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Abstract—In WDM all-optical networks where electrical regen-
eration is not available, physical impairments due to propgation
in the fibers, amplifier noise, and leaks between channels and
in the switches cannot be removed at the physical layer. Thes
effects cause calls, especially between physically distanodes,
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 effets 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 Vo
blocking probabilities in metropolitan-sized networks. We also
present RWA algorithms that can sharply decrease blocking
probabilities in regional-sized networks using optional ©iannel
coding. All algorithms are evaluated through simulation in
realistic scenarios and shown to successfully mitigate csstalk
effects and to perform better in terms of QoT and network acces
fairness than traditional algorithms.

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

|I. INTRODUCTION

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 increasalsign
are subject to more severe physical impairments: intetlegym
interference (ISI) appears because of the fiber chromadic di
persion, nonlinear effects (Self Phase Modulation, SPMYl, a
polarization mode dispersion (PMD); noise that is generate
in optical amplifiers accumulates; and nonlinear interciehn
interference, ornonlinear crosstalk, appears in WDM and
more patrticularly in dense WDM (DWDM) systems due to
fiber nonlinear effects (cross-phase modulation, XPM, amnid f
wave mixing, FWM) [4]. These effects affect traditional op-
tical networks and are enhanced by the propagation distance
involved in all-optical networks. In addition, optical sigl
leaks that occur in the OXCs, either at the demultiplexing
stage due to imperfect filtering or inside the switching fgbr
co-propagate with legitimate signals over possibly vemglo
distances. These leaks, calledde crosstalk, accumulate as
nodes are being traversed [5] and can be enhanced by the fiber
characteristics as propagation distances increase [@refh
fore, all-optical networks are subject to physical imparnts

In current, so-called opaque, optical networks, signaés dfat are static and depend on the network topology only, such
regenerated at the nodes by electronic devices. As opti@gl !SI and noise, but also other physical impairments treat ar
technology evolves and datarates increase (40 Gbps pef chifamic and can vary with the network state, such as nonlinea
nel over tens of channels per fiber is now a reality), ele@nd node crosstalks. As a result, Quality of transmissiaT(Q

tronic nodes become bottlenecks. In transparahtpptical

of signals in a network, as measured by their BER, is also

networks, the electronic nodes are replaced with all-apticdependent on the network state. .
crossconnects (OXCs) where signals are switched entinely i Much research has been carried out in the past decades to
the optical domain thereby removing completely the currefgduce physical impairments at the physical layer, leaéing

electronic bottlenecks. By their design, all-optical netis

instance to the development of low-noise amplifiers and the

allow for signals to propagate over very long distances, pgesign of complex dispersion maps or dispersion compensa-

tentially thousands of kilometers, with no regeneration this

tion devices; however, residual degradation still remagmsl

paper, we use cross-layer techniques to reduce the impactcgpsstalk for instance cannot be filtered out at the physical
network operation and fairness to the users of the physiddyer since leaked signal and legitimate signal share theesa
impairments that signals sustain while travelling overyvespectral band. Routing and Wavelength Assignment (RWA)

long physical distances, .
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1Although all-optical regeneration is currently the focdsmauch research,
it is not yet commercially available.

has emerged as a method to mitigate physical impairments
in all-optical networks at the network layer. Since waveln
conversion is not yet mature for commercial deployment)la ca
in an all-optical network must use the same wavelength from
source to destination, a constraint known as Wavelength
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 afeo t
selected lightpath must meet tR®T constraint; in this work,



