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ABSTRACT

Elastic Optical Networks were proposed in response to the large capacity and diverse traffic
granularity of the future Internet. Depending on the bandwidth requirements, EONs allocate an
appropriate-sized spectrum to each connection. This new scheme breaks with the traditional
WDM networks which uses static connections. Nevertheless, these networks resources are
poorly used under dynamic traffic condition. This thesis proposes a hybrid scheme where
resources are allocated both in a static and dynamic manner. It also pretends to give a solution
to the principal drawback of the hybrid scheme, the inability to absorb random connection
request peaks.
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RESUM

Les xarxes òptiques elàstiques són proposades en resposta a la demanda de un futur internet de
suportar grans capacitat i un tràfic de diversa granularitat. Depenent dels requeriments d’ample
de banda aquestes xarxes assignen un espectre de mida apropiada a cada una de les connexions.
Aquest nou esquema trenca amb les tradicionals xarxes WDM que utilitzen connexions
estàtiques. Tot i així els recursos d’aquestes noves xarxes s’utilitzen de manera ineficient sota
condicions de tràfic dinàmic. Aquesta tesis proposa un esquema híbrid on els recursos siguin
assignats de les dos maneres, estàtica i dinàmicament. També pretén donar resposta al principal
inconvenient d’aquest nou esquema, la incapacitat d’absorbit pics de demanada de connexions
aleatòries.
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RESUMEN

Las redes ópticas elásticas se proponen en respuesta a la demanda de un futuro internet para
soportar grandes capacidades y un tráfico de distinta granularidad. Dependiendo de los
requerimientos de ancho de banda estas redes asignan un espectro de apropiado tamaño para
cada una de las conexiones. Este nuevo esquema rompe con las tradicionales redes WDM que
utilizan conexiones estáticas. Aun así los recursos de estas nuevas redes se utilizan de una forma
ineficiente bajo un tráfico dinámico. Esta tesis propone un esquema hibrido donde los recursos
sean asignados de las dos formas, estática y dinámicamente. También pretende dar respuesta
al principal inconveniente de este nuevo esquema, la incapacidad de absorber picos de demanda
de conexiones aleatorias.
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1. INTRODUCTION
1.1.

Project overview and goals

The purpose of this project is to analyze and model the spectrum occupation in elastic optical
networks (EON). The exponential IP data growth opens the door to new network architectures
fitting to that gigantic quantity of generated traffic. The predictable consequence is that network
providers will require a new generation of optical transport networks, so as to serve this huge
and heterogeneous volume of traffic in a cost-effective and scalable manner. In response to
these large capacity and diverse traffic granularity needs of the future Internet, the flex grid EON
architecture has been proposed. By breaking the 50 GHz rigid grid limit of conventional WDM
networks, EONs increase the flexibility in connections provisioning. Depending on the traffic
volume, an appropriately sized optical spectrum portion is allocated to each connection.
Therefore, incoming connection requests can be served in a spectrum-efficient manner.
The Routing and Spectrum Allocation (RSA) problem in EONs has been widely studied, with
special emphasis in dynamic (in operation) network scenarios. There, connection arrival and
departure processes are random and the network has to accommodate incoming traffic in real
time. In a dynamic scenario, the spectral resources allocated to connections are released upon
tear down, becoming available for future requests. The randomness in the connections birth
and death processes leads to fragmentation of the spectral resources in the network, which is
an important drawback of EONs. As an example, we found that occupying the spectrum in an
ordered way has some advantages in front of EONs.
An accurate modelling of the link occupancy is of capital importance, as it will help in better
understanding ways to reduce fragmentation and, in general, to improve the EON performance.

1.2.

Project Background

The project was born as a continuation of the work previously done by Jaume Comellas Colomé.
This work is about the analysis of the spectrum occupancy of the elastic optical networks (EONs).
EON architecture was proposed in response to the exponential growth of the world-wide
communications and bandwidth demands.
While WDM-based systems uses a rigid spectral grid allocation, the main characteristic of EONs
is its capacity to allocate the traffic demand by dividing up flexibly the optical spectrum.
However, the principal drawback of the elastic optical network is the so called spectrum
fragmentation. This refers to the small and noncontiguous spectrum slots which cannot be used
to allocate large connections demand.
This work pretends to provide a simple proposal to alleviate the fragmentation effects by mixing
flexible grid with statically spectrum utilization.
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1.3.

Project requirements and specifications

The purpose of this project is to demonstrate the efficiency of using some statically spectrum
resources in the flexible grid that EONs presents. This is a mixing between the fixed-grids, used
in the WDM architecture, and flexible gird presented with the new EONs architecture.
The main goals of the project are:



Develop a way to formally describe spectrum usage in EONs.
Demonstrate the validity of the proposed model by Matlab simulations.

1.4.

Work breakdown and structure

Analysis of the spectrum
occupancy of the elastic
optical networks
Information
research and
study

Introduction
and planning
Planning

Matlab
simulator

Results study

Conclusions

Information research

Study of the algorithm

Results analysis

Error corrections

Previous work study

Algorithm modification
if necessary

Comparison with WDM
and EON method

Conclusions extract

Matlab simulations

1.5.

Work Packages, Tasks and Milestones

Work Packages:
Part 1: Introduction and planning
Major constituent: Planning
Short description:
Defining the objectives of the project, group of tasks, weekly working
schedule, and communication plan.

