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ABSTRACT

New technologies in optical networking more and more impose tight constraints to opticaI
powers within systems. Changes in optical power levels, due to e.g. switching and routing, can
cause problems in these new optical systems. A solution to this problem is to equip optical
amplifiers with a special automatic gain control (AGC) circuit. Using this control circuit, the
gain of an optica1 amplifier can be automatically controlled in such a way, that it has an
adjustable fixed output power with varying opticaI input powers. Basically, some sort of
feedback loop is required to control the pump source ofthe optical amplifier (a laser or current
source) as a function ofthe desired optical output power. This thesis study focuses on automatic
gain control applied on semiconductor optical amplifiers (SOAs). Drivers for this study on
AGC-SOA devices are the potentialof full integration in photonic integrated circuits, thus
enabling considerable cost reductions, and relatively simple electronic circuitry that is expected
for implementation ofthe AGC function.

In order to get a good theoretical basis, a general overview ofthe physics behind semiconductor
optical amplifiers is given, discussing device characteristics, and gain and noise characteristics.
Thereafter, the e1ectrical and optical characteristics of the SOAs available during this project
were investigated by performing several measurements. Using the results of these
measurements an automatic gain controlloop, based on a dual stage approach, is proposed. The
basis of the dual stage approach is a cascade of two separate SOAs, with the idea of future
integration of the two SOAs onto a single chip. By using the second SOA as a fixed gain
amplifier, its junction voltage becomes a representation of its optical output power. An e1ectrical
control circuit uses this junction voltage to control the gain ofthe first SOA.

Measurements performed on the dual stage SOA-AGC system indicate that an input dynamic
range of at least 8 dB is reached. During these measurements the controlloop was configured to
keep the output power at 0 dBm. However, the amount of ASE produced by the SOA cascade is
large, resulting in a low signal output power. Therefore, input powers below -10 dBm should be
avoided. The maximum signal output power is -3.2 dBm at an input power of -2 dBm. The
speed of the control loop was initially determined to be 6.4 kHz. Using a pseudo random data
signal, the AGC system output was examined at three average output powers. In order to limit
saturation effects, higher output powers require a higher injection current applied to the second
SOA. Eye pattern measurements were used to determine optimal operation settings for the
second SOA of the AGC system. In the case of an average output power of 0 dBm, an
extinction ratio of 2.4 dB was found at the cascade output. The optimal operation settings for
the second SOA, in this situation, were found to be an injection current of 60 mA and a junction
voltage of 1099 mV. In order to increase the speed of the control loop, the loop gain was
decreased by a factor of 10. Measurements showed that, as aresuIt, the bandwidth ofthe control
loop has increased to a value of 16 kHz. However, a lower loop gain also leads to a higher error
voltage, resulting in a lower average optical output power.

Several issues arose when using this dual stage AGC system. First, the electronic control circuit
could be redesigned in order to reduce or preferably, to eliminated issues that are the result of
voltage shifting and voltage errors. An electronic circuit on a printed circuit board with proper
shielding, extra voltage regulation, and faster components is recommended. A more
sophisticated controlloop could be an option to reduce the amount of ASE produced in the SOA
cascade. An extra control parameter could be used as a reference for the amount of ASE, to
accordingly adjust the gain of the first SOA. Finally, an integration of the two separate SOAs
into a single device could be an interesting option.
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SAMENVATTING (DUTCH ABSTRACT)

Nieuwe technologiën in optische netwerken stellen steeds zwaardere eisen aan de optische
vermogens in systemen. Veranderingen in optische vermogens als gevolg van schakelen en
routeren kunnen problemen geven in deze nieuwe optische systemen. Een oplossing voor dit
probleem is om optische versterkers uit te rusten met een speciaal "automatic gain control"
(AGC) circuit. Met dit regelcircuit kan de versterkingsfactor van een optische versterker
automatisch geregeld worden, zodat deze een in te stellen vast uitgangsvermogen levert bij
verschillende ingangsvermogens. Een regellus is nodig om de pompbron van de optische
versterker (een laser of een stroombron) te sturen als een functie van het gewenste optische
uitgangsvermogen. Deze studie richt zich op de toepassing van "automatic gain contraI" bij
optische halfgeleiderversterkers (SOA's). Beweegredenen voor deze studie aan AGC-SOA's zijn
de mogelijkheid tot volledige integratie in optische schakelingen, wat een aanzienlijke
kostenbesparing kan opleveren, en het te verwachten relatief eenvoudige elektronisch circuit
voor implementatie van de AGC functie.

Om een goede theoretische basis te verkrijgen wordt er een overzicht gegeven van de fysische
eigenschappen van optische halfgeleiderversterkers. Daarin wordt de versterkerstructuur en de
versterkings- en ruiseigenschappen besproken. Daarna worden de elektrische en optische
eigenschappen van de SOA's die beschikbaar waren tijdens dit onderzoek door middel van
enkele metingen onderzocht. Aan de hand van de resultaten van deze metingen is een
"automatic gain control" regelcircuit voorgesteld, gebaseerd op een twee-traps aanpak met het
idee deze later te kunnen integreren op een enkele chip. Door de tweede SOA in te stellen op
een vaste versterking wordt zijn junctiespanning een representatie van zijn optische
uitgangsvermogen. Een elektronische schakeling gebruikt deze junctiespanning om de
versterking van de eerste SOA te regelen.

Metingen die verricht zijn op het twee-traps SOA-AGC systeem tonen aan dat een dynamisch
bereik van 8 dB haalbaar is. Tijdens deze metingen was de regellus ingesteld om het
uitgangsvermogen op 0 dBm te houden. De hoeveelheid ASE die door de SOA cascade wordt
geproduceerd is helaas groot wat leidt tot een laag signaalvermogen aan de uitgang. Daarom
moeten ingangsvermogens van minder dan -10 dBm worden vermeden. Het maximale
signaalvermogen ligt op -3,2 dBm bij een ingangsvermogen van -2 dBm. De bandbreedte van
de regelIus was in eerste instantie bepaald op 6,4 kHz. Met behulp van een pseudo-random data
signaal werd de uitgang van het AGC systeem voor drie gemiddelde uitgangsvermogens
onderzocht. Om verzadigingseffecten te beperken is voor hogere uitgangsvermogens een hogere
injectiestroom vereist voor de tweede SOA. Oogpatroonmetingen werden gebruikt om de
optimale instellingen te vinden voor de tweede SOA van het AGC systeem. Voor een gemiddeld
uitgangsvermogen van 0 dBm werd een extinction ratio gevonden van 2,4 dB aan de uitgang
van de cascade. In deze situatie werden voor de tweede SOA de volgende optimale instelIingen
gevonden: een injectiestroom van 60 mA en een junctiespanning van 1099 mV. Om de snelheid
van het regelcircuit te verhogen werd de lusversterking met een factor 10 verlaagd. Metingen
wezen uit dat, als gevolg hiervan, de bandbreedte van de regellus was toegenomen tot een
waarde van 16 kHz. Helaas heeft de lagere lusversterking een grotere foutspanning tot gevolg,
wat leidt tot een lager gemiddeld uitgangsvermogen.

Een aantal problemen kwamen naar boven tijdens het gebruik van dit AGC systeem. Ten eerste
zou het elektronisch circuit herontworpen kunnen worden om fouten die het gevolg zijn van
spanningsveranderingen te beperken of liever te verwijderen. Een printplaat met goede
afscherming, extra spanningsregelaars en snellere componenten wordt aanbevolen. Een meer
geavanceerd regelcircuit om de hoeveelheid ASE, geproduceerd door de SOA cascade, te
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compenseren zou een optie kunnen zijn. Een extra regelparameter zou gebruikt kunnnen worden
als een referentie voor de hoeveelheid ASE, om zodoende de versterkingsfactor van de eerste
SOA te kunnen bijregelen. Als laatste zou integratie van de twee aparte SOA's tot één enkele
versterker een interessante optie kunnen zijn.
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1 INTRODUCTION

As developments in optical transport networking are proceeding, more and more non-linear
functions will be performed in the optical domain, e.g. all-optical signal regeneration. These
new technologies, however, impose tight power constraints and make the systems susceptible to
power excursions that result from laser ageing or changes in fibre temperature. Also, variations
in the route that a light signal travels, due to protection switching or routing through a meshed
network, can cause changes in the optical power levels. The bottom line is that fixed gain stages
are likely to be inadequate for the next generation of optical networking systems.

