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Abstract—In WDM all-optical networks where electrical regen-
eration is not available, physical impairments due to propagation
in the fibers, amplifier noise, and leaks between channels and
in the switches cannot be removed at the physical layer. These
effects cause calls, especially between physically distant nodes,
to be rejected because they cannot meet minimum Quality of
Transmission (QoT) requirements, as measured by signal bit-
error rates. It is possible to mitigate physical layer effects at
the network layer using appropriate Routing and Wavelength
Assignment (RWA) algorithms. We present new RWA algorithms
which account for physical impairments in their design and
increase QoT and fairness among users without sacrificing low
blocking probabilities in metropolitan-sized networks. We also
present RWA algorithms that can sharply decrease blocking
probabilities in regional-sized networks using optional channel
coding. All algorithms are evaluated through simulation in
realistic scenarios and shown to successfully mitigate crosstalk
effects and to perform better in terms of QoT and network access
fairness than traditional algorithms.

Index Terms—Crosstalk, nonlinearities, routing and wave-
length assignment, transparent optical networks, wavelength
division multiplexing.

I. I NTRODUCTION

In current, so-called opaque, optical networks, signals are
regenerated at the nodes by electronic devices. As optical
technology evolves and datarates increase (40 Gbps per chan-
nel over tens of channels per fiber is now a reality), elec-
tronic nodes become bottlenecks. In transparent,all-optical
networks, the electronic nodes are replaced with all-optical
crossconnects (OXCs) where signals are switched entirely in
the optical domain thereby removing completely the current
electronic bottlenecks. By their design, all-optical networks
allow for signals to propagate over very long distances, po-
tentially thousands of kilometers, with no regeneration1. In this
paper, we use cross-layer techniques to reduce the impact on
network operation and fairness to the users of the physical
impairments that signals sustain while travelling over very
long physical distances, .
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1Although all-optical regeneration is currently the focus of much research,
it is not yet commercially available.

A key feature of optical networks is their capability to
deliver data with low bit-error rates (BER) over long dis-
tances. However, as transmission distances increase, signals
are subject to more severe physical impairments: inter-symbol
interference (ISI) appears because of the fiber chromatic dis-
persion, nonlinear effects (Self Phase Modulation, SPM), and
polarization mode dispersion (PMD); noise that is generated
in optical amplifiers accumulates; and nonlinear interchannel
interference, ornonlinear crosstalk, appears in WDM and
more particularly in dense WDM (DWDM) systems due to
fiber nonlinear effects (cross-phase modulation, XPM, and four
wave mixing, FWM) [4]. These effects affect traditional op-
tical networks and are enhanced by the propagation distances
involved in all-optical networks. In addition, optical signal
leaks that occur in the OXCs, either at the demultiplexing
stage due to imperfect filtering or inside the switching fabric,
co-propagate with legitimate signals over possibly very long
distances. These leaks, callednode crosstalk, accumulate as
nodes are being traversed [5] and can be enhanced by the fiber
characteristics as propagation distances increase [6]. There-
fore, all-optical networks are subject to physical impairments
that are static and depend on the network topology only, such
as ISI and noise, but also other physical impairments that are
dynamic and can vary with the network state, such as nonlinear
and node crosstalks. As a result, Quality of transmission (QoT)
of signals in a network, as measured by their BER, is also
dependent on the network state.

Much research has been carried out in the past decades to
reduce physical impairments at the physical layer, leadingfor
instance to the development of low-noise amplifiers and the
design of complex dispersion maps or dispersion compensa-
tion devices; however, residual degradation still remains, and
crosstalk for instance cannot be filtered out at the physical
layer since leaked signal and legitimate signal share the same
spectral band. Routing and Wavelength Assignment (RWA)
has emerged as a method to mitigate physical impairments
in all-optical networks at the network layer. Since wavelength
conversion is not yet mature for commercial deployment, a call
in an all-optical network must use the same wavelength from
source to destination, a constraint known as thewavelength
continuity constraint. The role of RWA algorithms is to assign
a route and a wavelength — the combination of which is
called alightpath — to incoming calls in a network, in order
to satisfy an optimization goal, such as the minimization
of the average call blocking probability in the network [7].
However, since QoT in all-optical networks depends on the
network state, not only must RWA algorithms find a lightpath
that meets the wavelength continuity constraint, but also the
selected lightpath must meet theQoT constraint; in this work,
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a QoT constraint is a fixed BER threshold that each lightpath
cannot exceed at any time. In addition to minimizing blocking
probability, it is desirable for RWA algorithms to exhibit high
QoT (i.e., low average call BER) instead of only ensuring
that each call satisfies a minimum level of QoT. Indeed,
operating a network far from the BER threshold permits more
flexibility in the network. It improves the network scalability,
as adding links or nodes, and therefore increasing the amount
of crosstalk injected in the network, moves the BER of
lightpaths closer to, rather than across, the BER threshold.
Similarly, operating with a BER margin mitigates the effects of
hardware aging, and finally lower BERs can help increase the
actual data throughput in the network by limiting the number
of retransmissions at higher layers, such as TCP for instance.

In this paper, we present four new RWA algorithms (SP2,
HQ, MmQ, MmQ2) that belong to the class ofadaptive
RWA algorithms [8], which are known to perform well in
terms of blocking probabilities. The new RWA algorithms are
QoT-aware in the sense that they ensure (during admission
control) that all lightpaths in the network meet a QoT (BER)
constraint without disrupting previously established lightpaths,
and that they explicitly account for QoT when determining
which lightpath a call should use. Furthermore, SP2 and
MmQ2 implement the so-calledprotecting threshold technique
described in [9] where short lightpaths are not established
when free wavelengths are sparse, to keep more resources for
longer lightpaths and hence enhancing fairness in the network.
We give the time complexity of our algorithms; although our
algorithms are complex, they run in polynomial time and
can be used in applications where circuits are established for
moderate (seconds, minutes) to extended (hours and more)
periods of time, such as in e-science collaboration [10]; they
are not, however, suitable for very short-lived circuits estab-
lishment as is done in Optical Burst Switched networks [11].
Although analytical techniques for evaluation of QoT-aware
RWA algorithms have been proposed recently [12], they are
not yet applicable to adaptive algorithms and thus we rely on
extensive simulations to evaluate our algorithms. We evaluate
our new QoT-aware algorithms against the traditional SP
(Shortest Path) algorithm on two realistic large metropolitan-
sized networks and show gains in performance in terms
of average call BER and fairness, without sacrificing low
blocking probability.

