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Abstract—In this article we present a software to simulate error rate) [5]. Therefore, for the implementation of such
Transparent Optical Networks (SIMTON). SIMTON is an event-  networks, it becomes necessary to estimate the degradation
driven simulation software implemented in C++ which takes of the optical signal along the possible lightpaths [5]. In

into account optical device characteristics for the evaluton of der t timate the i ts of si | d dati in th
network blocking probability in wavelength routed transparent orcer to estmate the 1mpacts or signal degradauon in the

optical networks. The simulator uses a physical layer modethat ~ Optical layer, three strategies can be adopted: the use of
considers the following effects: device losses, fiber atteation, numerical calculations for wave propagation in optical fibe

fOU[jWﬁ(\j/Q mixing, r_esidu?_l c?r??atic diSPerSiC;n a?_d PQ'af'Zattin and devices (numerical solution), the implementation of an
mode dispersion In optical Tipbers aln saturation In optc : H :
amplifiersp(Erbium DopF:ed Fiber Aﬁwpgljifier), dependence orf) the olptlcal testbed (expenmental_ solutlon)_or thq use compuee
amplified spontaneous emission noise with the input power in S|mqlate the.n?twork F’pera“on- Despite being very aceyrat
EDFA, in-band crosstalk in optical switches, and source spua- the first one is impracticable for large networks evaluatioe
neous emission noise of the laser transmitter. By using SIMON it to the high computational complexity of the problem, spicia
is possible to adjust the parameters of the optical devicesis well  if the target is to assess the dynamic behavior of the network
as to choose the routing and wavelength assignment algorith e sacond option is particularly expensive due to the high
Moreover, the tool has a graphical interface. We also presdrsome . . .
examples of network analysis results obtained from SIMTON. cost of the O_pt'cal devices deplqyed in the networks. A_S a
good alternative, the network designers can use compn#atio
|. INTRODUCTION simulations with simplified analytical models. Using these
Optical networks are currently the most used technologgodels, it is possible for a simulator to test, compare and
by the telecommunications carriers for the implementatibn evaluate the performance of devices, algorithms, prosomod
their backbones. The main reason for this is that the optidapologies used in the network.
communications systems offer, at the same time, the péigsibi Following the third strategy (the simulation idea), some
to expand the transmission capacity allied to a high aviiilab simulators of optical networks have been developed. These
and reliability [1], [2]. tools can be divided in two groups. In the first group, the
The optical networks can be classified in three categori¢gsols do not consider the degradation of the signal in the
opaque, all-optical and translucent networks [3]. In thaaquee optical layer, which means that they can only be applied to
networks, the optical layer is used only for transmissiompaque networks. In this first group the following projecs c
All network operations, such as switching and managemehg listed: OWNS [6] (extension of the Network Simulator [7])
are carried out by electronic circuits. In these networks, ®PNET [8], NIST Merlin [9], and TONetS [10]. In the second
each network node along the lightpath, the optical signgfoup, the tools take into account the degradation of threasig
undergoes optical-electronic-optical (O/E/O) convarsi¢4]. quality in the optical layer along the optical signal progton
On the other hand, in all-optical networks the optical signarocess, and for this reason, they are able to simulate the
propagates along the network, from the source node to thehavior of transparent all-optical networks. The sinarat
destination node, in the optical domain without experiegci SIMON [11] is classified in this group and considers the
O/E/O conversions [4]. The translucent networks are opticaffects of attenuation of the optical signal in optical fier
networks that use the concept of islands of transparen@sd& hand in other devices, gain saturation in optical amplifiersd a
networks are divided in many transparent islands and théseband crosstalk in the optical switches.
islands are interconnected by electronic regenerators [3] The simulation tool presented in this paper (SIMTON)
Although the all-optical networks are less expensive than tconsiders, in addition to the effects considered by SIMON,
opague ones, in these networks there is no signal regemerathe following optical layer impairments: polarization neod
along the lightpaths. Thus, the signal is degraded duridgspersion (PMD), residual chromatic dispersion (RCDYrfo
transmission, and the quality of transmission of the ligkttp wave mixing (FWM) and the dependence of amplified spon-
can not reach acceptable leveks @.leading to a high bit taneous emission noise (ASE) with the Erbium doped fiber



amplifier (EDFA) input optical power [12], [13].

