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Abstract— We consider dynamically reconfigurable wave-
length routed networks in which lightpaths carrying IP traffic
are on demand established.

We face the Routing and Wavelength Assignment problem
considering as constraints the physical impairments that arise
in all-optical wavelength routed networks. In particular, we
study the impact of the physical layer when establishing a
lightpath in transparent optical network. Because no signal
transformation and regeneration at intermediate nodes occurs,
noise and signal distortions due to non-ideal transmission
devices are accumulated along the physical path, and they
degrade the quality of the received signal. We propose a
simple yet accurate model for the physical layer which consider
both static and dynamic impairments, i.e., nonlinear effects
depending on the actual wavelength/lightpath allocation. We
then propose a novel algorithm to solve the RWA problem
that explicitly considers the physical impairments.

Simulation results show the effectiveness of our approach.
Indeed, when the transmission impairments come into play, an
accurate selection of paths and wavelengths which is driven by
physical consideration is mandatory.

I. INTRODUCTION

Wavelength Routed (WR) networks are considered the
best candidate for the short-term implementation of a high-
capacity IP infrastructure, since they permit the exploitation
of the huge fiber bandwidth, but do not require complex
processing functionalities in the optical domain.

In WR networks, remote high-capacity (electronic)
routers are connected through IP-tunnels. IP tunnels are
implemented by optical pipes called lightpaths that may
extend over several physical links. Lightpaths are routed
in the optical layer through the physical topology using a
single wavelength (we do not assume to exploit wavelength
conversion); at intermediate nodes, incoming wavelengths
belonging to in-transit lightpaths are switched to outgoing
fibers through an optical cross-connect that does not process
in-transit information. At the IP layer, lightpaths are seen
as data-link channels through which packets are moved
from a router to another router toward their destinations
following the classic IP forwarding procedure. Therefore,
in a WR network, an IP layer topology (also called logical
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topology), whose vertexes are IP routers and whose edges
are lightpaths, is overlayed to the physical topology, made of
optical fibers and optical cross-connects (OXC). If the OXC
node implementation requires opto/electronic conversions,
the technology is usually called “opaque”. Otherwise, if
switching of lightpaths is fully performed in the optical
domain, the term “transparent” is used. In this second case,
the cost of switching a lightpath is almost independent on
the transmission data-rate [1]. In this paper we consider the
latter technology, which is also the most promising one.

Lightpaths can either be semi-permanent [2], or be al-
located in on-demand fashion [3]. In the first case a static
topology is seen at the IP layer, while in the second case
more adaptivity can be gained at the cost of additional
complexity both at the optical layer and the IP layer. In this
paper we consider dynamically reconfigurable WR networks
in which lightpaths are on demand established.

In classic WR networks that support the dynamic allo-
cation of lightpaths according to user requests, the Rout-
ing and Wavelength Assignment (RWA) problem must be
faced. Indeed, for each connection request, a route across
the physical topology must be found, and a wavelength
must be selected with the constrains that i) two (or more)
lightpaths sharing the same fiber must be identified by two
(or more) different wavelengths (also called “wavelength
integrity constraint”) and ii) a lightpath must be identified
by the same wavelength on all the physical fibers along the
path (also called “wavelength continuity constraint”). If such
a path/wavelength exists, a point-to-point lightpath is estab-
lished for the duration of the connection. On the contrary,
the connection may be blocked given the limited number
of wavelengths supported by fibers and OXCs. The goal of
the RWA is therefore to minimize the connection blocking
probability, and several algorithms have been proposed to
address this problem [4].

RWA problem is a classic problem in the context of wave-
length routed networks. However, despite several solutions
have been proposed, most of them fail to consider the impact
of the physical layer on the data transmissions. Indeed, in
the definition of the RWA problem, only the availability of
a wavelength is considered as constraint in the formulation
of the problem itself. Considering opaque networks, this is
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a realistic assumption, as the optical signal is regenerated
ad each node, and transmission impairments are therefore
compensated at each node. But this is not anymore the case
when transparent optical networks are considered.

In a transparent all-optical network, because no signal
transformation and regeneration at intermediate nodes oc-
curs, noise and signal distortions incurred due to non-ideal
transmission devices are accumulated along the physical
path, and they degrade the quality of the received signal.
Noise accumulation actually decreases the Optical Signal
to Noise Ratio (OSNR) increasing the corresponding Bit
Error Rate (BER). Distortions due to fiber propagation
modify the shape of the received pulse inducing performance
impairments equivalent to a reduction of the OSNR. In
this paper, besides considering the noise accumulation, we
evaluate the impact of the linear and nonlinear fiber prop-
agation with the purpose to obtain an equivalent OSNR
characterizing each lightpath of the considered transparent
optical network. If for a certain lightpath the OSNR is too
low, the corresponding BER may exceed the maximum
tolerable BER imposed by the transmission techniques
employed. In that case the lightpath becomes not usable
and such an information must be taken into account by the
RWA algorithms. The OSNR information can be also used
as soft parameter giving a weight of the goodness of the a
lightpath allowing to implement RWA algorithms based on
the choice of the lightpath with the best OSNR among all
the usable ones.

