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Abstract—This paper presents an efficient simulation method I. INTRODUCTION
for the design of the optical transport layer of large-scale multi- . .
wavelength optical networks. According to this method, computa- S MULTIWAVELENGTH optical networking approaches
tions are performed in two complementary steps. During the first commercialization, the development of software tools for

step, the powers of optical signals, amplified spontaneous emis-network performance evaluation and design emerges as an im-
sion (ASE) noise, and linear optical crosstalk are calculated at all portant issue.
points in the network. During the second step, the distortion and Computer modeling of the physical (i.e., optical transport)

the overall performance of selected optical paths in the network | r of multiwavelength ootical networks i hallenaing task
are calculated. Each simulation step requires a different computer Y&l 0l multiwavelength optical networks 1S a chaflenging task,

representation of optical signals and network components. A large dué to the large number of network components and reconfig-
part of this paper is devoted to the description of the wavelength- urable links. In addition, for the evaluation of the end-to-end

domain representation used during the first simulation step. In  network performance, itis necessary to take into account the im-
wavelength domain, optical signals are represented by their car- pact of several transmission impairments, e.g., amplified spon-
rier wavelength and average power, exclusively. In addition, the aneous emission (ASE) noise accumulation, crosstalk, polar-
network components are fully characterized by their loss or gain ization-dependent loss, polarization-mode dispersion (PMD),

as a function of wavelength. The phase-transfer functions of the L . . L . . : .
network components are discarded. These simplifications result in chromatic dispersion, nonlinearities, chirp, signal distortion due

a dramatic increase in execution speed. During the second simula- O filtering, reflections, and so forth. Because of the complexity
tion step, optical signals are represented by their temporal wave- Of the problem, the choice of an adequate computer representa-
forms. Linear optical network segments are replaced by an equiva- tion of optical signals and network components is essential.
lentchannel. The link between the two simulation stepsis explained  Several software products for the study of point-to-point op-
in detail. The remainder of the paper is devoted to the implemen-  tical communication systems and optical networks are currently
tation of a network simulation tool based on the above method in commercially available (e.g., PTDS [1], HP EEsof [2], OptSim

the context of the multiwavelength optical networking (MONET) . . .
project. To illustrate the capabilities of the MONET simulator, a [3], FOCUSS [4], [5], COMSIS [6], LinkSIM [7]). Despite their

mesh of4 x 4 wavelength-selective cross-connects (WSXC's) and différences in implementation, the number of built-in modules
wavelength add—drop multiplexers (WADM's) is studied and the and the level of detail in the models of individual components,

crosstalk performance is determined. these simulators are mainly based on the same well-established
Index Terms—Optical crosstalk, optical switches, simulation, Strategy, namely, waveform-level simulation [8], [9]As ex-
wavelength-division multiplexing. plained in the following section, the computation time required

for large multiwavelength optical networks makes this straight-

. . _ forward approach in many cases impractical, if not impossible,
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step, the tool calculates the distortion and the overall perfauency [14]. However, even so, due to the broad aggregate band-
mance of selected optical paths in the network. Each simulaidth of wavelength-division multiplexed (WDM) signals (usu-
tion step requires a different computer representation of opti@ly several orders of magnitude larger than the bit rate of an in-
signals and network components. During the first simulatiafividual optical signal), a complete time-domain representation
step, a wavelength-domain representation [10], [12] of the opeuld result in huge oversampling. Therefore, waveform-level
tical signals and network components is used. This represergiulations based on a time-domain representation are compu-
tion stems from the spectrally resolved model of erbium-dopé¢ationally intensive for the study of complex multiwavelength
fiber amplifiers (EDFA's) [10]. Optical signals are representedptical networks and are limited mainly to point-to-point WDM
by their carrier wavelength and average power exclusively, asgstems or network subsystems.
not by their temporal waveform, as is customary in waveform- A frequency-domain representation is more adequate in the
level simulation [8], [9]. In addition, the network componentgase of linear systems because it allows convolutions to be done
are fully characterized by their loss or gain as a function effficiently ([9, p. 560]). According to this technique, the time-
wavelength. The phase-transfer functions of the network comiemain signals from the information and noise sources are sam-
ponents are discarded. These simplifications result in a dmged and transformed to frequency domain using the discrete
matic increase in execution speed. The drawback is that impdipurier transform (DFT). The cascade of linear elements is re-
ments that cause waveform distortion cannot be studied in thlaced by a single transfer function. At the output of the last
wavelength domain. Therefore, a second simulation step is medule, the output spectrum samples are transformed to time
quired to associate the incomplete results provided by the wademain using the inverse DFT.
length-domain simulation with the system performance. During Time- and frequency-domain representations are equivalent.
the second simulation step, optical signals are representedCyrent commercial software products for the study of point-to-
their temporal waveforms. Linear optical network segments goeint optical communication systems have both time- and fre-
replaced by an equivalent channel. The link between the twaoency-domain capabilities. These capabilities might be used
simulation steps is explained in detail. simultaneously, e.g., in the modeling of nonlinear propagation
A network simulation tool based on the above strategy is inm optical fibers where a split-step Fourier method is used to
plemented in the context of the MONET project. To illustrateolve the nonlinear Schrddinger equation [15].
its capabilities, the MONET simulation tool is used to eval-
uate the performance of a mesh ofx 4 wavelength-selec- B. Wavelength-Domain Representation of Optical Signals and
tive cross-connects (WSXC's) and wavelength add—drop m4SE Noise

tiplexers (WADM's). As mentioned in Section |, a different method is proposed

The remainder of the paper is organized as follows. Segere for the simulation of multiwavelength optical networks.
tion Il is an overview of the major operational principles oComputations are performed in two steps.
the MONET simulation tool. Section Il presents the essential During the first step, power computations are done using a
features of the simulation environment used for the implemegimplified representation of optical signals and network com-
tation of the MONET simulation tool. Section IV describes thgonents at the optical transport layer of multiwavelength op-
library of optical modules and the computer implementatiofical networks. This representation stems from the spectrally re-
of the wavelength-domain representation in the MONEdolved model of EDFA's [10]. It is assumed that the network
simulation tool. In Section V, a mesh network topology igomponents do not alter the shape of the signal waveforms, i.e.,
described and simulated. In Appendix A, the reasons for tBgynal distortion due to linear or nonlinear effects is ignored.
wavelength-domain representation of optical linear crosstaligsed on the above assumption, the modulation of optical sig-
are explained in detail. Finally, in Appendix B, the multipathals is ignored since it is not influenced by the WDM optical
interference between ASE noise components is analyzed. network element components. Furthermore, optical signals are

represented by their carrier wavelength and average power ex-
[l. SIMULATION PRINCIPLES clusively.

For the computer representation of the optical signals, the
wavelength axis is discretized intyf wavelength bins. The

In order to understand the wavelength-domain representatiohpice of the wavelength bin size is arbitrary and depends on
it is useful first to summarize briefly the principles of the wavethe desired accuracy [10]. Typically, the wavelength bin size
form-level simulation. is several times the bit rate. The central wavelengths of these

The waveform-level simulation is based on the computer repavelength bins define a grid.
resentation of signals by sets of samples either on the time oi he representation of the optical signals differs depending on
frequency domain. whether they occupy one or several wavelength bins (defined

In time domain, bandlimited continuous-time signals caas narrow-band or wide-band optical signals, respectively). We
be fully modeled by discrete-time signals sampled with @istinguish two different types of optical signals, namely, op-
frequency higher than or equal to the Nyquist rate [13]. Digitdical signals produced by laser sources (narrow-band) and ASE
signal processing techniques are used for the modeling rafise (wide-band). Each type is represented separately. 1) Op-
various optical components [14]. tical signals produced by laser sources are represented by a pair

Since individual optical signals are narrowband, their equivaf numbers (carrier wavelength, average power). 2) Forward and
lent low-pass representation is used to reduce the sampling fsackward ASE noises are representeddyairs of numbers

A. Waveform-Level Simulation of Optical Signals
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Frequency-domain Another important parameter of the wavelength-domain rep-
WDM resentation is theimulation bandwidthThe adequate choice of
signal , . . . . P
power | ASE this parameter is discussed in more detail in [10].
spectra 1 J‘ noise The above representation can be extended to include linear
Eail 111 S LU optical crosstalk, as explained below.

Resolution Freq_u:ncy . . . .
Bandwidth C. Wavelength-Domain Representation of Linear Optical
@) Crosstalk
) ) Optical crosstalk is a major impairment in WDM optical
Wavelength-domain  Total ASE Total signal

power communications systems and networks. It can lead to error
floors and imposes severe requirements on the components,
e.g., [17]-[31].