A solution to this problem is to equip opticaI amplifiers with a special circuit, in Iiterature
known as automatic gain control (AGC). By adding a special control circuit, the gain of an
optical amplifier can be automatically controlled in such a way, that it has an adjustable fixed
output power with varying optical input powers. Basically, some sort of feedback loop is
required to control the pump souree of the optical amplifier (a laser or current souree) as a
function of the desired optical output power. So, the gain of the optical amplifier should he
automatically adapted to counteract any deviation from the desired optical output power level.
By using gain-controlled optical amplifiers, the limited dynamic range of modern opticaI
systems can now be extended, which relaxes the power constraints.

Automatic gain control can be applied on virtually any kind of optical amplifier: erbium-doped
fibre amplifiers (EDFAs), semiconductor optical amplifiers (SOAs) and Raman amplifiers. At
this moment, AGC is already widely applied on EDFAs [1-8]. In this project, however, the
focus is on AGC for semiconductor optical amplifiers. From a literature study it could be
concluded that, at the end of the 1980s and beginning of the 1990s research was done on this
subject [9-16].

Drivers for this study on AGC-SOA devices are the potentialof full integration in photonic
integrated circuits, e.g. wavelength converters, thus enabling considerable cost reductions, and
relatively simple e1ectronic circuitry that is expected for implementation ofthe AGC function.

In chapter 2, a general overview ofthe physics behind semiconductor optical amplifiers is given
in order to get a good theoretical basis. First, the device characteristics of semiconductor opticaI
amplifiers are discussed, followed by a detailed view on their gain characteristics and a
discussion about their noise characteristics.

Chapter 3 discusses the measurements performed on several SOA modules, in order to get a
complete overview ofthe electrical and optical characteristics of these devices.

In chapter 4, an automatic gain control loop is proposed based on a dual stage approach. By
performing optical power measurements, timing measurements, and data experiments, the
performance ofthis electronic controlloop is tested and compared to the desired specifications.

Finally, in chapter 5 the conclusions from this project are formulated and several
recommendations are proposed.
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2 SEMICONDUCTOR OPTICAL AMPLIFIERS

In this chapter, a general overview of the physics behind semiconductor optical amplifiers
(SOAs) is given in order to get a good theoretical basis. First, the device characteristics of
semiconductor optical amplifiers are discussed. The fundamental principles of optical
amplifiers, population inversion, stimulated emission, and amplified spontaneous emission will
be explained, followed by a basic energy diagram, and a description of a bulk heterojunction
device structure. Thereafter a simpIe electronic SOA model will be discussed, followed by a
description of the relationship between junction voltage and carrier density. A short description
of a commercially available SOA module will also be presented. The second part ofthis chapter
will give a detailed view on the gain characteristics of SOAs, covering homogeneous gain
broadening, band filling, rate equations, resonance effects and saturation. Finally, the noise
characteristics of SOAs will be discussed, with the emphasis on amplified spontaneous
emission.

2.1 Device characteristics

In this section, the device characteristics of semiconductor optical amplifiers are discussed.
First, the fundamental principles of light amplification, i.e. population inversion and stimulated
emission, are explained foliowed by a description of the semiconductor active layer. Then, the
bulk heterojunction device structure is introduced and finally a short description of a fully
packaged SOA butterfly module is given.

2.1.1 Fundamental principles

Figure 2.1 shows the basic structure of a semiconductor optical amplifier [17]. An undoped
(intrinsic) layer called the active layer is sandwiched between a layer of p-type material and a
layer of n-type material. By choosing a different material composition for the active layer, it is
possible to create a lower bandgap with respect to its surrounding layers. When a forward
voltage is applied over this heterostructure, free electrons from the n-type material and holes
from the p-type material will travel towards the active layer. Here the electrical carriers will
accumulate as they are trapped in this low bandgap potential (quantum) weil. By applying large
enough currents (pumping), large concentrations of electrons and holes build up in the active
layer, which leads to population inversion. Photons from incoming light passing through the
amplifier medium can trigger electrons in the conduction band to relax to their ground state and
recombine with holes in the valence band. As aresuIt, photons with the same wavelength and
phase as the incoming photons will be emitted and stimulated emission (SE) occurs. On the
other hand, an electron that still is in its ground state can again absorb the energy of a passing
photon and gets excited. This process is in fact the opposite of stimulated emission and is
known as stimulated absorption (SA). When population inversion is sufficiently large, the
stimulated emission will dominate the stimulated absorption and light amplification is achieved.

So in short, the light amplification process in an SOA can be described as follows: by applying
a large enough injection current population inversion is achieved. When light is coupled into the
amplifier, stimulated emission occurs resulting in amplification ofthe incoming light.

If an excited electron is not relaxed to its ground state by stimulated emission, it relaxes within a
certain period of time automatically because of the meta-stable situation at the higher energy
level. As this happens, a photon can be emitted during the transition. When operating the SOA,
amplification of this so-called spontaneous emission occurs along the length of the amplifier
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medium. Because this amplified spontaneous emission (ASE) is generated randomly in the
active layer, i.e. with random phase, it does not contribute to the actual light amplification
process but has to be treated as additional wide spectral optical noise (see section 2.3.1). It is
obvious that, in order to have good amplification characteristics, the amount of ASE is required
to be as low as possible.

-------

photon (energy hv)

p-type

intrinsic -....1----+-----'.,..,

n-type

Figure 2.1: Basic structure ofa semiconductor optical amplifier.

To visualise the different energy level transitions that occur in the described processes, the basic
energy diagram ofthe active layer is shown in Figure 2.2. When applying an injection current to
the device, electrons are excited from their ground state, an energy level within the valence
band, to an excited level in the conduction band. From this excited level the electrons relax to
their ground state either by spontaneous or stimulated emission, thereby emitting photons of
energy h v, which equals the energy difference between the excited energy level and the ground
state.

r
•

--+-----+----Ec

~ photon (energy hV)

--+-----+----Ev

•

band gap

Figure 2.2: Basic energy diagram ofa semiconductor active layer.

2.1.2 Heterojunction device structure

There are two possible heterojunction device structures for semiconductor opticaI amplifiers:
the bulk structure and the multiple quantum weil structure. This project however, only focuses
on the usage of bulk structure SOAs that were available. Therefore, it is expected to be
sufficient, for the execution ofthis project, to only discuss the bulk structure.
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The bulk structure is the simplest type of SOA device structure. In Figure 2.3 the different
layers of semiconductor materials in this device structure can be seen [17]. Here, the active
layer is sandwiched between a layer of p-type InP and the n-type InP substrate, following the
description in section 2.1.1. In addition to the confinement of electrical carriers, the lower
bandgap ofthe active layer also leads to the confinement of light passing through it. The active
layer has a higher refractive index compared to the surrounding layers. This higher refractive
index keeps the light trapped within the active layer and thus it acts as a waveguide for light
passing through the amplifier. For efficient amplification the guided optical field in the
amplifier must have sufficient overlap with the active layer.

On both sides of the active layer an additional layer of isolating Fe-doped InP is grown,
ensuring that all the externally applied electrical current tlows through the active layer. This
way high carrier concentrations can be achieved, which are needed for the amplification
process. On the top and bottom of the heterostructure metal contacts are grown for the
application of an injection current. Furthermore, a special anti-retlection (AR) coating is applied
on both the facets of the device. By doing so, the internal retlectivity of the active layer can be
reduced, resulting in better amplification characteristics (see section 2.2.4 for details).

metal

active layer

anti-reflection coating

p-lnGaAsP

·~~~=~~§~~j:--p-Inp
;r-~'I-__ n-lnP

')Iç---T--~I-----::""

Fe-lnP

n-lnP

metal

Figure 2.3: Typical SOA bulk structure.

For telecommunication purposes the amplification process is required to be independent of the
polarisation ofthe incident light beam. Near polarisation independence can be obtained by using
an approximately square active layer. However, when a large gain, a low noise figure and a high
saturating output power are desired, the bulk structure is inadequate and the multiple quantum
weil structure is preferred.