WP ref: (WP1)
Sheet 1 of 5
Planned start
date:
20/02/2017
Planned end
date:
05/03/2017
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Internal task T1: Develop the work plan and define objectives

Part 2: Information research and study
Major constituent: Pre analysis
Short description:
Obtain information about the project and redact all the documentation
needed.

Start event:
20/02/2017
End event:
05/03/2017
Deliverables:
Project proposal
and work plan

WP ref: (WP2)
Sheet 2 of 5
Planned start
date:
24/02/2017
Planned end
date:
25/03/2017

Internal task T2: Information research
Internal task T3: Theoretical study of WDM and EONS

Part 3: Matlab simulator
Major constituent: Matlab simulations
Short description:

WP ref: (WP3)
Sheet 3 of 5
Planned start
date:
Understand the code of the simulator and make appropriates changes if 15/03/2017
necessary. Run the necessary simulations for the project
Planned end
date:
20/04/2017

Internal task T4: Study the simulator code
Internal task T5: Make changes if necessary
Internal task T6: Run the simulations

Part 4: Results study
Major constituent: Study the results

WP ref:
(WP4)
Sheet 4 of 5
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Short description:

Planned start
date:
Understand and analyze the results obtained with the simulator. Compare 20/04/2017
them with the WDM and EONs architecture.
Planned end
date:
05/06/2017

Internal task T7: Results analysis
Internal task T8: Comparison with the WDM and EONs architecture

Part 5: Conclusions

WP ref:
(WP5)
Sheet 5 of 5
Planned start
date:
01/06/2017
Planned end
date:
30/06/2017

Major constituent: Final report
Short description:
Run up the final report of the project.

Internal task T9: Error correction
Internal task T10: Conclusions extract
Internal task T11: Develop the final report

Milestones
WP#

Task#

Short title

Milestone / deliverable

WP1

T1

Work Plan

Project proposal and work
plan

WP2
WP3

T3
T6

Theorical fundament
Simulations results

WP4
WP5

T8
T11

Results analysis
Final report

Theoric knowledge
Simulations results
obtained
Results analysis
Final report

Date
(week)
05/03/2017
25/03/2017
20/04/2017
05/06/2017
30/06/2017
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2. THEORETICAL BACKGROUND
This chapter is focused on the basics of the wavelength-division multiplexing network
(WDM) and the elastic optical network (EON). The objective is to show the differences between
the traditional WDM network architecture and the recent proposed EON network architecture.

2.1. Wavelength-division multiplexing (WDM)

The traditional WDM is a multiplexing method used in electromagnetic transmission media. This
method multiplexes a number of optical carrier signals onto a single optical fiber by using
different wavelengths (1310 nm and 1550 nm wavelengths in one fiber in the BWDM pattern).
To join several signals together WDM-based systems use a multiplexer at the transmitter and a
demultiplexer at the receiver to split them again. This technique allows the expansion of the
networks capacity without laying more fiber. The first WDM systems appeared around 1985 and
could only combine two signals. Nowadays, WDM systems are able to combine up to 160 signals.
The conventional WDM-based optical network divides the input spectrum into separate
channels. The spacing between adjoining channels is either 50 GHz or 100 GHz, which is specified
by international telecommunications union (ITU)-T standards. This conventional WDM networks
have a rigid grid limit. Therefore, regardless of the size of the incoming connection, it will use
50GHz or 100GHz (depending on the case) of the spectrum. When channels carry only low
bandwidth, no traffic can be transmitted in the large unused frequency gap, leading to waste a
large portion of the spectrum. Figure 1 illustrates an example of a low bandwidth using a fixsized frequency channel.

Figure 1. [4] Unutilized spectrum of a fixed grid
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2.2. Elastic Optical Network (EON)

As a response to the exponential growth of the world-wide communications and bandwidth
demands, the Elastic Optical Network (EON) architecture was proposed. The aim of this
architecture is to overcome the WDM limitations by supporting large capacities and diverse
traffic granularity.
While WDM-based systems use a rigid spectral grid allocation, the main characteristic of EONs
is its capacity to allocate the traffic demand by dividing up flexibly the optical spectrum.
However, the principal drawback of the elastic optical network is the so called spectrum
fragmentation. This refers to the small and noncontiguous spectrum slots which cannot be used
to allocate large connections demand.

2.2.1. EON architecture
In contrast to the fixed grid used by the WDM-based networks, EONs provide a spectrum
efficient bandwidth segmentation mechanism. This mechanism divides the optical spectrum
available into different fix-sized frequency slots (FS) as it is shown in Figure 2. Each FS can carry
some amount of traffic depending on the modulation format used and the required reach.

Figure 2. EON architecture: Fix-sized frequency slots

Figure 2 illustrates an example in which a window of 50GHz is divided into 8 frequency slots of
6.25 GHz each one. It is important to note that a separation between the different connections
must be guaranteed. To do so, the EONs must ensure one FS between connections. This free FS
is known as Guard Band (GB). Comparing this architecture to the WDM one, we see that EONs
architecture allows channels to be spaced closer together, freeing up spectrum for other
demands. Incoming traffic is divided to fulfill the slots defined and distributed trying to be as
similar as possible to the traffic received.
Figure 3 illustrates spectral widths of different bit rates distributed into a fixed and flexible grid.
In the 50GHz fix-sized grid case, high-speed spectrum, for example 1TB/s, cannot be transmitted
without fragmenting the traffic into different connections. This fragmentation reduces the
efficiency of the network. On the other hand, using a flexible grid, efficiency is increased due to
the possibility to send this traffic without using fragmentation. It is also noticed in the figure that
using a flexible grid the spectrum used is optimized.
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Figure 3. [3] Spectral width of different bit rates distributed in a fixed and flexible grid