The RWA problem has been given attention recently for
problems involving QoT-awareness; for instance, one or more
of the following impairments: noise, PMD, Four Wave Mixing,
residual dispersion and average nonlinear phase variation, and
electrical regeneration cost, have already been included in
various RWA algorithms [13]–[19]. These works overlook
node crosstalk. The algorithms presented in [20]–[22] incor-
porate many impairments, including node crosstalk, at the
admission control step only. In addition, [22] deals with the
case of translucent networks, where some nodes can regen-
erate signals electronically; our work considers transparent
networks where the only regeneration mechanism available
at the nodes is optical amplification. Similarly, [23] focuses
on call admission control; a RWA formulation is proposed,
but it requires a computationally expensive linear optimization

step, in addition to physical impairments computations. Our
algorithms are less computationally intensive. We proposed in
the past RWA algorithms that incorporate node crosstalk both
at the admission control and at the route selection step [24]
or wavelength assignment step [25]. These algorithms were
based on fixed alternate routing algorithms where routes are
chosen among a predefined set of candidates (alternates).
This paper presents an adaptive routing scheme where routes
are computed given the current network state. In [26], an
adaptive routing scheme accounting for physical impairments
is presented. Despite using a similar approach, [26] and our
work differ in three fundamental respects. First, we account
for node crosstalk; second, the technique presented in [26]
relies on an iterative heuristic to solve an integer program,
and it is not clear how complex the heuristic is (although
the authors do claim that the heuristic always converges):
our technique runs in a guaranteed polynomial time with all
variables and appears to be less computationally intensive;
third, we propose several wavelength assignment schemes that
are not investigated in [26], and which we show lead to
desirable properties such as fairness, which is introducednext.

In addition to QoT-awareness, another desirable property
for RWA algorithms is fairness. Fairness was defined and
quantified by afairness index, a number between0 and 1,
in the general context of circuit-switched networks in [27]
and refers to how resources are shared between users: a
fairness index of1 means that resources are equally shared
between users while a low fairness index indicates that some
users enjoy access to the resources when others do not.
Fairness in the context of RWA has received little attention.
Birman and Kershenbaum presented techniques to improve
blocking probability fairness in [9]. These techniques were
assessed graphically rather than with a metric in the context of
alternate routing in [28]. In [29], blocking probability fairness
is evaluated in translucent networks, but not for transparent
networks.

The algorithms discussed above are able to mitigate
crosstalk effects. However, in the case of large networks where
some node pairs have no viable paths satisfying QoT even
with just ISI and accumulated noise, none of the algorithms
discussed above is able to establish lightpaths for these pairs.
This leads to high blocking probability and low fairness. In
[30], we proposed a new class of RWA algorithms to address
this issue. These algorithms implement optional coding: they
try to establish several lightpaths for calls that would otherwise
violate the QoT constraint; coding is used on each of these
lightpaths. In this paper, we evaluate RWA with optional
coding in scenarios with crosstalk impairments in addition
to ISI and noise, measuring blocking probability, BER and
fairness. We show using simulations over a regional-sized
network that our algorithms with optional coding decrease
average call blocking probability, reduce crosstalk impact on
call blocking probability, decrease average BER and improve
fairness compared with the similar RWA algorithm with no
optional coding capability.

This paper is organized as follows: in Section II, we present
the assumptions concerning the physical layer and network
modelling we use throughout this work. In Section III, we
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present fair QoT-aware adaptive RWA algorithms and evaluate
them through simulation on a large metropolitan-sized net-
work. In Section IV, we present a QoT-aware adaptive RWA
algorithm with optional coding, which we evaluate through
simulation. We draw brief conclusions in Section V.

II. A SSUMPTIONS AND SYSTEM DESCRIPTION

We now state our assumptions concerning the modelled
network. We consider a network of bidirectional links withC
equally spaced wavelengths in each direction. Although all-
optical wavelength conversion is the subject of much current
research, the technology is not yet mature for deployment in
the near future and thus we assume that wavelength conversion
is not available. Calls are assumed to arrive in the network
according to a Poisson process with average arrival rateℓ
and the calls durations are assumed to follow an exponential
distribution with unit mean, such thatℓ is the total offered
load of the network in Erlang. Call sources and destinations
are uniformly distributed over the set of network nodes.

We assume the existence of acentralized Network Manage-
ment System to perform call admission control, Routing and
Wavelength Assignment, call establishment and termination.
Typically, a low-speed control channel, which is not modelled
here, is reserved to manage the network. When a call is
accepted in the network, it is assigned one (Section III) or
potentially several (Section IV)lightpaths; a lightpath is the
combination of a wavelength and a sequence of nodes and
links calledroute or path. Physically, the links consist of one or
severalspans; each span in turn consists of single mode fiber,
an amplifier that compensates for the fiber linear attenuation,
and a dispersion compensation (DC) device that compensates
for the fiber chromatic dispersion. The receiver is modeled by
an optical filter (for demultiplexing purposes), followed by a
photodetector per channel (a square-law device, a time sampler
and a narrow electrical filter). A sample lightpath is shown in
Fig. 1.

Because of the physical impairments sustained by signals
during their transmission on a lightpath, a signal may be too
degraded at reception to ensure a minimal QoT as defined
by the network administrator. Traditionally, QoT for a signal
is measured by its BER, which should not drop below a
predefined threshold. We assume on-off keying signaling and,
denoting byµ1 andµ0 the means of the received “1” and “0”
samples and byσ1 andσ0 their respective standard deviations,
the Q factor of a signal is defined as:

Q =
µ1 − µ0

σ0 + σ1

. (1)

Using a Gaussian assumption [31], the BER and the Q factor
of a signal are related byBER = 0.5erfc

(

Q/
√

2
)

for uncoded
signals. For instance, a BER of10−9 corresponds to a Q factor
of Q = 6.