Table |
LIST OF THE OPTICAL DEVICES AND PARAMETERS ADJUSTABLE BY THE

This paper is organized as follows: in Section Il we declare SIMTON USER
the SIMTON implementation assumptions; in Section Il we _
show the SIMTON graphical interface; in Section IV we Device Parameter Standard value
present the statistical analysis of the simulator, in $ecV¥  ~Nawvork T Load 70 Erlang
we list its cases of use; in Section VI we show some examples Maximum temporal broadening 10%
of simulation results and, finally; in Section VII we give our t"i’(')i”imum acceptable signal-to-noise ra-23 dB
conclusion. Laser First used wavelength 1528.78 nm

1. IMPLEMENTATION ASSUMPTIONS :;?nsm't'

The simulation tool allows one to adjust the parameters t%sef\’/; hower 8%‘32"5 -
of the optical devices, as well as choosing the routing and Output signal-to-noise ratio 30dB
wavelength assignment (RWA) algorithm to be used in the Transmission bit rate 40 Gbps
simulation. SIMTON was implemented in C++ programming Optical [ Insertion Toss 3dB
language and was divided in two modules: the simulator of"'" Isolation factor J0dB
optical network and the graphical user interface (GUI). Multiplexef Insertion loss 3dB

In this Section some aspects considered in the implementa(lpti??l Noise figure 5dB
tion of SIMTON are shown. ampHer Non-saturated gain Compensate for
A. PhySICal Layer Output saturation power tlhgedlé);]ses

The physical layer of the network is composed by opticalOptical | Channel spacing 100 GHz
devices such as optical amplifier and optical switches. More Pe" Loss coefficient 0.92 dB/km
over, an optical network is represented by a set of nodes and Number of wavelengths per link 36
a set of links interconnecting the nodes. SIMTON assumes Transmission fiber dispersion coeffl- —0.75 ps/km.nm
that a pair of optical fibers is deployed in each link, one ?‘;’:sﬁii‘;f’?’ nm) iher slopd 0.06 ps/km.nr?
for transmission and the other for reception. Thus, each fibe (@1544.53 nm) ' '
has an unidirectional traffic. In SIMTON, each connection is Zero dispersion wavelength for trang- 1557 nm
established in a bidirectional way. Despite we have assumed “C“c')snsqg’gnggg;g fiber dispersion coeff —99.77 ps/km.nm
this, it is easy to set an unique fiber for transmission and cient (@1544.53 nm) ' '
reception. Compensating fiber slopé —1.87 ps/km.nn?

This first version of SIMTON does not support the wave- (@1544.53nm)

. e . Zero residual dispersion wavelength | 1544.53 nm

length conversion capability in the nodes along the ligthpa PMD coefficient for NZ-DSF 0.04 psi/km

Therefore, each connection is carried out in the same wave-
length from the source to the destination node. SIMTON uses

an optical circuit switching approach. The optical ampigie

gains can be easily adjusted to exactly compensate for thie toatio (OSNR) of the lightpath. The model evaluates the aptic

link losses.

signal-to-noise ratio of each lightpath and it considers th

The link architecture and optical devices assumed by SINbllowing impairments: ASE noise, amplifier gain saturatio
TON are shown in Fig. 1. From the left to the right we haveffect, saturation of ASE noise in EDFAs, homodyne crokstal

the following devices: laser transmitter, optical switoptical
multiplexer, optical fiber, optical demultiplexer, opticavitch

in optical switches, the losses, FWM and PMD effects in
the transmission fibers [12]. The verification of the quality

and optical receptor. Each device has a set of parametdrs tifasignal (QoS) of one lightpath is made by comparing the
can be adjusted by the SIMTON user. The set of paramet€SNRy in the output of the lightpath with the predefined
for each network device is listed in Table I, which also showsinimum OSNR OSNRy). Thus, in order to satisfy the QoS
the standard preset values used in the simulations deddriberequirement, th®SNR; of the lightpath must be greater than

Section IV and in Section VI.

TX+Xb ol >e

Figure 1. The link architecture and optical devices assubye8IMTON.

X
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OSNRy,. Moreover, we also consider the effect of residual
chromatic dispersion, as described in [14].

B. Routing and Wavelength Assignment Module

Our network simulation engine follows the flowchart shown
in Fig. 2. A candidate lightpath for the incoming call reqtiss
searched by the RWA module. The output of the RWA module
feeds the call admission control (CAC) module. The CAC is

In order to take into account the physical impairment®sponsible for the decision whether a given call request ca
the SIMTON uses a physical layer model developed by obe established or not in the network. If the RWA module can
research group [12], which evaluates the optical signaleise not find a lightpath for a requested call, the CAC blocks it.



