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Abstract 

In the present project we have studied diverse advanced techniques for spectrum allocation 
in optical networks. Tried to quantify the traffic in order to improve the speed of elastic 
optical networks (EON). 

For this, we have learned in detail the two models of spectrum allocation: Fix-grid and Flex-
Grid. Knowing the EON architecture and WDM (Wavelength Division Multiplexing) models. 

The simulation tool used was a commercial software named MATLAB. In which we have 
implemented algorithms in order to create random traffic with a predefined bandwidth and 
see how the system behaves in relation to the blockade, load and congestion of different 
network paths. 

The results obtained have learn us to quantify the traffic that the network supports at a 
given blocking probability (BP) and to find distributions of frequency slots (FS) that respond 
better to network congestion.  
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Resum 

En el present projecte s'han estudiat diverses tècniques avançades d'assignació 

d'espectre en les xarxes òptiques. Tractant de quantificar el tràfic per tal de millorar les 

velocitats de les xarxes elàstiques òptiques (EON). 

Per a això, s'han après detalladament els dos models d'assignació d'espectre: Fix-grid i 

Flex-grid. Coneixent l'arquitectura EON i els models WDM (Wavelength Division 

Multiplexing). 

L'eina de simulació utilitzada ha estat un programari comercial anomenat MATLAB. En el 

qual hem implementat uns algoritmes amb la finalitat de crear tràfic aleatori amb un ample 

de banda definit i veure com es comporta el sistema en relació amb el bloqueig, la càrrega 

i la congestió de les diferents rutes de xarxa. 

Els resultats obtinguts ens han ensenyat a quantificar el tràfic que suporta la xarxa a una 

probabilitat de bloqueig (BP)  determinada i a trobar que distribucions d'intervals de 

freqüència (FS) responen millor a la congestió de la xarxa. 
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Resumen 

En el presente proyecto se han estudiado diversas técnicas avanzadas de asignación de 

espectro en las redes ópticas. Tratado de cuantificar el tráfico con el fin de mejorar las 

velocidades de las redes elásticas ópticas (EON).  

Para ello, se han aprendido detalladamente los dos modelos de asignación de espectro: 

Fix-grid y Flex-grid. Conociendo la arquitectura EON y los modelos WDM (Wavelength 

Division Multiplexing). 

La herramienta de simulación utilizada ha sido un software comercial llamado MATLAB. 

En el cual hemos implementado unos algoritmos con la finalidad de crear tráfico aleatorio 

con un ancho de banda predefinido y ver cómo se comporta el sistema en relación con el 

bloqueo, la carga y la congestión de las distintas rutas de red. 

Los resultados obtenidos nos han enseñado a cuantificar el tráfico que soporta la red a 

una probabilidad de bloqueo (BP) determinada y a encontrar que distribuciones de 

intervalos de frecuencia (FS) responden mejor a la congestión de la red. 

. 
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1. Introduction 

1.1. Background 

The choice of the project is based in which optical communications have been one of the 

issues that most I liked along the carrier. In this way, at the moment of the selection of the 

project, I was totally focused on this area. First of all, I went to talk with the teachers of 

these subjects and they explained to me in detail the projects that they oversaw.  

When they explain me the theme of that project, the spectrum assignment in multi-rate 

EON, I liked so much that and I asked to the teacher in charge, Jaume Comellas, if he 

could give me extra information to read at home and be able to learn more about this topic.  

After reading this information, I request him if he could join me to his project and he gladly 

accepted me. The only drawbacks I had when I join the project is who it was initiated, so I 

had to study all the information made in advance and understand the operation of the 

simulator created to later create algorithms from that code.  

In addition I could not bring my own ideas because they were already predetermined. But 

this was no disadvantage because these ideas were very similar to mine, and in the case 

of having an own he also would take into account. 

1.2. Overview and goals 

The project is carried out at the Polythechnic University of Catalonia (UPC) at the 

department of Signal Theory and Communications. Focused in the field of the optical 

communications.  

The purpose of the project consists of performing a theoretical analysis and assessed by 

a simulation in Matlab a set of advanced techniques to improve multi-rate elastic optical 

networks (EON).  

The EON architecture has been proposed in response to the large capacity and diverse 

traffic granularity needs of the future Internet traffic. By breaking the fixed-grid spectrum 

allocation limit, EONs increase the flexibility in terms of connection provisioning. Depending 

on the traffic volume, the appropriate-sized optical spectrum is allocated to each connection. 

The total available spectrum is divided into frequency slots (FS), whose typical width is 

12.5 GHz.  

However, the EON model has some drawbacks, spectrum fragmentation is the most 

important. The number of spectrum slots assigned to each connection takes random values 

and for that reason the spectrum available in the network links is fragmented into small 

separated spectral bands.  

In this way, the probability of finding sufficient frequency slots together to traffic demand 

decreases significantly.  

For this reason, we propose to use different proportions of slots for placing the EON. Thus 

the fragmentation would be eliminated and the performance of the EON improved.  
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The project main goals are:  

1- Quantify the traffic that the network supports at a given blocking probability (BP).  

2- Find distributions of frequency slots that respond better to network congestion.  

1.3. Requirements and specifications 

Project requirements:  

- Knowledge of Matlab to improve the simulator and to verify the results.  

- Theoretical knowledge of optical communications and probability theory.  

Project specifications:  

- Make a Matlab simulator that creates a random traffic with a pre-defined bandwidth 

and thereby see how the system behaves in relation to blockade, the load and 

congestion of the various network paths.  

1.4. Work plan 

 Work Packages with tasks  

 

Project: Spectrum assignment in multi-rate elastic 

optical networks 

WP ref: (WP1) 

Major constituent: Information study and bibliographic 

research. 

Sheet 1 of 5 

Short description: 

 

Collect and understand the necessary information to 

start implementing the project 

 

Planned start date: 

23/09/2015 

Planned end date: 

30/09/2015 

Start event:  Week 0 

End event: Understand the 

necessary information (done). 

Internal task T1: Read all the previous work done in the 

project. 

Internal task T2: Search and understand new 

information to do in the project. 

Deliverables: Dates: 

Week 0-1 

Table 1: WP1 
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Project: Spectrum assignment in multi-rate elastic 

optical networks 

WP ref: (WP2) 

Major constituent: Program knowledge and algorithms 

design. 

Sheet 2 of 5 

Short description: 

 

Understand the program perfectly and start designing 

new algorithms. 

Planned start date: 1/10/2015 

Planned end date: 

16/10/2015 

Start event: week 1  

End event: New algorithms 

created (done). 

Internal task T3: Program knowledge and make 

changes. 

Internal task T4: Algorithms design. 

Deliverables: 

New algorithms. 

Dates: 

Weeks 1-3 

Table 2: WP2 

Project: Spectrum assignment in multi-rate elastic optical 

networks 

WP ref: (WP3) 

Major constituent: Improvements and changes in Matlab 

simulator. 

Sheet 3 of 5 

Short description: 

 

Make changes to the Matlab simulator by creating a random 

traffic we can manage network behavior with a pre-defined 

bandwidth and see how the system behaves. 

 

Planned start date: 16/10/2015 

Planned end date: 6/11/2015 

Modified end date: 17/11/2015  

Start event: Week 3. 

End event: Matlab simulator 

(done). 

Internal task T5: Perform tests until the program behave as we 

wish. 

Internal task T6: Check that the results are consistent. 

Deliverables:  

Matlab simulator 

Dates: 

Week 3-8 

Table 3: WP3 

 

Project: Spectrum assignment in multi-rate elastic 

optical networks 

WP ref: (WP4) 

Major constituent: Analysis of the obtained results and 

making conclusions. 

Sheet 4 of 5 

Short description: 

 

To analyze the results obtained in order to reach 

satisfactory conclusions. 