In this paper, we consider a transparent optical network,
in which lightpath requests are dynamically set-up. When
solving the RWA problem, we explicitly take into account
the physical impairments imposed by the optical layer. In
particular, for the first time to the best of our knowledge,
we consider the effect of nonlinearities which arise when
considering dynamic wavelength allocation on optical fibers.
In particular, nonlinearities strongly depend on the current
allocation of wavelength on a given fiber (and path), and
therefore on the current status of allocated lightpaths on
the top of the physical topology. This intuitively affects
the RWA problem solution of new lightpath requests: the
selection of a suitable path and suitable wavelength may
fail to meet the minimum transmission requirement. But
it may also affect already established lightpaths whose
transmission properties are negatively affected by the new
establishing lightpath. Hence, we propose a novel routing
and wavelength assignment algorithm (called Best-OSNR)
which explicitly tries to minimize the impact of physical
impairments.

In the remaining of the paper, Section II describes the
physical layer model used to evaluate the transmission qual-
ity of a lightpath, including a brief comparison with related
work. Section III focuses on the RWA algorithm adopted
in this paper whose performance results are presented in

Section IV. Finally, Section V summarizes our findings.

II. PHYSICAL MODEL

In order to analyze the evolution of the electromagnetic
signals through a transparent optical network based on the
Wavelength Division Multiplexing (WDM) technique, the
wave equation for the fiber optic propagation should be
solved for every optical link. Since the optical fiber is a
nonlinear medium, the wave equation that regulates the
propagation is the so called Nonlinear Shroedinger Equation
(NLSE) [5] whose expression is:

∂A(z, t)
∂z

= −αA(z, t)+j
1
2
β2

∂2A(z, t)
∂t2

−jγ |A(z, t)|2 A(z, t)
(1)

where A(z, t) is the modal amplitude of the electromagnetic
field propagating in the optical fiber, α is the fiber loss
coefficient, β2 is the dispersion coefficient, γ is the nonlinear
coefficient, and z and t are the propagation direction and
time, respectively. Note that A(z, t) must include all the
modulated signals associated to the wavelengths in use,
because the nonlinear nature of the problem does not allow
to solve separately - wavelength by wavelength - the signal
propagation in optical fibers. Besides the model for the
propagation of optical signals through the fiber, the other
component that must be accurately considered is the optical
amplifier, e.g., the Erbium-Doped Fiber Amplifier (EDFA).
EDFA’s are used to recover the fiber loss introduced by
the fiber spans but impair the system performance by intro-
ducing a certain amount of noise, that is called Amplified
Spontaneous Emission (ASE) Noise. Given the amount of
gain G and the spontaneous emission factor nsp, the power
spectral density of noise introduced by the amplifier is [6]:

GASE(f) = 2 nsp(G − 1)hf (2)

where h is the Planck constant and f is the operation
frequency.

The analysis presented in this paper is focused on the
use of EDFAs to recover fiber attenuation, but it can be
easily extended in order to include the use of the promising
technology based on Raman Amplification [5], [6] or, in
general, the use of mixed EDFA/Raman technologies [7].

As well as the transmission components, i.e., fiber and
amplifiers, the transmitters and receivers should be modeled
in order to include in the performance analysis their effects
and potential system impairments.

The other network blocks to be modeled are the passive
components such as filters, and, in general, all the elements
performing optical network operations. For instance, the
add-drop multiplexers and the optical cross-connects.

Due to the nonlinear nature of Eq. (1), the evolution of the
optical signals along a transparent optical network should
be studied as a single complex problem. Eq. (1) should be
solved simultaneously for all the fiber links considering the
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boundary conditions, i.e., transmitters and receivers, and,
in general, network nodes. Furthermore, Eq. (1) does not
admit analytical solutions, therefore it must be integrated
numerically using simulators that typically are based on
the Split-Step Fourier Method [8], [9]. It means that the
performance evaluation of a single network configuration
could require a relevant computational effort, e.g., hours
of CPU time with the present state-of-the-art computers.
Hence, it is not possible to setup a RWA analysis that
requires to evaluate the network performance for possible
millions different network configurations, i.e., millions ex-
tremely time consuming simulations of the physical layer.

In order to overcome the computational limits introduced
by the complexity of the exact analysis of the physical
level of transparent optical networks, many approximated
solutions were presented in the technical literature.

In [10], [11], the authors consider independently the im-
pairments due to the effect of Polarization Mode Dispersion
(PMD) and accumulated ASE noise. The authors considered
the use of Raman amplifiers besides EDFAs. The analysis
is done for each lightpath and they consider that lightpath
performs well if both the requirements in terms of noise
accumulation (ASE) and PMD are satisfied. In these works,
the effect of fiber nonlinearities is not considered: it implies
neglecting the fundamental trade off between increasing
of transmitted power to overcome noise impairments and
limiting the power to avoid the impact of nonlinearities.
Similarly, in [12], [13] the authors considered only the
impairments of optical ASE noise introduced by the in-line
EDFAs and of electrical noise of the receivers. A different
approach to the problem was presented in [14], the authors
proposed to completely separate the transmission layer from
control layer. The transmission layer was analyzed by the
Optical Viability Engine (OVE) that gives to the control
layer the binary information (connection viable or non-
viable). The OVE can be a calculator, a rule-set or a
complete simulator.

