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Abstract

Erbium-doped fiber amplifiers (EDFA), featuring high gain over a large wavelength
range, low intrinsic losses and long fluorescence times, have emerged as key enabling
components in optical WDM networks. However, when used in WDM networks where
channels are added or removed abruptly, power transients occur in the remaining chan
nels. Especially in a link of cascaded EDFAs, these power transients can add up to
several dBs in as fast as a few microseconds. These can lead to equipment damage
and degradation of optical signal-to-noise ratios (OSNR) and bit-error rates (BER) in
transmission links. This thesis investigates and explains the occurrence of such power
transients and discusses different methods used so far to control the transients.

So far, simulation models based on either simplified EDFA models or simple control
system models are used to study power transients in optical EDFA systems and to op
timize new gain control designs. However, real-case EDFA systems consists of different
levels of complex control mechanisms working together, which lead to large discrepan
cies. This thesis presents a novel complex and precise simulation model combining an
accurate dynamic EDFA model with different levels of detailed complex control, based
on a realistic and state of the art optical amplifier used in practice. It shows that it
is possible to simulate the effects of all levels of control behaviour in a complex system
and their exact effects on power transients fast and accurately, so that the results reflect
those obtained from measurements.

Furthermore, the results are not only accurate for one single amplifier, but also on
an entire transmission link system with 7 fiber spans. Because of the accuracy, the
simulation model can be used for accurate analysis of transient behaviour in optical
amplifier designs. Also, systematic and time-consuming measurements can be replaced
by simulations, thereby saving a lot of time and money.
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Chapter 1

Introduction

With the need for more and more transmission capacity, wavelength division multi
plexed (WDM) transmission systems are playing an ever increasing role in today's high
bandwidth networks. These WDM networks can achieve significant enhancement in
flexibility, efficiency and throughput by enabling wavelength selective switching, that is,
add-drop multiplexing of channels.

Erbium-doped fiber amplifiers (EDFA), featuring high gain over a large wavelength
range, low intrinsic losses and long fluorescence times, have emerged as a key enabling
component in these optical WDM networks. In particular, owing to their long fluores
cence time, EDFAs in high-speed WDM links was thought not to suffer from the effect
of cross-gain modulation. However, when EDFAs are used in WDM networks where
channels are added or removed abruptly, the situation becomes very different.

Such sudden channel addition or removal, caused either by unintentional failures or
by deliberate network reconfigurations, will lead to changes in the gain of an EDFA.
This, in turn, will result in dynamic excursions of the optical power in the remaining
channels. Moreover, these power transients can add up to several dBs when EDFAs are
cascaded, thereby damaging optical components or degrading system performance, such
as the optical signal-to-noise ratio (OSNR) and bit-error rate (BER) of the channels.

In order to stabilize the EDFA behaviour and reduce power transients, EDFAs with
controllable gain and output power are necessary. Because the response time of these
transients will increase when optical amplifiers are cascaded in a transmission link, fast
gain control is needed in order to counter these problems. Up till now, several different
gain control schemes have been proposed. Among these, fast electronic feedback pump
control is thought to be one of the most effective and promising ways to control EDFAs.

This thesis starts with a study and explanation on the occurrence of such power
transients and presents different ways to control the transients. Because of so much
different control schemes, it is often difficult to decide which to use when designing an
optical amplifier with EDFAs. Also, because the behaviour of transients is so complex,
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CHAPTER 1. INTRODUCTION

several different levels of control are often used in an optical amplifier. It is therefore
important to do simulations for a better understanding of transient behaviour in optical
amplifiers and their design considerations.

Up till now, simulation models are based on either simplified EDFA models or simple
control system models. These are then used to predict and analyze the effects of different
design parameters and novel techniques on power transients in real-case complex optical
EDFA systems. However, when measurements are done, the results don't correspond
quantitatively with those from the simulations because many different levels of complex
control methods are working together in a real-case optical EDFA system, producing
unexpected discrepancies.

In this thesis, a real-case optical amplifier with a fast electronic control scheme will
be introduced, followed by the presentation of a novel complex and precise simulation
model, combining an accurate dynamic EDFA model with different levels of detailed
complex control based on the realistic and state-of-the-art amplifier used in practice.
Details regarding the implementation of these controls into the simulation model will
also be discussed. Moreover, it is questioned whether such a complex simulation model
can be implemented to simulate realistic results and how much these simulations can
compare to measurement results.

Continued by simulation and measurement results, the thesis shows that it is possible
to simulate the effects of all levels of control behaviour in a complex system and their
exact effects on power transients accurately, so that simulation data reflect those from
measurements. Furthermore, the proposed simulation model is shown to not only pro
duce accurate results for one single optical amplifier, but also for an entire transmission
link system consisting of 7 spans and 8 optical amplifiers.

Finally, it is shown that the simulation model can also be used for deeper and accurate
analysis on the behaviour of these power transients in the optical amplifier. Therefore,
the performance and transient behaviour of novel untested optical amplifier designs
can be simulated too, thereby saving large amounts of time- and money-consuming
measurements in the labs.
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Chapter 2

The evolution of optical networks

2.1 Progress of optical transmission systems

With the successful development of lasers in the 1960s, fiber-optics became the tech
nology of the future for telecommunications. But problems relating to the two most
important elements, the light source and the transmission medium, meant that practical
applications remained elusive. By 1970, however, a laser diode capable of continuously
lasing at room temperature and an optical fiber with a transmission loss of 20 dB/km
at last provided the levels of performance required. In a little over 10 years, fiber
optic communications underwent remarkable growth, substituting traditional copperline
transmission systems.

At the end of the 1980s, typical transmission losses of 0.2 dB/km were achieved for
optical fibers, enabling distances of over 100 km to be transmitted without any regen
eration or amplification. Along with the development of erbium-doped fiber amplifiers
(EDFA) in 1989 [1], transatlantic transmission distances of more than 10000 km could
be covered without the use of regenerators. However, because of high optical powers,
nonlinear effects playa major role in limiting system performances.

With increasing performances of optical transmission systems, the speed with which
data was transmitted could also be increased. In the early 1990s, signals were trans
mitted with a speed of 1 to 2.5 Gb/s per transmission channel. In 1991, a laboratory
experiment showed that data transmission over 21000 km at 2.5 Gb/s was possible [4].
By employing wavelength division multiplexed (WDM) transmission technologies, where
various channels are transmitted simultaneously through a single optical fiber, transmis
sion rates could be enhanced even more.

The first deployment of WDM was broadband WDM. In 1994, by using fused bi
conic tapered couplers, two signals could be combined on the same fiber. Because of
limitations in the technology, the signal frequencies had to be widely separated, and
systems typically used 1310 nm and 1550 nm signals, providing bit rates of 5 Gb/s on
a single fiber. Although the performance did not compare to today's technologies, the
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Figure 2.1: Evolution of transmission capacity throughout the past 25 years.

couplers provided twice the bandwidth out of the same fiber, which was a large cost
savings compared to installing a new fiber.

As optical filters and laser technology improved, the ability to combine more than two
signal wavelengths on a fiber became a reality. Dense wavelength division multiplexing
(DWDM) combines multiple signals on the same fiber, ranging up to 40 or 80 channels
with spacings of 50 to 100 GHz. By implementing DWDM systems and optical amplifiers,
networks can provide a variety of bit rates and a multitude of channels over a single fiber.
The wavelengths used are all in the range where optical amplifiers perform optimally,
typically from about 1530 nm to 1565 nm. Nowadays, commercial optical systems can
serve bit rates of up to 40 Gbitjs per channel. By employing DWDM transmission
technologies, transmission rates of more than several Tbitjs can be achieved in an optical
point-to-point link. Figure 2.1 shows the evolution of transmission capacity throughout
the past 25 years.

2.2 Realisation of all-optical networks

With the emergence of DWDM transmission technologies, the capacity with which data
is transmitted can be expanded over existing fibers, resulting in lower costs. Fiber
congested, point-to-point transmission links of long-distance networks were therefore one
of the first applications for DWDM. Nowadays, 80-channel dense WDM terminals are
widely deployed to enhance the bandwidth capacity of the long-haul network backbone.

Aside from the enormous capacity gained, DWDM offers more advantages to optical
networks. By employing DWDM, signals with different transmission rates and formats
like Synchronous Digital Hierarchy (SDH) and Asynchronous Transfer Mode (ATM) can
be transmitted together in the same optical fiber using different wavelength channels.
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Figure 2.2: From optical transport to optical networking: evolution of optical transmission net
works.

Together with the use of EDFAs, which are also bit-rate and format independent, the
so-called transparent networks can be realized.

With the increasing speed, amount and complexity of data that is being transmitted,
electronic switching and routing forms a limitation in these opaque optical networks. In
every network node, optical signals has to undergo an optoelectronic conversion in order
to retrieve routing information and to regenerate the signals. After this, the electrical
signals are then converted back to optical powers again to be transmitted further in the
network.

This limitation can be overcome by the introduction of optical add/drop multiplexers
(OADM) and optical cross-connects (OXC), allowing the switching and routing function
ality of networks to be done fully optically. With this, optical networks have started the
migration from transport-only networks, where point-to-point optical transport plays
the major role, to all-optical networks where full optical bandwidth management is the
ultimate goal (see figure 2.2).

In figure 2.3, a model of an OADM is given. An OADM can efficiently drop and
add various wavelengths at intermediate sites along the network, resolving a significant
challenge for existing DWDM networks. It is now possible for ATM, frame relay (FR),
native local area networks (LANs), high-bandwidth Internet protocol (IP), and others to
connect directly to the network via a wavelength in the optical layer. Instead of point-to
point networks, multipoint networks with different services running on the same physical
optical infrastructure are made possible.

Together with the OADM, the OXC will offer the ability to create a flexible, high
capacity, efficient all-optical network with full optical bandwidth management. An OXC
is a network element that can accept various wavelengths on input ports and route them
to appropriate output ports in the network. In order to accomplish this, it needs 3
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Figure 2.3: An optical add/drop multiplexer (OADM).
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Figure 2.4: Three functions of an oxe: (a)fiber switching (b) wavelength switching (c) wavelength
conversion.

functions: 1) fiber switching, 2) wavelength switching, and 3) wavelength conversion.
Figure 2.4 illustrates these functions in detail. The implementation of an axc is given
as a block diagram in figure 2.5.

In today's optical networks, the realization of all-optical networks has already be
gun. Figure 2.6 shows an example of a transparent optical network as it can be found
nowadays. The optical nodes in the long haul network represent axcs and the gate
ways/routers connecting the metro to the long haul network represent aADMs. Between
the optical nodes, optical amplifiers like EDFAs are used to amplify the signals so that
long distances can be overcome without regeneration. The arrows show an example of
dynamic wavelength routing. It can be seen that the same wavelengths (>"5) can be
reused in different paths of a network.
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Chapter 3

An Erbium-doped fiber amplifier

3.1 Introduction to an EDFA

During the years, erbium-doped fiber amplifiers (EDFA) have emerged as key enabling
components in optical WDM networks. The key of their success is the broad absorption
and emission spectrum of erbium-doped fibers in the wavelength range of 1500-1600 nm.
Because of the low loss in silica fibers, a lot of optical components work at this wavelength
range. This makes EDFAs ideal as amplifiers in optical transmission systems. Figure
3.1 shows the emission spectrum for an erbium-doped silicon fiber. The broad spectrum
of the fiber can be seen.

Also, because of the high absorption in the range of 950-1000 nm, EDFs can easily
be pumped with existing lasers so that amplification at 1500-1600 nm can be realized.
These characteristics explain why EDFAs are widely used nowadays as optical amplifiers
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Figure 3.1: Emission spectrum of an erbium-doped silicon fiber.
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Figure 3.3: Simplified energy levels scheme of erbium ions.

in transmission links. Figure 3.2 shows a simple setup of an EDFA.

For better understanding of how an EDFA works, the energy scheme of erbium ions
(Er3+) in an EDF should be explained. From figure 3.3, it can be seen that by pumping
the EDF with a laser of 980 nm, the erbium ions are brought from the ground state
(4115/ 2 ) into an excited state with a higher energy level (4111/ 2). When the ions are at
this energy level, non-radiative decay occurs so that the ions relax to a lower energy
level (4113/ 2 ),

When the erbium ions reach this energy level of 4113/ 2 , they remain at this level for a
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time of about 10 ms. This is much longer than the 10 J-LS of the non-radiative decay from
4111/ 2 to 4113/ 2 , where no photon emission occurs. After the time of 10 ms, the excited
erbium ions at the 4113/ 2 level will return back to their ground state (4115/ 2 ), thereby
emitting light of wavelengths between 1530 and 1560 nm. This can happen in the form
of stimulated or spontaneous emission of light.

For stimulated emission, light of a particular wavelength between 1530 and 1560 nm
is sent through the pumped EDF. This light will "trigger" the excited erbium ions at the
4113/ 2 level to return to its ground state, thereby emitting light of the same wavelength.
This way, amplification of light entering the pumped EDF is achieved and an EDFA is
realized.

In addition, spontaneous emission can also happen. In this case, the excited ions
are not "triggered" by light entering the EDF, but fall back to the ground energy state
spontaneously. Light is also emitted when this happens. This spontaneous emission of
light is an unwanted but inevitable process, where an extra amount of light is sponta
neously emitted next to the desired amplified light signals. Because of the amplifying
character of the EDFA, this spontaneous noise will also be further amplified when trav
elling through the pumped EDF. This causes an amplified amount of noise at the output
of the EDFA, which degrades the performance of the amplifier. This noise is commonly
referred to as amplified spontaneous emission (ASE) noise.

In figure 3.3, it can also be seen that instead of pumping the EDF with a 980 nm
laser, a laser with a wavelength of 1480 nm can be used to pump the erbium ions into
excited state.

Figure 3.4: A three-level energy system for erbium ions in an EDFA.
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Figure 3.5: A simplified two-level energy system for erbium ions in an EDFA.

3.2 Mathematical model of an EDFA

In order to derive the mathematical model of an EDFA, it is common to start with a
three-level energy system. Figure 3.4 shows a schematic diagram of such a three-level
system for an EDFA. All possible transitions between the three energy levels are given
in the figure. These transition rates are given in numbers per time and volume unit.
Stimulated transition rates from energy level i to j are given by Wij and spontaneous
transition rates by ~j.

It can be seen from the figure that W13 represents the pumping rate of the 980 nm
pump laser and W31 the stimulated emission rate from the 980 nm pump level to the
ground level. A32 represents the spontaneous fast non-radiative decay rate from the
980 nm pump level to the metastable level and A21 the spontaneous emission rate from
metastable level to ground level. Finally, W12 represents the stimulated absorption rate
from ground to metastable level and W21 the stimulated emission rate from metastable
level to ground level.

Because of the fast non-radiative decay A32 from level 3 to 2, this transition dominates
over all other transitions from level 3 to all lower levels. Therefore, the transition rate
W31 from level 3 to 1 is so small that it can be neglected. Also, because the transition
A32 is non-radiative and much faster than all other transitions, it can be assumed that
all erbium ions that are pumped to level 3 will fall back to the metastable level 2
instantaneously without emitting any light. With this assumption, the three-level energy
system can be simplified to a two-level system.

Figure 3.5 gives this simplified two-level energy system. With this two-level system,
the rate equations can be derived for the erbium ion population densities nl and n2 at
the ground and metastable energy levels:

11



CHAPTER 3. AN ERBIUM-DOPED FIBER AMPLIFIER

an1(Z, t)
at

W12(Z, t) + W13(Z, t) - W21(Z, t) - A21 (Z, t)
00( )J 1 [ () ( )] Sf(z,t,v) +Sb(z,t,v)d

n1 z, t hv 0"12 V + 0"13 V A(v) v
-00

00( )J 1 ()Sf(Z,t,V)+Sb(Z,t,v)d
-n2 z, t hv 0"21 V A(v) v

-00

(3.1a)

(3.1b)

(3.1c)

In the previous equations, O"ij are the appropriate emission/absorption cross sections,
h is the Planck's constant, Sf(z, t, v), Sb(Z, t, v) the forward and backward propagating
powers at frequency v in a frequency interval dv and at a distance z in the fiber, A the
core area, and T21 the lifetime for spontaneous emission.