In this work, we account for four of the main physical
impairments which are known to affect lightpaths in all-optical
networks [32]: intersymbol interference, amplifier noise,non-
linear crosstalk, and node crosstalk. Each of these effects
is accounted for as a noise variance in the Q factor of the

lightpath, that is, for a given lightpath:

Q =
µ1 − µ0

σ0 +
√

σ2

i + σ2
n + σ2

nlx + σ2
nx

(2)

where σ2

i , σ2

n, σ2

nlx and σ2

nx are the variance contributions
due to intersymbol interference, amplifier noise, nonlinear
crosstalk and node crosstalk, respectively. (Crosstalk and am-
plifier noise contributions toσ0 are higher order terms which
can be safely ignored, henceσ0 is only an ISI term here.) In
this paper, we ignore PMD effects; PMD effects should be
included for very high datarate networks (40 Gbps) and could
be included in our RWA algorithms as a maximal lightpath
length to be enforced.

First, ISI is a single-channel effect that results from chro-
matic dispersion, SPM, and filtering at the receiver; ISI de-
pends only on the lightpath topology: span lengths, amplifier
and dispersion compensation devices placement, fiber and
receiver physical characteristics; ISI is independent of the
network state.

Second, amplifier noise is injected by each amplifier on
the path and is due to the so-called Amplifier Spontaneous
Emission (ASE) phenomenon. Amplifier noise also depends on
the lightpath topology only, and is independent of the network
state. We assume an Amplifier Gain Control (AGC) EDFA
model operated at input power levels below saturation. Both
ISI and ASE effects can be predetermined given a network
topology and physical characteristics of the network building
blocks.

Third, nonlinear crosstalk occurs when two (in the case of
XPM) or three or four (in the case of FWM) signals propagate
on different channels in the same fiber span. Signal co-
propagation in optical fiber results in energy transfers between
the signals resulting in impairments similar to noise. These
nonlinear effects are stronger when the participating signals are
on closer channels and when channel separation is tighter asis
the case with DWDM systems [33]. Since nonlinear crosstalk
is due to the interaction between several signals in the network,
it is a network status-dependent impairment that cannot be
precomputed. It is possible to computeσnlx accounting for
all nonlinear crosstalk components on a lightpath by summing
the variance contributions for each nonlinear crosstalk:

σ2

nlx =
∑

p

σ2

nlxp
, (3)

where the sum is taken over all nonlinear interchannel inter-
ferences between any existing lightpath in the network and
the considered lightpath. In this paper, the variance due to
nonlinearity is calculated based on [34]. This method assumes
a non-depleting model for crosstalk.

Fourth, node crosstalk originates from signal leaks in the
OXCs, either at the demultiplexing stage (port crosstalk) or
inside the switching fabric (fabric crosstalk). A lightpath that
traverses an OXC actually traverses three stages within the
node. First, the wavelengths on each input fiber aredemul-
tiplexed at the input ports; then, each lightpath is switched
spatially by aswitching fabric; last, wavelengths bound to
the same output port aremultiplexed. More details about
node and crosstalk modelling can be found in [25], [35].
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Port crosstalk is due to imperfect filtering in demultiplexers
and results in channel interference that is in-band to the
channel of interest. Adjacent port crosstalk, where channels are
adjacent, is stronger than non-adjacent port channel crosstalk.
The power of adjacent port crosstalk (as measured by the
power attenuation with respect to the launched signal power)
can be as high as−20 dB. Fabric crosstalk depends only on
the technology chosen to build the OXCs and can be as small
as−60 dB in MEMS fabrics and as high as−20 dB in Fiber
Bragg Grating fabrics [36]. As with nonlinear crosstalk, node
crosstalk is a dynamic effect that depends on the network
status. It is possible to computeσnx accounting for all node
crosstalk components on a lightpath by summing the variance
contributions for each node crosstalk:

σ2

nx =
∑

q

σ2

nxq
, (4)

where the sum is taken over all node crosstalk signals between
any existing lightpath in the network and the considered
lightpath.

The aforementioned physical effects all contribute to in-
crease the blocking probability and average BER in all-optical
networks. However, as mentioned in Section I, high fairness,
in addition to low BER averages, is desirable. Indeed, in
all-optical networks, calls between nodes that are physically
distant are blocked more often than calls between closer nodes
because both wavelength continuity and QoT constraints are
harder to fulfill for longer lightpaths. Similarly, the BER for
calls between physically distant nodes is higher than for calls
between close nodes. In this paper, we consider two types
of fairness, one applied to blocking probability, the otherto
BER. We design RWA algorithms which are more fair than
traditional RWA algorithms in terms of blocking probability
and in terms of BER. Fairness in terms of BER is important
because, in the context of networks that implement Forward
Error Correction (FEC) techniques — difficult to perform at
high bitrates, — FEC could be reserved for only those paths
that exhibit high BER. With RWA algorithms that are fair
in terms of BER and which yield low BERs, FEC can be
used on fewer paths and the BER threshold can be relaxed.
In this work, we use the definition of fairness introduced by
Jain in [27] for circuit-switched networks but applicable to
more general situations. Thefairness index for a resourceX
shared betweenn users is a number between0 and 1 that
measures how fairly a resource is shared; a fairness index of
1/n indicates that a single user utilizes all of the resource
while a fairness index of1 indicates that all users utilize the
resource equally. The formal definition for the fairness index
fX is:

fX =

(

n
∑

k=1

Xk

)2

n
∑

k=1

X2

k

(5)

where Xk is the amount of resource received by userk.
In this work, the users are pairs of nodes and the resource
can be either blocking probability or BER. In the following
section, we provide RWA algorithms that exhibit low blocking

probabilities, lower BER, higher blocking probability fairness
and higher BER fairness compared with traditional RWA
algorithms.

III. FAIR QOT-AWARE ADAPTIVE RWA

A. Algorithms description

In this section we present five RWA algorithms (SP, SP2,
HQ, MmQ, MmQ2) which belong to the class of adaptive
RWA algorithms as defined in [8] and provide various degrees
of fairness and QoT enhancements. Four of these algorithms
are new (SP2, MmQ, MmQ2, HQ) and are compared with a
traditional algorithm (SP).

In adaptive RWA algorithms, blocking due to the wave-
length continuity constraint is reduced as follows. On a call
arrival, a wavelengthλ in the set of theC wavelengths in
the network is selected according to a predefined order and
a network topology that contains only links that are not in
use byλ is determined. A routeR is then tentatively selected
using a shortest path algorithm on this new topology. If sucha
path exists then the call is accommodated on lightpath (R, λ).
If such a path does not exist then the wavelength continuity
condition is not fulfillable on this wavelength and the next
available wavelength is chosen.

