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ABSTRACT

In the last 15 years, numerous investigations
by both academia and industry have been carried
out in the field of all-optical WDM networks’
design. In all-optical — or transparent — WDM
networks, data is transmitted from its source to
its destination in optical form, switching/routing
operations being performed in the optical
domain without undergoing any optical-to-elec-
trical conversion. Optical transparency may con-
siderably reduce network infrastructures’ cost
and extend the range of services offered by the
carriers. Designing an all-optical network con-
sists of assigning to each traffic demand an end-
to-end optical circuit, also called “lightpath.” In
such networks, the problem of routing and wave-
length assignment (RWA) aims to find an ade-
quate route and an adequate wavelength for
each traffic demand subject to the wavelength
continuity constraint and limited network
resources. The feasibility of the obtained light-
paths in terms of admissible quality of transmis-
sion (QoT) presents another difficulty. Indeed,
according to the state of technology, various
physical impairments degrade the quality of the
optical signal along its propagation. Optical
fibers and optical amplifiers as well as optical
switching/routing nodes impact on end-to-end
QoT. In this context only translucent networks
are achievable, for instance, at a pan-European
or pan-American scale. A translucent network
uses electrical regenerators at intermediate
nodes only when it is necessary to improve the
signal budget. The cost of a network is roughly
proportional to average number of input/output
ports of a node. Knowing that today an optical
port is five times less expensive than an electrical
one, sparse regeneration allows translucent
WDM networks to meet the QoT requirements
and achieve performance measures close to
those obtained by fully opaque networks at much
lower cost. In this article we propose a state of
the art in the field of impairment-aware RWA
(IA-RWA), starting from the case of predictable
traffic demands to the open problem of stochas-
tic traffic demands. An economic analysis of the
IA-RWA problem is proposed to justify the con-
cept of translucent networks. The case of multi-

domain lightpath establishment is also consid-
ered. Several examples of still open problems
are mentioned in the article. Most of the con-
cepts and results presented in this article refer to
the FP7 DICONET European project in which
the authors are involved.

INTRODUCTION

The emergence of wavelength-division multiplex-
ing (WDM) multiplexers in the 1990s enabled a
strong boost in the capacity of optical fibers,
while electrical regenerators that were used
roughly every 70 km (43 mi) have been replaced
by optical amplifiers. In parallel, numerous
advances have been achieved in the field of opti-
cal switching and quality of transmission (QoT)
monitoring. The feasibility of optical cross-con-
nects (OXCs), optical circuit switches (OCSs),
and optical packet switches (OPSs) has been
demonstrated in the last decade. Hardware tech-
nologies for OXCs and OCSs are mature. Stud-
ies like those carried out within the Dynamic
Impairment Constraint Networking for Trans-
parent Mesh Optical Networks (DICONET)
project are dedicated to the specification of a
control/management plane for dynamic lightpath
establishment (see the article of our colleagues
included in this issue). In this context two types
of traffic demands, either static or dynamic must
be considered. In the first case traffic demands
are semi-permanent, with routing and wavelenth
assignment (RWA) mainly used for network
planning. In the latter case the lifetime of a traf-
fic demand is finite while remaining larger than
network round-trip time. The specification of a
signaling channel is necessary for automatic
dynamic lightpath establishment. Either pre-
dictable or stochastic traffic demands are consid-
ered in the case of dynamic traffic. It has been
shown that solving the RWA problem under
dynamic and predictable traffic demands,
referred in the literature to as scheduled traffic
demands (STD), may be carried out offline. In
that case RWA is one of the main functionalities
of the management plane. When assuming
dynamic and predictable traffic demands, RWA
consists of a global optimization tool that com-
pares the costs of all feasible RWA solutions for
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the whole set of traffic demands. A solution’s
cost is expressed in terms of required optical and
electrical ports. Dynamic and stochastic traffic
demands are characterized by an unknown
arrival time and a random lifetime. This unpre-
dictability of the traffic imposes on-the-fly RWA
applied to individual demands. This task must be
done in real time and is the main functionality
of the control plane. Although all-optical wave-
length converters are technically feasible, their
cost remains prohibitive for carriers. This is the
reason two main constraints must be considered
when solving the RWA problem: wavelength
continuity and the limited number of optical
channels that may be multiplexed onto the same
fiber.