2.1.3 SimpIe electrical model

Figure 2.4 shows a simplified electrical model of a bulk structure semiconductor opticaI
amplifier, which was described in the preceding sections. It consists of a diode with a series
resistance Rs•

+ ~. 
}.. ~

VSOA~
Rs --'IsoA

Figure 2.4: Simple electrical model of a semiconductor optical
amplifier.
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Using the ideal diode equation, the current through the amplifier ISOA can be described as:

(2.1)

where 10 is the reverse saturation current [A], fj corresponds to the voltage across the diode
junction [V] and n stands for the ideality factor (1 Sn S 2). Furthermore, q is the elementary
charge [As], k is Boltzman's constant [1.38.10-23 JIK] and T is the diode temperature (K).

Furthermore, the voltage acrosS the SOA can be described as:

(2.2)

resulting in a diode junction voltage given by:

Using equation 2.3, the amplifier current I SOA can be rewritten into:

1 =1 [exp(q(J~,o..j -I,W)..jRJ)_I].
SOA 0 nkT

2.1.4 Carrier density and junction voltage

(2.3)

(2.4)

For a semiconductor in thermal-equilibrium, the electron and hole concentrations no and Po [m-J
]

respectively, are functions ofthe Fermi energy level described as:

(
E -E )n = n exp F FI

o I kT'

(
E -E )

P = n. exp FI F
o I kT'

(2.5)

(2.6)

where EF and EF; are the Fermi energy [eV] and the intrinsic Fermi energy [eV], respectively,
and n; is the intrinsic carrier concentration [m-J

]. For an n-type semiconductor no > n; and thus
EF > EF;, whereas for a p-type semiconductor po> n l and thus EF < EF;.

If excess carriers are created in a semiconductor, as is the case with electrical pumping, the
thermal equilibrium is no longer at hand and the Fermi energy levels are no longer defined.
However, in this situation it is allowed to define quasi-Fermi levels EFn and EFp for electron and
holes respectively [19]. lf on and op are the excess electron and hole concentrations [m-J

], the
total carrier concentrations n and p [m'3] can be defined as:

and
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(2.8)

Furthermore, the Fermi energy levels are directly related to the voltage across the junction ~

following:

(2.9)

By combining equation 2.9 with equations 2.7 and 2.8, a relationship is found between the
junction voltage ~ and the carrier concentrations n and p described by:

(2.10)

Applying this relationship to a semiconductor optical amplifier, it can be concluded that,
assuming a fixed pump current is applied to the SOA, a decrease in carrier concentration due to
stimulated emission, will result in a decrease in junction voltage. Taking the other
recombination processes into account (ASE, etc.), it can be seen that the amplifier junction
voltage is a representation of the optical output power of an SOA.

2.1.5 Complete device package

Figure 2.5 shows an example ofthe SOA modules used in the experiments ofthis project. It is a
fully packaged 14-pin SOA butterfly module from Samsung Electronics. It operates in the low
loss 1550 nm window and it is based on the InP/InGaAsP bulk structure, as described in the
previous section. The input and output optical fibres are efficiently coupled to the amplifier chip
using aspheric lenses. The amplifier chip is mounted on a Peltier cooler to maintain a constant
operation temperature. Because of their small dimensions, these butterfly modules are very
useful for integration on printed circuit boards.

Figure 2.5: Samsung OA40B3A type 1550 nm SOA module.
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2.2 Gain characteristics

In this section, a more detailed view is given on the gain characteristics of semiconductor
optical amplifiers. First the water tank representation of an SOA [20] will be used to c1arify
homogeneous gain broadening, followed by a short description of the gain spectrum. Then the
carrier and propagation rate equations will be introduced to discuss the steady-state
amplification in an SOA. After that, a definition is given of the small signal gain of an SOA
inc1uding the occurrence of resonance effects. Finally, a detailed view will be given on gain
saturation.

2.2.1 Homogeneous gain broadening

It is observed that carrier depletion in the active layer of an SOA, induced by the amplification
process, occurs similarly for light within a certain wavelength window [18]. In other words,
light within a certain range of wavelengths can be amplified with just one concentration of
eIectrical carriers. This homogeneous gain broadening is a result of a sufficiently fast intraband
relaxation time.

Figure 2.6 ilIustrates the amplification process in a semiconductor optical amplifier [20). Here,
the current injection is represented as pouring water into a tank. The water in the tank
corresponds to the carrier concentration in the active layer. The two water taps represent the
amplification of incoming light, where P; is the optical input power and G; the gain at
wavelength Ai (,.12 > Al). A higher input power corresponds to a higher opening ofthe water taps.
Furthermore, carrier loss as a result of ASE is represented by a crack in the tank and the hole in
the bottom ofthe tank stands for the remaining non-radiative recombination processes.

From the water tank representation of Figure 2.6 it can be concluded that current injection and
light injection have the same influence on the number of carriers in the active layer, although
with opposite sign. Reducing the water flow into the tank has the same effect on the equilibrium
as increasing the flow at the water taps.

Carrier concentration

Non-radiative recombination

Injection current

Figure 2.6: Water tank representation of a semiconductor optical
amplifier.
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2.2.2 Gain spectrum

Although semiconductor optical amplifiers have a large gain bandwidth, they also have a
maximum gain at a certain wavelength. This maximum gain wavelength is directly related to the
energy gap between the energy levels with the highest number of occupied states. When the
injection current increases however, the maximum gain wavelength tends to shift towards a
shorter wavelength. This wavelength shift occurs due to the effects of band fil/ing. At higher
injection currents the carrier concentration in the active region increases. As aresuIt, the energy
gap between the energy levels with the highest number of occupied states aIso increases, leading
to a shorter maximum gain wavelength.

In Figure 2.7 [20], band filling is ilIustrated for two situations of applied injection current:
situation (a) where the injection current 1=11 and situation (b) where 1= h > h

(a) (b)

I
>.
El
Ql
r:::

W

---

Density of states~

Figure 2.7: Band fil/ing: situations lor injection current I, (a) and
injection current h > I, (b).

2.2.3 Steady-state amplification

As discussed in section 2.1.1, gain in a semiconductor optical amplifier is induced by stimulated
emission resulting from interaction between excited e1ectrons and incident photons in the active
layer. This amplification process may be described by just one set of rate equations [18, 20].
Essentially, a rate equation describes the behaviour of a medium having separate (discrete)
energy levels. Although SOAs have a band structure, it is allowed to apply rate equations due to
the homogeneous gain-broadening nature ofthe amplifier medium described in section 2.2.1.

First, the carrier concentration in the active layer is described by the carrier equation, which can
be expressed as follows:

dn =~-~-A (n-no)~~
dt qV T g hl' V

(2.11 )

In this equation, n is the carrier density [m'3] and no represents the carrier density at which net
gain is reached in the medium [m'3]. This means n - no corresponds to the population inversion
density in the active layer. Furthermore, I is the applied injection current [A], q stands for the
elementary charge [As], V and L represent the active layer volume [m3

] and length [m] and ris
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the spontaneous carrier relaxation time [slo Also, Ag is the differential gain coefficient [m2
], P

represents the light power in the active layer [W], h is Planck's constant, v represents the light
frequency [Hz], and t is the time [s]. The different terms on the right-hand side of equation (2.1)
represent the processes that influence the carrier concentration in the active layer of the
amplifier. The first term represents pumping by current injection, the second term represents the
relaxation process and the third term accounts for the stimulated emission process.

A second rate equation, the propagation equation, describes the behaviour of the light, with
respect to its power, as it propagates through the amplifier medium:

(2.12)

Here a is the loss coefficient [m-I] due to absorption outside the stimulated emission process
and waveguide scattering and z is the propagation direction of the incident light. Here, also the
optical mode confinement factor r is introduced. This factor is defined as the fraction of the
mode intensity propagating in the active layer. The other part (l - r) of the mode intensity is
lost for the amplification process. Oue to a possible difference in the width and thickness ofthe
active layer (see section 2.1.2), the mode confinement factor can be polarisation dependent. This
results in an intrinsic difference in amplification ofthe TE and TM polarised lights. Therefore it
is important the active layer cross section to be as square as possible.