Demand
bit rate
(Gb/s)
40
100
100
400

Modulatio
n format
DP-QPSK
DP-QPSK
DP-16QAM
DP-QPSK

Channel
BW
(GHz)
25+10
37.5+10
25+10
75+10

400

DP-16QAM

75+10

1000

DP-QPSK

190+10

1000

DP-16QAM

190+10

Fixed grid solution

1 50 GHz channel
1 50 GHz channel
1 50 GHz channel
4 100 Gb/s in 4
channels
2 200 Gb/s in 2
channels
10 100Gb/s in 10
channels
5 200 Gb/s in 5
channels

Efficiency increase for
EON

35 GHz vs. 50 = 43%
47.5 GHz vs. 50 = 5%
35 GHz vs. 50 = 43%
50 GHz 85 GHz vs. 200 = 135%
50 GHz 85 GHz vs. 100 = 17%
50 GHz 200 GHz vs. 500 = 150%
50 GHz 200 GHz vs. 250 = 25%

Table 1. [3] Efficiency comparison between fixed and flexible grid

Table 1 compares a fixed grid (WDM architecture) and a flexible grid (EON architecture) for a
300 km point-to-point link. It is shown that using a flexible greed, a very remarkable efficiency
increase is obtained.
With the objective of increasing the number of available slots EONs allocates the spectral
resources in a contiguous manner. Due to partitioning the total set of subcarriers slots EONs
achieve a well-organized spectrum allocation. This increases the acceptable connections and
reduces the blocking probability. Figure 4 illustrates how partitioning the total set of subcarrier
slots EON increases its efficiency (the black discontinuous line shows the aligned available slots).
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Figure 4. Spectrum allocations without spectrum partitioning and with spectrum partitioning

2.2.2. Spectral fragmentation
As it has been commented before, the principal drawback of the EONs is the commonly named
spectral fragmentation. This problem is due to the randomness in the connections setup and the
different duration of each connection. When a new connection arrives, it is allocated in the
available slot, hence the spectrum available is fragmented into small non-contiguous spectral
bands as shown in the following figure.

Figure 5. Spectral fragmentation

Figure 5 illustrates the impact of the spectrum fragmentation. As an initial point there is a
spectrum divided in 20 FS where connections C1, C2, C3, C4 and C5 are allocated with their
respective GB. After connections C1, C3 and C5 end, connections C7, C8 and C9 arrive and are
allocated in the available slots realized by the previous ended connections. The result is a
fragmented spectral where there are none-usual FS (red ones between C7 and C2, and between
C8 and C4) and the available slots are commonly small non-contiguous spectral bands (green
one between C4 and C9).
It is demonstrated that this method leads to a low probability of finding enough contiguous FS
to allocate the connections. This increases the blocking probability, especially in the cases where
the incoming connections request large amounts of bandwidth (large contiguous frequency
slots).
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2.3.

NSFnet topology

Due to the impossibility of studying all the existing topologies, in this thesis we have focused on
the so called National Science Foundation Network (NSFNet). This topology was born with the
aim of provide internet services to academic computer science departments. In 1985 NSFNET
was established to be a hub to connect the five supercomputing centers along with each other
and the regional research and education networks using the open TCP/IP protocols initially
deployed successfully.

Figure 6. NSFNet topology

As it is shown in figure 6, NSFNet topology uses 14 nodes and 21 links representing the USA’s
continental network.
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3. METHODOLOGY/PROJECT
DEVELOPMENT AND RESULTS
After giving the necessary concepts so as to understand the background of the networks
architecture, this chapter describes a procedure with the objective of demonstrate the benefits
of using hybrid networks are plausible. A typical EON under dynamic traffic will be compared
with an alternative approach where some resources are statically allocated even though the
offered load is dynamic. This comparison will help us to understand the advantages and
disadvantages of each architecture.
A Java script has been used in order to simulate the scenarios under study (EON under dynamic
traffic and the alternative approach with statically allocated resources). This code have been
loaned by Jaume Comellas.

3.1.