Because of a two-level system, the total density of the erbium ions in the EDF
PEr3+(Z) is equal to the sum of the erbium ion population densities n1 and n2 at the
ground and metastable energy levels: n1(z, t) + n2(z, t) = PEr3+(z). Therefore, a change
in n2(z, t) will lead to a similar but opposite change in n1(z, t), leading to on~t,t)

- onEhz,t) , which was given already in equation 3.1a.

For the forward propagating optical powers Sf(z, t, v) in the fiber, the following
equation is used:

asf(z, t, v)
az

r(v)Sf(z, t, v) {n2(z, t)0"21(V) - n1(z, t) [0"12(V) + 0"13 (v)]} (3.2)

1
+2mtr(v)n2(z, t)0"12(V)hv

where r(v) is the overlap integral between the mode intensity distribution and the
doped fiber core and mt the number of transverse modes that exist. For single mode
fibers, where 2 orthogonal modes are possible, mt = 2.

For the backward propagating optical powers Sb(Z, t, v), the same equation as in 3.2
is used, but a minus sign has to be added to the terms, yielding:

-r(V)Sb(Z, t, v) {n2(z, t)0"21(V) - n1(z, t) [0"12(V) + 0"13 (v)]} (3.3)

1
-2mtr(v)n2(z, t)0"12(V)hv
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By using the following definitions,

T

a12(v) + a13(V)

a21(V)

(3.4)

(3.5)

(3.6)

where aa is the absorption cross section, a e the emission cross section, and T the
spontaneous emission lifetime, equations 3.1 to 3.3 can be rewritten as:

T

and

8Sf,b(Z, t, v)
8z

±r(V)Sf,b(Z, t, v) {n2(z, t)ae(v) - nl(z, t)aa(v)}

1
=f2mtr(v)n2(z, t)ae(v)hv

(3.8)

3.3 Simulation model of an EDFA

The EDFA simulation model makes use of the coupled differential equations given in 3.7
and 3.8. These coupled equations have then to be solved numerically. In order to be
able to do this, the continuous equations will have to be discretized first.

This has to be done for the frequency spectrum, so that the entire wavelength range
of the EDFA is divided into N intervals with wavelengths at Ak and widths of boAk. The
power for every wavelength will be

col>'k2

Pk = J 2Sf,b(Z, v)dv

col>'kl

(3.9)

where Sf,b(Z, v) is the optical power propagating in the forward or backward direc
tion. This discretization of the wavelength range is shown in figure 3.6.

With equation 3.9, the coupled equations 3.7 and 3.8 can be written in discrete form,
yielding
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Figure 3.6: Dividing the wavelength range into discrete intervals with finite width.

(3.10)

and

In the static case, equation 3.10 doesn't depend on the time, so that

2N
aN2 (z,t) _ L:[( a+ e)N a] Pk N 2 _ 0- - IJk IJk 2 - IJk - - - -at Ak T

k=l

working this equation out yields

(3.11)

(3.12)

(3.13)

2N a

"'2L..J AkPk
N2(Z) = _--,-,k,---=-=-l _

2N a+ e
1 + '" O'k O'kT L..J ~Pk

k=l

With equations 3.13 and 3.11, the power spectra in the EDFA can be numerically
calculated for the static case. For dynamic simulations, the atomic populations are
assumed to remain constant during a time step of dt. The simulation is seperated in two
steps: a spatial integration with population densities fixed during dt, followed by a time
integration.
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Chapter 4

Power transients in optical
networks

4.1 A WDM transmission link

WDM transmitter WDM receiver

Tx

Tx
~-t

Tx: Oplic:al tnnmJitter
Rx: Oplicll1 fCCmf

SMF: Sinale mode fiber

Optical transmission

~D-l

Rx

Rx

Figure 4.1: Structure of a typical WDM tmnsmission link.

In figure 4.1, the structure of a typical amplified WDM transmission link, along
with the key components, is given. Such a link can be found either in point-to-point
transmission, or between two optical nodes of a network. In the latter case, the WDM
transmitter and receivers should be replaced by oxes or OADMs.
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It can be seen that by using WDM, different signals with different wavelength chan
nels from the transmitters are multiplexed onto a single optical fiber and transmitted.
Nowadays, 40 to 80 channels in the C-band (1528-1563 nm) and another 40 to 80 chan
nels in the L-band (1565-1610 nm) are typically used for signal transmission. A single
mode fiber (SMF) is used to carry these signals over distances of more than 1000 km.

Because the powers of these signals decrease as a result of attenuation in the op
tical fiber, optical amplifiers are needed to amplify the signals so that long distances
through the fiber can be overcome. Three different types of optical amplifiers can be
distinguished:

1. Booster amplifier

Used at the starting point of a link, meant to amplify the signals coming out of
the multiplexer to an appropriate level suitable for transmission over the fiber.

2. Inline amplifier

Used for long distance transmission in the middle of a link, meant to compensate
the loss caused by long fiber spans.

3. Pre-amplifier

Used at the end of a link, meant to amplify the signals coming from the last fiber
span to an appropriate level so that the signals can easily be detected by the
receivers after demultiplexing.

Commonly, EDFAs are used as optical amplifiers in transmission links. Because of
their high gain over a large wavelength range, low intrinsic losses and long fluorescence
times, EDFAs are the key enabling components in high capacity optical WDM links. In
particular, owing to their long fluorescence time, EDFAs suffer little to no crosstalk at
bit level, which is a serious drawback with semiconductor optical amplifiers (SOA). This
is why EDFAs are widely used as optical amplifiers in WDM transmission networks.

4.2 Dynamics of erbium-doped fiber amplifiers

As mentioned in the previous section, erbium-doped fiber amplifiers (EDFAs) do not
suffer from crosstalk at bit level because of their long fluorescence times. The fluorescence
time of an EDFA is in principle the same as the intrinsic time constant of erbium for
spontaneous emission, 721. This is in the order of 1 to 10 ms (see figure 4.2). This means
that if the powers of signals change with frequencies higher than 10 kHz, the gain of
the EDFA will not be influenced. In optical communications, data is modulated with a
frequency in the order of GHz onto optical signals, which is much higher than 10 kHz.
Light modulated at these high bit rates will therefore appear as constant light power for
the amplifier, making EDFAs immune to bit-by-bit crosstalk [1]-[3].
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Figure 4.3: Power excursion of 3.68 dB in remaining channel number 4 when seven out of eight
channels are dropped in a WDM transmission system [16].

However, when EDFAs are used in add/drop networks or cross-connect networks, the
situation becomes very different. When channels are routed in these networks, channels
may be switched on and off in the ms range. In this case, the gain in an EDFA changes in
response to the input power variation, which will result in changes of the optical power
and in dynamic power excursions of the remaining channels (see figure 4.3). These in
turn will lead to degradation of the optical signal to noise ratio (OSNR) and bit error
rate (BER) of the channels. Moreover, the gain spectrum of conventional EDFAs is
dependent on the absolute gain at a particular wavelength. As the gain of an EDFA
changes there is a change of the slope of the gain spectrum too. This dynamic gain
tilt results in undesirable variation not only in the gain of signals but also in the gain
difference between the WDM channels.
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(a) (b)

Figure 4.4: Results by Srivastava et al [9]. (a) Oscilloscope trace showing the time dependence
of the surviving channel power PSs along with the dropped channel power PSD.
(b) Changes in the surviving channel power as a function of time for the loss of one,
four, and seven out of eight WDM channels.

The situation becomes even worse when it is taken into consideration that in most
cases, amplifiers are operated at nearly full power. This means that the amplifiers are
working in saturation region, shortening the time constant of an EDFA to about 10 to
40 /-LS [9]. This effect is shown in figure 4.4, where the power excursion of the surviving
channel is plotted against the time with different numbers of channels dropped. It can
be seen that when 7 out of 8 channels are dropped, the power excursion of the surviving
channel reaches 1 dB already in about 10 /-LS.

Detailed simulations and experiments by Zyskind et al [5] showed even worse results
when EDFAs are cascaded in a link. Their results showed that power excursions of the
surviving channels become faster and worse if the number of EDFAs was increased. This
is shown in figures 4.5(a) and 4.5(b). At the end of a chain of ten EDFAs, the power
transients already reached 1 dB in less than 2 /-Ls. The peak values of these transients
even total up to almost 4 dB. Figure 4.5(c) shows the time it takes for a transient in the
surviving channel power to reach 1 dB, for an increasing number of EDFAs in a link. It
can be seen that the relation between the time constant and the number of EDFAs is
inversely proportional. This means that for a chain of N amplifiers, the time constant
of the transients is liN times that for a single amplifier [5], [6].

Finally, the time constant for an EDFA in saturation can be given by the following
equation:

T21
T - -----==--=-=--...,.....,.-----"

sat - 1 + '"'. pout IPS '
L..J'l 'l 'l
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Figure 4.5: Results by Zyskind et al [5]. (a)Measured output power as a function of time after 2,
4, 6, 8, 10, and 12 EDFAs. At t = 0, 4 out of 8 signal channels are dropped. (b)same
as (aJ, but smaller time scale (c) Delay, and reciprocal of the delay, after dropping
4 out of 8 channels for surviving channel power excursion of ldB, as a function of
length of the amplifier chain.

where 721 is the intrinsic lifetime of an erbium ion, prt is the output power of the
ith frequency channel, and PiS is the saturation power of the ith frequency channel. This
equation shows that the time constant of an EDFA will decrease when it operates with
more channels at higher power. And when there is a cascade of N EDFAs, the time
constant will be 1/N times smaller, yielding 7fa.t = 7 sat!N.
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4.3 Causes and negative effects of transients

4.3.1 Causes of transients

In all cases, variations in the input power of an EDFA lead to power transients at the
output. There are several causes for these variations in input power:

1. network routing and switching

With wavelength routing and switching, channels can be added or dropped out of
a link. Therefore, the number of used channels in a fiber will change randomly.
With the evolution of all-optical networks, the next step might be to introduce
optical burst and packet switching, so that even the power of a single channel will
no longer be constant but changing on a time scale corresponding to the length
of the bursts and the gaps between the bursts. This will cause even more drastic
variations in the power.

2. network reconfiguration

Network reconfigurations can occur because of maintenance or upgrades in the
network. In this case, the number and power of channels can vary because of
system configurations.

3. unintentional failures

Example of unintentional failures are equipment failures and mechanical failures
such as fiber break or bending. These failures can either be caused by human error
(digging damage) or natural disasters (earthquake). In most cases, these failures
will lead to a sudden loss of many channels, resulting in a significant decrease of
the input power almost instantaneously.

4.3.2 Negative effects of transients

After looking at the causes of transients, negative effects resulting from these transients
should also be investigated. It is clear that fluctuations in optical power cause power
transients at the output of EDFAs. In most cases, a drop in optical power will cause
upward power transients (overshoot), and adding optical power will cause downward
power transients (undershoot).

When power transients jump upwards, these increased optical powers can damage
optical components and equipment in the communication link. Also, these high optical
powers can cause non-linear effects such as Brillouin and Raman scattering, self phase
modulation (SPM), cross phase modulation (XPM) , and four wave mixing (FWM),
thereby degrading system performances such as optical signal-to-noise ratios (OSNR)
and bit-error rates (BER).
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that is OSNR limited and (b)system that is limited by nonlinear impairments [7].
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Figure 4.7: Transient behaviour of the BER for cases of (a)add and (b)drop of different number
of channels out of 40. Initial BER level for the case of dropping of 25 channels is
chosen higher to accomodate the BER behaviour [7].

In the other case, when power transients jump downwards, the optical powers at the
receiver decrease, leading to eye closure. If the optical channel power is further reduced
such that it falls below the sensitivity of the receiver, severe bit errors result. In addition,
the decrease in channel power leads to degradation in OSNR since the path-averaged
power of the channels becomes lower.

Figures 4.6 and 4.7 show OSNR and BER measurement results by Thrukhin et al
regarding adding and dropping of channels in a realistic transmission link with 40 WDM
channels [7]. In figure 4.6, it can be seen that adding more channels leads to lower optical
power, resulting in a lower OSNR. The OSNR increases again when more channels are
dropped, as a result of higher optical power. However, it can also be seen that when
channels are either dropped or added, more bit errors occur.

It is interesting to see that in figure 4.6(a), the BER decreases when more channels
are dropped (better system performance). This is because of the increase in optical
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Figure 4.8: Plot of the time-resolved BER during a channel-add/drop event when transient con
trol is off [8].

power as a result of power transients jumping upwards. This leads to a better OSNR
which in turn leads to less bit errors. However, when more than 20 channels are dropped,
the optical channel power jumps so high that nonlinear effects take over and worsen the
BER. One must therefore be aware of the fact that even though the OSNR is increasing,
more bit errors can occur in the event of channel drops.

In figure 4.7, the transient behaviour of the BER as a result of power transients
is showed for different add/drop cases. Just like power transients, BERs can instanta
neously jump to levels a lot higher than steady state values.

The results shown in figure 4.8, obtained by Wong et al [8], are comparable to those
of Thrukhin. In this figure, the BER is given together with the surviving channel optical
power in the case of add/drops. This shows the relation between the surviving optical
power and the BER very nicely. When seeing all these negative effects, it is apparent
that transient control is necessary in EDFAs.

4.4 Behaviour of transients

Before trying to control power transients in EDFAs, it is important to understand their
behaviour. Therefore, several simulation results obtained by Schilling [33] are shown in
this section for better understanding of transient behaviour of optical powers in different
operating conditions.

In figure 4.9, power transients for the total optical power and single surviving channel
optical power is shown for different percentages of total channels dropped. In figure
4.9(a), there are a total of 10 channels before the drop, and in figure 4.9(b), there are
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Figure 4.9: Transient response of total optical power and single channel power for different per
centages of total channels dropped [33]. (a)10 channels total before drop. (b)20
channels total before drop.

20 channels before the drop. The results are for a single EDFA, with a channel distance
of 100 GHz (C-band), input power of -10 dBm per channel, and a gain of 15 dB. The
channels are dropped with an instantaneous step and the pump power is kept constant.

It can be seen that the total optical power at the output of the EDFA decreases
instantaneously with the drop. But directly after this, the total power rises back again
to a value close to the one before the drop. The values before and after the drop differ
because of amplified spontaneous emission (ASE). Also, it can be seen that the single
channel power jumps up when channels are dropped. This is because the level of inversion
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Figure 4.10: Transient response of single channel power measured after every second EDFA in
a link with 10 EDFAs where 50% of the total channels are dropped [33]. (a)10
channels total before drop. (b)20 channels total before drop.

in the EDFA remains the same so that the remaining channels increase in power. This
can also be derived from the following equation for the saturated gain:

1 dIv (1; - 1) (JsEN

,(II) = T' dz = 1 + 21* + 1* '
v v p

(4.2)

where Iv is the power of the signal at frequency II, Ip is the pump power, N is the
atomic density of the medium, (JSE is the stimulated emission cross-section, I~ = Iv/Is,
and I; = Ip/Ips . Is is the signal saturation power and Ips is the pump saturation power.

When more channels are dropped, the height and speed of the power transients
increase. Finally, the number of used channels in the EDFA also plays a role. When
more channels are used, transient speed becomes faster.

Figure 4.10 shows the transient response of the single channel power after an in
creasing number of EDFAs. It can be seen that the overshoots of the transients become
worse and the rise time increases with the number of EDFAs. The total number of
WDM channels also influences the transient speed, making it faster when more channels
are used (compare figure 4.1O(a) to (b)). By the way, these results compare well to the
results obtained by Zyskind et al [5] shown in figure 4.5. This also applies to figure 4.11,
where the inverse proportional relation between the rise time and the number of EDFAs
in cascade is shown.

