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Abstract 

Flexgrid optical networks are emerging as an attractive solution for future high-speed 
optical transport, from the moment that the actual technology can offer high levels of 
flexibility and scalability to them, responding to the exponential growth of the Internet 
traffic. This thesis presents a simple strategy that helps to improve the spectrum usage in 
flexgrid optical networks which consists on limiting the bandwidth assigned to different 
connections. Adapting completely flexible optical networks to “multi-rate” optical networks 
shows that the performance of the links improve, only where connection bandwidth 
values are allowed if they are multiple of each other to avoid the maximum of spectrum 
voids that can’t be used to reduce the network fragmentation. The results of the 
simulations confirm that by limiting the connection size at a given blocking probability, 
some gain is obtained at the cost of losing some flexibility in the network. 
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Resum 

Les xarxes òptiques flexibles emergeixen com una atractiva solució pel futur del transport 
òptic a gran velocitat, des del moment que la tecnologia actual permet oferir alts nivells 
de flexibilitat i escalabilitat a aquestes, per donar resposta al exponencial creixement del 
tràfic a internet. Aquesta tesi presenta una estratègia simple per millorar l’ús de l’espectre 
en les xarxes òtiques flexibles que consisteix en limitar l’ample de banda que s’assigna a 
les diferents connexions. Adaptant les xarxes òptiques completament flexibles a xarxes 
òptiques “multi-rate” es demostra que es millora el rendiment dels enllaços, on només es 
permeten valors d’ample de banda de les connexions múltiples entre si amb la finalitat 
d’evitar el màxim de vuits espectrals que no es poden utilitzar per reduir la fragmentació 
de la xarxa. Els resultats obtinguts en les simulacions corroboren que limitant la mida de 
les connexions s’obté un guany determinat per una probabilitat de bloqueig donada, a 
canvi de perdre flexibilitat en la xarxa. 
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Resumen 

Las redes ópticas flexibles emergen como una atractiva solución para el futuro del 
transporte óptico a gran velocidad, desde el momento que la tecnología actual permite 
ofrecer altos niveles de flexibilidad i escalabilidad en éstas, para dar respuesta al 
exponencial crecimiento del tráfico en internet. Ésta tesis presenta una estrategia simple 
para mejorar el uso del espectro en la redes ópticas flexibles que consiste en limitar el 
ancho de banda que se asigna a las diferentes conexiones. Adaptando las redes ópticas 
completamente flexibles a redes ópticas “multi-rate” se demuestra que se mejora el 
rendimiento de los enlaces, donde solo se permiten valores de ancho de banda de las 
conexiones múltiples entre sí con la finalidad de evitar el máximo de vacíos espectrales 
que no se puedan utilizar para reducir la fragmentación de la red. Los resultados 
obtenidos en las simulaciones corroboran que limitando el tamaño de las conexiones se 
obtiene una ganancia determinada a una probabilidad de bloqueo dada, a cambio de 
perder flexibilidad en la red. 
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1. Introduction 

 

Optical networks are experiencing significant changes, driven by the exponential growth 

of traffic due to multimedia services and by the increased uncertainty in predicting the 

sources of this traffic because there are so many changing models of contents providers 

through internet. The change has already begun: some years ago, simple modulation on 

and off signals were adequate for bit rates up to 10 Gb/s, nowadays this has evolved to a 

much more sophisticated modulation schemes for 100 Gb/s and beyond. The next 

bottleneck is the 10-year-old division of the optical spectrum into a fixed "wavelength 

grid," which will no longer work for 400 Gb/s or higher. That’s why a more flexible grid is 

needed. Once both transceivers and switches become flexible, a whole new elastic 

optical networking scenario will be born.  

 

The purpose of this thesis is theoretically and through MATLAB simulations to analyze 

different techniques to improve the use of available spectrum in elastic optical networks. 

First of all, the problem has to be studied and analyzed to provide a solution in response 

to the large capacity and diverse needs of the future Internet traffic granularity. So it 

seems that in a mid-term period the conventional WDM networks (with a fixed capacity) 

will be replaced by Elastic Optical Networks (EON) to increase the flexibility in 

provisioning connections. Therefore, by using MATLAB simulations the obtained gain of 

the proposed solutions can be compared. Finally it will have to be assessed if the best 

proposed solution significantly improves the conventional network and also other EON 

possibilities. 

The thesis main goals are: 

 1. - Finding new techniques to maximize the offered load in optical fibers. 

 2. - To improve spectrum usage limiting the bandwidth flexibility. 
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1.1. Project requirements and specifications 

 

Project requirements: 

- MATLAB knowledge to build the simulator to implement all the features of a real 
network. 

- Theoretical knowledge of optical communications. 

 

Project specifications: 

- Achieve a simulator that allows the user to calculate the network traffic supported 

under certain terms of blocking probability. Blocking probability (BP) can never 

exceed 5%. So the simulator must be very precise for accurate values from 0% to 

5%. 

1.2. Methods and procedures 

 

This project was developed based on previous works in the Optical Communications 

Group of UPC, with the aim of improving the spectrum usage in Elastic Optical Networks 

[5, 6, 8]. Some modifications have been included in a MATLAB simulator previously 

developed, and the main contribution is provided here in the numerical comparison of two 

specific spectrum allocation strategies. 

 

1.3. Work Plan 

 

Tasks 

WP1- Bibliographic review: Get all the knowledge needed for project. 

-Internal task T1: Read and understand all the previous work done on the project. 

-Internal task T2: Knowledge about what is done and what is not in this field. 

 

WP2 -  Design spectrum allocation algorithms: Design allowed allocation algorithms to 

simulate real networks. 

-Internal task T1: Theoretical research of different possibilities to achieve these 

algorithms. 

- Internal task T2: To determine which of these different possibilities is best for our 

purpose. 
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WP3 -  Implementation with MATLAB simulator: Design an application that simulates a 

real network through the algorithm designed that is able to count all the blocked 

connections in the network. 

 

WP4 - Obtainment and analysis of the results: Working with the obtained results. 

-Internal task T1: FS3615 vs. FS3715 

 

WP5 - Drafting of the final thesis: Writing the results in a clear and orderly manner. 