Depending on the nature of the physical effects involved

noise power

Re‘solut’ion - in its generation, optical crosstalk can be classifiedirssar
Bandwidth Wavelength  OF nonlinear [32]. Linear crosstalk is due to nonideal optical
(b) multiplexer/demultiplexers (MUX/DMUX’s) and optical space

switches contained in WADM'’s and optical cross-connects
Fig. Il- EO(\jNer spectra: (a) _frequsencst/)-dlomair?_ represen}aﬂon alnd_ {201, [21]. Nonlinear crosstalk is due to nonlinearities in optical
wave! engt -aomain representatlon. ymDpols: wi ite rectang es: tota Sig
power; shaded rectangles: total ASE noise power. The resolution b.stndwidtlﬁ?}#erS and other component;, e.g. wavel_ength c_on_verters
the wavelength-domain can be nonuniform. [22], [23]. In wavelength-domain representation, we limit our
interest to linear crosstalk exclusively.
. . Optical crosstalk can also be distinguished [33] as
[i.e., (wavelength node, average ASE power at this node of t@&mmon-channel (also referred to as homowavelength,

Wa;/_elelngth gr(;d)t]). h ‘ level f intrachannel, or intraband) anddjacent-channel(also re-
ig. 1(a) and (b) compares the waveform-level frequency-dfg o 15 as heterowavelength, interchannel, or interband).

main represer)tatign with the proposgd representation. In the & mmon-channel crosstalk arises from interference of optical
quency domain [Fig. 1(a)], aWDM signal is represented by S&lnals of the same nominal wavelength, whereas adja-
of samples of the magthdE.: anq phase spectra throughout dfig -annel crosstalk arises from interference of optical
frequency band of interest [in Fig. 1(a), only the power spegl-gnals of different nominal wavelengths.

trum is shown]. The resolution is equal to the reciprocal of the’~ . 1 _~hannel crosstalk can be distinguished impo

signal duration and consequently, is a small fraction of the odyneand heterodyne depending on whether the optical

din | bins [Fia. 1(b)l. Si h ution b 5 (‘fuencies of two interferers are the same or not, respectively.
grouped in larger bins [Fig. 1(b)]. Since the resolution bangy special case of homodyne crosstalk arises when signals

width is much coarser in the proposed repr_esentation thanin H}?ginating from the same source and following different paths

frequency doma'f" we call this representationavelength-do- ;. ive 1o the receivengultipath homodyne crosstaliMultipath

m:iur) reprers]enta_tloﬁh h | h-d . .homodyne crosstalk terms share the same modulation, but in
tis wo_rt nqtmgt .att_ e wave ength- omain representatl neral, experience different propagation delays, attenuations,

of the optical signals is §|m|lar to that of an_opucal spectrum aflp - <o changes, and polarization changes due to environmental

alyzer. However, thelre IS afundamentdal dlffelrenceh lzjetwe(_an IUctuations. If the optical path length difference between

way a spectrum analyzer operates and wavelength-domain St multipath homodyne crosstalk signals is smaller than the

ulation: In reality, signals carry information that the spectrum, o rance length of the laser, their beating is catieerent
analyzer cannot discern. In the wavelength-domain SimUIatiBPbsstalk and otherwise is callegtoherentcrosstalk

case, information is not even transmitted. The exact crosstalk penalty in the receiver performance de-

It mu.st b_e stressed that t|me-doma|n aliasing due to t.he Coaﬁ%%ds on the modulation, frequency, phase, and polarization of
rgsolutlon in the wavelength_domam does _not_pose anissue r}ﬂr interfering electric fields (see Appendix A). However the
since ;[]he wal\/e_lengtp-(_jom?m repfresent;tmn 'T not used to_ ®YA6dulation, phase, and polarization of optical signals are not
uate t e'(\alvo ution o fS|gnahwave olrms, hué only average S'gr@ken into account in the wavelength-domain representation. If
POwers. N0 passage rqmt ewave ength- omain rgpresentag%w crosstalk term is generated by a network component, it is
to the waveform-level time-domain representation is pos&blq10t correct to add its power to the average power of the signal

at this wavelength bin. Therefore, for simulation purposes, each
interferer is represented separately as a distinct narrowband op-
2The name “wavelength-domain representation” might be confusing at firsical signal. The crosstalk induced penalty is evaluated during
Obviously, the notions of frequency and wavelength are equivalent since thgﬁ@ second simulation step (see Section ||—E)
b) ’

is a one-to-one correspondence between them. As shown in Fig. 1(a) and illustrati Fig. 2 h th t tati
one fundamental difference between the proposed representation and the mo gOr tlustration, FIg. (a) shows the computer representation

conventional frequency-domain representation is the resolution bandwidth. Tofean optical signal produced by a laser source contaminated by

name “wavelength-domain representation” is intended to be reminiscent of tNSSE noise and six multipath interferers. Without loss of gen-
difference, similar to the distinction between wavelength-division multiplexin

and frequency-division multiplexing. Similar approaches in the bibliograpk%ra”ty' Only five nodes of the_ Wavelength grid are ShO_W”' All
exist under different names, e.g., [16]. signal power is concentrated into the third wavelength bin (black



ROUDAS et al. WAVELENGTH-DOMAIN SIMULATION 351

100
|

90
80
70
60

50

40

30

Average power (a.u.)

20

3
4
Wavelength bins 5

(@
09

0.8 -
0.7 -
0.6 1
0.5 1
0.4 A
0.3 |
0.2 |
0.1 -
0 T T T :
0 1 2 3 4 5

Wavelength bins
(b)

Fig. 2. (a) Wavelength-domain representation of an optical signal produced by a laser source contaminated by ASE noise and six multipattSymeiofelsers
signal: black column; ASE noise: white columns; multipath interferersgq: gray columns. (b) Transmittance transfer function of an optical component.

Transmittance

column). ASE noise power is distributed into all five wavelengtiihese values can be given either by an analytical relationship
bins (white columns). The six multipath interferers, denoted lor as a table of measured values. The gain or loss is assumed
x1—xg, are represented by distinct gray columns in the sarte be approximately constant within a single wavelength bin,
wavelength bin as the optical signal. but may be different for signals at adjacent wavelength bins.
If M different laser sources are used in the network, the cofike gain or loss may also vary as a function of input power
plete wavelength-domain representation of the optical signalsoattime, but this variation is slow compared to the bit period
each point in the network consists of a sef\dfgraphs similar (quasistatic components). The phase-transfer functions of the
to Fig. 2(a). network components are discarded.
An example of transmittance transfer function of an optical
D. Wavelength-Domain Representation of Optical Network cgmponent (e.g., optical filter) is shown in Fig.' 2(b). Similar to
Components Fig. 2(a),'only f_|ve nodes of the' wavelength .grld are shown.
As optical signals, ASE noise, and optical crosstalk pass
Optical network components are described in the wavelengfftem one module to the other, their average powers at the
domain in terms of the values of their transmittance transféf grid nodes are multiplied by the corresponding values of
functions (i.e., gain/loss) at the nodes of the wavelength grithe gain/loss of the modules. It is thus possible to evaluate
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: R i 1 from client layer to client layer
the average powers _of pptlcal signal, ASE noise, and optical equipment equipment
crosstalk at every point in the network. T« XA

Finally, performance evaluation is done using analysis or i

. . . lOptical Transport Layer
waveform-level simulation, as explained below. P port -8y

E. Waveform-Level Simulation Procedure

The assumptions used in wavelength-domain simulation im-
pose certain limitations on the phenomena that can be studied
For example, signal distortion cannot be described in the way
length domain and must be studied analytically or numericall

. . . Transmitter H Di i /1) () o
using waveform-level simulation. @ Spersion @ ﬁ") ﬁb Receiver

) (a)
Equivalent channel

Consider the network topology of Fig. 3(a). During the Received o Soal
second simulation step, only selected optical paths [e.g., ! signal r/:jfe crosstalk || Crosstalk
one denoted by a bold line in Fig. 3(a)] are modeled. Wav amplitude ferms terms
form-level representation of the optical signals and optical b)
network components is used. The main difference betwe A D
our approach and the conventional waveform-level simulatic Q O
approaches is that here, instead of replicating the whole nf Tx - Eq.ch1 o0 Eq.ch5 Rx
work topology, the optical path under study is reduced to ari
equivalent channel. The equivalent channel is constructed using ©

the information providgd by the Wavelength-QOmain tOOI: Th&g. 3. (a) Example of a given network topology; (b) linear waveform-level
exact model of the equivalent channel may differ depending owdel of the optical path denoted by a bold line in (a); (c) nonlinear

; ; veform-level model of the optical path denoted by a bold line in (a). The
the topology. Fig. 3(b) and. ) S_hOWS tentatlve models thaft Cge ails of the equivalent channels 1-5 are the same as in (b). Abbreviations: Tx
be used for the study of distortion due to linear and nonlinearransmitter, Rx= Receiver.
effects, respectively.

