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Abstract 

Optical networking has been developing for decades and wavelength-division 

multiplexing (WDM) is the main technology used to carry signals in fiber-optical 

communication systems. However, its development has slowed because it is 

approaching the Shannon limit of nonlinear fiber transmission. Researchers are 

looking for multi-dimensional multiplexing. Space-division multiplexing (SDM) is 

an ideal way to scale network capacities. The capacity of WDM/SDM network could 

be expanded to several times the capacity of WDM network but the active hardware 

devices may also increase by several times. 

This project aims to answer a practical question: How to construct a 

WDM/SDM network with less hardware resource? There is no mature research 

about WDM/SDM network yet. Therefore, the problem can be divided into two 

parts: (1) how to build a WDM/SDM network and (2) how to allocate resource and 

compute routes in such a network to minimize hardware resources.  

First, this thesis proposes a WDM/SDM node which has bypass connections 

between different fibers and architecture on demand (AoD) to effectively decrease 

the number of active hardware devices within the node. Then, two types of 

networks were constructed: one with bypass connections in each node and another 

one without any bypass connections. These networks were under the control of a 

software defined network (SDN) controller.  The controller knew the wavelength 

resources within the networks. Several algorithms were applied to these networks 

to evaluate the effect of a bypass network and to identify the desired characteristics 

(to find short length path and decrease the probability of spectrum fragmentation) 

of an algorithm suitable for a network with bypass connections. The results of 

applying the proposed algorithms in two networks proved that the bypass 

connections increased the blocking probability in small topology but did not affect 

the results in large topology. The results in a large-scale network with bypass 

network were almost the same as the results in a network without bypass 

connections. Thus, bypass connections are suitable for large-scale network. 
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Sammanfattning 

Optiskt nätverk har utvecklats i årtionden och våglängdsdelningsmultiplexering 

(WDM) är den viktigaste tekniken som används för att bära signaler i fiberoptiska 

kommunikationssystem. Utvecklingen har dock minskat eftersom den närmar sig 

Shannon-gränsen för olinjär fiberöverföring. Forskare letar efter flerdimensionell 

multiplexering. Space-division multiplexing (SDM) är ett idealiskt sätt att skala 

nätverkskapacitet. Kapaciteten för WDM / SDM-nätverk kan utökas till flera 

gånger WDM-nätverkets kapacitet, men de aktiva hårdvaraenheterna kan också 

öka med flera gånger. 

Projektet syftar till att svara på en praktisk fråga: Hur konstruerar jag ett WDM 

/ SDM-nätverk med mindre hårdvara? Det finns ingen mogen forskning om WDM 

/ SDM-nätverk än. Därför kan problemet delas in i två delar: (1) hur man bygger ett 

WDM / SDM-nätverk och (2) hur man fördelar resurser och beräknar rutter i ett 

sådant nätverk för att minimera hårdvaruressurser. 

Först föreslår denna avhandling en WDM / SDM-nod som har 

förbikopplingsanslutningar mellan olika fibrer och arkitektur på begäran (AoD) för 

att effektivt minska antalet aktiva hårdvaraenheter inom noden. Sedan 

konstruerades två typer av nätverk: en med bypass-anslutningar i varje nod och en 

annan utan några bypass-anslutningar. Dessa nätverk kontrollerades av en 

mjukvarudefinierad nätverkskontroller (SDN). Styrenheten visste 

våglängdsresurserna i nätverket. Flera algoritmer applicerades på dessa nätverk för 

att utvärdera effekten av ett förbikopplingsnätverk och för att identifiera de 

önskade egenskaperna (för att hitta en kort längdväg och minska sannolikheten för 

spektrumfragmentering) av en algoritm som är lämplig för ett nätverk med bypass-

anslutningar. Resultaten av att tillämpa de föreslagna algoritmerna i två nät visade 

att förbikopplingsförbindelserna ökade blockeringssannolikheten i liten topologi 

men inte påverkade resultaten i stor topologi. Resultaten i ett storskaligt nätverk 

med bypass-nätverk var nästan samma som resultaten i ett nätverk utan bypass-

anslutningar. Bypassanslutningar är således lämpliga för storskaliga nätverk. 

 

Nyckelord 

WDM, SDM, SDN, routing och tilldelning av våglängd, storskaligt nätverk, 

hårdvara resurs 
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1 Introduction 

During the early 1990s, wavelength division multiplexing (WDM) was introduced 

into fiber optical networks. With the help of optical amplifiers, WDM dramatically 

increased the capacity of fibers and thus supported the explosion of data traffic. 

However, after 20 years’ development, WDM is approaching its limits [2]. Some 

scientists have suggested that a solution is to develop special fiber, such as 

described in [3]. Some scientists suggest deploying a Ramen laser to exceed the 

non-linear Shannon limit. While other scientists propose to increase the fiber’s 

capacity by using space division multiplexing (SDM) together with WDM.  

This project focuses on the combination of SDM with WDM and will be referred 

to in the rest of this thesis as a SDM/WDM network. If the SDM/WDM network 

considers each mode of fiber as an independent fiber in a WDM network, then it 

will be an easy but wasteful way to increase the fiber’s capacity. This project aims to 

solve the problem: How to construct a SDM/WDM network with fewer hardware 

elements? The first step to solve the problem is to design a reconfigurable optical 

add/drop multiplexer (ROADM) for a SDM/WDM. The second step is to design a 

WDM/SDM network with less hardware devices. The final step is to propose an 

effective resource allocation algorithm for the software defined network (SDN) 

controlled network with WDM/SDM ROADM. 

1.1 Overview  

Although WDM technology was proposed before the 1990s, early attempts to apply 

it in optical communication systems failed because of fiber’s material limitations 

and the shortage of wavelength-sensitive elements. With the introduction of the 

optical amplifier, narrow linewidth lasers, and cheaper optical components, WDM 

gradually replaced time-division multiplexing to achieve high bit rates [4]. Today, 

WDM is a relatively mature technology and is widely used in fiber optical 

communication. The simple point-to-point WDM transmission network shown in 

Figure 1-1 illustrates the principle of WDM technology. In a WDM optical network, 

different wavelengths of light produced by lasers carry signals and a multiplexer is 

used to multiplex different wavelengths into a single-mode laser that can transfer 

its output to a single-mode fiber (SMF). At the receiver, the single-mode laser light 

is split apart by a demultiplexer and then receivers can select the correct signal 

carried by each different wavelength. 
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Figure 1-1: A four-channel point-to-point WDM transmission Network 

(inspired by page 25 of Optical WDM networks[5]) 

A practical WDM network is more complex than a point-to-point WDM 

transmission network and usually is built as a linear or ring network architecture. A 

node in such a network only needs to drop or add several wavelengths instead of all 

wavelengths deployed in the system. Thus, a key optical element is an Optical Add-

Drop Multiplexer (OADM). In a Reconfigurable Optical Add-Drop Multiplexer 

(ROADM), the add/drop and transparently passed channels can be dynamically 

adjusted according to the network’s requirements. This project focuses on 

wavelength and space resource allocation; hence a ROADM represents a node in 

network. 

SDM is another multiplexing method. It makes use of spatially separate paths to 

deliver different signals. One SDM application is multiple-input and multiple-

output (MIMO)*.With the appearance of multi-core fiber, SDM is considered as an 

effective method to increase the optical channel capacity. 

In this project, a SDN controlled WDM/SDM network will be built, as shown in 

Figure 1-2. Four nodes are connected with 2 multi-core fibers (MCF). One fiber is 

responsible for clockwise data transmission and another is used for 

counterclockwise data transmission. The whole optical network is a SDN. Based on 

the traffic demands, the SDN controller dynamically allocates wavelength and 

spatial resources within the system. 

To make the thesis easier to understand, some important terms are introduced 

in the paper. The WDM/SDM ROADM that I designed has a bypass connection 

within its architecture and it is called a bypass ROADM. There are two 

contrasting ROADM architectures. One of them has no space flexibility and it is 

called as baseline ROADM. This architecture is used as the baseline during 

testing. Another contrasting architecture has no bypass connection and is called a 

                                                           
* This approach is widely deployed in the wireless communication. 
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bypass-free ROADM. The second step of this project is to design a resource 

allocation algorithm for limited hardware resource network. A network with a 

bypass connection is called a bypass network, while a network without a bypass 

is called a no-bypass network. If a path within the bypass-network is more than 

one hop and the connections between cores are all bypass connection, the path will 

be regarded as pure-bypass path. If the path is more than two hops and some 

connections between cores are bypass connection while others are Wavelength 

Selective Switching (WSS) connections, then the path will be regard as 

half-bypass path. If the connections in the path are all WSS connection, then it 

will be called a WSS path. 

 

 

Figure 1-2: SDN controlled WDM/SDM network 

1.2 Problem 

Constructing a WDM/SDM network is easy: realize WDM in each core and realize 

SDM with MCF. The project aims to achieve a hardware-efficient WDM/SDM 

network with reasonable Routing and Wavelength Allocation (RWA) algorithm. 

The first problem is how to realize a hardware-efficient network. As stated before, 

each node in the network is simply a ROADM. However, there are currently no 

mature WDM/SDM-enabled ROADMs. Most ROADMs are designed for WDM 

only. So, the initial problem becomes - how to construct a hardware-efficient 

WDM/SDM ROADM. This ROADM ought to enable bypass connections to reduce 

active hardware resources. Given a ROADM designed for a WDM/SDM network, 

the next problem is how to allocate wavelength and spatial resource properly for a 

bypass network constructed with bypass ROADMs. Will these bypass connections 

influence the RWA algorithm performance? Why would bypass connections have 

such influence? What could reduce the impacts of bypass connections? These 

questions need to be answered by this project. 
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1.3 Purpose 

This master thesis project aims to simulate a SDN controlled multi-dimensional 

network. Although there are some related papers about SDN-enabled optical 

networks and multi-dimensional networks, none of them consider the possibility of 

a WDM/SDM network with an SDN controller. This thesis could serve as a 

reference for future multi-dimensional network research. The network is not only 

multi-dimensional and under SDN control, but it also should be hardware-efficient. 

Bypass connections are introduced to minimize the number of active hardware 

devices, hence enabling practical application of such nodes. Network engineers may 

deploy the proposed network design in future metropolitan area networks to deal 

with the continuing explosion of data. 

An RWA algorithm for such a network will also be introduced to the SDN 

controller. This algorithm enables the controller to frequently observe the 

network’s status and make decisions based on the network’s status and demands.  

Additionally, a WDM/SDM ROADM is proposed and this ROADM is designed 

to be programmable. This ROADM deploys the appropriate hardware resources as 

commanded by the SDN controller according to the network’s traffic requirements. 

Unallocated hardware in each ROADM is kept in stand-by mode. Such a design 

ensures that spare hardware does not waste electricity energy, which meets the goal 

of the Greening of the Internet [6]. 

The project does not involve any private information. All traffic is generated 

within the lab and no data will flow out of the lab, thus avoiding any ethical 

problems as it will not impact people’s privacy. 

1.4 Goals 

The goal of this project is to realize a SDN-controlled WDM/SDM network with 

fewer active hardware devices. To make it possible to finish the project within then 

given time, I will focus on a fixed topology with bypass connections. Thus, the goal 

can be divided into the following three sub-goals: 

1. The project designs a proposed ROADM architecture and configuration. 

2. A fixed WDM/SDM bypass-network is built with bypass ROADMs. 

3. A SDN controller is deployed to collect real-time traffic conditions and allocate wavelength and 

spatial resources. 

The expected ROADM structure should be similar to the ROADM architecture 

shown in Figure 1 of [1]. This ROADM should realize pass, add, and drop functions 

similar to a normal ROADM used in WDM networks. Additionally, it should 

provide the spatial connections of MCF. This architecture has two layers: the first 
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layer is output fiber selection and the second layer output core* selection. The 

connection between two cores can be: (i) a direct connection, or (ii) a connection 

via switches. As shown in Figure 1 (a) of [1], the core in one fiber can be directly 

connected to a core in another fiber to realize a bypass connection. A bypass 

connection provides a transparent pass function in the ROADM. For example, if all 

traffic in core 0 of fiber 1 passes to core 0 of fiber 3, these two cores can be 

connected via bypass. The ROADM does not needs any WSS in a bypass 

connection. If an appropriate RWA decision is made in the system, then multiple 

bypass connections can be deployed between two fibers to transfer data between 

cores thus minimizing active hardware resources. Figure 1 (b) of [1] shows the case 

of a WSS connection. When traffic passes the ROADM via a WSS connection, the 

traffic enters the first WSS in the Inter-Fiber Switching area and then to the output 

port corresponding to destination fiber. Next the traffic enters the splitter of the 

destination fiber, whose output ports are connected with the corresponding 

destination cores. Finally, the traffic enters the WSS of destination core and is 

aggregated with other traffic. My ROADM ought to utilize the same architecture 

and functions as the ROADM proposed in [1]. 