We target our analysis to the inclusion in performance
evaluation of lightpaths the effect of accumulated ASE
noise, linear and nonlinear propagation. To the best of
our knowledge this is the first time nonlinear effects are
included in the performance evaluation of physical layer of
optical networks in order to drive the RWA algorithms with
the physical impairments on each lightpath. The simplified
model we propose is based on the separation of the effects
impairing the signal propagation in order to evaluate the
Optical Signal-to-Noise Ratio (OSNR) penalty induced
by each effect. We start from the assumption that the
performance in terms of Bit Error Rate (BER) of an optical
link based on the optical amplification is well approximated
by :

BER ≈ 1
2
e−η OSNR (3)

where η is a coefficient assuming values in [0, 1] that takes
into account how close to the ideal one is the receiver
used; η = 1 for the ideal receiver based on the optical
filter matched to the transmitted pulse. Using Eq. 3 we
neglected the influence of receiver electric noise. It is
a reasonable assumption for optical networks based on
the optical amplification, since the ASE noise is typically
widely prevalent with respect to the electric noise. In case
of studying networks without an extensive use of optical
amplification, Eq. 3 can be replaced by a more complex
one including the electric noise without varying the general
structure of the presented analysis.

For the optimal receiver, the exact expression can be
analytically derived and it is [15]:

BER =
1
2

{
e−φ (1 + φ) + 1 − Q2

(√
8 OSNR,

√
2φ

)}

(4)
where Q2 is the Marcum Q-function of order 2 [15] and φ
is the normalized decision threshold that must be optimized
for each value of the OSNR. Eq. 3 derives from a fitting of
Eq. 4 for optimal threshold and small (below 10−3) BER.
The OSNR is given by:

OSNR =
PS

PN
(5)

where PS is the power of the modulated signal carrying the
information and PN is the overall power of the ASE noise
introduced by the in-line optical amplifiers, i.e.,

PN =
i=Nspan∑

i=1

2nsp,i(Gi − 1)hfBn (6)

where M is the number of amplifiers for the lightpath under
analysis, nsp,i is the spontaneous emission factor for the i-
th amplifier, Gi is the gain for the i-th amplifier and Bn is
the equivalent noise bandwidth of the receiver.

Using Eq. 3, BER of a lightpath is directly related to the
OSNR. Therefore, if we define BERmax as the maximum
error probability tolerable by the transmission technique
used by the network under analysis, a lightpath can be
considered as in service if presents a BER smaller than
BERmax. Alternatively, the lightpath is in service if

OSNR > OSNRmin =
1
η

ln
(

1
2 BERmax

)
, (7)

therefore, to distinguish between different lightpaths within
the application of a RWA, the OSNR is a parameter to be
maximized in order to minimize the error rate. Furthermore,
the use of a certain lightpath must be discarded if the related
OSNR results to be smaller than OSNRmin. This approach
is the one we followed in order to implement the RWA
algorithms described in details in Sec. III.

In case of propagation impairments, besides the ASE
noise accumulation, performance for each lightpath can be
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still evaluated using Eq. 3, substituting the Optical Signal-
to-Noise Ratio with an equivalent coefficient OSNReq <
OSNR that wants to include the effects of the considered
impairments. Therefore, the expression of OSNReq in dB
units can be described as follows:

OSNReq,dB = OSNRdB − OSNRpen,l − OSNRpen,nl

(8)
where OSNRdB is 10 times the logarithm of the OSNR
value due to the ASE noise accumulation expressed in dB
units. OSNRpen,l and OSNRpen,nl are the penalties -
expressed in dB units as well - introduced by the linear
(dispersion, PMD) and nonlinear (Kerr effect) propagation
effects [5], [16], respectively. OSNR penalties are caused
by the pulse distortions induced by the propagation effects
that impairs the decision signal - eye-diagram closure -
inducing a performance impairments equivalent to a certain
amount of extra noise. Either ASE noise accumulation,
either the eye-diagram closure due to the propagative linear
effects act separately on different wavelengths, indepen-
dently of the number of wavelengths in use on the fiber
span under analysis. Therefore, OSNRdB and OSNRpen,l

depend only on the path π and on the wavelength λ (static
network configuration), while OSNRpen,nl depends also
on the number of wavelengths Nλ actually turned on - for
the considered network configuration - per each fiber span
used by the lightpath λ (dynamic network configuration).
It means that the overall OSNReq,dB function must be
evaluated for each lightpath for each possible network
configuration and not just for each lightpath independently
of the network configuration. It is clearly understandable
how the problem complexity dramatically grows with the
inclusion of the propagation nonlinear effects.