 

Planned start date: 7/11/2015 

Modified start date: 

18/11/2015 

Planned end date: 

27/11/2015 

Modified end date: 

22/12/2015 

Start event: Week 8 

End event: Conclusions done 

(done). 

Internal task T7: Compare the bandwidth distributions. 

Internal task T8: Graphics blocking probability vs load 

Deliverables: 

Results and 

conclusions 

Dates: 

Week 8-13 

Table 4: WP4 
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Project: Spectrum assignment in multi-rate elastic optical 

networks 

WP ref: (WP5) 

Major constituent: Writing the project report. Sheet 5 of 5 

Short description: 

 

Detailing the results in memory. 

 

Planned start date: 

27/11/2015 

Modified start date: 

22/12/2015 

Planned end date: 

22/12/2015 

Modified end date: 8/1/2016 

Start event: Week 13 

End event: Memory done 

(done). 

 Deliverables: 

Memory 

Dates: 

Week 13-15 
Table 5: WP5 

 

 

 Milestones 

WP# Task# Short title Milestone / deliverable Date (week) 

WP1 T1-T2 Information study and 

bibliographic research. 

 Week 0-1 

WP2 T3-T4 Program knowledge and 

algorithms design. 

New algorithms. Week 1-3 

WP3 T5-T6 Improvements and changes in 

Matlab simulator. 

Matlab simulator. Week 3-8 

WP4 T7-T8 Analysis of the obtained results 

and making conclusions. 

Results and conclusions Week 8-13 

WP5  Writing the project report. Memory Week 13-15 

Table 6: Milestones 
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 Gantt Diagram 

Table 7: Gantt Diagram 

 Incidences 

During the implementation of the project have appeared various incidences, the large 

majority related with the improvements and changes of the simulator and with the analysis 

of the obtained results. What has made increase significantly the duration of WP3 (2 extra 

weeks) and WP4 (2 extra weeks).  

These incidences are associated with the creation of random traffic and network behavior 

in the Matlab simulator.  

The first incidence arise in trying to add incoming connections randomly through a Poisson 

probability, that is to say, in each iteration it could happen that the connection enters or not. 

This fact has given various errors, since when not enter the connection the system had to 

continue lowering the lifetime of all other connections, without these had the same 

characteristics.  

The other incidences have arisen in the wake of the results obtained, as sometimes, these 

were not fully consistent. For example, in the case of blocking probability and load, for 

various tests of the simulator the expected results were no obtained, having in this way to 

check the different lines of code in which these variables were involved and so perform 

simulations to find the bug and able to solve. Thereby having to wait the necessary time 

for each simulation, by making the time employed increased significantly.  

 September October November December January 

ID Task Week 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

1. Information study and bibliographic 

research. 

                    

2. Program knowledge and algorithms 

design. 

                    

3. Improvements and changes in 

Matlab simulator. 

                    

4. Analysis of the obtained results and 

making conclusions. 

                    

5. Writing the project report.                     
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2. State of the art of the technology used or applied in this 

thesis: 

The continuous appearance of new services and applications more sophisticated, has 

caused an exponential growth of routed IP traffic by the main networks throughout the last 

ten years. These services increasingly need more resources, so the consumption of 

bandwidth is higher. This type of growth has made that fiber optic systems evolve to a more 

flexible and scalable systems to satisfy the new necessities and support the continuous 

traffic growth. 

The optical networks currently deployed use operating systems WDM (Wavelength Division 

Multiplexing) working by a rigid grid frequency of 50 or 100 GHz channel spacing. This 

spectrum granularity rigid and thick makes provision capability from the perspective of 

spectrum occupancy inefficient, since WDM systems add an excess of guard slots between 

wavelengths. 

As result has been proposed a new type of optical networking called EON (Elastic Optical 

Networks) architecture, which provide flexible use of bandwidth and spectral efficiency of 

resources. 

2.1. EON architecture 

As has been commented above, the EON architecture has been proposed as a solution to 

the great capacity and traffic diversity that has the current Internet. This is due since their 

way of working is different from the WDM system. The WDM system has a fixed limit of 50 

or 100 GHz for spectrum placement. By making their functioning will be very rigid and 

inefficient. 

However, the EON architecture (also called Flex-grid), depending on the traffic volume that 

has the network, selects the appropriate size of the optical spectrum to place it on each 

connection. The optical spectrum available is divided into different frequency slots (FS) of 

a fixed spectral width, for example 6.25 GHz, 12.5 GHz or 25 GHz. The number of 

contiguous FS of an optical demand has an occupation depending on various factors; the 

required bit rate, the modulation technique and the grid frequency. 

 

Figure 1: Flex-grid bandwidth division 

But this type of architecture also has other problems, the most important is the so-called 

spectral fragmentation. This phenomenon affects as when having different connections 

with durations and tour random makes that dividing the spectrum into smaller FS (1 to 16 

FS), these near to completion make the spectrum available network become fragmented 

into small noncontiguous frequency bands. In this way, the probability of finding a large 
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number of FS together to allocate a connection large decrease considerably. These when 

are finishing make available spectrum of the network goes fragmenting into small non-

contiguous frequency bands. In this way, the probability of finding a high number of FS 

together to allocate one oversized connection decrease considerably. 

 

Figure 2: Spectrum fragmentation 

As we can observe in the previous figure (Figure 2) we have an example of a fraction of a 

possible connection in which we see how; at the time t1 we found a spectrum divided into 

30 FS in which we have allocated the packets P1 (6 FS), P2 (3 FS), P3 (8 FS), P4 (2FS) 

and P5 (3 FS) with their respective guard slots (GS). When we arrived at time t2, the 

packages P3 and P5 have completed their duration and let free a small part of the spectrum 

so can enter new connections. As occurs in the time t3, the packets P6 (5 FS) and P7 

(4FS) pick up a portion of the available spectrum and place its connection. 

We can see how this way of connecting the packets is not completely correct because the 

spectrum remains very fragmented by making find available gaps to deposit the following 

connections be very complicated. Besides the fact of using the full range of slots, from 1 to 

16 FS, to make the connection more flexible and efficient makes who when the packets 

are finishing the number of gaps that appear to be highly disparate. 

In this way, we propose to use a fixed predefined bandwidth to place the elastic spectrum 

from all the connections. Thus the fragmentation would be eliminated as the gaps that will 

be appearing at the same time that the connection going finishing will be from the same 

bandwidth that the new who enter, so the blockade decrease and the architecture EON will 

perform its purpose. 

Expressed differently, the work that will be performed will be as an intermediate point 

between the fix-grid from the WDM system and the flex-grid from the EON, since we will 

use a fixed grid spectrum, but molded to the type of elastic traffic that we will find. 

2.2. Spectrum assignment models 

For the assignment of spectrum we have to predefine some bandwidths so that the 

spectrum stay tight in each connection. That way, due to the heterogeneity of traffic offered 

by the network, we will search the set of FS that best suit to each connection. We will 

fragment the traffic in small sets of FS, that is to say, for each set of connections will use a 

small group of bandwidths which try to be as similar as possible to the traffic received. 

In this model, the range of values of the bandwidth will be from 1FS to 16 FS depending 

on the bit rate connections. Supporting speeds of 10 GB/s, 40 GB/s, 100 GB/s, 400 GB/s 

until 1TB/s. 
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Figure 3: Spectrum assignment 

As we can see in the figure 3 the fixed grid of 50 GHz makes more difficult to transmit high-

speed spectrum (400 GB/s or 1TB/s) because it is fragmented into various connections 

who finally add many GS, significantly lowering the efficiency of the network. Thanks to the 

new flexibility of grid, sending data at these speeds is easier because by having an 

allocation of diverse bandwidths we can send the connection set of the same speed with 

the same bandwidth to thus take advantage in a more efficient way the network resources. 

One way of allocate the spectrum to the different bandwidths is through the various fixed 

spectral widths of the EON architecture (6.25 GHz, 12.5 GHz or 25 GHz). 