a QoT constraint is a fixed BER threshold that each lightpastep, in addition to physical impairments computationsr Ou
cannot exceed at any time. In addition to minimizing blogkinalgorithms are less computationally intensive. We progase
probability, it is desirable for RWA algorithms to exhibiigh the past RWA algorithms that incorporate node crosstalk bot
QoT (i.e., low average call BER) instead of only ensuringt the admission control and at the route selection step [24]
that each call satisfies a minimum level of QoT. Indeedy wavelength assignment step [25]. These algorithms were
operating a network far from the BER threshold permits mot®msed on fixed alternate routing algorithms where routes are
flexibility in the network. It improves the network scalatyj chosen among a predefined set of candidates (alternates).
as adding links or nodes, and therefore increasing the amotihis paper presents an adaptive routing scheme where routes
of crosstalk injected in the network, moves the BER daire computed given the current network state. In [26], an
lightpaths closer to, rather than across, the BER threshaddiaptive routing scheme accounting for physical impaitsen
Similarly, operating with a BER margin mitigates the effeof is presented. Despite using a similar approach, [26] and our
hardware aging, and finally lower BERs can help increase therk differ in three fundamental respects. First, we actoun
actual data throughput in the network by limiting the numbdor node crosstalk; second, the technique presented in [26]
of retransmissions at higher layers, such as TCP for instanrelies on an iterative heuristic to solve an integer program
In this paper, we present four new RWA algorithms (SP2nd it is not clear how complex the heuristic is (although
HQ, MmQ, MmQ2) that belong to the class aflaptive the authors do claim that the heuristic always converges):
RWA algorithms [8], which are known to perform well inour technique runs in a guaranteed polynomial time with all
terms of blocking probabilities. The new RWA algorithms argariables and appears to be less computationally intensive
QoT-aware in the sense that they ensure (during admisstbird, we propose several wavelength assignment scheraes th
control) that all lightpaths in the network meet a QoT (BERare not investigated in [26], and which we show lead to
constraint without disrupting previously establishedhtigaths, desirable properties such as fairness, which is introduest
and that they explicitly account for QoT when determining In addition to QoT-awareness, another desirable property
which lightpath a call should use. Furthermore, SP2 aridr RWA algorithms isfairness. Fairness was defined and
MmQ2 implement the so-callgatotecting threshold technique quantified by afairness index, a number betweef and 1,
described in [9] where short lightpaths are not established the general context of circuit-switched networks in [27]
when free wavelengths are sparse, to keep more resourcesafad refers to how resources are shared between users: a
longer lightpaths and hence enhancing fairness in the mktwdairness index ofl means that resources are equally shared
We give the time complexity of our algorithms; although oubetween users while a low fairness index indicates that some
algorithms are complex, they run in polynomial time andsers enjoy access to the resources when others do not.
can be used in applications where circuits are establisbied Fairness in the context of RWA has received little attention
moderate (seconds, minutes) to extended (hours and md&nan and Kershenbaum presented techniques to improve
periods of time, such as in e-science collaboration [13yth blocking probability fairness in [9]. These techniques ever
are not, however, suitable for very short-lived circuittéabs assessed graphically rather than with a metric in the coofex
lishment as is done in Optical Burst Switched networks [114lternate routing in [28]. In [29], blocking probabilityifaess
Although analytical techniques for evaluation of QoT-agvaris evaluated in translucent networks, but not for transpare
RWA algorithms have been proposed recently [12], they anetworks.
not yet applicable to adaptive algorithms and thus we rely onThe algorithms discussed above are able to mitigate
extensive simulations to evaluate our algorithms. We atalu crosstalk effects. However, in the case of large networksre/h
our new QoT-aware algorithms against the traditional S$dme node pairs have no viable paths satisfying QoT even
(Shortest Path) algorithm on two realistic large metrapali  with just ISI and accumulated noise, none of the algorithms
sized networks and show gains in performance in termdsscussed above is able to establish lightpaths for theiss. pa
of average call BER and fairness, without sacrificing lowhis leads to high blocking probability and low fairness. In
blocking probability. [30], we proposed a new class of RWA algorithms to address
The RWA problem has been given attention recently fahis issue. These algorithms implement optional codingy th
problems involving QoT-awareness; for instance, one oremdry to establish several lightpaths for calls that wouldeottise
of the following impairments: noise, PMD, Four Wave Mixingyiolate the QoT constraint; coding is used on each of these
residual dispersion and average nonlinear phase varjaiah lightpaths. In this paper, we evaluate RWA with optional
electrical regeneration cost, have already been includedcioding in scenarios with crosstalk impairments in addition
various RWA algorithms [13]-[19]. These works overlooko ISI and noise, measuring blocking probability, BER and
node crosstalk. The algorithms presented in [20]-[22] incdfairness. We show using simulations over a regional-sized
porate many impairments, including node crosstalk, at timetwork that our algorithms with optional coding decrease
admission control step only. In addition, [22] deals witte thaverage call blocking probability, reduce crosstalk impat
case of translucent networks, where some nodes can regaail blocking probability, decrease average BER and ime@rov
erate signals electronically; our work considers transpiar fairness compared with the similar RWA algorithm with no
networks where the only regeneration mechanism availaloptional coding capability.
at the nodes is optical amplification. Similarly, [23] foegs  This paper is organized as follows: in Section II, we present
on call admission control; a RWA formulation is proposedhe assumptions concerning the physical layer and network
but it requires a computationally expensive linear optaticn modelling we use throughout this work. In Section Ill, we



present fair QoT-aware adaptive RWA algorithms and evaludightpath, that is, for a given lightpath:
them through simulation on a large metropolitan-sized net-
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work. In Section IV, we present a QoT-aware adaptive RWA Q= /o2t o2 02, 1o )
algorithm with optional coding, which we evaluate through o0 i T T Tniz T Tna
simulation. We draw brief conclusions in Section V. wherec?, o2, 02, and o2, are the variance contributions