In Fig. 3(b), the amplitude of the waveform generated at%pds of optical network components, are modeled by equiv-

the transmitter is scaled at the received level, as calculat? : . .
. . . . alent channels. Nonlinear segments [e.g., fiber spans A-D in
during the first simulation step. To study the effect of chromatic. . . L .
g. 3(a)] are modeled using conventional digital signal pro-

g;izc:r?izn dulrlng pr_opagat|on through the o_pt|cal f_|ber a%(jessing technigues. Assumptions about the phase of the signals
persive optical components, an all-pass filter wi : : ;
; : . . - must be made at the interfaces between linear and nonlinear
guadratic phase can be used [34]. Signal distortion arising from : . T .
filtering [35] can also be taken into account in a similar Wasegments since Fhe phgse information is discarded during wave-
ng - . . Kangth-domam simulation.
and is not shown in Fig. 3(b). For Monte Carlo simulations,
ASE noise can be modeled as a complex zero-mean additive
white Gaussian noise (AWGN) with variance equal to the
average ASE power calculated during the first simulation step.The above discussion is independent of the implementation
Dominant crosstalk terms can be simulated as separate signalshe network simulator. This Section focuses on the desirable
Pseudorandom generators can be used to choose their modekures of a simulation environment used for the development
tion, frequency, phase, and polarization. Since the informatiofa network simulation tool with wavelength-domain and wave-
about their statistics is lost during the wavelength-domaiorm-level capabilities.
simulation, assumptions must be made by the user. SmalleThe simulation program should be organized in modular
crosstalk terms are usually negligible and can be omitteidrm. This requirement stems from the nature of the network.
If necessary, they can be modeled in the form of noise. Thetwork components are represented by separate modules.
statistics of this noise depend on the topology and the numliich module is implemented as a function or subroutine. It
of crosstalk terms. is characterized by a small number of parameters that can be
Although the block diagram shown in Fig. 3(b) is consideasily determined from nondestructive measurements. Modules
erably simpler than the network topology of Fig. 3(a), Montare used as building blocks of the main simulation program.
Carlo simulation is impractical for the evaluation of low error Due to the large number of modules, creation of the main sim-
probabilities [36] and can be used only for qualitative estimadation program using a text editor is impractical and prone to
tions of the performance degradation based on eye diagramseiror. Therefore, the use of an input graphic user interface (GUI)
practice, a semianalytical technique [36] must be used in ordenecessary. In the GUI, each module is associated with a graph-
to evaluate the performance degradation due to the combineded object (icon). The combination of icons allows a pictorial
fects of signal attenuation, ASE noise, linear optical crosstaligpresentation of optical systems and networks in a block dia-
and distortion. gram form. The GUI automatically translates the block diagram
For networks with linear and nonlinear segments, the blot&main program and unambiguously schedules the order of exe-
diagram shown in Fig. 3(c) must be used. Linear network segition of modules. The GUI allows user-friendly programming
ments [e.g., nodes 1-5 in Fig. 3(a)], which might have thowequiring little or no programming expertise.

I1l. FEATURES OF THESIMULATION ENVIRONMENT
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The GUI should allow hierarchical (multilevel) modeling ofan extensive library of built-in communications and signal-pro-
the simulation modules. Each module can be built of lower leveéssing modules that can be used for waveform-level simula-
modules, and so on. This representation reflects the way a ri&n. Custom-coded blocks can be written in C language, which
work is constructed. As the design becomes larger and mas@dvantageous for creating and manipulating linear-linked lists
complex, this feature allows writing concise programs. [39].

The ability to define abstract data types to represent opticalThe organization of the MONET simulation tool is shown in
signals in the wavelength domain, and to perform operations Big. 4. An indicative list of modules is given on the right-hand

abstract data types is essential (see Section IV-B). side (RHS) of Fig. 4. The modules of the optical library are
A graphic output interface (GOI) is necessary for the visuatlivided into three hierarchical categories, namely, Network
ization of the signals and off-line calculations. Elements, Network Element Components, and Elementary

The flow control provided by a conventional waveform-levelUnits. Each module is implemented using different designs,
time-domain simulation environment is sufficient for bothliechnologies, and simulation models, and can have uni- or bidi-
wavelength-domain and waveform-level simulations. Thi®ctional fiber interfaces, steady-state or dynamic properties,
is based on the following fact: waveform-level time-domaiand so forth. Modules can be combined in any order to simulate
simulation is driven by a clock that advances at discrete-timarious WDM network topologies.
intervals equal to the sampling period [9, pp. 558-560]. The For example, on the top left-hand side (LHS) of Fig. 4, two
main program successively calls all the routines of the modulieserconnected networks are shown. The Network Elements are
at each instant of the simulation clock. The execution is carriegpresented by circles. At the next hierarchical level, the ar-
out in a sample-by-sample basis, i.e., at each call, a moduatatecture of a simplified unidirectional WADM [11] without
accepts one signal sample from each one of its input ports andomatic protection switching and network control and man-
produces one sample on each one of its output ports. The ordgement capabilities is shown. The depicted WADM consists
of execution of modules is set using the following criterion: thef (1) two EDFA's; (2) a MUX-DMUX pair; (3)2 x 2 optical
outputs of a module can be computed only when the curreswitches for signal adding/dropping; and (4) variable attenua-
values of all inputs are available. The procedure is organizedtars for power equalization. The EDFA's are placed at the inputs
a loop fashion to repeat itself until the end of simulation time.and outputs of the WADM to compensate for the transmission

It is worth noting that the notion of time in simulation islosses and insertion losses of the network element components.
closely related with the notion of iteration. Different instants ot the next lower hierarchical level, the structure of the EDFA's
the simulation clock correspond to different iterations. is shown. In this particular example, the EDFA's are identical

During wavelength-domain simulation, this iterative procesingle-stage forward-pumped amplifiers, composed of (5) two
dure can be used to calculate the power of the optical signiablators; (6) a laser diode; (7) a wavelength selective coupler
ASE noise, and linear optical crosstalk at all points in the ngWSC); (8) a strand of erbium-doped fiber (EDF); and (9) an
work. The execution is carried out in a block-by-block basi®\SE rejection filter with notch at the noise peak at 1532 nm.
i.e., at each call, a module accepts the whole set of parameh the simulation example of Section V, wavelength terminal
ters (i.e., power spectra of optical signals, of ASE noise, andmiultiplexers (WTM'’s) andi x 4 WSXC'’s are used. Their op-
linear optical crosstalk) from each one of its input ports and preration is explained below.
duces a set of parameters on each one of its output ports. In nefFhe block diagram of a WTM is shown in Fig. 5. It consists of
work chains (i.e., open-loop network topologies) one iteratiamlaser array and a booster EDFA in one direction, a preamplifier,
is enough to compute the steady-state optical power spectra @emultiplexer, and a receiver array in the opposite direction.
every point: the execution starts from the known power specffae laser array consists of eight DFB lasers and a passive com-
atthe beginning of the chain (i.e., laser sources) and proceed®aikr. The laser and receiver arrays notionally are not parts of
the way to the end, resolving the equations set with succesdiwe optical transport layer, but represent the input/output signals
substitutions. In closed-loop topologies (e.g., rings, meshes, dtom/to the MONET compliant client interface [11].