Bit rate 

(Gb/s) 

Modulation 

Format 

Channel 

bandwidth 

(GHz) 

Fixed grid 

solution 

Efficiency 

increase for 

EON 

FS grid 

6,25GHz 

FS grid 

12,5 GHz 

FS grid 

25GHz 

40 DP-QPSK 25+10 1 50GHz 35 vs 50  = 43% 4 2 1 

100 DP-QPSK 37.5+10 1 50GHz 47.5 vs 50 = 5% 5,926 3 1,52 

100 DP-16QAM 25+10 1 50GHz 35 vs 50 = 43% 4 2 1 

400 DP-QPSK 75+10 
4 100Gb/s     

in 4 50GHz 

85 vs 200 = 

135% 
12 6 3 

400 DP-16QAM 75+10 
2 200Gb/s     

in 2 50GHz 
85 vs 100 = 17% 12 6 3 

1000 DP-QPSK 190+10 

10 100Gb/s    

in 10 

50GHz 

200 vs 500= 

150% 
25,626 15,215 7,68 

1000 DP-16QAM 190+10 
5 200Gb/s         

in 5 50GHz 
200 vs 250= 25% 25,626 15,215 7,68 

Table 8: Bit-rates, modulation formats for different fix grids 

If we pay attention in the table 8 we observe that for the different bit rates and modulation 

formats the bandwidth of the various channels varies. So if we divide this channel without 
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considering the GHz of GB for each type of grid we will find FS bandwidth that might be 

appropriate. 

In this manner, for each type of frequency grid we arrive to the following bandwidth 

structures: 

Grid (GHz) Modulation Format FS bandwidth 

6,25 

DP-QPSK 4, 6, 12, 26 

DP-16QAM 4, 12, 26 

12,5 

DP-QPSK 2, 3, 6,15 

DP-16QAM 2, 6, 15 

25 

DP-QPSK 1, 2, 3, 8 

DP-16QAM 1, 3, 8 

Table 9: FS bandwidth for fix grids   

Through this decomposition we have arrived at structures of FS bandwidth per connection 

that can be useful for managing heterogeneous network traffic. What would be 4, 6, 12(DP-

QPSK) and 4, 12(DP-16QAM) for grid of 6.25GHz because the value of 26 FS makes the 

PB increase too much. And the structures of FS bandwidth which we see in table 9 for the 

grid of 12.5 and 25 GHz. 

These compositions are not the only to be taken into consideration, since other possibilities 

can allocate spectrum in an optimal way although not be exactly the result of the 

decomposition of fixed predefined grids. 

If we are more imaginative and look at the structure of a fragmented spectrum assignment 

as we can see in figure 2 we see that help so much the fact of use always FS of the same 

size as when a connection ends the other who starts fits perfectly. Thus, for a connection 

for example: up to 400 GB/s the use of a FS structure of [2, 3, 6] or [2, 6] could not be 

optimal for managing traffic so perhaps structures of a fixed value of FS as 4 or 6, using 

more than one block of spectrum in the case that is not enough, could give us results more 

efficient and with less blockade because it would affect in a less manner the fragmentation. 

Reason why in our proposal, we not only have used structures based on the widths grid, 

we have also made empirical tests with other distributions who respond satisfactorily. 

 

 

 

 



 

 20 

3. Methodology / project development:  

For our thesis we have developed new algorithms for Matlab code delivered with the 

purpose of creating a random traffic with a predefined bandwidth and thereby see how the 

system behaves in relation to blockade, load and congestion of the different network paths. 

For this we need various functions, variables, equation and features that have been created 

in a particular way. Which will be explained below. 

3.1. Matlab simulator 

In the Matlab simulator has tried to configure an optical network assuming a static model 

of traffic in which the simulation starts without network traffic and the connections are being 

added one by one with features and random nodes of source and destination. Once all 

connections have been completed, by the script we look the results obtained for each case. 

The sequence of code that is executed in order to observe the behavior of the network at 

any moment is called simul_totK and the predefined commands are: 

 Numconex: Number of connections generated during the simulation. The value 

normally used is 10,000 but in some cases have been tested with other values. 

 Numslots: Number of FS per link. The value normally used is 160, due to the 

spectrum normally occupies 2 THz and the FS has a bandwidth of 12,5GHz. 

Although actually you can also use 320. 

 Max_bandwidth: Maximum bandwidth connections. Such as the FS can range 

from 1 to 16. The maximum value is 16. 

 KSP: Command Dijkstra algorithm. This is the number of tests for different ways 

of connection when the shortest route has not available bandwidth. The most 

loaded link is removed from the topology and Dijkstra is run again without it. Value 

taken KSP = 3. 

 Xarxa: Network topology used. 

 Temps_volta: It corresponds to a unit of time. Each connection of the main 

program performs an iteration of one unit, that is to say, decreases the duration of 

each running connection one unit. 

 Lambda: This parameter consists in giving a probability of entry to each 

connection. Probability that each connection enter to the network with a Poisson 

distribution of average 1, lambda = 1. That is to say, of all possible connections 

that are generated, numconex = 10000, some did not enter the network. 

 Duracio: Creation of a random duration for each connection generated by a 

negative exponential function iterates until the duration is comprised between 20 

and 1000. 

 Defrag_period: Depending on the number of connections that have the network, 

a defragmentation period is used. Which is responsible for relocating some 

connections of the network spectrum. 

 AmpleBanda: Different distributions of FS are coupled to a spectrum created 

randomly. 
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All these parameters are to be defined before performing a simulation. Once these 

variables are predefined, so we must do is perform various tests by varying a single 

parameter. In our case we have made various tests by varying the ampleBanda command 

to find so FS distributions respond better to network congestion. That is to say, quantify the 

traffic that the network supports to the same BP with different bandwidths to see which 

distributions performs better. 

But before we perform this task we will detail what features have the variables discussed 

above. 

3.2. Network topology 

In order to send traffic along one network a network topology is required. Have a physical 

or logical map for which we can exchange data. Know how the network is designed. That 

is to say, have a set of nodes interconnected by which be able to chart a path to reach all 

parts of the topology. 

For our thesis we have used two types of network topologies: NSFnet (National Science 

Foundation Network) and EONet (European Optical Network). 

 

Figure 4: NSFnet and EONet topologies 

NSFnet network topology: Consists of 14 nodes and 21 links mono fibers bidirectional. 

EONet network topology: Consists of 19 nodes and 37 links mono fibers bidirectional. 

Given that our work revolves around quantify the traffic that the network supports respect 

different bandwidths, network topology is not a variable to which we must pay much 

attention, we simply must have one. In this way we have chosen the NSFnet topology for 

the majority of our calculations (xarxa = nsf) since being a network with a smaller 

number of nodes will help us to better check the quantification of our network traffic. 

3.3. Features of connections 

Another of the components that must be taken into account are the connections and 

everything that revolves around them, that is, their characteristics and development along 

the entire process of the simulation. Within these characteristics must take into 

consideration the probability of input connections, the FS bandwidth assignment to the 

treated spectrum, the duration, the source-destination nodes, the path and even the pass 

of the time throughout the entire the process. 
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All these factors fully affect the development of the system, so we will explain in detail 

below. As shown in Figure 5, we explain them in the order which they are generated and 

performed. 

 

Figure 5: Generation of connections 

 Input probability 

First of all, the generation of the connections is performed. But this generation is performed 

using a input probability which causes that all the connections that are generated in the 

simulation do not form part from the network traffic. The probability that the connections 

enter to the network takes a Poisson distribution with a mean lambda value equal to 1. This 

makes about one of every three connections do not form part of the traffic, and makes that 

the numconex=10000 connections generated really end up completing 7000. What is 

important to put this requirement to connections is the fact to give truth and reality to the 

network traffic. Because in a real connection not always all connections access to the 

system. 