By solving equation (2.1) for n and assuming the carrier concentration to be constant (dn/dt=O),
the following steady-state solution ofthe light intensity for a certain point in the amplifier cavity
can be obtained:

dP ==rA rI/qV-nü p-ap==( ryo -a)p
dz g I + PI P,.al 1+ p/PW1

(2.13)

where PWI represents the saturation light power (see section 2.2.5 for details) described as [18]:

P == hv V
sal z;4 L

g

and ro is the unsaturated gain coefficient [mol] expressed as [18]:

2.2.4 Small signal gain

(2.14)

(2.15)

The small signal gain or single pass gain G of an optical amplifier can be defined as the quotient
of the optical output power Pout and the optical input power Pin. If saturation effects are ignored,
i.e. the term P/p.WI in the denominator of equation (2.3) is left out, then the small signal gain of
an optical amplifier can be obtained by integrating the equation over the amplifier length L rml:
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An important subject with respect to the signal gain is facet reflectivity, which is the result of
the abrupt change in refractive index at the ends of the amplifier cavity. Due to possible
reflections at the amplifier facets, resonance effects in the cavity may occur. In contradiction to
laser diodes, it is crucial that oscillation in the amplifier medium is avoided, in order to have
correct signal amplification. Theoretically, the reflectivity is preferred to be as low as possible,
close to zero. However, complete elimination ofthe facet reflectivity is impossible.

The threshold for laser oscillation can be expressed as in equation (2.7), where R \s the
reflectivity of both facets:

GR<l (2.17)

From equation (2.7) it can be concluded that, to achieve a high amplifier gain, a very low facet
reflectivity is crucial. For example, to achieve a gain of 30 dB the reflectivity must be in the
order of Ix I0.3 or lower. Because reflectivity cannot be completely eliminated, there is always
some fluctuation in the gain spectrum of the opticaI amplifier: the so-called gain ripple. The
signal gain of an SOA including these resonance effects can then be rewritten as [18J:

G = (I-R1XI-RèP

r (1- ~R1R2G)è + 4~R1R2 Gsin 2 [2Ji(" - vo)L/C]
(2.18)

Here RI and R2 are the input facet and output facet reflectivities of the amplifier cavity
respectively, and G is the single pass gain as described in equation (2.6). AIso, v is the signal
light frequency, Vo represents the resonance frequency of the amplifier, and c is the speed of
light in the amplifier medium. From equation (2.8) it can be deduced that, when facet
reflectivities cannot be disregarded, ripples with a period of cl2L wil! appear in the gain
spectrum. The ratio between the maximum and minimum values of equation (2.8) is described
as the ripple depth m [18J:

1+~RIRsG
m=---'-==~

1-~R1RsG
(2.19)

In equation (2.9), again it can be seen that, in order to keep the ripple depth below a certain
value, the toIerabIe reflectivity strongly depends on the desired signal gain.

In the past years some techniques have been developed to reduce the facet reflectivity. One of
these techniques, as mentioned earlier in section 2.1.2, is the application of an anti-reflection
coating on the facets. With this technique, reflectivities can be achieved of less than Ixl 0-4. If
even lower reflectivities are required, alternative solutions must be used. By applying a
combination of AR coatings, an angled waveguide and a window structure, facet reflectivities in
the order of 1x10.(; can be achieved. In Figure 2.8 an il!ustration is given of this combination of
techniques [20J.
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wind ow Iransparent region

AR coating

Figure 2.8: Angled waveguide and window structure combined with
anti-reflection coatings.

2.2.5 Gain saturation

As has heen shown in equation (2.5), the gain coefficient Yo is proportional to the population
inversion density n - no. Also, the population inversion density depends on the incoming light
intensity. In an unsaturated situation, the carrier density is constant and incoming light of any
waveform wiJl he amplified without alteration. However, when the light intensity in the
amplifier cavity is high, then severe depletion of electrical carries will occur as a result of large
stimulated emission. Consequently, this leads to a decrease of the population inversion and thus
a decrease or saturation of the gain coefficient. This process can also he illustrated using the
water tank representation of section 2.2.1. Increasing the light intensity corresponds to opening
the water taps. As aresuIt, the water level in the tank starts to drop and the pressure at the taps
reduces, which corresponds to the gain depletion. Figure 2.9 shows the time pulse response
characteristics to iIlustrate the gain saturation in a semiconductor optical amplifier.

i input waveform

carrier density

Time •

output waveform

Figure 2.9: Time response characteristics ofan SOA in saturation.

When saturation effects are taken into account, the population inversion density in the active
layer of an SOA can he descrihed as [18]:

(2.20)
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where (n - no)o is the unsaturated population inversion density when no light is present. Note,
that when the light intensity increases, the population inversion decreases, heing halved when P
is equal to the saturation light intensity PSU1 and converging to 0 as it increases even more.

Following the description of the population invers ion in equation (2.10), a similar expression
can he found for the gain coefficient using equation (2.5):

r = ro
I+P/Psat

(2.21)

Now, the gain of a semiconductor optical amplifier can he rewritten as:

P
G=~= exp[(rr-a)L]

~n
(2.22)

From equation (2.11) and (2.12) it can he concluded that the gain of an SOA is indeed highly
dependent on the light intensity. Some remarks can he made here concerning saturation in
optical amplifiers. In e1ectrical amplifiers saturation is related to a limit on the output level.
Provided that this maximum output level cannot he exceeded, the gain is constant. By contrast,
in optical amplifiers saturation means saturation of the gain, so theoretically, if any losses are
ignored, there is no limit to the input and output power for amplification. In practice however,
losses cannot he ignored, which means that the gain coefficient must he kept high enough to let
rr> a, otherwise attenuation will occur.

Figure 2.10 shows gain saturation in a Samsung OA40B3A SOA module. This plot was taken
from one of the SOA inspection data sheets. The signal gain G is plotted versus the output
power Pout ofthe amplifier for various injection currents.

32

30

28

...... 26
CD
"0...... 24
C
~

22(!)

20

18

- --- .,------ ~~~ ~-- ---~ ---., --~ ----, , .

15105
16 I-""----...L-----'----'-----''--.L..-"'''----...L----'-----I.----''---.L..-...I...----'=----'-----I.~L_....I

-30 -25 -20 -15 -10 -5 0
Pout [dBrn]

Figure 2.10: Gain saturation in a Samsung OA4DB3A type SOA
module.

By increasing the injection current the carrier density also increases, resulting in a higher
saturation output. This can he explained using the water tank representation iIlustrated in Figure
2.6. Increasing the injection current corresponds to increasing the water flow into the tank. As a
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result of this, the water level in the tank will rise leading to an increase in water pressure. This
means that water will flow out of the taps more easily, corresponding to a shorter carrier
lifetime because of the enhanced stimulated emission. Consequently, this results in a higher
saturation output power. However, it should be noted that an increase of the injection current
also leads to an increase of the signal gain. As mentioned in section 2.2.4, by applying a too
large injection current this may lead to resonance effects in the amplifier medium. So a trade-off
should be made here between the saturation output power and the residual reflectivity.

2.3 Noise characteristics

Another important aspect of semiconductor optical amplifiers is their noise behaviour. In this
section the noise characteristics will be investigated covering the amplified spontaneous
emission.

2.3.1 Amplified spontaneous emission

As discussed in section 2.1.1, amplified spontaneous emlSSlOn (ASE) is the result of
spontaneous emissions along the length ofthe amplifier waveguide. It is generated with random
phase, so it has to be treated as additional optical noise. ASE is directly related to the
spontaneous emission lifetime of the electrical carriers in the active layer, the longer this
lifetime the lower the amount of ASE. As the injection current is increased, also the ASE is
increased. This again, can be easily illustrated using the SOA water tank representation:
increasing the injection current means increasing the water flow into the tank. As aresuIt the
water level rises and a larger area of the crack is covered by water, thus more water leaks from
the crack out of the tank.