Only since 2000 has real attention been paid
to the impact of transmission impairments on
the feasibility of solutions provided by RWA
[1]. According to the state of the technology,
various factors degrade the quality of an analog
optical signal along its route due to propaga-
tion itself, multiplexing, amplification, and
switching. Many investigations have tried to
include QoT constraints in RWA strategies;
these constraints may be classified into linear
and nonlinear impairments. Linear impairments
are such that their impact on QoT is indepen-
dent of the power of each of the optical chan-
nels transported on the same fiber. At the
opposite, nonlinear impairments are strongly
dependent on the accumulated power and on
the individual power of the optical channels
transported in parallel on the same fiber. The
higher the bit rate of the data transported by a
lightpath or the larger the length of the route
adopted for a lightpath, the higher the required
optical power at the transmitter. In other terms,
under linear impairments QoT can be evaluat-
ed individually for the different optical chan-
nels sharing the same fiber. This is not the case
under nonlinear impairments, wherein the QoT
of each optical channel transported on a fiber
depends on the number, value, and power of
the other channels transported simultaneously
on the same fiber. Impairment-aware RWA
(IA-RWA) consists of solving the RWA prob-
lem while taking into account QoT constraints.
Today, the great majority of the investigations

on TA-RWA are dedicated to static traffic. The
case of IA-RWA with dynamic traffic remains
widely open to further study; it is a key objec-
tive of the DICONET project.

The aim of this article is to provide an
overview of the state of the art of IJA-RWA. We
recall the main physical layer impairments to be
considered for QoT evaluation. As mentioned in
the abstract, full optical transparency is in prac-
tice not achievable with the state of the technol-
ogy. This is why the concept of a translucent
network has been introduced. We discuss the
necessary economical trade-off for carriers
between opacity and transparency. Numerous
technologies enable the impact of physical layer
impairments on QoT to be reduced. Meanwhile,
beyond a certain distance, electrical regeneration
becomes mandatory if QoT at intermediate
nodes degrades beyond an admissible limit. This
limit is referred to as the Q-factor threshold. We
also dedicate a section to static [JA-RWA. The
main task of static IA-RWA is to determine the
most judicious locations for electrical regenera-
tion in the network. We then deal with the more
prospective problem of dynamic IA-RWA. We
propose an introductory analysis of IA-RWA in
the context of multidomain lightpath establish-
ment. We then conclude this article.

PHYSICAL LAYER IMPAIRMENTS

Figure 1 recalls the typical configuration of a
point-to-point WDM transmission system. In
carriers’ networks optical fibers are set in pairs
between adjacent nodes, a fiber for each direc-
tion of transmission. At the source node, parallel
optical channels generated by fixed transceivers
are multiplexed onto a standard single-mode
fiber (SMF). An optical pre-amplifier (post-
amplifier) is used at the input (output) of each
switching node. The WDM multiplex is regularly
re-amplified at amplification sites spaced on
average 80 km apart. A span corresponds to the
section of fiber separating two adjacent amplifi-
cation sites. An optical link is the set of spans
used between two adjacent switching nodes. A
lightpath generally overlaps several links; inter-
mediate nodes (electrical cross-connects [EXCs]
or OCSs) are in charge of lightpath routing.
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QoT is evaluated at the destination node of a
lightpath by computing the Q-factor, which is
directly linked to the bit error rate (BER) and
optical signal-to-noise ratio (OSNR). As an indi-
cation, a Q-factor of 12.5 dB corresponding to a
BER of 107 is frequently considered the Q-fac-
tor admissibility threshold when forward error
correction (FEC) is applied.

