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EDFA Gain Variation Problem in Transparent
Optical Networks

Victor A. P. Oliveira, and Iguatemi E. Fonseca

Resumo— Este trabalho apresenta um estudo sobre o impacto
que a variacdo do ganho dos Amplificadores Oticos a Fibra
Dopada com Erbiqm (EDFA) tem sobre o desempenho de redes
oticas dinamicas. E proposto um modelo analitico para estimar
a variacdo de ganho dos EDFA’s considerando a poténcia de
entrada dos amplificadores. Dois algoritmos de alocacio de rota
e comprimento de onda com restricoes da camada fisica sdo
também propostos. As simula¢oes numéricas sugerem que o
desempenho da rede pode ser melhorado com a eliminacio
da variaciao de ganho dos amplificadores. E também verificado
que o modelo analitico proposto captura satisfatoriamente o
comportamento da variacdo de ganho dos EDFA’s.

Palavras-Chave— Variacio do ganho de EDFA, Algoritmos de
Alocacio de Rota e Comprimento de Onda, Redes Oticas.

Abstract— This work presents a study about the impact of
Erbium-doped Fiber Amplifier (EDFA) gain variation problem
may have on the performance of Dynamic Optical Networks. An
analytical model to estimate the EDFA gain variation considering
amplifier input power is proposed. Two Impairment Aware RWA
algorithms are also proposed. Numerical simulations suggest that
network performance can be improved with the elimination of
amplifiers gain variations. Results also indicate that proposed
analytical model satisfactorily captures the behavior of EDFA’s
gain variation.

Keywords— EDFA Gain variation; Routing and Wavelength
Assignment Algorithm; Optical Networks.

I. INTRODUCTION

The increasing demand of IP traffic had motivated resear-
chers to look for a strategy that is capable of providing a
appropriate bit rate that supports all types of traffic. Networks
that perform Optical-Electro-Optical conversion (OEO) may
not be capable of streaming traffic and dynamic from a wide
range of applications such as VoIP, video on demand, etc [1].
Moreover, OEO conversion causes the network to be opaque,
i.e., there is no transparency regarding signal modulation
and protocol [2]. The so-called Transparent Optical Networks
(TON) using wavelength division multiplexing (WDM) have
shown to be strong candidates to solve these problems [3].

Although it has achieved some progress in recent years,
there are still challenges to overcome for mass deployment
of TON [1]. For example, there are fundamental problems
when using EDFAs in a TON. For example, the admission of
a connection (or even a connection drop) can cause fluctuations
in the lightpath Bit Error Rate (BER) [4]. These fluctuations
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occur due to the EDFA saturation, which causes variations in
the amplifiers gains, therefore affecting the Optical Signal to
Noise Ratio (OSNR) of the lightpaths present in the network.
As these connections may share common links with others
connections, the OSNR of other connection is also affected.
Thus, one may consider that the EDFA saturation works as a
nonlinear effect.

Recently, more sophisticated Routing and Wavelength As-
signment (RWA) algorithms, called Impairment Aware RWA
(IA-RWA), which take into account physical impairments,
have been studied [3] - [10]. In [4], [5], [6] the influence of
ASE noise on the BER in a TON was investigated. However,
the amplifiers saturation effect has been little studied [4]. The
impact of nonlinear effects, such as Four-Wave-Mixing and
Cross Phase Modulation, over the Quality of Transmission
(QoT) in a TON was presented in [7], [8]. The influence of
Polarization Mode Dispersion over an optical network was
examined in [9]. A review describing IA-RWA techniques in
transparent optical networks is presented in [10], notice that
there is few paper considering EDFA gain variation problem.

In order to study the impact of the EDFA‘s gain variation
effect over the performance of a dynamic transparent optical
network, this paper proposes a simple analytical model that
estimates the behavior of EDFA gain variation regarding input
power and, indirectly, the dynamics of network traffic. In
addition, two IA-RWA s algorithms that consider the EDFA
gain saturation are presented.

II. GAIN VARIATION AND MATHEMATICAL MODELLING

Figure 1 plots the amplifier gain, denoted by G, as a function
of input power in a typical EDFA.
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Fig. 1. A typical EDFA Gain.

Observe that for low input power the amplifier gain is its
unsaturated gain. Note that threshold mark delimits the region
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of abrupt gain variation. EDFA gain (in dB) can be expressed
by

P G
G =10 xlog(1 AL | maw
*log(1+ P n( e
where, Pg,; is the amplifier saturation power, G4, is the
unsaturated gain and FP;, is the amplifier input power, i.e., the
sum of power from all connections passing through the EDFA
(2].

EDFA gain variation problem in a dynamic optical network
can be explained as follows. Consider a network whose initial
state is composed only by the connection that occupies the
wavelength Aq, according Fig. 2.
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Fig. 2. EDFA gain variation when adding a connection.