Finally, the influence of the speed of the drop Ts on the power transients is inves
tigated and given in figure 4.12. If channels are dropped slowly (in the order of 1 ms)
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Figure 4.11: (a) Rise time of transient to a level of 2dB as a function of the number of EDFAs.
(b) same as in (a), but the reciprocal rise time is plotted to show inverse proportional
relation [33].
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Figure 4.12: Influence of speed of the drop Ts on the shape and speed of the transient channel

power rise [33].

and not instantaneously, transient effects in the channel power are less. The speed and
height of the overshoot in the channel power decrease significantly.
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Chapter 5

Different methods to control an
EDFA

As previously discussed, power transients can lead to a lot of negative effects, thereby
endangering the reliability and quality of service of optical networks. Therefore, it is
very important to stabilize the behaviour ofEDFAs and to reduce these power transients.
This can be done by controlling the gain of the EDFAs. Throughout the years, different
methods have been developed to do this. These methods can basically be grouped into
three different methods.

The first method is to control the amplifier gain, by adjusting the pump power (pump
control). This can be done either using a control feedback loop or by forward control.
In the latter case, one simply measures the input power changes and changes the pump
power according to the characteristics of the amplifier. In the feedback control loop case
the gain or some parameter proportional to it is continuously measured and the pump
power is adjusted to give the preset gain value.

The second method is to inject an additional optical signal inside the gain bandwidth
into the EDFA, in order to control the level of saturation and thereby adjusting the gain
(lasing). Again, adjusting the power in the additional channel can be done by using a
feedback control loop or by forward control, setting the extra channel power in response
to input power changes.

In the first two methods, the main purpose is to keep the gain of an EDFA constant
(gain clamping) by means of automatic gain control (AGC). This is done for every optical
amplifier in a transmission link. However, in the third method, a continuous-wave (CW)
channel is used to compensate for the power variations at the beginning of a transmission
link, thereby stabilizing all the amplifiers in the entire link (link control). The focus is
laid on controlling the whole link, rather than individual amplifiers.

In further sections, several of these different control methods are briefly discussed
and the results of these methods obtained by other researchers are shown.
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Figure 5.1: Experimental setup for forward pump power control [11]. A: Voltage-controlled atten
uator; Cl: Coupler for supervisory wavelength; C2: Coupler for 5% tap; C3: Coupler
for pump wavelength; F: Filter for ABE suppression; I: Isolator.

5.1 Gain control by adjustment of the pump power

To achieve constant gain for EDFAs, the pump power is adjusted using an electronic
feedback control loop or forward control.

5.1.1 Forward control

A feed-forward compensation with a low-frequency (100 kHz) control of the pump power
was proposed and analyzed theoretically and experimentally by Giles et al [10]. The
pump power is automatically adjusted in response to the total input power, resulting
in a constant amplifier gain. For an eight channel WDM transmission system a similar
control scheme has been demonstrated experimentally by Park et al [11]. Figure 5.1
shows the proposed configuration of the EDFA.

The EDFA is codirectionally pumped by a 980 nm laser diode (LD) with power up
to 80 mW. The EDFA is has two control circuits. The first low speed one compensates
for changes in span losses with an attenuator control circuit, the second high speed one
keeps the amplifier gain constant with a pump control circuit. In the experiment, the
input signal consisted of eight signal channel from 1541 nm to 1559 nm, seven of them
could be switched on and off, and a supervisory channel at 1510 nm. The variation of
span losses were simulated, by attenuating the whole input signal.

The supervising channel is dropped at Cl. Changes in span losses can be measured
as power variations of the supervisory channel at the attenuator control circuit, which
adjusts the attenuator A. The response time of the attenuator is 9 ms. Additionally the
supervisory channel is processed at the supervisory channel control circuit and a new
supervisory channel is added to the amplifier output signal.
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Figure 5.2: Surviving channel power transients when seven out of eight channels are added or

dropped in a forward pump control [11].

For fast gain control of the EDFA, a small part (5 %) of the power of the signal
channels is tapped before the EDFA and measured by the pump power control circuit,
which adjusts the pump so that the gain stays constant. The response time of the pump
power control circuit is 650 ns. The power excursion of the surviving channel was reduced
to 1 % of that without control circuits, which corresponds to 0.17 dB power excursion,
when seven out of eight channels were added or dropped (see figure 5.2).

In the discussed experiments the input power is measured and the pump power is
adjusted for constant gain, relying on characteristics of the amplifier, which has to be
determined before. This is in contrast to feedback control, where the gain is measured
continuously and adjusted to the desired value by a feedback control loop.

5.1.2 Electronic feedback control loop

Examples for gain control using electronic feedback loops have been presented in publi
cations by Jolley et al [12], Drake et al [13] and Suzuki et al [14].

Jolley et al [12] address mainly the problem that the spectral slope of the gain
changes, if the gain changes. The spectral equalization of gain can only be achieved for
a specific gain. The authors propose a two stage amplifier consisting of two electronically
gain controlled gain blocks and an adjustable attenuator in between. The attenuator
and not the gain blocks are used to adjust the output power of amplifier if necessary.

A schematic view of a gain block is shown in figure 5.3. It consists of a g80-nm
pumped EDFA with a probe laser that is injected into the input of the gain block
and measured at the output. The probe laser was at 1572 nm outside the flat gain
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Figure 5.3: Schematic view of a gain block with electronic feedback control [12].

window used for WDM transmission in this experiment. The control circuit uses negative
feedback to the pump current to maintain the EDFA gain constant at the probe laser
wavelength. Results are only given for the reduction of gain tilt, but not for the achieved
dynamic response.

The electronic feedback control has some advantages compared to optical gain clamp
ing. The gain of the gain block can easily be changed electronically if required. The
feedback signal can be filtered electronically to optimize the dynamic response of the
control loop and to avoid the oscillations occurring in the all optical feedback loop.

Drake et al [13] compared two schemes of electronic feedback control loops. In the
first design instead of the gain, the pump absorption was measured and kept constant.
In the second design the gain at a probe wavelength was measured, like in the exper
iment of Jolley et al., but the probe signal was injected counter directionally in this
experiment. The design with measurement of the pump absorption is simpler, whilst
the more complex probe technique provides greater accuracy.

Suzuki et al [14] implemented a three stage optical amplifier, where each stage (gain
block) had an automatic gain control circuit (AGC) , adjusting the pump power. The
first stage served as low noise pre-amplifier, the second compensated for losses due to
dispersion compensation and a power control variable attenuator and the third stage
provided high output power.

The AGe of the each gain block was realized by a feedback control loop that moni
tored the input and output total powers to keep the gain and the gain profile constant.
The time constant of the circuit was designed to be less than 10 its. The maximum
transient power fluctuation of the surviving channel was measured to be less than 0.45
dB when signals (32ch-1ch) were added or dropped. These results are shown in figure
5.4.
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Figure 5.4: Transient response of surviving channel power of automatic gain control by Suzuki et
al [14]; (a)for 1 to 32 channels addition (b)for 32 to 1 channels drop.

signal

Input
•

Pump AL

EDF

output..

Figure 5.5: Gain clamped amplifier with Farby Perot laser structure using fiber grating reflectors.
EDF: erbium-doped fibre, WSC: wavelength selective coupler.

5.2 Gain clamping by all optical feedback (lasing)

The all-optical gain-control technique is widely studied as a potential method to prevent
signal power transients due to cross-gain saturation of EDFAs in multiwavelength optical
networks [16], [17], [18]. Here, an EDFA is made to lase at a particular wavelength within
the EDFA gain bandwidth, but different from signal wavelengths. The optical feedback
(the laser resonator) is usually obtained by two methods:

1. The use of distributed Bragg reflector (DBR) gratings in the fiber at each end of
the amplifier, causing reflective feedback at the Bragg wavelength [19], [20].

2. The use of a ring laser structure configuration [21], [22] with wavelength selective
WDM filters feeding back the lasing wavelength only.

5.2.1 Using Bragg reflector

This relatively simple passive method uses lasing to control the gain of the EDFA. It uses
a Fabry-Perot laser structure with two narrow bandpass fiber Bragg grating reflectors
placed at the input and the output ends of the amplifier, as shown in figure 5.5. These
fiber gratings will let light with all wavelengths through, except for the lasing wavelength,
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Figure 5.7: Gain-clamped amplifier scheme in a ring laser structure. WSC: wavelength selective
coupler.

)"L. As a result, light with this wavelength will be lasing in the EDFA, with a power that
is multiple times larger than the signal powers in the EDFA. This laser will keep the
inversion of the erbium ions and therefore the gain of the EDFA on an almost constant
level. Figure 5.6 shows some results obtained by Landousies et al [20]. It is typical that
the output power of the surviving channel suffers from relaxation oscillations because of
the proportional feedback action of optical gain clamping.

5.2.2 Using ring laser structure

As shown in figure 5.7, gain control can also be achieved by operating the amplifier in
a ring-laser configuration. With a wavelength selective coupler, part of the light at the
output with wavelength )"L is fed back through an optical attenuator to the input of the
EDFA again. The optical attenuator is used to control the power of the feedback signal,
thereby setting the gain of the EDFA to a constant value.

When the input signal power drops, the power of )"L at the output will increase. This
is fed back to the input, where its power is larger than all other signals. As a result, this
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Figure 5.8: Results obtained by Desurvire et al [22] using the ring laser structure of optical gain
damping.

LCU: link control unit
axc: optical cross-connect
WSC: wavelength selective coupler

Figure 5.9: Link control for surviving channel protection in optical networks by using a control
channel [25].

will compensate for the loss of the input signal power, keeping the gain and inversion
of the EDFA constant. Just like the method using fiber Bragg gratings, the resulting
output power suffers from relaxation oscillations too (see figure 5.8).

5.3 Link control by an extra compensating channel

A gain control scheme based on the use of an additional WDM channel to compensate for
the variation of total optical power at the input, and thereby stabilizing all the amplifiers
in a transmission link between network routing nodes, has been proposed by Zyskind and
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Figure 5.10: Power excursions due to cross saturation of an EDFA cascade for a surviving chan
nel. Five of seven WDM channels are switched on /off at 1 kHz [25].

Srivastava et al [23], [24], [25J. The scheme, illustrated in figure 5.9, protects surviving
channels on a link basis.

It can be seen that the extra link control channel Ac is added to the input of the
first optical amplifier in a transmission link (this will commonly be the output amplifier
of a network node). At the end of the link, which is the next network node, the link
control channel is then stripped off. The power of the link control channel is adjusted to
keep the total power of the signal channels (including the link control channel) constant
at the input of the first amplifier. This will maintain constant channel loading at all
EDFA's cascaded in the link. Figure 5.10 shows the power excursions at the end of the
transmission link for the surviving channel. In this case, six channels are transmitted
and five are dropped, leaving one surviving channel. Results are shown with and without
link control.

5.4 Best method to control an EDFA

With all the different EDFA gain control methods presented in previous sections, the next
step is to discuss the advantages and disadvantages of these methods and to conclude
which method is the best.

The main advantage of the all-optical gain control by using laser action in the EDFA
is its simple implementation. However, the pump powers required for controlled opera
tion are quite large. This is because the optical power in the gain band is always at its
maximum value. Also, system performance can be degraded due to relaxation oscilla
tions, which can be minimized, but not avoided due to the simple proportional feedback
scheme. Last but not least, the speed in optical feedback (lasing) gain control is limited
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by the laser relaxation oscillation which is generally in the order of tens of microseconds
or slower [17].

The link control method, by using an extra channel which compensates for the power
variations in an entire link, is a very cost effective way to control transients. However,
this only works well for short links with a few amplifiers and a low number of channels.
For long links with long amplifier chains and a high number of channels, the quality of
this type of control deteriorates severely.

At this moment, the best method seems to be fast electronic gain control. The
feedback signal can be filtered electronically, in order to optimize the total dynamic re
sponse and to avoid relaxation oscillations, observed with the all optical control method.
It makes efficient use of the available pump power (unlike an optically stabilized EDFA
where most of the pump power is converted into the lasing wavelength) while allowing
fine control and adjustment of the EDFA gain, without sacrificing any of the EDFA
transmission bandwidth.

It is true that fast electronic gain control is complex and costly to implement, but the
results that can be achieved with this type of control currently outweigh these negative
arguments. In addition, the possibilities with electronic gain control are much larger
than other types of control.
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Chapter 6

A multilevel gain controlled
optical amplifier

Taking into mind the conclusion from the previous chapter that fast electronic gain con
trol is currently the best method to control power transients in an EDFA, the structure
and working of a multilevel gain controlled optical amplifier that is used in practice is pre
sented and discussed in this chapter. This amplifier consists of a fast electronic feedback
control combined with a feedforward control, which enhances the system performance.
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Figure 6.1: Schematic view of a state of the art optical amplifier.
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Figure 6.2: Gain coefficients of EDFs with population inversion rate as a parameter.

6.1 Structure of a complex optical amplifier

Figure 6.1 shows a schematic view of a state of the art optical amplifier that is used in
practice. It can be seen that this amplifier consists of three EDFA stages. Each EDFA
stage consists of an erbium-doped fiber (EDF), pumped codirectionally by a laser with a
wavelength of 980 nm. The codirectional pumping method is used in order to achieve a
low noise figure. In this three-stage optical amplifier, the first stage serves as a low noise
pre-amplifier and increases the signal level for the following stages. The second stage
compensates for losses due to the gain flattening filter and the dispersion compensating
fiber. The third stage provides high output power.

6.1.1 Variable optical attenuator

By inserting a variable optical attenuator (VOA) between the first two stages, a simple
gain tilt control is implemented in the optical amplifier. This works as follows. The gain
spectrum of an EDFA changes when the population inversion of the erbium ions changes
(see figure 6.2). It can be seen that in the EDFA working range of 1520 nm to 1600 nm,
this gain spectrum tilts with the level of inversion. This inversion level can be changed
by adjusting the pump power.

When the VOA is adjusted to give more attenuation, the pump power should be
increased in order to achieve the same power at the output of the second stage. Because
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attenuation of VOA

Figure 6.3: Tilt control with a VOA

the pump power is increased, the tilt of the gain spectrum changes. However, the power
at the output of the second stage remains the same. Therefore, the total gain measured
between the input of the first stage and the output of the second stage remains also the
same. With this method, the gain is held constant but the spectrum experiences a tilt.
A tilt control is implemented. Figure 6.3 shows this method in a diagram.

A tilt control is needed to adjust the spectral tilt of the signals coming out of the
optical amplifier. This is important because a lot of elements in the optical amplifier or
the transmission link can cause a tilt in the spectrum of the signals. The most important
is the effect of stimulated Raman scattering (SRS), which occurs in the fiber span prior
to the optical amplifier and in the DCF that is used in the amplifier. SRS causes signals
with smaller wavelengths to transfer power to signals with larger wavelengths, resulting
in a tilt in the spectrum of the signals. More on SRS and the negative effects of SRS
on the performance of optical amplifiers can be found in the next section. Also, the
attenuation in fibers doesn't have the same value for different wavelengths. This causes
a tilt in the spectrum of the signals too (see figure 6.4). Finally, the non-flatness of the
gain spectrum of the EDFAs and the gain flattening filters can also lead to spectral tilt
in the signals.

6.1.2 Gain flattening filter

Returning back to figure 6.1, one can also find a gain flattening filter (GFF) in the
optical amplifier. This GFF is used to flatten the gain spectrum of all three EDFAs
in the amplifier. As shown already in figure 6.2, the gain spectrum of an EDFA is not
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attenuation curve is tilted.
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Figure 6.5: Function of an optical gain flattening filter.

perfectly flat. Figure 6.5 shows the function of such a gain flattening filter. A flat gain
spectrum is very important because this has a lot of influence on gain control when
signals are added or dropped. Ripples in the gain spectrum can cause a jump in the
surviving channels even when good gain control is implemented. An extreme case of this
problem is shown in figure 6.6, where only one channel at As survives after the drop. In
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Figure 6.6: Influence of gain ripple on gain control.

both cases, the gain control fixes the gain to the same mean value. However, in the case
after the drop, it can be seen that the actual gain of the surviving channel has decreased,
resulting in a loss in the channel power.

6.1.3 Dispersion compensating fiber

The dispersion compensating fiber (DCF) is used to compensate dispersion that accu
mulates in the fiber spans. Dispersion causes signal pulses to broaden, resulting in an
overlap with neighboring pulses. After a certain amount of overlap has occurred, ad
jacent pulses can no longer be individually distinguished at the receiver and bit errors
will occur. This pulse broadening effect is shown schematically in figure 6.7. The DCF
is placed before the second stage of the optical amplifier instead of after because of a
better noise figure.