The second step is to construct a small bypass network with bypass ROADMs. 

This bypass network should have the same topology as Figure 1-2. The actual 

topology is designed using the networkX† package of Python. This step is essential 

because there is not any mature network simulation software that supports a 

WDM/SDM network with the proposed ROADM. 

The network ought to have a reasonable allocation of bypass connections. The 

final goal of my project is to realize a hardware-efficient network. If the number of 

bypass connections is too small, then the network will not be able to be hardware 

efficient (i.e., there will be too much active hardware resources). If the number of 

bypass connections is too great, then the add and drop capacity might be too 

limited and this would lead to a high blocking probability. To evaluate the 

performance of a hardware-efficient RWA algorithm in bypass network, the bypass 

connection capacity and settings within the bypass network should be reasonable 

and appropriate. 

The third step is the most important step. First, a baseline algorithm will be 

needed to evaluate the performance of the bypass and no-bypass networks. By 

comparing the performances of the RWA algorithm in two such different networks, 

one can evaluate the limitations of a bypass network caused by bypass connections. 

At this stage the shortcomings of bypass connections should be clear and then I will 

propose a RWA algorithm to overcome these limitations. If the RWA algorithm is 

                                                           
* The core of a fiber is glass channel for light. A plastic or glass cover, which has a lower index of 
refraction than the core, around the core prevents light leaking out.  

† A popular Python package used to visualize a network topology.  https://networkx.github.io/ 

https://networkx.github.io/
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good enough, it should give similar results in a bypass network and no-bypass 

network. 

1.4.1 Deliverables  

The deliverables are coupled to the stages of the project. These deliverables are 

summarized in Table 1-1 and Table 1-2. 

In the first step of the project, two important deliverables of the ROADM are the 

traffic status and the hardware status. The traffic status of the ROADM indicates 

whether traffic is accepted or rejected by the ROADM. The hardware status 

presents the power status of all WSSs within the ROADM once every second. There 

are additional parameters that are used to verify the reliability and validity of 

traffic. The bypass type and the output port of each traffic request are also 

recorded. As Table 1-1 shows, these two deliverables are recorded per traffic. The 

bypass type indicates how the traffic is handled and the output port is the actual 

output port of the accepted traffic requests. Existing traffic number shows how 

many traffic requests are occupying the wavelength resource right now while 

wavelength resource shows directly which lambda is occupied by which traffic 

request. The metrics of the current number of fulfilled traffic requests and 

wavelength resource are used to verify the reliability of hardware status. All of these 

metrics are updated once per second. 

Table 1-1: Deliverables of ROADM 

The deliverables in second step are simple. One of them is the bypass 

connection settings. The bypass connection setting is in the form of [(Node1, 

Node2, Core1), (Node2, Node3, Core2)], which means core1 of the fiber between 

Deliverables Update 

Frequency 

Description 

Traffic Status Per Traffic If the traffic is accepted or denied: 1 for accepted and 0 

for denied 

Bypass Type Per Traffic If the traffic passes via bypass or existing WSS 

connection: 1 for bypass, 2 for WSS connection, 0 for 

add or drop 

If the traffic passes with new WSS connections: 2+new 

WSS number for newly built WSS connection. 

Output Port Per Traffic Where the traffic goes: (Fiber, Core) for pass or add, 

(0,0) for drop and (-1, -1) for being denied 

Hardware 

Status 

Per 

Second 

If the hardware device powers on: 1 for power on and 0 

for power off 

Exist Traffic 

Number 

Per 

Second 

How many traffic requests are occupying resources 

right now 

Wavelength 

Resource 

Per 

second 

If the wavelength resource of a port has been occupied 

by traffic already 
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node1 and node2 is connected with core2 of fiber between node2 and node 3 in a 

bypass way. Another deliverable is all possible paths, which could be verified via 

topology and bypass settings. 

The deliverables in the last step are shown in Table 1-2. Traffic status shows if 

the traffic is accepted. The path selection is used to record which path the accepted 

traffic request is allocated to. The wave selection records the wavelengths that are 

deployed to carry the accepted traffic requests. The wavelength resource shows 

which lambda is occupied by which traffic in which core. 

Table 1-2: Deliverables of RWA Algorithms 

1.4.2 Expected Results 

The expected results of this project (based upon preliminary results) are: 

 Given the deployment of a 7-core fiber to realize SDM, the number of accepted traffic 

requests for a bypass ROADM should be the same as a no-bypass ROADM. Because the 

architecture of bypass ROADM allocates pass traffic to bypass connections. Bypass 

connections within a bypass ROADM should not increase the blocking probability. 

However, the number of active WSSs in a bypass ROADM should smaller than in a 

no-bypass ROADM because the bypass connections ought to reduce the number of 

active hardware resources within the network. 

 From the perspective of the network, the number of wavelengths should be related to 

the routing algorithms. For example, if the routing algorithm aims to achieve shortest 

paths, such as Dijkstra’s algorithm, then the number of wavelengths will not decrease 

[7]. The bypass-network has a space limitation and, as a result, has fewer path 

selections than a no-bypass network, which may lead to higher probability of blocking. 

Thus, a wise wavelength resource allocation and routing selection needs to be made by 

the SDN controller. If the algorithm is inappropriate, the gap between blocking 

probability in bypass network and blocking probability in a no-bypass network could be 

huge. An inappropriate algorithm may also increase the blocking probability in a SDM 

network. I expect that the final algorithm should reduce the blocking probability and 

narrow the gap between a bypass network and no-bypass network. 

Deliverables Update 

Frequency 

Description 

Traffic 

Status 

Per Traffic If the traffic is accepted or denied: 1 for accepted and 

0 for denied 

Path 

Selection 

Per Traffic Which path the accepted traffic selects 

Wave 

Selection 

Per Traffic Where the traffic goes: (Fiber, Core) for pass or add, 

(0,0) for drop and (-1, -1) for being denied 

Wavelength 

Resource 

Per Traffic If the hardware device powers on: 1 for power on and 

0 for power off 
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1.5 Research Methodology 

As stated in Section 1.4, the project can be split into 3 parts: The node algorithm 

design, the bypass network construction, and definition of a resource allocation 

algorithm suitable for a bypass network. 

1. The first part is to be realized through simulation of the designed node. The 

code to simulate a node will be written in Python based on the node architecture 

proposed in [1]. The design of this code references the pseudocode in [1] but 

makes some adjustments. Their proposed layered architecture is reasonable and 

useful for this thesis, but the connection algorithm will not be the same as their 

pseudocode; hence, additional functions will be added to the ROADM proposed 

in this thesis. The node’s functions will be tested with different traffic loads. 

Each round of simulation will utilize 6000 traffic requests randomly generated 

according to a Poisson distribution. Each request consists of a source and 

destination node and a given bandwidth & duration. 

2. In the second part, a small bypass network of 4 nodes will be deployed and each 

node in this network will be a bypass ROADM. The no-bypass network has the 

same topology but all nodes within the network use no-bypass ROADMs. These 

small networks should facilitate trouble shooting and testing of the RWA 

algorithm. 

3. In the last part, traffic blocking probability, bandwidth blocking probability, and 

average path length are the main metrics that will be used to evaluate the 

performance of RWA algorithms. I will use random wavelength allocation and 

Dijkstra's algorithm as the baseline RWA algorithm. Because, compared with 

other WDM networks, a bypass network needs to consider space flexibility; I 

will pay more attention to the routing part of the RWA algorithm design. Thus, I 

will design a routing algorithm based on the network resource status known by 

the SDN controller. The wavelength assignment schemes reference [8]. Three 

wavelength assignment schemes, Pack
*
, Spread

†
, and Random

‡
, work with a 

status-aware routing algorithm to form three different test RWA algorithms. I 

name these test RWA algorithms as follows: Pack with status-aware routing is 

called Test-Pack; Spread with status-aware routing is called Test-Spread; and 

Random with status-aware routing is called Test-Random. Based on the 

performance of these RWA algorithms, I will propose a RWA algorithm that 

                                                           
*  Pack: the algorithm allocates the traffic sessions according to the descending wavelength 
utilization. (i.e., each session attempts to deploy the most used wavelength first) Here the utilization 
of a wavelength is the total number of links that the wavelength is used on. 

†  Spread: the algorithm allocates the traffic sessions according to the ascending wavelength 
utilization. (i.e., each session attempts to deploy the least used wavelength first) 

‡ Random: the algorithm allocates the traffic sessions randomly. (i.e., each session treats each 
wavelength equally) 



Introduction | 9 

 

best suits the bypass network. After finding a suitable algorithm, I will test it in 

6-node topology and National Science Foundation (NSF) topology
*
 to verify its 

function.  

The baseline and three test RWA algorithms will help test whether the bypass 

and no-bypass network work and how bypass connections in a bypass network 

influence the traffic and bandwidth blocking probabilities. Those RWA algorithms 

will be introduced in detail in Chapter 4. In my design, the SDN controller is a 

centralized decision maker which allocates the wavelengths and routes traffic. 

1.6 Delimitations 

Due to time and energy limitations, this project only considers MCF. MCF is the 

easiest multi-mode fiber (MMF) to use to realize SDM because it uses multiple 

single-mode cores to achieve multi-channel in one fiber. Other kinds of MMF use 

multiple modes in one core and they require a spatial light modulator to separate 

the modes [9]. 

I will not realize a large WDM/SDM network. The project starts with the design 

of a single node and focuses on a small WDM/SDM network. The RWA algorithm 

in the SDN controller will calculate all the possible paths for a traffic request, and 

evaluate these paths and make a decision according to network’s resource status. 

When a network is huge, the number of possible paths will be enormous; hence, the 

evaluation would take a long time. Additionally, because the simulation within the 

project utilizes Python, it takes a long time to run the simulation of a large network. 

The crosstalk between cores are also not considered, which has been researched in 

several papers [10, 11]. 

Dynamic network is not considered. I thought about dynamically adjust the 

ROADM settings within the bypass network. However, changing the ROADM’s 

structure requires that all the traffic of one core should have finished, which is only 

possible when there are few traffic requests. Therefore, I changed my idea to 

instead prove that a bypass network has similar performance to a no-bypass 

network, thus revealing whether it is reasonable to deploy bypass connections in a 

future network. 

1.7 Structure of the thesis 

All relevant background information and related papers about WDM, SDM, and 

algorithms are introduced in Chapter 2.  Chapter 3 introduces the methodology and 

method used to solve the problem. Chapter 4 presents the algorithms that I deploy 

in the project in detail. The results and corresponding analysis are introduced in 

                                                           
* This NSF topology is NSFNET T1 Network 1991, which is consist of 14 nodes and 22 edges. 
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Chapter 5. The conclusions for this project and the future work are presented in 

Chapter 6. 
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2 Background 

This chapter provides basic background information about optical networks, WDM, 

SDM, and SDN. Additionally, this chapter describes related work regarding 

WDM/SDM ROADM design, along with classic WDM resource allocation and 

centralized resource allocation algorithms. 

2.1 Optical Networks 

Over decade of years, networks are developing rapidly. Starting with copper wires 

and electrical signals, networks faced the high attenuation of copper wires, which 

limited the bandwidth of the communication system. Thanks to the appearance of 

another communication media, optical fiber, high-bandwidth computer 

communication became possible. At first, optical networks simply replaced the 

copper wires with optical fibers and the bottleneck for such network comes from 

the electrical processing speed. Thus, optical networks adapted the routing, 

switching and other network operations in optical level.  

