carrier lifetime, τeff. This can be understood if we imagine

the transition from a pump “1” to a “0”, where the gain, which had been saturated to

give a converted “0”, begins to recover. The effective carrier lifetime is reduced

according to the following [45, 46],




i sat
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 ,                                                     (5.8)

where i = 1,2 denotes pump and probe respectively, τ is the differential carrier lifetime,

Psat is the saturation output power and Pi
out is the output pump or probe power. An

increase of the input power to the SOA should lead to a smaller τeff, due to the interaction

of signal photons increasing the rate of stimulated emissions. Eq. (5.8) assumes that the

differential carrier lifetime is constant over the length of the SOA. In the MC-SOA, this

is clearly not the case. This behaviour is modelled in Fig. 5.13, which plots the average
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effective carrier lifetime over the entire length of the SOA as a function of the input CW

power, using the simulation parameters listed in Appendix A.3. It should be noted that

the values obtained are intended as a qualitative description of the behaviour of τeff. The

value for Pout in Eq. (5.8) is taken as the power in the cavity at a particular point along

the waveguide. The reduction of τeff is more pronounced for the low noise bias

configuration.
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5.13. Simulated effective carrier lifetime, averaged over the length of the SOA, as a
function of input CW power.

The reduction of τeff causes both the rise time and the fall time of the converted signal to

decrease. This behaviour is to be observed in Fig. 5.14, which shows the rise times (open

symbols) and fall times (filled symbols) measured experimentally for both bias

configurations as a function of the input probe power. Of particular note are the smaller

times measured for the low noise bias case. This is as a result of the greater gain

compression in this state, leading to a greater carrier-photon interaction and

consequently reducing τeff. The rise time of the converted signal is influenced not by the

pump “1” level, but by the “0” level, which contains a substantial amount of power

when the overall pump power is increased.
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5.14. Rise (open symbols) and fall (closed symbols) times for converted output probe as
a function of input pump power. Pump and probe wavelengths were 1570 nm and 1560
nm respectively.

The measured rise times are on the order of 200 ps, whereas the fall times are closer to

100 ps. The fall times are considerably shorter because of the extra reduction in effective

carrier lifetime induced by the strong pump “1” level. The rise times are the limiting

factor in terms of the wavelength conversion bit rates that can be achieved. If the probe

signal does not have time to increase to its full CW level due to the arrival of a pump

pulse, then a power penalty is introduced. Using the values of rise time obtained in Fig.

5.14, the maximum bit rates achievable as a function of the average pump power is

shown in Fig. 5.15. The low noise bias configuration has an advantage over the high Psat

configuration with regards the maximum penalty free conversion bit rate, with a value of

5.4 GHz for a pump power of 6 dBm, compared with 4.5 GHz for the high Psat

configuration.
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5.15. Maximum bit rate with no power penalty, as a function of the input pump power.
Probe power is -4 dBm.

5.4. Four wave mixing in MC-SOA

5.4.1. Introduction

Four wave mixing (FWM) in semiconductor optical amplifiers is a non-linear effect that

couples two input waves in a semiconductor medium to produce additional signals. Two

waves are incident on a non-linear medium with third order susceptibility, such as in an

SOA. A strong pump wave at an angular frequency ω0 saturates the gain of the SOA in

order to produce a noticeable third order non-linear effect. A weaker probe wave at a

second angular frequency ω1 is also injected. Consequently, a modulation of the light

intensity in the medium is caused by the beating between the two input waves, with the

modulation speed determined by the detuning frequency Ω between them [47]. The

intensity modulation in turn leads to a modulation of the complex refractive index with

the formation of dynamic gain and index gratings. The pump and probe waves diffract

from these gratings, resulting in sidebands to both waves. The diffraction of the probe

signal gives rise to a new field at the frequency ω = 2 ω1- ω0, although the wave of most

interest, and that which is defined as the conjugate signal, is the result of the diffraction

of the pump wave, with the resultant new wave having an angular frequency,

102 2   .                            (5.9)
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The newly generated waves can be seen in Fig. 5.16, which shows the injection of a

strong pump and weak probe beam into the SOA, measured at the SOA output. The

individual waves are highlighted, along with the frequency detuning. The input pump

power is 3.5 dBm and the probe power is -6.5 dBm, while the low noise bias

configuration is used.
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5.16. Optical spectrum of SOA output with injected signals and resulting four wave
mixing products. Frequency detuning Ω is highlighted.