A rigorous analysis of the physical effects on the perfor-
mance of an optical network should require the simulation
of the entire network for every possible configuration that
the RWA algorithms may take into account. As previously
explained, such a task should require millions of hours of
computation time. Hence, we decided to evaluate separately
the ASE noise accumulation, the impairments of linear
effects and the impairments of nonlinear effects. Here is
the description of the approximations we used in order to
derive the impairments due to the considered effects.

• ASE Noise accumulation.
The graph describing the network is analyzed in order
to individualize the amplifiers, fiber losses, and lumped
losses. Then, for each physical path, the accumulated
ASE noise is evaluated together with the signal level.
As a result, each lightpath is targeted with the corre-
sponding OSNRASE .

• Impairments of linear propagation effects.
In order to evaluate the impairments of linear effects
(PMD and dispersion), for each lightpath the amount of
accumulated dispersion and PMD is evaluated. Then,

penalties are evaluated according to the results pre-
sented in [16], [17]. If the dispersion compensation is
applied and the overall PMD is small with respect to the
bit duration, impairments of linear propagation effects
can be neglected. In general from the analysis of linear
propagation the penalty OSNRpen,l is derived. In case
of linear effects negligible, OSNRpen,l = 0 dB.

• Impairments of nonlinear propagation effects.
Nonlinearities in optical fibers are caused by the phys-
ical effect called Kerr Effect. Its effect is a locale
change of the refractive index as a function of the
overall propagating optical power. Kerr effect induces
well know impairments on the propagating signal that
can be classified as [5], [16]: Self Phase Modulation
(SPM), i.e., the modulation of the phase of a signal
induced by variation in time of the power of the signal
itself; Parametric Gain (PG), i.e., the transfer of power
from a signal to the adjacent spectral components;
Cross-Phase Modulation (XPM), i.e., the modulation
of the phase of a signal induced by variation in
time of the the overall power of the comb of WDM
channels propagating in the fiber; Four Wave Mixing
(FWM), i.e., the generation of spurious tones at new
frequencies. In commercial WDM systems, the non-
linear limiting effect is typically the XPM [18], [19],
[20], [21]. Therefore, we focus our attention in the
evaluation of the OSNR penalty due to the XPM.
In order to pursue such a target, we assume that this
penalty is a monotone increasing function with number
of wavelength actually in use on the fiber and with
power per channel. Whereas we assume it decreases
with the increasing of dispersion and channel spacing.
These are well known general behaviors, but the exact
expression of the function is not known. Therefore,
we performed a series of Monte-Carlo simulations on
a defined test-link using the optical system simulator
OptSimTM [22] 1. From the results of these simulations
we deduced an empirical function giving OSNRpen,nl

from the knowledge of the fiber characteristics, the
number of wavelengths turned on, the length of the
fiber span and the transmitted power. This function
was actually a look-up-table derived from simulations.
Using OptSim we evaluated the interference due to the
non linear effect in several situations. We propagated an
un-modulated (continuous wave) channel together with
Nch modulated channels, with Nch = 2, 4, 6, ..., 32.
We varied the channel power, channel spacing and
dispersion. Furthermore, we carried out Monte-Carlo
simulations in order to average the results with respect
to the bit sequences and bit-edge alignments. The

1Note that OptSimTM uses a propagation numerical model called
Time-domain split-step method [8], [9], that is the time domain
implementation of the well-know Split-Step Fourier Method [5].
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resulting interference, as expected, was a monotone
”logarithm like” function with respect to the number of
channels, whereas the interference decreases with the
increasing of dispersion magnitude and channel spac-
ing, and increases with the increasing of channel power.
From this function, knowing the network characteristics
from its graph description and the wavelength assign-
ment, OSNRpen,nl is evaluated. Of course this penalty
depends on the dynamic reconfiguration of the network
because it varies with the number of wavelengths in
use for each fiber and with their spectral assignments.
In the evaluation of non linear impairments we always
considered the worst case situation in terms of channel
spacing, i.e., given the number of channel turned on
a fiber span, we considered that all the channels were
uniformly spaced with the minimum channel spacing.

Considering the separate evaluation of impairments due
to the considered effects, for each possible lightpath of
the network, the physical layer analysis was able to pro-
vide to the RWA algorithms a function OSNR(π, λ) =
OSNRASE − OSNRpen,l − OSNRpen,nl. The value of
such a function, given a path π and a wavelength λ, is
a constant for a static network, while changes in case of
dynamic re-configuration of the network because it depends
also on the number of wavelengths actually in use on each
fiber span.

III. RWA ALGORITHMS

To gauge the impact of physical impairments on the
RWA solution, we compare the performance of traditional
RWA algorithms to the one obtained by a novel algorithm
which considers the physical impairments when solving the
RWA problem. We first describe traditional algorithms while
also introducing the notation, and then describe the novel
algorithm.

A. Traditional Algorithms

To solve the RWA problem, we selected two algorithms
that were shown to give good performance: the First Fit-
Minimum Hop (FF-MH) and First Fit-Least-Congested (FF-
LC) [4]. These are traditional algorithm, which split the
RWA problem into two simpler sub-problems: first a suitable
path is selected, and then a suitable wavelength is allocated
if available on the selected path.