due to intersymbol interference, amplifier noise, nonlinea
crosstalk and node crosstalk, respectively. (Crosstadkaan-
plifier noise contributions t@ are higher order terms which
We now state our assumptions concerning the modelledn be safely ignored, heneg is only an ISI term here.) In
network. We consider a network of bidirectional links with  this paper, we ignore PMD effects; PMD effects should be
equally spaced wavelengths in each direction. Although ajhcluded for very high datarate networks (40 Gbps) and could
optical wavelength conversion is the subject of much curree included in our RWA algorithms as a maximal lightpath
research, the technology is not yet mature for deployment|éngth to be enforced.
the near future and thus we assume that wavelength conmersioFirst, IS is a single-channel effect that results from ehro
is not available. Calls are assumed to arrive in the networkatic dispersion, SPM, and filtering at the receiver; ISI de-
according to a Poisson process with average arrival fatgpends only on the lightpath topology: span lengths, amplifie
and the calls durations are assumed to follow an exponentigld dispersion compensation devices placement, fiber and
distribution with unit mean, such thdtis the total offered receiver physical characteristics; ISI is independent h& t
load of the network in Erlang. Call sources and destinationsetwork state.
are uniformly distributed over the set of network nodes. Second, amplifier noise is injected by each amplifier on
We assume the existence otentralized Network Manage- the path and is due to the so-called Amplifier Spontaneous
ment System to perform call admission control, Routing argmission (ASE) phenomenon. Amplifier noise also depends on
Wavelength Assignment, call establishment and terminatiahe lightpath topology only, and is independent of the nekwo
Typically, a low-speed control channel, which is not moel@ll state. We assume an Amplifier Gain Control (AGC) EDFA
here, is reserved to manage the network. When a call ngbdel operated at input power levels below saturation. Both
accepted in the network, it is assigned one (Section Ill) &1 and ASE effects can be predetermined given a network
potentially several (Section IMjghtpaths; a lightpath is the topology and physical characteristics of the network bogd
combination of a wavelength and a sequence of nodes ajdcks.
links calledroute or path. Physically, the links consist of one or  Third, nonlinear crosstalk occurs when two (in the case of
severalspans, each span in turn consists of single mode fibexPM) or three or four (in the case of FWM) signals propagate
an amplifier that compensates for the fiber linear attenoation different channels in the same fiber span. Signal co-
and a dispersion compensation (DC) device that compensaigspagation in optical fiber results in energy transfersveen
for the fiber chromatic dispersion. The receiver is modeled lthe signals resulting in impairments similar to noise. Ehes
an optical filter (for demultiplexing purposes), followesl B nonlinear effects are stronger when the participatingaligare
photodetector per channel (a square-law device, a timelsampn closer channels and when channel separation is tighter as
and a narrow electrical filter). A sample lightpath is shown ithe case with DWDM systems [33]. Since nonlinear crosstalk
Fig. 1. is due to the interaction between several signals in thear&tw
Because of the physical impairments sustained by signitlds a network status-dependent impairment that cannot be
during their transmission on a lightpath, a signal may be t@eecomputed. It is possible to computg;, accounting for
degraded at reception to ensure a minimal QoT as defiratinonlinear crosstalk components on a lightpath by surgmin
by the network administrator. Traditionally, QoT for a séign the variance contributions for each nonlinear crosstalk:
is measured by its BER, which should not drop below a 9 9
predefined threshold. We assume on-off keying signaling and Tnle = Z Tnlay ®)
denoting byu; andug the means of the received “1” and “0” P
samples and by; andoy their respective standard deviationsywhere the sum is taken over all nonlinear interchannel inter
the Q factor of a signal is defined as: 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 agsum
a non-depleting model for crosstalk.
Using a Gaussian assumption [31], the BER and the Q factorFourth, node crosstalk originates from signal leaks in the
of a signal are related bBBER = 0.5erfc(Q/\/§) for uncoded OXCs, either at the demultiplexing stage (port crosstalk) o
signals. For instance, a BER 6~ corresponds to a Q factorinside the switching fabric (fabric crosstalk). A lightpathat
of Q =6. traverses an OXC actually traverses three stages within the
In this work, we account for four of the main physicahode. First, the wavelengths on each input fiber dmeul-
impairments which are known to affect lightpaths in alliopt tiplexed at the input ports; then, each lightpath is switched
networks [32]: intersymbol interference, amplifier noieen- spatially by aswitching fabric; last, wavelengths bound to
linear crosstalk, and node crosstalk. Each of these effette same output port areultiplexed. More details about
is accounted for as a noise variance in the Q factor of tm@de and crosstalk modelling can be found in [25], [35].

II. ASSUMPTIONS AND SYSTEM DESCRIPTION
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Port crosstalk is due to imperfect filtering in demultiplexe probabilities, lower BER, higher blocking probability faéss
and results in channel interference that is in-band to tld higher BER fairness compared with traditional RWA
channel of interest. Adjacent port crosstalk, where chisrare  algorithms.

adjacent, is stronger than non-adjacent port channeltatiss
The power of adjacent port crosstalk (as measured by the
power attenuation with respect to the launched signal ppowér Algorithms description

can be as high as20 dB. Fabric crosstalk depends only on |n this section we present five RWA algorithms (SP, SP2,
the technology chosen to build the OXCs and can be as smath, MmQ, MmQ2) which belong to the class of adaptive
as—60 dB in MEMS fabrics and as high as20 dB in Fiber RWA algorithms as defined in [8] and provide various degrees
Bragg Grating fabrics [36]. As with nonlinear crosstalkdeo of fairness and QoT enhancements. Four of these algorithms
crosstalk is a dynamic effect that depends on the netwaike new (SP2, MmQ, MmQ2, HQ) and are compared with a
status. It is possible to compute,,. accounting for all node traditional algorithm (SP).

crosstalk components on a lightpath by summing the variancen adaptive RWA algorithms, blocking due to the wave-

1. FAIR QOT-AWARE ADAPTIVE RWA

contributions for each node crosstalk: length continuity constraint is reduced as follows. On 4d cal
5 9 4 arrival, a wavelength\ in the set of theC wavelengths in
Tnz = Zamq’ ) the network is selected according to a predefined order and
q

a network topology that contains only links that are not in
where the sum is taken over all node crosstalk signals betwesse by is determined. A route? is then tentatively selected
any existing lightpath in the network and the consideragsing a shortest path algorithm on this new topology. If saich
lightpath. path exists then the call is accommodated on lightp&th\).