The newly generated wave is known as the conjugate because it is a phase inverted

replica of the probe signal. FWM in SOAs is an efficient process compared to that of

difference frequency generation in passive waveguides. As such, the interaction length

can be reduced, hence the viability of FWM in short devices such as SOAs. An

additional benefit to the use of a short interaction length is that phase matching

conditions are easier to achieve. The phase matching condition is achieved whenever,

0kL ,                            (5.10)

where L is the interaction length, usually the length of the SOA active region, and Δk is

the wavevector mismatch whereby,

2102 kkkk  ,                            (5.11)

where 0, 1, 2 denote pump, probe and conjugate signals, respectively, and ki is the

wavevector for each signal. The conjugate signal intensity is proportional to a phase

matching factor G(ΔkL) which in turn tends towards 1 as ΔkL→0. Therefore, FWM in



168

SOAs is a polarization dependent process, unlike XGM in polarization independent

SOAs. However schemes exist whereby the injection of two pump beams, either co-

polarized or orthogonally polarized in a polarization insensitive SOA, can yield a FWM

signal that is polarization independent.

Experimental setup

5.17. Experimental setup for FWM characterisation. ECL – external cavity laser; EDFA
– Erbium doped fibre amplifier; BPF – bandpass filter; PC – polarisation controller;
ATT – variable attenuator; POL – free space polariser; OSA – optical spectrum
analyzer.

The experimental setup for the FWM characterization of the MC-SOA, shown in Fig.

5.17, involves the injection of two CW signals, provided by two external cavity lasers

(ECLs). The power difference between the pump and probe optical power was kept at 10

dB, ensuring that the SOA saturation was due to the pump signal. The pump wavelength

was set to 1570 nm, which is the peak gain wavelength of the SOA. The probe

wavelength was downtuned from this value. Uptuned values of the probe wavelength

were not used due to restrictions in the spans of both the ECLs and optical filters. Both

signals were amplified by EDFAs and then filtered. The EDFAs had gain values

between 22 and 25 dB, with noise figures on the order of 5 dB. A tuneable filter was

used for the probe signal and the central wavelength was synchronized with the output

wavelength of the ECL using LabviewTM software. The bandwidth of the filter was set to

2 nm. A second 2 nm filter was used for the pump signal. The signals were polarization

controlled before being coupled together via a 50:50 coupler. An optical attenuator was

used prior to injection in order to ensure accurate measurement of the input power. The
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signals were coupled to the SOA via the free space setup outlined in the previous section

and also in Chapter 4. A free space polarizer at the SOA input, set to the polarization

maximum of the SOA (marginally TE) ensured that the injected signals were linearly

and most importantly co-polarized, to ensure efficient FWM. Finally, the signals were

analyzed on an optical spectrum analyzer (OSA) with a resolution bandwidth of 0.02

nm. The OSA was also synchronized to the probe signal ECL and optical filter.

5.4.2. Efficiency of FWM conversion process

Dependence on non-linear gain mechanisms

As previously mentioned, the efficiency of the conversion process in FWM in SOAs is

better than that of other techniques such as difference frequency generation in fibres.

