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Abstract 
 

In recent years, operators have been constantly upgrading network capacity by deploying extra 

energy-consuming network elements due to the rapid expansion of high-bandwidth applications 

and the ongoing growth of Internet traffic. Optical transmission is also based on wavelength 

division multiplexing, which uses fixed channel spacing for a single or limited set of data rates. 

Power utilization is inefficient due to the constant channel spacing, which has an impact on 

operational costs and greenhouse gas emissions. In line of the aforementioned issues, the optical 

transport network is becoming the most energy-intensive segment. As a result, energy 

consumption is one factor that needs optimization in telecommunications networks.  

To reduce energy consumption in optical transport networks, many researchers employ 

optimization methods. They apply a single optimization algorithm and arrive at a conclusion based 

on the results of that algorithm. However, the performance of the algorithms varies from one to 

the next, making it difficult to rely on a single algorithm's output. The goal of this thesis is to 

compare and contrast the performance of three different evolutionary optimization techniques 

Particle Swarm Optimization (PSO), Genetic Algorithm (GA), and Differential Evolution (DE) in 

the energy-aware routing of the optical transport network. 

The problem, Energy-aware routing, is modeled as MILP using MATLAB. The model is passed 

to PSO, GA, and DE for optimization. These three algorithms are evaluated in terms of fitness 

finding, computational complexity, and convergence rate as performance metrics based on their 

output. 

Finally, under low traffic demand (100Gbps-5.6Tbps), PSO outperforms both GA and DE 

However, GA outperforms both PSO and DE in high-traffic (5.6Tbps-10Tbps) situations in terms 

of energy savings. PSO outperforms GA and DE in terms of computational complexity, taking 

68.79% and 26.52% less time respectively. As a result, GA is more practical for high-traffic 

services, whereas PSO is for low-traffic ones. 

Keywords: OTN, Optimization, ASON, Evolutionary Algorithm, Energy, GA, PSO, DE, EA-

RWA. 
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1. Introduction 

Nowadays, the continuous development of internet technologies and huge business tendencies 

contributes to increasing bandwidth demand [1]. As shown in [2], the total energy consumption of 

the telecommunications network segment increases with the increase in traffic demand. Even if 

customer side premises consume significant power than operator side, fixed and mobile access 

network shows the highest energy consumption. In addition to these parts, it can also be observed 

that with the growth of traffic, the power consumption of the core network will show increments. 

Some related work shows that the energy consumption of the wired access network depends on 

the number of connected users and increases with the increase of the number of users, while the 

energy consumption of the backbone network is proportional to the traffic [2],[3]. 

 

Figure 1: Energy Consumption forecast of telecommunication networks [3] 

As indicated in Figure 1, energy usage in the telecommunication industry has increased 

significantly during the past year. In recent years, reducing the energy consumption of telecom 

networks has become a key issue. To fill this gap, optimization becomes key to optimizing network 

resources before network deployment. From the standpoint of the service provider's network, the 
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approaches are classified into two categories, energy-aware network design and energy-aware 

network operation.  

Network architecture modification, traffic grooming, and topology optimization are strategies in 

the design approach that can be considered throughout the design stage of a service provider's 

network segment. Sleep mode operation, energy-aware routing, energy-aware resilience, and 

dynamic operation are just a few examples of operational approaches that can be used throughout 

a network segment's operational stage. Figure 2 summarizes the classification of energy efficiency 

enhancement options at the network level [3]. 

 

 

Figure 2: Optical Network Energy Efficiency Improvement Approach [3] 

Some researchers [4],[5], have studied the problem of optical network energy consumption using 

a single optimization algorithm and made some improvements. But, since the performance of 

optimization algorithms varies in performance, relying on and concluding the result based on a 

single algorithm’s performance is not feasible. a comparative analysis of optimization and 

optimization algorithms is needed to determine which method has a significant impact on the 

power consumption of the optical network. 

This research aims to compare and evaluate the performance of energy-aware route and 

wavelength assignment optimization algorithms’ considering current OTN architecture.  Based on 
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the performance of the algorithm, the best algorithm is recommended for ethio telecom as an input 

to minimize the energy consumption of the core network, thereby minimizing the company's 

OPEX. In addition, it is also used as an input for telecom operators, making algorithm performance 

one of the Service Level Agreement (SLA) indicators. 

This chapter will provide an introduction to the study by first discussing the background of optical 

transport network energy consumption and optimization algorithms, followed by the research 

problem, research aims, objectives, and finally the significance of the research. 