6.2 Different levels of control

In the optical amplifier, different levels of control with different complexities are im
plemented to ensure high system performance. There are four main different levels of
control that can be differentiated:

1. Gain tilt control with VOA,

2. Electronic gain and transient control,

3. ASE correction,

4. OSNR or power preemphasis.
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Figure 6.7: Broadening and attenuation of two adjacent pulses as they travel along a fiber.

In the following sections, these controls are presented and discussed.

6.2.1 Gain tilt control

As discussed in the previous section, the optical amplifier contains a gain tilt control
implemented with a VOA. This is important because a lot of elements can cause a tilt
in the spectrum of the signals. This tilt in the signal spectrum may affect transient
behaviours, thereby interfering with the transient control. It is therefore necessary to
compensate this spectral tilt.

Stimulated Raman scattering

The most important source of spectral tilt in the signal channels is stimulated Raman
scattering (SRS). When light is incident on a medium, scattering occurs. This scattered
light will consist mostly of light with the same frequency as the incident light. In the
meantime, low intensities of light with lower frequencies may also be observed. This is
due to the effect of Raman scattering and can be described quantum-mechanically as
scattering of the incident photon by a molecule to a lower-frequency photon while at the
same time the molecule makes a transition between its two vibrational states. Incident
light acts as a pump for generating frequency-downshifted radiation called the Stokes
wave.

The initial growth of the Stokes wave in a fiber is described by

dPs 9R
-d = -APpPs - asPs,

Z eff
(6.1)
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Figure 6.8: Raman gain spectrum for SSMF at a pump wavelength >'p = 1 J.Lm. The Raman gain
scales inversely with >'p.

(6.2)

where Ps is the power of the Stokes wave, Pp the power of the pump, AelI the effective
mode field diameter of the fiber, as the loss in the fiber for the Stokes wave, and 9R
the Raman-gain coefficient. The Raman-gain coefficient describes how much power is
gained from the pump depending on the frequency of the Stokes wave. This is given in
figure 6.8. The evolution of the pump power in the fiber is given by

dPp vp 9R
-d = ---APsPp - apPp,

Z V s eff

where vp is the frequency of the pump signal, V s the frequency of the Stokes wave, and
a p the loss in the fiber for the pump signal. Equations 6.1 and 6.2 are called the coupled
equations for Raman scattering [26].

Under the assumption that -.1lB..-A Ps « ap, the depletion of the pump power _!:2. A9R PsPp
eff ~ ~f

in equation 6.2 can be neglected. The pump power is therefore only affected by the loss
of the fiber

(6.3)

Solving the coupled equations 6.1 and 6.3 yields

(6.4)

with
1

Lell = - [1 - exp (-apz)].
ap

(6.5)
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Equation 6.4 describes how much power is gained from the pump for the Stokes wave
and how the power changes along the fiber. If the polarizations of the pump light and
the Stokes wave are not matched, equation 6.4 is written as

(6.6)

because the gain from the pump is less.

When many channels are used, every channel power acts as a Raman pump for the
remaining channels of lower frequencies. Instead of equation 6.1, the growth of the power
of the kth channel along the fiber in a system with N channels can be written as

N
dPk '"' 9R- =Pk ·~--p. -aPk.
dz . 2Aeff )

)=1

(6.7)

In all equations mentioned before, the Raman-gain coefficient 9R is a non-linear function
of the frequency difference between pump and Stokes wave. However, a triangle gain
profile can be used to approximation the Raman-gain coefficient. This is shown in figure
6.8. Then, the approximated Raman-gain profile is linear with respect to the frequency
difference. The approximated Raman-gain profile can then be written as

and equation 6.7 can be written as

(6.8a)

(6.8b)

For a WDM system with N channels, equation 6.4 can then be written as

(6.9)

with Pk the power of the kth channel and Ptot(O) the total power of all N channels at
the beginning of the fiber. Equation 6.9 can be splitted into two terms, a term defining
SRS

Pk(Z) = Pk(O) exp { A
9k

Ptot(O)Leff}
2 elf

and a term defining the loss in the fiber
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Figure 6.9: The effect of SRS crosstalk on signals transmitted through a fiber span [27]. (a)Fiber
input spectrum. (b)Fiber output spectrum after 100-km of fiber.

The term

exp {21:
lf

Ptot(O)Leff }

from equation 6.10 can also be expressed in dB, yielding the Raman tilt to be

L 'Raman tilt = 4.343.1015 . eff' 9R . Ptot [dBjTHz]. (6.12)
2Aeff

In figure 6.9, the influence of SRS tilt on the spectrum of the signals is shown by
results from Bigo et al [27]. This effect is often called SRS crosstalk and happens not
only in normal transmission fibers, but also in the DCF. Therefore, gain tilt control is
needed to compensate for spectral tilts in transmission fibers as well as DCF.

Fiber spectral attenuation tilt

As shown already in figure 6.4, the attenuation in fibers is frequency dependent. This
also adds a tilt in the spectrum of the signals when transmitted through the fiber. Unlike
SRS which causes a negative tilt in the direction of increasing frequency, this tilt can
either increase positively or negatively with increasing frequency. If channels in the
C-band (from 192 to 196 THz) are used, this tilt will be positive. And if channels in
the L-band (from 186 to 190 THz) are used, this tilt will be negative. Although fiber
spectral attenuation causes tilts in signal spectra transmitted through fibers, the effect
is not as large as from SRS.

However, this tilt has also to be compensated too in order to have a flat gain spectrum
for the optical amplifier so that gain control can work properly. Just like for SRS tilt,
this happens also in the DCF. Compensation must therefore be done for the transmission
fiber as well as DCF.
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Figure 6.10: Compensation of spectral tilt resulting from transmission fiber with and without gain
tilt control (GTC).

Gain tilt control with VOA

With SRS and fiber attenuation, the most important causes of spectral tilt in signals are
discussed. In most cases, these tilts can be calculated theoretically. SRS tilts depend on
the power launched into the fibers and the Raman-gain coefficients of these fibers. These
values can either be measured or estimated well and the tilt can then be calculated. The
same applies for fiber attenuation tilts.

A gain tilt control with a VOA can then be implemented easily. With a conversion
formula, the tilt (in dB/THz) that is needed for compensation can be converted to an
attenuation value (in dB) for the VOA so that the desired tilt can be achieved. Figure
6.10 shows how a gain tilt control compensates a spectral tilt to ensure a flat gain
spectrum for an optical amplifier.

6.2.2 Electronic gain and transient control

In figure 6.11, a schematic view of the optical amplifier with its electronic gain control
is given. While there are three EDFA stages, only two electronic gain control blocks
are used. The first two EDFA stages are controlled by the first gain control group A,
and the last stage is controlled by a separate control group B. The electronic control is
implemented digitally in a digital signal processor (DSP). Group A sets the gain of the
first two stages at a fixed value given by the user, so that the total optical output power
at point P2 is equal to the input power at PI multiplied with the set gain value. Group
B does the same, but for the third stage and the total optical power at the output of
the amplifier P3.

From the input of the optical amplifier, a small part of the optical input power
is coupled out with a tap coupler and measured with a photodetector at PI. This

44



CHAPTER 6. A MULTILEVEL GAIN CONTROLLED OPTICAL AMPLIFIER

INPUT
--+-+--.....j

OlJTF'UT
>-----4t- --+

eIo eJo ala
I I II

A B FFFF +
+
PI PI

i: O.lay I

Figure 6.11: Schematic view of optical amplifier with electronic gain control

photodetector then converts the measured optical power to an electrical signal that is
sent to the DSP. The same happens at the points P2 and P3. The electrical signals
are then processed in the control groups A and B and sent as currents to the pump
lasers. In the pump lasers, these currents are converted back to optical signals again.
These optical signals have a wavelength of 980 nm in order to pump the EDFAs and
the intensity is changed by the currents sent from the control groups. With this, an
electronic gain control for the EDFAs is realized.

The basics of the two control groups are principally the same. A feedback proportional
integral control is combined with a feed-forward control to process the powers measured
from the input and output of each control group. For control group A, these are the
points PI and P2 given in figure 6.11. And for control group B, these are the points PI
and P3. Figure 6.12 shows the details of a such a feedback proportional-integral control
combined with feed-forward control for an EDFA.

First, a proportional-integral feedback control is used to set the pump power at such
a value, that the optical power measured at the output is equal to the optical power
measured at the input multiplied with a gain factor. With this, the gain of the amplifier
can be set. Proportional-integral feedback is given by

K'Ju = Kpe + T; e dt (6.13)

where K p is the proportional gain, e is the error between the measured output signal
and the desired output signal, K i is the gain of the integrator, T[ is the integral time,
and u is the output signal of the control. The term

(6.14)
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Figure 6.12: A combined proportional integral feedback with feed-forward control.

is called the proportional feedback and the term

KOJT; edt

the integral feedback.

(6.15)

With proportional feedback, the control signal is made to be linearly proportional to
the error in the measured output. This means that when the output power is higher than
the set value, the error e will have a negative value, leading to a negative proportional
term given in equation 6.14. The output signal u of the control will be negative and the
pump of the EDFA will be turned down. This will subsequently lead to a decrease of the
output power, which is the desired effect. The same follows for an output power that is
too low. However, the problem of a proportional feedback control is that the error will
never be zero. An error signal is always needed to be able to control the EDFA.

This is why an integral feedback control is added. This control has the primary virtue
that it can provide a finite value of control signal with no error-signal e. This is because
u is a function of all past values of e rather than just the instantaneous value of e, as in
the proportional case. Therefore, past errors e "charge up" the integrator to some value
that will remain, even if the error becomes zero and stays there. This means that with
an integral control, the output power of an EDFA can be controlled to be error-free.

With such a proportional integral feedback, an effective control system can be imple
mented. However, the speed of the control can be further enhanced with a feed-forward
control. When the input power of the EDFA drops very fast, the output power will jump
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up because of a high inversion level in the EDFA. To counter this, the control signal u to
the pump has to be decreased. This is done automatically by the proportional integral
feedback already, but the feedback has to wait until the output power deviates before
it knows how to react. This delay will have a negative influence on the speed of the
control. When a feed-forward is implemented, a change in the input power of the EDFA
will have an almost instantaneous effect on the pump control signal u, thereby speeding
up the control.

Going back to figure 6.11, it can be seen that the first two EDFAs of the optical
amplifier are controlled by one feed-forward/back control, and the last EDFA by another
similar feed-forward/back control. The time constants of these two controls differ by
approximately twice, so that they don't interfere with each other. The delay block in
the path from input power to control group B is there because the DCF in the optical
path delays the signals going to the third EDFA. For control group B to work well, the
input power to the control must be delayed with the same amount of time too.

6.2.3 ASE correction

With electronic gain control by pump power adjustment, the input signal powers and
the output signal powers of the optical amplifier have to be measured. This is done
by using couplers at the input and output fibers of the optical amplifier. With a tap
coupler, a small percentage (usually 2 to 5%) of the optical light going through the fiber
can be coupled out of the system. This small amount of light is then fed to a photodiode,
converting the light into electrical current. With some scaling, the current is changed to
a voltage that is proportional to the optical power.

In the optical amplifier, optical power is measured at the three points that are of
importance to the electronic control discussed previously. However, because of the use
of a photodiode, the total optical power is measured. Therefore, the difference between
ASE and signal power cannot be distinguished. This extra ASE noise decreases the
performance of the electronic gain control because the gain of an amplifier stage is
calculated from dividing the output power by the input power.

Ideally, when there is no ASE noise, the gain G of an amplifier stage can be calculated
by the measured signal output power divided by signal input power

pout pout
G - meas _ sig

- pin - pin '
meas meas

where the signal output power p~~t = P~~~s because no ASE is present. However, when
it is now assumed that ASE noise is present and the measured output power still has
the same value as before, the gain of the amplifier stage will remain the same, given by

P out pout! + P
G = meas = sig ABE

pin pin'
meas meas
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where p~~t! is the signal output power when ASE is present. Equation 6.17 can also be
written as

pO'!dl
S2g

pout!
S2g

Gp:::eas - PABE

P out Psig - ABE·

(6.18a)

(6.18b)

(6.19)

It can be seen from equation 6.18b that the signal output power p~~t! is less than the
signal output power p~~t because of the influence of ASE power PABE. In order to
achieve the same signal output power p~~t as in the case without ASE noise, the gain
must be set higher by

pout + P pout P P
G = sig ABE =~ ABE = G ABE = G ASE

carr pin pin + pin + pin + corr,
meas meas meas meas

where p~~t! = p~~t because the same signal power has to be achieved, and ASEcorr is
the ASE correction factor. With other words, to compensate for the ASE noise, the gain
of the amplifier must be added with an ASE correction factor.

In the optical amplifier, this ASE correction is estimated from a noise figure table,
which is a function of the operating conditions of the amplifier. This noise figure table
is obtained from measurement results and estimates the amount of ASE noise that is
generated from the optical amplifier for the different operating conditions. With the
operating parameters given to the gain control, the amount of ASE noise and therefore
the ASE correction factor can be estimated from the noise figure table that is stored in
memory.

Under normal operating conditions, ASE forms only a small part of the total optical
signal output power of an amplifier. ASE correction is not so important then. However,
when the input signal powers or the gain of an optical amplifier are very low, or the
number of channels is very low, ASE will be more dominant in the total optical power
and ASE correction will be very important. Also, in long transmission links, where ASE
noise is high, ASE correction will be more than necessary.

6.2.4 OSNR and power preemphasis

Besides a gain flattening filter (GFF) and gain tilt control (GTe), power preemphasis
can also be used to flatten the spectrum of WDM channels. This is especially useful
at the end of a link. The power spectrum of the WDM channels at the end of the link
is measured and fed back to the booster amplifier at the beginning of the link. At the
booster amplifier, this information is processed and the input spectrum of the WDM
channels is adjusted accordingly so that at the output of the link, the power spectrum
becomes flat. This happens after a few iterations of the algorithm.

Although power preemphasis is a good way to ensure a flat output power spectrum
at the end of the link for the receiver, the noise at the end of the link can endanger
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good signal detection and quality of service. A better way to qualify performance is the
OSNR, taking into account the influence of noise. Therefore, instead of achieving flat
output power spectrum, it is better to ensure a flat OSNR at the end of a link.

OSNR preemphasis functions in a similar way as power preemphasis. Instead of
measuring the power spectrum, the OSNR is measured for the WDM channels at the
end of the link and signals at the booster amplifier are adjusted accordingly so that the
OSNR is flat at the end of the link. Menif et al have suggested a good method to achieve
this goal [28].

Chraplyvy et al have introduced a simple but effective algorithm to achieve equal
ization [29], [30]. This algorithm can either be used for OSNR preemphasis or power
preemphasis.

For OSNR preemphasis, the OSNRs at the end of the link can be equalized by
adjusting the individual input signal powers at the beginning, while keeping the total
optical power in the link constant. The power in each channel is scaled by a factor
proportional to the noise present in that particular channel, yielding the new input
signal power of the ith channel

pi = P, (Pi! (SNR\ 1new tot N

2:= Pi! (SNR)i
i=l

(6.20)

where Ptat is the total signal power at the input, Pi the power of the ith channel at the
beginning of the link, N the total number of channels, and (SN R)i the OSNR of the
ith channel at the end of the link.

For power preemphasis, the same algorithm is used, leading to

i ( 1/Gi
]Pnew = Ptat -N---'---

2:= 1/Gi
i=l

(6.21)

where Gi is the optical gain experienced by the ith signal, and the channel powers are
scaled by a factor inversely proportional to the individual gain values.

Figure 6.13 shows the results for power preemphasis and OSNR preemphasis after
840 km of transmission. In figure 6.13(a), a similar OSNR of 17.43 dB for all channels
is achieved and in figure 6.13(b), a flat output power spectrum can be seen.
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Figure 6.13: Output powers after 840-km transmission using equal input powers [29]. Solid curve

denotes amplified spontaneous emission in O.2-nm optical bandwidth. Triangles de
note signal powers. SIN denotes optical signal-to-noise ratios. (a) Results of OSNR
preemphasis after five iterations of algorithm. (b)Results of power preemphasis after
second iteration of algorithm.