However, the conversion efficiency is still low compared with optical gating techniques

such as XGM and XPM. In FWM, the conversion efficiency is dependent on the ability

of the material parameters in the SOA to follow the optical beating of the pump and

probe signals. The material parameters involved in this process depend on the detuning

of the signals. We can define two types of FWM, depending on the detuning: nearly

degenerate FWM and non-degenerate FWM. Nearly degenerate FWM occurs when the

signal detuning is on the order of megahertz to a few gigahertz. Non-degenerate FWM

occurs with detuning frequencies from 10GHz up to a few THz. In nearly degenerate

FWM, the physical process affected by the beating modulation is carrier density

pulsations (CDP). CDP are caused by the modulation of the carrier density between the

conduction and valence bands.  The relaxation of the carrier density for this process

takes place on the order of the spontaneous carrier lifetime, i.e. ~ 200 ps. This

corresponds to a frequency detuning of ~ 5 GHz. The speed of the carrier density

pulsations can follow the modulation caused by the optical beating up to this frequency

region. Beyond 5 – 10 GHz, however, the CDP can no longer follow the speed of the

optical beating, and thus the power of the converted signal caused by the CDP gain and

index grating drops rapidly, along with the efficiency.

At frequency detunings > 100 GHz, within the regime of non-degenerate FWM,

the effect of carrier heating (CH) becomes significant. The CH process as it pertains to

gain recovery in SOAs occurs when the carrier distribution within an energy band

relaxes to equilibrium temperature through the emission of optical phonons, usually after

free carrier absorption or stimulated emission has increased the temperature of the band

relative to the lattice temperature. The lifetime of this process is on the order of 1 – 2 ps.

The second process in effect in the non-degenerate FWM regime is spectral hole burning
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(SHB), which is where quasi-Fermi equilibrium is established within a band due to

carrier-carrier scattering, with a timescale on the order of ~ 100 fs. CDP is an interband

process, whereas CH and SHB occur within the band and as such are intraband

processes. All three gain relaxation processes described herein have been covered in

greater detail in Chapter 1.

The efficiency of each process is determined by the strength of the gain or index

grating produced. The large linewidth enhancement factor for the CDP process in SOAs

(on the order of 5 – 10) means that the modulation of the carrier density also produces a

large modulation of the refractive index. The scattering of the input waves to form the

conjugate signals is mainly governed by the index grating formed by these refractive

index modulations. For SHB, the modulation of the carrier distribution within the band

structure is a much weaker effect than modulation of carriers between bands; as the

linewidth enhancement factor for this process is small [48], the index modulation is

small and thus SHB mainly produces a gain grating. CH contributes both index and gain

gratings, with an index grating being predominant.

Measured FWM efficiency

The conversion efficiency of the FWM wavelength converter is defined as,

)0(
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LP
 ,                            (5.12)

where P2(L) and P1(0) are the measured conjugate power at the SOA output and probe

power at the SOA input, respectively. The theoretical conversion efficiency can be

modelled as,

22
0 )()()(  CHCDPth ffLS ,                            (5.13)

where S0
2(L) is the pump signal photon density measured at the SOA output, and the

contributions from carrier density pulsations and carrier heating, respectively, are given

as [49],
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where Ssat is the saturation photon density of the SOA, SCH is the characteristic saturation

photon density for the carrier heating process, Ω is the detuning frequency in Hz, αCDP

and αCH are the linewidth enhancement factors for CDP and CH respectively, and τs, τCH

and τSHB are the characteristic times for CDP, CH and SHB respectively.
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5.18. FWM efficiency as a function of input pump power. The frequency detuning is
100GHz.

Fig. 5.18 shows the measured FWM efficiency as a function of the input pump power.

The probe power is kept at a constant difference of 10 dB from the probe signal. The

frequency detuning is set to 100 GHz. Immediately obvious is the larger efficiency

achieved for the standard bias configuration. The reason for this is that the higher gain in

this configuration leads to a larger value for S0
2 in Eq. (5.13), while the relatively low

value for Ssat increases the contribution from fcdp. This same inverse dependency on the

saturation photon density means that the efficiency for the low noise case is higher than

that of the high Psat case. This is to be expected, as the SOA should be saturated in order

to observe appreciable third order non-linear effects. It has been shown that the FWM

efficiency is roughly dependent on the cube of the amplifier gain and the square of the

pump power [50], i.e.