2.1.1 Optical Fiber Structure 

As shown in Figure 2-1, optical fiber can be divided into 3 parts: core, cladding, and 

coat. Core is the inner light-carrying layer which has high index of refraction. 

Cladding is the middle layer and has lower index of refraction than the core. 

Cladding layer around the core confines the light to the core and decreases the 

transmission loss. The outer layer, coat, is used to protect the cladding and the 

core. It usually consists of one or more plastic layers to protect the fiber from the 

physical environment. 

 

Figure 2-1: Optical Fiber Structure 

2.1.2 Total Internal Reflection 

Total internal reflection is a common physical phenomenon. When light passes 

through two different refractive indices, part of the light is refracted at the interface 

and the rest is reflected. However, when the angle of incidence is greater than the 

critical angle, the light will not enter another interface and only be reflected. This 
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phenomenon only occurs when light enters the medium with higher reflection 

index from the medium with lower reflection index. As shown in the Figure 2-2, the 

design of optical fiber exploits this phenomenon and the light is trapped in the core 

area when it comes from within the acceptance cone. 

 

Figure 2-2: Total Internal Reflection 

2.1.3 Single-Mode Fiber (SMF) and Multi-Mode Fiber (MMF) 

Modes of light are the possible solutions of the Helmholtz equation for waves and 

defines how waves can travel through a space. Fibers with different core diameters 

could support different modes through the fiber. As shown in Figure 2-3, SMF is an 

optical fiber that only supports one wave mode traveling through the core and it is 

widely deployed in optical metro network; MMF has larger core diameter and could 

convey more than one mode through the core. 

 

 

Figure 2-3: SMF and MMF 

SMF is widely deployed in optical metro network because it is easy and does not 

require extra modules to separate the modes in the core. MMF is considered a 

possible means of implementing SDM in the future.  
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2.2 Wavelength-Division Multiplexing (WDM) 

Multiplexing is a method to combine multiple signals into one signal over a shared 

medium. Multiplexing can be divided into different types based upon the types of 

signals that are combined and WDM uses separate wavelength of light. WDM is a 

key technology in optical communication systems [12]. WDM enables bidirectional 

optical communications over a single fiber. However, in this project the focus is on 

one-way WDM transmission. 

As Figure 1-1 showed, the multiplexer combines several signals which have 

different wavelengths (i.e., colors) together and then the multiplexed signal is 

transmitted over an optical fiber. Conversely, a de-multiplexer splits the signals 

and sends them to the correct receivers. 

Section 2.2.1 introduces different WDM systems and the key element, a 

ROADM, is introduced in detail in Section 2.2.2. 

2.2.1 Optical Transmission Band 

According to ITU-T Rec. G.984.5 Amendment 1 “Gigabit-capable passive optical 

networks (G-PON)” [13], optical communication deploys low-loss wavelength 

region ranges from 1260 nm to 1625 nm. This range is divided into 5 small ranges, 

which are called wavelength bands (see Table 2-1 and shown in Figure 2-4). WDM 

systems are generally divided into three types according to the wavelength bands 

they use: normal WDM uses 1310 nm and 1550 nm on one fiber; Coarse WDM 

(CWDM) uses all bands and has fixed channel spacing of 20 nm; Dense WDM 

(DWDM) has various channel spacing and only uses the C-band. CWDM can 

provide up to 16 channels on a single fiber and DWDM can provide up to 320 

channels. In this project, I use 320-channel DWDM technology. 

Table 2-1: Optical Band Division 

Band Name Wavelengths Description 

O-band 1260 – 1360 nm Original band, PON upstream 

E-band 1360 – 1460 nm Water peak band 

S-band 1460 – 1530 nm PON downstream 

C-band 1530 – 1565 nm Lowest attenuation, original DWDM band, 
compatible with fiber amplifiers, CATV 

L-band 1565 – 1625 nm Low attenuation, expanded DWDM band 

U-band 1625 – 1675 nm Ultra-long wavelength 
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Figure 2-4: Transmission loss of silica fiber and optical communication 

wavelength bands, inspired by [14] 

2.2.2  ROADM 

A ROADM is responsible for add, drop, and/or pass of light beams of various 

wavelengths in an optical fiber network. Figure 2-5 shows the architecture of a 

2-degree ROADM. WSS in a ROADM performs the actual wavelength switching. A 

WSS can dynamically route traffic of different wavelengths according to the 

configuration of the ROADM. As shown in Figure 2-5, the input WSS can choose 

which beam of light to drop at this node and which beam of light can go through 

the node via pass. The output WSS multiplexes the received beams and sends the 

traffic, which is amplified, to the next node. 

 

Figure 2-5: Two-degree ROADM Node in Ring Network, inspired by Figure 2 

in [15] 
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2.3 Space division multiplexing (SDM) 

SDM transmission in an optical network ought to use parallel signal paths, which 

cannot be achieved by SMF. As described in [16], there are 5 types of fiber that 

support SDM optical communication. Figure 2-6(a) is SMF and is widely deployed 

in WDM networks. The diameter of SMF is small and only allows one mode to pass.  

As a result, SMF is unsuitable for a SDM network. Figure 2-6 (b) is MCF, with each 

core supporting a single-mode. Figure 2-6(c) is few-mode fiber which has only one 

core but supports more than one mode. Figure 2-6(d) is an annular core fiber 

(ACF) which has an annular core that supports more than one mode. Figure 2-6(e) 

and Figure 2-6(f) combine multi-core and multi-mode. However, this project only 

considers MCF because a ROADM supporting MCF does not need to separate and 

combine modes during the light path selection. 

 

Figure 2-6: Different types of fibers in support of SDM, showing their geo- 

metrical form and propagating spatial mode distributions: (a) 

single-mode fiber array, (b) multi-core fiber, (c) few-mode fiber, 

(d) annular-core fiber, (e) multi-core supporting few modes, and 

(f) multi-core arranged in coupled subgroups. Inspired by Figure 

1 in [16] 

2.4 SDN-based Optical Network 

Although there are many protocols for network management, it is difficult to 

configure the network or reconfigure it following a network failure or change [17]. 

SDN modularizes the network functions as shown in Figure 2-7. This approach 

makes it easier to program network applications and information about the 

network can be shared by all applications. 

An SDN-based optical network (SDON) builds upon the same idea as SDN, but 

the difference is that the data plane of the SDN controller is an optical network. 

Optical networks can be hard to manage and are inflexible, but an SDN's 

centralized view of the network enables the SDN controller to allocate wavelength 
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resources and route traffic in an optical network. Additionally, the SDN controller 

can provision the data plane to meet traffic demands and address network failures. 

Thus, SDON is flexible and provides end-to-end control of the optical traffic. 

 

Figure 2-7: Software Defined Optical Network 

2.5 Related work 

This section introduces some related research. The first paper proposes a ROADM 

architecture. The second paper proposed RWA algorithms for a WDM network; 

The third paper proposed centralized time-division multiplexing (TDM) resource 

allocation algorithms. The forth paper introduces three basic wavelength 

assignment algorithms: Pack, Random, and Spread. It also proposed that Integer 

Linear Programming (ILP) could provide an optimal solution to the RWA problem. 

There is also some minor related work introduced in this section. One of these 

mentions a baseline ROADM architecture and another introduces a baseline RWA 

algorithm for use in an optical network. 

2.5.1 The WDM/SDM ROADM Algorithm  

As the key element in an optical network, a ROADM is the initial target of this 

project. In order to support a WDM/SDM network, the ROADM needs to take 

space-division complexity into account. The first paper to provide a detailed 

architecture of a WDM/SDM ROADM is [1]. This paper gives the basic idea of how 

to layer the architecture of a WDM/SDM ROADM. The architecture was shown in 

Figure 1 of [1]. This ROADM utilized a first-fit algorithm to do wavelength and 
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spatial resource allocation. The hardware resource-allocation strategy used in this 

paper is called “Architecture on Demands” (AoD). 

My project will adapt the ROADM algorithm presented in this earlier work. I 

will keep the layered architecture and AoD design. However, their ROADM was 

designed for a bidirectional fiber and I will adjust the ROADM algorithm to support 

unidirectional fiber, as this is more common in actual optical networks. 

2.5.2 Resource Allocation used in TDM 

Jonathan Perry, et al. proposed a TDM datacenter network architecture called 

Fastpass [18]. Fastpass aims to achieve a no-queue datacenter network with the 

help of a centralized agent called the Arbiter. Each node in this network relies on 

the Arbiter to decide when to communication and which path to take. The Arbiter 

uses a pipeline allocator to allocate time-slots and an edge-coloring algorithm to 

select paths. After the Arbiter finishes the time resource allocation and establishes 

the routing, it will communicate with the source node and inform this node about 

its decision via a self-defined protocol presented in [18]. 

In the final stage of my thesis, I will consider deploying a pipeline allocator to 

allocate the wavelength and space resources. However, the pipeline allocator 

should be modified to consider wavelength and space resources at the same time, 

i.e., it is two-dimensional. Additionally, my project adds a new restriction to the 

routing algorithm so that all wavelengths in some fiber cores should be routed for 

the same purpose. For example, all wavelengths in core C1 and C2 should be routed 

to pass node N1, wavelengths in core C3 are to be drop at N1, and wavelengths in the 

remaining cores could change which fiber core that they use within N1. In this way 

resource allocation and path selection are considered together. 

2.5.3 Baseline Node Architecture  

Masahiko, proposed his ideas about the future SDM era in [19]. He introduces all 

types of ROADM theoretically valid today and explains why it is essential to exploit 

SDM within optical networks. He also mentions the advantages brought by SDM 

and the problems that ought to be solved in the future. 

In this project, I will use the baseline ROADM architecture introduced in this 

paper. This architecture is called a baseline stacked wavelength cross-connect 

ROADM. Within this ROADM, a core can only connect with cores in the same 

position. For example, core1 in NodeA can only connect with core1 in NodeB. In my 

project, the baseline ROADM is used to demonstrate the advantages of a bypass 

ROADM.  
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2.5.4 Basic RWA Assignment Algorithm 

A. Mokhtar and M. Azizoglu present the most basic routing algorithm in [8]. Based 

on the network’s topology and the network’s resources, they introduce an ILP 

function for an unconstrained routing algorithm. All existing routing algorithms 

are based on ILP and adapt part of it according to their specific needs. A. Mokhtar 

and M. Azizoglu also introduce 4 basic wavelength assignment algorithms and 

compare their mathematical complexity and blocking probability. According to 

their simulation, Pack wavelength resource allocation has the best performance 

with reasonable complexity. 

In future work, I will adjust ILP to fit the WDM/SDM model and compute my 

routing algorithm with an SDM-enabled ILP. Additionally, their wavelength 

resource allocation schemes could be a hint for my resource allocation. 

2.5.5 Baseline RWA Algorithms 

Shan Yin, et al. propose a routing and spectrum & core allocation scheme in their 

work [20]. They introduce a scheme with super-channels to reduce the crosstalk 

within the system. 

Their paper suggests using a DR scheme* as a baseline RWA algorithm in a 

WDM/SDM network. I will deploy such a baseline RWA algorithm in my project to 

evaluate a bypass network. 

2.5.6 Basic RWA Algorithms in WDM  

Hui Zang, et al. compare the most common RWA algorithms in their paper [21]. 

They explian each algorithm in words as well as mathematical formulas. One of the 

advantages of this paper is that it uses an example to help readers understand how 

these algorithms work in networks. Another advantage is that they simulated all of 

the algorithms. Based on their comparision, they propose their own wavelength 

solution: Distributed Relative Capacity Loss (DRCL). 

My baseline algorithm will reference the fixed-alternate routing and MAX-SUM 

(MΣ) algorithm mentioned in this paper because this algorithm can be applied to 

multiple fibers and could be a hint for my work. The multiple cores in MCF can be 

treated as individual cores and then MΣ can be used on a MCF. My project will also 

use blocking performance to evaluate networks as this paper does. 

  

                                                           
* DR scheme: Dijkstra routing algorithm and random wavelength resource allocation 
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2.5.7 Papers Considering Crosstalk in Their work 

Many works within WDM/SDM network usually consider the effect of crosstalk 

and they try to find appropriate algorithms to reduce the crosstalk influence. Ajmal 

Muhammad [11] utilizes a ILP formulation to get optimal results. Mingcong 

Yang [22] applies ILP formulation on different topologies and proposes a heuristic 

algorithm with similar performance. However, an ILP formulation will not be 

utilized in my project since it requires a high-speed server and a lot of time. 