...), several iterations are needed for convergence at the steadVhe block diagram of an eight wavelengthx 4 WSXC is
state. The generalization of this technique for transient powsrown in Fig. 6. The module has four input and four output

computations is straightforward [10]. fibers (i.e., transport interfaces) carrying eight wavelengths
each. The structure is similar to that of WADM'’s. The heart
IV. MONET NETWORK SIMULATION TOOL of the WSXC is eight layers of x 4 optical-switch fabrics,

one for each wavelength, which are used to reconfigure the

wavelengths among the transport interfaces. In this example,
For the MONET project, a network simulation tool was imthe 4 x 4 optical-switch fabrics are composed of gixx 2

plemented based on the simulation principles presented in Segtical switches arranged in a Benes architecture (Fig. 6, inset).

tion Il. SPW (signal processing worksystem) [37], a communFhis particular architecture is rearrangeably nonblocking (i.e.,

cation systems-oriented commercial software product, was usgg idle input can be connected to any idle output provided that

as a simulation environment for the implementatiom. addi-  existing connections may be rearranged) [40].

tion to the desirable features presented in Section Ill, SPW has

B. Implementation of the Wavelength-Domain Representation

A. Library of Optical Modules

3An earlier wavelength-domain implementation of an EDFA using SPW was In the MONET Sim_U|ati0_n tool, diﬁeren_t data typgs are us_ed
reported in [38]. to represent the optical signal, ASE noise, and linear optical
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MONET Optical Transport Layer Simulation

Optical transport layer

WDM Topologies
* Chain

*Ring

« Cross-Connect Mesh

* Star

A— Elementary Units

N @ EDFA

Network elements

* Wavelength Amplifier

* Wavelength Terminal Multiplexer

* Wavelength Add-Drop Multiplexer

* Fiber Cross-Connect

* Wavelength Selective Cross-Connect

* Wavelength Interchanging Cross-Connect
* Wavelength Router

<> Network element components
]

« Laser arrays * Beceiver array
/' +MUX/DMUXs  »Opticalswitch amays
* EDFAs * Wavelength adaptors

AN *Lasers * Fiber devices
\ * Waveguides « Filters
! «Connectors/splices * Fibers
» Attenuators * [solators
- * Erbium-doped fiber (EDF)

* Optical switches

Fig. 4. Organizational chart of the MONET optical transport layer simulation tool. Left: Example of the hierarchical modeling of a network corfposed o
wavelength add—drop multiplexers (WADM'’s). Successive magnifications show the different hierarchical levels. [Symbols: (1) erbium-dopexifiters
(EDFA's); (2) multiplexer/demultiplexer (MUX/DMUX); (3) optical x 2 switches; (4) variable attenuators for power equalization; (5) optical isolator; (6) laser
diode; (7) wavelength selective coupler (WSC); (8) erbium-doped fiber (EDF); (9) ASE rejection filter]. Right: Indicative list of WDM topolagfigsrkN
Elements, Network Element Components and Elementary Units.

DFB Lasers
and modulators

MR

Receiver
Array

ML Je
he [ =]

Combiner

A Je——
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network

From the
network

Fig. 5. Block diagram of a wavelength terminal multiplexer (WTM).

crosstalk powers in the wavelength domain. The objective is to
minimize memory use and enable dynamic memory allocation
for the crosstalk terms, since their exact number is unknown at
the beginning of the simulation. In the following, each data type
is explained separately.

In Fig. 7, theith individual optical signal is represented by
a source identification numbéiD;, the signal wavelength,,
the signal powe#’; ., and a list of the most important multipath
homodyne crosstalk termi3,;;,« =1,2, ---, 7 =1, 2, ---

* A unigue identification numbefD; is assigned to each
laser source. This number allows the modules to distin-
guish crosstalk terms originating from the same laser
source and group them together.

» The wavelength\; of the optical signal is necessary to
all modules of the wavelength-domain simulation tool that
are wavelength selective.

* When optical signals pass through different modules, their
powersF;. are multiplied by the transfer function coeffi-
cients of each module.

* Finally, the multipath homodyne crosstalk terf}s;, 7 =
1, 2, --- of the ith individual optical signal are retained
in a list. At the laser output this list is empty. At each
block the list is updated with new elements. However, it
is possible that the size of the crosstalk lists could become
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Fig. 7. Wavelength-domain representation of the optical signals, ASE noise
and linear optical crosstalk in the MONET network simulation tool (Symbols:
ID; =identification number)\; =wavelengthP,, = signal powerP..;; =
multipath homodyne crosstalk powd?,;, = ASE noise power. Subscript

1 =1, 2, --- denotes theth individual optical signal, subscrigt=1, 2, - - -
denotes thg'th dominant multipath homodyne crosstalk term, and subscript
k=1,2, .., M = denotes théth wavelength bin).

Benes Architocture

SWI%EHES The block diagram of the network to be modeled is shown
in Fig. 8. Nine network elements are connected with 11 duplex
fiber links. Bidirectional WADM'’s, composed of two units like
the one shown in Fig. 4, one for each direction, are used. Three
4x4WSXC's are used for dynamic wavelength routing between
exceedingly large. For this reason, only the mostimportatiite two WADM rings. WTM’s No. 8 and No. 9 give the capa-
terms are listed. A statistical description can be maintainédlity to WSXC's No. 3 and No. 4, respectively, to add—drop
for the discarded crosstalk terms (e.g., histogram) but itigavelengths. The combination of a WTM with a WSXC pro-
not shown in Fig. 7. vides a functionality similar to the cross-connect architecture

A WDM optical signal can be represented by a list of indiproposed by [46]. All links are assumed to have the same length.
vidual optical signals. WDM signal lists can grow without limitThe generalization to the case of unequal fiber links is straight-
but their final size will be small since only a limited number oforward. Protection switching for link and node failure restora-
laser sources will be simulated. tion is not considered in this example.

ASE noise is simply modeled by an arr@x] of M el- Up to eight wavelengths equally spaced at 200 GHz in the
ements. Each element of the array represents the ASE naisege from 1549.315 to 1560.606 nm are used for transmission
power in a wavelength bin with central wavelength, £ = between network elements [11]. More than one wavelength
1, ---, M. Multipath interference of ASE noise is not taken intehannel can be assigned between two network elements de-
account. In Appendix B, it is shown that whenever ASE noiggending on traffic demands. Wavelength reuse is employed
arrays are added, the power of the sum of interfering noise cowhen possible. In our example, the eight wavelengths are used
ponents is equal to the sum of their powers, unless noise camestablish five one-wavelength, nine two-wavelength, and one
ponents are correlated. In MONET, due to the large wavelendtitee-wavelength duplex connections.
spacing and the technology of the filters used, ASE noise corre-A routing scenario is chosen where all eight wavelengths are
lation is small and can be safely neglected. present at all fibers. This routing scenario is notimposed from an

inherent limitation of the wavelength-domain simulation tool,
butis attractive for the following reasons. 1) Since all links are of

V. SIMULATION EXAMPLE: STUDY OF A MEsHTopoLogy  equal length, similar operating conditions apply at the inputs of

all network elements. Consequently, the EDFA's in all network

The wavelength-domain capabilities of the MONET simulaelements are assumed identical. If a different number of chan-
tion tool were used in the past to study automatic gain controliels are used at each path, EDFA's in each network element must
EDFA's and EDFA chains [41], network topologies [42]-[44]be designed differently in order to give flat gain at the output.
and network functionalities [10], [45]. To further illustrate theAs an alternative, fixed-gain EDFA's could be used. 2) To sat-
operation of the wavelength-domain simulator, an additionafy the requirement that all fibers must carry the same number
simulation example is given below. The purpose of this exampdé wavelengths, routing is suboptimum and a wavelength may
is to show that wavelength-domain simulation allows for theass through all network elements before arriving at its destina-
study of complex network topologies. tion. This results in crosstalk enhancement. In a real network,

Fig. 6. Block diagram of a wavelength-selective cross-connect (WSXC).
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Fig. 8. Block diagram of a mesh df x 4 wavelength-selective cross-connects (WSXC's) and wavelength add—drop multiplexers (WADM's).

wavelength allocation and routing algorithms use different cri-
teria that would not necessarily fill all links with eight wave-
lengths (see, for example, [47]-[51]).

The heart of the simulation are the EDFA, MUX/DMUX, and

TABLE |

WAVELENGTH-DOMAIN SIMULATION
PARAMETERS FOR THEMESH NETWORK OFFIG. 8.

General simulation parameters

switch modules, since th_ey arean efssentigl partof all networkel-  simulation bandwidth (nm) 1500-1600
_eme_n_ts. The proper choice of the simulation model fqr the EDF Resolution bandwidth (GH7) 10
is critical for the accuracy of the results and execution speed. o oo of dom
The steady-state EDF model of [52], [53], and [10] is shown to ~ “#m mumbere f’mmant
be reasonably accurate for low-gain amplifiers (i.e., up to about ~_crosstalk terms/signal listed 100
20 dB/channel) [54], [55]. Additional experimental validation Signal wavelengths (nm) 1549.315-1560.606
of the EDF model by [52] and [53] can be found in [56]. The Channel spacing (GHz) 200
EDF length and pump power are adj.us_ted to compensate for the Signal power (WTM input) (dBm) 13
span loss and to provide flat gain withis0.5 dB for all chan- : -
1gnal power M inpu m .
nels. Signal (WADM input) (dBm) 1.7
. . Fiber loss (dB 17
The MUX/DMUX’s in the WADM'’s are composed of eight iber loss (dB)
elementary multilayer interference (M) filters in cascade [57]. EDFA
The elementary Ml filters can be approximated by third-order Pump power (mW) 60
Butterworth filters with fu_ll-width at half maximum (FWHM) _ Pump wavelength (nm) 980
of 125 GHz [42]. In [42, Fig. 3], measurements of the .transmlt- EDF length (m) 5
tance of a Ml eight-channel MUX were compared to simulation :
results based on the above approximation and were shown to be _erage gain/channel (dB) ull
in exce”ent agreement_ Noise ﬁgure (1550 nm)(dB) 4.2
A generalized x 2 optical-switch module is used. A gener- Individual MUX/DMUX
alized switch is represented by its state, the insertion losses at  Insertion loss (dB) 3.3
the bar and cross states, and the grosstalk Ieve_ls at the bar and ¢ stalk level (dB) < _38
cross states. The switching speed is neglected in this example. - -
. . . . Optical 222 switch
All simulation parameters are listed in Table I. -
The number of possible add—drop configurations depends on Jusertion los (D) :
; : X C Ik level (dB -30
the number and the allowable states of the optical switches in rosstalk level (dB)