2
0

3IG ,                                                 (5.16)
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As the input power to the SOA increases, the efficiency also increases along with I0, but

only up to a point. When the input power has compressed the gain by a factor of

approximately e-2, this reduction in G outweighs the contribution from I0 and the

efficiency starts to reduce [51]. This effect is visible in the efficiency curve for the

standard bias configuration, indicative of the greater gain saturation for that bias case at

very high input powers. Another indication of this behaviour is the convergence of the

curves for the low noise and high Psat cases, where the reduction in G from Eq. (5.16) is

less severe in the case of the high Psat configuration.

Fig. 5.19 shows the FWM efficiency as a function of the detuning frequency.

The pump powers used are (a) -4 dBm and (b) 6 dBm, in order to demonstrate the

behaviour of the FWM efficiency at low and high pump powers. All plotted curves show

a similar trend. At a detuning up to ~ 100 GHz, the curve exhibits the characteristic

shape determined by Eq. (5.14). At this point a shoulder appears as the effects of carrier

heating become predominant. The curve follows the trend of Eq. (5.15). The detuning

efficiency drops off sharply around 1 – 2 THz. Within the nearly degenerate and most of

the non-degenerate FWM regimes, the magnitude of the FWM efficiency displays the

same qualitative behaviour as that exhibited in Fig. 5.16, whereby the maximum

efficiency is seen in the standard bias configuration. A clear difference emerges in the

plots at a frequency detuning > 1 THz, however. In this region, for high pump power, it

is observed that the efficiency drops off far more rapidly for the standard SOA case,

followed by the low noise configuration, with the high Psat configuration having the

highest conversion bandwidth. In comparison, the opposite behaviour with regards to the

conversion bandwidth is observed in the low pump power case. This suggests that at

such high pump powers, the high Psat bias configuration has the largest gain bandwidth

due to the reduction in gain saturation.
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5.19. FWM efficiency as a function of detuning frequency for low and high pump
powers. Probe power = pump power – 10 dB. The probe wavelength is downtuned from
the pump.

5.4.2. Curve fitting and parameter extraction

An application for CW FWM efficiency characterisation is the calculation of the

spontaneous carrier lifetime and the carrier heating lifetime, as well as the linewidth

enhancement factors for the interband and intraband processes. The efficiency vs

detuning curves were fitted with the functions defined in Eq. (5.13) and (5.14) .The

contribution in Eq. (5.13) from fCH is neglected for the calculation of τs and αCDP. In this

case, Eq. (5.13) is a low pass filter function. The values for Ssat were calculated using the

saturation output power values measured in Chapter 2. The parameters τs and αCDP were

set as variables, and a fitting algorithm was used to find the values for these parameters

that gave the optimum fit to the FWM efficiency curve. For the calculation of the carrier

heating lifetime and αCH, the contribution from fCDP in Eq. (5.15) is neglected and the

contribution from fCH is incorporated. For this calculation, as it was not previously

known, SCH was also set as a variable in the fitting algorithm. The results of both fittings

are shown in Fig. 5.20. The separate fittings for the CDP and CH regions are visible. Of

note is the tail-off in the fit compared with the experimental data at high detuning

frequencies. This is due to the omission of the spectral hole burning term from Eq.

(5.15) when fitting. The calculated spontaneous carrier lifetimes for CDP and CH are

plotted in Fig. 5.21 (a) and (b), respectively. As the input pump power is increased, the

gain saturation resulting from this leads to a reduction in the carrier density. This is
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reflected in the upward trend in the spontaneous emission lifetime. The values are quite

low but not uncommon in the literature [52].
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5.20. FWM efficiency vs detuning frequency for low noise bias condition, at pump power
of 6 dBm. Also plotted are fitted curves.