 FS Bandwidth distributions 

The distribution of bandwidth in FS is the most important aspect of this thesis. It is based 

on treating the spectrum of each connection as efficiently as possible. First a portion of the 

spectrum is generated randomly and by the distribution of the bandwidth are assigned 

some FS occupying in the best way possible the spectrum. This distribution of FS is 

selected before starting the simulation, and in a certain way to try to quantify the traffic that 

the network can support at a given BP. So depending on the distribution of bandwidth that 

has been chosen to start the program, it should choose from the available cases those that 

adjusts better to the random spectrum of each connection. Should be chosen various 

distributions with different assignments of bandwidths, so through different tests see which 

distribution fit better, in other words, to an offered load gets lower PB. 

For this aspect there are many parameters to consider. As explained in section 2.2 the 

different formats of fixed grid will help us to find several possible distributions. According to 

the different widths of grid we use, we can divide the spectrum at specific bandwidths. 

Whether you use the Fix-grid model like the Flex-grid model the bandwidths resulting will 

be different and will affect in a particular way to the congestion of the network traffic. But 

as in many situations it may be that this not be the best option we will also testing other 

considerations that we believe we can serve. 

3.3.2.1. Grid: Fix-grid 

In the fixed case, as the widths of grid are maintained in channels of 50 or 100 GHz. The 

distribution of bandwidths will be very rigid. Depending on the value that is given to the FS 

(6.25GHz, 12.5GHz or 25GHz) the subdivision in their FS will be higher or lower. 
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FS Grid (GHz) Channel 50 GHz Channel 100 GHz 

6.25 8 16 

12.5 4 8 

25 2 4 

Table 10: Fixed grids distributions 

As shown in the table above, the distribution of bandwidth is very simple. A specific binding 

of FS in each case be used according to the table. Except if the spectrum created is higher 

than that connection, thereby to be able to send it will have to use more than one channel 

without taking into consideration do not fully occupy. Thus, for example in the case of FS 

of 12.5 GHz in a 50GHz channel. If the fixed connection has a spectrum higher than 50 

GHz, about 80 GHz for example, 8 FS will be assigned to carry out the connection. 

Although so much spectrum is not necessary. This is the reason why a rigid channel is not 

very efficient. 

3.3.2.2. Grid: Flex-grid 

For Flex-Grid method if we rely on the grid widths of 6.25GHz, 12.5GHz and 25GHz we will 

arrive to the same bandwidth distributions of the table from the section 2.2. (Table 9). Which 

they are quite useful distributions. As seen in that table, the distributions are performed 

were made from the modulation format and bit rate. Depending if the connection had a bit 

rate of 40 GB/ s, 100 GB/s, 400GB/s or 1000GB/s. They were assigned one distribution or 

another. 

Grid (GHz) Modulation Format FS bandwidth 

FS according Bit rate (GHz) 

40 100 400 1000 

6,25 

DP-QPSK 4, 6, 12, 26 4 4, 6 4, 6, 12 4, 6, 12, 26 

DP-16QAM 4, 12, 26 4 4 4, 12 4, 12, 26 

12,5 

DP-QPSK 2, 3, 6,15 2 2, 3 2, 3, 6 2, 3, 6,15 

DP-16QAM 2, 6, 15 2 2 2, 6 2, 6, 15 

25 

DP-QPSK 1, 2, 3, 8 1 1, 2 1, 2, 3 1, 2, 3, 8 

DP-16QAM 1, 3, 8 1 1 1, 3 1, 3, 8 

 Table 11: Flex-grid bandwidth distributions according bite-rate 

According to the table 11 (same table 9 but separated into bit rates), depending on the bit 

rate that the connection reach to use. The distribution of the bandwidths will be more 

complex according if the bit rate increases. 

One example of the distributions most used is the Figure 6 The distribution has the structure 

[2, 3, 6] and reach to use a bit rate of up to 400 GB/s. 
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Figure 6: Bandwidth distribution 

3.3.2.3. Other distributions 

As we have seen in previous sections, there is a large number of distributions that could 

been used. Until the moment, the distributions have been created in a particularly 

methodical way by known variables. This means that there is a large number of possible 

distributions and will be very difficult to know which one to choose. In some cases, the fact 

that many distributions of FS are possible can be detrimental to the system as it helps to 

the creation of fragmented spectrum. This leads us to raise that maybe more simple 

distributions may become more appropriate. 

What we have to do in these cases is, starting from the distributions obtained above, arrive 

at new distributions to obtain a lower BP. 

For example, in the case of the distribution of the figure 6, distribution [2, 3, 6]. From it, can 

born new distributions which perhaps are better suited to the network traffic. Such as could 

be the following distributions: [3, 6], [6], [4, 8] or [3, 7]. These distributions a priori seem 

worse, but the fact that in some cases be a multiple of other value helps to minimize the 

fragmentation because when the connections are finalized, the gaps who leave are 

appropriate for new connections which appear. This makes the inconvenience of not take 

advantage of the spectrum in some cases is compensated by the defragmentation. 

From this, it gives us the possibility to perform tests with a large number of distributions, 

although a priori it may seem which have no basis. But by the obtained results lead us to 

positive conclusions. 

 Duration 

The duration of the connections is also a characteristic of paramount importance. All the 

connections that are generated are assigned a random duration. As we explained above 

in section 3.1the duration of connections is done by a negative exponential function with 

different iterations until the value of each connection is between 20 and 1000. Each 

connection takes random values to try to simulate in a more realistic way the traffic of an 

optical network. Because if all the connections will take the same value the simulation 

would falsify a lot. In addition, for the connections that do not enter to the network (point 

3.3.1), also assigned a duration. But in this case the duration is a negative term in order to 

not affect the code and be considered as a complete connection. More than one type of 

connections have assigned a negative duration. All these are: connections that have not 

entered the network, blocked connections due of the network congestion and all the 

connections which have been completed. To all these networks are assigned a negative 

duration in order that the algorithm does not take them into account. 
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An example of a fraction of the durations of the connections would be shown in the next 

figure, Figure 7. Where a fraction of the connections which we see in the figure take the 

following values: [30 70 110 130 30 100 40 200 140 320 ...]. As shown in the figure the 

dispersion of values is quite obvious, making each connection be different from the others. 

 

Figure 7: Duration of connections 

 Tour: Dijkstra’s algorithm 

Now that we know our network topology (section 3.2) we need to know about specific points 

on the map so that each connection could generate traffic to the network. First of all to each 

connection must be assigned a source node and a destination node (different from the 

source node) randomly. Once we know the source node and the destination node of our 

connection we need to know the tour that will make each connection. For selecting the path 

that each connection must take use we will use the Dijkstra's algorithm. 

This algorithm consists of go exploring all the paths of the network topology from the source 

node and which lead to the destination node. When the shortest route is obtained, the 

algorithm stops. Furthermore, the algorithm is responsible for remove of the topology the 

link most loaded and running again without it. 

The KSP variable (section 3.1) is very important because it is the number of iterations which 

realize the program before blocking the connection when Dijkstra's algorithm cannot add it 

as the shortest path has no available bandwidth. 

Once we know the origin-destination nodes and the route of the connection we proceed to 

try to put on the connection in the network. For this we look at whether there is space 

available on the path found. If yes we put the connection, that is, add the FS bandwidth 

that owns the connection. Thereby indicating that a small part of the network is busy with 

the connection. 

In the case in which there were no available space in the path found, the connection would 

pass to be blocked and would be assigned a negative duration as indicated in point 3.3.3. 

 Over time 

Once the connection has passed all the previous steps should perform the loop of pass of 

time. This process is performed by the variable temps_volta. As we have explained in 

section 3.1 this variable causes that each iteration independently reduce the duration of 

each connection. This section is very important in the simulation as explained in paragraph 

3.3.3 all the connections have a random duration at the moment which starting forming part 
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of the network traffic. So all of these connections as they leave the source node and move 

through the network topology until they reach the destination node they must be decreasing 

its duration until end finishing. Once completed, each connection releases the occupied 

part of the spectrum and leaves it free for another new connection will take its place. 

