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SIMTON: A Simulator

for Transparent Optical

Networks

Daniel A. R. Chaves, Helder A. Pereira, Carmelo J. A. Bafithes and Joaquim F. Martins-Filho

Abstract—In this article we present a software to simulate
Transparent Optical Networks (SIMTON). SIMTON is an event-
driven simulation software implemented in C++ which takes
into account optical device characteristics for the evalugon of
network blocking probability in wavelength routed transparent
optical networks. The simulator uses a physical layer modethat
considers the following effects: device losses, fiber atteation,
four wave mixing, residual chromatic dispersion and polarzation
mode dispersion in optical fibers, gain saturation in optica
amplifiers (Erbium Doped Fiber Amplifier), dependence of the
amplified spontaneous emission noise with the input power
in EDFA, in-band crosstalk in optical switches, and source
spontaneous emission noise of the laser transmitter. By usj
SIMTON it is possible to adjust the parameters of the optical
devices, as well as to choose the routing and wavelength agsinent
algorithm. Moreover, the tool has a graphical interface. Wealso
present some examples of network analysis results obtainddbm
SIMTON.

Index Terms—All-Optical Networks,
Routing and Wavelength Assignment,
Wavelength Division Multiplexing.

Impairment Aware-
Simulation Software,

|. INTRODUCTION

PTICAL networks are currently the most used technolog‘g/
by the telecommunications carriers for the implementatio
of their backbones. The main reason for this is that the aptic

communications systems offer, at the same time, the pagsibi
to expand the transmission capacity allied to a high aviithab
and reliability [1], [2].

The optical networks can be classified in three categori(?gted_ oW

opaque, all-optical and translucent networks [3]. In thacqpe
networks, the optical layer is used only for transmissiofi.
network operations, such as switching and management,

carried out by electronic circuits. In these networks, athea

network node along the lightpath, the optical signal undesgy
optical-electronic-optical (O/E/O) conversions [4]. Oretother
hand, in all-optical networks the optical signal propagati®ng
the network, from the source node to the destination node,
the optical domain without experiencing O/E/O conversigijs

The translucent networks are optical networks that use {

concept of islands of transparency. These networks ardetivi
in many transparent islands and these islands are inteecteth
by electronic regenerators [3].

Although the all-optical networks are less expensive tlien

opaque ones, in these networks there is no signal regemera
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along the lightpaths. Thus, the signal is degraded during
transmission, and the quality of transmission of the ligktp
can not reach acceptable levets §.leading to a high bit error
rates) [5]. Therefore, for the implementation of such neksp

it becomes necessary to estimate the degradation of theabpti
signal along the possible lightpaths [5]. In order to estarthe
impacts of signal degradation in the optical layer, threztsgies
can be adopted: the use of numerical calculations for wave
propagation in optical fibers and devices (numerical soi)fi
the implementation of an optical testbed (experimentaltsmh)

or the use computers to simulate the network operation. iBesp
being very accurate, the first one is impracticable for large
networks evaluation due to the high computational complexi
of the problem, specially if the target is to assess the dymam
behavior of the network. The second option is particularly
expensive due to the high cost of the optical devices deploye
in the networks. As a good alternative, the network designer
can use computational simulations with simplified analtic
models. Using these models, it is possible for a simulatbetg
compare and evaluate the performance of devices, alga@jthm
rotocols and topologies used in the network.

nFollowing the third strategy (the simulation idea), some
simulators of optical networks have been developed. Thede t
can be divided in two groups. In the first group, the tools
do not consider the degradation of the signal in the optical
layer, which means that they can only be applied to opaque
networks. In this first group the following projects can be
NS [6] (extension of the Network Simulator [7]),
OPNET [8], NIST Merlin [9], and TONetS [10]. In the second
graup, the tools take into account the degradation of theasig
quality in the optical layer along the optical signal progtgn
process, and for this reason, they are able to simulate the
behavior of transparent all-optical networks. The simarat
SIMON [11] is classified in this group and considers the affec
olf attenuation of the optical signal in optical fibers and in
oﬂwer devices, gain saturation in optical amplifiers anthand
rosstalk in the optical switches.

We have recently presented a simulation tool called
SIMTON [12], which considers, in addition to the effects
considered by SIMON, the following optical layer impairn&n

tpolarization mode dispersion (PMD), residual chromatic

gispersion (RCD), four wave mixing (FWM) and the
dependence of amplified spontaneous emission noise (ASE)
with the Erbium doped fiber amplifier (EDFA) input optical
power [13], [14]. In this paper we present an extended varsio
of [12] for the full description of the simulation tool, siaave
included the physical impairments model, additional satioh
results and references.