Significantly, the larger carrier density at high powers that exists in the high Psat bias

condition is reflected in the lower carrier lifetimes calculated for it. This result correlates

well with the explanation for the increased saturation power observed in this bias state

that was proposed in Chapter 2.
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5.21. (a) Calculated spontaneous carrier lifetimes and (b) carrier heating lifetimes as a
function of pump power.
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The values obtained for the CH lifetimes are on the order of 1 – 2 ps, which is in general

agreement with the literature. The downward trend in values of τCH with increasing

pump power is an indication that the gain recovery time associated with intraband

effects becomes slower with increased carrier density [53].
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5.22. Calculated linewidth enhancement factors for (a) CDP and (b) CH processes, as a
function of input pump power.

The calculated linewidth enhancement factors for both the CDP and CH processes are

shown in Fig. 5.22. The upward trend of α with pump power can be explained with

reference to [54], as pertaining to semiconductor lasers. The linewidth enhancement

factor is enhanced by the non-linear gain of the SOA according to,
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where α0 is the low intensity linewidth enhancement factor, I is the intracavity intensity

normalized to the saturation intensity and β is a parameter defined as,
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where ω0 is the pump signal frequency, ωp is the linear gain peak frequency Δωg is the

gain bandwidth and τin is the intraband polarisation relaxation time. The numerator in
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Eq. (5.18) disappears if the pump signal is injected at the gain peak, as it is in our

experiment. In that case, the linewidth enhancement factor is dependent on the mode

intensity.

5.4.4. Noise in FWM wavelength conversion

Due to the inherent inefficiencies of the FWM conversion process, the noise

performance of FWM wavelength converters is generally poor compared to in-line

amplification applications. This is a serious drawback as wavelength converters are

likely to be cascaded when in operation due to the need to perform multiple wavelength

conversions. Solutions to this problem include the use of long SOAs, to take advantage

of high conversion efficiency [55], or preamplification using a low noise EDFA, so that

the total system noise figure is determined by the noise figure of the EDFA (assuming

that the gain of the EDFA is greater than the NF of the SOA). Two measures used to

quantify noise performance in FWM wavelength converters are signal to ASE

background ratio (SBR) and noise figure. SBR is defined as the ratio of the output

converted signal power to the ASE noise power within the measurement bandwidth [56].
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 ,                            (5.19)

Fig. 5.23 shows the SBR of a converted signal at 100 GHz detuning frequency for a

range of input pump powers. Interesting to note is that the SBR, unlike the conversion

efficiency in Fig. 5.18, does not display a maximum within the range studied. PASE is

inversely dependent on the pump power due to the effects of gain saturation, while the

numerator in Eq. (5.19) can be rewritten as,

)0()0( 01 PP   , (5.20)

where σ is the ratio of input probe to input pump, which is a constant in these

experiments. Therefore the dependencies of both numerator and denominator in Eq.

(5.19) on the input pump power indicate that the SBR should increase well beyond the

pump power for maximum conversion efficiency [57], which is what is observed. The

maximum SBR is found for the standard bias configuration. This result is due to both the

high gain at low pump powers and also to the large suppression of the ASE due to
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increased gain compression at high pump powers, as compared to the two other bias

configurations.
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5.23. Signal to ASE background ratio as a function of pump power for frequency
detuning of 100 GHz.

The noise figure of the FWM wavelength converter is a way of combining the

conversion efficiency and the SBR into a figure of merit for the noise in a practical

system. In FWM, the NF is defined as the ratio of the SNR of the input probe signal to

the SNR of the converted signal, given by [58],
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where ρASE is the ASE power spectral density within the converted signal bandwidth and

with the same polarisation as the signal, expressed in W/Hz, and ω is the angular

frequency of the converted signal. Fig. 5.24 shows the noise figure of the SOA for three

bias configurations at a frequency detuning of 100 GHz. The minimum value of NF

obtained is 30 dB. As with the SBR trend, the lowest NF is obtained in the standard bias

configuration, for the same reasons as before. The NF of the low noise bias

configuration is also considerably lower than that of the high Psat configuration, due to

the enhanced suppression of ASE noise. A noticeable feature of this plot is that, as

opposed to the SBR trend in Fig. 5.23, the NF reaches a minimum value and then begins

to increase at a certain input pump power.
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5.24. Noise figure of converted signal as a function of pump power for frequency
detuning of 100 GHz.