LINEAR IMPAIRMENTS

Attenuation (a): The analog optical signal is
subject to two main types of attenuation: intrin-
sic and extrinsic. Intrinsic attenuation is due to
the absorption of the optical power in silica.
Raleigh scattering due to the interaction between
photons and silica molecules causes scattering in
multiple directions. Attenuation due to Rayleigh
scattering is more sensitive for short wavelengths
(in nanometers) than longer ones. Extrinsic
attenuation is due to irregularities in the section
of the cylindrical geometry of the fiber. Both
attenuations are expressed in dB per kilometer.
Global attenuation o. of SMF fibers (other types
of fiber can be used for very long-haul transmis-
sion systems) is about 0.2 dB/km

Amplified spontaneous emission: Erbium
doped fiber amplifiers (EDFAs) are subject to
spontaneous emission that corresponds to pho-
tons generated by the non-controlled return of
excited electrons in Erbium ions to their stable
state. Such photons do not coincide in time and
phase with those belonging to the incoming opti-
cal signal. The impact of amplified spontaneous
emission (ASE) is expressed in terms of OSNR.
Even if one assumes perfect compensation for
the attenuation of a span by an EDFA, the
inverse of OSNR at the output of an EDFA is
equal to the summation of the inverse of OSNR
at its input and the ratio of the ASE power to
the input power. ASE is related to the noise fig-
ure (NF) of the amplifier. Figure 2 illustrates the
typical evolution of OSNR over multiple spans.

Chromatic dispersion: CD is due to the fact
the various spectral components of a modulated
analog optical signal do not propagate with the
same speed in the fiber. This propagation speed
disparity induces intersymbol interference (ISI)
at destination. CD depends on wavelength and
increases with distance. It is expressed in picosec-
onds per nanometer or kilometer. CD is consid-
ered as one of the most penalizing linear
impairments on QoT. CD of SMF fibers is about
+17 ps/nm.km.

Polarization mode dispersion: PMD is due to
unpredictable birefringence in the fiber, this
birefringence being due itself to the non-circu-
larity of the core of the fiber. The fact the two
orthogonal polarization directivities of the elec-
tro-magnetic field do not propagate at the same
speed induces a phenomenon similar to ISI at
the destination. Being expressed in ps per square
root of km, the square of PMD value is additive
with distance. As an indication, the International
Telecommunication Union — Telecommunica-
tion Standardization Sector (ITU-T) recom-
mends, for a 2 Gb/s (10 Gb/s) channel, a limited
cumulated PMD of 40 ps (10 ps) after 400 km of
propagation. Unlike CD, PMD is wavelengthpin-
dependent. PMD of SMF fibers is about 0.1 ps
per square root of km.

OSNRjpput L =80km i L=80 km

i L=80km ;L =80km OSNRyyput

Transmit 'power P \

OSNR;nput

«
n

OSNR;

OSNR, [===========mmmmoooe- ‘—\
OSNR,

»

OSN Routput |

' Distance

»

Distance

W Figure 2. Impact of EDFA's ASE on OSNR.

Insertion loss: IL corresponds to the differ-
ence between the power of the optical signal at
the input and output of an opto-electronic
device. IL expressed in dB is considered in the
calculation of the power budget (OSNR) of a
lightpath. The penalty induced by the transit
through an OXC or OCS strongly depends on
the hardware architecture of the switching fab-
ric; it is evaluated in terms of IL.

NONLINEAR IMPAIRMENTS

Nonlinear impairments may be classified into
two categories. The first category refers to the
impact of optical power on the fiber’s refractive
index. Such an impact is known as a Kerr effect.
Three Kerr effects are distinguished: self-phase
modulation (SPM), cross-phase modulation
(XPM), and four-wave mixing (FWM). SPM
induces a phase shift of the optical pulses. The
other category refers to scattering effects
between silica and optical signal. Stimulated
Raman scattering (SRS) and stimulated Bril-
louin scattering (SBS) are the two scattering
effects. In practice, the impact of SRS and of
SBS on OSNR is negligible compared to SPM,
XPM and FWM. FWM is the most penalizing
impairment among Kerr effects. The cumulated
impact of the various nonlinear impairments is
in general expressed as a nonlinear phase shift
(®Pn1) expressed in rad/s. @y, depends on the
value of the wavelength and is cumulative with
distance.