This paper is organized as follows: in Section Il we declare
the SIMTON implementation assumptions; in Section Il we
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TABLE |

present the an5_1|ytic_a| mpdel use_d by SIMTON to evaluate st o THE OPTICAL DEVICES AND PARAMETERS ADJUSTABLE BY THE
the optical physical impairments; in Section IV we show the SIMTON USER
SIMTON graphical interface; in Section V we present the _
. . . . . . Device | Parameter | Standard value
statistical analysis of the simulator, in Section VI we litt
e . Network Load 70 Erlang
cases _of use; in Sectlo_n W we shqw some examples of Maximum temporal broadening | 10%
simulation results and, finally; in Section VIII we give our Minimum acceptable signal-to} 23dB
conclusion. noise ratio
Laser First used wavelength 1528.78 nm
transmitter
II. |MPLEMENTATION ASSUMPTIONS Laser power 0dBm
Linewidth 0.0045 nm
The simulation tool allows one to adjust the parametersef th Output signal-to-noise ratio 30dB
optical devices, as well as choosing the routing and waggen optical Egg;;g:lsézg bit rate é%gbps
assignment (RWA) algorithm to be used in the simulation. gyitch
SIMTON was implemented in C++ programming language and _ Isolation factor —40dB
was divided in two modules: the simulator of optical network _Multiplexer] Insertion loss 3dB
. . Optical Noise figure 5dB
and the graphical user interface (GUI). amplifier
In this Section some aspects considered in the implementati Non-saturated gain Compensate for
of SIMTON are shown. . the losses
Output saturation power 19dBm
Optical Channel spacing 100 GHz
. fiber
A. Physical Layer Loss coefficient _ 0.22 dB/km
The physical layer of the network is composed by optical Number of wavelengths per link | 36
devi h tical lfi d obtical itch e Transmlssmn fiber  dispersion —0.75 ps/km.nm
evices such as optical amplifier and optical switches. B coefficient (@ 544.53 nm)
an optical network is represented by a set of nodes and a Transmission fiber slope 0.06 ps/km.nn?
set of links interconnecting the nodes. SIMTON assumes that (@1544.53nm)
ir of optical fibers is deployed in each link, one for zero dispersion wavelength fof 1557 nm
a pall’_O ) op ploy ] ’ ) transmission fiber
transmission and the other for reception. Thus, each fiber Compensating fiber dispersion —99.77 ps/km.nm
has an unidirectional traffic. In SIMTON, each connection is ‘“éoeff'c'ent t(_@544-5§b”m) | R
established in a bidirectional way. Despite we have assuhigd (((;T;Zir_‘;gm) foer siopg —L.8rpsikm.n
it is easy to set an unigue fiber for transmission and receptio Zero residual dispersion 1544.53 nm
This first version of SIMTON does not support the wavelength -
wavelength conversion capability in the nodes along the PMD coefficient for NZ-DSF 0.04 psi/km

ligthpaths. Therefore, each connection is carried out i@ th
same wavelength from the source to the destination node.
SIMTON uses an optical circuit switching approach. Theagiti minimum OSNR QSNRy,). Thus, in order to satisfy the QoS
amplifiers gains can be easily adjusted to exactly compensgiquirement, th@©SNR; of the lightpath must be greater than
for the total link losses. OSNRy.

The link architecture and optical devices assumed by
SIMTON are shov_vn in Fig. 1. From t_he left tq the right we havg' Routing and Wavelength Assignment Module
the following devices: laser transmitter, optical switciptical ) ) )
multiplexer, optical fiber, optical demultiplexer, opticawitch ~ ©Qur network simulation engine follows the flowchart shown
and optical receptor. Each device has a set of parameters {9 2- A candidate lightpath for the incoming call requies
can be adjusted by the SIMTON user. The set of paramet§R&rched by the RWA module. The output of the RWA module

for each network device is listed in Table I, which also show§eds the call admission control (CAC) module. The CAC is
the standard preset values used in the simulations deddribe "eSPonsible for the decision whether a given call requesbea
Section V and in Section VILI. established or not in the network. If the RWA module can not

find a lightpath for a requested call, the CAC blocks it.

If the RWA algorithm returns a candidate lightpath (CLP),
TX Lo X _._X+ Rx| then the CAC evaluates itdtcip and OSNRyp using the
a b c d e f 9 h physical layer impairments (PLI) model (Section Ill). The

current state of the network is considered in this evalumatio
The CAC checks if both QoS constraints are satisfiddg, p
< Atth andOSNRp > OSNRy,, whereAtt is the maximum

In order to take into account the physical impairmenfsulse broadening an®SNRy, is the minimum acceptable
the SIMTON uses a physical layer model developed by o@SNR value for the QoS requirements. If either inequality
research group [13], which evaluates the optical signaleise does not hold, then the requested call is blocked by the
ratio (OSNR) of the lightpath. This evaluation is based om thCAC. Otherwise, the request is accepted. An accepted call
analytical model shown in Section Ill. The verification okth results in the establishment of a circuit switched bidieel
quality of signal (QoS) of one lightpath is made by comparingonnection in two different fibers between the selected cour
the OSNRy in the output of the lightpath with the predefinecand destination nodes.