The standardexhaustive adaptive RWA algorithm is an adap-
tive RWA algorithm where, instead of considering wavelengths
in a predefined order and picking the first wavelength for
which a route can be found, all wavelengths are considered,
hereby yielding at mostC possible routes which satisfy the
wavelength continuity constraint. A lightpath is established
on the shortest of these routes. This standard exhaustive
adaptive RWA algorithm yields low blocking probabilities but
implements no QoT-awareness or fairness enhancement.

To enhance fairness in some of our algorithms, we use
the technique calledprotecting threshold presented in [9].
The protecting threshold technique safeguards from the fact
that longer paths are subject to more frequent blocking than
shorter paths because of the wavelength continuity constraint.
Protecting threshold is even more relevant in the context of
crosstalk-impaired networks, because longer paths are subject
to higher QoT degradation due to crosstalk; here, wavelength
continuity and QoT constraints are both harder to fulfill for
longer paths. Protecting threshold facilitates establishment of
longer paths by allowing a short lightpath to be established
only when the number of wavelengths that are available on
the tentative paths is above a preset threshold, hereby saving
resources for longer lightpaths. The drawback of protecting
threshold is that calls on short paths can be blocked even
if wavelengths are available and the technique can therefore
be detrimental to the average blocking probability on the
network. In this work, we implement the protecting threshold
as follows: a single-hop lightpath is blocked if it would usethe
last wavelength available on the (unique) link that constitutes
the lightpath. This corresponds to a threshold (or reservation
parameter) of2 in [9].

We provide a description of our QoT-aware adaptive RWA
algorithms in Alg. 1. The first modification to the standard
exhaustive adaptive RWA algorithm we propose concerns QoT-
awareness; in this work we consider that the QoT constraint is
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satisfied when the Q factor of all calls in the network is above
a predefined thresholdQth which corresponds to operation
below a fixed minimum BER. When a lightpath is tentatively
established in the network, it is therefore necessary to check
that its Q factor is above the preset threshold, but this is
not sufficient. Indeed, when a new lightpath is established,it
injects crosstalk on all previously established lightpaths with
which it shares links (nonlinear crosstalk) or nodes (node
crosstalk) and therefore Q factors for those lightpaths have to
be checked as well as the Q factor of the tentative lightpath.
Lightpaths that share no link nor node with the tentative
lightpath are not affected by the insertion of the tentative
lightpath and therefore their Q factors do not need to be
recomputed. Our algorithms enforce satisfaction of the QoT
constraint by computing the Q factors of the tentative lightpath
and of all lightpaths that share at least a link or node with the
tentative lightpath (see Alg. 1, line 4), and by rejecting the
tentative lightpath from the list of candidate lightpaths if any
of these Q factors is below the preset threshold.

The second modification lies in the selection of the route
among the list of (at mostC) candidates and concerns both
QoT awareness and fairness enhancement. We propose the fol-
lowing five policies to select the route on which an incoming
call is to be accommodated (see Alg. 1, line 11):

• SP(shortest path) selects the wavelength that corresponds
to the physically shortest path among the candidates [8];
this policy is used as a reference against which other
policies are evaluated;

• SP2 is the traditional shortest path algorithm with pro-
tecting threshold and reservation parameter set to2; this
new policy is designed to enhance blocking probability
fairness;

• HQ (highest Q factor) selects the candidate lightpath
with the highest Q factor. This new policy is designed
to decrease the average BER in the network.

• MmQ (max-min Q factor) is a new, QoT-aware policy.
Assuming a wavelength has been chosen, inserting a
lightpath increases crosstalk in the network, possibly
bringing the Q factor of a previously established lightpath
close to the threshold. Operation close to the Q factor
threshold is not desirable as it makes the QoT constraint
more difficult to fulfill for future incoming calls. MmQ
maximizes the margin of QoT operation in the network by
selecting the lightpath that maximizes (over the at most
C candidates) the minimum Q factor (over the tentative
lightpath itself and all lightpaths previously established
in the network that the tentative lightpath crosses). MmQ
is QoT aware in the sense that its decision is based on
QoT rationales. MmQ is designed to decrease the worst
case network BER;

• MmQ2 is MmQ augmented with the protecting threshold
technique. MmQ2 is designed to not only decrease aver-
age network BER, but also increase blocking probability
fairness and BER fairness;

For each policy, ties are broken by choosing the first lightpath
in the list of candidates.

As mentioned above, fairness-enhanced algorithms (SP2,

MmQ2) may result in higher blocking probability than the
reference algorithm (SP). Similarly, although HQ, MmQ and
MmQ2, which are designed with QoT in mind, attempt to
lower blocking probability due to the QoT constraint, the
path they select is not necessarily the shortest path. Therefore
these three algorithms may waste network resources and make
wavelength continuity constraint harder to fulfill for future
calls. In the next section, we show with simulations that the
trade-offs between wavelength continuity and QoT constraints,
between lower blocking probability and higher QoT, and
between lower blocking probability and higher fairness, donot
result in a substantial increase in overall blocking probability.

We note here that it is possible to selectk shortest paths
instead of the one shortest path in the adaptive routing step, for
given source, destination and wavelength, in order to increase
the size of the pool of the candidates. However, establishing
longer lightpaths than the shortest path would incur an addi-
tional waste of resources, as previously highlighted; moreover,
longer lightpaths tend to be subject to higher physical impair-
ments, thereby decreasing the probability that it is chosenover
a shorter lightpath.

B. Complexity analysis

Consider a network ofV nodes andE links, each carrying
C wavelengths. We denote byP the maximum number of
neighbors (adjacent nodes) of a node in the network andH
the maximum length in hops of a lightpath. Alg. 1 computes,
for each wavelengthλ, a modified topology where all links
whereλ is used are removed, a shortest path, and the Q factors
for all lightpaths that share at least a link or node with the
aforementioned shortest path. Since at mostHC lightpaths
have a link or node in common with a given lightpath, the time
complexity of Alg. 1 isO(C(E + V log V + HCQ)), where
Q is the time complexity of computing a singleQ factor for
a lightpath.