The algorithm responsible for this work not only needs to focus on decreasing the duration 

of all connections that are entering to the network. Have to go down one by one the variable 

duration of each connection over all iterations of the program until the duration of the 

connection becomes null. Once is zero, is responsible for finalize and release the 

bandwidth that was taking along the network spectrum. 

Once done this, must forget about all connections which have been completed and are no 

longer part of the traffic regardless of the form. Whether you because they have finished, 

because they have not accessed to the network due to the probability of enter (section 

3.3.1) or because they have been blocked. All these completed or failed connections must 

withdraw and get them to stop affecting the algorithm reason they have a negative duration 

and it makes no sense to continue deceasing them and simply could be discarded. 

 Defragmentation 

This is one of the aspects that less we use of the simulation but also must take into 

consideration since it takes part. It is defragment the network traffic by changing the 

location of the connections. At specific times of the simulation a reallocation of some 

connections is done in order to defragment the network as much as possible. The state of 

the traffic load in FS is observed and try to relocate some connection to the traffic stay as 

compacted as possible. For example if between two connections of 8 FS each one there 

is a gap of 3 FS, the algorithm observes if throughout the network another connection  

exists with 3 FS that can be placed in that location so that the whole area is located 

fragmented. The variable used is defrag_period, and performs 10 settings of spectrum 

throughout the entire simulation. 

3.4. Getting results 

Once all the connections have been concluded it is time to prepare the results obtained. 

To do this we must focus on those who are our main objectives. These are the decrease 

of network congestion and the traffic quantification at a given BP. So the results we want 

to get are the loading and the BP. 

The BP consists in the probability that have a connection to be blocked at the moment 

which is sent to be part of the network traffic (section 3.3.4) due to the path to go is very 

saturated, so its shipment is prohibited. The BP is calculated from the sum of all blocked 

connections, sum of all bandwidths, divided by all the offered load to the network, sum of 

bandwidth of all the connections completed successfully. His expression is as follows: 

𝑩𝑷 =
𝐵𝑙𝑜𝑐𝑘𝑒𝑑 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝑂𝑓𝑓𝑒𝑟𝑒𝑑 𝑙𝑜𝑎𝑑
 

Figure 8: BP equation 
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The normalized load is defined as the data average that all nodes in the network are ready 

to send at a given moment respect the maximum load. Its expression is: 

𝑳𝒐𝒂𝒅 =
𝐿𝑜𝑎𝑑 𝑙𝑖𝑛𝑘

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑
 

Figure 9: Load equation 

 Detailed equations 

As the equations shown above only just saying what would be its definition. We must detail 

them correctly to know exactly which perform each one of them. 

 

Figure 10: Detailed equations 

The normalized load is defined in the following manner (figure 10), and the BP remains in 

the same way since it cannot be more detailed because the command "blocked 

connections" and "Offered load" are obtained directly from each connection as they 

progress through the simulation. 

 Obtaining results 

The obtaining of the results would be finally carry out once the values are obtained from 

the equations previously detailed for each case. In this way, once structured in a table, 

through graphs where BP is presented in function of the normalized load we shall see what 

is their behavior. These graphs will compare them in different situations either by varying 

the distribution of bandwidth, the network topology or duration of connections among others 

in order to reach a credible conclusions. 

Next we will show in detail these results obtained.  
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4. Results 

Once we have explained the whole theory and we have reflected in the Matlab simulator 

it's time of testing assigning different distributions to the variables explained above. We test 

with different distributions of bandwidths, varying the number of connections, the widths of 

grid, the network topology, the duration of connections and many others parameters. All 

this will help us to reach different conclusions in each case. 

As explained in section 3.4.2, the results were based on the load-BP relationship since all 

our goals turns around this relation. 

4.1. Grid: 12,5GHz and 25GHz 

In this section we will analyze the distributions of bandwidths which have emerged respect 

the grid widths of 12.5GHz and 25 GHz (Table 11). We discarded the grid of 6,25GHz since 

the subdivision in FS was too broad. 

 Grid 12.5GHz 

For the case of grid width of 12,5GHz, we subdivide the results obtained in two sections, 

where one of them will make us reach bit rates of 400GB/s and the other up to 1TB/s. 

4.1.1.1. Grid 12.5GHz until bit rates of 400GB/s 

For this type of grid we have diverse distributions of bandwidth depending on the 

modulation format. 

To begin we will analyze the results obtained in the following table: 

Distribution Conn. Conn. OK Locked Changed Finalized OL, BP(5%) 

[2, 6] 10000 6321 258 955 5773 0.217 

[2, 3, 6] 10000 6292 207 947 5776 0.206 

Table 12: Summary simulation Grid 12.5GHz bit rates until 400GB/s 

As shown in the summary of the table 12 the two distributions behave in a very similar way. 

From these variables obtained, can be divided into two groups. Those which we must pay 

attention and others who do not deserve so much. The variables "Conn.OK", "Changed" 

and "Finalized” are not of great interest since the results obtained are very similar and there 

are often identical, so we will not focus on them. The variables that are so important and 

offer a lot of information are "Locked" and OL, BP (5%). Indicate that a PB of the 5%, the 

offered load and the number of connections blocked are as shown. 

Given these values, we conclude that the distribution [2, 3, 6] performs better than the [2, 

6] as the same BP the offered load necessary is less, 5% approximately, and the number 

of connections blocked is also so favorable. This is due to the distribution [2, 6] can only 

take 2 different values, the %FS to be assigned to 2 and 6 is 50%. For that reason the 

number of connections with 6FS is higher, it makes that a percent cannot access to the 

network and consequently has more blockage. 

Distribution 
#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7FS% 8FS% 9FS% 10FS% 

[2, 6] 0 1(0.03%) 0 0 0 257(8%) 0 0 0 0 

[2, 3, 6] 0 1(0.05%) 13(0.6%) 0 0 193(9%) 0 0 0 0 

Table 13: FS locked Grid 12.5GHz bit rates until 400GB/s 
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As we can observe in the table 13 the connections that most become blocked are those 

having the largest number of FS. It is logical since as the FS distribution is uniform, exist 

the same quantity of FS for everyone, and tends to block always the higher. 

We can also observe as explained above is confirmed as the distribution [2,6] has a number 

of connections of 6FS blocked so higher than the one of [2, 3, 6] due to this distribution 

only sends the 33% of the connections compared with the 50% of the other, the number of 

blocked connections is proportional. 

Once commented the results of the tables, we will analyze the BP in function of the OL: 

 

Figure 11: Comparison BP-load Grid 12.5GHz until bit rates of 400GB/s 

In this graph we can see how the distribution [2, 3, 6] performs better for low values of the 

normalized load until the two end saturating at a relatively high BP. In addition, we also 

appreciate how due to the distribution [2, 3, 6] divides the spectrum into different FS the 

spectrum fragmentation is less present, and that supports the relation BP-OL to be better. 

4.1.1.2. Grid 12.5GHz until bit rates of 1TB/s 

Now we can see the same distribution, but in this case are included the connections until 

bit rates of 1TB/s. This means that to the distributions are added other bandwidth 

distribution of 15FS.  

In this way, the results remain in the following manner: 

Distribution Conn. Conn. OK Locked Changed Finalized OL, BP(5%) 

[2, 3, 6, 15] 10000 6347 150 442 6043 0.15 

[2, 6, 15] 10000 6368 178 383 6077 0.152 

Table 14: Summary simulation Grid 12.5GHz bit rates until 1TB/s 

In this situation something similar happen like in the previous case. But in this case adding 

the bandwidth distribution of 15 FS, makes that the number of connections generated for 

each distribution were smaller. Since in this case is generated a 25% of each for the 
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distribution [2, 3, 6, 15] and a 33% for the distribution [2, 6, 15]. What just finish happening 

is that the distribution which more times is blocked is 15FS, as is logical, but not as many 

connections as in the previous case are blocked. Previously, in the distribution [2, 6] 258 

connections were blocked, and in this case in the distribution [2, 6, 15] have been blocked 

178. 