the network elements. In the topology under study, there are 16

2 x 2 optical switches in each bidirectional MONET WADM The worst optical path in this network passes through all
(Fig. 4), eight for each direction, and eight 4 optical switches network elements (e.g., three WSXC'’s, four WADM's, and two
in each WSXC. Since a Benes architecture is used for the i®W-TM’s in the order 9-4-5-6-7-3-4-7-1-2-3-8). Transmission
plementation of thel x 4 optical switches, each one of themalong this path is done using wavelength eight for which the
can be setid! = 24 states (i.e., equal to the number of possiblamplifier gain is slightly under 17 dB (16.7 dB). This worst-case
permutations between the inputs of the switch). The numbersafenario, although improbable, provides some safety margin in
possible add—drop scenarios for the mesh network of Fig. 8tie design and allows for future network growth.

then216x% x 248%3 ~ 2.5 % 102, Obviously, itis impossibleto  Fig. 9 presents the power spectral density (PSD) at the re-
perform an exhaustive study of all possible add—drop configureeiver of WTM No. 8. The optical SNR is 28 dB at wavelength
tions. Therefore, we limit our interest in a worst-case add—drejght (measured in a 0.1-nm bandwidth), which is above the
scenario. level required for error-free transmission at 10 Gb/s in the ab-
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sence of crosstalk [58]. The total common-channel crosste
power (not depicted in Fig. 9) is about 17 dB below the sign:
power and the total first adjacent-channel crosstalk power
42 dB below the signal power.

Fig. 10 shows a histogram of the crosstalk terms at wav'g
length\s. Due to the steep transfer functions of the M filters £
multipath homodyne crosstalk from the MUX/DMUX’s is small ©
and the crosstalk introduced by the optical switches is domina|§
Three first-order crosstalk terms are created at each pass frorS | &
4 x 4 Benes switch fabric. Therefore, at the receiver, there a% 100 ’ | ‘

18 first-order common-channel crosstalk terms. The receivi™ W i
signal power is-2 dBm and the crosstalk level of the individual

optical2 x 2 switches is—30 dB. The group of crosstalk terms N
at —32 dBm corresponds to first-order crosstalk from the op

tical 4 x 4 switches, the group of crosstalk terms-ai2 dBm -150
corresponds to second order crosstalk from the optical4 1540 1845 1850 1585 1560 1565 1570
switches, and the group of crosstalk terms-&8 dBm corre- Wavelength (nm)

sponds t‘? second-order crosstalk from the MUX/DMUX paj'rSFig. 9. Power spectral density (PSD) at the receiver used for the detection of

In reality, due to the closed loops in the mesh, there is @avelengths in the wavelength terminal multiplexer (WTM) No. 8.
infinity of higher-order crosstalk terms. In simulation, only
crosstalk terms up to a finite order can be counted. Higher-order 140

-50

terms than the ones depicted in Fig. 10 are very small and ‘
contribute very little to the power penalty, therefore, they are 120 B
neglected.
The histogram indicates that the distribution of crosstalk 100
power is not continuous but discrete. Crosstalk terms of the _ 80
same order are concentrated close together in a narrow range. In 5
practice, small deviations of the parameters of network element 8 60
components from their nominal values will tend to make this
distribution continuous, smearing the peaks shown in Fig. 10. 40
Figs. 9 and 10 provide only a qualitative estimation of the
system's performance. Despite the high value of optical SNR, 20
the quality of the received signal might be unacceptable due to oL o H
common-channel crosstalk-induced penalty. To investigate the -80 -70 -60 -50 -40 -30

above issue, a second simulation step using Monte Carlo simula-
tion can be undertaken to evaluate the performance degradation

due to crosstalk. This approach is used in [44]. Here, analysisi§ 10. Histogram of the dominant crosstalk terms at wavelengtht the
used instead. receiver of wavelength terminal multiplexer (WTM) No. 8.
In the analysis, different assumptions concerning the mod-

ulation, frequency, phase, and polarization of the interferingork simulation tool based on the above method in the context
electric fields can be made. Assuming that all 18 first-ordgy the MONET project is described. To illustrate the capabilities
common-channel crosstalk terms are copolarized, homodygethe MONET simulator, a mesh dfx 4 wavelength selective

and interfere incoherently, it is shown [17] that the above levetoss-connects and WADM's is studied and the crosstalk per-
of common-channel crosstalk could lead to an error floor. Thgrmance is determined.

crosstalk level of the individual x 2 optical switches must be

Crosstalk power (dBm)

reduced to-38.8 dB in order to give a crosstalk penalty that APPENDIX A
10~2, Alternatively, dilated optical switch architectures can be ) ) o
used [43]. Consider a certain point in the network where there /afe
The total number of simulated modules in this example fgnals with wavelengths,, - --, Ay (not necessarily distinct)
2558. Using a resolution bandwidth of 10 GHz, the executigd optical power#, - --, Py, respectively. The total electric
time is aboti2 h on a SurSparc 5. field can be written in a phasor notation
M
7l 7l twjt
VI. SUMMARY E=>" Ee (1)
j=1

This paper presents the major principles of an efficient simu-
lation method for the study of the optical transport layer of lineavhere£; is the complex envelope ang is the carrier angular
multiwavelength optical networks. The implementation of a nefrequency of thejth signal.
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Assume that from thé/ received electric fields, only one o
(e.g.,E}) represents the signal. The othidr— 1 electric fields EDFA
are spurious. The optical power is Ao
1 1 M M
_ 2t ok i(w—w;)t
P=3IEl _2;,_1 ke ]
i=1 j= S,
1 M Hy(f) | Ha(f)
2 B Al i—wji)t
:§|Ek| + R Z B el
Jj=1
J#k fy o fy f
M M 1 M (b)
7 il —wy)t 72 . .

+ R Z Z iE;k'GZ(“' “s) + 5 Z | £l (2) Fig. 11. (a) Cascade of an EDFA and a MUX/DMUX pair with two branches
i=1 j=1 i=1 used to separate and recombine two wavelength chanxels\, (left)
izk j#i, k i#Ek and its low-pass equivalent block diagram (right). (b) Equivalent low-pass

representation of the filterd (1), H»(f) and input ASE noise power spectral
whereR denotes the real part. densityS.,;(f) (shaded rectangle).

On the RHS of (2), the first term represents the signal power, _ o .
the second term represersignal—crosstalkbeating, the third EDFA is splitin the two branches of the DMUX and is recom-
term representsrosstalk—crosstalkeating and the fourth term bined at the MUX output. The arrangement shown at the LHS

representslirectly detectedrosstalk. Only the beatings that fallof Fig. 11(a) is equivalent to the simplified block diagram at the
within the receiver electrical bandwidth will eventually conRHS of Fig. 11(a) where the two branches of the MUX-DMUX

tribute to the power. pair are modeled as two elementary optical filters tuned to dif-
It is observed that the significance of crosstalk terms deperf@sent central frequencies connected in parallel.
on the relative polarization, frequency, phase, and modulation!n the following, for mathematical convenience, we make
of the interfering electric fields. During the wavelength-domaiHse of the equivalent low-pass representation of ASE noise and
simulation, this information is lost. Therefore, the crosstalk-irtlementary optical filters [14]. The input ASE noise is mod-
duced penalty cannot be evaluated in the wavelength domé&lgd as a complex zero-mean AWGN. Its equivalent low-pass
During the first simulation step, all interferers are generatd®wer spectral density,,;(f) (shaded rectangle) and the equiv-
and represented by their powers, which are functiongFigf, ~alentlow-pass transfer functions of the filtéfs(f), H»(f) are

ji=1 - M, respective|y_ During the second simulation ste&hown in Flg ll(b) The equivalent Iow-pass transfer functions
(2) is evaluated based on the value$laf|,j =1, ..., Mpro- ofthefilters are assumed to be centered at frequencfasre-

vided by the first simulation step, and assuming arbitrary mod&Pectively, symmetric to the origin of axes, wheyfg represents

lations, frequencies, phases, and polarizations of the interferthg channel spacing.
electric fields. The ASE noise:,(t) at the output of the MUX can be written

in equivalent low-pass notatiom,(t) = n1(t) + na(t), where
n1(t),n2(t) are the complex envelopes of the noises at each
input of the MUX# The autocorrelation functio®,, ,,_ (7) of
the output noise is defined as [59]
The interference between ASE noise components following N
different paths is the subject of this Appendix. It is shown that Ry (1) SE {n,(t +7)n)(t)}
whenever ASE noise arrays are added, the power of the sum of =Ry, (7)) + Ry, (7) 4 Ry, (1)
interfering noise components is approximately equal to the sum
. . . ; . + Ry, (7) 3)
of their powers, if the correlation between noise components is
small. A closed-form expression is derived for the relative errgjhere Ryin,(7), Rn,n,(7) are the autocorrelation func-
due to the omission of the noise correlation term. Itis shown th@dns of the noises (t), no(t), respectively, andR,,, ., (7),

in MONET, due to the large wavelength spacing and the tec;, . (r) are the cross-correlation functions between the
nology of the filters used, ASE noise correlation can be safe‘IMisesm(t% na(t).

