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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 devel opment. The semiconductor
optical amplifier (SOA) is atechnology that may be crucia in future optical networks, as
alow cogt 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 SOASs, however, in the form
of ardatively high noise figure and low saturation output power, which limits their use
in many circumstances. The aim of this thesisis 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 characteritics 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
signalsis determined. Finaly, the wavelength conversion characteristics of the SOA are
outlined. Therole 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 signalsin standard single mode fibresis ~ 0.2 dB/km in the 1.5 ym
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 electrica conversion,
massively increasing efficiency. They aso made possible the use of wavelength
multi plexing 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 e ectronics 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 dlow range
extension of optical networks. Semiconductor optical amplifiers (SOA) are idealy
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 optica 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.



Thisthesis presents designs for SOAs that aim to introduce this flexibility, both in terms
of reduced noise and saturation effects. Thisisaccomplished 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 thesiswill 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 dleviate 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 s mulated 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 aso 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.



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
asgpect of the amplification process. SOAS, like semiconductor lasers, are heavily based
on the I11-V group of semiconductor materials. Early work on SOAs was carried out on
GaAg/AlGaAs materid 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 opticd 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 ripplesin 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
valuesfor lasersis ~ 0.3, dielectric coating using SIO, and similar materialsin SOAS can
produce values < 10* [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 akyls in gaseous form are passed over an InP substrate, and form
an epitaxia layer of InGaAsP [3]. The rate of the gas flow controls the composition of
the InGaAsP layer. A basic schematic of an SOA isshown 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 Ag
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 isimportant 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 Ag. As a result, the eectron density of states takes the form of a step
function, rather than a continuous spread of possible states [4]. This has the effect of



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
dimensiondity 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 opticad signals has been
demonstrated in QD-SOASs at speeds up to 40 GHz [9].

1.1.3. SOAsvsother 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*® 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 alows them to amplify multiple input
signals without crosstalk effects. On the other hand, due to the necessity of a pump laser,
EDFAs are generaly 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



advantage in amplifications windows outside of the C-band, where EDFA technology is
till relatively new. An SOAs active region material can be engineered to provide gainin
awide 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 EDFASs 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-Njunction

An SOA is a diode formed from the joining of a materiad 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 materias are joined, the excess el ectron 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 dectric field creates a drift of charges which counteracts the diffusion caused by
the material doping and an area caled the depletion region forms which is free of charge
carriers [16]. If a forward bias greater than a certain magnitude, called the barrier
potential Vp, isapplied, then this electric field is reduced and current can flow across the
junction. This is the basic principle of a homojunction semiconductor diode. SOASs are

generally double heterojunction structures.
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1.2. lllustration 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 potentia of the
doped materia 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 caled 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 eectric (TE)
or transverse magnetic (TM). The electric field of TE polarized light is oriented in the
epitaxia plane. For TM light thisis the case for the magnetic field. The concentration of
carriersin 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 atypical direct bandgap semiconductor isshownin 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 eectron 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. Spontaneoudy 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 diagramillustration 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 N, and can be expressed as,

stgon = AN, (12
where 1 and 2 represent the valence and conduction bands respectively and A, 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 smulated absorption can be described as a function of the incident photon

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

R12 = Blzr (n )Nl' (1.3

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

Similarly, the expression for stimulated emission is,

sttlim = ler (n )Nz’ (1.4)
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where By, is the stimulated emission probability per unit time from level 2 to level 1. It
can be shown from the Einstein relations that By, = By, i.€. the probability of stimulated
absorption equals that of gimulated emission [23]. The spontaneous emission
probability is related to the stimulated emission probability by,

3 3
A21 = [m} 8211 (1.9)

c

where n; is the material refractive index. Introducing the induced transition lineshape
1(v), p(v) can be expressed as pl(v), where p is the energy density of the field inducing
the transition. We can then express the inducing field intensity 1, as,

C
l, =—Tr (1.6)
n

r

Using Egs. (1.5) and (1.6), Eg. (1.4) can then be expressed as,

im Azczl(n)InN
s :—18p L (17)

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,

dP(z)  (msim
dz - (Ri" R, A (1.8)
=9g.0)R

where P, isthe initial signal power. Thus the material gain g(v) at an optical frequency

v istherefore derived as[2],

_ A2102|(n )(Nz — Nl)
gm(n)_ 8pnr2n 2 (19)

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 caled a population

inversion and is achieved in SOAs and semiconductor lasers through electrical pumping.