D. Blocking Probability Evaluation
v

The network blocking probability estimates the relative

@ amount of not accepted calls by the network. As it was
(CAC A discussed before, a blocked call can occur either by the lack
of available network resources to establish the call or for
inadequate quality of signal for the found route. Thus, déig
blocking probability means that a larger number of users

could not make use of the network resources, which indicates

a worse network performance. The blocking probability is
estimated by evaluating the ratio between the number of
blocked calls and the total number of call requests to the
network.

Is there
a candidate
LP?

Call Blocked

Ill. SIMULATOR IMPLEMENTATION

Fig. 3 shows the main screen of the developed graphical
interface (GUI). By using this SIMTON interface one can
create and save a new network topology, or edit a saved

network.
[ SINTON - [C:Dacuments ings DAL o INGLES\Fintandi 1 g‘ﬂ@l
4 Fle Edit Functions FES
Figure 2. Flowchart used by SIMTON for the solution of the Rywablem. e

If the RWA algorithm returns a candidate lightpath (CLP),
then the CAC evaluates itAic p and OSNR p using the
physical layer impairments (PLI) model (Section 1I-A). The
current state of the network is considered in this evaluatio
The CAC checks if both QoS constraints are satisfi®e:| p
< Atth andOSNRp > OSNRy, whereAtrt is the maximum
pulse broadening an®SNRy, is the minimum acceptable
OSNR value for the QoS requirements. If either inequalit
does not hold, then the requested call is blocked by tF
CAC. Otherwise, the request is accepted. An accepted ci
results in the establishment of a circuit switched bidiewl
connection in two different fibers between the selectedaou
and destination nodes.

Display Node. byD

Figure 3. SIMTON main screen showing the network topologndedited
rby the user.

The user is allowed to configure all nodes, all links or
C. Traffic Generation and Network Load an specific node or link parameter by selecting the desired
element. Link lengths and node numbers are shown in Fig. 3.
To simulate the dynamic behavior of the network, the calh each link, the following parameters can be modified: @tic
requests are generated dynamically following a stochasfilcer length and loss coefficient, insertion losses in thécapt
process. This approach is also known as dynamic lightpatiultiplexers and demultiplexers, number of fibers in a link,
establishment (DLE) [15]. For each call request, two nekwopptical amplifiers gain, saturation power and noise figurée. A
nodes are raffled, randomly, following an uniform probapili these options are illustrated in the parameters configurati
density function. Thus, all the nodes in the network are lygjuascreen shown in the Fig. 4. In each node the following con-
probable to be selected. These two selected nodes areesidiguration options are available: switch insertion lossticgh
as the source and destination nodes of the call. The gemerasignal-to-noise ratio of the transmitter and laser outpmvigr
process of call requests follows a Poisson process: the tiae illustrated in Fig. 5. SIMTON also allows the user to
interval between calls is exponentially distributed witteage configure all amplifier gains to compensate for the losses or
1 and the duration of each call also follows an exponentitd set each EDFA gain of the network.
distribution with a mean value equal tg With these two  Fig. 6 illustrates the screen where the user can define the
parameters, one can define the network léads . = pH, simulation parameters. Some examples are: the number of
in which, H is the mean time, on average, that the call igenerated calls, the value f@®SNRy, which impairments
active andu is the mean rate for the call requests generatioghould be considered or not during the simulation, the RWA
The network loadL is given in Erlang. algorithm, types and range of parameters in the considered
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Figure 4. Configuration screen of the optical devices patarsén network Figure 7. Simulation screen showing results.
link.
B Nodes Settings (=] . e .
& B reliability of the results given by SIMTON we performed

Enter the %alugs Common to Al Nodes

a statistical analysis of the results. The blocking prolitgbi

fW"C'”PL”SS' : :2 returned by SIMTON is a random variable that is obtained
. ;0 . Corcel_| as the ratio between the number of blocked calls and the

total number of call requests to the network. The simulation
Figure 5. Configuration screen of the optical devices patarsén network software generates a finite set of call requests. It is erplect
node. that the variance of the blocking probability results deses
as the number of call requests increases. In order to analyze
) . ) o the statistical behavior of the blocking probability resuive
analysis. The simulation process starts upon clicking th@formed a set 080 simulations using the parameters listed
"Simulate” button. in Table | with a network load of0 ErlangS in the Finland

s topology [16], which is shown in Fig. 3.