Ad hoc Matlabs

To perform the simulations under study in this thesis a Java script has been developed by the
tutor of the thesis. With the purpose of facilitating the analysis based on the results obtained
from these simulations, two Matlab ad hocs have been implemented. Because of references of
this ad hocs are going to appear in the following points of this document, it is important to
understand how they work.
The simulator used (Java script) returns a set of parameters, like the start and the end time of
the connections, about all the connections made in the simulation. Nevertheless, this
information does not contain the live connections or live frequency slots at any unit time, which
would be very useful for the analysis of this thesis. To obtain this information an ad hoc Matlab
has been implemented. The input of this ad hoc is the connections between two nodes of the
network and it returns the live connections and live frequency slots for each unit time of the
simulation. Figure 7 shows the code of this ad hoc. Henceforth in this document we will refer to
this ad hoc as “Matlab1”.
As it is going to demonstrate later in this thesis the probability of having a number of live
connections fits pretty well with a theoretical Binomial function. To calculate this theoretical
values another ad hoc Matlab has been implemented. The code of this ad hoc I is shown in figure
8. From now on we will refer to this ad hoc as “Matlab2”.
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clear;
t_ini=xlsread('18tx nsf 8fs poisson5 ht95','Link 110','a1:a560');%tret +1
t_final=xlsread('18tx nsf 8fs poisson5 ht95','Link 110','b1:b560');
num_slotsCon=xlsread('18tx nsf 8fs poisson5 ht95','Link 110','l1:l560');
transitori=240;
for i=1:max(t_final)
slots(i)=0;
vives(i)=0;
end;
jmax=0;
for i=1:length(t_ini)
for j=t_ini(i):t_final(i)
slots(j)=slots(j)+num_slotsCon(i);
vives(j)=vives(j)+1;
if j>jmax
jmax=j;
end;
end;
end
mitja=sum(vives)/length(vives)
maxim=max(vives)
maxslot=max(slots)
compte=zeros(1,maxim);
compte_slot=zeros(1,maxslot);
for i=0:maxim
compte(i+1)=length(find(vives(transitori:jmaxtransitori)==i));
end
for i=0:maxslot
compte_slot(i+1)=length(find(slots(transitori:jmaxtransitori)==i));
end;
%mitja_conex=sum(vives)/length(t_ini)
%max_conex=max(vives)
sheet = 1;
xlRange = 'A1';
xlswrite('resultat hybrid 110 poisson5 ht95',slots',
sheet,xlRange);%,'Link 11-4','d1:d348');
xlRange='B1';
xlswrite('resultat hybrid 110 poisson5
ht95',vives',sheet,xlRange);%'Link 11-4','e1:e348');
xlRange = 'E1';
xlswrite('resultat hybrid 110 poisson5
ht95',compte',sheet,xlRange);
xlRange = 'H1';
xlswrite('resultat hybrid 110 poisson5
ht95',compte_slot',sheet,xlRange);
Figure 7. Matlab ad hoc to obtain the live connections and live frequency slots for an S-D pair of the
simulation

20

clear;
k=xxx; %num conexions vives
n=xxx; %parelles S-D
prob=0;
maxnumcon=xxx;%mira fins max-1 pq el primer és per zero
for i=1:maxnumcon
prob(i)=binopdf(i-1,k,1/n);
num(i)=i-1;
end
sheet = 1;
xlRange = 'A1';
xlswrite('binomial 950 182',num', sheet,xlRange);%,'Link 114','d1:d348');
xlRange='B1';
xlswrite('binomial 950 182',prob',sheet,xlRange);%'Link
11-4','e1:e348');

Figure 8. Ad hoc Matlab to obtain values of a Binomial probability

21

3.2.

Dynamic simulations

The output results of the simulations have been distributed in two different tables: one with the
blocked connections and another with the rest of connections. For the analysis only de nonblocked connections are going to be considered.
In each row of the tables we have the information for one of the 100.000 connections used in
the simulation (the start and the end time of the connection, the start and the end node, in and
out transceivers, if the connection have has been blocked…, etc.).
As it has been explained before, the relevant information for the analysis of the load supported
for each network is the live frequency slots and live connections in the network at any unit time,
which will be calculated with Matlab1.

3.2.1. Dynamic considerations
In addition to the topology (NSFnet), other parameters have to be defined to consider the same
condition for architectures under study. The following assumptions will be considered for the
dynamic simulations presented in this thesis.
Inter arrival times (IAT) or connections request arrival are Poisson distributed. This distribution
expresses the probability of a given number of arrivals occurring in a fixed interval of time. If
these arrivals occur with a known average rate independently of the time since the last arrival,
the holding times (HT) are negative exponential. Adjusting the ratio between both parameters,
IAT and HT, the load of the network could be modified.
𝐻𝑇

Average network load = 𝐼𝐴𝑇
The links’ available spectrum is considered as 640 FS and the generated connections can take
any value from 1FS to 10FS with uniform distribution.
One of the most important assumption of the network is its probability distribution of the
connections from any source (S) to any destination (D). Two different distributions will be
studied for the dynamic simulations.


Uniformly distributed probability

A uniformly distributed probability means that each connection from any S-D pair of the network
are equally likely. If the distribution assume the connections 𝑥1 , 𝑥2 … 𝑥𝑛 then:
1
𝑛

Probability function:

𝑝(𝑥𝑖 ) =

Statistical mean:

m=

Variance:

𝜎 2 = 𝑛 ∑𝑛𝑖(𝑥𝑖 − 𝑚)2 = 𝑛 ∑𝑛𝑖(𝑥𝑖 2 ) − 𝑚2

1 𝑛
∑ 𝑥
𝑛 𝑖 𝑖
1

1
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Normal distributed probability

A normal distributed probability (also called Gaussian) means that each connection from any SD pair of the network are is not equally likely. If the distribution assumes m mean and 𝜎 2
variance:
1

Probability function:

𝑝(x) =

Statistical mean:

m= 𝑁∗𝑝

Variance:

𝜎2 = 𝑁 ∗ 𝑝 ∗ 𝑞

𝜎 √2𝜋

𝑒 −(𝑥−𝑚)

2 /(2𝜎 2 )

Where N = sample size, p= probability, q= 1-p
Tables 2 and 3 shown the summary of the considerations for both dynamic simulations under
study in this thesis.