But of course, this does not mean that the blockade in these distributions was smaller. Just 

the opposite, since the blocked connections are multiplied by the bandwidth of the 

connection which blocks, that is, the one of 15FS. So finally the BP ends being higher. For 

this reason the OL at a BP of 5% gives us values around 0.15, as for higher values the BP 

increases exponentially. 

Distribution 
#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7-12FS% 13FS% 14FS% 15FS% 16FS% 

[2, 3, 6, 15] 0 0 0 0 0 7(0.5%) 0 0 0 143(9.1%) 0 

[2, 6, 15] 0 1(0.05%) 0 0 0 8(0.4%) 0 0 0 169 (8%) 0 

Table 15: FS locked Grid 12.5GHz bit rates until 1TB/s 

The fact of having a new bandwidth distribution of a larger size makes the previous to stop 

being blocked. For that reason the 6FS passes to be blocked at a probability of 0.5% but 

the 15FS remains fully blocked with a block between 8-9%. 

In this situation the graph of BP-OL will be the next: 

 

Figure 12: Comparison BP-load Grid 12.5GHz until bit rates of 1TB/s 

This graph will keep the same structure as the graph of the previous section, but in this 

case we can see how the conditions are worse. Both OL and the BP are much lower 

compared to the previous section. This is due to the continuous network congestion by the 

new distribution. The spectrum is not very fragmented but makes it very complicated to find 

15 FS contiguous. For this reason, a large number of these connections are finishing 

blocked. 
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 Grid 25GHz 

Now we will get the results in this case of 25GHz grid. The bandwidth distributions reach 

bit rates of 1TB/s, and the difference between the two distributions is due by the modulation 

formats. 

Distribution Conn. Conn. OK Locked Changed Finalized OL, BP(5%) 
[1, 2, 3, 8] 10000 6293 187 952 5809 0.19 
[1, 3, 8] 10000 6343 143 876 5965 0.188 

Table 16: Summary simulation Grid 25GHz 

In this situation we do not find difference of interest with the two previous results obtained 

through the grid of 12.5GHz. In this simulation we observe that the bandwidth more 

congested is 8FS, and the other rarely are blocked. The value of blocked connections in 

this case is also lower compared with the first results, distribution [2, 3, 6], but the motive 

is the same as the previous section. Since the bandwidth of 8FS is quite broad, by 

multiplying this with the connections blocked. The result is a BP quite large. 

By the results obtained, with a BP of 5% we get an OL of 0.19, we could say that this result 

is an intermediate point between the two previously performed. 

Distribution 
#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7FS% 8FS% 9FS% 10FS% 

[1, 2, 3, 8] 0 3(0.2%) 3(0.2%) 0 0 0 0 181(11%) 0 0 

[1, 3, 8] 0 0 1(0.05%) 0 0 0 0 142(7%) 0 0 

Table 17: FS locked Grid 25GHz 

As we observed in the table 17 about FS blocked, the same situation, low bandwidths 

hardly blocked, but instead the higher is being blocked at 11%. 

Thereby analyzing the figure 17, graphic BP-OL, observe that: 

 

Figure 13: Comparison BP-load Grid 25GHz until bit rate of 1TB/s 

In this situation for low values of the OL we obtain a very good BP, but very quickly gets 

worse.  

In any case, maintains the same structure as the previous. 
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4.2. Various bandwidth distributions  

As we have seen until that moment, the best distribution is the [2, 3, 6]. As from now we 

will use it as a reference. We will perform various tests with other distributions in order to 

check if any if these behaves better than ours. For our consideration we will think in 

connections until bit rates of 400 GB/s. 

For this simulation the distributions considered are: [6], [4, 8], [3, 7] and [2, 3, 6]. But 

although it believes that these distributions were chosen randomly it is false, since the 

choice of these three distributions has its own significance. The choice of [6] consists in 

the fact of assign to any slot of data from 1 to 6 the value of 6FS to ensure that do not exist 

fragmented spectrum. The choice of [4, 8] is due to always use the FS4 and if the 

connection exceeds, use two slots of 4FS, although it is not efficient since did not take full 

advantage of the spectrum. And finally the choice of [3, 7] because if the connections have 

from 1 to 3 slots use 3FS and if are superior of 3 use 7 FS. The significance of this election 

is that the sum of the two makes ten and this also helps that the spectrum is not fragmented. 

All these choices are based in don’t fragment the spectrum, but aren’t focused on the 

spectral efficiency. 

Distribution Conn. Conn. OK Locked Changed Finalized OL, BP(5%) 
[6] 10000 6291 377 633 5671 0.24 

[4, 8] 10000 6226 243 522 5790 0,185 
[2, 3, 6] 10000 6292 207 947 5776 0.21 

[3, 7] 10000 6309 279 761 5778 0.23 

Table 18: Summary simulation various bandwidth distributions 

The fact of focusing only on the spectral fragmentation makes that don’t take much 

advantage of the spectrum, so many connections are finished filling without being exploited 

until the  maximum, this makes that there is an excess of this type of connections and that 

consequently some of them are finishing blocked. This is what has happened in this case, 

as we see in in the section of blocked connections, the one with the lowest number of this 

type of connections is our distribution. As this is probably the most efficient distribution 

because depending on the size of the connection chooses one of the three types of 

bandwidth that has to spend fewer resources. Despite having the lowest number of blocked 

connections, if we look at the OL at a BP of 5% we see as the best values are obtained by 

the distributions  [6] and [3, 7] with a value of 0.23. 

Surely this happens since the distribution [2, 3, 6] should start behaving in better way but 

while the network is being filled gets worse, and instead the distribution [6] responds better 

because having all the same connection when one finish another has more easy to find 

another place. 

But we must also take into account the distribution [4, 8] as mainly seems the worst but the 

fact of using two connections to send the spectrum can be very useful because in some 

cases you can take advantage of the spectrum theoretically wasted. 

Distribution 
#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7FS% 8FS% 9FS% 10FS% 

[6] 0 0 0 0 0 377(6%) 0 0 0 0 

[4, 8] 0 0 0 24(0.8%) 0 0 0 219(7%) 0 0 

[2, 3, 6] 0 1(0.05%) 13(0.6) 0 0 193(9%) 0 0 0 0 

[3, 7] 0 0 8(0.3%) 0 0 0 271(9%) 0 0 0 

Table 19: FS locked various bandwidth distributions 
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Besides, as noted in the table 19, we can see the FS blocked of each distribution. In which 

having a greater number of blocked connections does not mean that such distribution is 

not useful, as this is due by the uniformity of the distribution of bandwidth. Where the 

distribution [6] used 100% of connections with 6 FS, but the distribution [4, 8] instead uses 

50% for each connection. This is the reason why the distribution [6] has the largest number 

of blocked connections. 

Though the best way to compare the distributions is by analyzing the BP in function of the 

OL:

 

Figure 14: Comparison BP-load various bandwidth distributions 

As shown in the figure 14, the distribution which behaves better is [6] because despite not 

being as efficient doesn’t have any problems with the spectral fragmentation. But instead 

which performs worst is [4, 8]. This is because this distribution occupies very bad its 

spectrum, but such as explained above, in many cases this distribution could reuse the FS 

currently wasted. The distribution [2,3,6] advantage well the spectrum but instead the 

spectral fragmentation affects a lot, which is why the distribution [6] has better BP at a given 

OL. 
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4.3. Bandwidth distributions: Parity 

Other type of distributions are those based on the parity, that is, one of them is even and 

the other is odd. These distributions are: [1, 3, 5.7, 9], [2, 4, 6, 8, 10] and [1, 2, 3, 4, 5, 6, 7, 

8, 9, 10]. These distributions are very interesting due to its structure but have a large 

spectral fragmentation. 