The aforementioned physical effects all contribute to irlf such a path does not exist then the wavelength continuity
crease the blocking probability and average BER in allegbti condition is not fulfillable on this wavelength and the next
networks. However, as mentioned in Section I, high fairnesavailable wavelength is chosen.
in addition to low BER averages, is desirable. Indeed, in The standaréxhaustive adaptive RWA algorithmis an adap-
all-optical networks, calls between nodes that are philgicative RWA algorithm where, instead of considering wavelésgt
distant are blocked more often than calls between closezsoih a predefined order and picking the first wavelength for
because both wavelength continuity and QoT constraints avhich a route can be found, all wavelengths are considered,
harder to fulfill for longer lightpaths. Similarly, the BERIf hereby yielding at most’ possible routes which satisfy the
calls between physically distant nodes is higher than ftis cawavelength continuity constraint. A lightpath is estalindid
between close nodes. In this paper, we consider two typas the shortest of these routes. This standard exhaustive
of fairness, one applied to blocking probability, the other adaptive RWA algorithm yields low blocking probabilitieatb
BER. We design RWA algorithms which are more fair thaimplements no QoT-awareness or fairness enhancement.
traditional RWA algorithms in terms of blocking probabjlit  To enhance fairness in some of our algorithms, we use
and in terms of BER. Fairness in terms of BER is importartite technique callegrotecting threshold presented in [9].
because, in the context of networks that implement Forwafthe protecting threshold technique safeguards from the fac
Error Correction (FEC) techniques — difficult to perform athat longer paths are subject to more frequent blocking than
high bitrates, — FEC could be reserved for only those pathborter paths because of the wavelength continuity canstra
that exhibit high BER. With RWA algorithms that are fairProtecting threshold is even more relevant in the context of
in terms of BER and which yield low BERs, FEC can berosstalk-impaired networks, because longer paths afecub
used on fewer paths and the BER threshold can be relaxthigher QoT degradation due to crosstalk; here, wavefengt
In this work, we use the definition of fairness introduced bgontinuity and QoT constraints are both harder to fulfill for
Jain in [27] for circuit-switched networks but applicable t longer paths. Protecting threshold facilitates estabiisfit of
more general situations. THairness index for a resourceX longer paths by allowing a short lightpath to be established
shared betweem users is a number betwedgnand 1 that only when the number of wavelengths that are available on
measures how fairly a resource is shared; a fairness indexttug tentative paths is above a preset threshold, herebggsavi
1/n indicates that a single user utilizes all of the resour¢esources for longer lightpaths. The drawback of protectin
while a fairness index of indicates that all users utilize thethreshold is that calls on short paths can be blocked even
resource equally. The formal definition for the fairnesseind if wavelengths are available and the technique can thexefor

fx is: be detrimental to the average blocking probability on the
n 2 network. In this work, we implement the protecting threshol
<kz_:1 Xk) as follows: a single-hop lightpath is blocked if it would uke
Ix=—F—""— (5) last wavelength available on the (unique) link that conti
> X7 the lightpath. This corresponds to a threshold (or resenvat
k=1

parameter) of in [9].
where X is the amount of resource received by uger  We provide a description of our QoT-aware adaptive RWA
In this work, the users are pairs of nodes and the resoualgorithms in Alg. 1. The first modification to the standard
can be either blocking probability or BER. In the followingexhaustive adaptive RWA algorithm we propose concerns QoT-
section, we provide RWA algorithms that exhibit low blodin awareness; in this work we consider that the QoT constraint i



satisfied when the Q factor of all calls in the network is abovdmQ2) may result in higher blocking probability than the
a predefined threshold),, which corresponds to operationreference algorithm (SP). Similarly, although HQ, MmMQ and
below a fixed minimum BER. When a lightpath is tentativelVimQ2, which are designed with QoT in mind, attempt to
established in the network, it is therefore necessary telchdower blocking probability due to the QoT constraint, the
that its Q factor is above the preset threshold, but this [Eth they select is not necessarily the shortest path. fidrere
not sufficient. Indeed, when a new lightpath is establislited,these three algorithms may waste network resources and make
injects crosstalk on all previously established lightgatith wavelength continuity constraint harder to fulfill for fuéu
which it shares links (nonlinear crosstalk) or nodes (nodmlls. In the next section, we show with simulations that the
crosstalk) and therefore Q factors for those lightpathhav trade-offs between wavelength continuity and QoT cornstsai
be checked as well as the Q factor of the tentative lightpatbetween lower blocking probability and higher QoT, and
Lightpaths that share no link nor node with the tentatideetween lower blocking probability and higher fairnessndo
lightpath are not affected by the insertion of the tentativesult in a substantial increase in overall blocking pralitsb
lightpath and therefore their Q factors do not need to beWe note here that it is possible to selécshortest paths
recomputed. Our algorithms enforce satisfaction of the Qarstead of the one shortest path in the adaptive routing &iep
constraint by computing the Q factors of the tentative ligith given source, destination and wavelength, in order to asze
and of all lightpaths that share at least a link or node with thhe size of the pool of the candidates. However, establishin
tentative lightpath (see Alg. 1, line 4), and by rejecting thlonger lightpaths than the shortest path would incur an-addi
tentative lightpath from the list of candidate lightpathaumy tional waste of resources, as previously highlighted; rooee
of these Q factors is below the preset threshold. longer lightpaths tend to be subject to higher physical impa
The second modification lies in the selection of the routeents, thereby decreasing the probability that it is chasen
among the list of (at most’) candidates and concerns botta shorter lightpath.
QoT awareness and fairness enhancement. We propose the fol-
lowing five policies to select the route on which an incoming Complexity analysis
call is to be accommodated (see Alg. 1, line 11): ' _ _ _
« SP(shortest path) selects the wavelength that correspo gon5|der a network oF” nodes andt links, each carrying