Uniformly distributed simulation
Topology
FS
FS/Link
HT
Poisson1
Number of S-D Pairs
Number of connections in the simulation
Connections for any S-D
Tx number

NSFnet
1 to 10
640
165
0,1427
182
100000
Uniformly distributed
70

Table 2. Consideration for the uniformly distributed simulation

Normal distributed simulation
Topology
FS
FS/Link
HT
Poisson1
Number of S-D Pairs
Number of connections in the simulation
Connections for any S-D
Tx number

NSFnet
1 to 10
640
165
0,1427
182
100000
Normal distributed
70
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Table 3. Considerations for the normal distributed simulation

3.2.2. Uniformly distributed simulation
First simulation corresponds to the uniformly distributed simulation. The following calculations
are extracted from the simulation results.
𝐻𝑇



𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑙𝑜𝑎𝑑 =



𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑣𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑆 − 𝐷 𝑝𝑎𝑖𝑟 =



𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑣𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑆 − 𝐷 𝑝𝑎𝑖𝑟 𝑑𝑢𝑟𝑖𝑛𝑔 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
= 549.45
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆−𝐷 𝑝𝑎𝑖𝑟𝑠



𝐵𝑙𝑜𝑐𝑘𝑒𝑑 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 =

𝐼𝐴𝑇

= 1156.27 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑙𝑜𝑎𝑑
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆−𝐷 𝑝𝑎𝑖𝑟𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑠 𝑏𝑙𝑜𝑐𝑘𝑒𝑑 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠

= 6.35

= 0.0064 → 0.64%

For the analysis of this network the results of the 0-9 link have been introduced in Matlab1 to
obtain the number of live frequency slots and live connections. The results are distributed in
three tables, the start of the simulation, the end of the simulation and the rest. The first two
have been neglected for the analysis to be faithful to a real network’s behavior.
The number of connections carried by 0-9 link along the time is represented in Figure 9. The
average live connections in this S-D pair is 5.87. Taking into account that NSFNet network
topology has 14 nodes, which means 182 S-D pairs, the average number of connections in the
network is 5.87 ∗ 182 = 1068.34 connections considering that connections request are
uniformly distributed. With an arrival rate of 7 connections per time unit and a 165 t.u. holding
time, the number of connections in the network would be 7 ∗ 165 = 1155 connections.
Dividing by 182 S-D pair, the number of live connections in each pair would be 1155 ÷ 182 =
6.34 connections. As a result it is concluded that the instantly expected connections can be
modelled as a Binomial process.
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Figure 9. Load supported from node 0 to node 9 of the uniformly distributed simulation

Table 4 shows the probability (fraction of time) of having a number of live connections in the
network. This is the time in which there are a specific number of connections divided by the total
time. As it was expected, the results are similar to the expected results (theoretical results of a
Binomial distribution obtained with Matlab2). Figure 10 illustrates the comparison between the
real live connections obtained in the simulation and the theoretical Binomial distribution. It is
shown that the results fit very well with the expected ones.

Live
connections

Time units
(accumulative)
0
1
2
3
4
5
6
7
8
9
10
11
12
13

67
266
804
2164
3822
6395
8849
11063
12613
13125
13487
13830
14057
14100

Time units (nonBinomial
accumulative)
Fraction of time distribution
67
0,004751773
0,002782759
199
0,014113475
0,016419815
538
0,038156028
0,048397633
1360
0,096453901
0,095012664
1658
0,117588652
0,139763103
2573
0,18248227
0,164318168
2454
0,174042553
0,160838133
2214
0,157021277
0,134814599
1550
0,109929078
0,098783349
512
0,036312057
0,064278914
362
0,025673759
0,037608491
343
0,024326241
0,019984824
227
0,016099291
0,009725579
43
0,003049645
0,004364731

Table 4. Probability of having a specific live connections for the uniformly distributed simulation
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Figure 10. Fraction of the whole simulation duration with each number of live connections simulated and
expected (using a Binomial distribution).

Figure 11 show the instantaneous live slots in the 0-9 pair. The average number of FS allocated
is 32.5 FS, so the average number of FS being used from each node is 32.5 ∗ 13 = 442.5 FS. The
transmission capacity available at each node is 70𝑇𝑥 ∗ 10𝐹𝑆 = 700FS, thus the average use of
TX is only 63.21%.

LIVE SLOTS (TAKEN)
90
80
70
60
50
40
30
20
10
0
0

2000

4000

6000

8000

10000

12000

14000

16000

Figure 11. FS used from node 0 to node 9 of the uniformly distributed simulation

3.2.3. Normal distributed simulation
Second simulation under study in this thesis corresponds to the normal distributed simulation.
The following calculations are extracted from the simulation results.


𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑙𝑜𝑎𝑑 =

𝐻𝑇
𝐼𝐴𝑇

= 1156.27 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
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𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑙𝑜𝑎𝑑



𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑣𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑆 − 𝐷 𝑝𝑎𝑖𝑟 =



𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑣𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑆 − 𝐷 𝑝𝑎𝑖𝑟 𝑑𝑢𝑟𝑖𝑛𝑔 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
= 549.45
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆−𝐷 𝑝𝑎𝑖𝑟𝑠



𝐵𝑙𝑜𝑐𝑘𝑒𝑑 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆−𝐷 𝑝𝑎𝑖𝑟𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑠 𝑏𝑙𝑜𝑐𝑘𝑒𝑑 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠

= 6.35

= 0.0081 → 0.81%

In this case the results of the 3-0 link have been introduced to the Matlab1 in order to obtain
the number of live frequency slots and live connection. As done in the previous simulation, the
results are separated in three tables, the start of the simulation, the end of the simulation and
the rest. Again, the first two have been neglected for the analysis to be faithful to the behavior
of a real network.
Figure 12 represents the number of connections convoyed by 3-8 link among the time with an
average live connections of 5.33 connections. Considering the 182 S-D pairs of the NSFNet
topology network, the average number of connections in the network is 5.33 ∗ 182 = 970.06
connections. With an arrival rate of 7 connections per time unit and a 165 t.u. holding time, the
number of connections in the network would be 7 ∗ 165 = 1155 connections. Dividing by 182
S-D pair, the number of live connections in each pair would be 1155 ÷ 182 = 6.34
connections. As a result, it is concluded that the instantly expected connections can be modelled
as a Gaussian process.
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Figure 12. Figure 12. Load supported from node 3 to node 8 of the normal simulation