11



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
aso recombine non-radiatively. Non-radiative recombination mechanisms dominate
radiative recombination for indirect bandgap semiconductors such as slicon 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].

e 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. Thisis 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,

Re = AN, (1.10)

where A, is the non-radiative recombination coefficient. A typical value for A,
is10’ - 10°s™.

o 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 rateis,

R.y = B.n%, (1.11)

where B, 44 is the radiative recombination coefficient, which usualy has a value
on the order of 10" m’s™.

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 dectron 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 processis

dependent on two electrons and a hole, the Auger recombination rate s,
Ry =Cuyn’ (1.12)

where Cqy is the Auger coefficient, which has a value of ~ 10* m’s™ 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 signa is injected into an

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

13



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.

o 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,

t = ! _, (1.13)
R(n) Ahr + Brad n+ Caug n

where nisthe carrier density and R(n) is the combined recombination rate for al
interband processes. The CDP timescale is cdled the carrier lifetime. An
increase in the carrier density reduces the carrier lifetime and speeds up gain

recovery. Typical valuesfor the carrier lifetimein SOAsis0.1-1ns.

e 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 atimescale on the order of 1 — 2 ps.

e The fina 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 atimesca e 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 afunction of signal power P by,
Gy
1+ %S ’

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

G:

(1.14)

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 materia 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],

gn(N1) =g (N)-g(l -1,)*, (1.15)
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where N is the carrier density, A is the signal wavelength, A is the gain peak wavelength
and y is a constant related to the width of the material gain spectrum. The peak materia

gainisgiven by,
PA(N) =a,(N-N,), (1.16)

where Ny is the carrier density at transparency and a; is the differential gain coefficient.
The gain spectrum of an SOA is said to be homogeneously broadened [29]. This means
that areduction 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 al 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 sengtivity. 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 modesis balanced.
1.4.3. Non-linear effects
When the input power is high enough and the SOA isin 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 smultaneously in WDM applications. The disadvantages associated with non-
linear effectsin 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. Noisefigure

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) asthe signal is
amplified is quantified by the noise figure, expressed in decibels as the ratio of the input
SNR to the output SNR,

NF :10Ioglo(§\\|12“ ] (1.17)

ut

The noise figure is the limiting factor for SOAs in low power transmission compared
with EDFAs, which have anoise figure closer to the quantum limit of 3 dB. Thistopicis
discussed further in Chapter 2. One of the main topics of this thesisis the contral 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 mechanismsin
bulk SOAswas given. Finally, the main physical characteristics of SOAswere 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 arelatively 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 EDFASs 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 usein 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 passve optica 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 smply, a high noise figure will especially degrade the signal to noise (SNR)
ratio of aweak 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 materia gain gn.

- In addition to this, the fluctuationsin carrier density induce changesin
the refractive index ng, depending on the value of the linewidth
enhancement factor a. Consequently, phase noise is introduced to the
signal, in a similar manner to linewidth broadening in semiconductor

lasers[4].
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All of these effects are exacerbated by the fact that the spontaneoudly 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 spontaneoudy 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 individua 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, alow saturation output power will limit the dynamic range of
input signal power that can be amplified without distortion. As was previoudy
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 SOASs have a finite gain recovery time, on the order of
hundreds of picoseconds, atransmitted 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

seenin 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
channelsin 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
thisis 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]. Finaly, 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 tempora 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
alows SOAs to compete with fibre amplifiers on al 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 isto optically pump the carrier density at low bias currents, and to restore a flat
spatia carrier distribution at higher currents. A NF improvement of up to 2.5 dB has
been redised 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 redised [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 proportiona to the saturation
output power. The main drawback with the holding beam approach is that it requires the
use of an additional sourceto 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 magjor 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 I 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 SOAsand LOAs

Gain clamped SOAs (GC-SOA) and linear optical amplifiers (LOA) are aso 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 aso
clamped, and is independent of increasing input signal power until the point where the
laser oscillation is switched off dueto carrier depletion.