 

Milestones 

Table 1.1 Milestones 

 

Time Plan 

Table 1.2 Gantt diagram 

 

At the beginning, it was estimated that each simulation would take an average of 5 hours, 

but it was needed to increase the number of simulated connections to increase the 

accuracy of the simulations. That is a significant increment in computation time. It was 

planned to do about 3-4 simulations every day and after this modification only 2 could be 

completed, so it was necessary to increase the time to do the WP4. 

  

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

WP2 Task2 Design of the algorithm Optimal algorithm created Week 5 

WP3  Implementation of the 

simulator 

MATLAB App Week 8 

WP4 Task1 Obtainment and analysis of 

the results 

Graphics, results and 

conclusions 

Week 11 

WP5  Final thesis Memory Week 14 

  
September October November December January 

 
Week 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

ID Task   
  

    
  

  
    

  
  

    
  

  

WP1 Bibliographic review           
  

  
    

  
  

    
  

  

WP2 Design of spectrum allocation algorithms   
  

    
  

  
    

  
  

    
  

  

WP3 Implementation with MATLAB simulator   
  

         
    

  
  

    
  

  

WP4 Obtainment and analysis of the results   
  

    
  

            
  

    
  

  

WP5 Drafting of the final thesis   
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2. State of the art of the technology used or applied in this 

thesis: 

2.1. The time of WDM is near to end 

The success of the wavelength-division Multiplexing (WDM) that emerged in the 90s was 
resounding, thanks to the ability to multiplex different optical carriers, each at a different 
frequency, and sent through the same optical fiber that was used up to that point where 
you could only sent one light color until then. Each light color is equivalent to an optical 
signal of different frequency (λn). See the figure 2.1. What is done is to send each color 
with a different refractive index so that the different lights bounce inside the fiber without 
bothering one another. According to Snell’s law (figure 2.2) the angle of refraction is 
directly related to the angle of incidence and therefore if the multiplexor controls the 
incidence angle of the different lights those can be sent by the same optic fiber. 

 

Figure 2.1 WDM operating principle 

 

Figure 2.2 Snells's Law. Φi: angle of incidence, Φr: angle of refraction, ΦR: angle of lost refraction and n1 and n2 are two 
different environments. 

 

This success and the rapid restoration of all WDM system to all the optical 
communication networks was due to that this technology allowed increasing the network 
capacity exponentially without needing to place new fibers. It only required the installation 
of amplifiers at a certain section of fiber, a multiplexor at the beginning and a 
demultiplexer at the end. And so, assured at that time various technological generations 
without needing to modify the main network. It is true that initially they were expensive 
and complicated to operate, but with time they have improved a lot and are now working 
perfectly most advanced systems classified by the wavelength, such as coarse (CWDM), 
the dense (DWDM) and others [12, 13]. 

The exponential growth of the internet data seems to be unstoppable, furthermore is 
added the fact that it’s becoming harder to predict the sources that generate this traffic 
because there are too many models changing providers all over the internet. If this data 
growth continues at this rate, and everything indicates that it will, and considering this 
data flows, in the coming years we can find that some links saturate at specific times. All 
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this uncertainty also means that no one knows how many more years will the current 
WDM technology endure, what is clear is that it has an expiration date. So this project is 
dedicated to study the technology that is believed to replace the current one. 

2.2. Elastic Optical Networks may be the solution 

In response to the large capacity needs and the diverse traffic granularity of the future 

Internet, the Elastic Optical Network (EON) architecture has been proposed [1]. By 

breaking the conventional WDM fixed-grid spectrum allocation limit, such EON increase 

the flexibility in supply connections. Depending on the bandwidth requirements, an optical 

spectrum of appropriate size is assigned to each EONs connection. In this way, the 

incoming network connection requests can be served in a spectrum-efficient way. Similar 

to WDM networks, an elastic optical connection must occupy the same portion of the 

spectrum between its end-nodes, which means ensuring the so called spectrum 

continuity constraint. In addition, the entire bandwidth of the connections must be 

contiguously allocated, also known as the spectrum contiguity constraint. The Routing 

and Spectrum Allocation (RSA) problem in flexgrid optical networks has been widely 

studied, with special emphasis on dynamic (in-operation) network scenarios [2, 3]. The 

process of connecting the 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 after tearing down, becoming available 

for future requests. The randomness in the processes connections’ birth and death leads 

to the fragmentation [1] of the spectral resources in the network. Spectrum fragmentation 

significantly reduces the probability of finding enough contiguous spectrum for the 

establishment of new incoming connections, especially those breaking through multi-hop 

paths and/or requesting large amounts of bandwidth. In fact, new connection requests 

can be blocked despite having enough spectral resources if these are not contiguous. 

Keeping spectrum fragmentation as low as possible is the main objective during flexgrid 

network operation. Nevertheless, fragmentation is inherent to the idea of a dynamic 

flexgrid network, and different ways to reduce its effects have been widely studied, mainly 

based on the rearrangement of the fragmented spectrum [4]. The main idea behind 

schemes defragmentation consists on consolidating the availability of spectral fragments 

contiguously so that they can be used to serve new incoming connection requests. A 

simple spectrum assignment strategy, which consists in avoiding the occurrence of 

useless spectrum voids by appropriately selecting the allowed connection sizes, was 

introduced in a previous work [5, 9]. In this project, some of the developed ideas are used 

to optimize spectrum usage in multi-rate flexgrid optical networks. By simply assigning 

more spectrum slots than those strictly needed for some of the connections, a significant 

benefit in terms of supported load at a given blocking probability is obtained. 
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3. Project development: 

3.1. Functioning of the simulator 

 

First, we need to build a simulation of a real network, so it was decided to implement it 

using MATLAB. Two topologies are taken into account so that we can simulate two ways: 

using NSFNet (USA topology) or EONet (EU topology). 

Those figures we find below will help us to understand schematically how the simulator 
works: 

 

In figures 3.1 and 3.2 is shown the structure of both networks used nowadays in North 

America and Europe respectively. In the other two, 3.3 and 3.4 is represented the matrix 

corresponding to each topology, the position of 0 and 1 means if there is connection (1) 

or not (0) with the city assigned to that position. 