The reason for this result is that at high enough pump powers, the conversion efficiency

drops off, and the contribution to the NF of the decreased conversion efficiency begins

to outweigh that of the continually increasing SBR. The large compression of the gain

observed in the standard bias configuration at high pump powers is the reason why the

NF minimum occurs at a lower pump power relative to the other configurations. The

increasing SBR is also the reason why the NF minimum does not generally coincide

with the conversion efficiency minimum. A comparison of Fig. 5.18 with Fig. 5.24

shows that the conversion efficiency minimum of the standard bias case is at a pump

power of ~ 3 dBm, whereas the NF minimum occurs at ~ 6 dBm.
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5.5. Summary

In this chapter, the characteristics of wavelength conversion in a multi-contact SOA

were studied, with particular reference to the effect of the injected carrier distribution.

The wavelength conversion techniques in question were cross gain modulation (XGM)

and four wave mixing (FWM). It was observed that switching between the low noise and

high Psat bias configurations has a strong effect on the noise properties and extinction

ratio of the XGM wavelength converter. It was also observed that a compromise is

necessary between extinction ratio and signal to noise ratio, due to the increasing noise

power at high pump signal intensities. The FWM characterisation of the SOA showed

that the optical gain is the most important parameter in deciding both the conversion

efficiency and the noise performance of the wavelength converter. This observation was

inferred from the superior conversion efficiency and noise figure of the standard bias

configuration, which displays a higher gain than the other bias configurations. It was

also observed that the low noise bias configuration achieved a greater conversion

efficiency and lower noise figure than the high Psat configuration, due to the lower

saturation power and consequent increased suppression of the ASE noise. The FWM

efficiency curves were fitted to a low pass filter function in order to extract the

spontaneous and carrier heating lifetimes, as well as the respective linewidth

enhancement factors. The results from this fitting indicate that the higher saturation

power in the high Psat bias configuration leads to a lower spontaneous emission lifetime.

This result indicates that this configuration is well suited to in-line amplification

applications, but that switching to the low noise or standard configuration is a better

option for wavelength conversion.
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CONCLUSION AND FUTURE OUTLOOK

In this thesis, a thorough characterisation of novel semiconductor optical amplifier

designs was presented. The purpose of these designs was to enable control over the

limiting factors of an SOA, namely the noise figure and the saturation output power.

SOAs have always been deficient in these areas when compared to fibre amplifiers, and

much research has focused on alleviating these problems. The basic physics of SOAs

and the radiative processes in semiconductor material was first covered as a background

for the thesis.

Noise figure and saturation output power control

The origin and description of noise in SOAs was outlined. The relationship between the

noise figure and the population inversion factor was established as central to the concept

of this thesis. The parameters that affect saturation power in SOAs was also detailed,

with the dependence on the spontaneous carrier lifetime, and indirectly the carrier

density, established. The concept for controlling the carrier density distribution within

the SOA, and thus the noise and saturation behaviour, was outlined. The reduction of

noise figure for a chain of amplifiers was illustrated using a deterministic model, and the

evolution of the population inversion factor with the carrier density was plotted. The

model was also used to show the dependence of the spontaneous carrier lifetime on the

carrier density.

Verification of concept

The parameter control concept was tested on two SOA designs, one employing a lateral

laser cavity and one employing multiple electrical contacts. Each design aimed to affect

the carrier density profile of the SOA in such a way as to alter the device parameters. A

simulation was developed to model the SOA and the carrier density control concept.