Fig. 1. The link architecture and optical devices assume&IhyTON.
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(Next Call Reque%t< [1l. PHYSICAL LAYER MODELING

The physical layer impairments model used by SIMTON is
described in details in [13]. However, other physical innpent
models, available in the literature, can be implemented in
the SIMTON simulation tool for transparent optical network
performance analysis. A recentt review on physical layedeto
can be found in [16]. Here we present a summary concerning the
physical impairments considered in this paper. The fortiara
guantifies the OSNR degradation along the optical signal
propagation in the all-optical networks. The impact of pbgk
layer impairments is taken into account by considering the
signal power and the noise power at the destination nodé, bot
affected by gains and losses along the lightpath. Moreover,
some network elements add noise components or have a non-
linear response. The optical amplifiers add ASE noise poner a
are also affected by gain saturation and ASE depletion as the
total input optical signal power increases. The opticatshds
add noise due to non-ideal isolation between ports. And the
transmission fibers add noise due to the FWM effect when the
signal wavelength is close to zero dispersion wavelength (
and also induce pulse broadening due to PMD and RCD. Fig. 3
shows the configuration of the network wavelength routindeno
It is similar to the one assumed in [11].

End of
calls ?

1
Switch 1 1
f E 7 1 ]
1
j) Switch > @ 2

Fig. 2. Flowchart used by SIMTON for the solution of the RW/oblem. (‘)
1

()

C. Traffic Generation and Network Load 2

To simulate the dynamic behavior of the network, the () | o '
call requests are generated dynamically following a ststitia M ! | N| 1w M

process. This approach is also known as dynamic lightpath o
establishment (DLE) [15]. For each call request, two nekwor  fiber
nodes are raffled, randomly, following an uniform probaili

density function. Thus, all the nodes in the network are Bygua
probable to be selected. These two selected nodes are esign

as the source and destination nodes of the call. The geowerati
process of call requests follows a POISSO.n proce§s. the t'rﬁ?& 3. Network wavelength routing node configuration, faf fibers with
interval between calls is exponentially distributed witlerge 137 \avelengths.

1 and the duration of each call also follows an exponential

distribution with a mean value equal t%' With these t\_NO Fig. 1 shows the network devices considered by the model
par_ameters, one can deﬂne the network ldaas L = “H' N in each link. The points to h are evaluation points where the
which, 11 is the mean time, on average, that the call is actigya| and noise can be determined in the optical domain. At
and p is the mean rate_ for the call requests generation. TBSint a, we have the input optical signal poweP,{) and the
network loadL is given in Erlang. input optical noise powerX,). The ratio betweer?, and Ni,
defines the OSNR of the transmitt@$NR,). For the lightpath
with ¢ links, the elements betwednandh are repeate¢: — 1)
times before the signal reaches the receiver at the deastinat
The network blocking probability estimates the relativaode. At pointsb and h in Fig. 1, we considered the noise
amount of not accepted calls by the network. As it wasduced by in-band crosstalk in the optical switches assgmi
discussed before, a blocked call can occur either by the latlat the out-band crosstalk can be filtered out on the switch
of available network resources to establish the call or foutput. At pointsc and g, we considered the contribution of
inadequate quality of signal for the found route. Thus, ééig the multiplexer and demultiplexer elements. Brandt-RPeatc
blocking probability means that a larger number of userdccowal [17] considered a source of crosstalk due to imperfect WDM
not make use of the network resources, which indicates asvodemultiplexing. They found that it is significant for highrehity
network performance. The blocking probability is estindaby of channels in the network. However, in this paper we only
evaluating the ratio between the number of blocked calls atwbk into account the multiplexer and demultiplexer los#&s
the total number of call requests to the network. pointsd andf, the noise induced by the optical amplifiers, as

Optif:gl DEMUX| MUX Optif:al |Optical
amplifier amplifier : fiber

A2 IWIlwll211
X RX

WAVELENGTH ROUTING NODE

D. Blocking Probability Evaluation
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well as the gain saturation effect, was considered. At pejint and

we considered the noise generated by the FWM effect. This

nonlinear effect depends on the channel spacing, the opiga Nyt =

nal power per channel, the number of wavelengths propagatin a ' —adi G m

in the optical fiber, the fiber dispersion coefficient and theoz AmP, 1 € ATPe2 Nt + —Pi.z S Pewm,, (V) +

dispersion wavelength of the transmission fiber [18]. Rjnal LmxLox Lsw ~ LoxlswiH
at the pointh, one can evaluate the output optical signal s e e—odi(7
power (Poy) and the output optical noise poweN{,). EZPSWm,j ) + Amp; Amp, , hv (A) By
Pout is evaluated according to the gains and losses along the ;=1 LoxLsw 2
optical signal propagation and it is given by: Famp
FA + 1,2 ,
P GAmple_adGAme P (1) < e e 2% G amp, 1)

out — L%WLMXLDX [ B) (4)
where Gamp, and Gamp, are the dynamic linear gains of P N n
the booster and pre-arﬁplifier respectivaly.is the fiber loss Where Fou, = L; and Now, = f + EZPSWLJ- ()
coefficient andd is the fiber length.Lsy, Lmx and Lpx . W j=1

Furthermore, we also considered the pulse Broadeningteffec

are the optical switch, multiplexer and demultiplexer ks caused by PMD in a route using the following expression [5]:

respectively.