At each new simulation it’s required to determine 3 fixed parameters:  

1. Number of slots. In the simulations done through this project have been used 2 

values: 160 and 320 slots. 

2. Number of connections. This parameter determines how many connections are 

running at the same time in our network. 

3. Topology. It can be the European EON or the American NSF.  

Figure 3.2 Topology of the NSFNet network. Figure 3.1 NSFNet topology implemented on MATLAB. 

Figure 3.4 Topology of the EONet network. Figure 3.3 EONet topology implemented on MATLAB. 
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Through a random variable the simulator creates a connection of 100 Gb/s, 400 Gb/s or 
1000 Gb/s. On the other hand another function sets the duration of that connection. This 
parameter is very important because it determines the network load and collaterally the 
blocking probability. So the MATLAB application created a function to obtain different 
values of offered load assigned to the blocking probabilities from 0% to 5%. 

Once the connection is created with an assigned duration, the program chooses a 

random origin and destiny of our network (check the pictures above), remember that 

there are two possibilities: NSFNet and EONet. Then there is a Dijkstra’s algorithm ready 

to find the shortest route and the distance from the starting node to the ending node in 

the network. 

It’s been considered that simulated networks are always loaded as the time it takes to 

load the network is negligible, so the next step to be performed by the application is 

finding the spectrum void to fit the established connection. Note that one of the objectives 

of this project is to improve the use of spectrum in the elastic optical networks and to test 

limiting the bandwidth flexibility by making the size of the allowed connections multiple of 

each other. To study this, it has been created two functions that assign slots to the 3 

types of connections. The first one “calculaFS3615” allocates the minimum number of 

slots to each connection plus 1 for guard-band (to respect the Nyquist criterion), so it’s 

3+1 = 4 for 100 Gb/s, 6+1 = 7 for 400 Gb/s and 15+1 = 16 for 1 Tb/s. The second one, 

“calculaFS3715” is the same as the first function but adding an extra empty slot to the 

100 Gb/s connection. The result is now 4,8,16 slots to each connection respectively and 

those numbers are multiple each other. So one of the big questions of this project is: Is it 

worth adding an additional slot for the 100 Gb/s connections to make all the connection 

multiple to each other and to make future connections to fit in the spectral space liberated 

from old ones? 

There are two functions created to fit the new connections to the spectral gaps caused 

when an old connection dies, the first one goes across the entire spectrum to find the first 

spectral gap available, greater or equal, in the network. The second one puts the 

connection established with the spectral void found by the first function. Finally, the 

MATLAB application checks whether the connection could be fitted in the spectrum, if not 

the application increase the “blocked connections” parameter. At the same time, it 

increases a unit of time to all the running connections.  
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3.2. Main characteristics of the simulator 

 

 Network topologies considered are NSFnet (14 nodes and 21 links) and EONet (19 

nodes and 37 links). Further details on these topologies are given in [6]. Origin-

Destination pairs are uniformly distributed among all network nodes. 

 

 The maximum number of FS per link equal to 160. This is a typical value used in 

previous works, and has no particular impact on the results obtained. 

 

 Connections sizes of 3, 6 (7) and 15 FS, which correspond respectively to 100, 

400 and 1000 Gb/s. Different ratios between these three connections sizes have 

been tested in order to evaluate the benefits of the proposal under different traffic 

conditions. The main purpose of the simulations is to demonstrate that assigning 7 

instead of 6 FS to the 400 Gb/s connections is advantageous although one FS is in 

principle wasted. Therefore, the main results compare the 3-6-15 model with the 3-

7-15 one. Of course, the effective load transported taken into account when 

assigning 7 FS is the same as when using 6 FS, so the additional FS is wasted. At 

a first glance, this is a clear draw back to the 3-7-15 model. 

 

 Connections inter-arrival time (IAT) follow a Poisson process with an average 

value equal to 1. Connections holding time (HT) follow a negative exponential 

distribution. The average value is adjusted to obtain the appropriate Offered Load 

values (which led the bandwidth Blocking Probability link to the desired values). 

 

 Regarding the routing and spectrum allocation algorithm for assigning new 

connections, simulations run a typical k-Shortest Path (with k=3) routing and First-

Fit SA [7]. 
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4. Results 

Throughout this project, a multi-rate traffic with three different types of connections is 

assumed. As introduced in [1], flexgrid optical networks allow a more efficient spectrum 

usage by assigning the appropriate number of spectrum slots (FS) to each connection. 

The bit-rates connections used in this work are of 100 Gb/s, 400 Gb/s and 1 Tb/s. As 

stated in [1], if DP-QPSK is used for all cases and the FS size corresponds to 12.5 GHz, 

there are required, 3, 6 and 15 FS respectively (plus an additional FS as guard-band in 

each case). Traduced to the assigned bandwidth is: 50 GHz (4 FS) for 100 Gb/s 

connections, 87.5 GHz (7 FS) for 400Gb/s connections and 200 GHz (16 FS) for 1 Tb/s 

connections. Check it in the table 4.1 from [1]: 

Table 4.1 Efficiency improvement for flexible spectrum over a point-to-point link, 
assuming a 50 GHz grid for fixed DWDM and 10 GHz channel guard band and super 

channels for EONs 

 

The main contribution of this work, derived from the results previously obtained in [5], 

consists on simply assigning 8 FS to the 400 Gb/s connections instead of 7 FS. This way, 

the fragmentation of the network is significantly reduced, because it makes two smaller 

connections to always fit to the size of the larger connection. The main idea behind this 

strategy comes from the fact that fragmentation is a major weakness of flexgrid networks 

in dynamic load conditions. It has been demonstrated [6] that, by applying some 

uniformity to the connection sizes, the performance of the flexgrid network is clearly 

improved. Otherwise, continuous de-fragmentation actions are needed, increasing the 

complexity and therefore the budget needed to deploy and operate the network. 