As in the previous simulation, Table 5 shows the probability (fraction of time) of having a number
of live connections in the network. This is the time in which there is a specific number of
connections divided by the total time. As it was expected, in this case the results are similar to
the expected results (theoretical results of a Binomial distribution obtained with Matlab2).
Figure 13 displays the comparison between the real live connections obtained in the simulation
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and the theoretical Binomial distribution. It is shown that the results fit very well with the
expected ones.
Live
connections

Time
(accumulative)

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Time (nonaccumulative)

81
380
1354
3262
5750
7906
10275
11859
12863
13339
13818
14081
14177
14219
14230

81
299
974
1908
2488
2156
2369
1584
1004
476
479
263
96
42
11

Live
Binomial
connections
probability
0,0056918
0,005331231
0,02101047
0,027981602
0,068442133
0,073355083
0,134073502
0,128067438
0,174829597
0,167513623
0,151500246
0,175102638
0,166467571
0,152368318
0,111306303
0,113524619
0,070550207
0,073932124
0,033448106
0,042752646
0,033658914
0,022226652
0,018480781
0,010493748
0,006745837
0,004536662
0,002951303
0,001808495
0,00077296
0,000668729

Table 5. Probability of having a specific live connections for the normal simulation
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Figure 13. Fraction of the whole simulation duration with each number of live connections simulated and
expected (using a Binomial distribution).

Figure 14 represents de the live slots among the time in the 3-8 pair. The average number of FS
allocated is 27.8 FS, so the average number of FS being used from each node is 27.8 ∗ 13 =
361.4 FS. The transmission capacity available at each node is 70𝑇𝑥 ∗ 10𝐹𝑆 = 700FS, thus the
average use of TX is only 51.63%.
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Figure 14. FS used from node 3 to node 8 of the normal simulation
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3.3.

Hybrid simulations

The previous simulations shows two dynamic networks which average use of Tx is between 50%
and 65%. Although the results have been obtained for a single link of the network, similar results
would be obtained using any S-D pair. This results demonstrate that an important part of the
network capacity is not used in an efficient manner.
With the aim of improving these results, it makes sense to apply a hybrid scheme where some
connections are dynamic while others hold for the whole duration of the simulation (static
connections). To do so there are Tx dedicated to static conations.
This section analyzes two different simulations of hybrid networks (using static and dynamic
connections) choosing a different number of static and dynamic connections. To do so, we have
focused on a normal distributed simulation case.

3.3.1. Hybrid considerations
Having in mind that the goal is to compare the obtained results with the previous dynamic
simulations, the scenarios under studio pretends to fit as much as possible to these simulations.
In order to carry out this study the following features are chosen for the following analysis:







NSFnet topology
1 to 10 frequency slots
640 FS/link
182 S-D pairs
70 transceivers
Normal distribution connections for any S-D pair

Two hybrid cases are going to be studied, one with 44 dynamic transceivers and 26 static
(44D,26S) and another with 18 dynamic transceivers and 52 static (18D,52S). To fit with the
dynamic simulation, HT and IAT will be adjusted to obtain a BBP (bandwidth blocking probability)
of 1%, similar to the dynamic simulation. After fixing the IAT for each case, we look for the
appropriate HT.

70D,0S

44D,26S

IAT (Piosson) 0,1427

IAT (Piosson)

HT

HT

150
155
160
165
170
175

BBP
0,0005
0,0027
0,006
0,01
0,016
0,021

125
130
135
140
145
150

18D,52S
0,215

BBP
0,0006
0,0015
0,003
0,0055
0,009
0,015

IAT (Piosson)
HT
140
150
160
170
180
190

0,785
BBP
0,0006
0,002
0,005
0,009
0,015
0,022
30

180
185
190
195
200
205
210

0,027
0,034
0,043
0,055
0,069
0,084
0,095

155
160
165
170
175
180
185
190

0,022
0,03
0,038
0,048
0,06
0,074
0,089
0,104

200
210
220
230
240
250

0,033
0,045
0,059
0,074
0,091
0,11

Table 6. Relation between HT and IAT for each scenario under study

Table 6 shows the relation between the HT and the BBP for each one of the cases. Aiming to
maintain a BBP of 1% a HT of 147 is selected for the (44D,26S) scenario and a HT of 175 for the
(18D,52S) scenario.
The static average live connections per node are respectively:



26𝑇𝑥 ∗ 10 𝑇𝑥 ∗ 1

(18D,52S):

52𝑇𝑥 ∗ 10




𝐹𝑆

(44D,26S):

𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛
5.5𝐹𝑆

𝐹𝑆
𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛
∗ 1 5.5𝐹𝑆
𝑇𝑥

= 47.2727 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠

= 94.5454 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠

The dynamic average live connections are obtained with the formula:
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑣𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑛𝑜𝑑𝑒 =

𝐻𝑇
𝐼𝐴𝑇 ∗ 14

The following table displays the average live connections related with the BBP for each one of
the scenarios under study.
70D,0S
IAT (Piosson)