6.2.5 Time constants of different control levels

Because of the different control levels implemented in the optical amplifier, the speed and
therefore time constants of these controls shouldn't interfere with each other. Otherwise,
these controls will work against each other instead of with each other. Table 6.1 gives
the different levels of control with a range of their time constants.

Table 6.1: Different levels of control with their time constants

Control level time constant range
Gain tilt control with VOA 30 ms
Electronic gain and transient control 1JLs - 10 ms
ASE correction 30 ms
OSNR or power preemphasis > 30 ms
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Ch.apter 7

Simulation model of optical
amplifier

Up till now, simulation models are based on either simplified EDFA models or simple
control system models. These are then used to predict and analyze the effects of different
design parameters and novel techniques on the behaviour of power transients in real-case
complex optical EDFA systems. However, when measurements are done, the results don't
correspond with those from the simulations because many different levels of complex
control methods are working together in a real-case optical EDFA system, producing
unexpected discrepancies.

This chapter discusses the implementation of a simulation model of the optical am
plifier system presented in the previous chapter. It combines an accurate EDFA model
with different levels of detailed complex gain control of the optical amplifier. This will
lead to accurate simulation results that are comparable to measurements for an entire
transmission link.

7.1 Structure of simulation model

The simulation model will be implemented with both Matlab and Simulink. With such
an implementation, the high computation speed of Matlab and the simplicity of im
plementing complex dynamic models with Simulink can be combined together in the
simulation model. As discussed in the previous chapter, the four main levels of control
in the optical amplifier are:

1. Gain tilt control with VOA

2. Electronic gain and transient control

3. ASE correction

4. OSNR or power preemphasis.
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Figure 7.1: Structure of simulation model with Matlab and Simulink.

Because the area of interest is in power transients behaviour, the time range con
sidered will be about a few milliseconds. In this time range, only the electronic gain
control has a similar time constant (see table 6.1). Therefore, all of the control levels
except the electronic control can be considered to be static for this time range. With the
implementation in Matlab, these static control levels can be calculated quickly, saving a
lot of computation time.

However, because the behaviour of power transients is dynamic, a part of the sim
ulation must be done dynamically. Simulink is used for this because of the graphical
interface, time-saving building blocks, and the flexibility. With the graphical interface,
the structure of the simulation model is shown together with the relations of different
function blocks with each other. This creates a fast and clear overview of the entire sim
ulation model so that different functions can be understood very quickly. Also, because
of the presence of basic functional blocks, new complex function blocks can be created
in a short amount of time. This way, a simulation model can be built in a little amount
of time and different function blocks can be modified, added, or deleted easily. This
creates flexibility which is of advantage to testing different designs.

A disadvantage of Simulink is the computation time. Before the implementation of
the simulation model, the choice had to be taken whether or not to include the use of
Simulink into the simulation model. The dynamic EDFA routine was used to compare
the time performance of Matlab with Simulink. Results however showed that Simulink
was not much slower than Matlab, adding just about 5% of overhead to the computation
time for one EDFA routine. It is expected that when more EDFA routines are used, for
example in a transmission link simulation, the overhead will increase. But the advantages
gained with using Simulink overweigh the disadvantage of longer computation time.
With this conclusion, the optical elements of the amplifier together with the electronic
gain control are chosen to be implemented in Simulink.

Figure 7.1 shows the structure of the simulation model with Matlab and Simulink.
First, Matlab programs are used to initialize and define starting parameters for the simu-
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lation in Simulink. This happens in the initialization Matlab file, called the initiate_sig. m.
This file is used to initialize the starting values for the simulation. The values that
initiate_sig. minitializes are:

• the number of input channels as well as their power,

• the frequency spectrum and power of the ASE entering the amplifier,

• the coefficients of the gain flattening filter.

The main gain control software for the amplifier is implemented as a Matlab function
called ini_oli .m. This function calculates the gains of the amplifiers so that the desired
output power given in transplan_parameter.m is achieved. Also, the gain tilt control
and ASE correction are implemented in this function.

In transplan_parameter .m, parameters that are used by ini_oli .mand initiate_sig.m
are defined. These parameters involve:

• total optical input power,

• output power per channel,

• DCF properties,

• length of fiber spans.

After this initialization by Matlab, it can be seen in figure 7.1 that the values are
passed on to Simulink and the dynamic simulation involving the EDFA routines, optical
elements, and electronic gain control is run. When simulation ends, the results are saved
in Matlab files and with Matlab programs, these files are analyzed. When no power
or OSNR preemphasis is used, the simulation is done and the programs are ended.
Otherwise, when power preemphasis is chosen, the Matlab function power_pre. m will
be called to process the results and a new input signal power spectrum will be sent to
initiate_sig. m. After this, the simulation will start again. This process repeats itself
until the given number of iterations for power preemphasis is met. In the case of OSNR
preemphasis, the same applies. But instead of power_pre. m, the function osnr_pre. m
is called.

In figure 7.2, a more detailed schematic diagram of the different Matlab programs
and their specific functions are given. This gives an overview of the relations between
the different programs and what values and parameters are passed to each other. It also
shows that ini_oli. m is a part of initiate_sig. m.
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Figure 7.2: Schematic view of the simulation model containing the different Matlab programs and

their functions. White function blocks are values that are defined already and gray
function blocks involves calculation and processing.
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7.2 Implementation of model in Matlab

In this section, the implementation of the different gain control levels in Matlab are
discussed. This involves the gain tilt control with VOA, the ASE correction, and the
power and OSNR preemphasis.

7.2.1 Gain tilt control with VOA

The gain tilt control with VOA is implemented in Matlab as a program block within
a function called the ini_oli .m. As discussed before, SRS and fiber attenuation are
the main causes of spectral tilt in the transmission link. With a gain tilt control in the
optical amplifier, these tilts can be compensated for.

In the software, just like in real-case, the spectral tilt caused by SRS and fiber
attenuation is estimated and pre-compensated in the optical amplifier. For every optical
amplifier system, the spectral tilt caused by the fiber span that follows the amplifier
system is pre-compensated. Although the spectral tilt caused by the DCF in each optical
amplifier is also important, this is not compensated by the amplifier software. This is
because the simulation results will be compared to measurements of a version of an
amplifier system without DCF-induced spectral tilt compensation.

The spectral tilt caused by the fiber span following the amplifier system is estimated
by the same formula given by equation 6.12, which is

SRS tilt = 4.343 .1015 . L;1' gk .Ptot [dBjTHz].
elf

(7.1)

The Raman-gain coefficient gk is approximated by a triangular gain profile as given
previously in figure 6.8. From a given effective length of the fiber span Leff, effective
mode field diameter of the fiber Aeff' and the total signal output power from the optical
amplifier Ptot , the SRS tilt can be calculated using this equation.

The fiber spectral attenuation tilt can be estimated by using the attenuation spec
trum of a standard single mode fiber (SSMF) as given in figure 6.4. The number of
channels and their frequencies are evaluated and their output power spectrum is multi
plied by the attenuation spectrum of the SSMF. From this resulting spectrum, a linear
fit with the following equation

Ptot(j) = FSA_tilt· f + offset (7.2)

is made, where Ptot (j) is the output power spectrum of the amplifier as a function of
the frequency channels, f is the frequency of the channels, and offset is the remaining
term of the linear fit. FSA tilt is then the fiber spectral attenuation tilt given in
[dBjTHz].
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With the S RS_ tilt and F S A_tilt, the attenuation of the VOA that is needed to
provide such an inverse total tilt is calculated using a linear conversion formula. The
Matlab program for this gain tilt control takes as input the length of the fiber span, the
total optical output power of the amplifier, and the number of channels. The output is
the VOA attenuation.

1.2.2 ASE correction

The ASE correction of the optical amplifier is also implemented in Matlab as a program
block within the function ini_oli . m. This correction is important because the measured
output power that is sent to the electronic control is not the ideal signal output power,
but added with ASE noise. Therefore, the gain that is set by the electronic control for
the pump laser should be added with an extra correction factor, the ASE correction.
This was discussed and given in the previous chapter by equation 6.19.

Because the ASE cannot be measured, it has to be estimated so that the correct
amount of ASE correction can be applied. This is done by using a noise figure table,
where the noise of the amplifier is measured and stored in a table for different operating
conditions. Both the gains set by control group A and B are corrected for ASE using
the same noise figure table.

The Matlab program for ASE correction takes as input the average optical input
power and the gain of the respective groups. These values are fed into the noise figure
table and the corresponding noise figure is found by the table. With a few formulas, the
ASE correction factor for the gain is calculated.

1.2.3 OSNR and power preemphasis

Unlike the gain tilt control and the ASE correction, OSNR and power preemphasis are
applied to an entire transmission link instead of a single optical amplifier. For OSNR
preemphasis, the goal is to obtain a flat OSNR at the end of the link and for power
preemphasis, to obtain a flat power spectrum. Because the amount of noise influences
signal detection and quality of service, it is better to ensure a flat OSNR at the end of a
link than a flat power spectrum. For good system performance, it is therefore important
to include OSNR preemphasis. This is also the case for the optical amplifier.

The OSNR preemphasis, based on the algorithm by Chraplyvy et al [29], [30J and
equation 6.20, is implemented as a standalone Matlab function called osnr_pre.m with
the inputs:

• optical power spectrum at the input of the booster amplifier (beginning of link)

• optical power spectrum at the output of the pre-amplifier (end of link).
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The output of this function is the new input power spectrum at the beginning of the
link. In most cases, one iteration of this function is enough to obtain a flat OSNR at
the end of the link.

However, in practice, it is not always easy to measure the OSNR. The alternative is
to measure the output power and use power preemphasis. This is also implemented in
the Matlab function called power_pre. m. The method is based also on the algorithm by
Chraplyvy et al given by equation 6.21. One or two iterations will in most cases suffice.

7.3 Implementation of model in Simulink

Besides the Matlab implementation of the control levels, the optical elements of the
optical amplifier as well as the electronic gain control have to be implemented too in
order to have a functional simulation model. As discussed previously, these are done in
Simulink. This section discusses in more detail how the implementations are done.

7.3.1 Optical path

Figure 7.3: Simulink model of the optical path in the amplifier.

Figure 7.3 gives the optical path of the optical amplifier that is implemented with
Simulink. Its structure is similar to what was given in figure 6.1. Unlike the Matlab
implementations, these Simulink function blocks work dynamically. That is, the in- and
outputs of each block are re-evaluated after every time step.

The EDFA blocks work with the dynamic routine that was described in chapter 3.
The pump power is given as input to the routine and it calculates the output power for
every channel dynamically, based on the input. The input signals of the amplifier are
defined by initiate_sig. m. Additionally, ripples in the gain spectra of the EDFAs are
also introduced into the simulation model for better correspondance with measurement
results. The values of these gain ripples were obtained from measurements.

The VOA gets its value from the gain tilt control implemented in Matlab. This
remains a time-independent value that is fixed for the rest of the simulation. With the
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coefficients initialized by initiate_sig.m, the frequency spectrum of the gain flattening
filter (GFF) is set. This spectrum remains also the same for the entire simulation.

The DCF is implemented as a frequency dependent attenuation block. This at
tenuation spectrum is derived from measurement results. Also, the Raman coefficient
R _ caef f of the DCF is given in transplan_parameter. m. This must not be confused
with the Raman-gain coefficient gR. From equation 7.1,

L 'SRS_tilt [dB/THz] = 4.343 .1015 . e~' gR. Ptat ,
2 eff

the Raman coefficient R _ caef f given in transplan_parameter. m is equal to the term

L '4.343.1015. eff' gR,
2Aeff

with the unit [dB/(W· THz)]. This Raman coefficient is obtained from measurement
results of the Raman-gain coefficient gR for the DCF and approximated by the triangular
gain profile. With this Raman coefficient, the spectral tilt of the signals as a result of
the DCF can be calculated easily.

Because the SRS tilt is instantaneous, this routine has to be implemented in the
DCF block as a dynamic function. From equation 7.1, it can be seen that the only time
dependent value is the total optical power Ptat launched into the DCF. In order to save
computation time, all equations concerning the SRS tilt are precalculated already in the
Matlab function ini_oli .m. This precalculated value is then passed on to Simulink as a
constant which is then multiplied by the time-dependent total Ptat in the Simulink block
at every time step.

7.3.2 Electronic gain and transient control

Figure 7.4 shows the implementation of the optical amplifier with the electronic gain
control in Simulink. The optical path that can be seen was already given in figure 7.3.
The electronic gain control is implemented as a proportional integral control combined
with a feed forward as was shown in figure 6.12.

There are a few elements in the implementation that have to be pointed out in
detail. These are some correction terms that have been introduced to correct the values
of the simulation model compared to the real-case amplifier. This is because in real
case systems, there are always errors, nonlinearities, and uncertainties that influence the
performance according to the theoretical model.

One of these is the offset in the photo-detectors. Because of threshold voltages,
nonlinearity, and background light (noise), an offset value is almost always present at
the output of the photo-diodes. This means that even when there is no optical output
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Figure 7.4: Simulink model of optical amplifier with optical path and electronic gain control.

power, the output current given by the photo-detector is not equal to zero. That is,
there is always an offset value. This offset value also differs for different photo-detectors.

For control group A, the measurement of optical powers by the photo-detectors at the
input of the optical amplifier and after the GFF. These values are converted to electrical
signals which are compared to each other before being processed by the PI + FF control.
Because of offset values in the photo-detectors, the resulting signal going to the PI + FF
control suffers from errors. By adding a correction factor Al to the resulting signal, this
error can be introduced into the simulation model so that the simulation results match
those from the measurements. By comparing simulation and measurement results, a
nominal value for this correction factor can be determined. The same analysis applies
for correction factor BI (see figure 7.4).

In general, pump lasers for EDFAs may suffer from non-linearities such as threshold
current, kink, and power saturation. Also, laser performance deteriorates after time
because of internal degradation. In the optical amplifier, kink-free pump lasers are
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Figure 7.5: Example of non-linear distortions in the optical output power of a laser diode as a
function of its drive current.

used. Despite this, the threshold current and performance deterioration will contribute
to differences between simulation and measurement results. These effects are shown in
figure 7.5. In order to correct these, measurement results of the pump lasers are gathered
and an approximated curve of optical output power against the diode current is derived.
This curve is then implemented in the Simulink pump laser block.

In addition, delay blocks are introduced between the pump laser blocks and the
correction factors A2 and B2. This is because in real-case, it takes time for the measured
powers to be first passed to the electronic gain control, processed, and then sent as a
current to the pump laser to change the optical pump power into the EDFA. All these
delays are added together and implemented as a delay block between the pump laser
block and the correction block per control group.

Further, the factors A2 and B2 given in figure 7.4 are introduced as gain factors to
correct all other errors occurring in the optical amplifier. For example, the measured
optical powers have to be converted into electrical voltages and sent to the electronic gain
control. Because this gain control is implemented in a digital signal processor (DSP),
these values have to be converted into bits. Because of all these conversions, it is very
difficult to calculate what the exact conversion factor is so that approximations are used.
The errors that occur because of this and also quantization errors can be corrected by
these gain correction factors A2 and B2. The errors that occur from the conversion of
bits out of the DSP to pump current can also be corrected by the same factors. Last
but not least, the output power curve of the pump laser is not the same for different
pump lasers (sample dependence), these discrepancies can also be corrected by the gain
correction factors as well as the coupling losses of optical power travelling from pump
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laser to EDFA.

Finally, the powers of the pump lasers are limited by using saturation blocks. That
is, the pump lasers cannot provide infinite high output power. The maximum values are
obtained from specifications, adjusted for the correction factors A2 and B2. This means
for example that when A2 has a value of x, the upper limit in the saturation block is
equal to the maximum value from the specifications multiplied by a factor x. Also, the
lower limit is not completely equal to zero because of nonlinearities in the laser. By
comparing simulation with measurement results, this minimum value is determined and
implemented in the model.