Simulations of the designs showed a clear effect on both the noise figure and saturation

power of the SOA. Actual devices incorporating these designs were characterized in the

lab. The performance of the lateral cavity SOA was less than expected, with a relatively

high noise figure and low gain. The noise figure was found to change when injecting

from one side of the device relative to the other, suggesting an effect of the lateral laser.

The multi-contact SOA showed more promising results, with an appreciable gain and

relatively low noise figure recorded. Again, switching the bias distribution to the
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opposite side produced a clear difference in noise figure, however the low noise bias

distribution did not show an appreciable decrease from that of the control bias

configuration. A clear increase in saturation output power was observed, however, when

the bias current distribution was shifted towards the end facet. This suggests a potential

for high power in-line amplification.

Effects on in-line amplification

The multi-contact SOA was tested in an in-line transmission experiment. The increased

noise figure of the high saturation power bias configuration was shown to introduce a

power penalty relative to the other bias configuration when amplifying low power

signals. There was no improvement in receiver sensitivity found for the low noise

configuration compared to the standard configuration. In the high power regime

however, the high saturation power configuration showed a clear improvement in error

free power range. In this case, the standard bias configuration was found to give the

worst performance. This trend was consistent in the characterisation of optical pulses

propagating in the SOA. Both the high saturation power and low noise bias

configurations exhibited fewer non-linear effects such as pulse broadening and self

phase modulation than the standard bias configuration, suggesting that altering the bias

current distribution could have a beneficial effect on high power CW and pulsed

transmission.

Effects on wavelength conversion

In terms of wavelength conversion, the higher saturation power of the high Psat bias

configuration reduces the non-linear effects exhibited by SOAs in the saturation regime,

and as such this configuration was found to give the poorest results in cross gain

modulation and four wave mixing experiments. The best conversion performance was

seen in the standard bias configuration, suggesting that the unsaturated gain is the most

important parameter for wavelength conversion efficiency.

Outlook

The characteristics of these devices could be improved in a number of ways. As these

are prototype SOAs, their main function is to test the concept of carrier density control.

With regards the lateral cavity SOA, it is possible that the etched slots that make up the

lateral cavity were too close to the active region, and thus affected the propagating
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mode. The model of the MC-SOA could potentially be improved by simulating carrier

diffusion between the sections, which may help to resolve the issues surrounding the

reduction in noise figure. The multi-contact SOA shows promise as a concept and gave

impressive results in the high power regime. It is possible that an improvement in the

resistance between the slots separating the electrical contacts would lead to an improved

noise figure. In this case, the MC-SOA could have potential as a flexible, low cost

component for in-line amplification in optical networks.
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APPENDIX

A.1. Material gain model

The model for the material gain used in the SOA simulations of both the lateral cavity

and multi-contact SOAs is based on the model by Connelly [1]. It describes the gain

function for a bulk InGaAsP semiconductor optical amplifier. This is also used as a

approximation for the behaviour of the quantum well LC-SOA design, with the purpose

of the simulation being to test the concept of the lateral laser. The material gain

coefficient is given by,
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where nr is the material refractive index, ν is the optical frequency, τs is the spontaneous

carrier lifetime, and mc and mhh are the effective electron and heavy hole masses,

respectively. The occupation probabilities of electrons in the conduction band and holes

in the valence band are given as,
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where k is the Boltzmann constant and T is the temperature. The conduction and valence

band Fermi levels are given by Nilsson approximation [2]. The energies of the

conduction band and valence band are given, respectively, by,
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The bandgap energy with no forward bias applied, i.e. at zero carrier density, is

calculated as a quadratic approximation,

 2
0 cybyaeEg                                                  (A.6)

where e is the electronic charge, y is the molar fraction of Arsenide in the active region

and a, b, and c are the bandgap energy quadratic coefficients. The bandgap energy is

modified by the injection of carriers by,

  31
0 NeKENE ggg                                               (A.7)

where N is the carrier density and Kg is the bandgap shrinkage coefficient.
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A.2. Flowchart of simulation