44D,26S
0,1427

Av. Live connections BBP
75,08259085 0,0005
77,58534388 0,0027
80,08809691 0,006
82,59084993
0,01
85,09360296 0,016
87,59635599 0,021
90,09910902 0,027
92,60186205 0,034
95,10461508 0,043
97,6073681 0,055
100,1101211 0,069
102,6128742 0,084
105,1156272 0,095

IAT (Piosson)
Av. Live connections
88,7982392
90,45936877
92,12049834
93,78162791
95,44275748
97,10388704
98,76501661
100,4261462
102,0872757
103,7484053
105,4095349
107,0706645
108,731794
110,3929236

18D,52S
0,215
BBP
0,0006
0,0015
0,003
0,0055
0,009
0,015
0,022
0,03
0,038
0,048
0,06
0,074
0,089
0,104

IAT (Piosson)

0,785

Av. Live connections BBP
107,2788535 0,0006
108,1887716 0,002
109,0986897 0,005
110,0086078 0,009
110,9185259 0,015
111,828444 0,022
112,7383621 0,033
113,6482803 0,045
114,5581984 0,059
115,4681165 0,074
116,3780346 0,091
117,2879527
0,11
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Table 7. Relation between average live connections and BBP

Average Live Connections per Node (Linear)
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Figure 15. BBP versus network load for different number of transceivers per node

Figure 15 represents the BBP as a function of the average number of live connections departing
for every node and the number of dynamic and static transceivers per node. It is important to
highlight that the load supported by the network is increased when the number of static
connections grows.

3.3.2. (44D,26S) simulation
Table 8 summarizes the considerations used for the simulation which fit with the considerations
of the dynamic simulation getting a 1% BBP with the chosen HT and IAT values.

Normal distributed simulation (44D,26S)
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Topology
FS
FS/Link
HT
Poisson1
Number of S-D Pairs
Number of connections in the simulation
Connections for any S-D
Tx number

NSFnet
1 to 10
640
147
0,215
182
100000
Normal distributed
44 TX dynamic

Table 8. (44D,26S) simulation considerations

To analyze the network behavior the results of the 3-8 link have been introduced in the Matlab1
to obtain the number of live frequency slots and live connections. As with the others simulations,
the start and the end of the simulation have been neglected for the analysis to be faithful to the
behavior of a real network.
Table 9 shows the probability (fraction of time) of having a number of live connections in the
network. This is the time when there are a specific number of connections divided by the total
time.

Live connections Time (accumulative) Time (non-accumulative) Live connections
0
349
349
0,016354264
1
1854
1505
0,070524836
2
5176
3322
0,155670103
3
10118
4942
0,23158388
4
15274
5156
0,241611996
5
18261
2987
0,139971884
6
20066
1805
0,084582943
7
20909
843
0,03950328
8
21197
288
0,013495783
9
21340
143
0,006701031
Table 9. Probability of having a specific live connections for the (44D,26S) simulation
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Probability of having a number of live
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Figure 16. Fraction of the whole simulation duration with each number of live connections

Figure 17 represents the live slots among the time in the 3-8 pair of the dynamic part of the
network. The average number of FS allocated is 20.91FS, so the average number of FS being
used from each node is 20.91 ∗ 13 = 271.83 FS.
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Figure 17. FS used from node 3 to node 8 of the (44D,26S) simulation

Figure 18 exemplifies the load supported by the 3-8 link among the time with an average live
connections of 3.695 connections. The average number of connections in the dynamic part of
the network, considering 182 S-D pairs, is 3.695*182=672.49 connections. With IAT=0.215 and
HT=147 in the network would be 147/0.215=683.72 connections that divided by 182 S-D pairs is
3.75 live connections in each pair. The total average live connections of the network is 47.2727
(s)*14nodes+672.49=1334.3 live connections, an increase of 37.54% from the dynamic
simulation (70D,0S).
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Figure 18. Load supported from node 3 to node 8 of the (44D,26S) simulation

3.3.3. (18D,52S) simulation
Table 10 recaps the considerations used for the simulation which fit with the considerations of
the dynamic simulation getting a 1% BBP with the chosen HT and IAT values.

Normal distributed simulation (18D,52S)
Topology
FS
FS/Link
HT
Poisson1
Number of S-D Pairs
Number of connections in the simulation
Connections for any S-D
Tx number

NSFnet
1 to 10
640
175
0,785
182
100000
Normal distributed
18 TX dynamic

Table 10. (18D,52S) simulation considerations

As done in the previous analysis, the results of the 0-9 link have been introduced in the Matlab1
in order to obtain the number of live frequency slots and live connections. Once again, the start
and the end of the simulation have been neglected for the analysis to be faithful to the behavior
of a real network.
Table 11 shows the probability (fraction of time) of having a number of live connections in the
network. This is the time when there is a specific number of connections divided by the total
time.
Live connections Time (accumulative) Time (non-accumulative) Live connections
0
15571
15571
0,242486062
35

1
2
3
4
5
6

37838
54693
61419
63552
64094
64214

22267
16855
6726
2133
542
120

0,346762388
0,262481702
0,104743514
0,033217055
0,008440527
0,001868751

Table 11. Probability of having x live connections

Probability of having a number of live
connections
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Figure 19. Fraction of the whole simulation duration with each number of live connections

Figure 20 represents de the live slots among the time in the 0-9 pair of the dynamic part of the
network. The average number of FS allocated is 7.88 FS, so the average number of FS being used
from each node is 7.88 ∗ 13 = 102.44 FS.