1.1. Motivation  

Starting from the beginning of the millennium the power consumption of telecommunication 

networks and their segments is increasing and is expected to keep increasing in the future due to 

the growing traffic demand,  it increases the proportion of energy consumption in the ICT industry 

to contribute 1-2 % to global energy consumption [6]. 

Even if customer side premises consume significant power than operator side, fixed and mobile 

access network shows the highest energy consumption. In addition to these parts, it is also observed 

that the power consumption in the core network will show a high increment in line with traffic 

growth [3]. Some related work shows that the energy consumption in wired access networks is 

dependent on the number of connected subscribers and increases with the increase in the latter as 

contrasted to that of backbone networks which is more proportional to the traffic volume. 

Operators must upgrade their networks in order to cope with the increased traffic volume. A 

network capacity upgrade necessitates the deployment of new telecom infrastructure which leads 

to an increase in labor costs and overhead costs, resulting in an increase in the operators' CAPEX 

and OPEX. Furthermore, increased energy consumption is a major source of greenhouse gas 

emissions, which can contribute to global warming. As a result, environmental concerns should 

have been taken into account in telecom policies [7]. 

Overall, as energy consumption reduction becomes one of the ICT sector's top concerns, efforts 

committed to the research and development of energy-efficient processes would be especially 

advantageous in the telecom sector. 
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1.2. Statement of the problem  

Despite the growing high traffic volume on the optical backbone network, many researchers focus 

on improving the performance of optical networks than observing an energy consumption 

perspective. Usually, optical networks are designed and over-provisioned considering future traffic 

growth without consideration of today's power consumption. Because of these limitations, 

different approaches and algorithms came to improve the energy efficiency of optical networks 

such as energy-aware traffic grooming, sleep mode operation algorithms, energy-aware routing 

and wavelength assignment algorithms (EA-RWA), and energy-aware placement of inline optical 

amplifiers are common approaches. 

Some researchers[3],[8],[9], model and address energy-aware route and wavelength assignment as 

integer linear programming, and use a single optimization algorithm to optimize the model and 

achieve some improvements. However, optimization algorithms vary in performance, relying on 

and concluding the result of a single algorithm’s performance is not feasible. a comparative 

analysis of optimization algorithms is needed to determine which method has a significant impact 

on the power consumption of the optical network. 

This work attempts to minimize the energy consumption of OTN by modeling energy-efficient 

routing algorithms. To achieve these, three optimization algorithms are selected for model 

minimization, analysis, and performance comparison of the algorithms in aspects of fitness 

(minimum energy) finding ability, convergence speed, and algorithm running time. 

1.3. Objective  

1.3.1. General Objective 

Given the need for research regarding optical transport network energy consumption, the main 

objective of this thesis is performance comparison analysis of energy-aware route and wavelength 

assignment optimization algorithm in optical transport network using ethio telecom OTN topology 

as reference topology. 
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1.3.2. Specific Objective 

• Identifying energy consumption minimization strategies in the optical transport network 

and approaches to the optimization problem. 

• Modeling the energy consumption of optical transport networks. 

• Reviewing of optimization algorithms.  

• Compare and analyze Performance of EA-RWA optimization algorithms. 

• Based on the comparative analysis obtained, recommending an optimum state of this work 

for ethio telecom is my final work. 

1.4. Methodology 

In this thesis, the-state-of-art, works relating to the energy minimization approach of the optical 

transport network and the statements of the problem are used as a basic basis for achieving 

objectives. 

The methodology first examines various related technologies enabling energy consumption 

minimization of the optical backbone transport network architecture. Based on the current 

architecture of the ethio-telecom optical backbone network, the simulation setup is laid using ethio 

telecom’s western region OTN as reference topology. 

From this topology, all the necessary data, such as total aggregated traffic, the number of allowed 

wavelengths, number of currently used wavelengths, current link capacity, the number of OTN 

nodes, the number of Optical Line Amplifier (OLA) sites, the number of Reconfigurable Optical 

Add and Drop Multiplex (ROADM) sites, the number of links are collected from the ethio-telecom 

network management system (NMS) server. 

In addition, since each card in the OTN contributes to the power consumption of the optical 

network segment, it is a problem to get the power consumption of each OTN card. The energy 

consumption standards and specifications of each card differ from vendor to vendor or product 

manufacturer. To solve this problem, the power consumption of each OTN card was collected from 

different related works, and the average value of the power consumption of each card was 

calculated and used in the model.  
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Then the methods of modeling, optimizing, comparing, and evaluating the selected optimization 

algorithms for this thesis using OTN network architecture from an energy perspective are 

followed. In the modeling part, the main contributors for energy consumption of optical networks 

are considered and formulated as mixed-integer linear programming (MILP).  