Let’s try to understand the logic applied by means of a simple example. When the 

connections generated die, the gaps left by 7 FS connections can only be used again 

when a new connection needs 7 or 4 FS. In the latter case, a 3 FS gap is created when it 

can’t be used until any of the two adjacent connections ends. If 8 FS are assigned to the 

original connection instead of 7, the void left when a 4 FS connection is allocated could 

be used by another 4 FS connection, a total of two connections instead of one. The 

example can be extended to a state in which two adjacent 7 FS connections are released. 

If they were 8 FS, the empty spectrum would exactly fit in a 16 FS connection, so that 
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their potential future use would increase. When considering a dynamic scenario, the 

randomness in the birth and death of connections continually leads to non-optimal states 

where some spectrum bands become useless during certain periods. Therefore, and as it 

will be shown in the next Section, the network performance is increases significantly by 

avoiding these states. 

To study the difference between both assignment strategies (named FS3715 and 

FS3615) we have considered various connection distributions to analyze the 

fragmentation in different scenarios. The table 4.2 shows the different traffic statistical 

distributions considered during this project. The values in the first row correspond to the 

ratios of each of the connections types generated during simulations. 

Table 4.2 Traffic profiles 

%100Gb/s-%400Gb/s-%1Tb/s 33-33-33 45-45-10 20-20-60 20-60-20 60-20-20 
Avg bit rate per connection (Gb/s) 500 325 700 460 340 

Avg #slots per connection (FS) 9 6.55 11.8 8.2 7 
Avg bit rate per slot (Gb/s) 55.56 49.69 59.32 56.10 48.57 

 

The table 4.3 is a summary of the results of all the MATLAB simulations that have been 

performed on this project which are detailed in next section. Two different values are 

shown: 

 Slots: correspond to the gain obtained in the 3-7-15 case with respect to the 3-6-

15 one. Concretely it refers to the number of additional slots that the former case 

can support at each BP value. 

 Gb/s: is the gain in terms of actual capacity carried per link. It is worth noting that 

the spectral efficiency depends on the traffic statistical distribution (as shown in 

Table X1, the slot capacity ranges from 48.57 to 56.1 Gb/s).  

Table 4.3 Gain of slots using 3-7-15 

 BP 0.01% 0.1% 1% 5% 

%100-%400-%1000 
(Gb/s) 

 Slots Gb/s Slots Gb/s Slots Gb/s Slots Gb/s 

33-33-33 

160 Eon 0 0 1 55.56 2 111.12 4 222.24 
320 Eon 2 111.12 4 222.24 6 333.36 11 611.16 
160 Nsf 2 111.12 2 111.12 3 166.68 4 222.24 
320 Nsf 5 277.8 6 333.36 10 555.6 12 666.72 

45-45-10 

160 Eon 2 99.38 3 149.07 4 198.47 7 347.83 
320 Eon 3 149.07 4 198.47 12 596.28 19 944.11 
160 Nsf 4 198.76 4 198.47 6 298.14 8 397.52 
320 Nsf 11 546.59 12 596.28 17 844.73 25 1242.25 

20-20-60 

160 Eon 1 59.32 1 59.32 2 118.64 3 177.96 
320 Eon 3 177.96 4 237.28 12 711.84 19 1127.08 
160 Nsf 4 237.28 4 237.28 6 355.92 8 474.56 
320 Nsf 11 652.52 12 711.84 17 1008.44 25 1483 

20-60-20 

160 Eon 1 56.1 2 112.2 3 168.3 5 280.5 
320 Eon 5 280.5 7 392.7 9 504.9 15 841.5 
160 Nsf 3 168.3 3 168.3 4 224.4 6 336.6 
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320 Nsf 9 504.9 10 561 12 673.2 17 953.7 

60-20-20 

160 Eon 1 48.57 2 97.14 3 145.71 5 242.85 
320 Eon 4 194.28 5 242.85 6 291.42 14 679.98 
160 Nsf 2 97.14 3 145.71 4 194.28 6 291.42 
320 Nsf 8 388.56 10 485.7 12 582.84 19 922.83 

 

Main conclusions obtained from Table X2 analysis are: 

1. What stands in sight in all cases except for one, is that the 3-7-15 scheme earn 

slots compared to the 3-6-15 (Remember that the column called “slots” represents 

the increase in free slots when using 3-7-15 compared to 3-6-16 under the same 

conditions). The only case where there’s no significant gain is on the first row in 

terms of BP = 0.01, when 1 connection out of 10000 gets blocked). In terms of low 

blocking such as the ones mentioned above, the network is not significantly 

loaded so the differences between both schemes aren’t really relevant because 

the simulations have been done considering that there were 50000 network 

connections.  

 

2. When comparing all the 160 Eon to the 160 Nsf, and the 320 Eon to the 320 Nsf 

of each distribution it is clearly seen how the American topology always has more 

free slots than the European one. The number 160/320 means the number of 

slots that is carrying our network and Eon/Nsf is which topology it’s being used. 

Therefore it can be said that under the same network conditions, the NSFNet is 

able to withstand more load than the EONet. This is due to the network geometry 

or topology, because of the way it was designed and built, gives better results. 

 

3. It is observed that regardless of the network topology, whether it is compared the 

160 Eon to the 320 Eon, and the 160 Nsf to the 320 Nsf respectively, in each 

distribution and for the four probability blocking values we can generalize that the 

gain is approximately three times greater in the 320 slot cases compared to the 

120 slot cases. An example to understand this better is that if we look at the first 

two rows of uniform distribution (33-33-33) specifically at the BP = 1% column, we 

see that for the 160 Eon it is gaining 2 slots, however for the 320 Eon it is 6 slots 

we win, so the available network slots have doubled and the gain has tripled. 

Hence it can be extracted that by varying the length of the spectrum slots, 

significant gains can be obtained and therefore should be taken into account, so it 

is an interesting topic to study and analyze. This project has stipulated that every 

slot occupies 12.5 GHz because it’s the commonly used value, although other 

values such as 6,25GHz have been used too, trying to profit this nonlinear gain 

obtained when the slots length varies. 

 

4. you could think that the distributions with more than 400 Gb/s connections, the 45-

45-10 and the 20-60-20, were the ones with a lower gain than the others, as it has 

been explained above the 3-7-15 scheme carries an additional unnecessary slot 

in the 400 Gb/s and therefore there might be a lot of unused slots in these cases. 