Now consider that a new connection is admitted at the
wavelength Ao, and that this connection shares a link (which
connects nodes 2 and 5) with the first. Since the two connecti-
ons share the same amplifier (Al;), its gain tends to decrease
due to increased EDFA input power. This means that amplifier
output power for the same connection A; is not the same
anymore. Thus, all amplifiers that cycled through the amplifier
Als in the connection path in Ay have changed their gains, e.
g., the amplifier Aé8, which although not on the route in which
the new connection was accepted, will have its gain changed.
The gain variation problem can also occur when a connection
is removed from the network, or if it was considered that the
optical path at wavelength A, was removed.

At first glance, when analyzing (1), one might believe that
when network traffic is high, EDFA gain variation will be
high, since the heavier the traffic, the greater the number of

connections passing through the amplifiers and, thus, greater
their input power. Calculating the derivative of the gain as a
function of input power, one can obtain information about the
behavior of the EDFA gain variation regarding input power. To
calculate the derivative, the method of derivation of implicit
functions is used [11], which can be expressed by
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Equation (3) shows the final result of the derivative. Note

that gain variation decreases with the square of EDFA input

power. Thus, one can expect that when dynamic optical

networks operate under high traffic, i.e., when EDFA input

power is high, the instability caused by the EDFA gain vari-

ation problem decreases. This is confirmed in the simulations
presented in the Section IV.

3)

ITI. TA-RWA’S

In order to evaluate the impact of EDFA gain variation over
a dynamic transparent optical network, three RWA algorithms
were implemented. The proposed IA-RWA algorithms evaluate
blocking probability of connections requests not only in terms
of wavelength continuity constraint, but also in terms of a
QoT metric. If a request requires a given QoT level, it will be
admitted if and only if: (a) it is not blocked by the wavelength
continuity constraint; (b) it has a QoT level at or above the
QoT level requested, and (c) the new connection does not
violate the Q0T of connections already present on the network.

Figure 3 shows the flowchart of the IA-RWA 1.
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Fig. 3. IA-RWA 1 algorithm.

As can be observed, the route is found after considering the
shortest path, where the link cost is the distance in kilome-
ters. Then, the algorithm performs the wavelength continuity
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constraint test using the First-fit heuristic [12]. At this point,
if there are no free wavelength, the connection is rejected.
Otherwise, the connection is admitted only to be pre-computed
the QoT level and is then examined whether such connection
does not degrade the already established connections in the
network. If so, the connection must be removed and discarded.
Otherwise, the connection is finally admitted. Note that, as
shown in the flowchart, the power connections are adjusted
once the connection is pre admitted (and if it is rejected).
Thus, as discussed in Section II, as EDFA gain depends on
the total input power, this update is necessary to obtain results
consistent with a real dynamic optical network.

IA-RWA 2 was implemented similar to the previous. Instead
of using the distance to find the shortest path (fixed-routing),
an adaptive routing based on lower noise accumulation was
used. It can be captured by the following equation

1 1 Pask
OSNR Psignar R‘;ignal ( )
Pask

where, LC is the link cost, OSNR is the optical signal to noise
ratio, Py;gnai is the sum of all signals power or connections
power at the end of the link, and P4gg is the accumulated
ASE noise power in the link. For a single EDFA, Psgg is
given by [13]

pASE:2*773p*h*fc*(G*1)*B0~ (5)

Where, 1), is the constant called the spontaneous emission fac-
tor, h is Planck’s constant, f. is the optical carrier frequency,
and By is the optical filter bandwidth.

A traditional RWA algorithm was implemented, the so
called Blind RWA [7]. Note that Blind is much simpler that
IA-RWA and does not check the QoT of the connections; it
simply accepts a connection if it finds an available optical path.
Blind RWA uses routing based on the minimum distance in
kilometers and the First-fit algorithm to assign wavelengths.

IV. NUMERICAL SIMULATIONS
A. Simulation Environment

Using an ad hoc simulator, implemented in C/C++ pro-
gramming language, a dynamic transparent optical network, in
which are generated 100,000 connection requests, was simu-
lated. The requests have an uniform traffic pattern across the
19-node NSFnet network topology and follow a distribution
with duration with exponential distribution (mean = 1s). All
links are bidirectional with a length among 80 - 240 km. The
length of a span, i.e. the distance between two EDFA’s, is
80 km. A set of 16 wavelengths under the ITU-T grid was
used and there is no wavelength conversion in the network.
Simulations were made with transmission rates of B=10 and
40 Gbps. The number of rejected connections among the
total number of connection requests arriving at the network is
the network blocking probability. Fiber attenuation, BERry
(QoT level required), lightpath input power, Gz, Psat, Msps
optical and electrical filter bandwidths are, respectively, 0.22
dB/km, 10712, 0 dBm, 16 dB, 10 dBm, 4, 50 GHz, and 0.8% B.
Lightpath Q factor is calculated using the Gaussian model [2].