Spontaneous emission originating at a certain point is amplified as it travels to the end of the
amplifier cavity. This process can be described as (18]:

(2.23)

Here P"p is the power ofthe spontaneous emission light propagating in the positive z direction
and !'1Psp is the spontaneous emission power generated per unit length, given by:

(2.24)

In equation (2.13), the first term represents the increase of the spontaneous emission due to
amplification and the second term accounts for the spontaneous emission newly added at the
local point. By substituting equation (2.14) into equation (2.13) and integrating over the length
of the amplifier L, taking Psp at the input of the amplifier (z = 0) is zero, an expression can be
derived for the spontaneous emission output power PASt: at the output ofthe amplifier (18]:

(2.25)

Here, the small signal gain G, as described in equation (2.6), has been substituted and the gain
coefficient yo is assumed to be constant along the length of the amplifier (unsaturated gain

26



condition). Also, the spontaneous emission factor (or population inversion parameter) nsp [m-3
]

is introduced:

where nspl is the population inversion parameter due to stimulated absorption, defined as:

n
n sp1 =-

n-no

and nsp2 is the population inversion parameter due to internal losses, defined as:

(2.26)

(2.27)

(2.28)

Figure 2.11 shows the power spectrum of the amplified spontaneous emission in one of the
Samsung OA40B3A SOA modules plotted versus the light wavelength. This plot was taken
from the inspection data sheet. The 3 dB optical bandwidth is more than 40 nm.
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Figure 2.11: ASE power spectrum ofa Samsung OA40B3A type SOA
module.
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3 SOA CHARACTERISATION

Before any attempt can be made to design an Automatic Gain Control loop, it is important to
have a detailed overview ofthe e1ectrical and opticaI characteristics ofthe SOA. In this chapter,
the measurements are discussed that were performed on the SOAs available for dus project.
First, a description ofthe actual measurement set-up is given, followed by a short description of
the SOA drive circuit and the introduction of the so-cal1ed three-point measurement, used for
the determination of the input and output powers of the SOA modules. Then, the performed
measurements and their results are discussed in detail. Using these results, some remarks will be
given, on which the design ofthe actual e1ectrical feedback controlloop can be based.

The SOAs available for this project are four Samsung OA40B3A bi-directional SOA modules,
designed for the low-Ioss 1550 nm wavelength window. In Table 3.1, an overview is given,
showing the model and serial numbers of the four Samsung SOA modules used in this project.
From this point on, the four SOAs wil1 be referred to as SOA 1 to SOA 4, following the table
below.

Device
SOA 1
SOA2
SOA 3
SOA4

Model No.
OA40B3A-OG IC2
OA40B3A-OG1C2
OA40B3A-OG2C2
OA40B3A-OG2C2

Serial No.
ISI-OI06-00002
ISI-OI06-00003
ISI-0106-00002
ISI-O 106-00003

Table 3.1: Model and serial number overview of the four Samsung
SOA modules.

3.1 Measurement set-up

In order to get the required e1ectrical and optical characteristics ofthe different SOA modules a
measurement set-up as shown in Figure 3.1 is used.

SOA drive circuit Digital multimeters

$1 $
I
I

*~ -{>- Aü ü
Tuneable laser source SOA under test Optical spectrum analyser

Figure 3.1: Measurement set-up for the determination of the
electrical and optical characteristics of the four SOA
modules.
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The measurement set-up consists of a tuneable laser source (TLS) to generate a 1550 nm optical
test signal (probe), the actual SOA under test, followed by an optical spectrum analyser (OSA).
The optical spectrum analyser is used to acquire the power spectral density of the SOA output
and to determine the contribution ofthe amplified test signal to the total optical output power of
the SOA. A small e1ectrical drive circuit is used to be able to control the injection current of the
SOA, as weil as its operating temperature. Finally, two digital multimeters were used to
measure the junction voltage and injection current ofthe SOA under test.

Before using the described set-up, the optical spectrum analyser and the opticaI power meter
were calibrated with respect to each other. A 1550 nm, -2 dBm CW optical signal from the TLS
was measured using the optical power meter and the OSA (RB = I nm), respectively. The
opticaI power meter showed a 0.2 dB higher value compared to the optical spectrum analyser.

3.1.1 SOA drive circuit

The SOA drive circuit is used in order to control the bias current and the operating temperature
of the SOA under test. To control the bias current, a simple e1ectronic circuit is used as shown
in Figure 2.1. By varying the resistance of the potentiometer PblOs, the bias current f bias can be set
to an arbitrary value between 0 and approximately 250 mA. Following equation 3.1, the value
of hias can easily be obtained by measuring the voltage across the resistor Rbias and dividing it by
its resistance (l0 0):

v, -V,1 = blOS,l bias,2

bias 10 (3.1)

The SOA modules are all equipped with a Peltier cooler. Using an external potentiometer the
operating temperature of the SOA can be set to a desired value within the range of 15 to 36 oe.
This potentiometer is part of an NTC resistor bridge circuit, inteb'Tated in a feedback control
loop controlling the operating temperature of the SOA. For all of the following measurements
the SOA operating temperature was set to a value of 25°C.

10 Q

Vee 0-----'---1

R""u ~Jb'Q5

Figure 3.2: Electrical circuitfor controlling the SOA bias current,

3.1.2 Three-point measurement

To accurately determine the output power of the SOA at a certain wavelength, a three-point
measurement [20] is used as illustrated in Figure 3.3. First, an appropriate resolution bandwidth
(RB) has to be chosen. The resolution bandwidth should be set at a value larger than the
linewidth of the tuneable laser source. This way, the total amplified probe power is contained
within just one RB. The output power of the SOA can then be measured using the optical
spectrum analyser.
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In Figure 3.3, PIOt,). equals the amplified probe power plus the ASE at the probe wavelength. The
power levels PI and P2 are the ASE levels measured at respectively one RB to the left and one
RB to the right ofthe probe wavelength. Using these two power values, an approximation ofthe
ASE at the probe wavelength PASE,). can be made by taking the harmonie average ofPI and P2:

Now, the output power P out,). ofthe probe signal can be determined following:

P out,). = ~ot,). - P ASE,).·

(3.2)

(3.3)

The total opticaI output power P out of the SOA is measured using an optical power meter. If
pout';. is known, the total ASE power P ASE can be determined by subtracting P out,). from P out:

(3.4)

By applying again the three-point measurement on the output of the tuneable laser souree, the
input power Pin of the SOA at an arbitrary wavelength can also accurately be determined. This
way the optical fibre-to-fibre gain Gffofthe SOA module can be found using:

(3.5)

The fibre-to-fibre gain of the complete SOA module is related to the actual chip gain G of the
SOA as:

(3.6)

where 1fin and 1foUl are respectively, the input and output coupling efficiencies of the SOA
module. Typical values for 1fin and 1foul are about -2 to -2.5 dB, accounting for the fibre to chip
coupling losses. The exact values however, were not available for these SOA modules.

Je [nm]

Figure 3.3: Illustration of a three-point measurement performed on
the ASE power spectrum plus amplified probe signalof
an SOA output.
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3.2 Measurements

Using the measurement set-up as described in the previous section, the following characteristics
ofthe four SOA modules were investigated:

• the relationship between junction voltage and injection current, with and without a
saturating probe signal at the amplifier input;

• the ASE power spectrum at a certain bias current;
• the relationship between injection current and amplifier gain for several values of the probe

signal power;
• the relationship between the SOA output power and its gain, in order to observe saturation

effects.

All of the measurements were performed with the SOA operating temperature set to a value of
TSOA = 25 oe. The wavelength of the probe signal was set to A= 1550 nm, weIl within the optical
gain window ofthe SOAs. Finally, the RB ofthe optical spectrum analyser was set to a value of
1 nm.

3.2.1 Measurements on unsaturated SOAs

First of all, the unsaturated I- V characteristics of the four SOA modules were determined in
order to get a good starting point for their electrical characterisation. In Figure 3.4 the I-V plots
of the four SOAs are shown. It can be seen that the I- V characteristics of the SOAs 1, 3 and 4
are very close to each other, except for SOA 2. This indicates that SOA 2 probably has different
characteristics compared to the other SOAs.
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Figure 3.4: Unsaturated I-V characteristics ofthefour SOAs.
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Next, the unsaturated ASE power spectra of the four SOAs where measured, in order to get a
better view on the noise characteristics of each of the SOAs. The ASE spectra where determined
at a bias current of 100 mA and with the RB of the optical spectrum analyser set to a value of
1 nm. The ASE power spectra ofthe different SOAs are shown in Figure 3.5.
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Figure 3.5: ASE power spectra ofthe four SOAs operating at a bias
current of100 mA (RB = 1 nm).

Using the data gathered from these measurements, the 3 dB optical bandwidth, the peak gain
wavelength, and the peak gain value of the SOAs were determined for this situation as weil. The
results are shown in the Table 3.2.

Device
3 dB optical Peak gain Peak gain
bandwidth wavelen h value

SOA I 52 nm 1522 nm -15.7 dBm
SOA 2 57 nm 1521 nm -22.4 dBm
SOA 3 50 nm 1535 nm -16.8 dBm
SOA 4 55 nm 1529 nm -19.0dBm

Table 3.2: Overview of the 3 dB optical bandwidth, peak gain
wavelength, and peak gain value of the four SOAs at a
bias current of1OOmA.