Our RWA algorithms require online Q factor computations
because Q factors cannot be pre-computed asσnlx and σnx

depend on the network status. However, it is possible to pre-
compute, for all paths:µ1, µ0, σ0 and σi using very short
simulations [35];σn with the fast, analytical method we devel-
oped in [37];σnlxp

for a single nonlinear crosstalk interference
p using (3) and the analytical method described in [34]; and
σnxq

for a single node crosstalk interferenceq using (4) and
the fast method presented in [35]. Therefore, we can compute
σnlx andσnx online using simple summations of values that
can be found in pre-computed tables, and thus we can compute
Q factors online with (2) using table lookups forµ1, µ0, σ0, σi,
σn and the aforementioned values forσnlx andσnx, the time
complexities of which we now derive. The time complexity
to computeσnlx is the number of terms in the sum, i.e.,
the number of interferences between a considered lightpath
and other lightpaths. Nonlinear crosstalk on a lightpath is
caused, on each fiber span, by the interactions between at
most 3 signals and the lightpath itself; thus, there can be at
most HC3 such interferences on a given lightpath: the time
complexity to computeσnlx is O(HC3). Similarly, the time
complexity to computeσnx is the number of interferences
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sustained by the considered lightpath. The node crosstalk
model identifies in [25] three different kinds of crosstalk
sources; it can be shown that their respective time complexities
areO(P ), O(C), andO(PC). For a lightpath ofH hops the
time complexity is thusO(H(C + P + PC)) = O(HPC),
hence the time complexity to compute a single Q factor is
Q = O(HC(C2+P )). Overall, the time complexity for Alg. 1
is O(C(E+V log V +H2C2(C2+P ))). This complexity may
seem high, especially with respect to number of wavelengths,
however our new algorithms are based on exhaustive adaptive
RWA, therefore they have the same complexity as the reference
algorithm (SP) and are much less complex than algorithms that
search for an optimal solution over the complete set of possible
lightpaths, which is an NP-complete problem [7].

C. Evaluation through simulation

We evaluate our algorithms on the NSF network (NSFNET)
and China Education and Research (CERNET) topologies
depicted in Figs. 2 and 3, with the physical parameters
from Table I. We have computed the maximum distance
achievable in either of these networks for a path subject to
a varying number of adjacent port crosstalk signals and report
the results in Table II. The maximum distance achievable
in the downscaled networks while maintaining good QoT
(BER ≤ 10−9) and assuming physical impairments due
to ISI and noise only is12 spans. (Distances much longer
than 12 spans are achievable using optimized long-haul link
design and components, which are not the focus of this work.)
Moreover, if as few as10 adjacent port crosstalk signals
are injected on a lightpath, then the maximum transmission
distance on the considered lightpath is only6 spans. Be-
cause maximum achievable distances are lower than the real
distances involved in the original NSFNET and CERNET
topologies, the NSFNET (respectively, CERNET) topology we
are using for our simulations is scaled down by a factor of10
(resp.4) with respect to the real NSFNET (resp. CERNET)
topology to model large metropolitan networks. We provide
the distribution of the lengths of the shortest paths in the
downscaled NSFNET topology in Table III. Since all shortest
paths between any two nodes are8 spans long or less with
this topology, even node crosstalk can have disruptive effects
in the network in terms of blocking probability due to the
QoT constraint. The simulation results shown in Figs. 4–11 are
obtained by simulating the routing and wavelength assignment
of 20000 calls. Each data point is obtained by repeating this
process10 times in order to compute 95% confidence intervals,
which are shown on the plots.

In Figs. 4 and 5, we show, for each topology, the blocking
probability when all physical impairments are accounted for,
for all five RWA algorithms discussed above and different
total offered network loads (top panel). The SP algorithm
tends to perform best and the MmQ2 worst; however, the
differences in average blocking probabilities for all algorithms
are small and overall all algorithms perform very similarly.
Further investigating the origin of blocking probabilities for
one of the algorithms, MmQ2, consider the bottom panels in
Figs. 4 and 5. The difference between the topology-related

impairments only (ISI and noise) case and the all-effects (ISI,
noise, nonlinear and node crosstalk) case is close to one order
of magnitude in average blocking probability. Furthermore, we
observe that blocking probabilities for cases including only
one of the crosstalk effects are similar: impact of nonlinear
crosstalk is only slightly higher than that of node crosstalk.
Therefore, inclusion of both kinds of crosstalk is important
when evaluating RWA algorithms for blocking probability.

The average BER in the network is shown in Figs. 6
and 7 for the various algorithms (top panels). Notice that
the curves for SP and SP2 are almost identical, and so are
the curves for MmQ and MmQ2. As expected, all three
algorithms designed with QoT in mind (MmQ, MmQ2, HQ)
perform better than SP and SP2, especially for lower loads.
Furthermore, MmQ and MmQ2 perform very close to one
another, showing that additionally tuning MmQ for fairness
does not harm its performance in terms of BER. The HQ
algorithm performs best, yielding BERs at least half lower
than those of other algorithms. The BER performance of the
network is further investigated (bottom panels of Figs. 6 and 7)
for the MmQ2 algorithm: state-dependent physical effects are
responsible for an increase of one order of magnitude for the
average BER in the network, with both node and nonlinear
crosstalk effects increasing BER similarly.

We show how our algorithms perform in terms of fairness
in Figs. 8, 9, 10, and 11; fairness indices lies between0 and
1 with higher values being desirable. First, we study blocking
probability fairness in Figs. 8 and 9. For the NSFNET topol-
ogy, the MmQ2 algorithm exhibits the highest fairness even
compared to SP2 which was designed to improve fairness,
while for the CERNET topology SP2 performs best, with
SP, MmQ2 and MmQ slightly less fair. The HQ algorithm
performs significantly lower than other algorithms as it is only
designed to improve QoT. We observe that fairness for the
CERNET topology is generally low; this is because, with our
scaling factors, lightpaths are longer in the CERNET topol-
ogy than in the NSFNET topology and hence the CERNET
network operates closer to the physical limits. In particular, in
the CERNET topology, the blocking probabilities for some
pairs of (physically distant) nodes are high even for low
loads, thereby resulting in a high variance in the blocking
probabilities among all node pairs and a low fairness, as can
be seen from (5).

In Figs. 10 and 11 we study BER fairness; here, the
two algorithms designed to provide high margin in terms
of BER (MmQ, MmQ2) outperform all other algorithms.
Although MmQ2 implements an additional mechanism, the
protecting threshold, to improve blocking probability fairness,
this mechanism has no impact on the BER fairness property
of the algorithm2.

The study of how the physical layer parameters affect all-
optical networks in general is outside the scope of this work;
we chose parameters for the crosstalk values that representtyp-
ical, “average” values for crosstalk in all-optical networks [38].