neglected. The noise powes?  at the output of the MUX is then given
Consider a WDM signal composed &f wavelength chan- py R, .. (0). We can rewrite (3) in the form

nels, which arrives at the input of a WADM. It is assumed that

only two wavelength channels;, A, are not dropped at the 020 = 0’,2“ + 022 + 0o (4)

WADM. Fig. 11(a) shows a simplified diagram of the WADM 5 o .

where an EDFA is followed by a MUX/DMUX pair with two Wherianl’ 7y, denote the powers af, (¢), na(t), respectively,

interconnected branches far, A». The2 x 2 optical switches ando; denotes the power related to their cross-correlation

and the servo-controlled attenuators between the MUX/DMUX 5 A

are omitted. Their loss-transfer functions can be included in the 5 = Bninz (0) & Boan, (0). ()

transfer functions of the MUX/DMUX pair. ASE noise from the 4Noises are treated as scalars. Their relative polarization is neglected.

APPENDIX B
MULTIPATH INTERFERENCE OFASE NOISE
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Equation (4) is the formal mathematical expression of theheres? is the variance of the equivalent lowpass input ASE
well-known result that addition of two noises does not implpoise andS( ) is the Dirac delta function.
addition of their respective powers, unless noises are uncorreBy substituting (11) into (10) we obtain
lated.

From (4), it is straightforward to see that the relative eeror y [ , .
in the evaluation of the output powef_ due to the omission of Rpyny (1) = 03, / ha(# +7)h5(8) dt’. (12)
the termo? representing the cross-correlation is given by o

A o2 o2 In order to obtain an expression &f,, ., (7) in terms of the
€= —F o . (6) transfer functiondd,(f), Ha(f) of the filters instead of the im-
2 o2 + o2
" ol pulse responsds (t), ha2(t) we are using the Fourier transform
We are going to show that this errer has a closed-form
expression ) = [ Dy -2 @

R [ mns ] . |

—o0 @) By substituting (13) into (12) we obtain

€p = 3] =S
| im@ra [ N
R n(7) = 072” / H (/YH3(f)e™T df. (14)
whereR denotes the real part ardienotes the complex conju- -0
gate. . o _
Relationship (7) shows that the relative ereprdepends ex- ~ Since R, ., (1) = R, (7), by substituting (14) into (5),
clusively on the filter characteristics. The relative empvan- W€ finally obtain
ishes for orthogonal filters, i.e., filters, which satisfy the rela-
tonship ot =R, O] =202 % | [ m(nE3() 4| 9
| mpmma-o ®)
- By similar calculations, it is straightforward to see that the
Obviously, all filters that do not spectrally overlap are orthogermso? , o2 in (4) are given by
onal.

g 7

A. Proof of (7) o2 :02_/ |He2(f)df k=1, 2. (16)
We want to evaluate the cross-correlation function defined as o

By substituting (15) and (16) into (6), the relative erepiis

Ryyny (1) = E {na(t + 7)n3(1)}. ©) " given by

We expressi;(¢) andny(t) as a convolution between the -
ASE noisen;(t) at the input of the DMUX and the impulse 2% [/ Hi () HL(f) df}

responseé (t) andhz(t) of the filters O @7

Ry (7) = E{t + 1) st + D] 15(0) <l (1)) /_oo L) df + /_oo (L) df
=FE {/ / hi(t+7 —t)h3(t —t")

B. Numerical Exampl
x i (8 + Tyt (¢") di’ dt”} Hmerical =xample

The purpose of this example is to investigate if we can use

/ / ha(t 4 — L — ) addition of the powers of the interfering ASE components for
z the modeling of ASE multipath crosstalk in the wavelength-do-
X E [ni(t' +7)ns(t")] dt’ dt” main representation and evaluate the relative eqror
For simplicity, we assume that the transfer functiéhg f),
/ / ha(t+7 — )5t — ") H,(f) are identical and are produced by shifting the same

transfer functionH (f), which is centered around the origin, to

! 1 ! 1
X B, (¢ 7 = t7) dt dt (10) the positionst f,, respectively. Then, (7) gives
whereR,, .. (t) is the autocorrelation function of the input ASE o
noise. Since input ASE noise is assumed to be white, its auto- R {/ H(f + f)H*(f — fa)df
correlation function is given by o — —oo (18)
2
By, (1) = o2, 8(t) (11) | ey
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Using the triangular inequality, (18) gives an upper bound of12]
the relative error

(13]

|G gl - foldr
Itis assumed that the squared magnitude of the transfer fung,
tionsof MUX-DMUX’susedinMONET canbe approximatedby [16]

athird-order Butterworthfilter[42]. SinceaMUX-DMUX pairis
equivalenttoacascade oftwo suchfilt¢Es( /)| isgiven by

le| < (29)

|H(f)I? df

(14]

1 (17]

5\
”(m)

By substituting (20) into (19), we finally obtain
o 61 1 B 61 1
/ 1+<f+fd> 1+<f fd) o
—co J3an Jzan

oo f 6 —2
/_oo ”(fgdb) il

|H(f) (20)

(18]

(19]

(20]

|67‘| <

[21]

(21)

For typical valuesfs y, = 50 GHz andf, = 100 GHz, nu-
merical integration of (21) givels,| < 0.12%. In practice, the [22]

relative error is slightly larger if we consider multipath inter-
ference of ASE noise from all MUX-DMUX branches. In any

case, the relative error is very small and can be neglected. 23]

ACKNOWLEDGMENT
The authors are grateful to Dr. J. L. Zyskind, Dr. R. E.[24]
Tench, Dr. E. L. Goldstein, Dr. F. Shehadeh, Dr. J. Y. Pan,
Dr. R. S. Vodhanel, and Dr. V. Shah for their help during
this work, and to L. M. Szemiot for corrections in the syntax[25]
of the manuscript.
REFERENCES [26]

[1] Virtual Photonics, Photonic Transmission Design Suite. [Online]. Avail-
able: http://www.virtualphotonics.com/

[2] A.F. Elrefaie, “Computer-aided modeling and simulation of lightwave [27]
systems,IEEE LEOS Newslettvol. 7, p. 1, Feb. 19-20, 1993.

[3] ARTIS. OptSim. [Online]. Available: http://www.artis.it

[4] C. Glingener, J. P. Elbers, and E. Voges, “Simulation tool for WDM

networks,” inColloguium on WDM Technol. Applicat. London, U.K.:

Inst. Elect. Eng., 1997, vol. 1, pp. 2/1-2/4.

ZEDO. FOCUSS. [Online]. Available: http://focuss.zedo.fuedo.de

C. Le Brun, E. Guillard, and J. Citerne, “Communication systems inter-[29]

active software (COMSIS): modeling of components and its application

to the simulation of optical communication system&gpl. Opt, vol.

37, pp. 6059-6065, Sept. 1998.

(28]

[5]
(el

[7] RSoft. LinkSIM. [Online]. Available: http://www.rsoftinc.com [30]

[8] K.S.Shanmugan, “Simulation and implementation tools for signal pro-
cessing and communication system&EE Commun. Magpp. 36—40, [31]
July 1994.

[9] M. C. Jeruchim, P. Balaban, and K. S. Shanmug&mmulation of Com-
munication Systems New York: Plenum, 1992. [32]

[10] I. Roudas, D. H. Richards, N. Antoniades, J. L. Jackel, and R. E. Wagner,
“An efficient simulation model of the Erbium-doped fiber for the study [33]
of multiwavelength optical networksOpt. Fiber Technol.vol. 5, pp.
363-389, Oct. 1999.