Nout IS evaluated from the source node to the destination ;
node, including the noise components in the respectivepoin At _ D2 Nd (i 5
evaluation & to h in Fig. 1) along the lightpath and it is given PMD ; P (7) 4 (7); ®)
by:

where B is the transmission bit rateDpwvp (j) is the PMD

_GAmple_adGAmpz coefficient, andi () is the length of thg-th link belonging to

Nout T I I2 Nin+ the lightpath.
Mx D’; Sw N The broadening of the optical pulses due to the residual
Gamp, €~ ““Gamp, EZPsm S+ chromatic dispersion is taken into account as follows [21]:
Lx LpxLsw i=1 ' i
m s Atrep = AX D 4 (AN Ste) | L1e, +
Gamp, RCD T Z TF JROTR) | HTF;
—P2 N Prw, (A Psu, . (A ) =
Tl 2 o (V22 Fon, (0 J ®)
>\re
GAmp] 670‘dGAmp2 hv (A) By lDDCfF + (AX;SpcE) Lpcr; },
LDXLSW 2 h
Fa where
(FAmp1 + %) )
e GAmpl LTF.D%Ef
where Ny, is the noise power at the transmitter outpig, the Lpcr, = W 7
DCF

laser SSE Psy, ; ()) is the optical power from thé-th optical
switch in thej-th optical fiber in the same wavelength of the A\, represents the transmitter Iinewidtlﬁ)%';f, Ste and
reference optical signat, is the switch isolation factor andis L1 are the chromatic dispersion coefficient in the reference
the number of signals in the same wavelength at the switdlitingvavelength, the chromatic dispersion slope and the optical
ports. For the node configuration used here, shown in Fig. fiber length, respectivelyA); is the difference between the
n = M. Pointurieret al [19] considered that has a dynamic transmitter wavelength and the wavelength where the rabidu
effect depending on the network status, whereas in [20] tBRromatic dispersion is zero.
authors considered that fiber nonlinearities enhance thadd dy, represents the temporal broadening to the optical pulse,
crosstalk when signals are transmitted over long distare®s in percentage. It can be expressed by
the sake of simplicity, we considered here thas the same for
every wavelengthe. g.it does not depend on the wavelength. g, = 100 - B - (Atpmp 4+ Atrep) (8)
Prww, (A) is one of them optical power components generated o ) ]
by the FWM effect that falls into the same propagating Sign}%he_reB represents the transmission bit rate. The maxindgm
wavelength,h is the Planck constany is the optical signal IS given in Table I.
frequency,B is the optical filter bandwidth(/amp is the linear
dynamic amplifier gain andamp is the amplifier noise factor. IV. SIMULATOR IMPLEMENTATION

Dividing FPout (Ed. 1) by Nout (EQ. 2), one can obtain the Fig. 4 shows the main screen of the developed graphical
OSNR at destination nod®SNRy). Considering a route with jnterface (GUI). By using this SIMTON interface one can ¢eea
i links, we have: and save a new network topology, or edit a saved network.

G o, The user is allowed to configure all nodes, all links or an
Amp, , € ‘ GAmpi 2
Pouti = < - - ) Pouti,l

3 specific node or link parameter by selecting the desired eém
LmxLoxLsw Link lengths and node numbers are shown in Fig. 4. In each link
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INGLES\Fi

8 sTon - c-0
W Fie Edt Functions

om|X|e

Display Nods by 10

Fig. 4. SIMTON main screen showing the network topology feidited by
the user.

the following parameters can be modified: optical fiber langt
and loss coefficient, insertion losses in the optical migkiers
and demultiplexers, number of fibers in a link, optical arfigis
gain, saturation power and noise figure. All these optiores al
illustrated in the parameters configuration screen showthen
Fig. 5(a). In each node the following configuration options a
available: switch insertion loss, optical signal-to-morgtio of
the transmitter and laser output power as illustrated in %ig).
SIMTON also allows the user to configure all amplifier gains
to compensate for the losses or to set each EDFA gain of ti

®f Fibers Sttings

=)

Enter the W alues Common to All Fibers

Lergt: Ii Km
Aftenuation Coefficient: W dB/Km
MU Loss: |37 dB
DEMUA Loss: |37 dB
Murmber of %W avelengths: Ir

Murber af Fibers: |17

Cancel

|v Boozter | Pre Amplifier
Gain: dB  Gair: dB
MF: 5 d HNF: 5 dB
Pzat: g dBm  Psat: 19 dEm

(@

-~

B Nodes Settings

Enter the % alues Common to All Hodes

|37 dB
IIIIi dBm

Switch Loss:

Lazer Power:

Cancel

network. Lazer SHR: lr dB
Fig. 6 illustrates the screen where the user can define tl
simulation parameters. Some examples are: the number (b)
generated calls, the value fdDSNRy, which impairments
should be considered or not during the simulation, the RWAy 5 configuration screens of the optical devices pararseh network:

algorithm, types and range of parameters in the consideredink and (b) node.

analysis. The simulation process starts upon clicking th

e

"Simulate” button.
During the simulation process, the SIMTON shows a screg
indicating the simulation evolution, which is shown in Fitfa).

Upon the end of the simulation, the SIMTON shows a screg "™ "

with the result, which is shown in Fig. 7(b). This screen alsva
shows the blocking probability as function of the opticalides
parameters or network load. In addition, the software als
generates a log text file in which all the data about the sitiula
are recorded. Thus, it is possible to export the simulatisults
to another plotting software.