In more details, when searching for available wavelengths
on a given path, a First-Fit strategy is used: a lower
numbered wavelength is considered before higher numbered
wavelengths, and the first available wavelength is then
selected by both algorithms.

As regards the path selection, for each source/destination
pair, the FF-MH algorithm considers only one possible path,
which has been preselected to be the minimum hop path. In
case more than one minimum hop path is present between

the same source/destination pair, only one is considered (in
particular, the first minimum hop path found is selected).
Dijkstra algorithm can be used to obtain the minimum hop
path.

The FF-LC algorithm, instead, considers a pre-ordered list
of available paths for each source/destination pair. Paths are
dynamically sorted, so that always the least congested path
is tested first. The “congestion” metric counts the number
of wavelengths already used on a fiber, so that the path
with the largest number of unused wavelengths is chosen.
In case more than least congested path exists, (one at random
among) the shortest path will be selected For the purpose
of providing a formal description of the algorithms, we use
a standard graph theory formalism. Thus, we refer to the
generic physical network as a directed graph G = (V, E),
where V is the set of vertexes (nodes, in our case), and E
is the set of edges (links)2.

A path π(s, d) of length n(π(s, d)) = ||π(s, d)|| is defined
as a sequence of n distinct edges ei joining s and d, where
s, d ∈ V , ei ∈ E , π(s, d) = {e1, e2, ..., en}.

Let Π(s, d) = {πi(s, d)} be the set of available loop-free
paths from node s to node d. Let W (ei) be the number of
wavelength already allocated on link ei.

Given those definitions, the Minimum Hop routing will
select the path πMH(s, d) such that

πMH(s, d) = min
π∈Π(s,d)

n(π)

On the contrary, the Least Congested path πLC(s, d) will
be selected such that:

πLC(s, d) = min
π∈Π(s,d)

(
max
ei∈π

(W (ei)) +
1
c
n(π)

)

The constant c must be selected such that

c > max
π∈Π(s,d)

(n(π))

Notice that the MH path selection can be performed off-line,
being n(π) constant with respect to wavelength allocation.
On the contrary, the implementation of the LC path selection
criterion requires each route to be selected for each lightpath
request, thus entailing a much larger complexity, both in
term of computational power and signaling.

Once a path has been selected, the wavelength allocation
is performed using the first-fit approach by both algorithms.
Let Λ(ei) = {λj , j = 1, . . . , L} be the ordered set of
supported wavelength on link ei. Let F (λj(ei)) take the
value 0 if the j-th wavelength is free on link ei, 1 otherwise.
Then, the set F of available wavelength on path π(s, d) is
defined as

F = {λj such that F (λj(ei)) = 0 ∀ei ∈ π(s, d)}
2In this paper we interchangeably use the terms ‘edges’ and

‘links’ and the terms ‘vertexes’ and ‘nodes’.
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Fig. 1. Physical topology.

Then, lightpath request will be allocated using wavelength
λ̂ on path π(s, d) such that:

λ̂ = min
j

(λj ∈ F)

B. B-OSNR algorithm

Traditional algorithms fails to consider the physical im-
pairments that may affect the transmission on a given
path/wavelength. We therefore propose a novel algorithm,
called Best-Optical Signal Noise Ratio (B-OSNR), which
will jointly assign to a given request a path and a cor-
responding wavelength. In particular, the path/wavelength
solution which will present the maximum OSNR will be
selected. Let OSNR(π(s, d), λj) be the OSNR on wave-
length λj on path π(s, d). OSNR(π(s, d), λj) = −∞ if λj

is not usable on path π(s, d). Then, the path πOSNR(s, d)
and the wavelength λOSNR will be selected such that:

(πOSNR(s, d), λOSNR) = max
π∈Π(s,d)

(
max
λ∈Λ

OSNR(π, λ)
)

As can be noticed, the B-OSNR algorithm jointly assigns
a path and a wavelength to a given lightpath request. Its
complexity grows linearly with the number of paths and the
number of wavelengths that must be checked to find the best
solution.

IV. PERFORMANCE ANALYSIS

To gauge the impact of the physical constraints on the
routing and wavelength assignment, we developed a simu-
lator which implements all the RWA algorithms described
in the previous section, and performs the evaluation of
the OSNR as described in Section II. To this purpose,
the description of the physical topology by means of a
graph G, which includes the definition of fibers, amplifiers,
optical cross connects, etc., is given as input. In particular
we assumed that the network is cabled using Non-Zero

Dispersion Shifted fibers. In order to recover fiber losses
we considered to use EDFAs spaced Lspan km that perfectly
recover the loss introduced by the fiber span. We supposed
the employed EDFAs are perfectly spectrally equalized and
have flat transfer functions, providing the same amount of
gain for all the wavelengths. We explored different scenarios
analyzing the network behaviors for Lspan = 40, 60, 80 km.
We assumed to use dispersion compensation techniques and
that the PMD effect is negligible at the supposed bit-rate of
10 Gbit/s. Therefore, we supposed to be negligible the prop-
agation linear effects focusing our analysis on considering
the limiting effects of noise accumulation and impairments
of fiber nonlinearities. Regarding the effects of passive
components performing network operations within the nodes
(filters, add-drop multiplexers, optical cross-connects, etc...)
we considered the extra losses that they introduce. We did
not include they filtering effect.