However, it can be regarded as important future work. 

Hedeki and Yusuke [11] introduce a RWA algorithm to reduce wavelength 

fragmentation [23] in a WDM/SDM network and they take the effect of crosstalk 

into consideration. To evaluate the performance of their RWA algorithm, they 

introduce two important metrics: traffic blocking probability and bandwidth 

blocking probability. These two metrics will also be utilized in this project. 

2.6 Summary 

This chapter introduces the structure of fiber and the most basic principle of optical 

communication briefly. Then the WDM principle and ROADM architecture were 

explained in Section 2.2.  Section 2.3 introduced the possible ways of achieving 

SDM in an optical network and focuses on the achievement via MCF. SDN-based 

optical network is explained in Section 2.4. Finally, Section 2.5 summarized the 

related work that I referenced in my project. 
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3 Methodologies and Methods 

This chapter aims to provide an overview of the thesis design and the research 

methods deployed in the thesis. Section 3.1 describes the research process. Section 

3.2 details the design of bypass ROADM, no-bypass ROADM and baseline ROADM. 

Section 3.3 introduces RWA algorithms deployed in the project.  

3.1 General Introduction of Methodologies 

Figure 3-1 shows the steps conducted in order to carry out this research. At the 

beginning of the project, I spend one month reading related papers and then 

proposed an acceptable solution. The next step was to design a WDM/SDM 

ROADM that is flexible and could reduce the number of active hardware resources. 

After designing the node, I focused on the RWA algorithms: first using a baseline 

RWA algorithm to test the bypass and no-bypass networks. Then, I deployed the 

proposed RWA algorithm on both bypass and no-bypass networks. The next step 

was to analyze the results and then draw a final conclusion. 

 

 

Figure 3-1: Research Process 

Here I introduce the bandwidth simulation parameters. Knowing these 

parameters makes it easier to repeat my experiments. All my simulations require 

input data which includes bandwidth requests. A bandwidth request means the 

number of frequency slots that a given traffic source needs. The detailed simulation 

parameters are shown in Table 3-1. A typical DWDM system could deploy 160 

frequency slots at 25 GHz [13]. Four different bandwidth allocation granularities 

simulate different types of traffic, such as a video stream with high bandwidth or 

file transmissions with low bandwidth requests.  
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Table 3-1: Realistic Simulation Parameter of Bandwidth Request 

Parameter Meaning Parameter value 

Number of frequency slots per 

link 

160 

Bandwidth of a frequency slot 25 GHz 

Number of slots for guard band 

per connection 

1 

Bandwidth allocation granularity 1, 2, 4, 16 (slots) 

3.2 Node Architecture 

This section introduces the scientific methodologies used in the node architecture 

part of this work. Section 0 introduces the testbed and how to generate the input 

data. Section 3.2.2 introduces how to measure the metrics and how to sample 

them. Section 3.2.3 introduces how to analyze and evaluate collected data.  

3.2.1 Testbed Introduction 

During the first stage, I aim to realize a stable ROADM that supports MCF. The 

ROADM under test is the ROADM 0 shown in Figure 1-2. To make the connections 

between ROADM 0 and other ROADMs clearer, see Figure 3-2. 

 

Figure 3-2: WDM/SDM ROADM Connection 

ROADM 0 has 3 neighbors and the connections have a similar architecture to 

the ROADM proposed in [1]. The hardware resources within the ROADM are 

configured by an SDN controller. The controller does RWA and allocates hardware 

resources based on the incoming traffic requests. For example, when z traffic 

request appears, the controller first assigns wavelength resources and then does 

path selection. The affected ROADMs in the network will update its flow table, then 

the controller will control the working status of WSSs within ROADM 0 according 
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to the new traffic in its flow table. The detailed architecture of ROADM 0 is shown 

in Figure 3-3. The experimental ROADM is realized via Spyder*. 

3.2.1.1 Node Architecture 

To make the picture easy to understand, I adjust the position of fibers. The 1-0 

fiber, 2-0 fiber, and 3-0 fiber in Figure 3-2 are put on the left side of ROADM 0 

while other output fibers are placed at the right side. Each multi-core fiber is split 

into 7 individual cores by multi-core fiber breakouts and 2 cores are used as bypass 

cores†. The solid blue arrows in Figure 3-3 show how these bypass cores are 

connected. Other cores are connected with a WSS and splitter. Each connection 

within the ROADM is split into 2 parts: Inter-fiber Selection and Inter-Core 

Selection. In the Inter-Fiber Selection, each core can connect via a WSS when there 

is a traffic request in the core. The output ports of the Inter-Fiber Selection area 

WSS connect with a drop WSS or the Inter-Core Selection area of an output fiber. 

In the Inter-Core Selection area, a splitter is used to direct the incoming traffic to 

different cores of an output fiber and the WSS is used to direct traffic from input 

fibers and from an add band input port to one core of the output fiber. 

 
 

Figure 3-3: Bypass WDM/SDM ROADM Architecture 

Figure 3-4 shows the baseline ROADM architecture. As [19] stated, each core of 

input fibers can only connect with the corresponding cores of output fibers via 

wavelength cross-connects (WXCs). As shown in Figure 3-4, core 0 of the 1 – 0 

                                                           
* A popular Python integrated development environment. 

† The bypass cores and connections are only used in the individual node test. A different bypass core 
allocation was used for the RWA algorithm testing. 
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fiber is connected via WXC 0 and so are core 0s of other fibers. This architecture 

sacrifices flexibility in the spatial dimension but requires fewer WSSs. 

Figure 3-5 shows the architecture of a full-space-flexible WDM/SDM node. 

Compared with the architecture in Figure 3-3, it only drops bypass links and hence 

achieves full space-flexibility. 

 

 

Figure 3-4: Baseline WDM/SDM ROADM Architecture 

 

Figure 3-5: No-bypass WDM/SDM ROADM Architecture 
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3.2.1.2 Input Data Generation 

The input data set to the test node can be divided into two parts: traffic data and 

time data. 

The first step to generate traffic data is to generate some traffic requests which 

are in form of {source node, destination node, bandwidth request, start time, end 

time}. Once the controller receives the traffic requests, it will do the routing and 

wavelength assignment. Each ROADM will maintain a flow table and the controller 

can allocate hardware resources based on flow table of each ROADM. The flow 

table information within ROADM 0 is in form of {input node, output node, input 

port, operation type, start time, end time}, which is regarded as the input data of 

the ROADM experiments. Generation traffic requests is easy: the source node and 

destination node, which should not be same, are randomly generated. The values of 

bandwidth requests are randomly selected from the four different bandwidth 

allocation granularities listed in Table 3-1. The start time follows a Poison 

distribution and the traffic duration time follows an exponential distribution. The 

total experiment time is 96000 seconds. The parameter of start time 𝜆𝑠𝑡𝑎𝑟𝑡  is 

32000 and the parameter of duration time is 𝜆𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 is 1/5000[1]. Only in the 

node architecture experiments is time data used. Time is used to show the 

operations of AoD. 

3.2.2 Experiment Process and Data Collection 

This subsection introduces how to realize the experiment (i.e., simulation) and how 

to collect the data. First, a network as shown in Figure 1-2 is constructed. However, 

this network does not need to consider bypass connections between different 

ROADMs and only ROADM 0 deploys a bypass connection, making the network 

simpler. The controller uses the DR scheme to do the RWA and updates the flow 

table information of ROADM 0. The controller can control the hardware devices in 

the ROADM using the flow table information. This process should be applied to the 

bypass ROADM, baseline ROADM, and no-bypass ROADM. 

As stated in Table 1-1, there are 6 metrics. When a traffic request is processed by 

ROADM 0, the controller will record the traffic’s status, the bypass type of the 

traffic, and the output port of the traffic. Additionally, the controller records every 

second the number of fulfilled traffic requests, the number of active WSSs, and the 

wavelength resource within the ROADM. Since the number of traffic that passing 

through ROADM 0 is 6000 and the experiment time is 96000, the size of traffic 

status, the bypass type of the traffic, and the output port of the traffic are 6000 

while the size of the number of live traffic, the number of active WSSs, and the 

wavelength resource are 96000. 

There are two metrics that are utilized to evaluate the performance of the 

ROADM: the number of live traffic and the number of deployed WSSs. These are 

recorded by the controller and do not need sampling. 
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3.2.2.1 Reliability 

There are 4 metrics recorded in files during the simulation. These files could be 

used to check the reliability of these two metrics. The traffic status and the output 

port are used to evaluate the reliability of the number of live traffic. The traffic 

bypass type and the wavelength resources are used to verify the reliability of the 

number of alive WSSs. Additionally, after finishing the simulation, I use the 

variable explorer within Spyder to manually evaluate the reliability of my transcript. 

3.2.2.2 Vadility 

It is easy to verify the validity of ROADM algorithm by comparing the results with 

the result of [1]. 

3.2.3 Planned Data Analysis 

To illustrate the performance of the ROADM, I will first plot the number of 

accepted requests versus time. This plot should contain the accepted traffic 

requests versus time of the three configurations: bypass ROADM, baseline ROADM, 

and no-bypass ROADM. The total number of traffic requests should also be shown 

on this plot. This plot will illustrate if bypass connections influences the possibility 

of a traffic request being accepted. A second plot will show the number of active 

WSSs versus time. This plot indicates how the number of active WSSs in a bypass 

ROADM changes with time. The number of active WSSs within a bypass ROADM, 

the number in a no-bypass ROADM, and the number in the baseline ROADM 

should be included in this plot, which should reveal how the presence of bypass 

connections and AoD reduced the number of active hardware resources. 

3.3 RWA Algorithms 

As stated in Section 1.5, the RWA algorithms consist of baseline algorithms, 3 test 

RWA algorithms, and a hardware-efficient RWA algorithm that I will propose. This 

section introduces the methodologies used to measure and evaluate the 

performance of these algorithms. Section 3.3.1 introduces the testbeds, which 

include a bypass and no-bypass networks. Section 3.3.2 introduces how to measure 

the outputs of the simulation for these RWA algorithms and how to sample this 

data. Section 3.3.3 introduces how to analyze the performance of these RWA 

algorithms with the help of the collected data. 

3.3.1 Testbed Introduction 

This section explains the testbed used in simulations of the RWA algorithm. The 

first part introduces the structure of the testbed including its topology and the 

bypass connection principle that I deployed. The second part introduces the 

function of the SDN controller.  
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3.3.1.1 Testbed Structure 

The testbeds used for evaluating the RWA algorithms include a bypass network and 

no-bypass networks. As stated in Section 1.5, the baseline and 3 test RWA 

algorithms are used to find the limitations caused by bypass network connections. 

This experiment is based on the 4-node topology shown in Figure 3-6(a). A 

hardware-efficient RWA algorithm is designed to improve the performance of a 

bypass network and its functionality should be verified in several different 

networks. Thus, the hardware-efficient RWA algorithm is tested in the 3 different 

topologies shown in Figure 3-6.  

(a) (b) (c) 

Figure 3-6: Topologies used in this project: (a) 4-node topology; (b) 6-node 

topology; (c) NSF topology[24] 

Each topology shown above have two types of connections and hence realize a 

bypass network and a no-bypass network. All ROADMs in a bypass network are 

bypass ROADMs and there exists a bypass connection between two ROADMs that 

are connected. All ROADMs in a no-bypass network are no-bypass ROADMs and 

are only connected via WSS connections. The bypass connection principle will be 

introduced in Section 4.2 in detail.  

3.3.1.2 SDN Controller Function 

As shown in Figure 3-7, the functions of the SDN controller can be divided into 2 

parts: memory and calculation. Memory functions are used to maintain all of the 

network information that would help controller make a RWA decision. Calculation 

functions are deployed to assign the network resources and update the memory 

values. For example, the controller ought to know the available spectrum resources 

in the network to decide which wavelength can be assigned to a new incoming 

traffic request. Once a traffic request is accepted by the network, it will occupy 

some spectrum resource(s) within the network and the controller will update its 

memory for processing subsequent requests. The calculation algorithms will be 

introduced in Section 4.3 in detail. 
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Figure 3-7: SDN controller functions 

3.3.2 Simulation and Data Collection 

In this section, I introduce the experiment, including how to generate the input 

data and which data to collect during the experiment. Then I explain how to sample 

the collected data and the metrics used to evaluate each algorithm’s performance. 