However this slot transforms the connections into complementary connections 

and that allows that when this type of connection dies, in its place you can add 
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two of 100 Gb/s, and in the case that two 400 Gb/s connection die consecutive, 

then a 1 Tb/s one can be added. Using the 3-6-15 scheme those two cases can 

never occur. According to the results of the simulations, this slot has to be 

sacrificed, and although there have been a lot of connections of this kind it gets 

compensated by reducing the flexgrid network fragmentations. 

Tables 4.4 and 4.5 are two characterizations of the table 4.3 to emphasize and simplify 

the main conclusion of this project, the 3-7-15 scheme performs better than the 3-6-15. 

Both graphs show the medium bit rate gain per link considering the two topologies and 

depending on the number of slots per link of the network. It’s been considered the 

average of the results of the two topologies to try to give a reasonable approximation of 

possible future optical flexgrid networks. 

Table 4.4 Average gain of networks with 160 slots using 3-7-15 

 BP 0.01% 0.1% 1% 5% 
%100-%400-%1000 

(Gb/s)  Slots Gb/s Slots Gb/s Slots Gb/s Slots Gb/s 

33-33-33  1 55.56 1.5 83.34 2.5 138.9 4 222.24 

45-45-10  3 149.04 3.5 173.91 5 248.45 7.5 372.67 

20-20-60  2.5 148.3 2.5 148.3 4 237.28 5.5 326.26 

20-60-20  2 112.2 2.5 140.25 3.5 196.35 5.5 308.55 

60-20-20  1.5 72.85 2.5 121.42 3.5 170 5.5 267.13 

Table 4.5 Average gain of networks with 320 slots using 3-7-15 

 BP 0.01% 0.1% 1% 5% 
%100-%400-%1000 

(Gb/s) 
 Slots Gb/s Slots Gb/s Slots Gb/s Slots Gb/s 

33-33-33  3.5 170 5 242.85 8 388.56 11.5 558.55 

45-45-10  7 340 8 397.52 14.5 704.26 22 1068.54 

20-20-60  7 415.24 8 474.56 14.5 860.14 22 1305.04 

20-60-20  7 392.7 8.5 412.84 10.5 509.98 16 777.12 

60-20-20  6 291.42 7.5 364.27 9 437.13 16.5 801.4 

 

Making the size of the allowed connections multiple to each other, can mean link 

earnings of about 140 Gb/s to 250 Gb/s in the future flexgrid optical networks with a 

blocking probability of 1% and 160 slots per link. Moreover if the network has 320 slots 

instead of 160, the gains can reach values of about 390 Gb/s to 860 Gb/s per link. 
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4.1. Simulation obtained results 

To study the different simulations two different graphics it’s being used in each case. The 

studied cases are the combination of two different topologies: NSFnet, EONet, and two 

different slot compositions: 160 and 320. 

In the graphics below we can see the bandwidth blocking probability (BP) vs. the Offered 

Load for the considered spectrum assignment schemes (3-6-15 and 3-7-15). In the first 

one, the BP is in linear scale to study the values above BP = 0.005 (BP = 0.5%) as we 

can see in the graphic A1: 

 

Figure 4.1 Graphic explanation about how to read this type of graphics in linear scale on next section. 

In the graphic A2 we have the same as in the graphic A1 but in a logarithmic scale. This 

one is used to study the different values for BP values below 0.005 (BP = 0.5%) 

 

Figure 4.2 Graphic explanation about how to read this type of graphics in logarithmic scale on next section. 
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Uniform distribution (33-33-33) 

NumSlots = 160 EONet topology 

 

Figure 4.3 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-15 
and 3-7-15) in lineal scale with a (33-33-33) distribution, 160 slots per link and EONet topology. 

As to the supported load on BP = 1% for the 3-7-15 scheme it’s shown in the figure 4.3 

that its offered load is 0.185 and for the 3-6-15 is 0.17. The difference is 0.015 x 160 slots 

= 2.4 slots. So the 3-7-15 has 2 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.025. Repeating the same process it’s 

obtained, 0.025 x 160 slots = 4 slots. 

 

Figure 4.4 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-15 
and 3-7-15) in logarithmic scale with a (33-33-33) distribution, 160 slots per link and EONet topology. 

As it’s seen in the figure 4.4 the 3-7-15 scheme is always better because the offered load 

is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 (0.1%) 

the difference is 0.01 x 160 slots = 1.6 slots, so the 3-7-15 has 1 free more slot than the 

3-6-15. Another example is BP = 0.0001 (0.01%), now the difference is 0.005 x 160 slots 

= 0.8 slots, in this case it doesn’t have any free slot. 
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NumSlots = 320 EONet topology 

 

Figure 4.5 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-15 
and 3-7-15) in lineal scale with a (33-33-33) distribution, 320 slots per link and EONet topology. 

As to the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.5 

that its offered load is 0.25 and for the 3-6-15 is 0.23. The difference is 0.02 x 320 slots = 

6.4 slots. So the 3-7-15 has 6 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.035. Repeating the same process it’s 

obtained, 0.035 x 320 slots = 11.2 slots (11 free slots more than the 3-6-15 scheme). 

 

Figure 4.6 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-15 
and 3-7-15) in logarithmic scale with a (33-33-33) distribution, 320 slots per link and EONet topology. 

As it’s seen in the figure 4.6, the 3-7-15 scheme is always better because the offered load 

is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 (0.1%) 

the difference is 0.015 x 320 slots = 4.8 slots, so the 3-7-15 has 4 free slots more than 

the 3-6-15. Another example is BP = 0.0001 (0.01%), now the difference is 0.0075 x 320 

slots = 2.4 slots. In this case it has 2 free slots more. 
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NumSlots = 160 NSFNet topology 

 

Figure 4.7 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-15 
and 3-7-15) in linear scale with a (33-33-33) distribution, 160 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.7 

that its offered load is 0.282 and for the 3-6-15 is 0.262. The difference is 0.02 x 160 slots 

= 3.2 slots. So the 3-7-15 has 3 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.028. Repeating the same process it’s 

obtained, 0.028 x 160 slots = 4.48 slots (4 free slots more than the 3-6-15 scheme). 