V. STATISTICAL ANALYSIS OF THE SIMULATOR

imulation Settings
Allocalion Function

% FistFi

Rlouting Funcior

¥ Dikstra Sirrlaton

Number of Calls

N
100000
B

[~ LRW Simuation
[~ NF Simuation
=

Black Options

I Hetwark Layer

I Regenerators Simustion

I~ Genetic Algarkhm

Dispersion Parameters DCF Lengt Residual Dispersion Perameter
Bt
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r i1 ¥ Satuwsled Gain Epsbr: (00001 Demd DO [o1 ™ parkn (172 | g, [5
MNaise Figure [dB) Satyration Power (dBm} Swicth | solation Factor Bit Rate (Gbrs) Input Power (dBrj PMD Coefficient (ps/km”(1 /2))
Iniial Value: ’7 Initial Value: ’7 Initial\alue: ’7
Final Value: ’7 Final Value: ’7 Final Value: ’7
Step: ’7 Step: % ’7 Step: ’7
Load: ’7 Load: ’7 Load: ’7 oa
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Initial Value: ’7 Initial ¥ alue: ’7 Initial ¥ alue: ’7 Initial ¥ ale: ’7 Initial Value: ’7 St e
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Step: || e o || Ste &[0 Step: [ ||t i
Loat [T ||k [ ledt [T lowd [Tl [ Compemae(lO)|  Simste

PMD Paramel

Blacking Probabilly Options
IV Losd

ter

I~ Mumber of Wavelengths

[ DCF Length

Network Load Eflang)

The main result generated by SIMTON is the networ

blocking probability as a function of some parameters as digg. 6. Simulation setup screen - configuring the simulapanameters.

cussed in the previous sections. In order to verify the béitg

of the results given by SIMTON we performed a statistical
analysis of the results. The blocking probability returrmd simulations using the parameters listed in Table | with avoeit
SIMTON is a random variable that is obtained as the ratload of 70 Erlangs in the Finland topology [22], which is shown
between the number of blocked calls and the total number iofFig. 4.
Fig. 8(a) shows the box plot of these results as a function of
a finite set of call requests. It is expected that the variafce the number of call requests. The open square and the haalzont
the blocking probability results decreases as the numbealdf line inside the box represent the mean and the median of the
requests increases. In order to analyze the statisticaviomh results obtained from th&0 simulations, respectively. The box

of the blocking probability results, we performed a set36f stands for the25" and 75" percentile, whereas the whisker

call requests to the network. The simulation software ggesr
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(b) Fig. 8.  Statistical analysis of the simulator: (a) converge aspects and

(b) simulation time for different scenarios.

Fig. 7. Simulation screens: (a) simulating and (b) showiesults.

TABLE Il
DESCRIPTION OF DIFFERENT SCENARIOS CONSIDERED
stands for thels and 99™ percentile, which means that the—sgenario | Irpaiment
region in the whiskers delimitates the confidence interial 6— g1 PMD effect only.
98%. As one can note from Fig. 8(a), as the number of = PMD and RCD effects only.

Amplifier impairments only.

Amplifier and optical switch impairments only.
Amplifier, optical swith and FWM effect only.
All physical impairments.

simulated call requests increases the confidence intei %l % S3
becomes narrower, as expected. The width of the whiskers and %
the boxes obtained fot,5 x 10° and 3 x 10° call requests 3
are almost the same. It indicates that for this level of biogk
probability 8 x 10=3) a number of call requests higher than

3 x 10° will not lead to a narrowef8 % confidence interval.

Fig. 8(b) shows the simulation time of the SIMTON)y the SIMTON to perform the simulations are practically in
considering different scenarios of simulation. For evegrario the same order of magnitude (arougds). When the FWM
we used the simulation tool running in an I@elCore 2 effect is also considere®y), the simulation time increases by a
Duo @2.13 GHz with 3 GB of RAM computer. We performed factor of almostfl 6 times (around 270 s), compared to the other
a set of 30 simulations using the parameters listed iscenarios. It allows one to conclude that the evaluatiorhef t
Table I, considering a set df0® call requests in the Finland FWM effect is very time consuming, compared with the other
topology [22], which is presented in Fig. 4. Table 1l desegb physical impairments. 55, all impairments are considered
the physical impairments considered in each scenario. including the FWM. The main difference between the scesario

In the scenario$l to S4 the FWM effect is not considered. S5 andS6 is that the pulse broadening impairment is taken into
Note from the Fig. 8(b) that, for these scenarios, the tinensp account inS5, whereas it is not inS5. Note from Fig. 8(b)
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that the simulation time for th&5 is considerably higher than
for the S6 scenario. It can be explained by the implementation
of the CAC module (described in details in Section II). The
CAC verifies the pulse broadening impairments before theroth
physical impairments. For this reason, when a call does eetm

parameters or network load. The devices parameters
choices are: amplifier noise figure, amplifier saturation
power, transmission laser power, switch isolation factor,
number of wavelengths, network load and PMD coefficient
of the fiber, for example.

the pulse broadening criterion it is blocked without anytter
evaluation of the other physical impairments, reducingttial
simulation time.