From the measurement results showed in Table 3.2, it can be concluded that these four optical
amplifiers have a large gain bandwidth of at least 50 nm. This is an indication that these
amplifiers indeed can be used in broadband applications. However, due to the fact that gain is
not equal for all wavelengths within this window, slight deviations in amplifier drive settings
could be found.
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3.2.2 Probe signal dependent measurements
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To investigate the influence of an input probe signal on the I-V and gain characteristics of the
SOAs, several additional measurements were performed on two of the modules, i.e. SOA 1 and
SOA 2. First, the relationship between injection current and junction voltage was measured for
two different values of the probe signal, i.e. Pin == -20 dBm and Pin == -2 dBm. The results from
this measurement are shown in Figure 3.6. Here, the bias currents of SOA 1 and SOA 2 are
plotted versus the junction voltage. Looking at these I-V curves, the bias current of SOA 1,
especially at a junction voltage within the range of 1000 to 1400 mV, is slightly higher in the
case of Pin == -2 dBm compared to the situation when Pin == -20 dBm. This means that, if the bias
current of SOA 1 is kept at a fixed value, a change in junction voltage of several mV could be
noticed when varying the power of the probe signal. This same effect has been observed for
SOA 2. In this case however, the difference in junction voltage is lower compared to SOA 1.

~oo

I 80

Junction voltage [mVJ

--(>--- SOA 1 @ Pin: -20 dBm -e-SOA 1 @ Pin: -2 dBm

I--t:.--SOA 2 @ Pin: -20 dBm ~SOA 2@ Pin: -2 dBm

Figure 3.6: Infection current of SOA 1 and SOA 2 versus function
voltage for two different values of the 1550 nm probe
signal, i.e. Pin == -20 dBm and Pin == -2 dBm.

In Figure 3.7, the relationship between injection current and fibre-to-fibre gain of both the
amplifiers is shown for the same values ofthe probe signal as mentioned above. The first thing
it shows is that the two SOA modules have different gain characteristics. The maximum gain of
SOA I is several dB higher compared to SOA 2. Also, for very low bias currents, the gain of
SOA I tends to a value of about -46 dB, whereas for SOA 2 the gain drops even below -50 dB.
Transparency for SOA 1 is reached at a bias current of about 30 mA, while a bias current of
about 20 mA is sufficient to reach transparency for SOA 2.

As expected, an increase of the bias current results in a higher gain of the SOA, following the
water tank representation as described in section 2.2. Gain saturation is also c1early visible, as
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an increase in input power leads to a decrease in gain. Comparing saturation in both the SOA
modules, it can be seen that SOA 1 is more heavily saturated than SOA 2.
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Figure 3.7: Fibre-to-fibre gain ofSOA 1 and SOA 2 versus injection
current for !Wo different values of the 1550 nm probe
signal, i.e. Pin = -20 dBm and Pin = -2 dBm.

3.2.3 Saturation measurements

In Figure 3.8 the relationship between output power and gain of SOA 1 is shown for several
values of the injection current has, i.e. 40, 50, 60 and 70 mA. The SOA output power was
measured for each of the bias currents, with the probe signal at the amplifier input increasing
from a value of -20 dBm to a value of -2 dBm in 2 dB increment steps.

In Figure 3.9 the relationship between output power and gain of SOA 2 is shown, but now for
the bias currents 30, 40, 50 and 100 mA. For these measurements the same values of the probe
signal were used as above, to be able to make a good comparison between both the results.

Using these two figures, a more detailed view can be obtained on the saturation characteristics
ofthe SOA modules. This information is needed in order to determine SOA drive settings.
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4 AUTOMATIC GAIN CONTROL

As mentioned earlier, the assignment is to develop a dedicated control loop that controls the
gain of an SOA in such a way, that its output power stays at a desired value for a certain range
of input powers. This desired output power should be a value weIl within the input dynamic
range of the following optical function (typical range of -5 to 0 dBm). To accomplish gain
control, a certain variabie, or combination of variables has to be found, that is a good
representation of the SOA output power. The amplifier gain can then be adjusted using the
injection current, because of the direct relation between these two variables. This means that the
control circuit reduces to a current source that is controlled by a variabIe representing the
amplifiers output power. Using the junction voltage as a means to control the SOA gain could
also be an option. However, because of the fact that the real junction voltage of the amplifier
cavity ~ cannot be controlled directly, this more complicated to realise. As can be seen from
Figure 4.1, the reason for this is the series resistance Rs of the SOA. Therefore, in order to
control the amplifier gain, the injection current is preferred, resulting in the application of a
current source.

+ V;
.. ~

Vb;O'~
R, ~Ib;o,

Figure 4.1: Simple electrical model of a semiconductor optical
amplifier.

It is desired that, for this application, the controlloop only consists of electrical components. No
additional optical components, e.g.optical power meters and beam spIitters, are allowed.
Applying this, the control circuit reduces further to a current source controlled by a certain
parameter. This parameter could be a function of the SOA junction voltage or a combination of
both the bias current and the junction voltage.

Two approaches were thought of that could be the basis of finding a solution: a single stage
approach and a dual stage approach. Both these solutions are discussed in the following text.

4.1 Single stage approach

The first approach is based on the use of a single SOA to achieve automatic gain contro!. In this
case, a certain relationship has to be found between the SOA output power and its electrical
parameters, i.e. junction voltage and injection current. In other words, a function of Vbias and Ibias

has to be found that is a good representation of the actual SOA output power. Junction voltage
and injection current are related via the I-V characteristics of the SOA. In order to control the
gain of the SOA, the resulting control function has to include some form of approximation of
the actual SOA I- V relationship.

In 1988, Ellis et al. [10] reported a first single stage automatic gain control technique for SOAs.
If an optical low frequency sinusoidal signal was superimposed on the input data sequence of an
SOA, a corresponding variation in the junction voltage ofthe SOA occurred. This variation was
related to the total optical power within the cavity ofthe SOA following:
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where C is a constant proportional to the modulation depth ofthe optical input signa!. However,
keeping in mind that the amplifier is to be used in existing optical links, the addition of a low
frequency optical sinusoidal signal is not desirabie. Therefore, the single stage approach
proposed by EIlis et a!. is found not to be useable in practise. Knowing that some sort of
approximation has to be found for the I-V characteristics shown in Figure 3.4 and Figure 3.6, it
is expected to be difficult finding a solution for automatic gain control using a single SOA.
Therefore, it was considered best not to follow this approach for now, but to focus on the second
option: the dual stage approach.

4.2 Dual stage approach

In the dual stage approach, a cascade of two separate SOA modules is the starting point. This
may look to be in contradiction with the requirements mentioned in the introduction of this
chapter. However, the thought behind this approach is a future integration of the two separate
SOAs onto a single chip: a two-section SOA. In the dual stage approach, junction voltage and
injection current from the two SOAs can be used as possible control parameters of the automatic
gain control circuit. As was observed in the measurements described in section 3.2.2, when
applying a fixed bias current to an SOA, a change in its optical output power can be measured
as a change in its junction voltage. This relationship was also pointed out in section 2.1.4. An
increase of optical power can be measured as a decrease in junction voltage and visa versa. If a
fixed bias current is applied to the second SOA in line, its junction voltage can be used as a
representation of the total optical power at the cascade output. Knowing this, the junction
voltage of this SOA can be used as an actual input parameter of the control loop. Because the
gain of the second SOA is fixed, only the gain of first SOA has to be controlled. Knowing that
the gain of an SOA and its injection current are directly related (see section 2.2.3), a control
loop that applies a certain bias current to the first SOA based on the junction voltage of the
second SOA, should be a good solution.

Using two SOA modules in cascade has a drawback concerning the noise characteristics of the
system. Both the devices introduce a large amount of ASE (see Figure 2.11). Normally, the
influence of this ASE can be minimised using optical filters. In this case however, this is not an
option, as this means adding optical components. Furthermore, optical filtering Iimits the opticaI
bandwidth of the system. As can be concluded from Figure 3.5, the SOAs have a large optical
bandwidth; more than 50 nm for a bias current of 100 mA. This large optical bandwidth is
desired ifthe AGe system is to be integrated in modern photonic circuits. Due to this decision,
the whole amount of ASE will be present at the output of the second SOA. By finding optimal
drive settings however, the amount of ASE produced by the SOAs can somewhat be limited.