 

Figure 4.8 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-15 
and 3-7-15) in logarithmic scale with a (33-33-33) distribution, 160 slots per link and NSFNet topology. 

As it’s seen in the figure 4.8, the 3-7-15 scheme is always better because the offered load 

is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 (0.1%) 

the difference is 0.015 x 160 slots = 2.4 slots, so the 3-7-15 scheme has 2 free slots more 

than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is the same 

0.015 x 160 slots = 2.4 slots, in this case the 3-7-15 scheme keeps having 2 free slots 

more. 
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NumSlots = 320 NSFNet topology 

 

Figure 4.9 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-15 
and 3-7-15) in linear scale with a (33-33-33) distribution, 320 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.9 

that its offered load is 0.385 and for the 3-6-15 is 0.352. The difference is 0.033 x 320 

slots = 10.56 slots. So the 3-7-15 has 10 free slots more. Analyzing the supported load in 

BP = 5%, it’s seen that the difference has increased to 0.04. Repeating the same process 

it’s obtained, 0.04 x 320 slots = 12.8 slots (12 free slots more than the 3-6-15 scheme). 

 

Figure 4.10 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (33-33-33) distribution, 320 slots per link and NSFNet topology. 

As it’s seen in the figure 4.10, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.02 x 320 slots = 6.4 slots, so the 3-7-15 scheme has 6 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

0.016 x 320 slots = 5.12 slots. Now it has 5 free slots more.  
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45-45-10 distribution 

NumSlots = 160 EONet topology 

 

Figure 4.11 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (45-45-10) distribution, 160 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.11 

that its offered load is 0.217 and for the 3-6-15 is 0.187. The difference is 0.03 x 160 slots 

= 4.8 slots. So the 3-7-15 has 4 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.043. Repeating the same process it’s 

obtained, 0.045 x 160 slots = 7.2 (7 free slots more than the 3-6-15 scheme). 

 

Figure 4.12 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (45-45-10) distribution, 160 slots per link and EONet topology. 

As it’s seen in the figure 4.12, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.023 x 160 slots = 3.68 slots, so the 3-7-15 scheme has 3 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

0.018 x 160 slots = 2.88 slots. Now it has 2 free slots more.  
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NumSlots = 320 EONet topology 

 

Figure 4.13 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (45-45-10) distribution, 320 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.13 

that its offered load is 0.29 and for the 3-6-15 is 0.25. The difference is 0.04 x 320 slots = 

12.8 slots. So the 3-7-15 has 12 free slots more. Analyzing the supported load in BP = 

5%, it’s seen that the difference has increased to 0.06. Repeating the same process it’s 

obtained, 0.06 x 320 slots = 19.2 slots (19 free slots more than the 3-6-15 scheme). 

 

Figure 4.14 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (45-45-10) distribution, 320 slots per link and EONet topology. 

As it’s seen in the figure 4.14, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.015 x 320 slots = 4.8 slots, so the 3-7-15 scheme has 4 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), now the difference 

is 0.01 x 320 slots = 3.2 slots. Now it has 3 free slots more. 
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NumSlots = 160 NSFNet topology 

 

Figure 4.15 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (45-45-10) distribution, 160 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.15 

that its offered load is 0.327 and for the 3-6-15 is 0.287. The difference is 0.04 x 160 slots 

= 6.4 slots. So the 3-7-15 has 6 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.028. Repeating the same process it’s 

obtained, 0.055 x 160 slots = 8.8 slots (8 free slots more than the 3-6-15 scheme). 

 

Figure 4.16 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (45-45-10) distribution, 160 slots per link and NSFNet topology. 

As it’s seen in the figure 4.16, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.03 x 160 slots = 4.8 slots, so the 3-7-15 scheme has 4 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

the same 0.03 x 160 slots = 4.8 slots, in this case the 3-7-15 scheme continues having 4 

free slots more.  
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NumSlots = 320 NSFNet topology 

 

Figure 4.17 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (45-45-10) distribution, 320 slots per link and NSFnet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.17 

that its offered load is 0.435 and for the 3-6-15 is 0.38. The difference is 0.055 x 320 slots 

= 17.6 slots. So the 3-7-15 has 17 free slots more. Analyzing the supported load in BP = 

5%, it’s seen that the difference has increased to 0.08. Repeating the same process it’s 

obtained, 0.08 x 320 slots = 25.6 slots (25 free slots more than the 3-6-15 scheme). 

 

Figure 4.18 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (45-45-10) distribution, 320 slots per link and NSFNet topology. 

As it’s seen in the figure 4.18, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.04 x 320 slots = 12.8 slots, so the 3-7-15 scheme has 12 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

0.035 x 320 slots = 11.2 slots. Now it has 5 free slots more. 
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20-20-60 distribution 

NumSlots = 160 EONet topology 

 

Figure 4.19 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-20-60) distribution, 160 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.19 

that its offered load is 0.178 and for the 3-6-15 is 0.162. The difference is 0.015 x 160 

slots = 2.4 slots. So the 3-7-15 has 2 free slots more. Analyzing the supported load in BP 

= 5%, it’s seen that the difference has increased to 0.01. Repeating the same process it’s 

obtained, 0.015 x 160 slots = 3.2 slots (3 free slots more than the 3-6-15 scheme). 

 

Figure 4.20 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-20-60) distribution, 160 slots per link and EONet topology. 

As it’s seen in the figure 4.20, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.01 x 160 slots = 1.6 slots, so the 3-7-15 scheme has 1 free slot 

more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference still the 

same, so in both cases they have 1 free slot.  
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NumSlots = 320 EONet topology 

 

Figure 4.21 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-20-60) distribution, 320 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.21 

that its offered load is 0.29 and for the 3-6-15 is 0.25. The difference is 0.04 x 320 slots = 

12.6 slots. So the 3-7-15 has 12 free slots more. Analyzing the supported load in BP = 

5%, it’s seen that the difference has increased to 0.035. Repeating the same process it’s 

obtained, 0.062 x 320 slots = 19.84 slots (19 free slots more than the 3-6-15 scheme). 