to the physically shortest path among the candidates [ __wavelength_s. We denote by the maximum number of
. L7 ) ) ighbors (adjacent nodes) of a node in the network &nd
this policy is used as a reference against which oth{%r

policies are evaluated: e maximum length in hops of a lightpath. Alg. 1 computes,

o SP2is the traditional shortest path algorithm with prolcor each wavelengtih, a modified topology where all links
. . .""“where) is used are removed, a shortest path, and the Q factors
tecting threshold and reservation parameter se; tiis

L . . ...for all lightpaths that share at least a link or node with the
gnip
new policy is designed to enhance blocking prObabIIItXforementioned shortest path. Since at mist' lightpaths
fairness; . . " . : .
g . . have a link or node in common with a given lightpath, the time
« HQ (highest Q factor) selects the candidate lightpath mplexity of Alg. 1 isO(C(E + VloggV—i-H%Qp)) Where

) : . o : 0
with the highest Q factor. This new policy is deagne% . " . : .
to decrease the average BER in the network. a I;;;&Z:r']me complexity of computing a singig: factor for

« MmQ (max—mln Q factor) is a new, QoT—awar_e pol!cy. Our RWA algorithms require online Q factor computations
Assuming a wavelength has been chosen, inserting,_a

lightpath increases crosstalk in the network, possibPecause Q factors cannot be pre-computed,as and o,

bringing the Q factor of a previously established lightpat epend on the network status. However, it IS possible to pre-

. compute, for all pathsyu, pg, o9 and o; using very short
close to the threshold. Operation close to the Q fact(S)Ir ulations [35]7,, with the fast, analytical method we devel-
threshold is not desirable as it makes the QoT constraint on ' y

e . . . oped in [37];0.:., for a single nonlinear crosstalk interference
more difficult to fulfill for future incoming calls. MMQ . v g ) . i
s X L using (3) and the analytical method described in [34]; and
maximizes the margin of QoT operation in the network

slecing e lgtpan tha maximizes over h at o, % 2 10 e sl e ()00
C candidates) the minimum Q factor (over the tentative P ' ' P

lightpath itself and all lightpaths previously establighe” " and oy, online using simple summations of values that

in the network that the tentative lightpath crosses). Mmg::]agt%];g%rrl:ljirl; s\;ﬁr-]c(cg]g;tnedtt:gfi;:;: tshfl;:f e C: " 29mpute
is QoT aware in the sense that its decision is based g PS 101, fi0, 00, 0%,

QoT rationales. MmQ is designed to decrease the worst and the aforementioned values g, andoys, the time
case network éER' complexities of which we now derive. The time complexity

« MmMQ2 is MmQ augmented with the protecting threshol{ﬁ computeay; 1S the number of terms in the sum, 1.,
techniqgue. MMQ?2 is designed to not only decrease avers number_ of mterferencgs between a conS|der§d I|ghtp§1th
X and other lightpaths. Nonlinear crosstalk on a lightpath is

gfﬂgg;w;r:g EEE fglijrzzlssso- increase blocking prOb"’lblllté/aused, on each fiber span, by _the interactions between at
' most 3 signals and the lightpath itself; thus, there can be at
For each policy, ties are broken by choosing the first ligtitpamost H#C? such interferences on a given lightpath: the time
in the list of candidates. complexity to computer,,;,. is O(HC?). Similarly, the time
As mentioned above, fairness-enhanced algorithms (SB2mplexity to computer,, is the number of interferences



sustained by the considered lightpath. The node crosstathpairments only (ISI and noise) case and the all-effe@s, (I
model identifies in [25] three different kinds of crosstalkoise, nonlinear and node crosstalk) case is close to ore ord
sources; it can be shown that their respective time contexi of magnitude in average blocking probability. Furthermaeve
areO(P), O(C), andO(PC). For a lightpath ofd hops the observe that blocking probabilities for cases includindgyon
time complexity is thusO(H(C + P + PC)) = O(HPC), one of the crosstalk effects are similar: impact of nonlinea
hence the time complexity to compute a single Q factor @osstalk is only slightly higher than that of node crogstal
Q = O(HC(C?+P)). Overall, the time complexity for Alg. 1 Therefore, inclusion of both kinds of crosstalk is impottan
isO(C(E+V logV+H?2C?(C?+P))). This complexity may when evaluating RWA algorithms for blocking probability.
seem high, especially with respect to number of wavelengthsThe average BER in the network is shown in Figs. 6
however our new algorithms are based on exhaustive adaptwel 7 for the various algorithms (top panels). Notice that
RWA, therefore they have the same complexity as the refererthe curves for SP and SP2 are almost identical, and so are
algorithm (SP) and are much less complex than algorithmis titlhe curves for MmQ and MmQ2. As expected, all three
search for an optimal solution over the complete set of piessi algorithms designed with QoT in mind (MmQ, MmQ2, HQ)
lightpaths, which is an NP-complete problem [7]. perform better than SP and SP2, especially for lower loads.
Furthermore, MmQ and MmQ?2 perform very close to one
another, showing that additionally tuning MmQ for fairness
does not harm its performance in terms of BER. The HQ