e o S || Fig. 8(a) shows the box plot of these results as a func-
ey S tion of the number of call requests. The open square and
r the horizontal line inside the box represent the mean and
B Lottt fo the median of the results obtained from th@ simulations,

o o o7 | i | sommrmn e | [ [ respectively. The box stands for tRe" and 75" percentile,
il T | U | whereas the whisker stands for th& and 99™ percentile,
el === which means that the region in the whiskers delimitates the
| o | oem o oEw| o ow o confidence mteryal ad8%. As one can r_10te from Fig. 8(a),_ as
O o ) 0 S e - o the number of simulated call requests increases the corfiden
o= e L e e || interval of 98 % becomes narrower, as expected. The width of
T — - the whiskers and the boxes obtained fob x 10> and3 x 10°

== = o | o |l ]| requests are almost the same. It indicates that fotetéd

Figure 6. Simulation setup screen - configuring the simofaparameters. Of blocking prObf‘b'!'ty ¢ x 107°) a number of call r_equeStS
higher tharB x 10° will not lead to a narrowe98 % confidence

During the simulation process, the SIMTON shows a screéme.rval' ) o
indicating the simulation evolution. Upon the end of the Fig- 8(b) shows the simulation time of the SIMTON, con-
simulation, the SIMTON shows a screen with the result, whictidering different scenarios of simulation. For every scen
is shown in Fig. 7. This screen always shows the bIockirge used the simulation tool running in an Intel Coriuo
probability as function of the optical devices parameters 213 GHz with 3GB of RAM computer. We performed a
network load. In addition, the software also generates a 18§t ©f 30 simulations using the parameters listed in Table I,
text file in which all the data about the simulation are reedrd CONSidering a set ot0° call requests in the Finland topol-
Thus, it is possible to export the simulation results to hapot ©9Y [16], which is presented in Fig. 3. Table Il describes the
plotting software. physical impairments considered in each scenario.
In the scenario$l to 4 the FWM effect is not considered.
IV. STATISTICAL ANALYSIS OF THE SIMULATOR Note from the Fig. 8(b) that, for these scenarios, the tinemsp
The main result generated by SIMTON is the networky the SIMTON to perform the simulations are practically in
blocking probability as a function of some parameters dlse same order of magnitude (aroud@s). When the FWM
discussed in the previous sections. In order to verify thedfectis also considere@®y), the simulation time increases by
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Figure 8. Statistical analysis of the simulator: (a) cogeece aspects and
(b) simulation time for different scenarios.

Table Il

DESCRIPTION OF DIFFERENT SCENARIOS CONSIDERED
Scenario | Impairment

S1 PMD effect only.

5 PMD and RCD effects only.

3 Amplifier impairments only.

= Amplifier and optical switch impairments only.

£ Amplifier, optical swith and FWM effect only.

6 All physical impairments.

a factor of almostl6 times (aroundl270s), compared to the
other scenarios. It allows one to conclude that the evanat

V. SIMTON CASES OFUSE

In order to illustrate how SIMTON works, this section
presents a brief description of the software cases of use.
SIMTON is divided in two modules: the optical network
simulator and the graphical user interface. Fig. 9(a) shows
the cases of use diagram of the graphical user interface. The
options available to the user are:

« Create network: Allows the user to design a new net-
work topology.

o Save network Allows the user to save a designed
network into a file.

o Open network: Allows the user to open a previously
saved network.

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

« 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
configure the devices:

— All devices Changes simultaneously the values of
the parameters for all the devices in the network.

— Single deviceChanges the value of a specific device
parameter.

« Run a simulation: Starts a simulation with the parame-
ters configured by the user.

« RWA algorithm : Allows the user to choose the RWA al-
gorithm used during the simulation. There are four possi-
ble choices implemented for the routing algorithm: short-
est path (SP) [15], least resistance weigth (LRW) [17], op-
tical signal-to-noise ratio (OSNR-R) [12] and minimum
number of hops (MH) [15]. The wavelength assignment
algorithms implemented are: first fit, random, most used,
least used, best fit and just enough [15]. Other RWA
algorithms can be easily implemented.