Due to the NP-complete nature of route and wavelength assignment problems especially as the 

network size becomes larger, three heuristic algorithms have been proposed for performance 

comparison analysis by keeping feasible computational complexity. Then the mathematical model 

formulated is applied using selected optimization algorithms to find the minimum energy-

consuming path from all candidate paths and evaluate, compare which algorithms perform more. 

Traffic scenarios are selected to evaluate the performance of the algorithms. These traffic types 

are generated using tools MATPLANWDM in the form of a traffic matrix. After traffic generation 

including other parameters, the main optimizations are done using MATLAB. 

Finally, based on the output of optimization algorithms for given scenarios, results are collected 

and presented graphically for comparative analysis with respect to fitness finding (energy 

consumption of the path) of algorithms, the convergence rate of algorithms and run time of 

algorithms are evaluated and analyzed as performance evaluation metrics. 

1.5. Scope and Limitation 

1.5.1. Scope of the Thesis 

This thesis only focuses on the comparative analysis of three evolutionary optimization algorithms 

performance in the field of optical transport network energy consumption using ethio-telecom 

backbone OTN topology as a case study. 

1.5.2. Limitation of the Thesis 

The lack of specifications for the power consumption of each OTN card and the lack of detailed 

routing and wavelength allocation algorithms for telecom operators is one of the challenges. Due 

to this average power consumption of different vendor OTN cards are collected from different 

research papers and used in the model. In addition, NP-hard optimization problems require a high-

performance computer to find a reasonable solution.  



 

7 | P a g e  
 

    

1.6. Contribution of the Thesis 

The proposed energy-efficient routing and wavelength assignment algorithms have potential 

applications for vendors, network equipment manufacturers, and network operators, especially 

when energy consumption becomes a core indicator of the ICT sector.  

The work can provide potential input for network equipment manufacturers to design energy-

aware OTN cards at the component level. From vendors’ point of view, the work gives the insight 

to consider energy consumption during the planning and design stage. From the operators' 

perspective, this work helps to reduce the company's operational expenses by decreasing over-

provisioned energy-consuming OTN resources. Furthermore, it is an input for operators to include 

energy as a metrics in service level agreements (SLAs) with vendors. Finally, the research suggests 

recommended optimization algorithms according to different traffic loads. 

1.7. Literature Review 

Recently, ITU-T [10],  proposed to treat energy consumption as a performance indicator, because 

energy has become a major issue in the ICT field [10].  There are multiple ways to improve the 

energy efficiency of the optical transport network. Many publications are observed that evaluate 

the energy efficiency of different network architectures. The purpose of this literature review is to 

highlight methods of energy minimization in optical transport networks. The revision of the 

literature is grouped according to the topics that are covered and the methodological approach of 

the paper in energy minimization of optical transport networks.  

Sleep mode operation which is allowing some network components to operate in a sleep or low 

power state after traffic on the path has been rerouted to another working path, is one method of 

minimizing energy consumption in optical networks. 

Authors in [3],[11],[12], focus on sleep mode operation and develop various ILP and MILP to 

model sleep mode models for OTN energy consumption minimization.  Throughout the literature, 

there is consistent evidence that sleep mode operation shows great improvement in energy 

minimization, especially for survivable networks. Author in [3], model ILP to enable sleep mode 

operation in OTN, by considering Physical Layer Impairment and power attenuation as constraints, 

besides the paper, also touches the impact of the model on QoS of OTN and shows that around 
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51% of power is saved using sleep mode optimization approaches. Also [11], [12], propose an ILP 

model to make protection path of OTN on sleep state and to achieve proper light path routing. 

Optimal results of the ILP model save up 40% and 25% of energy consumption respectively.  

In these articles, both authors focus only on optical switches and amplifiers of the protection path.  

But, due to the use of different reference topologies and the use of different constraints in the 

model, we observe from the article’s different percentages of energy savings. Most of these 

strategies, seek to conserve energy by focusing only on the protection path.  But making a working 

path on the sleep mode has risks to services. Therefore, the sleep mode algorithm has limitations. 

Energy-aware optical network design such as IP over OTN, energy-efficient optical amplifier 

placement is another strategy to reduce the energy consumption of optical transport networks at 

the design level. IP over OTN is a technology used in the backbone to integrate IP routers and 

switches into OTN. This approach saves network components such as interface cards and 

processors, leading to minimized power consumption. 