 

Figure 4.22 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-20-60) distribution, 320 slots per link and EONet topology. 

As it’s seen in the figure 4.22, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.015 x 320 slots = 4.8 slots, so the 3-7-15 scheme has 4 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), now the difference 

is 0.01 x 320 slots = 3.2 slots. Now it has 3 free slots more.  
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NumSlots = 160 NSFNet topology 

 

Figure 4.23 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-20-60) distribution, 160 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.23 

that its offered load is 0.326 and for the 3-6-15 is 0.286. The difference is 0.04 x 160 slots 

= 6.4 slots. So the 3-7-15 has 6 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.055. Repeating the same process it’s 

obtained, 0.055 x 160 slots = 8.8 slots (8 free slots more than the 3-6-15 scheme). 

 

Figure 4.24 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-20-60) distribution, 160 slots per link and NSFNet topology. 

As it’s seen in the figure 4.24, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.03 x 160 slots = 4.8 slots, so the 3-7-15 scheme has 4 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

the same 0.03 x 160 slots = 4.8 slots, in this case the 3-7-15 scheme continues having 4 

free slots more.  
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NumSlots = 320 NSFNet topology 

 

Figure 4.25 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-20-60) distribution, 320 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.25 

that its offered load is 0.434 and for the 3-6-15 is 0.379. The difference is 0.055 x 320 

slots = 17.6 slots. So the 3-7-15 has 17 free slots more. Analyzing the supported load in 

BP = 5%, it’s seen that the difference has increased to 0.04. Repeating the same process 

it’s obtained, 0.08 x 320 slots = 25.6 slots (25 free slots more), so the 3-7-15 scheme can 

carry X b/s more than the 3-6-15. 

 

Figure 4.26 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-20-60) distribution, 320 slots per link and NSFNet topology. 

As it’s seen in the figure 4.26, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.04 x 320 slots = 12.8 slots, so the 3-7-15 scheme has 12 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

0.035 x 320 slots = 11.2 slots. Now it has 11 free slots more.  
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20-60-20 distribution 

NumSlots = 160 EONet topology 

 

Figure 4.27 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-60-20) distribution, 160 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure that 

its offered load is 0.198 and for the 3-6-15 is 0.178. The difference is 0.02 x 160 slots = 

3.2 slots. So the 3-7-15 has 3 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.035. Repeating the same process it’s 

obtained, 0.035 x 160 slots = 5.6 slots (5 free slots more than the 3-6-15 scheme). 

 

Figure 4.28 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-60-20) distribution, 160 slots per link and EONet topology. 

As it’s seen in the figure 4.28, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.014 x 160 slots = 2.24 slots, so the 3-7-15 scheme has 2 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), now the difference 

is 0.01 x 160 slots = 1.6 slots, in this case it has 1 free slot more.  
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NumSlots = 320 EONet topology 

 

Figure 4.29 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-60-20) distribution, 320 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.29 

that its offered load is 0.27 and for the 3-6-15 is 0.23. The difference is 0.03 x 320 slots = 

9.6 slots. So the 3-7-15 has 9 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.047. Repeating the same process it’s 

obtained, 0.047 x 320 slots = 15.04 slots (15 free slots more than the 3-6-15 scheme). 

 

Figure 4.30 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-60-20) distribution, 320 slots per link and EONet topology. 

As it’s seen in the figure 4.30, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.023 x 320 slots = 7.36 slots, so the 3-7-15 scheme has 7 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), now the difference 

is 0.016 x 320 slots = 5.12 slots. Now it has 5 free slots more. 
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NumSlots = 160 NSFNet topology 

 

Figure 4.31 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-60-20) distribution, 160 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.31 

that its offered load is 0.305 and for the 3-6-15 is 0.275. The difference is 0.03 x 160 slots 

= 4.8 slots. So the 3-7-15 has 4 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.04. Repeating the same process it’s 

obtained, 0.028 x 160 slots = 6.4 slots (6 free slots more than the 3-6-15 scheme). 

 

Figure 4.32 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-60-20) distribution, 160 slots per link and NSFNet topology. 

As it’s seen in the figure 4.32, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.022 x 160 slots = 3.52 slots, so the 3-7-15 scheme has 3 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

the same 0.019 x 160 slots = 3.04slots, in this case the 3-7-15 scheme keeps having 3 

free slots more.  
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NumSlots = 320 NSFNet topology 

 

Figure 4.33 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (20-60-20) distribution, 320 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.33 

that its offered load is 0.406 and for the 3-6-15 is 0.366. The difference is 0.04 x 320 slots 

= 12.8 slots. So the 3-7-15 has 12 free slots more. Analyzing the supported load in BP = 

5%, it’s seen that the difference has increased to 0.055. Repeating the same process it’s 

obtained, 0.055 x 320 slots = 17.6 slots (17 free slots more), so the 3-7-15 scheme can 

carry X b/s more than the 3-6-15. 

 

Figure 4.34 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (20-60-20) distribution, 320 slots per link and NSFNet topology. 

As it’s seen in the figure 4.34, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.032 x 320 slots = 10.24 slots, so the 3-7-15 scheme has 10 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

0.03 x 320 slots = 9.6 slots. Now it has 9 free slots more.  
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60-20-20 distribution 

NumSlots = 160 EONet topology 

 

Figure 4.35 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (60-20-20) distribution, 160 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.35 

that its offered load is 0.197 and for the 3-6-15 is 0.177. The difference is 0.02 x 160 slots 

= 3.2 slots. So the 3-7-15 has 3 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen the difference has increased to 0.032. Repeating the same process it’s obtained, 

0.032 x 160 slots = 5.12 slots (5 free slots more than the 3-6-15 scheme). 

 

Figure 4.36 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (60-20-20) distribution, 160 slots per link and EONet topology. 