« Select results SIMTON gives, as a result, the graph of
the network blocking probability as a function of some
predefined parameters. The following parameters can be
chosen by the user: number of wavelengths per fiber,
amplifier saturation power, amplifier noise figure, laser
transmitter power, network load, switch isolation factor,

the FWM effect is very time consuming, compared with the transmission fiber PMD coefficient and the output OSNR

other physical impairments. 186, all impairments are con-

of the transmitter laser.

sidered including the FWM. The main difference between thee« Select impairments Allows the user to select which
scenariosSs and 6 is that the pulse broadening impairment  impairments SIMTON should take into account during

is taken into account i86, whereas it is not ir85. Note from
Fig. 8(b) that the simulation time for th& is considerably

the simulation. The possible choices are: PMD, RCD,
FWM, dependence of ASE with the EDFA input power,

higher than for the6 scenario. It can be explained by the EDFA gain saturation and switch crosstalk.
implementation of the CAC module (described in details in « Show graph Plots the simulation results in a graph of
Section Il). The CAC verifies the pulse broadening impair-  blocking probability as a function of devices parameters
ments before the other physical impairments. For this mgaso  or network load. The devices parameters choices are:
when a call does not meet the pulse broadening criterion it is amplifier noise figure, amplifier saturation power, trans-
blocked without any further evaluation of the other physica  mission laser power, switch isolation factor, number of

impairments, reducing the total simulation time.

wavelengths, network load and PMD coefficient of the



fiber, for example.
Graphic User Interface

Fig. 9(b) shows the cases of use diagram of the simulatior| e eneraliatione -
module. The options available to the user are: //

« Simulate: Starts a network simulation. - he devices S Generalization>>

« Connection request generator Simulates the call requi- %§

sition patterns in the network, according to the descniptio
in Section II-C.

« Evaluate the OSNR Evaluates the output OSNR of the Qpen NetworD
lightpath, as described in Section II-A and the set of ,
impairments chosen by the user. Tty Nt

« Call manager. This module handles the connections in
the network, setting up connection and removing inactive the losse
calls, releasing its resources for new assignments.

« Establishment of the calls Establishes the calls in the
network and reserves network resources for the calls
Moreover, it evaluates and stores the optical powers in @)
each network point.

» Release calls Releases the network resources used by Sirii e
the ended connections.

« RWA algorithm : Runs the routing and wavelength as- —_
signment algorithm. %

User

Run
Simulation
<<include>>
Select
RWA Algorithm Results
Select

<<include>>
Impairments

<<include>>

Calls
stablishme

<<generalization>>

Release
Calls

<<include>>,

Connection Requests’
Generator

VI. EXAMPLES OF SIMULATION RESULTS Graphical

Interface

By using the SIMTON, it is possible to perform a variety
of studies concerning to the network performance (in terms g
blocking probability) and to make performance comparison
of networks using different optical devices charactersstiAs
an example, some of the possible studies and analysis that ¢
be performed using SIMTON are shown in this section. The
detailed discussion about the simulation results predemes
and their implications on network performance are not in the
scope of this paper and it can be found in [12].

Fig. 10(a) shows the network performance (blocking proba-
bility) asgfu_nctlon of device p.aramEterS’ for differenbaark Figure 9. Cases of use diagram for the SIMTON: (a) GUI moduld a
loads. It indicates that there is an optimal value for th@dasy) simulation module.
power, since for low powers the blocking probability is high
due to amplifier noise, and for high powers the blocking

probability increases due to the non-linear effect, 'anar?mpact of physical impairments in the performance of all-

croslstag)lk and ;rgplmer staturitlgn gﬁectst[lz]_ Thf's ?:mo(;] .Egtical networks. SIMTON takes into account more physical
cou € used by a network designer 1o Specily the devi pairments than the other similar simulation tools found i
characteristics for the optimization of network operatibor the literature

example, Fig. 10(b) shows the impact of different amplifier ) . .
saturation powers and noise figures, and Fig. 10(c) shows théNe believe the SIMTON is a powerful tool for optical

impact of optical switches with different isolation fact@lues Petv(\j/%rk S'Tg@f&onf’ tahevalléaf:[re th? dnet_work pe_][f((;;mance
on network performance. or differen algorithms, different device specifiaais,

Besides the analysis of network performance as a functigﬁferem network topologies and traffic loads. The possibl

of device characteristics, SIMTON is also able to analyz alf>ers include network designers and operators, equipment

compare the network performance for different RWA algo\(endors and netwprk researchers, to perform network asalys
date and planning.

rithms. As an example, Fig. 11 shows the network blockinﬂ)
probability as a function of network load for three diffeten
RWA algorithms [12], which are: SP, LRW and OSNR-R.

<<generalization>>

D

(b)
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