We evaluate our algorithms on the NSF network (NSFNEB)gorithm performs best, yielding BERs at least half lower
and China Education and Research (CERNET) topologitsan those of other algorithms. The BER performance of the
depicted in Figs. 2 and 3, with the physical parametengetwork is further investigated (bottom panels of Figs. @ @n
from Table I. We have computed the maximum distander the MmQ2 algorithm: state-dependent physical effects a
achievable in either of these networks for a path subject tesponsible for an increase of one order of magnitude for the
a varying number of adjacent port crosstalk signals andrtepaverage BER in the network, with both node and nonlinear
the results in Table 1. The maximum distance achievabtgosstalk effects increasing BER similarly.
in the downscaled networks while maintaining good QoT We show how our algorithms perform in terms of fairness
(BER < 107 and assuming physical impairments dué Figs. 8, 9, 10, and 11; fairness indices lies betweemnd
to ISI and noise only isl2 spans. (Distances much longen with higher values being desirable. First, we study blogkin
than 12 spans are achievable using optimized long-haul linkrobability fairness in Figs. 8 and 9. For the NSFNET topol-
design and components, which are not the focus of this workgy, the MmQ2 algorithm exhibits the highest fairness even
Moreover, if as few asl0 adjacent port crosstalk signalscompared to SP2 which was designed to improve fairness,
are injected on a lightpath, then the maximum transmissiovhile for the CERNET topology SP2 performs best, with
distance on the considered lightpath is orilyspans. Be- SP, MmQ2 and MmQ slightly less fair. The HQ algorithm
cause maximum achievable distances are lower than the feafforms significantly lower than other algorithms as itiigyo
distances involved in the original NSFNET and CERNEWesigned to improve QoT. We observe that fairness for the
topologies, the NSFNET (respectively, CERNET) topology WEERNET topology is generally low; this is because, with our
are using for our simulations is scaled down by a factot®f scaling factors, lightpaths are longer in the CERNET topol-
(resp.4) with respect to the real NSFNET (resp. CERNETpgy than in the NSFNET topology and hence the CERNET
topology to model large metropolitan networks. We provideetwork operates closer to the physical limits. In paricuin
the distribution of the lengths of the shortest paths in tithe CERNET topology, the blocking probabilities for some
downscaled NSFNET topology in Table Ill. Since all shortegtairs of (physically distant) nodes are high even for low
paths between any two nodes a&epans long or less with loads, thereby resulting in a high variance in the blocking
this topology, even node crosstalk can have disruptivectsffe probabilities among all node pairs and a low fairness, as can
in the network in terms of blocking probability due to thébe seen from (5).
QoT constraint. The simulation results shown in Figs. 4+l a In Figs. 10 and 11 we study BER fairness; here, the
obtained by simulating the routing and wavelength assigrimewo algorithms designed to provide high margin in terms
of 20000 calls. Each data point is obtained by repeating thif BER (MmQ, MmQ2) outperform all other algorithms.
procesd 0 times in order to compute 95% confidence intervalglthough MmQ2 implements an additional mechanism, the
which are shown on the plots. protecting threshold, to improve blocking probabilityrfagss,

In Figs. 4 and 5, we show, for each topology, the blockinigpis mechanism has no impact on the BER fairness property
probability when all physical impairments are accountedl foof the algorithm.
for all five RWA algorithms discussed above and different The study of how the physical layer parameters affect all-
total offered network loads (top panel). The SP algorithmptical networks in general is outside the scope of this work
tends to perform best and the MmQ2 worst; however, tlvge chose parameters for the crosstalk values that repriggent
differences in average blocking probabilities for all aifums ical, “average” values for crosstalk in all-optical netk®§38].
are small and overall all algorithms perform very similarly

Further investigating the origin of blocking probabiltigor ~ We also evaluated a sixth algorithm, HQ2, which implemetis £Q
9 9 9 9p policy augmented with the protecting threshold techniddewever, for each

One of the algorithms,. MmQ2, consider the bottom panEIS Hthe metrics presented here, HQ2 was outperformed by st teee of the
Figs. 4 and 5. The difference between the topology-relateter five algorithms.