To summarize, two correction factors are introduced per control group to compensate
for errors, nonlinearities, uncertainties, and sample dependence occurring in the optical
amplifier. These are the factors Al and A2, and BI and B2 shown in figure 7.4. With
a more analytical approach, it can be seen that for control group A, a correction factor
Al is added to the control signal and a correction factor A2 is multiplied with this
signal. In essence, the pump power P pump is a function of the control signal Scontrol

coming from the electronic gain control and can be given by

(7.4)

In this equation, Sideal is the ideal control signal and Serror is the error because of nonlin
earities, uncertainties, etc. This Serror is a nonlinear function and cannot be calculated
exactly. With the implementation of Al and A2, this error-signal is approximated by
the following equation

Serror :::::J Al + A2 . Sideal, (7.5)

which is a first order approximation function for the nonlinear error-signal. From com
parison with measurement results, this seems to be a satisfying approximation. Similar
analysis applies for the correction factors BI and B2. In the Simulink model, values of
Al and BI are about 2% to 5% of the total control signal, and A2 and B2 are values
between 0.95 to 1.2. This shows that the simulation model is a very accurate model with
small deviations from measurement results.

Because of this accuracy, it is therefore good enough to leave out these correction
factors in general. Also, simulations of transmission links containing several or more
amplifiers can be done without these correction factors. The sample dependence of
the different amplifiers will cancel each other out so that correction factors are highly
unnecessary. Moreover, these correction factors are introduced for simulation of specific
optical amplifiers. With these correction factors, the simulation model can be customized
to simulate a single specific optical amplifier with its own sample dependence so that it
can be compared to measurement results almost exactly.
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Figure 7.6: Total simulation model of optical amplifier with fiber span and DCF given in Simulink.

Figure 7.7: Simulation model of a transmission link with 7 fiber spans and 8 amplifiers.

7.4 Total simulation model with Matlab and Simulink

In figure 7.6, the total simulation model for one optical amplifier with a fiber span
is given. This model structure is implemented in Simulink and the Matlab program
is run in the background. In the total simulation model, the input signals and ASE
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are initialized and defined by the Matlab program initiate_sig. m and the values are
passed to the Simulink model. After the dynamic simulation, the output values are
passed back to Matlab to be further processed. The implementation of the fiber span
is similar to that of the DCF. A fiber spectral attenuation curve is loaded into the fiber
span Simulink block and multiplied with the input signal spectrum. From the length and
Raman-gain coefficient defined in Matlab, the SRS tilt is calculated and implemented as
a dynamic function in the Simulink block. In figure 7.7, a simulation model of an entire
transmission link is given. This will be used for comparison with measurement results.
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Chapter 8

Simulation and measurement
results

Along with the implementation of the simulation model, measurements are made to
compare and determine the accuracy with the real amplifier. In this chapter, the results
are compared and discussed for simulations and measurements on both a single optical
amplifier, as well as an entire transmission link consisting of 7 fiber spans with a total
length of 500 km and 8 optical amplifiers.

8.1 Results for a single optical amplifier

8.1.1 Measurement setup

In order to have a good and accurate simulation model, comparisons have to be done first
on one single amplifier to determine its accuracy before moving to an entire transmission
link. Therefore, measurements for one single optical amplifier are done and compared
to the simulation results.

Figure 8.1 shows the corresponding measurement setup. In this setup, 20 lasers with
different frequencies are used to obtain 20 WDM channels entering the optical amplifier.
The frequencies and wavelengths of these channels are given in table 8.1. 19 of them are
multiplexed together and fed through a mechanical switch before being coupled together
with the remaining single channel. The switch, with a speed of 160 /-LS, is used to switch
off the 19 channels, thereby simulating a drop. The remaining single channel comes from
a tunable laser source so that the frequency of the surviving channel can be adjusted.
The VOA and polarization scrambler are used to adjust the properties of the channels
entering the optical amplifier.

Regarding the optical amplifier, two different types exist. The difference lies in the
EDFAs that are used, which come from two different suppliers. In the measurements,
both types are measured separately and their results compared to simulations. In the
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Figure 8.1: Measurement setup for static and transient measurement of the single optical ampli
fier.

simulation model, these two different types of optical amplifiers are both implemented
with their own specific properties. The user can choose between these two by using an
option in the simulation model. In order to be able to distinguish between the two types
of optical amplifiers, the terms Type A and Type B optical amplifiers are used in the
following sections.

At the output of the amplifier, it can be seen from figure 8.1 that two different
measurements are done: a static measurement and a transient one. In the static mea
surement, an optical spectrum analyzer is used to measure the output power spectrum
of the optical amplifier before the 19 channels are dropped. This measurement is used
to compare results regarding the (quasi-)static performance of the optical amplifier such
as the gain spectrum and the gain tilt control with VOA.

Table 8.1: Channels used for single optical amplifier measurements

nr. frequency [THz] wavelength [nm] nr. frequency [THzJ wavelength [nm]
1 196.1 1528.77 11 193.5 1549.32
2 195.9 1530.33 12 193.3 1550.92
3 195.7 1531.90 13 193.1 1552.52
4 195.5 1533.47 14 192.9 1554.13
5 195.3 1535.04 15 192.7 1555.75
6 195.1 1536.61 16 192.5 1557.36
7 194.9 1538.19 17 192.3 1558.98
8 194.7 1539.77 18 192.1 1560.61
9 194.5 1541.35 19 191.9 1562.23
10 194.3 1542.94 20 191.7 1563.86
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In the transient measurement, the surviving channel is demultiplexed from the output
of the amplifier and its optical power is measured with a photo detector followed by
an oscilloscope. This oscilloscope measures the power change of the surviving channel
during the drop. With this setup, the transient behaviour of the surviving channel and
the optical amplifier can be measured and compared to the simulation results. In the
following sections, both the static and transient/dynamic results will be presented and
discussed.

8.1.2 Static results

Before showing and discussing the results, it must be remarked that the gain of the
optical amplifier can be set in two different ways:

1. The gain values of control group A and B (see figure 6.11) are set manually by
the user, thereby achieving a specific output power per channel indirectly.

2. The output power per channel is set directly by the user and the electronic gain
control will automatically calculate and set the gain values for control group A
and B.

These two different methods of setting the gain can lead to different gain values for
control group A and B. As a result, the transient behaviour can differ even when the gain
and the output power of the amplifier are equal for both cases. When the gain control
is chosen to automatically set the gain values, a clever algorithm is used to calculate the
best values for control group A and B.

The first set of results are obtained by setting the gain values of the optical amplifier
manually. The number of channels used is 20 and the spacing between these channels is
200 GHz. The channels used are in the C-band with wavelengths as given in table 8.1. A
flat input spectrum with channel power of -18 dBm is used, yielding a total input power
of -5 dBm. The gains of control group A and B are set manually, thereby achieving a
total output power of 15 dBm for the optical amplifier. These operating conditions are
summarized and given again in table 8.2.

Figure 8.2 shows the static simulation results compared to those from measurement.
The simulation model used is similar as the one given in figure 7.6. The measurements

Table 8.2: Operating conditions for manual gain setting results in figure 8.2

gain setting method manual
number of channels / channel spacing 20/200 GHz
single channel input power (flat input spectrum) -18 dBm
total input power / total output power -5/ 15 dBm
gain A / B 17.5/20 dB
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Figure 8.2: Simulation and measurement results of output power spectrum for one single amplifier
with manual gain setting. (a) Type A amplifier. (b) Type B amplifier.

were done with the setup given in figure 8.1. In figure 8.2(a), the results are given for a
Type A amplifier and in figure 8.2(b), the results for a Type B amplifier. As mentioned
previously, the difference between Type A and B lies in the suppliers of the EDFAs,
which lead to different optical properties and behaviour.

From the figures, it can be seen that the simulation results resemble the measurement
results very well with error margins of less than 0.25 dB. The shapes of the power spectra
correspond amazingly well.

The same applies for the results obtained by letting the gain control calculate the
gain values automatically. The same operating conditions as for the manual gain setting
are used except that the output power per channel is set at -2 dBm, yielding a total
output power of 11 dB. The gain values for control group A and B are then calculated
and set automatically. The operating conditions are given in table 8.3 and the results
are given in figure 8.3. Again, the results correspond very well with errors not more than
0.25 dB.

Table 8.3: Operating conditions for automatic gain setting results in figure 8.3

gain setting method automatic
number of channels / channel spacing 20/200 GHz
single channel input power (flat input spectrum) -18 dBm
total input power / total output power -5/ 11 dBm
gain A / B 14.6/ 16 dB
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Figure 8.3: Simulation and measurement results of output power spectrum for one single amplifier
with automatic gain setting. (a) Type A amplifier. (b) Type B amplifier.

8.1.3 Dynamic results

As mentioned before, the transient/dynamic measurement results are obtained together
with the static results in the same setup given already in figure 8.1. Therefore, the same
operating conditions apply for both the static and the dynamic measurements. Actually,
the static measurements show the power spectrum at the output of the optical amplifier
before the drop, portrayed by the 20 channels (see table 8.1) used.

For the dynamic measurements, 19 of the 20 channels are dropped and the surviving
channel power is measured during this drop. In all measurements, the surviving channel
is chosen to be in the middle of the C-band, with a frequency of 194.3 THz. This is
because frequency channels in the middle of the C-band will suffer the least from any
spectral (gain) tilt so that the results can be compared to each other with more accuracy
and certainty.

In the case of manual gain setting, where the gain values of control group A and B
are set manually, table 8.4 gives the operating conditions again. These are the same as
previously given in table 8.2 for the static measurements except that now, 19 of the 20
channels are dropped with the surviving channel at 194.3 THz.

As shown already in figure 6.11, the optical amplifier consists of two electronic gain
control groups: A and B. By measuring the surviving channel power at point P2 instead
of P3 given in figure 6.11, the performance of control group A in the optical amplifier
can be determined. This is done for the results given in figure 8.4. Figure 8.4(a) shows
the simulation (smooth darker line) and measurement (noisy lighter line) results for a
Type A amplifier and figure 8.4(b) the results for a Type B amplifier. The results show
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Table 8.4: Operating conditions for results in figures 8.4 and 8.5

gain setting method manual
number of channels / channel spacing 20/200 GHz
single channel input power (flat input spectrum) -18 dBm
total input power / total output power -5/15 dBm

I gain A / B 17.5/20 dB
number of dropped channels 20 to 1
drop time rv 160 its
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Figure 8.4: Dynamic simulation and measurement results of relative surviving channel power
change for one single amplifier with manual gain setting when 19 of 20 channels are
dropped. (a) Results after control group A for surviving channel frequency 194.3 THz
and Type A amplifier. (b) Same as (a), but for a Type B amplifier.

the relative change of power in the surviving channel at 194.3 THz after being controlled
by control group A during the 20 to 1 channel drop.

It can be seen that the electronic gain control is modeled well in the simulation,
giving very good corresponding results. Also, the ASE correction of the amplifier is
modeled well so that the steady state values are almost similar. This conclusion can be
drawn because after the drop, only one WDM channel survives. Relatively, the ASE
power will make up a large part of the total output power, just like the ASE correction.
This influences the power of the surviving channel significantly after the drop, giving
rise to errors when the ASE correction factors are calculated inaccurately.

By measuring the surviving channel power at the output of the amplifier (point
P3 in figure 6.11), the combined performance of electronic control group A and B can
be determined. This is equal to the total dynamic performance of the entire optical
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Figure 8.5: Dynamic simulation and measurement results of surviving channel power change for
one single amplifier with manual gain setting when 19 of 20 channels are dropped.
(a) Results at output of optical amplifier for surviving channel frequency 194.3 THz
and 196.1 THz alternately and Type A amplifier. (b) Same as (a), but for a Type B
amplifier.

amplifier. Figure 8.5 shows the results for the same 20 to 1 channel drop, at the output
of the amplifier. In this case, two different dynamic measurements are done. First, the
surviving channel is chosen to be at the frequency 194.3 THz. Also, a similar 20 to 1
measurement is done but with surviving frequency at 196.1 THz, in order to test the
simulation model for other surviving channel frequencies. The frequency of 196.1 THz
is chosen because this channel suffers the most from spectral gain tilts and plays an
important part in non-linear effects as a result of its high frequency.

Figure 8.5(a) shows the results for a Type A amplifier and figure 8.5(b) the results
for a Type B amplifier. Again, the smooth darker lines are the simulation results and
the noisy lighter lines are measurement results. First, it can be seen that the results of
194.3 THz correspond very well, with errors of 0.1 dB or less occurring in the Type B
amplifier. For 196.1 THz, the figures show that larger errors of up to 0.3 dB occur. The
simulation model seems to give higher values than those measured.

This is presumably because of a phenomenon called spectral hole burning [36]-[39].
Spectral hole burning (SHB) occurs when a strong laser beam is being amplified by an
optical amplifier. This strong laser beam causes the gain of the amplifier to saturate,
leading to inhomogeneous broadening of the gain of the EDFs. The gain at this specific
frequency will therefore decrease, leading to a hole in the gain spectrum of the optical
amplifier (see figure A.1). More on spectral hole burning can be found in Appendix A,
where this phenomenon will be presented and discussed in detail.
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Figure 8.6: Measurement of ASE power in an optical amplifier before and after a 16 to 1 channel
drop. The effects of SHE can clearly be seen.

Most important about SHB is that it has a greater effect for signals with smaller
wavelengths (high frequencies) than for those with larger wavelengths. Therefore, it will
have more effect on the WDM channel at 196.1 THz than the channel at 194.3 THz.
Also, the gain will decrease when the channel power increases. The effect of SHB is
shown in figure 8.6 where the ASE power is measured before and after a 16 to 1 channel
drop for a single optical amplifier. It can clearly be seen that after the drop, the ASE
power around the surviving channel decreases. This is because the surviving channel
jumps up in power, thereby saturating the gain and creating a spectral hole. As a result
of this, the surrounding ASE power decreases and the channel power will not jump as
high as it should in the first place.

The same occurs for the results given in figure 8.5. Because SHB is not implemented
in the simulation model, the surviving channel powers at 196.1 THz do not suffer from
a lower gain as a result of SHB, thereby leading to higher powers when compared to
measurement results. The greatest errors come from the frequency channel of 196.1 THz
because SHB has a larger effect on higher frequency channels than lower frequency ones
(see figure A.4).

In the case of automatic gain setting, the dynamic results at the output of the optical
amplifier are given in figure 8.7. The operating conditions are similar as given in table
8.3, except for the drop of 19 channels. Table 8.5 sums these conditions up again.

Again, two measurements are done for each type of amplifier. One with surviving
channel at 194.3 THz, and another with surviving channel at 196.1 THz. It can be
seen that the simulation results (smooth darker line) correspond very well with the
measurements (noisy lighter line). Although SHB is not implemented in the simulation
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Table 8.5: Parameters for simulations in figure 8.7

gain setting method automatic
number of channels / channel spacing 20/200 GHz
single channel input power (flat input spectrum) -18 dBm
total input power / total output power -5/ 11 dBm
gain A / B 14.6/ 16 dB
number of dropped channels 20 to 1
drop time rv 160 f.J,S

Automatic gain setting, output amplifier

(a) (b)

Figure 8.7: Dynamic simulation and measurement results of surviving channel power change for
one single amplifier with automatic gain setting when 19 of 20 channels are dropped.
(a) Results at output of optical amplifier for surviving channel frequency 194.3 THz
and 196.1 THz alternately and Type A amplifier. (b)Same as (aj, but for a Type B
amplifier.

model, the results for 196.1 THz correspond quite well too. This is because of the lower
channel power and lower amplifier gain calculated and set by the electronic gain control
in automatic gain setting mode. Because of this, the effects of SHB are not so strong,
leading to a better correspondence between simulation and measurement results.

8.2 Results for an optical transmission link

8.2.1 Measurement setup

In the previous section, simulation and measurement results were compared for a single
optical amplifier. Although SHB effects are not implemented in the simulation model,
the results show good correspondence with typical error margins of around 0.1 dB for
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Figure 8.8: Measurement setup for static and transient measurements of a transmission link with
7 spans.

a single amplifier. When SHB effects are strongly present, errors of about 0.3 dB may
occur for channels with higher frequencies.

In this section, results for a transmission link with 7 spans and 8 amplifiers are sim
ulated and compared to measurement data. With 8 amplifiers, it is logical to assume
higher error values between simulation and measurement results than for a single am
plifier. This section will show these comparisons and the magnitude of the errors that
occur.