Later, I explain some methods to verify the reliability and validity of my data.  

3.3.2.1 Input Data Generation and Data Collection 

The data input to the RWA algorithm is similar to the input data of ROADM 

experiment but lacks the time information. I do not use time-driven simulation 

here because it usually takes a long time. Instead, I use event-driven simulation. 

Here, the input data is in the form {source node, destination node, bandwidth 

request}. The source node and destination node are randomly selected from the 

existing node in the network. The bandwidth request values are randomly selected 

from {1, 2, 4, 16} as shown in Table 3-1. The size of traffic requests varies from 200 

to 5000 Erlangs* in increments of 200. 

                                                           
* Erlang is a unit of traffic load and equals the traffic arrival rate times traffic duration. Since the 
RWA algorithm is tested in an event-driven way to shorten simulation time, I consider all traffic to 
arrive at the same second and only last for 1 second. 



Methodologies and Methods | 29 

 

Once the controller receives the input data, it will process the data according to 

the RWA algorithm that the controller deploys. Every time the controller handles a 

traffic request, it records the traffic status, path selection, wavelength selection, and 

the wavelength resource assigned. As Table 1-2 shows, the traffic status indicates if 

the traffic request was accepted. The path selection is which path chosen for this 

traffic request. The wavelength selection indicates which wavelength resources the 

traffic occupies. Wavelength resources indicates the wavelength occupation status 

in the network.  

3.3.2.2 Sampling  

I use 2 metrics (traffic blocking probability and the bandwidth blocking 

probability) to evaluate the performance of the RWA algorithms. These metrics will 

indicate how many traffic requests were accepted and what kind of traffic is more 

likely to be accepted. Two important analyse metrics are the average path length 

and average accepted bandwidth. Average path length could reveal limitations 

caused by bypass connections in a bypass network. Average accepted bandwidth is 

used to indicate if many wavelength fragmentations occur. The equations used to 

calculate these metrics are shown in Table 3-2. 𝑁𝑎𝑐𝑐𝑒𝑝𝑡 is the number of accepted 

traffic requests and 𝑁𝑎𝑙𝑙 is the total number of traffic requests. 𝐵𝑎𝑐𝑐𝑒𝑝𝑡 is the sum of 

accepted bandwidth requests in the network and  𝐵𝑎𝑙𝑙  is the sum of all bandwidth 

requests. 𝐿𝑎𝑐𝑐𝑒𝑝𝑡 is the length of path selected for accepted traffic requests. 

Table 3-2: Metric Calculation Equation 

Metric Equation  

Traffic Blocking Probability 1 − 𝑁𝑎𝑐𝑐𝑒𝑝𝑡/𝑁𝑎𝑙𝑙 

Bandwidth Blocking Probability 1 − 𝐵𝑎𝑐𝑐𝑒𝑝𝑡/𝐵𝑎𝑙𝑙 

Average Hop number Σ𝐿𝑎𝑐𝑐𝑒𝑝𝑡/𝑁𝑎𝑐𝑐𝑒𝑝𝑡 

Average Accepted Bandwidth (slots) 𝐵𝑎𝑐𝑐𝑒𝑝𝑡/𝑁𝑎𝑐𝑐𝑒𝑝𝑡 

 

3.3.2.2.1 Reliability 

This project employs simulation to collect data. All collected data are recorded by a 

Python script while the ROADM or RWA algorithm are running. Thus, unreliability 

could come from errors in the scripts. If the scripts are incorrect, then the collected 

data will be unreliable. Thus, I ask some colleagues at the University of Bristol to 

help me do a code review to ensure the algorithms are right. Additionally, to ensure 

the reliability of RWA algorithm, I changed the input data and repeated the 

simulation 3 times to reduce the unreliability. 
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3.3.2.2.2 Vadility 

To assess the validity of RWA algorithms, I constructed a network with a no-bypass 

ROADM. No matter which RWA algorithm is deployed on the network, the results 

of a bypass network and a non-bypass network should be similar; but, the result for 

a bypass network should be a little worse than for a non-bypass network because 

the bypass network sacrifices space flexibility and may lead to wavelength 

fragmentation. I also deployed a contrasting RWA algorithm, specifically: random 

wavelength assignment and Dijkstra's Shortest Path First algorithm, as a baseline. 

Baseline algorithm doesn’t take network’s status into account and random 

wavelength assignment would cause wavelength fragmentations. Other algorithm’s 

results should all be better than the baseline result. 

3.3.3 Planned Data Analysis 

To illustrate the performance of RWA algorithms, I plan to plot the traffic blocking 

probability versus traffic load* and bandwidth blocking probability versus traffic 

load. All test RWA algorithms results and the baseline RWA algorithm results in a 

4-node network are plotted in the same figure. To make the plot clearer, results of 

the hardware-efficient RWA algorithm will be plotted in a separate figure together 

with the baseline RWA algorithm results.  Results of the hardware-efficient RWA 

algorithm in a 6-node network or NSF network should be plotted in other figures. 

Since the wavelength resources within the network are fixed, it is easy to calculate 

the theoretical best bandwidth blocking probability for bypass and no-bypass 

network. The theoretical best bandwidth blocking probability results of bypass and 

no-bypass network should be added in bandwidth blocking probability versus 

traffic load figure, which indicates the bandwidth blocking probability when all 

bandwidth resource within the network are occupied appropriately. These two 

types of plots could indicate if RWA algorithms can fully utilize the wavelength 

resources within the network. There should also be average hop number versus 

traffic load plots. These plots indicate the path selection of the different RWA 

algorithms and how path selection influences the percentage of wavelength 

resource utilization. I will also add the optimal results of average path length in the 

average hop number versus traffic load plot in the case of the hardware-efficient 

RWA algorithm. 

 

                                                           
* The traffic load here is describe in Erlangs per node. An Erlang is a dimensionless unit which 
equals the traffic arrival rate times the traffic duration in time. 
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4 Milestone Achievement 

This chapter mainly focuses on explaining the algorithms and why I chose them. 

Section 4.1 introduces the ROADM algorithm and how to calculate the number of 

active devices. Section 4.2 explains how to construct the network with Python and 

how to setup the initial bypass cores. Section 4.3 explains the RWA algorithms and 

why I chose those algorithms instead of others.  

4.1 Node Algorithm 

An algorithm within the node simulates how hardware devices are setup under 

different traffic situations. Because the project aims to reduce the number of active 

hardware devices in a WDM/SDM network, the WDM/SDM node’s algorithm 

should have the same performance as a node without bypass connections. When 

there are lots of traffic passing through the node, it is essential to power on all 

devices. On the other hand, when a node handles few traffic requests, it is okay to 

power off some WSSs to save energy. Thus, it is reasonable to apply AoD to 

WDM/SDM nodes. My algorithm follows the same idea as [1] and deploys AoD in 

the node algorithm. A detailed description of the algorithm is given below. 

4.1.1 Node Algorithm Explanation 

Figure 4-2 explains the node algorithm with flowchart. Figure 4-2(a) explains the 

hardware algorithm when passing traffic starts. When traffic arrives, the controller 

checks the flow table of ROADM 0 and makes a decision. The first step is to check if 

the traffic comes from the bypass core of an input fiber. If it does, then it must go to 

the corresponding bypass core of the output fiber. Before sending it to the output 

fiber, the controller also checks the availability of the wavelength resources of the 

output core. If the wavelength required by the traffic request is already occupied, 

then the traffic fails due to a capacity constrain. Otherwise, the traffic can 

successfully pass to the output fiber. On the other hand, if the traffic comes from a 

non-bypass core, then it must go to a WSS connection. First the controller checks if 

the 1st-layer WSS is connected to the input core. The next step is to find available 

3rd-layer WSS connections to the output fiber. If none is available or the existing 

connections do not have corresponding wavelength resources, then a new 3rd-layer 

WSS connection are required. If none of the output cores have available wavelength 

resources for the traffic, then the traffic fails. 

Figure 4-2(b) shows the process when add traffic appears. Because this traffic 

can only be added to cores without bypass connections, the controller only needs to 

verify the availability of wavelength resources. If the connected cores do not have 

wavelength resource for add traffic, then the controller will tries to find a free core; 

but if cannot, then the traffic fails. 
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Figure 4-2(c) shows how the controller updates the device’s status when traffic 

ends. When traffic ends, the controller erases the resource occupation of the traffic 

in its memory and updates the occupied ports. Then the algorithm checks if any 

WSS has no busy ports and then shuts down this idle WSS to save energy. 

 

 (a) Node algorithm when pass traffic appears 
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 (b) Node algorithm when add traffic appears 

 (c) Node algorithm when traffic ends 

Figure 4-1:  Flow chart of node algorithm 

4.1.2 The Number of Device Calculation 

Device number is one of the most important parameters to evaluate the 

performance of the node algorithm. The number of neighbors is 𝑁𝑛 and the number 

of cores is 𝑁𝑐. Bypass connection is 𝑁𝑏 = (𝑁𝑛 − 1). As Figure 3-3 shows, each input 

fiber has 7 different cores and each core is directly connected with a WSS. The 

1st-layer WSS has 3 output ports leading to two different fibers or drop WSS. In a 

ROADM with bypass connection, each fiber has 2 bypass cores. Thus, the number 

of 1st-layer WSSs (N1) is: 

𝑁1 =  𝑁𝑛 × ( 𝑁𝑐 − 𝑁𝑏) =  𝑁𝑛 × ( 𝑁𝑐 − (𝑁𝑛 − 1)) 
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The number of 2nd-layer WSSs is defined by the output ports of first layer WSS.  

𝑁2 = (𝑁𝑛 − 1) × 𝑁1 

The number of last-layer WSSs is defined by the number of free output cores. 

𝑁3 = 𝑁1 =  𝑁𝑛 × ( 𝑁𝑐 − (𝑁𝑛 − 1)) 

The number of add WSSs and drop WSSs depends on the number of last-layer and 

the 1st-layer WSSs: 

𝑁𝑎𝑑𝑑 = 𝑁3 

𝑁𝑑𝑟𝑜𝑝 = 𝑁1 

Thus, the sum of the number of available devices is: 

𝑁𝑠𝑢𝑚 = (𝑁𝑛 − 1 + 4) × 𝑁1=(𝑁𝑛 + 3) × 𝑁𝑛 × ( 𝑁𝑐 − 𝑁𝑛 + 1)  

In the ROADM design 𝑁𝑐 = 7 𝑎𝑛𝑑 𝑁𝑛 = 3 , thus, the exact total number of 

available devices is 90. 

The total number of other devices in a ROADM architecture can be calculated in 

the same way. The contrast ROADM, which has no space flexibility, has 7 

individual WSS connections. Each connection has 3 input WSSs, 3 output WSSs, 3 

add WSSs, and 3 drop WSSs. Thus, a contrast ROADM has 84 WSSs in total. The 

flexible ROADM has no bypass connection and the total number of devices is 126. 

4.2 Network Configuration 

Python is used to simulate the optical network because there is no software that is 

suitable for WDM/SDM optical network simulation. I considered ONOS with 

mininet and OMNeT++. ONOS has some issue with optical network simulation and 

it does not provide SDM support right now. OMNET++ is more flexible but the 

problem is that all device must be configured manually. Thus, I used python as it 

offers an easy way to simulate the WDM/SDM network. 

To build the network, I deployed the networkX Python package. With this 

package, I only needed to name the node and the possible edges to form the 

topology. The topology could easily provide all path selections for a (Source, 

Desination) pair. However, the package does not provide an SDM parameter. Thus, 

I explicitly defined the cores in the topology. I added the space dimension by 

introducing the core selection in the path selection process. The core connection 

should follow the idea that there is no continuous bypass connection within a path. 