C. Evaluation through simulation



Although not studied here, the impact of some technology achieve a maximal target BER after decoding is lower
changes can be forecast. For instance, if filter concatamatcompared with the case where no coding is used and where
effects (ignored here) became important, node crosstalktdvoa single lightpath is used for each call. Lightpaths for the
decrease through better port isolation, but ISI effectsldiousame call can use the same route and different wavelengths, o
increase. Moreover, if a wider grid spacing was used, XPHifferent routes. In this work, we propose to use a simplee¢od
and FWM effects would decrease, and so would node crosst@lklay(23,12), for calls that fail to meet the QoT constraint
since again better port isolation would be easier to achie® > @5, whereQ.,, = 6 for a target BER of BER =
The impact of the variation of some of the crosstalk pararsetd 0~?). Since the rate of this code is approximately 1/2, the
is studied more in depth in [39]-[42]. coded datastream has to use two lightpaths instead of oee. Th
In this section, we have shown how different RWA aleoding gain of Golay(23,12) i$.4 dB for BER = 10~* [30].
gorithms could improve network performance. With the H@fter coding, the minimum required Q factor can be shown to
algorithm, BER is greatly diminished at the expense of fs8s1 be reduced td);,, = 3.6 instead of6 for the same BER target
compared with other algorithms, while SP2/MmQ/MmQ?2 stilbf BER = 109, assuming that & dB OSNR degradation
perform better than the reference algorithm. Fairnesd) ot corresponds to & dB decrease of the Q factor [43]. Our RWA
terms of blocking probability and BER, is improved with SP2lgorithm with optional coding employs coding only for tleos
or MmQ2 (and BER fairness is equivalently improved witlpaths that need it in order to keep the bandwidth (number of
MmQ) compared with all other algorithms. These results alightpaths per call) expansion low. It uses a variation & th
obtained without sacrificing average blocking probabibty QoT-aware adaptive RWA algorithm (Alg. 1) that we described

all algorithms perform similarly for this metric. in Section Il to find up to two lightpaths per call, and thenef
has the same time complexity as Alg. 1.
IV. QOT-AWARE ADAPTIVE ROUTING AND WAVELENGTH The QoT-aware adaptive RWA algorithm with optional
ASSIGNMENTWITH OPTIONAL CODING coding trades bandwidth utilization in the form of the numbe

. - of lightpaths used per call against looser Q factor requéneis
A AIggnthns_d&ecnonn _ Increasing bandwidth utilization results in higher blouki

In this section, we address a problem that arises when Sogighabilities due to the wavelength continuity constraint
paths in a network are too long to meet the QOT constraiffgher crosstalk imposed upon other lightpaths. Looser re-
even in the abse_nce of crosstalk. Indeed, such long paths &ifrements on the Q factors decrease blocking probabiligy d
always blocked, independently of the network load and somg the QoT constraint. Note that none of this was considered

customers are never given an opportunity to communicate wig [30]. In the following section, we show that the trade-off
one another. Adding load (and crosstalk) in the networkfIrt ctyally results in lower blocking probabilities overah @

degrades the performance in terms of blocking probabillity. regional-sized example.

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 thresh&d Evaluation through simulation

@ = 6 for paths that arel3 spans or more, using the Tg evaluate the QoT-aware adaptive RWA algorithm with
physical parameters given in Table |. Therefore, any nodedptional coding, we use the NSFNET topology depicted in
reachable from any other node. Now consider the NSFNEg. 2 where the number of spans between any two nodes has
topology from Fig. 2 where the number of spans betwegen doubled. The physical parameters for the network can
any two adjacent nodes @oubled, to model a regional-sized pe found in Table I. As discussed in the previous section,
network. With this new, enlarged topology, some shorteitpa ahout 10% {8/182) of the shortest paths in this enlarged
between network nodes are now longer than the maximghology are too long to be accommodated with sufficient
achievable distance of2 span$. It can be shown thail8 QoT (BER < 107?) if no coding is used. Furthermore, the
shortest paths are more tha@ spans long in the enlargedpotentially two) lightpaths used by each call are computed
topology, and hence no algorithm described in the previoygth a slightly modified version of Alg. 1 and the SP policy:
section can draw the average network blocking probabilifijstead of exhaustively searching for the shortest pathnamo
below 18/(14 x 13) ~ 0.1. The QoT-aware adaptive RWA )| wavelengths, wavelengths are picked randomly and Alg. 1
algorithm presented in this section overcomes this linaitat stops as soon as a lightpath is found. This simplification is
by using optional FEC coding on calls that do not meet th@ade to keep simulation times low and does not change the
QoT constraint. core concept of the QoT-aware adaptive RWA algorithm with

FEC coding allows us to trade bandwidth utilization againgftional coding, which is to trade bandwidth against QoT. We
higher QoT. The principle of our QoT-aware RWA algorithmpyaluate the QoT-aware adaptive RWA with optional coding
with optional coding (see Alg. 2) is to use several lightsathy|gorithm against its counterpart where no coding is alstgla
per request for calls that do not meet the QoT constraigfad where a call that does not meet the QoT condition is
Data on each of these lightpaths is encoded with a FEC cq@ggcted without being given a chance to be assigned two
such that the minimal Q factor required for the coded signgghtpaths instead of one. In all plots (Figs. 12, 13, 14}impl

3 _ _ _ lines refer to algorithms where no coding is available while

A network using new technology could be designed to achiéwset . . . . .
distances; the network used simply provides an example efi@mal-scaled dashed lines refer to the algorlthms where optlonal COdmg !
network using the parameters given. available. As in Section 1lI-C, each data point is the result