Figure 8.8 shows the measurement setup of the entire transmission link schematically.
It can be seen that instead of 20 channels, 76 are used. Now, a drop from 76 to 5 channels
is used to obtain the dynamic results. With the use of more channels, more accurate
spectral results can be obtained. Also, ASE power and ASE correction will playa smaller
role after the drop when 5 channels are present instead of 1. This will reduce the errors
cause by noise, leading to a better correspondence between simulation and measurement
results.

The 76 channels used are all chosen to be in the C-band, having frequencies corre
sponding to the lTV grid. Four channels are thereby left out: 192.7, 193.25, 194.15, and
195.9 THz. The channel spacing is 50 GHz. In order to obtain the dynamic/transient
results, a 76 to 5 channels drop is done. However, instead of one drop from 76 to 5 chan
nels, two different cases of channel drops are considered: blue surviving channels and red
surviving channels. In the case of blue surviving channels, channels with frequencies at
the blue end of the C-band are chosen to survive the drop. In the case of red surviving
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Table 8.6: Surviving channels for two different cases of 76 to 5 channels drop

blue surviving channels red surviving channels
frequency [THz] wavelength [nm] frequency [THz] wavelength [nm]

196.1 1528.77 192.1 1560.61
196.0 1529.55 192.0 1561.42
195.7 1531.89 191.9 1562.23
195.6 1532.68 191.8 1563.05
195.5 1533.47 191.7 1563.86

channels, frequency channels at the red end survive. Table 8.6 gives the frequencies and
wavelengths of the surviving channels of these two different cases.

Figure 8.8 also shows the individual optical amplifiers that are used as well as the
type of amplifier. This is important because Type A and Type B amplifiers have different
optical properties and give different transient results as shown previously in the single
optical amplifier results. Finally, the same transient and static measurements as given
in figure 8.1 are done at the output of the preamplifier (end of the transmission link).

8.2.2 Static results

For simulation of the transmission link results, the model given in figure 7.7 is used. It
can be seen that this model resembles the measurement setup given in figure 8.8.

In the transmission link, the first amplifier (booster) is used to amplify the powers
of the channels coming from the multiplexers to an appropriate level before launching
into the link. The rest of the amplifiers (numbers 2 to 8) are used to compensate for
the losses of the fiber spans prior to each amplifier. For the first set of transmission
link results, each fiber span has a loss of 15 dB. Excluding the booster amplifier, all
amplifiers therefore have a gain of 15 dB. Also, all amplifiers are set to automatic gain
setting mode, where the values of the gains of the amplifiers are calculated and set
automatically by the electronic gain control software. The single channel output power
of every amplifier is thereby manually set to -1 dBm. Table 8.7 gives a summary of the
operating conditions for the first set of results.

Just like for the single optical amplifier results, the static transmission link results
give the power spectra of the channels at the output of the link before the channel
drops occur. Figure 8.9 gives the static spectral results prior to the two different cases
of channel drops as mentioned before in the previous section: blue surviving channels
and red surviving channels. Naturally, the static power spectra of the channels prior to
the two different cases of channel drops should be the same and not depend on which
channels are dropped. However, for the measurements, the channels to be dropped are
connected to a mechanical switch, leading to different channel power levels for the two
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Table 8.7: Parameters for simulations in figure 8.9

gain setting method automatic
number of channels / channel spacing 76/ 50 GHz
single channel power (booster amplifier) input / output -20.5 / -1 dBm
total power (booster amplifier) input / output -1.7 / 17.8 dBm
single channel power (rest of amplifiers) input / output -16 / -1 dBm
total power (rest of amplifiers) input / output 2.6/17.7 dBm
span loss / amplifier gain 15 / 15 dB
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Figure 8.9: Simulation and measurement results of pre-amplifier output power spectrum at the
end of a transmission link with 7 fiber spans of 15 dB loss each. (a)Static results
prior to a drop where the blue channels survive. (b)Static results prior to a drop
where the red channels survive.

different cases. Therefore, two different simulations are done for the two different cases.
The blue surviving channels results are given in figure 8.9(a) and the red surviving
channels results in figure 8.9(b).

Additionally, figure 8.9(a) gives two different simulation results, obtained separately
with OSNR preemphasis and power preemphasis. Because the results are on transmission
link level, preemphasis is used to control the spectral tilt of the signal channels in the link.
For all measurement results, only OSNR preemphasis is used. However, for comparison
purposes, figure 8.9(a) not only shows the simulation results for OSNR preemphasis, but
also for power preemphasis. It can be seen that there are minor differences between these
two different methods of preemphasis. Both methods achieve almost similar results for
the power spectrum at the end of the transmission link. In all following results, only
OSNR preemphasis is used.
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From both figures 8.9(a) and (b), it can be seen that the static results of simulation
and measurement correspond well. The biggest errors are not more than 1 dB, which is
actually very good for an entire transmission link consisting of 8 optical amplifiers and
7 fiber spans. In the previous section, maximum errors of about 0.25 dB were observed
in the static results for a single optical amplifier. For a transmission link with 8 optical
amplifiers, the theoretical maximum error should be 8 x 0.25 dB = 2 dB.

However, it must be taken into account that the fiber spans and optical amplifiers
exhibit sample dependence in the gain/attenuation spectra, so that variations from nom
inal values may occur. These variations can be higher or lower than the nominal values
assumed in the simulation model, so that errors may cancel each other out when more
amplifiers are used. This statistical error cancellation works positively on the errors
occurring in the static link results so that the maximum errors (1 dB) observed are less
than the theoretical maximum error of 2 dB.

For longer transmission links with more optical amplifiers, it is then logical to assume
that the errors will not add up proportionally but will take on comparable values because
of sample dependence. It can therefore be concluded that the simulation model gives
good results that correspond well with the measurements. With this, the choice of using
nominal values in the simulation model proves to be simple but effective for simulating
transmission link results accurately.

For the second set of results, the same setup as in figure 8.8 is used, except that the
fiber spans have a loss of 25 dB each. This means that all amplifiers except the booster
have a gain of 25 dB too. Table 8.8 gives a summary of the operating conditions.

For the case of blue surviving channels, figure 8.10(a) gives the static power spectrum
of the pre-amplifier at the end of the transmission link before the drop. Figure 8.1O(b)
gives the same but for the case of red surviving channels. Once again, it can be seen
that the simulation results correspond very well to those from the measurements. Errors
of less than 1 dB are observed at the end of the transmission link.

Because the static measurements of the power spectra are only done at the end of
the link, it cannot be seen how the power spectra of the WDM channels change along

Table 8.8: Parameters for simulations in figure 8.10

gain setting method automatic
number of channels / channel spacing 76/ 50 GHz
single channel power (booster amplifier) input / output -20.5 / -1 dBm
total power (booster amplifier) input / output -1.7 / 17.8 dBm
single channel power (rest of amplifiers) input / output -26 / -1 dBm
total power (rest of amplifiers) input / output -7.3/ 17.7 dBm
span loss / amplifier gain 25/25 dB
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Figure 8.10: Simulation and measurement results of pre-amplifier output power spectrum at the
end of a transmission link with 7 fiber spans of 25 dB loss each. (a) Static results
prior to a drop where the blue channels survive. (b)Static results prior to a drop
where the red channels survive.
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Figure 8.11: Simulated power spectra of WDM channels along the transmission link after the 1st,
3rd, 5th, and 8th (last) amplifier.

the transmission link. However, by using the simulation model, the variation of the
power spectra along the link can be simulated and plotted. Figure 8.11 shows such a
power spectrum of the WDM channels along the transmission link after the first, third,
fifth, and last amplifier. These results are simulated by using the simulation model for
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the same operating conditions as in figure 8.1O(a). The spectrum after the eighth (last)
amplifier is the same as the simulation curve given in figure 8.1O(a).

From figure 8.11, it can be seen that the power spectrum of the WDM channels
exhibits a spectral tilt along the transmission link. This is mainly a result of stimulated
Raman scattering (SRS) which was already discussed in the previous chapters. Although
the VOA gain tilt control has compensated the SRS-tilt for all fiber spans in the link,
a spectral tilt can still be observed along the link. The tilt changes from a negative
value at the first amplifier to a positive value at the end of the last amplifier. This is
because the DCFs in the link also cause a spectral tilt due to SRS. In the particular case
shown, the VOA gain tilt control is set not to compensate for the SRS-tilt caused by the
DCFs, which leads to the observed spectral tilt along the transmission link. However, the
setting can be changed to correct the SRS-tilt caused by the DCFs so that no spectral
tilt occurs along the link. Finally, it can be seen how the use of an oppositely tilted
spectrum at the beginning of the link can compensate for the negative effects of SRS so
that the spectrum at the end of the link is not too seriously tilted.

By changing the parameters in the gain tilt control of the amplifiers and the OSNR
preemphasis, the input power spectra at the beginning of the link can be manipulated
to achieve different output power spectra at the end of the link.

8.2.3 Dynamic results

For the first set of dynamic/transient results on link level, the operating conditions
given in table 8.9 are used. These operating conditions are in fact similar to those
given previously in table 8.7 for the static results except that now, a drop from 76
to 5 channels takes place. As shown in figure 8.8, this drop is realized by switching
off 71 WDM channels with a mechanical switch with a speed of about 160 /1,s. The
transmission link consists of 7 fiber spans with a loss of 15 dB each, meaning that each
optical amplifier following a fiber span also has a gain of 15 dB.

Table 8.9: Parameters for simulations in figures 8.12, 8.13 and 8.14

gain setting method automatic
number of channels / channel spacing 76/ 50 GHz
single channel power (booster amplifier) input / output -20.5 / -1 dBm
total power (booster amplifier) input / output -1.7 / 17.8 dBm
single channel power (rest of amplifiers) input / output -16 / -1 dBm
total power (rest of amplifiers) input / output 2.6/17.7 dBm
span loss / amplifier gain 15/ 15 dB

I

number of dropped channels 76 to 5
drop time rv 160 fJ,s
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Figure 8.12: Relative power change for surviving channel at 196.1 THz as well as the total power.
Results are at the end of a transmission link with 7 spans of 15 dB loss each in
case of a 76 to 5 channels drop with blue surviving channels. Dark lines represent
simulation results and gray lines represent measurement results.

Figure 8.12 shows the dynamic results at the end of the transmission link for the case
of blue surviving channels during the drop from 76 to 5 channels. The 5 blue surviving
channel frequencies and their corresponding wavelengths in this case were already given
in table 8.6 of the previous section. In figure 8.12, the relative power change as a function
of time is shown for one of the 5 surviving channels (196.1 THz) as well as the total
power, both at the end of the link.

It can be seen from figure 8.12 that the simulation results (dark lines) correspond
quite well to those from the measurements (gray lines) both qualitatively and quantita
tively. Qualitatively, the shapes of the transient curves correspond very well for both the
channel power as well as the total power. However, for quantitative values, slight errors
of typically 1 dB occur. When the channel power at 196.1 THz reaches its steady-state
value after about 6.6 ms, it can be seen that the error increases to 2 dB. This error
may ocuur due the spectral hole burning (SHB) effect, which was already observed in
figure 8.5. SHB effects are not implemented in the simulation model so that larger dis
crepancies may occur when SHB effects are strong. However, it must not be excluded
that other effects like inaccuracies in the ASE noise or Raman coefficients used in the
simulation may contribute to the error as well.

For the dynamic results along the transmission link, the relative power change of the
surviving channel at 195.6 THz is shown along the link in figure 8.13. These results are
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Figure 8.13: Relative power change for surviving channel at 195.6 THz along the transmission
link. Results are for a 76 to 5 channels drop with blue surviving channels and a
link consisting of 7 spans with 15 dB loss each. Dark lines represent simulation and
gray lines represent measurement results.

obtained for the same 76 to 5 channels drop where the blue channels survive. It can be
seen that the simulation (dark lines) and measurement (gray lines) results correspond
very well, except for the 4th amplifier. For the 4th amplifier, errors start to occur when
the channel power starts to reach its steady state value. Because the results at the end
of the link don't show much discrepancies, SHB cannot be the cause of the errors. A
possible reason for the errors occurring in the steady state value of the 4th amplifier may
be the tilt of the power spectrum.

Because of different fiber spans and DCFs used in the link, the SRS tilt coefficients
may differ from the values assumed in the simulation. Also, the SRS tilt correction
factors set by the optical amplifiers may differ so that the simulated power spectra may
differ from the real power spectra along the link. Because no measurement results are
available for the power spectra along the link, it is unsure whether the power spectra
correspond with the simulated results along the link. The only certainty is that the
spectra correspond well at the end of the link, as already given in figure 8.9(a). It is
possible that the real spectrum at the 4th amplifier is tilted more than the simulated
results and the spectrum at the 5th amplifier less. Effectively, the spectral tilt at the
end of the link will remain the same but the spectra along the link may differ. This
difference in spectral tilt can be the cause of the errors occurring between the simulation
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Figure 8.14: Relative power change for surviving channel at 191.7 THz as well as the total power.
Results are at the end of a transmission link with 7 spans of 15 dB loss each in case of
a 76 to 5 channels drop with red surviving channels. Dark lines represent simulation
results and gray lines represent measurement results.

and measurement results in the 4th amplifier.

With the same transmission link setup and the same operating conditions as given
in table 8.9, figure 8.14 shows the dynamic results at the end of the link in the case of
5 red surviving channels. The frequencies of these 5 red channels surviving the 76 to
5 channels drop can be found in table 8.6. In figure 8.14, the relative power change of
the surviving channel at 191.7 THz as well as the total power are given as a function of
time. The dark lines represent simulation and gray lines the measurement results.

The correspondence between simulation and measurement results is very good with
maximum errors of about 1 dB for the single channel results. As discussed before, if SHB
is presumed to be the main cause of errors between measurement and simulation results,
its effects are smaller for channels at the red end of the C-band (see also appendix A),
which may explain why the errors occurring in figure 8.14 (red surviving channels) are
smaller than those in figure 8.12 (blue surviving channels).

For the second set of dynamic results, the operating conditions are given in table
8.10. These conditions are the same as given in table 8.8 for the static results with the
exception that now, a drop of 76 to 5 channels occurs. Also, the transmission link setup
used now consists of fiber spans with 25 dB loss instead of 15 dB loss. The amplifier
gain is therefore also 25 dB for every amplifier following a fiber span.
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Figure 8.15: Relative power change for surviving channel at 196.1 THz as well as the total power.
Results are at the end of a transmission link with 7 spans of 25 dB loss each in
case of a 76 to 5 channels drop with blue surviving channels. Dark lines represent
simulation results and gray lines represent measurement results.

Figure 8.15 shows the dynamic results at the end of the transmission link for the
case of blue surviving channels. In the figure, the relative power change of the surviving
channel at 196.1 THz as well as the total power are given. Because the amplifier gain is
now 25 dB instead of 15 dB for each amplifier in the link, SHB effects are larger. This may
explain the larger errors occurring in the single channel results when compared to the
results in figure 8.12. The simulation results correspond very well with the measurements
qualitatively. But when compared quantitatively, errors of 2.5 dB occur for the single

Table 8.10: Parameters for simulations in figures 8.15 and 8.16

gain setting method automatic
number of channels / channel spacing 76/ 50 GHz
single channel power (booster amplifier) input / output -20.5 / -1 dBm
total power (booster amplifier) input / output -1.7 / 17.8 dBm
single channel power (rest of amplifiers) input / output -26/ -1 dBm
total power (rest of amplifiers) input / output -7.3/ 17.7 dBm
span loss / amplifier gain 25/ 25 dB
number of dropped channels 76 to 5
drop time '" 160 JiB
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Figure 8.16: Relative power change for surviving channel at 1g1.7 THz as well as the total power.
Results are at the end of a transmission link with 7 spans of 25 dB loss each in case of
a 76 to 5 channels drop with red surviving channels. Dark lines represent simulation
results and gray lines represent measurement results.

channel results. Once again, this can be because SHB effects are not implemented in
the simulation model.

In figure 8.16, the dynamic results at the end of the transmission link for the case
of red surviving channels are given. It can be seen that the results correspond very well
with errors of less than 1 dB. SHB effects are not so strong so that the correspondence
between simulation and measurement results is very good.