2We also evaluated a sixth algorithm, HQ2, which implements the HQ
policy augmented with the protecting threshold technique.However, for each
of the metrics presented here, HQ2 was outperformed by at least one of the
other five algorithms.
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Although not studied here, the impact of some technology
changes can be forecast. For instance, if filter concatenation
effects (ignored here) became important, node crosstalk would
decrease through better port isolation, but ISI effects would
increase. Moreover, if a wider grid spacing was used, XPM
and FWM effects would decrease, and so would node crosstalk
since again better port isolation would be easier to achieve.
The impact of the variation of some of the crosstalk parameters
is studied more in depth in [39]–[42].

In this section, we have shown how different RWA al-
gorithms could improve network performance. With the HQ
algorithm, BER is greatly diminished at the expense of fairness
compared with other algorithms, while SP2/MmQ/MmQ2 still
perform better than the reference algorithm. Fairness, both in
terms of blocking probability and BER, is improved with SP2
or MmQ2 (and BER fairness is equivalently improved with
MmQ) compared with all other algorithms. These results are
obtained without sacrificing average blocking probabilityas
all algorithms perform similarly for this metric.

IV. QOT-AWARE ADAPTIVE ROUTING AND WAVELENGTH

ASSIGNMENT WITH OPTIONAL CODING

A. Algorithms description

In this section, we address a problem that arises when some
paths in a network are too long to meet the QoT constraint
even in the absence of crosstalk. Indeed, such long paths are
always blocked, independently of the network load and some
customers are never given an opportunity to communicate with
one another. Adding load (and crosstalk) in the network further
degrades the performance in terms of blocking probability.In
the previous section, with the scaled-down NSFNET topology
depicted in Fig. 2, all shortest paths between two nodes are
8 spans or less, and the Q factor drops below the threshold
Qth = 6 for paths that are13 spans or more, using the
physical parameters given in Table I. Therefore, any node is
reachable from any other node. Now consider the NSFNET
topology from Fig. 2 where the number of spans between
any two adjacent nodes isdoubled, to model a regional-sized
network. With this new, enlarged topology, some shortest paths
between network nodes are now longer than the maximal
achievable distance of12 spans3. It can be shown that18
shortest paths are more than12 spans long in the enlarged
topology, and hence no algorithm described in the previous
section can draw the average network blocking probability
below 18/(14 × 13) ≈ 0.1. The QoT-aware adaptive RWA
algorithm presented in this section overcomes this limitation
by using optional FEC coding on calls that do not meet the
QoT constraint.

FEC coding allows us to trade bandwidth utilization against
higher QoT. The principle of our QoT-aware RWA algorithm
with optional coding (see Alg. 2) is to use several lightpaths
per request for calls that do not meet the QoT constraint.
Data on each of these lightpaths is encoded with a FEC code
such that the minimal Q factor required for the coded signal

3A network using new technology could be designed to achieve these
distances; the network used simply provides an example of a regional-scaled
network using the parameters given.

to achieve a maximal target BER after decoding is lower
compared with the case where no coding is used and where
a single lightpath is used for each call. Lightpaths for the
same call can use the same route and different wavelengths, or
different routes. In this work, we propose to use a simple code,
Golay(23,12), for calls that fail to meet the QoT constraint
(Q > Qth1

whereQth1
= 6 for a target BER ofBER =

10−9). Since the rate of this code is approximately 1/2, the
coded datastream has to use two lightpaths instead of one. The
coding gain of Golay(23,12) is4.4 dB for BER = 10−9 [30].
After coding, the minimum required Q factor can be shown to
be reduced toQth2

= 3.6 instead of6 for the same BER target
of BER = 10−9, assuming that a1 dB OSNR degradation
corresponds to a1 dB decrease of the Q factor [43]. Our RWA
algorithm with optional coding employs coding only for those
paths that need it in order to keep the bandwidth (number of
lightpaths per call) expansion low. It uses a variation of the
QoT-aware adaptive RWA algorithm (Alg. 1) that we described
in Section III to find up to two lightpaths per call, and therefore
has the same time complexity as Alg. 1.

The QoT-aware adaptive RWA algorithm with optional
coding trades bandwidth utilization in the form of the number
of lightpaths used per call against looser Q factor requirements.
Increasing bandwidth utilization results in higher blocking
probabilities due to the wavelength continuity constraintand
higher crosstalk imposed upon other lightpaths. Looser re-
quirements on the Q factors decrease blocking probability due
to the QoT constraint. Note that none of this was considered
in [30]. In the following section, we show that the trade-off
actually results in lower blocking probabilities overall on a
regional-sized example.

B. Evaluation through simulation

To evaluate the QoT-aware adaptive RWA algorithm with
optional coding, we use the NSFNET topology depicted in
Fig. 2 where the number of spans between any two nodes has
been doubled. The physical parameters for the network can
be found in Table I. As discussed in the previous section,
about 10% (18/182) of the shortest paths in this enlarged
topology are too long to be accommodated with sufficient
QoT (BER ≤ 10−9) if no coding is used. Furthermore, the
(potentially two) lightpaths used by each call are computed
with a slightly modified version of Alg. 1 and the SP policy:
instead of exhaustively searching for the shortest path among
all wavelengths, wavelengths are picked randomly and Alg. 1
stops as soon as a lightpath is found. This simplification is
made to keep simulation times low and does not change the
core concept of the QoT-aware adaptive RWA algorithm with
optional coding, which is to trade bandwidth against QoT. We
evaluate the QoT-aware adaptive RWA with optional coding
algorithm against its counterpart where no coding is available
and where a call that does not meet the QoT condition is
rejected without being given a chance to be assigned two
lightpaths instead of one. In all plots (Figs. 12, 13, 14), plain
lines refer to algorithms where no coding is available while
dashed lines refer to the algorithms where optional coding is
available. As in Section III-C, each data point is the result
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of the simulation of10 × 20000 calls and 95% confidence
intervals are given.