In Figure 4.2 an iIlustration is shown of the dual stage automatic gain control solution. A
tuneable laser source provides a certain optical power Pin to the input of the first SOA.
Depending on the bias current applied by the voltage-controIled current source (VeeS), the first
SOA amplifies the incoming probe signa!. The junction voltage V bias,2 of the second SOA, which
has a fixed gain, is measured and compared to a reference voltage Vref- This reference voltage
represents the desired total optical output power Ptot of the second SOA. The difference between
these two voltages is amplified and the resulting voltage drives the vees.

38



Voltage-controlled
cUlTent source Difference amplifier Voltage source

[E}--- -<J ;~f{!J
I

I*~M ;'H -C:'A A I
Tuneable laser souree First SOA Second SOA Optical spectrum analyser

Figure 4.2: Illustration of the dual stage automatic gain control
system.

In Figure 4.3 the schematics of the electronic dual stage automatic gain control circuit are given.
The control circuit consists of two main parts, i.e. a difference amplifier (OP497) and a current
souree (NPN Darlington transistor TIP121), several resistors and two voltage buffers (OP497).
The base voltage VB ofthe transistor can be described as:

(4.2)

where Vi,! and V;,2 are the buffered voltages of V ref and V bia.•,2 respectively, which means that
V;.J ::::: Vref and V;.2::::: V bias,2. In order to drive the transistor properly, the difference amplifier must
provide a high enough output voltage VB' Here, a trade off has to be made for the amplifier gain
between the error voltage on the amplifiers input and its bandwidth. A too high gain results in a
low bandwidth and thus a slow control loop. A too low gain leads to a too large error voltage
V bias,2 - Vre/-

Vee

Vbias,2

Figure 4.3: Electronic dual stage automatic gain control circuit.
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Measurements indicate (see Figure 3.6) that the junction voltage only changes several mV for a
change in optical input power of several dB. Therefore, the difference amplifier must be able to
detect small changes in voltage. In the following experiments the gain of the difference
amplifier was set to a value of about 1'103

, using the values Rf = 100 Jen and
Ri == 100 n. Resistor RE = IOn is added to prevent too large voltages being applied to the first
SOA. Finally, the rail voltage Vee is set to a value of 5 V.

4.3 Tbe dnal stage AGC system in practise

Now that a gain control circuit has been designed, several measurements are to be performed to
see if this design provides satisfying results. In the following measurements an optical output
power of 0 dBm is taken as a viewpoint. Looking at Figure 3.8, for SOA 1 this value can be
obtained with a bias current of 50 mA or higher. However, ASE and saturation effects
determine which value of hias is most efficient. From Figure 3.8 it can be concluded that for
SOA 1 a value of /bias = 60 mA is the best alternative; both saturation and ASE are relatively
low. Gain has decreased less than 3 dB compared to lower output powers, and because of the
low bias current, the amount of ASE produced by the SOA is not very high. From Figure 3.9 it
can be concluded that for SOA 2 a bias current of 40 mA is the best alternative concerning
output power, saturation and ASE. Using Figure 3.6, for both the SOAs an estimation can be
made concerning the difference in junction voltage ~Vbias occurring for the two situations
Pin == -20 dBm and Pin = -2 dBm. For SOA 1 and SOA 2, difference voltages of ~Vbias.SOA 1 = 5
mV and ~Vbias.SOA 2 == 2 mV were found respectively. Because of its higher voltage difference,
SOA 1 was decided to be the fixed gain amplifier of the SOA cascade. A junction voltage of
1093 mV was found to be the reference voltage for a total optical output power of 0 dBm.

4.3.1 Output power

First, the optical output power of the dual stage gain controlled system was examined with the
controlloop configured at P OU1 = 0 dBm. The total optical output power P out was measured using
an optical power meter for several CW probe signals of Pin. Furthermore, the total amplified
probe signal P tot) and the ASE power at the probe wavelength P ASE). were measured at the
output of the SOA cascade, following the three-point measurement described in section 3.1.2.
Table 4.1 shows the results of these measurements. It can be seen that, for an increasing probe
signal, the ASE power PASE decreases and, as aresuIt, the amplified probe signal power Pout)

increases. Here, the influence ofthe injection current plays an important role in the behaviour of
the ASE power. Nevertheless, the amount of ASE is still quite high. At high input powers the
difference between the total optical power P out and the amplified probe signal power pout.l is
about 3 dB, but for low input powers this difference increases to as much as 8 dB. Knowing
this, it was decided to set Pin == -10 dBm as the lowest acceptable probe power. With
Pin == -2 dBm being the highest available probe power, in this situation a dynamic range of 8 dB
is reached.

Pin [dBml P OU1 [dBm] Ptotl [dBm] P ASE) [dBm] P out

-20 -0.6 -8.6 -29.6
-10 -0.3 -4.2 -31.2
-6 -0.2 -3.8 -31.7
-3 -0.1 -3.3 -31.9
-2 -0.1 -3.2 -32.0

). [dBm]
-8.6
-4.2
-3.8
-3.3
-3.2

PASE [dBm
-1.3
-2.6
-2.7
-2.9
-3.0

G [dB]
11.4
5.8
2.2
-0.3
-1.2
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4.3.2 Controlloop

As mentioned earlier, a trade off has to be made for the control loop between the maximum
error and its control speed. Figure 4.4 shows an illustration of the measurement set-up used for
the timing experiments. The tuneable laser source provides the SOA cascade with a 1550 om,
-3 dBm probe signal Pin, directly modulated (square wave) at a frequency Ins of I kHz. The
output power Pout is attenuated 3 dB using an optical attenuator, converted into an electrical
signal by the OIE converter and finally displayed on a digital oscilloscope. The optical-to
electrical converter has a conversion gain of 300 V/W. In order to display the electrical signal
on the digital oscilloscope, a power splitter is used. Therefore, another 3 dB of attenuation bas
to be taken into account.

Voltage-controlled
current source Difference amplifier Voltage source

.. " I
,,-

fTLSsf?
Pin -t>- -t>-

P out

uneable laser source First SOA Second SOA

I I@I rn

-- * 0

T

C[t--- -<J= ;:f-CfJ
I

: [hun 1 : f./huj\'''

Digital oscilloscope OfE-converter Optical attenuator

Figure 4.4: Measurement set-up lor timing experiments using a
-3 dBm probe signal modulated at 1 kHz as input on the
dual stage AGC system.

Figure 4.5 shows the measured signal at the output of the cascade. The oscilloscope was set at
an average mode of 32 cycles. Looking at the signal, the influence of the gain control loop can
be clearly seen. The control loop tries to keep the average optical power at a certain value. This
value can be determined using the information about the attenuation and gain conversion from
above.

In Figure 4.5 the output signal tends to an average value of 65 mV. This corresponds to an
average output power of 0.22 mW or -6.6 dBm. Adding the 6 dB of attenuation and 0.5 dB of
insertion loss, an average output power of -0.1 dBm is found at the output of the SOA cascade.
The difference between the optical powers corresponding to the equalised logical high and low
levels, was found to be as low as 0.5 dB.

Using Figure 4.5, the rise and fall time of the signaI can be determined, in order to get an
indication of the speed of the control loop. A value of 35 I.ls was found for the fall time 'ffi and a
value of 155 I.ls for the rise time 'fr' The latter limits the bandwidth of the control loop to a
maximum of 6.4 kHz. The fact that 'fr is larger than 'ft indicates that increasing the injection
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current ofthe first SOA takes more time compared to decreasing it. This can be explained by the
fact that the rail voltage Vee of the difference amplifier limits the transistor base voltage VB'
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Figure 4.5: Optical output signalof the dual stage AGC system
with an input power of-3 dBm modulated at 1 kHz and a
loop gain of1000.

4.3.3 Data experiments

In the next experiment, a real data signal is used as input of the SOA cascade. Figure 4.6 shows
the measurement set-up used for the data experiment. In this case, an external modulator
modulates the 1550 nm, 3 dBm CW probe signalof the tuneable laser source with a 1.25 GHz,
215_1 PRBS (pseudo random bit sequence), NRZ (non-return-to-zero) data signa\. After
amplification by the SOAs the optical signal is attenuated by 3 dB and finally displayed on a
digital oscilloscope using the OIE converter. These experiments were performed for three values
of average output power, i.e. 0 dBm, -3 dBm and +3 dBm. During these measurements it was
determined which values of injection current for the second SOA provides the best results,
concerning ASE and saturation.