IMPAIRMENT COMPENSATION TECHNIQUES

In order to compensate for cumulated CD,
each amplification site uses a dispersion com-
pensation fiber (DCF) section with a strong
negative CD of about -90 ps/nm.km. This
DCEF section is inserted between the two
amplification stages of an amplification site.
In current carrier networks, EDFAs operate
in the C-band (1530-1560 nm) where attenua-
tion is minimal. An EDFA enables up to 60
optical channels to be amplified simultaneous-
ly with a 40 dB global gain and a noise figure
around 5 dB.
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FLAT vs. NON-FLAT BEHAVIOR ASSUMPTION

In most studies optical fibers” CD and EDFA’s
penalty on OSNR are assumed to be flat, that is,
independent of the wavelength used by the con-
sidered lightpath. In practice, this assumption is
not valid. Hence, CD is wavelength-dependent.
Similarly, the gain of an EDFA is not flat in the
C-band. Wavelength allocation strategies may
then have a strong impact on system perfor-
mance [2]. Dynamic gain equalization (DGE)
enables compensation for non-flat gain and
wavelength-dependent NF of EDFAs.

TRANSLUCENT OPTICAL NETWORKS

The amount and complexity of the equipment
required in the network to compensate for QoT
degradation increases with distance and bit rate.
Thus, ultra long haul (ULH) equipment covering
ranges from 880 mi (1500 km) to 1800 mi (3000
km) are much more costly than long haul (LH)
transmission equipment operating from 90 mi (90
km) to 430 mi (700 km). The STM-16 and STM-
64 standardized data rates at 2.5 Gb/s and 10
Gb/s, respectively, are currently widely deployed
in LH systems. The first STM-256 equipment
operating at 40 Gb/s more specifically dedicated
to ULH systems are complex to design, mainly
because of their sensitivity to nonlinear impair-
ments. CD compensation and DGE are more
complex and costly to deploy in ULH systems
than in LH systems. In general, FEC techniques
are strongly recommended in ULH or with STM-
256 to prevent excessive BER at the destination.
As an indication, current FEC enables BER to
be reduced from 10- to 10-12,

Figure 3 illustrates the principle of the neces-
sary trade-off for a carrier between full opacity
and full transparency. The horizontal axis refers
to the average range L of the lightpaths on the
considered network. The left side vertical axis
corresponds to the cost C; of the required opti-
cal and electrical ports provided by a solution of
the RWA problem for a given set of traffic
demands and a given physical infrastructure. The
right side vertical axis corresponds to the cost C;

of the equipment to be used in the network to
compensate for QoT degradation of the obtained
lightpaths in order to get an admissible BER at
the destination. In the case of a fully opaque
network, electrical regeneration is systematically
applied at intermediate nodes. Opaque networks
correspond to current networks made of EXCs
(e.g., a synchronous digital hierarchy [SDH]
cross-connect) or electrical switches (asyn-
chronous transfer mode [ATM], Ethernet, frame
relay switches). Let us recall that in existing core
networks, IP routers are interfaced with layer 2
switches in order to benefit from multiprotocol
label switching (MPLS) constraint-based routing
and traffic engineering. As mentioned in our
introduction, the cost of an RWA solution is
expressed as the cumulated cost of electrical and
optical ports required in the network, the cost of
an electrical port being around five times higher
than the cost of an optical port. If the average
range of the lightpaths is extended in order to
overlap at least two hops, a fraction of the elec-
trical ports initially required by the opaque
architecture is replaced by optical ports, leading
to a reduction of Cy. On one hand, we can say
that the higher the lightpath range, the lower C;.
At the limit, full transparency reduces the num-
ber of electrical ports to a minimum correspond-
ing to the transceivers used at the source and
destination nodes. On the other hand, the larger
the range of a lightpath, the higher the cost of
the compensation techniques necessary to guar-
antee an admissible Q-factor at the destination.
We see from Fig. 3 that for any network configu-
ration there is a maximum distance L, for a
lightpath to operate without QoT compensation
techniques. We can assume that QoT is at least
acceptable on any single hop of the physical
topology. Beyond L ,,x, C; increases progressive-
ly. In practice, in wide transport networks such
as the North American backbone, full trans-
parency is not achievable. As described later,
various configurations are considered in the lit-
erature for translucent networks. In this section
we consider the case for which all the nodes are
transparent (e.g., OXCs or OCSs) and equipped
with a pool of electrical regenerators. Figure 4
illustrates the architecture of a translucent node.
The main problem of IA-RWA is then to deter-
mine the ideal sites where electrical regeneration
is necessary in order to minimize the global cost
Cy + C,. It has to be noted that electrical regen-
eration indirectly relaxes the wavelength conti-
nuity constraint, which then impacts on network
congestion.