First consider Fig. 12; when no coding is available, blocking
probabilities remain above0.1 even for the lower load values
and when the only impairments are ISI and noise. Node and
nonlinear crosstalk have similar impacts on the call blocking
probability, with nonlinear crosstalk having a slightly higher
impact as already noticed in Section III-C for QoT-aware RWA
algorithms with no coding capability. When optional coding
is used, and when all physical impairments are accounted
for, blocking probabilities are lowered by0.07 to 0.1 —
crosstalk effects are almost, but not completely, removed by
the utilization of optional coding. Therefore, the trade-off
mentioned in the previous section results in an overall blocking
probability decrease. In Fig. 13, we show that using coding
also contributes in decreasing the average BER (after cod-
ing) in the network. Furthermore, coding improves blocking
probability fairness as is shown in Fig. 14; for instance, when
no coding is available, blocking probability fairness remains
between0.1 and 0.2 while it can reach0.6 when all effects
are accounted for and optional coding is used.

We have shown, using simulation on a large, regional-
sized network, how optional coding could reduce blocking
probability, improve QoT and improve fairness in networks
where some paths are too long to be utilized without coding.
Our results (not shown here) indicate that, in networks where
all paths are short enough to be utilized without coding,
optional coding does not decrease blocking probabilities;in
such cases, the bandwidth expansion vs. QoT trade-off results
in high blocking probabilities because the shortage of available
wavelengths due to the wavelength continuity constraint isnot
offset by the gains in QoT.

V. CONCLUSION

We have presented two classes of adaptive QoT-aware Rout-
ing and Wavelength Assignment algorithms for networks with
physical impairments. When networks are large and heavily
loaded, some calls are blocked because chosen lightpaths
would experience a poor QoT, as measured by BER. In these
cases, our fair QoT-aware adaptive RWA algorithms decrease
BER (HQ algorithm) and improve fairness in blocking proba-
bility and BER (MmQ, MmQ2 algorithms) without sacrificing
low average call blocking probability in the network. These
new RWA algorithms account for crosstalk at call admission
and path selection steps, and SP2 and MmQ2 additionally
implement the so-called protecting threshold technique. In still
larger networks, say regional or continental-sized, wheresome
calls would always be blocked even in the absence of crosstalk,
the QoT-aware adaptive RWA algorithm with optional coding
can establish calls between physically distant nodes using
several lightpaths per call and coding over these lightpaths,
hereby decreasing call blocking probabilities and achieving
lower BER and higher fairness compared to the case where
coding is not available. All algorithms are shown to mitigate
node and nonlinear crosstalk effects on network operation,
both separately and together, using simulations for realistic
network scenarios.

Some of our algorithms implement the protecting threshold
technique; we used a threshold of 2 wavelengths to determine
whether a short (single-hop) or a long (multi-hop) path could
be established. Although it is possible to use other values
for the threshold and for the distinction between short and
long paths, our goal here was to give a proof of concept
for the protecting threshold technique applied to QoT-aware
adaptive RWA algorithms – fine tuning is left for future work.
We notice that some of our results depend on the network
topology: for instance, MmQ2 performs best for blocking
probability fairness in the NSFNET topology, while SP2 is best
for the CERNET topology. Moreover, none of our proposed
algorithms is a panacea and outperforms all other algorithms
for all studied metric; rather, our study suggests that our
algorithms should be evaluated on a case-by-case basis by
network operators in order to determine which policy best fits
their needs.
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optimization with transmission impairments based on genetic algorithm,”
in Proceedings of the SBMO/IEEE International Microwave and Opto-
electronics Conference (IMOC), vol. 1, Iguazu Falls, Parana, Brazil, Sep.
2003, pp. 361–365.

[14] M. Ali and L. Tancevski, “Impact of polarization-mode dispersion on
the design of wavelength-routed networks,”IEEE Photonics Technology
Letters, vol. 14, no. 5, pp. 720–722, May 2002.



9

[15] I. E. Fonseca, R. C. Almeida, M. R. N. Ribeiro, and H. Waldman,
“Algorithms for FWM-aware routing and wavelength assignment,” in
Proceedings of the IEEE International Microwave and Optoelectronics
Conference (IMOC), vol. 2, Iguazu Falls, Parana, Brazil, Sep. 2003, pp.
707–712.

[16] I. E. Fonseca, M. R. N. Ribeiro, R. C. Almeida, and H. Waldman,
“Preserving global optical QoS in FWM impaired dynamic networks,”
IEEE Electronics Letters, vol. 40, no. 3, pp. 191–192, Feb. 2004.

[17] J. F. Martins-Filho, C. J. A. Bastos-Filho, E. A. J. Arantes, S. C.
Oliveira, L. D. Coelho, J. P. G. de Oliveira, R. G. Dante, E. Fontana, and
F. D. Nunes, “Novel routing algorithm for transparent optical networks
based on noise figure and amplifier saturation,” inProceedings of the
IEEE International Microwave and Optoelectronics Conference (IMOC),
vol. 2, Iguazu Falls, Parana, Brazil, Sep. 2003, pp. 919–923.

[18] D. Penninckx and C. Perret, “New physical analysis of 10-Gb/s trans-
parent optical networks,”IEEE Photonics Technology Letters, vol. 15,
no. 5, pp. 778–780, May 2003.

[19] A. Jukan and G. Franzl, “Path selection methods with multiple con-
straints in service-guaranteed WDM networks,”IEEE/ACM Transactions
on Networking, vol. 12, no. 1, pp. 59–72, Feb. 2004.

[20] B. Ramamurthy, D. Datta, H. Feng, J. P. Heritage, and B. Mukherjee,
“Impact of transmission impairments on the teletraffic performance of
wavelength-routed optical networks,”IEEE/OSA Journal of Lightwave
Technology, vol. 17, no. 10, pp. 1713–1723, Oct. 1999.

[21] Y. Huang, J. P. Heritage, and B. Mukherjee, “Connectionprovisioning
with transmission impairment consideration in optical WDMnetworks
with high-speed channels,”IEEE/OSA Journal of Lightwave Technology,
vol. 23, no. 3, pp. 982–993, Mar. 2005.

[22] X. Yang and B. Ramamurthy, “Dynamic routing in translucent WDM
optical networks: the intradomain case,”IEEE/OSA Journal of Lightwave
Technology, vol. 23, no. 3, pp. 955–971, Mar. 2005.

[23] I. Tomkos, D. Vogiatzis, C. Mas, I. Zacharopoulos, A. Tzanakaki, and
E. Varvarigos, “Performance engineering of metropolitan area optical
networks through impairment constraint routing,”IEEE Communications
Magazine, vol. 42, no. 8, pp. S40–S47, Aug. 2004.