Distribution Conn. Conn. OK Locked Changed Finalized 

OL, 

BP(5%) 

[1, 3, 5, 7, 9] 10000 6365 35 626 6162 0.153 

[2, 4, 6, 8, 10] 10000 6290 50 509 6096 0.146 

[1, 2, 3, 4, 5, 

6, 7, 8, 9, 10] 
10000 6268 60 541 6061 0.145 

Table 20: Summary simulation parity 

In Table 20, we observed that the variable "Locked" indicates a very low amount of blocked 

connections, this is because such as the various distributions have a lot of bandwidth, the 

number of connections that each distribution sends each type is very low. The distribution 

[1, 3, 5, 7, 9] just sent to network 20% of each bandwidth. And the distribution [1, 2, 3, 4, 5, 

6, 7, 8, 9,10] 10%, this makes more complicated to run out blocked connections. 

The fact of having a lot of bandwidth as well with very high values causes BP grow rapidly. 

The good news is have a lot of bandwidth with fewer FS compensate the blocking of these 

connections, but in any case, is probably BP is very high because both: spectral 

fragmentation like blocked connections make these distributions not being highly 

recommended for traffic transmission along the network. 

.Distribution 
#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7FS% 8FS% 9FS% 10FS% 

[1, 3, 5, 7, 9] 0 0 0 0 1(0.08%) 0 6(0.5%) 0 28(2%) 0 

[2, 4, 6, 8, 10] 0 0 0 0 0 1(0.08%) 0 10(0.9%) 0 30(2%) 

[1, 2, 3, 4, 5, 

6, 7, 8, 9, 10] 
0 0 0 0 2(0.3%) 2(0.3%) 2(0.3%) 8(1%) 21(3%) 25(4%) 

Table 21: FS locked parity 

As we can see, the number of FS blocked is quite low in all FS as the maximum value is 

30, this is because in this case instead of having a bandwidth blocked by distribution, we 

have between 3 and 5 FS bandwidth blocked. The reason is because the three distributions 

of FS bandwidth with assignations of values so high easily end being blocked. 

As shown in the figure 15, we could see that the best distribution of the three is [1, 3, 5, 7, 

9]. Then the distributions [2,4,6,8,10] and [1,2,3,4,5,6,7,8,9,10] have exactly the same 

relation BP-OL. The reason why the distribution [1,3,5,7,9] has better BP at same OL is 

due to the average value. The distribution [2,4,6,8,10] has an average of 30/5 = 6. Instead 

[1,3,5,7,9] has an average of 25/5 = 5. 

In addition, having the lowest value in FS is also key to making BP a little better. 

Distributions [1,2,3,4,5,6,7,8,9,10] and [2, 4, 6, 8, 10] even if have the same BP, the payload 

will not be the same since is the result that we have obtained above. 
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Figure 15: Comparison BP-load parity 

4.4. Predefined variables: Numconex and Numslots 

Once we talked about different grid widths and bandwidth distributions we can also perform 

tests around predefined variables in Matlab simulator. This is the case of the parameters: 

numconex, and numslots (discussed in section 3.1). 

 Predefined variables: Numconex 

The Numconex parameter is the number of connections generated during the simulation. 

So in this section we will test with different values of numconex (5000, 10000, 20000 and 

50000) for distribution [2, 3, 6]. 

Distribution Conn. Conn. OK Locked Changed Finalized 

OL, 

BP(5%) 

[2, 3, 6] 5000 3153 131 486 2691 0.215 

[2, 3, 6] 10000 6292 207 947 5776 0.21 

[2, 3, 6] 20000 12600 474 1973 11819 0.213 

[2, 3, 6] 50000 31605 1299 4884 30003 0.211 
Table 22: Summary simulation numconex different durations 

The fact of having distributions of [2, 3, 6] with different values of numconex makes that 

the parameters of the table "Conn.OK", "Locked", "Changed" and "Finalized" were very 

different. But, for example, having a large number of blocked connections, as is the case 

of numconex = 50000, not have to mean BP was very high. As the offered load is too high, 

and such as explained above BP = Blocked / Offered Load. 

For that reason, if we look the OL for a BP of 5% we see that despite having a very different 

value of numconex the result obtained of OL are very similar, all are around 0.21. 
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Distribution 
#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7FS% 8FS% 9FS% 10FS% 

[2, 3, 6] 

5000 conn. 
0 4(0.4%) 12(1%) 0 0 115(11) 0 0 0 0 

[2, 3, 6] 

10000 conn. 
0 1(0.05%) 13(0.6%) 0 0 193(9%) 0 0 0 0 

[2, 3, 6] 

20000 conn. 
0 2(0.05%) 30(0.7%) 0 0 442(11%) 0 0 0 0 

[2, 3, 6] 

50000 conn. 
0 20(0.2%) 128(1%) 0 0 1151(11%) 0 0 0 0 

Table 23: FS locked numconex different durations 

If we now look at the table 23 we can see how the value of each FS is proportional to the 

next, because for numconex = 50000 the value of blocked connections for 6FS is 1151 and 

for numconex=5000 the value is 115, is multiple of 10, this means that the results that we 

obtain among the four distributions are very similar since all compensate with each other. 

The relation OL-BP is very similar between the distributions. 

Now let’s analyze the obtained relation BP-OL: 

 

Figure 16: Comparison BP-load numconex different durations 

The four distributions maintain a similar structure, except for a very low OL where 

distributions having a smaller numconex have optimal BP. This is because such as the 

number of connections is lower it is more complicated saturate the system and therefore 

the number of connections that are blocked also be lower. 
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 Predefined variables: numslots 

The variable numslots is the number of FS per link. The value normally used is 160, but 

other values can be used. For this section we will take values of 80, 160 and 320. That 

may be related to the different widths Grid (6.25GHz, 12.5GHz and 25GHz) which will be 

explained later. 

First, we conducted a test from the distribution [2, 3, 6] in the three possible numslots 

situations. And the second will be through distributions [1, 2, 3] with numslots = 80, 

distribution [2, 4, 6] with numslots =160 and distribution [4, 8,12] with numslots = 320. 

4.4.2.1. Distribution [2, 3, 6] with different numslots 

In this simulation, we only will find with the same distribution [2, 3, 6] but in different states 

of network congestion. In the first case, numslots = 80, the network will find more loaded 

because it could be placed a smaller number of FS, but the number of connections will 

remain constant. For the case of numslots = 160, the network will be in normal state, and 

in the latter case, numslots = 320, the network will find more relaxed because it will have 

twice space per link keeping the number of available connections. 

Distribution Numslots Conn. Conn. OK Locked Changed Finalized 
OL, 

BP(5%) 
[2, 3, 6] 80 10000 6337 242 338 5974 0.173 
[2, 3, 6] 160 10000 6276 189 1020 5789 0.20 
[2, 3, 6] 320 10000 6290 239 1998 5329 0.248 

 Table 24: Summary simulation different numslots distribution [2, 3, 6] 

As shown in the results obtained in table 24, as the value of the variable numslots increases, 

the number of blocked connections decreases considerably. This is because as explained 

above, when there are more space per link, more connections can access and fewer end 

blocked. 

In this way, as connections blocked decrease, the BP also improves considerably. For a 

fixed BP of 5% we can see how the increase of OL is considerable. Increases from 0.17 

with numslots = 80 to 0.25 with numslots = 320. 