The bypass connection algorithm is explained in Figure 4-2. For example, there 

should only be one bypass connection in a 3-hop path. Additionally, there is a 

bypass connection between every two fibers. Given these two limitations, it is easy 

to calculate all the path possibilities with the space parameter. The bypass 

connections result in a 4-node network as shown in Table 4-1. The same color in 

two cells means that these two cores are connected via a bypass connection. 
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Figure 4-2: Algorithm of bypass connection. 

Table 4-1: The bypass connection within the 4-node bypass network 

 (0,1) (1,0) (1,2) (2,1) (0,2) (2,0) (2,3) (3,2) (1,3) (3,1) 

Core 1           

Core 2           

Core 3           

Core 4           

Core 5           

Core 6           

Core 7           

 

Additionally, I simulated the controller function in the network. As Figure 3-7 

shows, the controller ought to maintain the network resource status and achieve 

routing and wavelength assignment. The controller updates the network’s status 

when a traffic request is accepted and a given network resource is allocated. 
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4.3 RWA Algorithms 

This part introduces the baseline RWA algorithms whose testing was described in 

Section 4.3.1. Three test RWA algorithms will be introduced in Section 4.3.2. 

Section 4.3.3 introduces the hardware-efficient algorithm.  

4.3.1 Baseline RWA Algorithm 

The baseline RWA algorithm in this project consists of random wavelength 

assignment and the Dijkstra algorithm. All paths in the network were labeled when 

the network was generated. As Figure 4-3 shows, the controller first calculates the 

wavelength and then finds the shortest path supporting this wavelength. If there 

are multiple paths with the same shortest path-length, then the controller will 

choose the one with smallest index. When there is no free wavelength for this traffic 

request via any path, then the request is denied. 

 

Figure 4-3: Baseline Algorithms Flowchart 
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4.3.2 Testing RWA Algorithms  

RWA consists of two parts: wavelength assignment and routing. In this project, 

three widespread wavelength assignment algorithms are deployed. Then, the 

routing algorithm is combined with these wavelength assignment algorithms to 

generate 3 test RWA algorithms 

The main idea of the routing algorithm is to find a path based on the network’s 

resource occupation status. As Figure 4-4 shows, when a traffic request appears, 

the control plane first calculates a wavelength for this request. Then the controller 

finds all possible paths based on this wavelength selection. The controller considers 

the path length, hardware cost, bandwidth occupancy percentage, and fiber 

connection type. Based on these consideration, the controller ranks the paths and 

chooses the most suitable path for this specific traffic request. If there is no path 

that could provide the wavelength, then the controller will try to find another 

wavelength and the corresponding path until no wavelength is available. 

 

Figure 4-4: Test RWA Algorithms Flowchart 
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Three parameters (hops, percentage bandwidth occupancy, and fiber 

connection type) of the routing algorithm could influence the network performance 

significantly. I needed to decide the priority of those parameters and their impacts 

on path selection. In order to determine the priority of these parameter and their 

influence, I tested all the combination and find three test RWA algorithms, which 

are presented in Table 4-2. The test results of these RWA algorithms will be 

compared and analyzed in next chapter. 

Table 4-2: Test RWA Algorithms 

Algorithm 

 

Wavelength 

Assignment 

Algorithm 

Parameter 

Priority of 

routing 

algorithm 

Parameter 

Influence* of 

routing 

algorithm 

Test-Random Random (hops, bandwidth, 

bypass type) 

(True, False, 

False) 

Test-Spread Spread (hops, bandwidth, 

bypass type) 

(True, False, True) 

Test-Pack Pack (hops, bypass 

type, bandwidth) 

(True, False, True) 

 

4.3.3 Hardware Efficient RWA Algorithm 

The hardware-efficient algorithm is based on the results of the 3 test RWA 

algorithms. Their results expose the limitation of a bypass connection, thus the 

hardware-efficient RWA algorithm is designed to reduce the impact of this 

limitation. 

The flowchart of the algorithm is shown in Figure 4-5. When a new traffic 

request occurs, the controller lists all the possible path selections that might 

accommodate the request. According to parameters listed in Table 4-3, the 

controller orders these paths, such that the path with shortest length, more bypass 

connections, and more wavelength resources has a higher priority. Then the 

controller checks the available wavelength resource of each path and computes the 

paths with sufficient wavelength resources for the new traffic request. Among those 

paths, the controller chooses the one with highest priority and allocates the 

wavelength using Pack. If there is no path with sufficient wavelength resources, 

then the traffic request fails.  

                                                           
* Parameter Influence will be introduced via true/false. True means arranging the path in ascending 
order of this parameter. False means arranging the path in descending order of this parameter. 
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Table 4-3: Hardware-efficient RWA Algorithm 

Algorithm 

 

Wavelength 

Assignment 

Algorithm 

Parameter 

Priority of 

routing 

algorithm 

Parameter 

influence of 

routing 

algorithm 

Hardware-

efficient 

Spread (hops, bypass 

type, bandwidth) 

(True, False, 

False) 

 

 

Figure 4-5: Hardware-efficient RWA algorithm 
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5 Results and Analysis 

This chapter presents the results and discuss them. Section 5.1 presents how 

hardware devices within bypass ROADM changes with time. Section 5.2 focus on 

the performance of bypass network. Section 5.3 presents the results of the test 

RWA algorithms and Section 5.4 the hardware-efficient RWA algorithm in different 

network and different topologies. Sections 5.5 and 5.6 focus on the reliability and 

validity of the results. Section 5.7 concludes the results and presents a discussion of 

these results. 

5.1 Node Performance 

This section first describes the results and then an explanation of these results is 

given. 

5.1.1 Result Description 

As stated in Chapter 3, two metrics were used to evaluate the performance of the 

ROADM algorithm, the number of accepted traffic requests and number of active 

devices. As the node algorithm aims to achieve AoD and the traffic requests have a 

start and end time, the amount of traffic accepted and the number of active devices 

changed with time. Thus, as stated in Section 3.2.3, two plots are used to show the 

number of accepted requests versus time and the number of active WSSs versus 

time plot. These plots are shown in Figure 5-1. The blue line in this figure 

represents the bypass ROADM. The total number of traffic requests is shown by the 

red line. The orange line represents a no-bypass ROADM and the green line 

represents the baseline ROADM. According to Figure 5-1(a), the bypass ROADM 

and no-bypass ROADM accepted almost all of the traffic requests. The baseline 

ROADM could accept almost all of the traffic requests at beginning but the blocking 

increased after roughly 200 traffic requests had already been accepted. Figure 5-1(b) 

shows the number of active devices for each ROADM. The total hardware resources 

in a bypass ROADM is 90 while the baseline ROADM deploys 84 WSSs in total. The 

number of deployed WSS in an WDM/SDM ROADM is around 50 while the 

non-bypass ROADM deploys around 75 WSSs.   

5.1.2 Result Discussion 

In Figure 5-1(a), the bypass ROADM and no-bypass ROADM accepted almost all 

traffic requests. However, there were still a few traffic requests that were blocked. I 

checked the data and found out that the denied traffic requests tried to add a new 

wavelength to output fibers but those wavelength resources of the output ports 

were already occupied. No-bypass ROADM blocked fewer traffic requests because 

add traffic requests had more cores to select from. The baseline ROADM, compared 

to other ROADMs, had worse performance with 30% of traffic requests blocked 

because the pass traffic requests and add traffic requests had limited core selection 
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and these capacity constrains negatively impacted the number of accepted traffic 

requests. 

 

Figure 5-1: How traffic number and device number changes with time.  

Figure 5-1(b) shows how the number of active WSS within different ROADMs 

changed with time. Since the baseline ROADM has fixed structure, the number of 

active WSS in the baseline ROADM is a fix number. In contrast, the no-bypass 

ROADM and bypass ROADM implement AoD; thus, the number of active hardware 

devices changes with time. However, the no-bypass ROADM deployed 33% more 

WSSs than the bypass ROADM when the number of accepted traffic requests were 

almost the same. The number of active WSS in bypass ROADM was less than 66% 

all available WSS within the ROADM. In practical ROADM structure, there ought 

to be an amplifier after a WSS. Although WSS may consume the same power in on 

or off mode, amplifiers consume power to amplify the signal when they are active 

and do not consume power when they are sleep. Thus, less active WSS in bypass 

ROADM could save energy and met the idea of Green Network [6]. 

According to these results, the bypass connections could reduce the number of 

WSSs deployed in the ROADM. When the ROADM was not busy, the number of 

active hardware devices reveals the effect of AoD. When additional traffic entered, 

the number of active devices increased. As traffic left the network, the number of 

active WSSs declined. Thus, the bypass ROADM actually reduced the number of 

active hardware devices. These results also revealed that a problem might be 

caused by bypass connections. The baseline ROADM did not have any space 

flexibility and this lack of space flexibility led to a higher traffic blocking ratio. In 

the ROADM test, the network was relatively empty and the blocking ratio of the 

bypass was low; but, when the number of traffic requests increased, the blocking 
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probability of a bypass ROADM may increase. Such a test is described in 

Section 5.2. 

5.2 Performance of Bypass Network 

Section 5.2.1. presents the results of the baseline and 3 test RWA algorithms in 

both a bypass network and no-bypass network. Section 5.1.2 will present the 

reliability and validity of RWA algorithm results. Section 5.2.2 analyzes why bypass 

connections influenced the blocking probability. In Section 5.2, 5.3, and 5.4, 

Equations and coefficients of fit curves for all RWA algorithms are recorded in 

corresponding figures. Results of traffic blocking probability and bandwidth 

blocking probability deploy quadratic fit while average path length and average 

accepted bandwidth results use linear fit. Blocking probability use quadratic fit 

because the number of blocked traffic and bandwidth slots is influenced by 

increasing traffic load as well as competition for resource. Average path length and 

average accepted bandwidth use linear fit to simply indicate their tendency. 

5.2.1 Result Description 

The second step of this project examined the bypass network in a 4-node topology. 

The baseline algorithm was used to test the performance of the bypass network and 

no-bypass network and how bypass connections within the bypass network 

influenced its performance. The traffic blocking probability and bandwidth 

blocking probability of the baseline RWA algorithm are shown in Figure 5-2. The 

blue line represents the results of the baseline RWA algorithm in bypass network 

and the orange line represents the results in a no-bypass network. The x-axis 

represents the traffic load per node in Erlangs. The testing traffic load range in 4-

node network was between 150 Erlangs per node to 350 Erlangs per node. When 

traffic load was smaller than 150 Erlangs per node, all traffic requests could be 

accepted. When the RWA algorithms were applied in network, the traffic blocking 

probability should not be higher than 0.1; traffic load in bypass network was 350 

Erlangs per node when traffic blocking probability of baseline RWA reached 0.1. As 

Figure 5-2 shows, the baseline RWA had higher traffic blocking probability and 

higher bandwidth blocking probability in a bypass network than a no-bypass 

network. Traffic blocking appeared in bypass network when traffic load was higher 

than 175 Erlangs per node and 225 Erlangs per node in no-bypass network. 

According to Figure 5-2, traffic blocking probability in bypass network reached 0.1, 

when traffic load was 350 Erlangs per node, and the bandwidth blocking 

probability was 0.25. In no-bypass network, traffic blocking probability reached 

0.06 and the bandwidth blocking probability was 0.175. 
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(a) Traffic Blocking Probability 

 

(b) Bandwidth Blocking Probability 

Figure 5-2: The traffic blocking probability and bandwidth blocking 

probability of baseline RWA algorithm in bypass network and 

no-bypass network. 
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5.2.2 Result Discussion 

In this section, two metrics are introduced to analyse why bypass and no-bypass 

network had blocking probability difference. These metrics are average path length 

and average accepted bandwidth. Since the wavelength resource that an accepted 

traffic request occupies equals to its path length times its bandwidth request, the 

traffic request will waste wavelength resource within the network if it takes a path 

longer than its shortest path length. So, the average path length is used to evaluate 

the wavelength resource usage efficiency of a RWA algorithm in network. Average 

accepted bandwidth is used to evaluate if wavelength fragmentations occur. When 

there are many wavelength fragmentations in the network, only traffic requests 

with small bandwidth request will be accepted and average accepted bandwidth 

will be small. These two metrics are also used in Section 0, Section 5.4.2 and 

Section 5.4.4. 