As it’s seen in the graphic 4.36, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.015 x 160 slots = 2.4 slots, so the 3-7-15 scheme has 2 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), now the difference 

is 0.01 x 160 slots = 1.6 slots, in this case it has one free slot more.  
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NumSlots = 320 EONet topology 

 

Figure 4.37 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (60-20-20) distribution, 320 slots per link and EONet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure that 

its offered load is 0.271 and for the 3-6-15 is 0.24. The difference is 0.019 x 320 slots = 

6.08 slots. So the 3-7-15 has 6 free slots more. Analyzing the supported load in BP = 5%, 

it’s seen that the difference has increased to 0.035. Repeating the same process it’s 

obtained, 0.045 x 320 slots = 14.4 slots (14 free slots more than the 3-6-15 scheme). 

 

Figure 4.38 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (60-20-20) distribution, 320 slots per link and EONet topology. 

As it’s seen in the figure, the 3-7-15 scheme is always better because the offered load is 

higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 (0.1%) 

the difference is 0.018 x 320 slots = 5.76 slots, so the 3-7-15 scheme has 5 free slots 

more than the 3-6-15. Another example is BP = 0.0001 (0.01%), now the difference is 

0.015 x 320 slots = 4.8 slots. Now it has 4 free slots more.  
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NumSlots = 160 NSFNet topology 

 

Figure 4.39 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (60-20-20) distribution, 160 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.39 

that its offered load is 0.3 and for the 3-6-15 is 0.272. The difference is 0.028 x 160 slots 

= 4.48 slots. So the 3-7-15 has 4 free slots more. Analyzing the supported load in BP = 

5%, it’s seen that the difference has increased to 0.028. Repeating the same process it’s 

obtained, 0.04 x 160 slots = 6.4 slots (6 free slots more than the 3-6-15 scheme). 

 

Figure 4.40 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (60-20-20) distribution, 160 slots per link and NSFNet topology. 

As it’s seen in the figure 4.40, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.02 x 160 slots = 3.2 slots, so the 3-7-15 scheme has 3 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

the same 0.018 x 160 slots = 2.88 slots, in this case the 3-7-15 scheme continues having 

2 free slots more.  

0

0,01

0,02

0,03

0,04

0,05

0,1 0,15 0,2 0,25 0,3 0,35 0,4

BP 

Offered load 

3715

3615

1E-05

0,0001

0,001

0,01

0,1

0,1 0,15 0,2 0,25 0,3 0,35 0,4

BP 

Offered load 

3715

3615



 

 45 

NumSlots = 320 NSFNet topology 

 

Figure 4.41 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in linear scale with a (60-20-20) distribution, 320 slots per link and NSFNet topology. 

As for the supported load in BP = 1%, for the 3-7-15 scheme it’s shown in the figure 4.41 

that its offered load is 0.409 and for the 3-6-15 is 0.367. The difference is 0.042 x 320 

slots = 13.44 slots. So the 3-7-15 has 13 free slots more. Analyzing the supported load in 

BP = 5%, it’s seen that the difference has increased to 0.06. Repeating the same process 

it’s obtained, 0.06 x 320 slots = 19.2 slots (19 free slots more than the 3-6-15 scheme). 

 

Figure 4.42 Bandwidth blocking probability (BP) vs. Offered Load for the spectrum assignment schemes considered (3-6-
15 and 3-7-15) in logarithmic scale with a (60-20-20) distribution, 320 slots per link and NSFet topology. 

As it’s seen in the figure 4.42, the 3-7-15 scheme is always better because the offered 

load is higher than the 3-6-15 for the same BP values. For example, when BP = 0.001 

(0.1%) the difference is 0.32 x 320 slots = 10.24 slots, so the 3-7-15 scheme has 10 free 

slots more than the 3-6-15. Another example is BP = 0.0001 (0.01%), the difference is 

0.027 x 320 slots = 8.64 slots. Now it has 7 free slots more.  
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5. Budget 

 

This is a research Project and therefore the technology it is based on is yet to be 
implemented in any optical communication network in any place of the world. The funds 
for this project have been many hours of work and the MATLAB program which has 
allowed to simulate the European and the American existing communication network. The 
UPC provides the program licenses to the students and the researchers. If you were to 
finance this project from scratch without the support from the UPC, this would be its 
costs: 

- MATLAB and Simulink license for use in teaching and academic research at a 
degree-granting institution: 1000 euros. 

 

- 720 hours x 10 euros/hour (estimated price of a junior engineer) = 7200 euros. 

 

Total cost: 8200 euros.  

https://es.mathworks.com/academia/student_version
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6. Conclusions: 

 

A simple spectrum allocation strategy has been introduced which clearly improves multi-

rate flexgrid network performance in terms of bandwidth blocking probability at any given 

load value. By simply making the size of the allowed connections multiple of each other 

just by adding some more additional slots than those strictly needed to some of the 

connections, a clear benefit is achieved in terms of network performance. Remarkable 

benefits in terms of supported load at a given blocking probability are obtained. So the 

main final conclusion is that the 3-7-15 scheme, even when overprovisioning and wasting 

some spectrum slots, always shows a better performance than the 3-6-15 scheme.  

On the one hand it is concluded that the NSFNet always obtains a higher gain than the 

EONet under the same conditions. The same simulations have been applied in both 

networks for all the different cases and the NSFNet always have more free slots than the 

EONet. This is due to the geometry or topology of the networks. 

On the other hand, regardless of the topology, significant gains can be obtained just by 

varying the spectral slots length. In this thesis it has been demonstrated that when the 

available network slots are doubled, the number of free slots on the 3-7-15 scheme 

increased three times compared to the 3-6-15, ultimately the gain has tripled. 

In summary, the results obtained introduce some doubts about the real solvency of 

heterogeneous flexgrid optical networks. It seems reasonable to maintain some order in 

the spectrum usage to achieve a better network performance. Although this effect can be 

alleviated by applying de-fragmentation schemes, these are complex and expensive 

because it is necessary to replace all transceivers and switches to more sophisticated 

ones capable of implementing the flexibility of the network. This also implies time decision 

process at each network node to be taken into consideration. 

The technology is expensive, but is there, so it’s possible to build networks equipped with 

an adaptive transceivers combination, a flexible grid and intelligent client nodes that 

enable this new “elastic” networks [11]. If the processing time of decision and the high 

cost of the necessary infrastructure is not a problem, a whole new elastic optical 

networking paradigm is born to achieve high bit rates for the future traffic needs. 
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