Distribution Numslots 
#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7FS% 8FS% 9FS% 10FS% 

[2, 3, 6] 80 0 4(0.2%) 34(1.6%) 0 0 204(10%) 0 0 0 0 

[2, 3, 6] 160 0 0 20(1%) 0 0 169(8%) 0 0 0 0 

[2, 3, 6] 320 0 0 20(1%) 0 0 219(10%) 0 0 0 0 

Table 25: FS locked different numslots distribution [2, 3, 6] 

The value % of FS blocked will remain in the above situations. With the only difference that 

depending on the value of the variable numslots, the bandwidth with more value will found 

more or less blocked. That is, for the distribution [2, 3, 6] depending on network congestion, 

number of FS link, the connection with bandwidth of 6FS will be blocked to a greater or 

lesser measure. 
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Now we will analyze the graph with OL-BP relation: 

 

Figure 17: Comparison BP-load different numslots distribution [2, 3, 6] 

This graph clearly shows that the best performing distribution is one with a value of 

numslots higher, also without any doubt. For the cases of numslots = 160 and 80 we 

observe the behavior is quite similar. But for the 320 the improvement is considerable. 

4.4.2.2. Different distribution for each numslots in function of the grid 

This last test consists of 3 different distributions where in each of one is designed with one 

of the widths of grid (6.25GHz, 25GHz and 12.5GHz). In this way the distributions are as 

follows: 

Distribution [1, 2, 3] with Numslots=80 and Grid=6.25GHz. 

Distribution [2, 4, 6] with Numslots=160 and Grid=12.5GHz. 

Distribution [4, 8, 12] with Numslots=320 and Grid=25GHz. 

Where playing with the factor 2 of the numslots and wide grid, we make different 

distributions which should behave in the same way. As at first glance the three are in the 

same situation. 

Distribution Numslots Conn. Conn. OK Locked Changed Finalized 
OL, 

BP(5%) 
[1, 2, 3] 80 10000 6297 263 723 5809 0.221 
[2, 4, 6] 160 10000 6256 249 844 5746 0.215 

[4, 8, 12] 320 10000 6264 195 964 5753 0.205 

Table 26: Summary simulation different distribution for each numslots in function of the grid 

But if we fix at the results obtained of table 26, we can see how the results obtained are 

quite different. The best performing distribution is [1, 2, 3] and that despite having more 

blocked connections, OL of a BP of 5% is higher. 
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Despite receiving these results we believe that in this situation the results obtained are not 

fair, because they must be the result of random network behavior. Just as if the theoretical 

results are correct, the three distributions would end up being the same. 

Distribution 

#FS locked 

1FS% 2FS% 3FS% 4FS% 5FS% 6FS% 7FS% 8FS% 9FS% 10FS% 
11FS

% 
12FS% 

[1, 2, 3] 80 8(0.4%) 54(3%) 201(10%) 0 0 0 0 0 0 0 0 0 

[2, 4, 6] 160 0 3(0.1%) 0 49(2%) 0 197(9%) 0 0 0 0 0 0 

[4, 8, 12] 320 0 0 0 0 0 0 0 35(2%) 0 0 0 160(7%) 

Table 27: FS locked different distribution for each numslots in function of the grid 

If we analyze the graph of BP in terms of OL, and do not take into account the results 

obtained in the tables, we conclude that the three distributions are very similar and may be 

the same. And the parameters that have made them be distant have been random. In 

addition, we must also take into consideration other factors as may be the taking of values, 

since the obtained results are structured in a possible function making its structure can also 

vary. 

 

 

Figure 18: Comparison BP-load different distribution for each numslots in function of the grid 
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5. Budget 

The realization of this thesis entirely has consisted in performing various algorithms for 

Matlab software, that is to say, the development of a simulator. In this way in our Budget 

the only economic impacts we have found have tried in estimation of hours worked carried 

out over the project evaluated at a price of junior engineer (8 € / hour) and the license of 

the specific software that we used, in our case Matlab simulator. 

Total costs divided into tasks according hours worked are: 

 

Task Weeks 
Hours 

(estimated) 

Cost/Hour 
(Junior 

engineer) 
Final 

cost (€) 

Information study and 
bibliographic research. 

0-1 10 8€/hour 80 

Program knowledge and 
algorithms design. 

1-3 30 8€/hour 240 

Improvements and changes 
in Matlab simulator. 

3-8 140 8€/hour 1.120 

Analysis of the obtained 
results and making 
conclusions. 

8-13 100 8€/hour 800 

Writing the project report. 13-15 40 8€/hour 320 

Matlab license (software) - - - 750 

TOTAL  320 hours  3.310€ 

Table 28: Budget   
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6. Conclusions and future development:  

Once our work is finished, theory and simulations, can say that the assignment of spectrum 

in the optical network is a very complete topic, which takes into account a wide range of 

parameters. 

First of all, spectrum allocation is a process in continuous change due to new emerging 

technologies and services. This makes traffic don’t stop growing and therefore systems are 

increasingly complex and difficult access. Making grow exponentially the consumption of 

resources. 

In this way, watching the passing of time of this technology is logical the change of WDM 

system to EON architecture because as we have seen several times, WDM systems were 

too rigid and inefficient so switching to an architecture more flexible and scalable was 

necessary to cope with the continuous growth of traffic. 

The EON architecture, performing flexible use of bandwidth and set appropriate size of 

connection was the best technology for these new services. But as we have seen, spectral 

fragmentation divided so much the spectrum causing BP will greatly increase becoming 

the EON architecture into an architecture not so reliable. 

As an intermediate point between the EON architecture and the WDM models has made 

be able to fight traffic of the present, but probably not from the future. 

Predefining the bandwidth in different frequency slot has made can be assigned a certain 

FS for each connection type in relation to its bit rate. Thus obtaining different types of 

distributions. The idea of dividing bandwidth distributions in FS is a so correct process 

because knowing the state of our network can mold these distributions to be optimal for 

each connection and thus properly seize the spectrum, without fragmenting too. 

But unfortunately until this moment is so complicated to find some distributions which 

always work properly, because the main problem of traffic is which often is random, so 

choose a suitable distribution is very complicated. Thinking have so much sense a written 

which said that probably was time to return to use WDM systems because in many cases 

it is better be inefficient that have a lot of blockage. 

Turning now to one part more practical of this topic, the fact of use the Matlab simulator 

and create our own algorithms makes better to know the state of the network and the 

various bandwidth distributions in FS. But it should be remembered how complicated is this 

task since in these lines of code involves many parameters. 

Algorithms that have edited to give more sense to network traffic have been very successful 

because, for example, the creation of a probability of entry to the connections gives great 

accuracy to the traffic, as well as the fact of using different distributions of bandwidth in 

function of the grid widths or other factors also make the network much more reliable. 

Within the distribution of FS bandwidths we have reached many interesting conclusions. 

Among them the fact of assigning FS of much size makes that a large amount of them 

finish blocked and cannot form part because of fragmented spectrum. The same happens 

with the distributions that have many bandwidths, make the spectrum so contiguous, as 

seen in parity results. 

We have also appreciated that it is very difficult to find distributions that do not fragment 

the spectrum and at the same time be efficient. In fact, I think a great chance to solve this 
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is by repositioning connections and shared use of resources, but it make that the cost of 

network maintenance increase significantly.  

Finally, by the results we have seen anytime you can use different distributions, but is very 

difficult make that distribution get the most from resources. That's why as continuous 

utilization of distribution [2, 3, 6] because in my opinion it does not fragment spectrum and 

makes efficient use of network. 

To finish, some developments for the future could be performing more sophisticated 

algorithms for Matlab code in order to know distributions conform best in every situation for 

network traffic. Or testing for exceeding 1TB/s bitrates in order to anticipate future traffic. 
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Glossary 

WDM: Wavelength Division Multiplexing 

EON: Elastic Optical Networks 

FS: Frequency Slot 

GS: Guard Slot 

BP: Blocking Probability 

NSFnet: National Science Foundation Network topology 

EONet: European Optical Network topology 

OL: Offered Load 

THz: Tera Hertz 

GHz: Giga Hertz 

 