Authors in [13], [14], [15], compares IP over different architectures of OTN.  In [13], IP over fixed 

grid OTN network using Mixed Line Rate (MLR) and Single Line Rate (SLR) for energy 

consumption perspective comparison is done. MLR is where a multi-rate channel (10 

Gbps,40Gbps,100Gbps) runs on the same fiber while SLR has the same rate per fiber. The paper 

proposes a mathematical model for energy-aware transparent, translucent, and opaque network 

architecture and tests the model using SLR and MLR in all cases. Finally, the paper explores MLR 

architecture shows great efficiency on energy consumption for all three optical architectures than 

SLR.  

In IP over flex grid OTN, Orthogonal Frequency Division Multiplexing is emerged to support 

heterogeneous traffic demands. In flex grid architecture, a classical transponder is changed to a 

sliceable transponder to transmit and receive multiple optical flows, minimize energy consumption 

and increase flexibility. In the former paper [14], different energy-efficient traffic grooming in IP 

over EON was investigated. Energy-efficient ILP models considering IP router ports, optical 

switches, and Bandwidth Variable Transponders (BVT). Three types of BVT were investigated in 

terms of their energy consumption.  Finally, significant power savings can be achieved by using a 

sliceable optical transponder architecture. But there is no improvement in energy consumption as 

transponder slice ability increase because more guard bands are increased which results in 
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amplifier power consumption in BVT. However, the above-mentioned energy-aware network 

architecture design is difficult to implement on already deployed networks because changing 

deployed architecture entails the deployment of additional equipment which increases CAPEX and 

OPEX. Then energy optimization at the operation level is needed.  

Network power consumption can also be improved by using an energy-aware traffic grooming that 

combines different low-speed traffic into larger units, and route optimization, where an energy-

aware path is selected before traffic flows. 

In many papers [16],[17] different optical network grooming techniques are used to minimize 

optical transport network energy consumption. In these papers, link-by-link and end-to-end traffic 

grooming are compared in terms of their energy consumption.  Link-by-link traffic grooming is 

when all data traffic below standardized granularity is mapped to the next higher standardized 

granularity, 90Gbps is mapped to 100 Gbps, at each node. This mapping requires a conversion 

from optical to electrical domain at each node, requires many additional transponders for 

conversion, which incurs in additional energy consumption.  

While end-to-end traffic grooming is when traffic demands stay in the optical domain starting from 

source to destination. The authors add the energy consumed in the conversion process. Based on 

the result trends the author models the energy-aware traffic grooming approach. Finally, the author 

found that at low traffic demand 4 % and 10 % of the energy out of total energy consumption can 

be saved using link by link and end to end traffic grooming respectively. But, good performance 

of grooming techniques depends on the granularity of the demand light path capacity. 

Furthermore, the authors in [18] recommend the energy-aware heuristic routing algorithm using 

the Ant Colony Optimization algorithm. The heuristic method splits original bandwidth 

asymmetrically into smaller streams to route independently, starting from the same node to the 

same destination by using different paths. Then, using ant colony optimization algorithms, the 

most energy-efficient routes from source to destination are found per traffic request. 

However, in this rapidly changing traffic demand which results in an increment of energy-

consuming devices, only doing and concluding the performance using a single optimization 

algorithm is not enough. To better understand how much energy is saved, evaluating the model 

using different optimization algorithms is needed.  
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This thesis includes at least three optimization algorithms performance to find the minimum 

energy-consuming path of the OTN route from source to destination. compare and evaluate the 

performance of algorithms by giving a single MILP mathematical model for three of them. 

1.8. Thesis Layout 

This thesis is made up of six chapters. The thesis is introduced in the first chapter. It includes 

background information, problem statements, research objectives, methods of how to achieve the 

objectives, the scope and limitations of the article, contributions from the article, and related work. 

Chapter 2 briefly describes the optical transport network such as OTN architecture, traffic 

engineering, OTN transport mode, building blocks, optical operational issues, and network design 

strategies. 

Chapter 3 deals with current trends in energy consumption in the ICT sector and optical transport 

networks in the core network of telecom. At the last, energy consumption minimization approaches 

in OTN are mentioned. 

In Chapter 4, mathematical modeling of the energy-aware route and wavelength assignment in the 

optical transport network is modeled. In addition, the meta-heuristic optimization algorithm, 

genetic algorithm, particle swarm algorithm, and differential algorithm used to optimize the model 

are discussed in detail. 