The average path length results in bypass and no-bypass network are shown in 

Figure 5-3. As shown in the figure, the average path length in both network 

increased with the traffic load and, according to the fit curve functions, average 

path length in bypass network had bigger increasing speed than for no-bypass 

network. Higher average path length in bypass network indicated there was more 

wavelength resource wasted in bypass network than no bypass network. More 

wavelength resource was wasted, less wavelength resource was left for future traffic. 

 

Figure 5-3: The average path length of baseline RWA algorithm in bypass 

network and no-bypass network. 
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The results of average accepted bandwidth are shown in Figure 5-4. In both 

network, average accepted bandwidth decreased when traffic load increased. 

Additionally, average accepted bandwidth in bypass network decreased more 

rapidly than no-bypass network. These results illustrated that there were more 

wavelength fragmentations in bypass network and traffic requests with high 

bandwidth requests were more likely to be blocked than in no-bypass network. 

 

Figure 5-4: The average accepted bandwidth of baseline RWA algorithm in 

bypass network and no-bypass network. 

Figure 5-3 and Figure 5-4 explained why baseline RWA algorithm in bypass 

network had more blocking probability than in no-bypass network. Since more 

resource was wasted and more wavelength fragmentations occurred in bypass 

network, bypass network had low wavelength resource usage efficiency. Since the 

wavelength resource within a network was fixed and low wavelength resource usage 

efficiency of bypass network caused traffic requests blocked. If a RWA algorithm 

could improve the wavelength usage efficiency and reduce wavelength 

fragmentations, it ought to have lower blocking probability than baseline RWA 

algorithm and may narrow down the performance gap between bypass and no-

bypass networks. The process of designing an appropriate algorithm is presented in 

Section 5.3. The test results on 4-node, 6-node topology and NSF topology will be 

presented in Section 5.4.  
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5.3 Performance of Test RWA Algorithms 

As stated in Chapter 3, the performance of a RWA algorithm is evaluated via 

blocking probability, bandwidth blocking probability, and average number of hops. 

This section compares the performance of the three test RWA algorithms that were 

introduced in Section 4.3.2 from these three aspects. The results are described 

Section 5.3.1 while Section 0 discusses the results. 

5.3.1 Result Description 

The traffic blocking probability of Pack, Random, and Spread test RWA algorithms 

are shown in Figure 5-5. The traffic blocking probability of the baseline RWA 

algorithm in a bypass network and a no-bypass network are also shown in this 

figure for comparison. According to Figure 5-5, the traffic blocking probability of 

Pack RWA algorithm was 0% when the traffic load per node was smaller than 300 

Erlangs. However, its traffic blocking probability increased to 0.08 when traffic 

load was 350 Erlangs per node. The traffic blocking probability of Random test 

RWA algorithm and Spread test RWA algorithm had a similar tendency as the 

baseline RWA algorithm. Random had slightly higher traffic blocking probability 

than baseline RWA algorithm. Results of Spread were better than the baseline 

algorithm in a bypass network but worse than the results of a baseline algorithm in 

a no-bypass network. 

The bandwidth blocking probability is shown in Figure 5-6. The Pack algorithm 

had the lowest bandwidth blocking probability. Its bandwidth blocking probability 

was only half of the bandwidth blocking probability of baseline RWA algorithm in 

bypass network when traffic load was 350 Erlangs per node. The Random test RWA 

algorithm had similar performance to the baseline algorithm in a bypass network. 

The spread algorithm also had the same tendency as the baseline algorithm and its 

bandwidth blocking probability was always smaller than baseline RWA algorithm 

in bypass network. 
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Figure 5-5: Traffic blocking probability of 4 different RWA algorithms in 

bypass network and no-bypass network. 

 

Figure 5-6: Bandwidth blocking probability of 4 different RWA algorithms in 

bypass network and no-bypass network. 
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5.3.2 Result Discussion 

The focus of this discussion is: Why these algorithms had such performance and 

what characters should a hardware-efficient algorithm have to perform better than 

these algorithms. 

As stated in Section 5.2.2, average path length was used to indicate the 

wavelength resource usage efficiency. According to Figure 5-7, baseline RWA 

algorithm in no-bypass network had the lowest average path length while the Pack 

test algorithm had the highest average path length at 1.56 hops, which indicated 

that more wavelength resource was wasted by Pack algorithm than other 

algorithms. However, Pack had lower traffic blocking probability and bandwidth 

blocking probability than other RWA algorithms in bypass network. Better 

performance of Pack was due to its few wavelength fragmentations.  As shown in 

Figure 5-8, average accepted bandwidth of Pack was higher than other RWA 

algorithms and its decreasing speed was around 50% percent of decreasing speed 

of other RWA algorithms. These two figures illustrated that Pack had better 

performance because of few wavelength fragmentations even though it caused 

higher average path length. 

 

Figure 5-7: Average hops number of 4 different RWA algorithms in bypass 

network and baseline algorithm in no-bypass network. 
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Figure 5-8: Average accepted bandwidth of 4 different RWA algorithms in 

bypass network and baseline algorithm in no-bypass network. 

Thus, the most suitable algorithm in a bypass network should have a short path 

length without spectrum fragmentation and such an algorithm was presented in 

Section 4.3.3. 

5.4 Performance of a Hardware-efficient RWA Algorithm 

A hardware-efficient algorithm has the desired characteristics listed in Section  0. 

This section presents the results of the hardware-efficient RWA algorithm in 

different topologies. Section 5.4.1 explains the result and Section 5.4.2 discusses 

these results. Section 5.4.3 describes the results of 6-node and NSF node topology 

and 5.4.4 analyses these results.  

5.4.1 Result Description in 4-node Topology 

The traffic blocking probability results of the baseline and the hardware-efficient 

algorithm in a 4-node bypass and 4-node no-bypass network were shown in Figure 

5-9. The blue lines were the traffic blocking probability of the baseline algorithm 

and the green lines were the traffic blocking probability of the Hardware-efficient 

algorithm. According to Figure 5-9, the hardware-efficient algorithm had the less 

traffic blocked no matter in which type of network. In bypass network, when traffic 
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blocking probability of baseline algorithm reached 0.13, the traffic blocking 

probability of hardware-efficient algorithm was less than 0.1. The blocking 

probability of hardware-efficient algorithm in no-bypass network was close to 0.02. 

According to Figure 5-10, the hardware-efficient RWA algorithm had a lower 

blocking probability than the baseline algorithm no matter which type of network 

was considered. The bandwidth blocking probability of the hardware-efficient 

algorithm was under 0.15 all the time in a bypass network. The bandwidth blocking 

probability of the hardware-efficient algorithm was lower than 0.1 in a no-bypass 

network. However, the gap between bypass network and no-bypass network still 

existed when traffic load was higher than 300 Erlangs per node, the reason for 

which will be explained in Section 5.4.2 

 

 

Figure 5-9:  The traffic blocking probability of baseline and hardware-

efficient RWA algorithm in no-bypass and bypass 4-node 

network 
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Figure 5-10: The bandwidth blocking probability of baseline and hardware-

efficient RWA algorithm in no-bypass and bypass 4-node 

network 

5.4.2 Result Discussion in 4-node Topology 

The average path length results of the hardware-efficient and the baseline RWA 

algorithms are shown in Figure 5-11. The average path length of hardware-efficient 

RWA algorithm in bypass network increased with the traffic load. As the figure 

shows, the hardware-efficient RWA algorithm in a bypass network had the lowest 

path length at around 1.17 hops. The average path length of the hardware-efficient 

algorithm in bypass network increased from 1.2 to 1.35 hops when the traffic load 

increased from 300 to 400 Erlangs per node. The average path length of baseline 

algorithm in bypass network was about 1.41 hops. The average path length of 

baseline in bypass network was about 1.23. Compared with the average path length 

of Pack in Figure 5-7, hardware-efficient algorithm achieved shorter path length 

and reduced wavelength resource waste. According to Figure 5-12, results of 

average accepted bandwidth of hardware-efficient algorithm in bypass and no-

bypass network were stable and higher than Pack when traffic load was between 

300 to 400 Erlangs per node. These results proved that hardware-efficient RWA 

algorithm met the requirements of suitable RWA algorithm. These results also 
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illustrate that the blocking gap of hardware-efficient algorithm between bypass and 

no-bypass came from average path length difference. 

 

Figure 5-11: The average path length of baseline and hardware-efficient RWA 

algorithm in no-bypass and bypass 4-node network 
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Figure 5-12: Average accepted bandwidth of baseline and hardware-efficient 

RWA algorithm in no-bypass and bypass 4-node network 

In 4-node no-bypass network, most traffic requests could reach their 

destination with one hop except traffic requests from node 0 to node 3 or from 

node 3 to node 4. However, in bypass network, two cores were connected via 

bypass connection. Such bypass connection reduced the number of 1-hop paths and 

forced some traffic requests taking longer paths (i.e. traffic from node 0 to node 1 

had to pass node 2 in bypass network). When traffic load was low, traffic in bypass 

network could choose the shortest paths. When available 1-hop links were fully 

occupied, accepted traffic requests had to take longer paths. Thus, the bypass 

network has longer average path length than no-bypass network when traffic load 

was higher than 250 Erlangs per node. When network was bigger, more traffic 

requests had shortest path length which was longer than 1 hop. Then, the bypass 

connections would have less impact on average path length and blocking 

probability. The results in 6-node and NSF topology were introduced in 5.4.3. 

5.4.3 Result Description in 6-node and NSF topology 

Figure 5-13 presented the traffic and bandwidth blocking probability of hardware-

efficient RWA algorithm in 6-node network. According to figure (a), some traffic 

requests were blocked when traffic load was bigger than 200 Erlangs per node and 

there were few more traffic requests blocked in bypass network. Figure (b) showed 

how bandwidth blocking probability of two different network changed with traffic 

load. According to figure (b), two networks had almost the same bandwidth 
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blocking probability performance. Additionally, when traffic load was 267 Erlangs 

per node, the traffic blocking probability in bypass network was 0.1 and for no-

bypass network was 0.08. Bandwidth blocking probability in bypass network and 

no-bypass network were both around 0.13.  

(a) Traffic blocking probability 
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(b) Bandwidth blocking probability 

Figure 5-13: Traffic blocking probability and bandwidth blocking probability 

of hardware-efficient RWA algorithm in 6-node network 

Results in NSF network were recorded in Figure 5-14. Figure (a) presented the 

traffic blocking probability of hardware-efficient RWA algorithm in bypass and no-

bypass network. Figure (b) showed how bandwidth blocking probability changed 

with traffic load in different networks. As shown in Figure 5-14, the traffic blocking 

probability and bandwidth blocking probability were almost the same in different 

networks.  



Results and Analysis | 57 

 

(a) Traffic blocking probability 

(b) Bandwidth blocking probability 

 

Figure 5-14: Traffic blocking probability and bandwidth blocking probability 

of hardware-efficient RWA algorithm in NSF network 
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5.4.4 Result Discussion in 6-node and NSF topology 

To determine what caused the worse performance of traffic blocking probability in 

bypass 6-node network, I drew the picture of average path length results. According 

to Figure 5-15, the average path length in bypass network was higher than for no-

bypass network when traffic load was higher than 200 Erlangs per node. As stated 

in 5.4.3, traffic blocking probability became higher than 0 when traffic load was 

higher than 200 Erlangs per node. Since no-bypass had shorter average path length, 

traffic requests with longer overhead were more likely blocked by no-bypass 

network. As shown in figure (b) of  Figure 3-6, 6-node topology has two busy fibers 

(fiber between node 4 and node 5, and fiber between node 1 and node 2). Multiple 

traffic requests had to reach their destination nodes via these two fibers (i.e. traffic 

form node 0 to node 3, traffic form node 0 to node 2, traffic from node 1 to node 3, 

and traffic from node 1 to node 2 had to go through fiber 1-2). In no-bypass 

network, with the number of traffic requests increasing, these two fibers got so 

busy that traffic congestion appeared. Traffic requests that had to go through these 

fibers were blocked and path length of accepted traffic requests became shorter. 

However, in bypass network, bypass connections ensured that there were separate 

paths for traffic requests with longer overhead. Thus, the average path length in 

bypass network was higher than for no-bypass network. Compared with the results 

in 4-node network, the gap between 6-node bypass and 6-node no-bypass network 

was smaller. 