Fig. 9(b) shows the cases of use diagram of the simulation
module. The options available to the user are:

« Simulate: Starts a network simulation.
Connection request generator Simulates the call

In order to illustrate how SIMTON works, this section requisition patterns in the network, according to the
presents a brief description of the software’ cases of use description in Section II-C.
SIMTON is divided in two modules: the optical network ° Evaluate the OS.NR Evaluates the output OSNR of thq
. . ) . lightpath, according to Eq. (3) and Eq. (4) presented in
simulator and the graphical user interface. Fig. 9(a) shithes . ; 4
cases of use diagram of the graphical user interface. Thiengpt Section Il and th_e set of impairments chosen by th(_a USer.
available to the user are: ' « Call manager. This module handles the connections in the

Create network: Allows the user to desian a new network network, setting up connection and removing inactive calls
* : 9 releasing its resources for new assignments.

VI. SIMTON CASES OFUSE .

g)pologyt. k All th t desianed network * Establishment of the calls Establishes the calls in the
T ?ve r}el vork AToWs The tser o save a designed networ network and reserves network resources for the calls.

Open net. . Moreover, it evaluates and stores the optical powers in each
» Open network: Allows the user to open a previously saved .

network network point.

« Release callsReleases the network resources used by the
ended connections.

« RWA algorithm: Runs the routing and wavelength
assignment algorithm.

« Modify network : The user can edit a network by adding
or removing links or nodes of the active network topology.

« Compensate for the lossesSetup the optical amplifiers
gains to compensate for the losses along the links.

« Configure the devices Allows the user to configure the
parameters of network devices. There are two options to VIL.
configure the devices: By using the SIMTON, it is possible to perform a variety

— All devices Changes simultaneously the values of thef studies concerning to the network performance (in terins o
parameters for all the devices in the network. blocking probability) and to make performance comparisoins

— Single devicesChanges the value of a specific devic@etworks using different optical devices characterist&s an
parameter. example, some of the possible studies and analysis that can

« Run a simulation: Starts a simulation with the parameterde performed using SIMTON are shown in this section. The
configured by the user. detailed discussion about the simulation results predeiméee

« RWA algorithm: Allows the user to choose the RWAand their implications on network performance are not in the
algorithm used during the simulation. There are fowscope of this paper and it can be found in [13].
possible choices implemented for the routing algorithm: Fig. 10(a) shows the network performance (blocking
shortest path (SP) [15], least resistance weigth (LRW),[23]robability) as a function of device parameters, for défer
optical signal-to-noise ratio (OSNR-R) [13] and minimumnetwork loads. It indicates that there is an optimal valuelie
number of hops (MH) [15]. The wavelength assignmemaser power, since for low powers the blocking probabiliy i
algorithms implemented are: first fit, random, most useligh due to amplifier noise, and for high powers the blocking
least used, best fit and just enough [15]. Other RWprobability increases due to the non-linear effect, ineban
algorithms can be easily implemented. crosstalk and amplifier saturation effects [13]. This siatioh

« Select results SIMTON gives, as a result, the graph ofcould be used by a network designer to specify the device
the network blocking probability as a function of someharacteristics for the optimization of network operatiéor
predefined parameters. The following parameters can &@eample, Fig. 10(b) shows the impact of different amplifier
chosen by the user: number of wavelengths per fibeaturation powers and noise figures, Fig. 10(c) shows thaémp
amplifier saturation power, amplifier noise figure, lasesf the use of dispersion shifted fibers (DSF) and non-zero
transmitter power, network load, switch isolation facto)SF (NZ-DSF) and Fig. 10(d) shows the impact of optical
transmission fiber PMD coefficient and the output OSNBwitches with different isolation factor values on network
of the transmitter laser. performance.

o Select impairments Allows the user to select which It is also possible to analyze the impact of different PMD
impairments SIMTON should take into account during theoefficients (Fig. 11(a)), different number of wavelengpes
simulation. The possible choices are: PMD, RCD, FWMink (Fig. 11(b)), different transmitter bit rates (Fig. (£}) and
dependence of ASE with the EDFA input power, EDFAource linewidths (Fig. 11(d)) on the network performance.
gain saturation and switch crosstalk. Besides the analysis of network performance as a function

o Show graph Plots the simulation results in a graptlof device characteristics, SIMTON is also able to analyze
of blocking probability as a function of devicesand compare the network performance for different RWA