The structure of the SOA model is outlined in the figure below. Starting from initial

values of carrier density and SOA parameters, signal and ASE fields are determined and

then used in the rate equation. The rate equation is solved to find value of carrier density

that yields the minimum value for ΔN, the change in carrier density. This process

continues through multiple iterations until a satisfactory convergence is reached. The

value of carrier density found as the solution is then used to calculate the gain and

consequently the output signal and spontaneous emission power. The noise figure is

calculated from the population inversion factor, which is dependent on the determined

carrier density.

A.1. Flowchart diagram of SOA model
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A.3. Parameters of simulation

The parameters of the simulation used in Chapter 3 are presented in Table A.3.1. Most

of the values are approximated to common values found in bulk InGaAsP semiconductor

materials. The dimensions of the SOA are specific to the SOA being modelled. It should

be noted that the confinement factor used for modelling the lateral cavity SOA was the

same as that used for the multi-contact SOA. The reason for this was the algorithm’s

difficulty in converging on a solution for low values of confinement factor.

Parameter Description Value

a1 Differential gain coefficient 1.51 x 10-20 m-2

A Non-radiative recombination coefficient 1.5 x 108 s-1

B Radiative recombination coefficient 2.5 x 10-17 s-1

C Auger recombination coefficient 3 x 10-41 s-1

d Active region thickness 0.5 μm

W Active region width 1.6 μm

L SOA length 750 μm

ne0 Effective refractive index 3.22

ng0 Group refractive index 3.75

N0 Carrier density at transparency 1 x 1024 m-3

Α Waveguide losses 3000 m-3

R2 Reflectivity of facet 5 x 10-5

dne/dN Refractive index shift coefficient -1.33 x 10-26 m-3

dωp/dN Gain peak frequency shift coefficient 2.12 x 10-11 m3s-1

Γ Confinement factor 0.3

ωp0 Gain peak frequency rads s-1

y Molar fraction of Arsenide in active region 0.95

A.2. Paramters used for SOA simulation
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A.4. List of Acronyms

ASE Amplified spontaneous emission

BER Bit error rate

CDP Carrier density pulsations

CH Carrier heating

CW Carrier heating

CWDM Coarse wavelength division multiplexing

DBR Distributed Bragg reflector

DWDM Dense wavelength division multiplexing

EDFA Erbium doped fibre amplifier

FCA Free carrier absorption

FPSOA Fabry-Perot semiconductor optical amplifier

FROG Frequency Resolved Optical Gating

FWM Four wave mixing

ISI Inter-symbol interference

LCSOA Lateral-cavity semiconductor optical amplifier

LOA Linear optical amplifier

MCSOA Multi-contact semiconductor optical amplifier

MOCVD Metal-organic chemical vapour deposition

MPI Multi-path interference

NF Noise figure

NRZ Non-return to zero

OADM Optical add-drop multiplexer

ONU Optical network unit

OLT Optical line terminal

OSA Optical spectrum analyzer

OTDM Optical time domain multiplexing

OXC Optical cross connect

PON Passive optical network

PRBS Pseudo-random binary sequence

QD Quantum dot

QW Quantum well

RZ Return to zero

SBR Signal to background ratio
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SOA Semiconductor optical amplifier

SHB Spectral hole burning

SHG Second harmonic generation

SRS Stimulated Raman scattering

SNR Signal to noise ratio

SPM Self phase modulation

TE Transverse electric

TM Transverse magnetic

TMLL Tuneable mode locked laser

TWSOA Travelling wave semiconductor optical amplifier

VCSOA Vertical cavity semiconductor optical amplifier

WDM Wavelength division multiplexing

XGM Cross gain modulation

XPM Cross phase modulation

A.3. List of acronyms used in this thesis.
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