 

Figure 5-15: The average path length of hardware-efficient RWA algorithm in 

no-bypass and bypass 6-node network  
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Figure 5-16: Average accepted bandwidth of hardware-efficient RWA 

algorithm in no-bypass and bypass 6-node network  

Figure 5-16 showed the average accepted bandwidth of hardware-efficient 

algorithm in 6-node network. The tendency of average accepted bandwidth in these 

networks did not had clear tendency and average value were used as fit curve. As 

shown in the figure, there were less wavelength fragmentation in bypass network 

than in no-bypass network, which explained why more traffic requests were 

blocked in bypass network but bandwidth blocking probability in two networks 

were the same. 

Figure 5-17 showed the average path length of NSF bypass network and NSF no-

bypass network. According to the figure, the average path was stable in both 

network and there was no difference between results in bypass and no-bypass 

network. Figure 5-18 showed the average accepted bandwidth of bypass NSF 

network and no-bypass NSF network. Average accepted bandwidth in bypass and 

no-bypass network were almost the same, which explained why blocking 

performance in two networks were the same. The results of NSF network showed 

that, when network is big enough, bypass connections would not influence the 

blocking probability or path selection. 
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Figure 5-17: The average path length of hardware-efficient RWA algorithm in 

no-bypass and bypass NSF network 

 

Figure 5-18: Average accepted bandwidth of hardware-efficient RWA 

algorithm in no-bypass and bypass NSF network  

The number of saved WSS in different topologies were recorded in Table 5-1, 

which showed that, when network was larger, more bypass connections were 

applied in the bypass network and more hardware resource could be saved. 
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Table 5-1:  The number of bypass connection and saved WSS in different 

topologies 

Topology 
 

The number of bypass 
connections 

The number of saved 
WSS 

4-node 16 184 

6-node 28 328 
NSF 88 1096 

 

5.5 Reliability Analysis 

As stated in Section 3.2.2.1, I recorded 4 deliverables to verify the reliability of my 

collected data in the ROADM function test. The traffic status indicated if the traffic 

request was accepted. Once a traffic request was rejected, I checked the wavelength 

slots required by the request and the wavelength resources that were recorded 

before the traffic request arrived. If there were no free wavelength resources for the 

request, this means that the rejection was correct and the output port of this failed 

traffic request was indicated as -1. To verify the reliability of the number of active 

hardware devices, I recorded the time in seconds when the number of WSSs 

changed. When the script reached this point, I used the variable explorer to check 

the simulation step by step to ensure that the number of active WSSs was correct. 

By checking the scripts and repeating the tests with different random seeds, I 

reduced the unreliability of the baseline RWA algorithm tests. By checking the 

scripts, I reduced the unreliability of the three test and the hardware efficient RWA 

algorithms. The validity of the data was checked via the results. Since the three test 

RWA algorithms had a better routing algorithm, the bandwidth blocking 

probability results of these three RWA algorithms should be lower than the result 

of the baseline algorithm in a bypass network. However, the performance of the 

baseline algorithm in a no-bypass network was better than other algorithms in 

bypass network when the traffic load was high, which met my expectations of 

validity mentioned in Section 3.3.2.2.2 

5.6 Validity Analysis 

The validity of the ROADM test results could refer to the results of [1]. In my 

project, I deployed unidirectional fiber and my controller rejected a traffic request 

when the WSS connected cores did not have wavelength resource for it. Due to the 

capacity constraint and continuous constraint* of optical network, the wavelength 

resources within a bidirectional fiber should be half of the wavelength resources 

                                                           
* Continuous constraint is also called wavelength continuity constraint, which means that one traffic 
request should occupy the same wavelengths in links that it occupied. 
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within a unidirectional fiber when the bandwidth of a frequency slot within the two 

fibers is the same. For example, in bidirectional fiber, transmissions going in 

different directions could not share the same wavelength slots, or interference 

appears and data lost; When traffic in different direction are in different fibers, the 

light going in one way could not affect the light going in the other way. Thus, the 

amount of accepted traffic in my simulations was greater than the result shown in 

[1]. The cost of devices mentioned in [1] is the result of the number of devices times 

a constant. Additionally, the trends of my results are pretty similar to those of the 

results presented in [1]. Thus, the results of my node architecture were deemed to 

be reliable and valid. 

I set break points when traffic requests were rejected. By checking what caused 

the traffic request to be rejected, I could verify the validity of the RWA test results. 

Additionally, the results of the test and the hardware-efficient algorithms were 

better than the results of the baseline RWA algorithm, which verified my 

expectation and the validity of the transcripts. The hardware-efficient results were 

close to the expect result in a no-bypass network and close to the optimal result in a 

bypass network, which verified the validity of the hardware-efficient results. 

5.7 Summary 

The results of ROADM showed that AoD could reduce the number of active WSSs 

without decreasing the number of accepted traffic requests. The results of the 

baseline RWA algorithm revealed that the bypass connections in a 4-node bypass 

network caused the blocking probability to increase. Based on the performance of 

the 3 test algorithms, I designed a hardware-efficient RWA algorithm, the results of 

which approached the optimal results in the network. The results of the 4-node 

network also proved that the results within the bypass network were constrained by 

the bypass connections while the results in a no-bypass network was determined by 

the network’s topology. When traffic topology changed to 6-node topology and NSF 

topology, the bypass connection was no longer the main factor that restricted the 

performance in bypass network. Results in a bypass network and a no-bypass work 

were both determined by the topology.  
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6 Conclusions and Future work 

This chapter closes this thesis. Section 6.1 draws conclusions from the results of the 

project and proposes possible future application of my results. Section 6.2 

introduces the limitations I encountered during the project, what I should do to 

overcome those limitations, and what I could gain if I overcome these limitations. 

Section 6.3 introduces the future work that I suggest others focus on and Section 

6.4 reflects on the impact of my results. 

6.1 Conclusions 

It today’s data era the capacity required of networks is growing exponentially. 

There are many solutions to the problems caused by this data explosion. In this 

project, I focused on deploying SDM to increase the network’s capacity. Fiber that 

supports SDM exists but suitable ROADMs will require more investment. 

Additionally, applying SDM in optical requires more WSSs in ROADMs. This 

inspired me to think about applying bypass connections in a WDM/SDM network. 

The main problem appears to be that the bypass connections negatively impacts the 

blocking probability and affects which RWA algorithm best suits such a network. 

As I proposed in Section 1.4, the goal of this project was to design and evaluate a 

hardware-efficient network with SDN control. This goal was divided into 3 

sub-goals: design of a bypass RODAM, bypass network simulation and proposal of 

a hardware-efficient RWA algorithm. I have completed all these tasks. Moreover, I 

found the suitable application scenario of the hardware-efficient network. The 

bypass ROADM could perform as well as a no-bypass ROADM and the controller 

could power off idle WSSs when the traffic load is low. I considered three different 

topologies of bypass networks. I used the 4-node bypass network to find the desired 

characteristics of an RWA algorithm suitable for a bypass network. Such an 

algorithm should assign the shortest path to traffic requests and minimize 

wavelength fragmentation. This desired algorithm is the hardware-efficient 

algorithm introduced in Section 4.3.3. The algorithm could use almost all of the 

wavelength resources in the network with little wavelength fragmentation. I have 

met all proposed goals. With the help of the proposed hardware-efficient algorithm, 

I found which situations the bypass connections suited best. When the topology 

was small and most node pairs have direct connections, such as in the 4-node 

topology shown in Figure 3-6, the bypass connections in the network increase the 

blocking probability and average path length. However, in a larger topology with 

more indirectly connected node pairs (such as the 6-node topology and NSF 

topology), the bypass connections no longer limit the performance of the RWA 

algorithms; thus, bypass connections are suitable for large-scale networks. 

Based on the results of my simulations and my experience, it is practical to 

introduce SDM and bypass connections into optical network because these would 

increase the network’s capacity while minimizing the number of active hardware 
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resources. This suggests that people should invest more time to find the optimal 

bypass connections in a WDM/SDM network. For example, how many cores should 

a MCF have; how long should the bypass connection be; and how many bypass 

connections should there be between two fibers. 

If I did the project again and had more time, I would like to build a library in 

OMNeT++ for this project. I would define all the elements I needed and write a 

detailed document to explain it. If I build such library, it would be easier to do 

future simulations. Since OMNeT++ provides counter and is driven by C++, I only 

need to adjust parameters of different elements instead of defining them again. 

Additionally, it provides user-friendly interface which may help others repeat my 

research. 

6.2 Limitations 

The first limitation comes from limitations on the available hardware. At the 

University of Bristol, the ROADM was realized via a programmable switch. Since 

the main focus of this project is the node algorithm instead of the ROADM, I did 

not use the switch to emulate the ROADM. Additionally, there was only one such 

switch, hence I could not simulate a network using hardware. 

I expected to simulate the bypass network and RWA algorithm in ONOS and 

OMNeT++. However, ONOS only support IP/optical networks and OMNeT++ 

required me to simulate all the elements within the network before I could start to 

examine the algorithms. Thus, I chose Python to simulate the networks and do the 

tests. The main drawback of Python was its speed when I attempted to simulate 

high traffic load situations. In this project, the unit for traffic load is Erlangs per 

node. The larger the topology, the greater the load in Erlangs that is required to 

effectively load the network. The calculation speed of Python led to long simulation 

times. Detailed simulation time were reported in Appendix A. 

Another fatal limitation comes from myself. I had limited knowledge about SDN 

controllers; as a result, I did not consider that controller’s processing of requests. 

6.3 Future work 

There are several aspects that are suitable for future research. People could spend 

time to achieve the controller's processing of requests. People ought to answer the 

question: how controller arrange upcoming traffic requests in queues and adjust 

their sequence to make full use of the network’s resource while providing a low 

probability of bandwidth blocking. I also suggest that others invest time to find the 

best bypass connection method. In this project, the bypass connection was only 

between two cores and there was no 3-hop continuous path connected via a bypass 

connection. The optimal bypass connections in different topologies might be 

different, hence it is important know how to assign the bypass connections to save 

hardware-resource while providing good performance. My project only considered 
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network without wavelength conversion. If wavelength conversion is introduced in 

WDM/SDM network, the number of wavelength fragmentations can be reduced, 

especially in large-scale network. When there are enough hardware devices, putting 

wavelength conversion into WDM/SDM network can be a promising solution to 

reduce blocking probability.  

6.4 Reflections 

There are 16 bypass connections in the 4-node bypass network, 28 bypass 

connections in 6-node bypass network, and 88 bypass connections in the NSF 

bypass network. According to the equations in Section 4.1.2, a 4-node bypass 

network saved 184 WSSs; 6-node bypass network saved 328 WSSs compared with a 

6-node no-bypass network; while the NSF bypass network saved 1096 WSSs in 

total. These results prove that a bypass network meets my expectation of being able 

to reduce hardware resources in a WDM/SDM network. Moreover, a hardware-

efficient network saves more hardware resources than a simple WDM/SDM 

network, and as the result consumes less energy.  If such a network is applied to a 

large-scale network, the network capacity could expand several times to meet the 

needs of today’s data explosion era. The bypass connections within the network 

consume less hardware resources and energy. Reduced energy consumption 

reduces greenhouse gas emission, which has a positive effect on the environment. 
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Appendix A: Simulation time 

All my simulations were achieved on a desktop in University of Bristol.  

Table I: Sever Information 

Type CPU RAM 

64-bit Operating System 
 

Intel(R) Core(TM) i7-4790 
CPU @ 2.40GHz 

16GB RAM 

 

 

Table II: Simulation Time 

Topology Type Time(s/traffic) 

4-node/ Baseline Bypass 0.0937 

4-node/ Baseline No-bypass 0.312 

4-node/ Random Bypass 0.0938 

4-node/ Pack Bypass 0.0937 

4-node/ Spread Bypass 0.0937 

4-node/ hardware-

efficient 

Bypass 0.0781 

4-node/ hardware-

efficient 

No-bypass 0.0349 

6-node/ hardware-

efficient 

Bypass 3.157 

6-node/ hardware-

efficient 

No-bypass 56.54 

NSF/ hardware-

efficient 

Bypass 19.09 

NSF/ hardware-

efficient 

No-bypass 1616 
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