E XAMPLES OF SIMULATION RESULTS
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algorithms. As an example, Fig. 12 shows the network blagkin Input optical power per channel (dBm)
probability as a function of network load for three diffeten ©)
RWA algorithms [13], which are: SP, LRW and OSNR-R. R : : : : :
VIII. CONCLUSIONS
This paper presented a computational simulation tool nameg
SIMTON designed for the simulation of wavelength routeds
optical networks. SIMTON can be used to investigate thes ©3 €
impact of physical impairments in the performance of all—é’
optical networks. SIMTON takes into account more physicaE
impairments than the other similar simulation tools found i
. —&— Psat = 16 dBm
the literature. oo
We beht_ave th_e SIMTON is a powerful tool for optical ™ a0 0 a0 a0 20 o
network simulations, to evaluate the network performance Switch isolation factor (dB)
for different RWA algorithms, different device specifiaats, (d)

different network topologies and traffic loads. The possiiders
include network designers and operators, equipment vermamt Fig- 10. Simulation example of blocking probability as adtion of different:
network researchers. to perform network analvsis. updade a) network loads; (b) amplifier saturation powers and ndigeres; (c) fiber
8 ' p ysIs, up pe, DSF and NZ-DSF and (d) isolation factor values for agitswitches.
planning.
Although this version of SIMTON takes into account many
important physical layer impairments, the authors intead t
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Fig. 11. Simulation example of blocking probability as adtion of different:
(a) PMD coefficients; (b) number of wavelengths per link; {@nsmitter bit

rates and (d) transmitter linewidths.

include in future versions some other effects, such asphelse
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Fig. 12. Simulation example: network blocking probabilidg a function of
network load for three different RWA algorithms (SP, LRW aD8NR-R).

The authors also intend to include some other devices such as
Raman amplifiers, wavelength converters, optical regéoesa
Other network functionalities should also be included itufa
versions, such as: different wavelength assignment dlgos,
including some impairment-aware wavelength assignmet (1
WA), IA-routing (IA-R) algorithms, restoration and protemn
capabilities, and others.

ACKNOWLEDGMENTS

The authors acknowledge the financial support from FACEPE,
CNPq, CAPES, UPE and UFPE for scholarships and grants.

REFERENCES

[1] B. Mukherjee, “Wdm optical communication networks: Bress and
challenges,Journal of Selected Areas in Communicationsl. 18, no. 10,
pp. 1810-1824, 2000.

[2] M. J. O’Mahony, C. Politi, D. Klonidis, R. Nejabati, and.3imeonidou,
“Future optical networks,”Journal of Lightwave Technologyol. 24,
no. 12, pp. 4684-4696, December 2006.

[3] B. Ramamurthy, H. Feng, D. Datta, J. P. Heritage, and Bkihujee,
“Transparent vs. opaque Vvs. translucent wavelength-douoptical
networks,” in Optical Fiber Communication Conference, 1999, and
the International Conference on Integrated Optics and EbtiFiber
Communication. OFC/IOOCvol. 1, 1999, pp. 55-61.

[4] R. Ramaswami and K. N. SivarajarQptical Networks: A Practical
Perspective2nd ed. Morgan Kaufmann, 2002.

[5] J. Strand, A. L. Chiu, and R. Tkach, “Issues for routingtire optical
layer,” Communications Magazipeol. 39, no. 2, pp. 81-87, February
2001.

[6] B. Wen, N. M. Bhide, R. K. Shenai, and K. M. Sivalingam, “t@al
wavelength division multiplexing (wdm) network simulatqowns):
Architecture and performance studieSPIE Optical Networks Magazine,
Special Issue on Simulation, CAD, and Measurement of Qptieavorks
vol. 2, 2001.

[7] “Network simulator 2, http://www.isi.edu/nsnam/ns/ Acessed in
February, 2010.

[8] “Opnet simulator,” http://www.opnet.com/. Acessedfebruary, 2010.

[9] “The nist merlin environment,” http://w3.antd.nisbxgyHsntg/prd merlin.html.
Acessed in February, 2010.

[10] “Tonets - transparent optical network simulator,”
http://www.nuperc.unifacs.br/grupos-de-pesquisaigpoojetos/tonets.
Acessed in February, 2010.

[11] B. Ramamurthy, D. Datta, H. Feng, J. P. Heritage, and Bikiérjee,
“Simon: a simulator for optical networks,” if\ll-Optical Networking:
Architecture, Control, and Management Issuesl. 3843. SPIE, 1999,

modulation (SPM) and cross-phase modulation (XPM) [18]. pp. 130-135.



JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. XX,NO. X, 20XX

[12] D. A. R. Chaves, H. A. Pereira, C. J. A. Bastos-Filho, ahdF.
Martins-Filho, “Simton: A simulator for transparent ogtimetworks,” in
Proceedings of the International Telecommunications $gmm — ITS
vol. 1, Manaus, Brazil, September 2010, pp. 1-7.

[13] H. A. Pereira, D. A. R. Chaves, C. J. A. Bastos-Filho, dndr. Martins-
Filho, “OSNR model to consider physical layer impairmemntsransparent
optical networks,”"Photonic Network Communicatigngol. 18, no. 2, pp.
137-149, October 2009.

[14] H. A. Pereira, R. V. B. Carvalho, C. J. A. Bastos-FilhmdaJ. F.
Martins-Filho, “Impact of amplifier noise figure modeling isimu- |
lations of impairment-aware all-optical networksPhotonic Network
Communicationsvol. 19, no. 1, pp. 110-120, February 2010.

[15] H. Zang, J. P. Jue, and B. Mukherjee, “A review of routargl Wavelength
assignment approaches for wavelength-routed optical wetwarks,”
Optical Networks Magazinevol. 1, no. 1, pp. 47—60, January 2000.