First, the optimal settings were determined for an average output power of Pout = 0 dBm at the
cascade output. For several values of the injection current of the second SOA, Ibios,2 E {50, 55,
60, 65, 70} mA, the bias current of the first SOA was adjusted in order to keep Pout = 0 dBm.
Looking at the noise and saturation characteristics of the resulting output signal, the most
optimal values for Ibios,2 and Vbios,2 were determined. This same procedure was repeated for the
two other cases, Pout = -3 dBm and Pout = +3 dBm. The results of these measurements are given
in Table 4.2 below.

Pout [dBm)
+3
o
-3

Ibios.2 [mA)
75
60
50

Vbios,2 [mV)
1025
1099
990

Table 4.2: Overview ofoptimal settings for the fixed gain SOA.
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Figure 4.6: Measurement set-up lor data experiments using a
1.25 Gbit/s, 2'5_1 PRES, NRZ data signal as input on the
dual stage AGC system.

Using the settings for Ibias.2 and Vbias,2 from Table 4.2, next the data signal at the cascade output
is analysed for each of the output powers POU1 and compared to the data signal at the cascade
input. Figure 4.7 shows the measured eye pattern at the output of the external modulator. From
this plot the average optical power POU1 and the opticaI powers corresponding to the logical "1 "s
and "O"s, p",,, and P"o" respectively, can be directly determined.
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Furthermore, the extinction ratio (ER) at the input of the SOA cascade can be determined
following:

ER = P.. 1"

P.O"

(4.3)

At the output of the dual stage automatic gain control system the eye pattern for each of the
average output powers (3 dBm, 0 dBm, ahd -3 dBm) was measured. The resuIts of these
measurements are shown in Table 4.3. It should be noticed that the addition of the external
modulator adds a high insertion loss of approximately 10 dB to the system" Therefore, aIthough
the tuneable laser source provides a -3 dBm CW optical signal, the resuIting average input
power ofthe SOA cascade is as low as -12.8 dBm, due to the insertion loss ofthe modulator.
Due to the large amount of ASE produced by the SOAs, relatively low values are found for the
extinction ratio at the output of the SOA cascade. Nevertheless, a maximum ER of 2.4 dB can
still be sufficient for a following optical function, e.g. a wavelength converter. The ASE power
in the optical output signalof the gain-controlled system can be treated as an optical de level.
So, as long as the optical power of the logical high level is above the optical threshold power
required by the following optical function, there is no problem. Figure 4.8 shows the eye pattern
measured at the output of the AGC system for an average output power of 0 dBm. Comparing
this eye pattern to the one in Figure 4.7, it shows that the eyes of both figures differ. This
probably is the result of saturation effects occurring in the SOAs, as is illustrated in Figure 2.9.

In ut Out ut
Pout [dBm] -]2.8 m.2---"-0-'--.1---,----2-.7-
P"I" [dBm] -9.9 4.2 1.1 -2.0
p"O" [dBm] -] 7.8 1.8 -1.3 -3.5
ER [dB] 7.9 2.4 2.4 1.5

Table 4.3: Overview of input and output powers of the dual stage
AGC system with a 1.25 Gbit/s, 2'5_1 PRES, NRZ input
data signal.
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4.3.4 Modified controlloop

As was concluded in section 4.3.2, the bandwidth of the control loop was about 6.4 kHz. This
speed is acceptable for use in e.g. circuit-switched systems. However, for burst mode
applications it is desired to have a faster control loop and thus a higher bandwidth. The reason
for this lies in the fact that tbe controlloop has to adapt within a few bit periods to a new opticaI
signal. In order to realise a higher bandwidth for the contral loop the amplifier gain has to be
decreased, following the gain bandwidth product of the operational amplifier. In the following
experiment the gain of the difference amplifier is decreased by a factor of 10. This is achieved
by soldering an extra resistor of 11 ka parallel to each of the resistors Rf. This results in a new
gain of 100 for the difference amplifier. In these measurements the same set-up is used as
depicted in Figure 4.4. The tuneable laser source again, provides a 1550 nm, -3 dBm probe
signal modulated at a frequency of 1 kHz.

Figure 4.9 shows the optical signal measured at the output ofthe dual stage AGC system. Using
Figure 4.9, the rise and fall time ofthe signal in the new situation can be determined. For the
fall time ffand rise time f r, values in the order of28 l-lS and 62 l-ls were found respectively. From
this it can be concluded that the speed of the control loop indeed has been increased. A new
bandwidth of 16 kHz is found. Striking is the large difference between the average high and low
levels compared to the initial situation shown in Figure 4.5. The difference in optical power
between the two levels in the new situation is 1.6 dB, whereas this difference in the old situation
was 0.5 dB. The average output power in the new situation now has a value of -7.4 dBm. This is
0.8 dB lower compared to the original situation. The reason for this is the lower loop gain.
Because of the lower gain, a larger error voltage V, is required in order to drive the transistor
efficiently. To compensate this, one could lower the reference voltage resulting in a higher
average output power.
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Figure 4.9: Optical output signalof the dual stage AGC system
with an input power of-3 dBm modulated at 1 kHz and a
loop gain of100.
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5 CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions

Looking at the results of the measurements performed on the dual stage AGC system, it can be
concluded that automatic gain control for SOAs is possible in this configuration. Using the
proposed gain control system, it was possible to keep the total optical output power within a
range of 0.5 dB from the desired level of 0 dBm, for an input power in the range of -20 dBm to
-2 dBm. However, there are several issues that should be taken into account. First, there are
restrictions on the electrical settings of the SOAs depending on the desired output power of the
system. In order to limit saturation effects, higher output powers require a higher injection
current applied to the second SOA of the cascade. Furthermore, to limit the ASE produced by
the SOAs, there are restrictions on the input powers. When optical input signals go below
-10 dBm, the amount of ASE produced by the SOA cascade is increasing rapidly due to high
injection currents. With an input power of -2 dBm being the highest available prabe power, in
this case an input dynamic range of 8 dB is reached at a total optical output power of 0 dBm.

Regarding the data experiments, the optimal drive settings for the second SOA were determined
for three different output powers. In the case of an average output power of 0 dBm, a bias
current and a junction voltage of 60 mA and 1099 mV, respectively, are recommended.
Conceming the extinction ratio at the output of the AGC system, it can be concluded that the
maximum extinction ratio of 2.4 dB can still be sufficient if another optical function follows the
AGC system, e.g. wavelength conversion.

With respect to the electronic control circuit, it can be concluded that there are some bandwidth
issues. The initial circuit provides satisfying results ifthe system is used in e.g. circuit-switched
applications. However, if bUTst mode applications are desired, the proposed circuit cannot be
used. In this case, a faster contral circuit is required. From the measurements performed on the
modified control system, it can be concluded that the increase in bandwidth results in a lower
average output power compared to the initial system.

5.2 Recommendations

There are several issues that arise when using this dual stage AGC system. First, the electronic
control circuit could be redesigned in order to reduce or preferably, to eliminated issues that are
the result of voltage shifting and voltage errors. An electranic circuit on a printed circuit board
with proper shielding, extra voltage regulation, and faster components is recommended.

Conceming the ASE problems, there are a few options to solve this problem. First, the addition
of optical filters would be an option. However, this can only be applied if the system is not
going to be used in wide band applications. Nevertheless, when applying optical filters, the
amount of ASE can be reduced drasticaUy. For applications where a wide optical bandwidth is
required, a more sophisticated control loop is recommended. An extra control parameter could
be used as a reference of the amount of ASE, e.g. the injection current of the first SOA. This
way, the gain of this SOA could be adjusted according to the amount of ASE. Finally, it could
be investigated if the use of multiple quantum weU SOAs, instead of bulk structure amplifiers,
can reduce the amount of ASE, which results in a better amplified signal power.
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During this study, all measurements were performed at a wavelength of 1550 nm. It could be
worthwhile also to investigate the behaviour of the AGC system for different wavelengths
within the amplifiers 3dB optical bandwidth. This way it can be determined if different drive
settings are required for different wavelengths. Furthermore, the dynamic range of the AGC
system could be investigated regarding the optical bandwidth.

Finally, it could be further investigated as to why SOA 2 shows a smaller change in junction
voltage, when varying the optical input powers, compared to SOA 1 (see Figure 3.6 for details).
This investigation could also be extended towards the other available SOAs, i.e. SOA 3 and
SOA 4.
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