A description of the traffic pattern completes the scenario
whose performance indexes will be analyzed during the
simulation. The traffic description includes a traffic matrix
T = {ts,d} whose elements ts,d represent the fraction of
lightpath requests from node s to node d. Lightpath requests
are generated according to a Poisson process of rate ρts,d,
in which ρ represent the average arrival rate in connection
per seconds. Connection holding time is exponentially dis-
tributed, with average set to 1 which therefore fixes the time
reference in the simulation.

Once a connection request is generated, the corresponding
RWA problem is solved according to the selected algorithm.
If a path π and a free wavelength λ are available, the
corresponding OSNR is evaluated, and if it is above to a
given OSNRmin threshold, then the lightpath is accepted,
and the corresponding λ is allocated on all links of path π.
Otherwise, the lightpath request is blocked and no reserva-
tion occurs. Allocated resources will then be released at the
end of the connection lifetime.

As performance indexes, the average blocking probabil-
ity Pb is evaluated. In particular, to asses the impact of
the OSNR limitation, the simulator evaluates the blocking
probability due to physical impairments (POSNR

b ) and the
blocking probability due to lack of available wavelength
(Pλ

b ). The first one is defined as the ratio between the
number of lightpath requests which were blocked because
the OSNR level on the selected (free) wavelength was below
the minimum threshold with respect to the total number
of lightpath requests. Pλ

b accounts for blocked lightpath
requests due to lack of available free wavelength. Clearly
Pb = POSNR

b + Pλ
b .

In the simulation result reported in this paper, we con-
sidered as physical topology the Italian Optical Network
sketched in Fig. 1 which was derived from a possible
evolution of the Telecom Italia network topology. Nodes
reflect the real position of cities and link lengths reflect the
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Fig. 2. Total average blocking probability versus offered load for
different algorithms. Fiber span (Lspan of 40 km, 60 km, 80 km
are presented.

real distances among cities. All fiber and nodes are assumed
to be physically equal. Maximum number supported wave-
length L is set to 16.

We consider three different physical configurations, which
differ by the maximum span of fibers that is admissible
without requiring regeneration, i.e, the maximum length of
optical fiber between two adjacent amplifiers. In particular,
spans of 40 km, 60 km, 80 km will be considered. The
longer is the fiber span, the larger is the amount of gain
required to recover fiber losses. Hence, the larger is the
amount of noise introduced by the amplifiers. To restore
the target OSNR a larger amount of transmitted power can
be employed, but with the increasing of transmitted power
the effect of nonlinearities progressively grows inducing a
stronger impairment on performance.

Regarding the traffic pattern, we consider in this paper
a simple uniform traffic, in which all ts,d = 1. We set
OSNRmin = 20dB, corresponding to BER = 10−12 with
an OSNR margin of about 4 dB. During the path search
phase, the sets Π(s, d) are build by considering only those
paths whose minimum OSNR is larger than OSNRmin. The
minimum OSNR of a given path is evaluated by not con-
sidering the nonlinearities, i.e., by considering OSNR(π, λ)
when no other lightpaths is established on any other paths.
A limited number of path is considered for each source
destination pair, so that the complexity of finding πLC and
πOSNR is limited: paths in Π(s, d) are sorted in decreasing
number of hops, and then only the first 30 paths are
considered 3.

Finally, to get accurate results, each simulation was ended
when the performance indices were such that the 95%

3We considered larger sets of paths, but without observing major
differences on the results.
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Fig. 3. Average blocking probability due to OSNR impairment
versus offered load for different algorithms. Physical span of 40
km, 60 km, 80 km are presented.

confidence interval was within 5% of the point estimate.

A. Blocking probability

In Figures reported in this section, dashed lines refers to
the blocking probability obtained when the FF-LC algorithm
is considered, while solid lines report results considering the
B-OSNR. Different points are used to highlight different
span values.

Figure 2 plots the average blocking probability versus
offered load. Comparing the results obtained by the FF-LC
or the B-OSNR algorithm, it can be noticed that when the
impact of the OSNR introduced by the physical layer is
negligible, the FF-LC algorithm performs better than the
B-OSNR approach. Indeed, for small values of the offered
load and for small span values the FF-LC takes the lead,
while for both larger values of ρ and for span value set to
80km, the B-OSNR algorithm clearly outperforms the FF-
LC approach.

The intuition behind this is that the better allocation
of wavelength used by the FF approach tends to better
pack wavelength usage so that the change of obtaining a
free wavelength is larger. On the contrary, the wavelength
allocation performed by the B-OSNR algorithm tends to
spread out the wavelength as much as possible, so to
minimize the noise introduced by adjacent channels. This
leads to a larger blocking probability when the cause of
blocking is due to lack of wavelength.