[16] S. Azodolmolky, M. Klinkowski, E. Marin, D. Careglio,.JS. Pareta,
and |. Tomkos, “A survey on physical layer impairments awareting
and wavelength assignment algorithms in optical netwbrigymputer
Networks vol. 53, pp. 926-944, May 2009.

[17] J. He and M. Brandt-Pearce, “RWA using wavelength drdgrfor
crosstalk limited networks,” iProceedings of the IEEE/OSA Optical Fiber
Conference — OFCAnaheim, USA, March 2006, p. OFG4.

[18] G. P. AgrawalFiber-Optic Communication Systengnd ed. John Wiley
and Sons, Inc., 1997.

[19] M. B.-P. Y. Pointurier and S. Subramaniam, “Analysis blocking
probability in noise and crosstalk impaired all-opticaltumarks,” in
Proceedings of the26th Annual IEEE Conference on Computer
Communications — INFOCOMANnchorage, USA, May 2007, pp. 2486—
2490.

[20] Y. Pointurier and M. Brandt-Pearce, “Effects of cradist on the
performance and design of all-optical networks with fibenlim@arities,”
in Proceedings of th88th IEEE Asilomar Conference on Signals, Systems
and Computersvol. 1, Monterey, USA, November 2004, pp. 83-87.

[21] N. Zulkifli, C. Okonkwo, and K. Guild, “Dispersion optiised impairment
constraint based routing and wavelength assignment #igusi for all-

4

10

Helder A. Pereira was born in Paulista, Brazil, in
1980. He received the B.Sc. degree in Electronics
Engineering from University of Pernambuco (UPE),
Recife, Brazil, in 2000, the M.Sc. degree at
Telecommunication National Institute (Inatel), Santa
Rita do Sapucai, Brazil, i2002 and the PhD degree
in Electrical Engineering at the Federal University of
Pernambuco (UFPE), Recife, Brazil, 2007. He is a
professor at Polytechnic School of the University of
Pernambuco (UPE).

Carmelo J. A. Bastos-Filho was born in Recife,
Brazil, in 1978. He received the B.Sc. degree in
Electronics Engineering from Federal University of
Pernambuco (UFPE) i2000. He received the M.Sc.
and PhD degrees in Electrical Engineering from
Federal University of Pernambuco (UFPE), 2003
and 2005, respectively. In2006, he received the
best Brazilian Thesis award in Electrical Engineering.
His interests are related to optical networks, swarm
intelligence, evolutionary computation, multi-objeetiv
optimization and biomedical applications. He is

optical networks,” inProceedings ofsth International Conference on currently an associate professor at Polytechnic Schookhef Wniversity of
Transparent Optical Networks — ICTONol. 3. IEEE/LEOS, June 2006, Pernambuco. He is the head of the research division of thgdebinic School

pp. 177-180.

[22] E. Mutafungwa and S. Halme, “Analysis of the blockingrfipemance
of hybrid ocdm-wdm transport networks,Microwave and Optical
Technology Lettersvol. 34, no. 1, pp. 61-68, July 2002.

[23] B. Wen, R. Shenai, and K. Sivalingam, “Routing, wavefén and
time-slot-assignment algorithms for wavelength-routedical wdm/tdm
networks,” Journal of Lightwave Technologwol. 23, no. 9, pp. 2598—
2609, September 2005.

Daniel A. R. Chaves was born in Recife,
Brazil, in 1981. He received the B.Sc. degree in
electronics engineering from the Federal University
of Pernambuco (UFPE) i2006 and received the
M.Sc. in electrical engineering 2008 from the same
institution. He is currently a Professor in the Computer

of Pernambuco. He also coordinates the Masters course tarBy€ngineering.

Joaquim F. Martins-Filho was born in Recife,

Brazil, in 1966. He received the B.Sc. degree in
Electronics Engineering from the Federal University
of Pernambuco (UFPE), Recife, ih989, and the

M.Sc. degree in Physics from the same institution in
1991, studying nonlinear optics in optical fibers. He
received his PhD degree in Electronics Engineering
from the University of Glasgow, Scotland, 995,

investigating ulfrafast optical pulse generation from
mode-locked semiconductor quantum well lasers.
Since 1998 he is an associate professor in the

Engineering Group (E-Comp) at the University ofPhotonics Group, Department of Electronics and SystemsF#R) in Recife.
Pernambuco (UPE) Moreover, he is Working toward'hs current interests are in devices, Subsystems, traBgmissystems and
the Ph.D. degree in electrical engineering at UFPENetworking for optical communications and optical sensors ) ‘
He is currently working with the Photonics Group Prof. Joaguim Martins-Filho is a Member of OSA (Optical Sugi
of UFPE, in the laboratory of optical networks. HisOf America), SBMO (Brazilian Microwave and OptoelectranicSociety),

interests are related to lightwave communication systeimsuding high- SBrT (Brazilian Telecommunication Society) and SBF (Bifami Physics
capacity WDM transmission, optical networking, impairmieware routing Society), as well as a Research Fellow of the National Reke@ouncil of

and wavelength assignment algorithms, designing of dltapand translucent Brazil (CNPq).
networks, and applications of computational intelligericeoptical networks
optimization.