8.3 Discussion

In the first section of this chapter, simulation and measurement results were compared
for a single optical amplifier. The static results corresponded very well with occasional
errors of at most 0.25 dB. The dynamic results also showed very good correspondence
with small errors of 0.1 dB when spectral hole burning (SHB) effects are weak. However,
when SHB effects are strong, errors may increase to about 0.3 dB for channels with higher
frequencies.

This is because the effect of SHB is not implemented in the simulation model. Firstly,
SHB is not implemented because of the complexity of the phenomenon. Secondly, it is
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not implemented in order to find out how well measurement results still can be simulated
without taking SHB effects into consideration in the simulation model.

In the second section of this chapter, simulation and measurement results were com
pared for an entire transmission link consisting of 7 fiber spans and 8 optical amplifiers.
By taking into mind the errors for a single amplifier, the worst case error margin for the
link results when taking SHB effects into consideration can be estimated to be about:
8 x 0.3 dB = 2.4 dB. Such large errors can be expected to occur when high-frequency
channels in the C-band are chosen to survive the channel drop.

In the dynamic results for the link, this error could be observed in figure 8.15. For
all other dynamic results, errors of less than 1 dB occur between simulation and mea
surement data. Also, it could be noticed that the results for red surviving channels
correspond better than the results for blue surviving channels. For the static results
of the transmission link, sample dependence of the optical components influenced the
errors positively, leading to errors of not more than 1 dB.

Finally, it can be concluded that the simulation model can simulate measurement
results of a transmission link very well. The correspondence between simulation and
measurement data is both qualitatively and quantitatively good when SHB effects are
weak. However, when SHB effects are strong, larger errors tend to occur. The results are
still comparably good with maximum error margins of 2.5 dB but better results can be
obtained if SHB is implemented in the simulation model. For best results, it is therefore
advisable to implement SHB effects in the simulation model.
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Chapter 9

Analysis of transients based on
simulations

As discussed before at the beginning of this thesis, adding and dropping of WDM chan
nels will cause power transients in optical amplifiers. The fundamental cause of these
transients is the population of erbium ions in excited state, when erbium-doped fibers are
pumped with a laser. When WDM signals going into an EDFA are added or dropped,
the total input signal power changes whereas the population of excited erbium ions re
mains the same. This influences the gain of the remaining WDM channels, which leads
to transient behaviour of the signal channel powers at the output of the EDFA.

However, besides this fundamental cause, there are other factors that effect the mag
nitude and speed of these power transients. In chapter 4.4, a few of these factors such
as the number of channels dropped, the number of EDFAs used, and the speed of the
drop were already introduced. Simulation results by Schilling [33] given in figures 4.9 to
4.12 showed their effects on the behaviour of power transients. Other factors that can
effect the behaviour of power transients are:

• Surviving channel configurations

• SRS effects and tilt

• Ripple in gain spectrum of amplifier

• ASE correction

In this chapter, these factors will be discussed in more details and the simulation
model will be used to demonstrate and analyze their influences on power transients.
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9.1 Surviving channel configurations

Figures 9.1 to 9.4 show simulations of the channel power as a function of the time at
the end of a transmission link for a 76 to 5 channels drop. In the figures, all 76 channel
powers are shown as a function of time, including those that are dropped. The drop
of the channels starts at a time of 0.75 ms, which can be observed in the figures. The
operating conditions are kept the same for all simulations except for the frequencies of
the surviving channels.

It can be seen that for different configurations of the 5 surviving frequency channels,
different transient behaviour may occur. The results in figure 9.2 show that the shapes of
the power transients can even differ a lot depending on the configuration of the surviving
channels.

Therefore, when WDM channels are used in add/drop networks, it is advisable to
research different channel configurations and choose the frequency channels appropriately
so that power transients can be minimized.

Figure 9.1: Simulation results of the channel powers at the end of a transmission link for a 76 to
5 channels drop. Results are plotted for every present WDM channel as a function of
the time. Surviving channels are blue at 196.1,196.0,195.7,195.6, and 195.5 THz.
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Figure 9.2: Same as in figure 9.1, but for red surviving channels at 192.1, 192.0, 191.9, 191.8,
and 191.7 THz.

Figure 9.3: Same as in figure 9.1, but for mixed surviving channels at 196.1, 194.25, 193.45,
192.75, and 191.7 THz.
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Figure 9.4: Same as in figure 9.1, but for separated surviving channels at 196.1, 196.0, 191.9,
191.8, and 191.7 THz.

9.2 SRS effects and tilt

Besides channel configuration, the effects of stimulated Raman scattering (SRS) can also
cause power transients to become worse. In a transmission link, SRS crosstalk happens
mainly in the fiber spans, causing tilts in the power spectrum of the signals that are
being transmitted (see figure 6.9). In figure 6.10, it could be seen how the gain tilt
control with VOA is used to compensate for the spectral tilts resulting from SRS along
the transmission link. However, in most optical amplifiers, these gain tilt control systems
have working speeds of several tens of milliseconds, which are very slow when compared
to the time constants of power transients that occur in transmission links (several tens
of microseconds).

The problem arises when large numbers of channels are dropped in a transmission
link. This drop of channels will cause a large loss of the total transmitted power in
the link so that the effects of SRS crosstalk are weakened. This happens because of
the dependence of SRS effects on the total transmitted power in the fiber spans (see
equation 6.12). As a result, the tilt in the power spectrum caused by SRS will reduce
almost instantaneously.

However, because the gain tilt control has a slow speed of several tens of millisec
onds, the tilt control will still remain at the old value, causing the power spectra of the
transmitted signals to suffer an opposite tilt. This results in higher power transients in
the transmission link. Goeger et al [35J have already shown simulation results where this
problem is indicated. Their results are given in figure 9.5.

88



CHAPTER 9. ANALYSIS OF TRANSIENTS BASED ON SIMULATIONS

(a)

60 o 5

(b)

40

1
2
5

10
20

Figure 9.5: Power transients of the 196.1 THz channel after a cascade of ncasc EDFAs [35].
(a) Effects of SRS after a drop of 30 out of 45 channels without fast tilt control. The
arrow indicates the ultrafast SRS contribution to the transient behavior. (b) Same
results when very fast SRS tilt control is implemented with a reaction time of 500 ns.

Figure 9.5(a) shows the power transients at 196.1 THz after a drop of 30 out of 45
channels. In these simulation results, it is assumed that no gain tilt control mechanism
is present in the EDFAs. It can be seen that the SRS effects cause high power transients
with even worse behaviour when larger numbers ofEDFAs are cascaded. In figure 9.5(b),
it is shown that the use of a very fast gain tilt control can solve the problem.

With the simulation model presented in this thesis, similar simulations can be done
to show the negative power transient effects of SRS. In this case, a simulation is done
using a realistic model for the fiber spans which includes the effects of SRS. Also, another
simulation with the same operating conditions is done using simple attenuation blocks
to replace the fiber span models without including any SRS effects. Results are shown
for the normalized channel powers at the end of a transmission link consisting of 7 fiber
spans and 8 amplifiers. The simulations are done for a 76 to 5 channels drop with the
surviving channels at 196.1, 194.25, 193.45, 192.75, and 191.7 THz.

Figure 9.6 shows the simulation results for the case where SRS effects are taken into
account, that is, when realistic fiber span models including SRS effects are used. Figure
9.7 shows simulation results for the case where the fiber span models are replaced by
simple attenuation blocks without SRS effects. From these two figures, it can clearly be
seen that SRS influences the power transients in a negative manner. Figure 9.8 shows a
comparison of the two power transients for the surviving channels. It can be seen that
for the channel at 196.1 THz, an extra power jump of almost 3 dB occurs because of
SRS.
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Figure 9.6: Dynamic simulation of channel powers (normalized) at the end of a transmission link
during a 76 to 5 channels drop. Realistic fiber span models which cause SRS effects
are used in the simulation. Large changes in channel powers can be observed for the
surviving channels.

Figure 9.7: Dynamic simulation of channel powers (normalized) at the end of a transmission
link during a 76 to 5 channels drop. Simple attenuation blocks are used to simulate
the loss by fiber spans yielding no SRS effects in the simulation. Smaller changes in
channel powers can be observed for the surviving channels.
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Figure 9.8: The surviving channel power transients of figures 9.6 and 9.7 are given again and
compared to each other in dB. The difference between the results with and without
SRS effects can clearly be observed.

9.3 Gain ripple

Another factor that effects the behaviour of transients is the non-flatness of the amplifier
gain spectra. As shown in figure 6.2, the gain spectrum of an EDFA is not perfectly flat.
With the use of gain flattening filters (GFF), these ripples in the gain spectrum can be
minimized. However, because of sample and temperature dependence, it is not possible
to obtain a perfectly flat gain spectrum. Therefore, small gain ripples of every optical
amplifier in a transmission link can add up, thereby leading to larger gain ripples for the
entire link.

This is shown in figure 9.9, where the power spectra are simulated for a transmission
link with gain ripples in the amplifiers and a link without gain ripples in the amplifiers.
The results are given for the end of a link consisting of 8 optical amplifiers and 20
transmitted WDM signal channels. It can be seen that for the link with gain ripples in
the amplifiers, these ripples add up to give variations up to almost 3 dB in the resulting
power spectrum at the end of the transmission link. As shown previously in figure 6.6,
these gain ripples can cause power changes in the event of channel drops.

Figure 9.10 shows results of the power transients in the surviving channel when 19 of
the 20 channels in the same transmission link simulations are dropped. The results are
shown for the end of the link with the power spectra given in figure 9.9 and surviving
channel at a wavelength of 1533.5 nm. It can be seen that in the case of gain ripples,
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Figure 9.10: Simulated power transients in surviving channel (1533.5 nm) of a 20 to 1 channel
drop with and without gain ripple.

the channel power jumps down 2.5 dB more compared to the case without gain ripples.
When compared to its own power before the drop, the case with gain ripples suffers a
jump downwards of more than 3 dB. This amount of power loss can cause eye closure
at the receivers, leading to bit errors. Also, when the power falls below the receiver
sensitivity, severe errors will occur.
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9.4 ASE correction

As discussed earlier, ASE correction is used to correct measurement errors that occur
in optical powers due to ASE noise. By using ASE correction, the gain of the amplifier
is set higher with an estimated factor so that the noise at the output of the amplifier
is compensated. This will also influence the behaviour of the power transients when
channels are added or dropped. In figure 9.4, it can be seen how ASE correction actually
effects the behaviour of power transients in case of a channel drop. The figure shows
simulation results for an optical amplifier in case of a channel drop from 20 to 1 channel.
The surviving channel frequency is 195.5 THz.

It can be seen that ASE correction causes the steady-state value of the surviving
channel power after the drop to increase by 1 dB. Depending on the parameters and
values used in the ASE correction, this difference can vary from more to less. When
using ASE correction, one should therefore be aware of its influence on power transients
and choose appropriate parameters and values so that the power transients don't become
worse.
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Conclusion

Nowadays, EDFAs are widely used in optical transmission networks because of their
high gain over a large wavelength range, low intrinsic losses and long fluorescence times.
However, issues with regard to power transients resulting from channel add/drop in opti
cal links consisting of EDFAs still have to be solved. From simulation and measurement
results obtained by others so far, these power transients occurring in EDFAs seem to be
worse than had been thought.

Especially when EDFAs are cascaded in a link, power transients resulting from adding
or dropping of channels can add up to several dBs and increase in speed. Therefore, fast
automatic gain control is needed to control the gain of EDFAs.

From the different methods used so far, automatic gain control with electronic control
seems to be one of the more promising techniques to control power transients in EDFAs.
In this thesis, such an optical amplifier with fast electronic gain control is presented and
discussed.

Furthermore, a simulation model is implemented to show that it is possible to sim
ulate a state-of-the-art optical amplifier consisting of different levels of complex control
mechanisms qualitatively as well as quantitatively. The comparisons with results on both
a single optical amplifier and a transmission link consisting of 8 optical amplifiers and
7 fiber spans show that the simulation model can give very good corresponding results
with measurement data.

For a single amplifier, static measurement results can be simulated very well with
maximum errors of 0.25 dB. Dynamic measurement results can also be simulated very
well when SHB effects are weak, yielding typical errors of 0.1 dB. When SHB effects
are strong, larger errors up to a maximum of 0.3 dB may occur in simulation results.
This is because SHB effects are not implemented in the simulation model. SHB is a
complex phenomenon and is difficult to implement into the simulation model. Also,
it is interesting to find out how much influence SHB has on the difference between
measurement and simulation results.
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For a transmission link with 8 optical amplifiers, the static simulation results showed
errors of at most 1 dB. Dynamic simulation results showed errors of typically 1 dB when
SHB effects are weak. When SHB effects are strong, maximum errors of 2.5 dB occur.
Despite this, the simulation model gives good corresponding results with measurement
data. For best results, SHB effects should be studied more deeply and implemented into
the simulation model.

With the accurate simulation model, simulations can be done to replace systematic
measurements so that only special cases need to be measured. Besides this, the simula
tion model can be used to understand the behaviour of power transients in a complex
optical amplifier better and help with new design ideas. Up till now, the simulation
model has proved to be of good use by helping with the solving of problems in the
current optical amplifier designs. Also, the simulation model is being used for testing
new designs of future versions of optical amplifiers. The use of FPGAs in the optical
amplifier gain control is also currently being investigated with this simulation model.
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Spectral Hole Burning
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Figure A.I: A demonstration of spectral hole burning. A laser at 1064 nm saturates the gain
around 1064 nm more than the gain at other wavelengths. For comparison, the
unsaturated gain (without laser power) is shown as a dotted curve.

Spectral hole burning (SHB) in erbium-doped fiber amplifiers is a phenomenon where
a hole occurs in the gain spectrum of an amplifier [36], [37], [38], [39]. This is caused
by inhomogeneous broadening of the gain in the EDFs when a strong laser beam is
being amplified. That is, the gain of the strong laser beam will be saturated at the
corresponding frequency, leading to lower gain and output power values. Figure A.l
demonstrates this effect of SHB.

With the use of the differential gain method [38] [41], observations of SHB effects
in the gain spectrum of EDFAs at room temperature can be made. Essentially, the
differential method consists of subtracting two gain spectra measured with the saturating
laser tuned to two different wavelengths, and with power adjusted so as to produce the
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Figure A.2: ASE spectra with saturating laser tuned to 1532 and 1552 nm (top), and the sub
tracted spectrum (bottom). Spectra were recorded with 0.5 nm resolution [41].
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Figure A.3: SHE results obtained by Srivastava et al [38]. (a) Dependence of spectral hole-burning
on amplifier compression for saturation at 1551 nm. (b) Spectral hole widths for
saturation at different wavelengths.

same amount of gain compression. This method is illustrated in figure A.2, giving the
results for a typical EDFA.

Figure A.3 shows the results obtained by Srivastava et al of SHB effects for an
individual EDFA at room temperature. Figure A.3(a) shows the depth and width of the
hole for a saturating signal at 1551 nm depending on the compression of the amplifier. It
can be seen that for a compression of 11 dB, a dip of 0.3 dB occurs in the gain spectrum
of the amplifier due to SHB. As given by figure A.3(b), the shape of the spectral hole
doesn't only depend on the compression, but also on the wavelength or frequency of the
saturating signal. It can be seen that the width of the hole increases when the saturating
wavelength is increased.
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APPENDIX A. SPECTRAL HOLE BURNING
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Figure A.4: Gain reduction divided by gain, caused by SHB for one channel [42].

Similar results have been obtained by Aizawa et al [42]. Their results are shown in
figure AA where the normalized gain reduction as a result of SHB is measured for one
single channel. It can be seen again that for signals of smaller wavelengths, the width
of the hole is smaller. The interesting part is however, that for a constant gain, the
depth of the hole is larger for signals with smaller wavelengths than for those with larger
wavelengths. This means that SHB has a narrower but larger effect for signals of smaller
wavelengths (high frequencies) compared to those with larger wavelengths.

Although the results show that SHB has small effects on the gain spectrum of an
EDFA, it must be kept in mind that the cumulative effects in a cascade of EDFAs could
be several dBs or more and will have a significant impact on system performance in
long-haul systems.
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