On the contrary, for larger values of the offered load,
the effects due to nonlinearities clearly affect the block-
ing probability faced by a FF-LC algorithm. Indeed, its
more compact wavelength allocation criterion maximizes the
noise due to interfering wavelengths. Therefore, when the
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dation versus offered load for different algorithms. Physical span
of 40km, 60km, 80km are presented.
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Fig. 5. Total average blocking probability versus physical span
for different algorithms. Offered load set to 4.

blocking probability is largely due to physical impairments,
the FF-LC algorithm cannot find any good solution.

Similarly, considering different network span configura-
tion, the B-OSNR approach shows little differences, show-
ing that it is able to overcome physical configuration which
offers worse OSNR. On the contrary, the FF-LC algorithm
present almost identical results when 40km and 60km span
long networks are considered, while the 80km span network
performance are much worse. This is due to the path
selection choice, which allows the FF-LC algorithm to select
longer paths which will cause larger transmission noise that
will be accumulated along the path itself, finally resulting
in a blocked lightpath due to lack of OSNR.

To better highlight this effects, Figure 3 plots the blocking
probability due to physical impairments. Considering the

40km and 60km span, the B-OSNR presents no blocking
due to lack of OSNR, while the FF-LC algorithm shows
a steep increase of the blocking probability due to trans-
mission impairments. This confirms the intuition the the
nonlinearities faced by the FF-LC wavelength allocation
(and path selection) are the largest cause of blocking.

Similarly, considering the 80km span long network, the
FF-LC algorithm is not able to find any suitable path and
wavelength solution to the RWA problem even when the
nonlinearities are small, i.e., when then offered load is small
so that few lightpath are present at the same time.

Finally, to gauge the ratio between the blocking due
to wavelength lack or to OSNR lack, Figure 4 plot the
percentage of blocking probability due to OSNR degradation
versus the offered load. It confirms the previous observation,
by showing that the B-OSNR algorithm is only marginally
affected by the lack of OSNR. On the contrary, the FF-LC
approach faces the majority of blocking probability because
the selected wavelength and path cannot offer an adequate
OSNR level.

To better observe the effect of nonlinearities on the block-
ing probability, Figure 5 plots the total average blocking
probability versus the span for offered load equal to 0.4. The
plot also reports results considering the FF-MH algorithm.
Its performance are in general limited when compared to
algorithms that allow to test more than a single path, as
already well-known [4]. The B-OSNR algorithm presents
the best results, about one or two order of magnitude better
than results presented by classic algorithms which fail to
consider physical impairments.

In particular, considering span smaller than 80km, the
static impairments due to the physical layer are negligible, as
no major differences are observed moving from 40km long
span to 60km long span physical configuration. Increasing
the span length to 80km, on the contrary the blocking prob-
ability of the FF-LC algorithm increases. This performance
downgrade is largely due to the selection of possibly longer
and more noisy paths. The FF-MH algorithm is little affected
by this, as it always select the minimum hop path which in
general is also the shortest one and therefore the one which
presents the smaller noise due to linear effects. Still, a little
increase in the blocking probability is due to the smaller
static OSNR ratio which, combined with the nonlinearity
noise, increases the chance of observing a OSNR larger then
OSNRmin.

V. CONCLUSIONS

In this paper we considered a transparent optical network.
By using wavelength routed technology, we considered the
routing and wavelength assignment problem under trans-
mission impairments. We considered a dynamic scenario,
in which lightpath requests arrive and leave the network.
Because in transparent optical network no signal transfor-
mation and regeneration at intermediate nodes occurs, noise
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and signal distortions due to non-ideal transmission devices
are accumulated along the physical path, and they degrade
the quality of the received signal. This affects the availability
of the optical channel, and therefore must be considered
during the RWA solution. We presented a novel simple
physical model to evaluate the OSNR ratio which considers
both static noise due to optical components and nonlinearity
effects due to the current wavelength allocation and usage.

We then presented a novel algorithm which tries to min-
imize the effect of transmission impairments when solving
the RWA problem for each lightpath requests. Simulation re-
sults showed that, when the transmission impairments comes
into play, an accurate selection of path and wavelength
which is driven by OSNR is mandatory.

In particular, both static effects and nonlinearities can
largely affect the blocking probability: the first one depend
on the physical configuration and must be considered for any
offered load to the network; the latter one rapidly degrades
the quality of the transmission layer when the number of
lightpath already established is large, i.e., when the offered
load is higher. In such scenarios, the proposed B-OSNR
algorithm outperforms traditional algorithms which fails to
consider the physical impairments.

VI. ACKNOWLEDGMENT

The authors would like to thank RSoft Design Group, Inc
for supplying the simulation tool OptSimTM.

REFERENCES

[1] R. Ramaswami, K.N. Sivarajan, ”Optical Networks: A Prac-
tical Perspective,” The Morgan Kaufmann Series in Net-
working, February 1998.

[2] B.Mukherjee, D.Banerjee, S.Ramamurthy, A.Mukherjee,
“Some Principles for Designing a Wide-Area WDM Optical
Network,” ACM/IEEE Transactions on Networking, Vol.4,
n.5, pp. 684-695, Oct. 1996.