[24] T. Deng and S. Subramaniam, “Adaptive QoS routing in dynamic
wavelength-routed optical networks,” inProceedings of the IEEE In-
ternational Conference on Broadband Networks (Broadnets), Boston,
MA, USA, Oct. 2005, pp. 196–205.

[25] T. Deng, S. Subramaniam, and J. Xu, “Crosstalk-aware wavelength
assignment in dynamic wavelength-routed optical networks,” in Pro-
ceedings of the IEEE International Conference on Broadband Networks
(Broadnets), San Jose, CA, USA, Oct. 2004, pp. 140–149.

[26] V. Anagnostopoulos, C. Politi, C. Matrakidis, and A. Stavdas, “Physical
layer impairment aware wavelength routing algorithms based on ana-
lytically calculated constraints,”Optics Communications, vol. 270, pp.
247–254, Feb. 2007.

[27] R. Jain, D. Chiu, and W. Hawe, “A quantitative measure offairness and
discrimination for resource allocation in shared computersystems,” Sep.
1984, DEC Research Report TR-301.

[28] H. Harai, M. Murata, and H. Miyahara, “Performance of alternate
routing methods in all-optical switching networks,” inProceedings of the
IEEE Conference on Computer Communications (INFOCOM), vol. 2,
Kobe, Japan, Apr. 1997, pp. 516–524.
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TABLE I
PHYSICAL PARAMETERS FOR THE SIMULATED NETWORKS.

Description Value
Span length 70 km

Signal peak power 2 mW
Bit rate 10 Gbps

Pulse shape NRZ
Fabric crosstalk −40 dB

Adj. port crosstalk −30 dB
Non adj. port crosstalk −60 dB

WDM grid spacing 25 GHz
Fiber loss 0.22 dB/km

Nonlinear coefficient 2.2 (W km)−1

Chromatic dispersion 17 ps/nm/km
Dispersion compensation 100% post-DC

Noise factor 2

Receiver electrical bandwidth 7 GHz
Number of wavelengths (C) 8

Minimum Q factor:
Qth, Qth1

(no coding) 6

Qth2
(Golay coding) 3.6

TABLE II
IMPACT OF ADJACENT PORT CROSSTALK ACCUMULATION ON THE

MAXIMUM TRANSMISSION DISTANCE.

Number of ports 0, 1 2, 3 4 5, 6 7, 8 9 10
contributing to
node crosstalk
Max. number of spans 12 11 10 9 8 7 6

TABLE III
LENGTHS OF THE SHORTEST PATHS IN THENSFNETTOPOLOGY.

Length (spans) 1 2 3 4 5 6 7 8
Number of paths 20 30 34 36 26 18 14 4

Algorithm 1 Generic QoT-aware adaptive RWA
Input: policy,Qth.
Output: lightpathLP .

1: for i=1 . . . C do
2: Determine altered network topology considering only

links whereλi is free
3: Determine the shortest path SP(λi) in the altered net-

work topology
4: if Q factors for all lightpaths (including the tentative

lightpath) are above thresholdQth then
5: Mark SP(λi) as usable
6: end if
7: end for
8: if set of usable lightpaths is emptythen
9: return LP = ∅ (reject call)

10: else
11: Select a lightpath (“LP”) in the set of usable lightpaths

according to a predefined policy (SP, SP2, HQ, MmQ,
MmQ2)

12: return LP (accept call on “LP”)
13: end if

Algorithm 2 QoT-aware adaptive RWA with optional coding.
Input: Qth1,Qth2.
Output: setLP of up to two lightpaths.

1: ComputeLP using Alg. 1 with wavelength random pick
(cf. Section IV-B) for the SP policy andQth = Qth1

2: if LP 6= ∅ then
3: return LP (accept call onLP with no coding)
4: else
5: ComputeLP1 using Alg. 1 with wavelength random

pick (cf. Section IV-B) for the SP policy andQth =
Qth2

6: if LP1 6= ∅ then
7: ComputeLP2 using Alg. 1 with wavelength random

pick (cf. Section IV-B) for the SP policy andQth =
Qth2

8: if LP2 6= ∅ then
9: return LP = LP1, LP2 (accept call onLP1 and

LP2 with FEC coding)
10: end if
11: else
12: return LP = ∅ (reject call)
13: end if
14: end if
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Fig. 1. Model of a transmission lightpath (plain line) used to compute the
Q factor. Each OXC can inject one or more node crosstalk components (dashed
lines), and nonlinear crosstalk can originate from each span (dotted lines).
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Fig. 2. Down-scaled version of the NSFNET topology (scalingfactor: 1/10)
used to perform the simulations. On the figure, the weights represent the
number of spans for the links.
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Fig. 3. Down-scaled version of the CERNET topology (scalingfactor: 1/4)
used to perform the simulations. On the figure, the weights represent the
number of spans for the links.
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Fig. 4. Call blocking probability for the various QoT-awareRWA algorithms
(top panel) and for the MmQ2 algorithm with various physicalimpairments
(bottom panel) [NSFNET topology].
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Fig. 5. Call blocking probability for the various QoT-awareRWA algorithms
(top panel) and for the MmQ2 algorithm with various physicalimpairments
(bottom panel) [CERNET topology].
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Fig. 6. BER for the various QoT-aware RWA algorithms (top panel) and
for the MmQ2 algorithm with various physical impairments (bottom panel)
[NSFNET topology].
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Fig. 7. BER for the various QoT-aware RWA algorithms (top panel) and
for the MmQ2 algorithm with various physical impairments (bottom panel)
[CERNET topology].
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Fig. 8. Call blocking probability fairness for the various QoT-aware RWA
algorithms (NSFNET topology).
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Fig. 9. Call blocking probability fairness for the various QoT-aware RWA
algorithms (CERNET topology).
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Fig. 10. BER fairness for the various QoT-aware RWA algorithms (NSFNET
topology).
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Fig. 11. BER fairness for the various QoT-aware RWA algorithms (CERNET
topology).
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Fig. 12. Call blocking probability for separate physical impairments, for
RWA algorithms with and without optional coding (NSFNET topology).
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Fig. 13. BER (after decoding) for separate physical impairments, for for
RWA algorithms with and without optional coding (NSFNET topology).
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Fig. 14. Call blocking probability fairness for separate physical impairments,
for RWA algorithms with and without optional coding (NSFNETtopology).