The right side of Fig. 3 corresponds to trans-
parent networks. In existing LH networks, trans-
parency may not be achievable for all traffic
requests, as some demands are rejected by the
management/control plane. We can conclude
from Fig. 3 that theoretically, assuming translu-
cent nodes, there is a critical length L.,; for
which (C; + C;) is minimal. As long as L
remains under L., transparency is cost effec-
tive. Beyond this value, transparency is economi-
cally not viable. The next sections show that
determining the ideal location of electrical
regenerator placement to reach this minimum is
a complex objective because of the amount and
nature of the parameters to take into account.
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StATIC IA-RWA

We have distinguished in our introduction
three types of traffic: semi-permanent, dynamic
and predictable, and dynamic and random.
Adding to the complexity of the RWA problem
the complexity of QoT management has driven
most studies to investigate in a first step static
IA-RWA [3-5]. In general, only the impact of
linear impairments (o, CD, PMD, IL) is consid-
ered. Few recent investigations take into
account FWM in proposing suited wavelength
assignment strategies [6]. For a given set of
traffic demands and infrastructure, two main
approaches are considered. The first consists of
minimizing the global number of electrical
regenerators; the second aims to minimize the
number of regeneration sites. From the opera-
tor’s perspective, we can say that the first
approach is capital expenditure (CAPEX) driv-
en, the second operational expenditure (OPEX)
driven. The CAPEX-driven approach is intu-
itive. In this case with electrical regenerators
placed sparsely in the network, we may expect
that a certain number of nodes do not need a
bank of electrical regenerators. Figure 5 depicts
an example of results obtained with a CAPEX-
driven IA-RWA [5] applied to the 18-node
NSFNET backbone described in Fig. 6. In this
network the average distance between adjacent
nodes is 980 km, with the shortest/longest fiber
link equal to 300 km/2400 km, respectively. We
have generated 10 random matrices with 400
lightpath demands. The histogram of Fig. 5a
depicts the mean number of regenerators at
each node as well as the mean number of light-
paths transiting through each node. Although
confidence intervals are not plotted in this fig-
ure, we have noticed that different traffic matri-
ces with the same density result in light
fluctuations in regenerator placement. This
drives us to suggest that network topology
rather than traffic distribution affects regenera-
tor’s placement. It seems that the nodes with
the highest physical degree and highest average
distance to their first neighbors should be
equipped a priori with an electrical regenera-
tor’s pool. Thus, nodes 6 and 7 are good candi-
dates to be equipped with the largest
regenerator banks. Figure 5b illustrates the
evolution of the global amount of regenerators
vs. the Q-threshold. Intuitively, the higher this
threshold, the higher the number of required
regenerators.

We see that node 6 requires 23 regenerators,
while nodes 2, 4, 16 and 17 need none. The
CAPEX-driven approach is intellectually satis-
fying since it aims to minimize the global
amount of electrical regenerators in the net-
work. Meanwhile, it partially suits the opera-
tor’s expectations in terms of OPEX. Indeed,
electrical regenerators are not sold by the unit
but in pools (e.g., cards with four regenerators
may be found on the market). In addition, elec-
trical regenerators need supervision by techni-
cians of the operator since they are electrically
powered. In general, technicians are not based
at each node of the network, only at the most
important ones. In that sense the OPEX-driven
approach cannot be neglected, with the number

Shared regenerator’s bank

0/0/0

OXC

N <M x W<

B Figure 4. Architecture of a translucent node.

of sites to be supervised reduced in comparison
to a spare electrical regenerator placement
strategy. Ideally, both CAPEX- and OPEX-
driven approaches are necessary. To the best of
our knowledge, no investigation has been done
from this perspective. Our laboratory works on
this topic by considering Pareto optimization
techniques.