of the simulation of10 x 20000 calls and 95% confidence Some of our algorithms implement the protecting threshold
intervals are given. technique; we used a threshold of 2 wavelengths to determine
First consider Fig. 12; when no coding is available, blogkinwhether a short (single-hop) or a long (multi-hop) path doul
probabilities remain abové.1 even for the lower load valuesbe established. Although it is possible to use other values
and when the only impairments are I1SI and noise. Node afat the threshold and for the distinction between short and
nonlinear crosstalk have similar impacts on the call blogki long paths, our goal here was to give a proof of concept
probability, with nonlinear crosstalk having a slightlyghier for the protecting threshold technique applied to QoT-awar
impact as already noticed in Section IlI-C for QoT-aware Rwadaptive RWA algorithms — fine tuning is left for future work.
algorithms with no coding capability. When optional codinyVe notice that some of our results depend on the network
is used, and when all physical impairments are accountwgbology: for instance, MmQ2 performs best for blocking
for, blocking probabilities are lowered by.07 to 0.1 — probability fairness in the NSFNET topology, while SP2 istbe
crosstalk effects are almost, but not completely, remowed for the CERNET topology. Moreover, none of our proposed
the utilization of optional coding. Therefore, the tradé-oalgorithms is a panacea and outperforms all other algosthm
mentioned in the previous section results in an overallbhlge for all studied metric; rather, our study suggests that our
probability decrease. In Fig. 13, we show that using codirajgorithms should be evaluated on a case-by-case basis by
also contributes in decreasing the average BER (after caubtwork operators in order to determine which policy best fit
ing) in the network. Furthermore, coding improves blockintheir needs.
probability fairness as is shown in Fig. 14; for instanceewh
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TABLE |
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)~T

Chromatic dispersion

17 ps/inm/km

Dispersion compensation

100% post-DC

Noise factor 2
Receiver electrical bandwidt 7 GHz
Number of wavelengths({) 8

Minimum Q factor:
Qth, Qtn, (nO coding) 6
Q¢h, (Golay coding) 3.6

TABLE Il

MAXIMUM TRANSMISSION DISTANCE.

IMPACT OF ADJACENT PORT CROSSTALK ACCUMULATION ON THE

Number of ports 0,1]2,3] 4 [56]7,8 10

contributing to

node crosstalk

Max. number of spans | 12 11 | 10 9 8 6
TABLE IlI

LENGTHS OF THE SHORTEST PATHS IN THRISFNETTOPOLOGY.

Length (spans) 1

2

3

Number of paths | 20

30

34
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Algorithm 1 Generic QoT-aware adaptive RWA

Input: policy, Q.
Output: lightpathL P.

1:
2:

10:
11:

12:
13:

© e N’

for i=1... Cdo
Determine altered network topology considering only
links where)\; is free
Determine the shortest path SP(in the altered net-
work topology
if Q factors for all lightpaths (including the tentative
lightpath) are above thresholg,; then
Mark SP@;) as usable
end if
end for
if set of usable lightpaths is emptiyen
return LP = () (reject call)

else
Select a lightpath (“LP”) in the set of usable lightpaths
according to a predefined policy (SP, SP2, HQ, MmQ,
MmQ2)
return LP (accept call on “LP")

end if

Algorithm 2 QoT-aware adaptive RWA with optional coding.

Input: Qtn1,Qth2-
Output: setZ P of up to two lightpaths.

1: ComputeL P using Alg. 1 with wavelength random pick

(cf. Section IV-B) for the SP policy an@;, = Q1

2. if LP # () then

3:
4:
5:

10:
11:
12:
13:

else

return LP (accept call on. P with no coding)
Compute LP; using Alg. 1 with wavelength random
pick (cf. Section IV-B) for the SP policy an@,, =
Qin2
if LP; # () then
ComputeL P, using Alg. 1 with wavelength random
pick (cf. Section IV-B) for the SP policy an@;, =
Qin2
if LP, # () then
return LP = LP,,LP, (accept call onLP; and
L P, with FEC coding)
end if
else
return LP = () (reject call)
end if

14: end if
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fiber spans fiber spans,
OXC and amplifiers OXC amplifiers, OXCs  OXC 10_1
interchannel crosstalk
(e call
destination 5 - - -HQ, all effects
10 ——SP, all effects 4

Amplifier
noise

SP2, all effects
-— MmQ, all effects
——MmQ?2, all effectg

node éross\a\k node crosstalk node c:\ossla\k

Fig. 1. Model of a transmission lightpath (plain line) usedcbmpute the
Q factor. Each OXC can inject one or more node crosstalk coemts (dashed
lines), and nonlinear crosstalk can originate from each gdatted lines).
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Fig. 4. Call blocking probability for the various QoT-awdR&VA algorithms
(top panel) and for the MmMQ?2 algorithm with various physicapairments
(bottom panel) [NSFNET topology].

Fig. 2. Down-scaled version of the NSFNET topology (scafiactor: 1/10)
used to perform the simulations. On the figure, the weighsesent the
number of spans for the links.
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Fig. 5. Call blocking probability for the various QoT-awdR&VA algorithms
Fig. 3. Down-scaled version of the CERNET topology (scafiagior: 1/4) (top panel) and for the MmQ2 algorithm with various physitapairments
used to perform the simulations. On the figure, the weighpsesent the (bottom panel) [CERNET topology].
number of spans for the links.
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Fig. 6. BER for the various QoT-aware RWA algorithms (top glarand  Fig. 8.  Call blocking probability fairness for the varioussQaware RWA
for the MmQ2 algorithm with various physical impairmenttom panel) algorithms (NSFNET topology).
[NSFNET topology].
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Fig. 7. BER for the various QoT-aware RWA algorithms (top glarand
for the MmQ2 algorithm with various physical impairmentfom panel)
[CERNET topology].

Fig. 9. Call blocking probability fairness for the variou®Qaware RWA
algorithms (CERNET topology).
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