R. E. Wagner, R. C. Alferness, A. A. M. Saleh, and M. S. Goodman, [34]
“MONET: Multiwavelength optical networking,J. Lightwave Technal.

vol. 14, pp. 1349-1355, June 1996.

(11]

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 6, NO. 2, MARCH/APRIL 2000

I. Roudas, N. Antoniades, D. H. Richards, J. L. Jackel, and R. E. Wagner,
“Wavelength-domain simulation: An efficient technique for the design
of multiwavelength optical networks,” imtegr. Photon. Res. Top. Meet.
Santa Barbara, CA, July 1999.

M. A. Marsan, S. Benedetto, E. Biglieri, V. Castellani, M. Elia, L. Lo
Presti, and M. Pent, “Digital simulation of communication systems with
TOPSIM III,” IEEE J. Select. Areas Commugiol. SAC-2, pp. 29-42,
Jan. 1984.

J. G. Proakis and D. G. ManolakiBjgital Signal Processing: Prin-
ciples, Algorithms and Application8rd ed. Englewood Cliffs, NJ:
Prentice-Hall, 1996.

] G. P. AgrawalNonlinear Fiber Optics New York: Academic, 1995.

S. Rotolo, S. Brunazzi, R. Cadeddu, E. Casaccia, and C. Cavazzoni,
“Strategy for a computer-aided analysis of all-optical multiwavelength
transparent networks,” i@pt. Fiber Commun. Conf. (OFC)995, pp.
205-206.

E. L. Goldstein, L. Eskildsen, and A. F. Elrefaie, “Performance implica-
tions of component crosstalk in transparent lightwave netwotkE€E
Photon. Technol. Lettvol. 6, pp. 657—660, May 1994.

E. L. Goldstein, L. Eskildsen, C. Lin, and Y. Silberberg, “Polarization
statistics of crosstalk-induced noise in transparent lightwave networks,”
IEEE Photon. Technol. Lettvol. 7, pp. 13451347, Nov. 1995.

D. J. Blumenthal, P. Granestrand, and L. Thylen, “BER floors due to
heterodyne coherent crosstalk in space photonic switches for WDM net-
works,” IEEE Photon. Technol. Leftvol. 8, pp. 284-286, Feb. 1996.

J. Zhou, M. J. O'Mahony, and S. D. Walker, “Analysis of optical
crosstalk effects in multi-wavelength switched network$EEE
Photon. Technol. Leftvol. 6, pp. 302—305, Feb. 1994.

J. Zhou, R. Cadeddu, E. Casaccia, C. Cavazzoni, and M. J. O'Mahony,
“Crosstalk in multiwvavelength optical cross-connect networks,”
Lightwave Technalvol. 14, pp. 1423-1435, June 1996.

E. lannone and R. Sabella, “Analysis of wavelength-switched high-den-
sity WDM networks employing wavelength conversion by four-wave-
mixing in semiconductor optical amplifiers]’ Lightwave Technalvol.

13, pp. 1579-1592, July 1995.

R. Sabella and E. lannone, “Optical transport networks employing
all-optical wavelength conversion: limits and feature$, Lightwave
Technol, vol. 14, pp. 968-978, June 1996.

Y. D. Jin and M. Kavehrad, “An optical cross-connect system as a
high-speed switching core and its performance analy3id,ightwave
Technol, vol. 14, pp. 1183-1197, June 1996.

H. Takahashi, K. Oda, and H. Toba, “Impact of crosstalk in an arrayed-
waveguide multiplexer oV x N optical interconnection,J. Lightwave
Technol, vol. 14, pp. 1097-1105, June 1996.

C.-S. Li and F. Tong, “Crosstalk and interference penalty in all-optical
networks using static wavelength router3, Lightwave Technqglvol.

14, pp. 1120-1126, June 1996.

P. J. Legg, M. Tur, and I. Andonovic, “Solution paths to limit interfero-
metric noise induced performance degradation in ASK/direct detection
lightwave networks,"J. Lightwave Technalvol. 14, pp. 1943-1954,
Sept. 1996.

M. Gustavsson, L. Gillner, and C. P. Larsen, “Statistical analysis of in-
terferometric crosstalk: Theory and optical network examplied,ight-
wave Techno]vol. 15, pp. 2006—2019, Sept. 1997.

S. L. Danielsen, C. Joergensen, B. Mikkelsen, and K. E. Stubkjaer,
“Analysis of interferometric crosstalk in optical switch blocks using
moment generating functions|EEE Photon. Technol. Lettvol. 10,

pp. 1635-1637, Nov. 1998.

K. P. Ho, “Analysis of co-channel crosstalk interference in optical net-
works,” Electron. Lett. vol. 34, pp. 383-385, Feb. 1998.

K.-P. Ho, “Analysis of homodyne crosstalk in optical networks using
Gram-Charlier series/J. Lightwave Technaqlvol. 17, pp. 149-153, Feb.
1999.

G. P. Agrawal, Fiber-Optic Communication SystemsNew York:
Wiley, 1992.

K. Feher,Advanced Digital Communications Systems and Signal Pro-
cessing Techniques Englewood Cliffs, NJ: Prentice-Hall, 1987, ch. 9,
pp. 459-487.

A. F. Elrefaie, R. E. Wagner, D. Atlas, and D. G. Daut, “Chromatic
dispersion limitations in coherent lightwave transmission systeths,”
Lightwave Technglvol. 6, pp. 704-709, May 1988.



ROUDAS et al. WAVELENGTH-DOMAIN SIMULATION 361

(35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

(54]
[55]

[56]

[57]

(58]

[59]

I. Roudas, N. Antoniades, R. E. Wagner, and L. D. Garrett, “Influence ¢bannis Roudaswas born in 1966 in Athens, Greece. He received the diploma
realistic optical filter characteristics on the performance of multiwavesf physics and the Certificate of electronics and radio-engineering from the Uni-
length optical networks,” IEEE/LEOS Ann. Meetvol. 2, Nov. 1997, versity of Athens, Greece, in 1988 and 1990, respectively, and the M.S. and
pp. 542-543. Ph.D. degrees from ENST Paris, France, in 1991 and 1995, respectively. His
M. C. Jeruchim, “Techniques for estimating the bit error rate in theh.D. thesis concerned modeling and optimal design of coherent optical com-
simulation of digital communication systemdEEE J. Select. Areas munication systems.

Commun.vol. SAC-2, pp. 153-170, Jan. 1984. During 1995-1998, he was with the Optical Networking Research Depart-
Alta group,Signal Processing Worksystem, Version 8&dence Design ment at Bell Communications Research, Red Bank, NJ, where he was involved
Systems, Inc., Feb. 1996. in the Multiwavelength Optical Networking (MONET) project. His research
S. L. Zhang and J. J. O'Reilly, “EDFA custom-coded simulation blocknainly focused on the development of an efficient computer representation of
for use in WDM optical fiber communication system studi€Sifhula- the MONET optical transport layer. In parallel, during the fall semesters 1997

tion, vol. 63, pp. 377-385, Dec. 1994. and 1998, he taught the graduate course “Lightwave Systems” as an Adjunct
B. W. Kernighan and D. M. RitchieThe C Programming Lan- Professor of Electrical Engineering at Columbia University.

guage Engelwood Cliffs, NJ: Prentice-Hall, 1978. Since 1999, he has been a Senior Research Scientist in the Photonic Research
H. S. Hinton,An Introduction to Photonic Switching FabricsNew and Test Center of Corning Inc., Somerset, NJ. His current research concerns
York: Plenum, 1993. modeling of transmission effects in high data rate optical communications sys-

D. H. Richards, J. L. Jackel, and M. A. Ali, “A theoretical investigationtems and networks.

of dynamic all-optical automatic gain control in multichannel EDFA's Dr. Roudas serves as a Reviewer for the IEEE/OSBURNAL OF LIGHTWAVE
and EDFA cascades|EEE J. Select. Topics Quantum Electronl. 3, TECHNOLOGY and the IEEE ROTONICSTECHNOLOGY LETTERS

pp. 1027-1036, Aug. 1997.

N. Antoniades, |. Roudas, R. E. Wagner, and S. F. Habiby, “Simulation

of ASE noise accumulation in a wavelength add-drop multiplexer cas-

cade,”|EEE Photon. Technol. Lettvol. 9, pp. 1274-1276, Sept. 1997.

"‘\l. Antonlades, l. ROUdaS, R. E. Wagner, J. L. ‘_Jackel, and T. E. Ste OphytOS AntoniadeS(S’93—M’98) received the B.S., M.S., M.Phil., and
Crosstalk performance of a wavelength selective cross-connect mgsfi b gegrees all in electrical engineering from Columbia University, New
topology,” in Opt. Fiber Commun. Conf. (OFCPHan Jose, CA, Feb. York, NY, in 1992, 1993, 1996, and 1998, respectively.