Live slots (taken)
45
40
35
30
25
20
15
10
5
0
0

10000

20000

30000

40000

50000

60000

70000

Figure 20. FS used from node 0 to node 9

Figure 21 plots the load supported by the 0-9 link among the time with an average live
connections of 1.37 connections. The average number of connections in the dynamic part of the
network, considering 182 S-D pairs, is 1.37*182=249.34 connections. With IAT=0.785 and
36

HT=175 in the network would be 175/0.785=222.93 connections that divided by 182 S-D pairs is
1.22 live connections in each pair. The total average live connections of the network is 94.5454
(s)*14nodes+222.93=1546.686 live connections, an increase of 59.44% from the (70D,0S)
simulation and 15.91% from the (44D,26S) simulation.
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Figure 21. Load supported from node 0 to node 9

3.4.

Connection request peaks

The drawback of this new network scheme remains in its inability to absorb random connection
request peaks. Since this occurs during less than 1% of the time, these peaks can be relaxed by
considering that part of the traffic does not have strict delay constraints (for example batch or
backups which could be executed when there is less traffic in the network).
Considering the simulation with 44 dynamic and 26 static transceivers (44D,26S) we are going
to analyze the amount of traffic that should not have strict delay constraints to obtain a
maximum live connections of 7 at the link. To do so, we have moved in time the connections
that occur in the instants where peaks appear from the previous simulation.
Figure 22 compares the live connections obtained with the simulation with the distributed in
time live connections. So as to carry out this comparison, 0.73% of the traffic (without the
blocked connections) have been moved in time around the instant when the peak is produced.
If we also consider the blocked connections (705) of the simulation, previously discarded for the
analysis, a 1.28% of the total traffic is considered to not having strict delay constraints to obtain
a maximum live slots per link of 7.
It is shown in figure 23 that most of the time when we used to have 6 live connections, now we
have 7 live connections. This fact is due to the new distribution of connections which are now
placed around the time when peaks occur.
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Figure 22. Live connections distributed to obtain a maximum of 7 live connections compared with the results
obtained
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Figure 23. Fraction of the whole simulation duration with each number of live connections
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Figure 24. Live slots distributed to obtain a maximum of 7 live connections compared with the results obtained
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Figure 24 compares the live slots obtained with the simulation with the live slots distributed in
time with the objective of having less than 7 live connections at the link. By only displacing a
0.709% of the slots, 3,167.26 slots, the objective is achieved.
In a real scenario the connections can be distributed in a different manner, for instance
allocating this connections at the instants when there are less amount of traffic so that the
graphic would be drawn in a different manner. The fact of placing the connections around the
time when peaks occur gives us the worse scenario possible. The optimum scenario would be
obtained by placing this connections when there is less amount of traffic, nevertheless around
the peaks there is a huge amount of traffic. So we can conclude that with a maximum displace
of 431 t.u. (t.u. displaced in the worse scenario) we achieve the objective of having a maximum
of 7 live connections at the link.
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4. BUDGET
All the work done in this thesis consists on performing the analysis of various simulations
using Matlab software. To make the economical budget, the Matlab software and the human
work of a junior engineer are going to be considered.

Hours Cost per hour (€) Cost (€)

Task
Planning

30

10

300

Analysis of the given resources

80

10

800

Programming ad hocs

20

10

200

Analysis of the simulations

150

10

1500

Results

40

10

400

Redaction

50

10

500

Software

-

-

1000

TOTAL

3700

Table 12. Project budget
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5. CONCLUSIONS
Because of the large capacity and the diverse traffic granularity needs of the future Internet,
Elastic Optical Network was proposed. Depending on the bandwidth requirements, EONs
allocate an appropriate-sized spectrum to each connection. This new scheme breaks with the
traditional WDM networks which uses static connections. This thesis pretends to demonstrate
that a hybrid scheme with dynamic and static connections increases the efficiency of an EON.
In this thesis we have simulated two cases with dynamic traffic, one with uniformly distributed
connections for any S-D pair and another with normal distribution. The results were quite similar
for both cases and these make clear that EONs scheme have poor resources usage when BBP is
around 1%. Aiming to improve the efficiency of these networks, it makes sense to study a hybrid
scheme where the connections are both dynamic and static.
Two different scenarios are compared with the dynamic simulation, one with 44 dynamic
transceivers and 26 static (44D,26S) and another with 18 dynamic transceivers and 52 static
(18D,52S). Comparing the different scenarios studied in this paper, it is concluded that using
(44D,26S) network there is an increase of almost 40% on the average live connections from the
dynamic case. Using the (18D,52S) network there the increase is almost 60% from dynamic case
and almost 16% from the (44D,26S) scheme. It is concluded that the load supported by the
network is increased when the number of static connections grows. On the other hand, the
ability of supporting large capacities and diverse traffic granularity decreases when the number
of static connections grows.
The drawback of this hybrid scheme is found in its inability to absorb the random connections
request peaks. As this peaks occurs less than 1%, it can be relaxed by considering that part of
the traffic does not have strict delay constraints. It is normal in real networks traffic to find, for
example, batches or backups that do not have delay constraints and can be moved to the hours
with less amount of traffic in the network. After evaluating this on the previous scenario, it is
possible to claim that distributing a small part of the traffic these peaks are smoothed.
Future researches should go deeper in order to find out a way or an algorithm to determine the
number of dynamic and static connections that each network has to use to efficiency fulfill its
traffic requirements.
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