[3] H.Zang, J.P.Jue, L.Sahasrabuddhe, S.Ramamurthy,
B.Mukherjee, “Dynamic Lightpath Establishment
in Wavelength-Routed WDM Networks,” IEEE
Communications Magazine, Sept. 2001.

[4] H.Zang, J.P.Jue, B.Mukherjee, “A review of routing and
wavelength assignment approaches for wavelength-routed op-
tical WDM networks,” SPIE Optical Networks Magazine, vol.
1, no. 1, Jan. 2000.

[5] Govind P. Agrawal, “Nonlinear fiber optics,” Academic Press,
San Diego, 2nd edition, 1989.

[6] E. Desurvire, “Erbium-Doped Fiber Amplifiers,” John Wiley
& Sons, New York, 1994.

[7] V. Curri, “System advantages of Raman Amplifiers” NFOEC
2000 proceedings, vol. 1, paper B1.1, pp 35-46, Denver, CO,
USA, August 2000.

[8] A. Carena, V. Curri, R. Gaudino, P. Poggiolini and
S. Benedetto, “A time-domain optical transmission system
simulation package accounting for nonlinear and polarization
related effects in fiber”, IEEE Journal on Selected Areas in
Communications, vol. 15, no. 4, pp. 751-765, May 1997.

[9] G. Boggio, M. Burzio, N. Portinaro - ARTIS Software J. Cai,
I. Cerutti, A. Fumagalli, M. Tacca, L. Valcarenghi, A. Carena,
R. Gaudino, “NetworkDesigner - Artifex - OptSim: a suite of
integrated software tools for synthesis and analysis of high
speed networks,” Optical Networks Magazine, September-
October 2001, pp 27-41.

[10] Y. Huang, A. Gencata, J. P. Heritage, B. Mukherjee, “Routing
and Wavelength Assignment with Quality-of-Signal Con-
straints in WDM Networks,” European Conference on Op-
tical Communications (ECOC ’02), Copenhagen, Sept. 2002.

[11] Y. Huang , W. Wen , J. P. Heritage, B. Mukherjee “Signal-
Quality Consideration for Dynamic Connection Provision-
ing in All-Optical Wavelength-Routed Networks,” Optical
Networking and Communications conference (OptiComm),
Dallas, TX, Oct. 2003

[12] B. Ramamurthy, D. Datta, H. Feng, J. P. Heritage, and B.
Mukherjee, “Impact of Transmission Impairments on the
Teletraffic Performance of Wavelength-routed Optical Net-
works”, IEEE/OSA Journal of Lightwave Technology, vol. 17,
no. 10, pp. 1713-1723, October 1999.

[13] R. Sabella, E. Iannone, M. Listanti, M. Berdusco, and S.
Binetti, “Impact of Transmission Performance on Path Rout-
ing in All-optical Transport Networks”, IEEE/OSA Journal
of Lightwave Technology, vol. 16, pp. 1965-1971, Nov. 1998

[14] B. Peeters, D. Forbes, R. Friskney and J. Shields, “Optimal
routing in hybrid networks by decoupling the route calcu-
lation from the assessment of optical route viability,” 9th

European Conference on Networks & Optical Communica-
tions (NOC 2004) Proceedings, pp. 359-366, Eindhoven, The
Netherlands, June 29-July 1, 2004.

[15] J. G. Proakis, Digital communications, 2nd edition, New
York, McGraw-Hill, 1989.

[16] I. P. Kaminow, T. L. Koch, Optical Fiber Telecommunications
IIIA, San Diego, Academic Press, 1997.

[17] L. Kazovsky, S. Benedetto, A. Willner, Optical Fiber Com-
munication Systems, Boston, Artech House, 1996.

[18] S. Ten, K.M. Ennser, J.M. Grochocinski, S.P. Burstev, and
V.L. da Silva, “Comparison of Four-Wave Mixing and Cross
Phase Modulation penalties in dense WDM systems,” Pro-
ceedings of OFC 1999 ThC4, Vol. 3, pp. 43-45, 1999.

[19] G. Bellotti, M. Varani, C. Francia, and A. Bononi, “Intensity
distortion induced by cross-phase modulation and chromatic
dispersion in optical-fiber transmissions with dispersion com-
pensation,” IEEE Photonics Technology Letters, Vol. 10,
pp. 1745-1747, Dec. 1998.

[20] A. V. T. Cartaxo, “Cross-phase modulation in intensity
modulation-direct detection WDM systems with multiple
optical amplifiers and dispersion compensators,” IEEE/OSA
Journal of Lightwave Technology, Vol. 17, pp. 178 -190,
Feb. 1999.

[21] A. Carena, P. Cobetto Ghiggia, V. Curri, ”A Novel Model of
Cross Phase Modulation in Long-Haul WDM Optical Sys-
tems,” Proceedings of SubOptic 2004, Monaco (Montecarlo),
March 29th - April 1st 2004.

[22] http://www.rsoftdesign.com/products/system simulation/OptSim

429