1998, Paper FJ4. His Ph.D. work at Columbia University focused on modeling of optical com-
N. Antoniades, I. Roudas, R. E. Wagner, T. E. Stern, J. L. Jackel, a”ddi%nents, WDM communication systems and networks. During the period of
H. Richards, “Use of wavelength- and time-domain simulation to studyggy 1o 1998, he participated in research work at Bellcore, Red Bank, NJ, and
perforrpance degradations due to linear optical crosstalk in WDM n&fzs involved in both the Optical Networks Technology Consortium (ONTC) as
works,” OSA TOPS, Opt. Net. Applol. 20, pp. 288-293, 1998. well as the Multi-wavelength Optical Networking (MONET) programs. Within

D. H. Richards, J. L. Jackel, I. Roudas, W. Xin, N. Antoniades, and MyoNET, Dr. Antoniades was a part of a team that designed and developed a
Ali, “Method for detecting fiber cuts in a WDM ring with saturated wavelength-domain computer simulator for studying performance impairments
EDFAs,” in Opt. Fiber Commun. Conf. (OFCBan Diego, CA, Feb. i, wpm optical networks.

1999, F'_J4' ) In 1998, he joined Corning Inc. at the Photonic Research & Test Center, Som-
G. R. Hill, P. J. Chidgey, F. Kaufhold, T. Lynch, O. Sahlen, M. GUSgrset NJ, where he is currently a Senior Research Scientist doing research on
tavsson, M. Janson, B. Lagerstrom, G. Grasso, F. Meli, S. Johansson,glianced fiber optic systems and networks to support development of telecom-
Ingers, L. Fernandez, S. Rotolo, A. Antonielli, S. Tebaldini, E. Vezzonyy, nication fiber and optical network elements.

R. Caddedu, N. Caponio, F. Testa, A. Scavennec, M. J. O'Mahony, Jpr antoniades is a Member of the IEEE and currently holds one patent with
Zhou, A. Yu, W. Sohler, U. Rust, and H. Herrmann, “A transport nets, g others pending in the field of fiber optics.

work layer based on optical network elements,Lightwave Technql.

vol. 11, pp. 667-679, May/June 1993.

I. Chlamtac, A. Ganz, and G. Karmi, “Lightpath communications: An

approach to high bandwidth optical WAN'$EEE Trans. Commurwvol.

40, pp. 1171-1182, July 1992. . . , , . N
K. C. Lee and V. O. K. Li, “A wavelength convertible optical network,” DWight H. Richards (S'95-M'98) was born in St. Mary, Jamaica, in 1967. He
J. Lightwave Technalvol. 11, pp. 962—-970, May/June 1993. received the B.E. and the M.E. degrees, both in electrical engineering from the

R. A. Barry and P. A. Humblet, “On the number of wavelengths an&ity College of New York in 1993 and 1996, respectively. He then completed the
switches in all-optical networksEEE Trans. Communvol. 42, pp. F’h.D. degree atthe G_raduate S_chool ofth_e City Univers_ity Qf New York in 1_999.
583-591, Feb./Mar./Apr. 1994. His current research interests include optical communication networks with an
K. Bala, T. E. Stern, D. Simchi-Levi, and K. Bala, “Routing in a lineal©MpPhasis on simulation methodologies. Dr. Richards has been with Telcordia
lightwave network,1EEE/ACM Trans. Networkingol. 3, pp. 459—469, Technol(_)gies (formerly Bellcore) since 1996, where he is currently a member
Aug. 1995. of technical staff.

R. Ramaswami and K. N. Sivarajan, “Routing and wavelength assign-

ment in all-optical networks JEEE/ACM Trans. Networkingol. 3, pp.

489-500, Oct. 1995.

A. A. M. Saleh, R. M. Jopson, J. D. Evankow, and J. Aspell, “Modeling

of gain in Erbium-doped fiber amplifiers|EEE Photon. Technol. Left. Richard E. Wagner is Manager of Optical Network Research at Corning Incor-
vol. 2, pp. 714-717, Oct. 1990. porated, having joined that effort in early 1998. Prior to that, he was a Director
R. M. Jopson and A. A. M. Saleh, “Modeling of gain and noise in Erat Bellcore, where he was the Bellcore Project Manager of the Multiwavelength
bium-doped fiber amplifiers,” ifriber Laser Sources and Amplifiers:lll  Optical Networking (MONET) program since its start in December 1994. The
SPIE, 1991, vol. 1851, pp. 114-119. MONET program involved research into national-scale configurable WDM net-
E. Desurvire Erbium-Doped Fiber Amplifiers: Principles and Applica- works. From 1986 until 1994, he was responsible for managing research in het-
tions New York: Wiley, 1994. erodyne lightwave systems technology at Bellcore. Before 1986, he was with
C. R. Giles and E. Desurvire, “Modeling Erbium-doped fiber ampliBell Laboratories, where he supervised an undersea transmission group that in-
fiers,” J. Lightwave Technqlvol. 9, pp. 271-283, Feb. 1991. vestigated 1300 nm and 1550 nm singlemode lightwave systems. From 1976 to
S. Ovadia and C. Lin, “Performance characteristics and applications 180, he was involved with exploratory development of multimode lightwave
hybrid multichannel AM-VSB/M-QAM video lightwave transmission connectors, switches, and multiplexers.

systems,’J. Lightwave Technglvol. 16, pp. 1171-1186, July 1998. Dr. Wagner has been the Chair of the Photonics Division of the Optical So-
M. A. Scobey and D. E. Spock, “Passive DWDM components usingiety of America, and Chair of the Optical Networks Technical Group of LEOS.
microplasma optical interference filters,"@pt. Fiber Conf.: Tech. Dig. He was associated with organizing the OFC conference for more than 15 years,
San Jose, CA, Feb. 1996, pp. 242-243. and has helped to organize more than 20 other international conferences in fiber
P. A. Humblet and M. Azizoglu, “On the bit error rate of lightwaveoptics. He has authored or coauthored more than one-hundred-fifty papers and
systems with optical amplifiers,J. Lightwave Technagl.vol. 9, pp. holds four patents in the field of fiber optics.

1576-1582, Nov. 1991. Dr. Wagner received the B.S. and M.S. degrees in mechanical engineering
A. Papoulis,Probability, Random Variables and Stochastic Processefrom the Ohio State University in 1969, and the Ph.D. degree in optics from the
3rd ed. New York: McGraw-Hill, 1991. Optical Sciences Center at the University of Arizona in 1976.



362 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 6, NO. 2, MARCH/APRIL 2000

Janet Lehr Jackel (M'93-SM'97) was born in Queens, New York in 1947. Thomas E. Stern(S'54-M'57-SM’'67—F'72— LF'95) received his education at
She received the B.A. degree in physics from Brandeis University, Walthathe Massachusetts Institute of Technology, obtaining the B.S. and M.S. degrees
MA in 1969, and the M.S. and Ph.D. degrees, both in physics, from Cornéil 1953 and the Sc.D. degree in 1956, all in electrical engineering. He served
University in 1972 and 1976. From 1976-1983, she worked at Bell Laboratoriesthe U.S. Air Force Research and Development Command from 1956—-1958,
in the field of integrated optics. In 1984, with the breakup of AT&T, she joinednd joined Columbia University in 1958. At present, he holds the title of Dicker
the newly-formed Bellcore, where she has continued to work on a variety Bfofessor Emeritus at Columbia.

research topics ranging from materials to devices to systems, but all connectelrof. Stern served in various leadership capacities at Columbia including
with optical communications. Her current research focuses on the interactiorGfairman of the Department of Electrical Engineering, Technical Director of

optical components in multiwavelength optical network. the Center for Telecommunications Research (CTR), and Leader of the CTR's
Dr. Jackel is a Fellow of the Optical Society of America and a Senior Membeightwave Networks Research Group. He holds several patents in communica-
of the IEEE. tions and has authored two textbooks and more than a hundred papers in net-

works and related fields.

Sarry F. Habiby holds a Ph.D. in electrical engineering from Ohio State Uni-

versity. He is currently a Senior Manager at Tellium, Inc. and is responsible for

the engineering of applications and networks as well as developing proposals

and system design for Tellium customers. Prior to joining Tellium, he was with

Telcordia Technologies (formerly Bellcore) for over 10 years as a key contrib-

utor to the development of optical interconnect and optical networking technolo-

gies. He was a task leader for setting system level requirements in the MONAIY F. Elrefaie, photograph and biography not available at the time of publica-
project. tion.