DynAmiIC IA-RWA

The problem of IA-RWA under dynamic traffic
must distinguish between dynamic predictable
traffic and dynamic stochastic traffic. As under-
lined in our introduction, predicable traffic
may use IA-RWA algorithms comparable to
those proposed for semi-permanent traffic
since in both cases lightpath provisioning is
computed offline. In this context time-space
correlation between traffic demands can be
exploited in order to optimize network resource
utilization. TA-RWA under dynamic and
stochastic traffic is of a different nature. In that
case IJA-RWA relies on dynamic lightpath
establishment (DLE) for which the route and
wavelength of an individual demand are com-
puted on the fly at the instant of demand
arrival [11]. Basically, a shortest path approach
is adopted in considering the available
resources at the instant the demand arrives . In
practice we can consider that a carrier requires
that its clients declare at the instant of genera-
tion of a stochastic demand the expected dura-
tion and capacity of this demand. Unlike static
IA-RWA, dynamic IA-RWA does not have to
solve the problem of electrical regenerator
placement, but to decide which pre-installed
regenerators must be used to guarantee an
acceptable Q-factor at the destination. In other
terms, during the network planning phase, the
nodes susceptible to hosting the largest regen-
erator’s banks after static IA-RWA could bene-
fit from an overdimensioning factor to deal
with future dynamic and stochastic traffic. In
our example of Figs. 5 and 6, nodes 6 and 7
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could benefit from this overdimensioning. Judi-
cious rules must be used to update the cost of
the links when we apply the shortest path algo-
rithm to a new incoming demand in order to
favor the utilization of the available regenera-
tors. In practice updating of the link cost needs
an extended version of generalized MPLS
(GMPLS) signaling. In [7, 8] two approaches
are compared: the signaling and path computa-
tion element (PCE) approaches. It has been
shown in the context of realistic traffic scenar-
ios that the first approach is well suited to
DLE. Meanwhile, it requires GMPLS control
plane extensions. The second approach is
apparently better suited to traffic engineering
and does not require GMPLS control plane
extensions. Nevertheless, it does not seem easi-
ly scalable to large backbone networks with
high arrival rates of dynamic and stochastic
traffic demands. In the context of the
DICONET project, the impact of opto-elec-
tronic devices’ ageing is viewed as a cause of
traffic rerouting by means of dynamic IA-RWA.

s impact of the Q-threshold.

MuLtipomAIN IA-RWA

The concept of island of transparency [9] is a
first approach to facilitate multidomain IA-
RWA in translucent networks. In this case the
nodes at the border between two domains man-
aged by two distinct operators are systematical-
ly opaque. Each carrier knows precisely the
QoT inherent to each lightpath entering its
network and arriving from a different domain.
All the nodes of one domain except those
located at the border are transparent and even-
tually equipped with a pool of electrical regen-
erators. Thus, any pair of nodes within an
island of transparency may communicate trans-
parently if it is physically possible. At the
opposite end, any traffic demand from a source
to a destination located on two different sides
of the border is systematically subject to elec-
trical regeneration at the border. A second
approach authorizes transparent connections
across a border between two domains. In this
context the evaluation of end-to-end QoT may
be a problem if the two operators are not
equipped by the same vendors. Indeed, QoT
thresholds may differ from one side of the bor-
der to the other. A third approach for multido-
main IA-RWA could be based on traffic
grooming. In [10] the k-center concept has
been proposed as a clustering algorithm for
hierarchical traffic grooming. The basic idea of
this approach consists of positioning EXC/OXC
multilayer nodes within a domain for both pur-
poses: electrical traffic grooming and electrical
regeneration.

CONCLUSION AND OPEN PROBLEMS

IA-RWA may be seen as a form of cross-layer
design associating QoT considerations from
physics with advanced RWA optimization tech-
niques. We have outlined the important progress
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obtained in recent years in the field of static IA-
RWA. Advances must be carried out in order to
determine a reliable analytical expression of a
global Q-factor, including the largest amount of
linear and nonlinear impairments. This objective
was partially achieved at the end of the
RYTHME national research program funded by
the French Ministry of Industry. Much work
remains to be done in the domain of dynamic
IA-RWA. The DICONET European project is
focused on this problem. It also considers for
the first time the impact of aging devices and
systems in terms of QoT fluctuations. For that
purpose, dynamic and nonintrusive optical net-
work monitoring strategies have to be specified
and evaluated both theoretically and experimen-
tally.
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Much work remains
to be done in the
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project is focused on
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considers for the first
time the impact of
devices and systems
ageing in terms of
QoT fluctuations.
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