An LOA has asimilar functionality, although the gain clamping is achieved not
through integrated Bragg reflectors, but through an integrated vertical laser that ensures
gain linearity. The overal 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. Thisis primarily due to longitudina 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
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and DBR lasers, but is more pronounced in GC-SOASs 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 proportiona 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 dternative approach to increasing the saturation output power is taken in [30]. The
injected carriers are distributed al ong 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 t.
As T 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 dimensiona 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 materia
means that efficient population inversion is possible at much lower injected currents [31,
32]. QW structures also exhibit alower waveguide loss, further decreasing the NF [33].
The higher loss in the cladding layers can be reduced by optimizing the doping levelsin
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 magjor reason for the high level of
research interest in them. Saturation power is inversely proportional to both the
confinement factor I' and the differential gain coefficient a;. As we have previoudy
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 differentia 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-SOAYS) are related to the quas three-level nature of the QD band structure,
similar to an EDFA. Indeed, because of this particular structure, QD-SOASs 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 thisis that extremely high output powers can be achieved before
gain saturation [41].

2.3. Noise Figurein SOAs

Noise is an unavoidable characteristic of all amplifiers. In any opticaly amplifying
medium, stimulated emission enables the amplification of incoming signal photons.
However, carrier relaxation via spontaneous emission will also occur, which is arandom
and incoherent process. As spontaneous emission events can emit a photon in any
direction or phase, and at arange 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 signa 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 optica 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.
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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).

Classicaly, 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

30



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, thisis 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 B,. The noise spectral density stays constant within the
frequency interval (0 — By/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 +By/2, either side of the signal. An in-depth derivation of the signal-

spontaneous beat noiseis given by Olsson [44].

Power spectral density

v

Frequency

2.4. Power spectral density of signal-spontaneous beat noise as measured on an
electrical spectrum analyzer. By 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 signa unchanged and to filter out half of the
spontaneously emitted photons (assuming polarization-independent amplification).
However, this technique is not necessarily useful in practica 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 O to
B,, 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 B,. If we define By as the maximum frequency interval in the optica
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 By/dv, where dv is a unit division of bandwidth. The derivation of sp-sp beat noise is
discussed in more detail in [44].

Psp-sp

Power spectral density

PP

v

Frequency

2.5. Power spectral density of spontaneous-spontaneous beat noise as measured on an
electrical spectrum analyzer. By indicates the bandwidth of the optical filter.
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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 alower 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 signd
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 signa path. If
an optical isolator isnot used at the SOA output, reflections of ASE power back into the
active region can enhance sig-sp and sp-sp hoise. Thisis 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 noisefigure

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 isameasure of the quality of asignal. It is measured in terms of the received signal
photocurrent isg and the received noise photocurrent i, 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 <A%,> is obtained by integrating the received noise spectral density
S 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 electrica power rather than squared photocurrent, we define the

signal to noise ratio of the input signal to be,

_ RP? _ hP,
" (A%,) 2eRR,B, 2hnB,’

(2.2)

where Pj, is the signal input power, e is electric charge, v is the optical frequency, n is
the photodetector quantum efficiency, B, is the bandwidth of the noissand R= ne/hvis
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,

P
NR =—N | 2.3
Rn 2hnBe ( )

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,

NR,, = fos) (2.4)
* T W) |

wherein this case,
(i) = RPG?PZ, (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



be added up in order to take them into account when calculating the noise power

variance. The output SNR then becomes,

RZGZPZ
B B.R? [Ssig_sp +S, o +h 'Sy

sig—shot

AR, (2.6)

+hs

so-shot T Suip J,
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 electrica 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 n term in the shot noise spectral densities in
Eq. (2.6) disappears. Secondly, we can see that both the numerator and the denominator
of Eqg. (2.6) depend on the value of the detector responsivity. Therefore, these terms will
cancel. In the case of an optical signa 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,

G2P2
Be lSs'g—sp + Ssig—shotJ .

S\IRout = (2.7)

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),

S +S

_ Sig—sp sig—shot (28)

2hnG?P,
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The signal-spontaneous beat noise power spectral density can be expressed as,

sig-sp

where pase IS the ASE power spectral density. The signal shot noise can be written as,
Syt = 2hnGPR,,. (2.10)

Egs. (2.9) and (2.10) are derived in [44]. By substituting Egs. (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,

F_erSEJrl

= AE . 211
Ghn G (211)

By definition, the noise figure is ten times the base 10 logarithm of this expression,

NF =10log 2 +i . (2.12)
Ghn G

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, eectrica 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 shownin 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 powe