A new metric was used to compute the average of gain
variation every time a connection is admitted or dropped in the
network. As discussed in Section II, gain variation depends on
amplifier input power and, since the network traffic is dynamic,
the input power tends to vary greatly. This behavior can be
captured by

A

Y (ach)
Gj — =0 1

where, the AG; is the gain variation of the ¢ — th amplifier, j
is the number of EDFA gain update, and A is the number
of amplifiers that suffer gain variation when a connection
is admitted or dropped in the network. Observe that A is
incremented every time the network state changes when a
connection is admitted or dropped.

(6)

B. Gain Variation and Proposed IA-RWA ‘s

Figure 4 shows the results obtained from the simulation
with the initial variation gain (Gg) and after two amplifier
gain updates (G and G5). Blind RWA, IA-RWA’s 1 and 2 are
investigated in a network operating at a transmission rate of
40 Gbps. The results are similar to 10 Gbps and are therefore
not presented here. As can be seen, Gy has behavior that can
be captured by (3). When traffic is low, the gain variation is
high, and as traffic increases, GG tends to decrease inversely
proportional to amplifier input power. It is understood that
when traffic is heavy the network has many connections.
Thus, it was concluded that if the traffic is low, it means
the amplifiers input power is also low, otherwise, if traffic
is high, amplifiers input power will also be high. Even if the
gain variation decreases when traffic is high, it is necessary to
update the gain and input power for all the connections on the
network come into equilibrium. This behavior was captured by
(1, the first update, and G, the second update, illustrated in
Fig. 4. Observe that two updates were necessary for the gain
variation becomes negligible and ensure that the connections
on the network were stable.

In order to illustrate the benefits of the updating process
to network performance, network scenarios with (w in the
legend) and without (wo in the legend) gain update are
analyzed. Figures 5, 6 and 7 show the comparative results of
the proposed IA-RWA‘s with the Blind RWA, which serves
as a reference only, since it does not block connections
without QoT. Notice that in scenarios in which gain update
is used, network performance is improved, and the higher the
transmission rate, the greater the improvement in performance.
For example, there is a considerable reduction in blocking
probability when network operates with IA-RWA 1 or IA-
RWA 2 at 40 Gbps in Fig. 6. This can be explained by
the great reduction in blocking due to QoT in Fig. 7 for
scenarios with gain update. Observe also that, IA-RWA 1 with
gain update performs similarly to Blind RWA at 10 and 40
Gbps.One should remember that it is possible that when the
network operates with Blind RWA, connections without QoT
requirements, i.e., with BER > 107!2, may be admitted
in the network. Even admitting connection only with QoT
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requirements, JA-RWA 1 has a similar blocking probability
than Blind RWA.

Moreover, it was observed that IA-RWA 2 has gotten a
worse blocking probability than IA-RWA 1, showing that it
is better to use a routing based on the link distance instead a
routing based on the cost specified by (4). And so, this can
also bring one benefit in sense of algorithm complexity, since
IA-RWA 1 use fixed routing, thus do not demand the actual
network state to compute a route. In opposition, JA-RWA 2
uses the actual network state to compute a route. The JA-RWA
2 performance is not good because when it computes the route
with less ASE noise, it tends to find paths with more hops than
the ones find by IA-RWA 1. And so, future requests may be
blocked by wavelength continuity constraint, as is verified in
Fig. 7. Note that the use of gain update by IA-RWA 2 causes
a higher blocking due to continuity, but decreases significantly
blocking due to QoT. IA-RWA 1 presents the same benefit.
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Fig. 4. Gain variation without updates (Gp) and with one (G1) and two
(G'2) updates to 40 Gbps.
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In order to analyze algorithms performance under a low
blocking probability, the dynamic optical network has been
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Fig. 7. Blocking only due to QoT (QoT in the legend), and only due to
wavelength continuity constraint (cont.). With (w) and without (wo) gain
update to 40 Gbps.

simulated operating with 24 wavelengths to 10 Gbps. Observe
in Fig. 8 that the results present the same behavior, i.e., IA-
RWA‘s with gain update keep better performance than the
scenario without gain update. Figure 9 shows only the results
for IA-RWA 1 and Blind algorithm. Observe that, for 100
Er, IA-RWA 1 with gain update (w in the legend) presents
blocking probability near to 1% or 0.01, while the same
algorithm in a network scenario without gain update (wo in the
legend) present blocking close to 4% or 0.04. For 50 Er, IA-
RWA 1 in network scenarios with gain update shows similar
performance to Blind algorithm, with blocking probability
close to 0.1% or 0.001.
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V. CONCLUSION

This work presented a study on the benefits that the elimi-
nation of EDFA ‘s gain variation can bring to the performance
of a dynamic transparent optical network. EDFA’s without
gain variation can be implemented by using optical amplifiers
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equipped with Automatic Gain Control (AGC) [14]. Future
works will investigate other possibilities for routing strategies
as bio-inspired algorithms or meta-heuristics. Reducing of the
number of EDFA‘s with AGC will be also studied.
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