Chapter 5 provides the results and discussion of the work, especially the performance comparison 

of the three selected optimization algorithms used in this thesis to optimize the energy consumption 

of optical transport networks in route and wavelength assignment segments. The algorithms’ 

performance is compared in terms of fitness finding capacity, run time, convergence rate as 

performance metrics. 

At last, Chapter 6 summarizes the investigation. The fundamental work of this paper is 

summarized, the main contributions are emphasized, and the potential importance of the work is 

discussed. Furthermore, the research has identified some possible future directions, especially in 

the field of minimizing the power consumption of optical networks. 
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2. Optical Transport Network 

This chapter provides an overview of the technologies that enable the use of the new generation of 

optical transport networks. First, the evolution of optical networks is briefly discussed. As shown 

in Figure 3, Since there are many evolutionary stages, in this section only ASON-enabled OTN 

which is a dynamic wavelength-routed optical transport network is focused. Then building block 

of the OTN network, OTN transport mode followed by OTN operational issues are discussed in 

this section. 

An optical network is a system that uses fiber optics as the transmission medium. An optical fiber 

can use wavelength division multiplexing (WDM) to multiplex and carry multiple optical signals 

over a long distance. Compared with other transmission systems, optical transmission has many 

advantages. These include high bandwidth, low signal attenuation, and anti-electromagnetic 

interference capability, and long-distance transmission range [3]. 

2.1. Evolution of OTN 

 

Figure 3: Optical network evolution roadmap [19] 

Since the late 1990s, traffic has grown exponentially due to explosive demand for the Internet. 

Since then, the development of the network has shifted from voice-centric services to IP-centric 
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services, forcing a transformation of the optical transport network towards models that can handle 

such a volume of traffic [19].  

In first-generation optical transport networks, multiple nodes are connected by static point-to-point 

wavelength Division Multiplexing (WDM) optical links. With this architecture, data must be 

electrically processed at each node. At each node, an optical-electrical (O / E) conversion is 

conducted to process the data electrically for incoming traffic and an electrical-optical (E / O) 

conversion for outgoing traffic. This conversion leads to high overhead, inefficient data 

processing, and high network provisioning costs (CAPEX) due to the large number of transceiver 

pairs required. Additionally, the static nature of this network architecture made connection 

provisioning manual and time-consuming [19]. 

Wavelength-routed optical transport networks are the result of technological improvements in the 

transport layer that have been added to overcome the above limitations. OTN plane came with 

Optical Add Drop Multiplexer (OADM), a device capable of inserting or extracting certain 

wavelengths to or from the network and letting the remaining wavelength to pass through the 

optical domain. In this way, end-to-end optical circuits (or light paths) are established keeping the 

data transmission in the optical domain from source to destination, thus avoiding O/E/O 

conversions of the traffic not terminating in the node.  Besides, in order to increase a certain degree 

of dynamism into OTN, Reconfigurable OADM devices (ROADMs), which allow remote 

configuration of the wavelength were developed. In addition, an Optical Cross-Connect device 

which is capable of switching a wavelength from any input port to any output one is also introduced 

in this architecture. The inclusion of these technology changes the architecture of the network from 

IP/ATM/SDH/OTN scheme to two-layer IP/OTN without losing the benefit offered by ATM and 

SDH  [19]. 

2.2. Architecture of OTN 

Three organizations are committed to developing open standards for optical transmission 

networks. ITU-T has issued G.872, G.709, and G.8080/Y.1304 Recommendations, which define 

the reference architecture of the optical transport network (OTN), the reference architecture of the 

OTN interface, and the control plane. 
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The Internet Engineering Task Force (IETF) is committed to standardizing many protocols at the 

control level of transmission networks This group of protocols is collectively referred to as General 

Multi-Protocol Label Switching (GMPLS). The Optical Interconnection Forum (OIF) develops 

implementation protocols for the user-to-network interface (UNI) and node-to-node interface 

(NNI) of optical networks. The Optical Channel (OCH), the Optical Multiplexing Section (OMS), 

and the Optical Transmission Section (OTS) are all layers in the OTN [20].  

 

Figure 4: OTU Client Signal Mapping [21] 

• OPU: - Optical channel payload unit is the part of an OTU frame that carries the payload and 

overhead through the optical transport network. This contains encapsulated client data and a 

header that describes the data type required to support the mapping. 

• ODU: - This level of optical data unit adds optical path power monitoring (PM), alarm 

indication signal, tandem connection monitoring (TCM), and protection control 

communication channels for automatic protection switching. 

• OTU: - The optical transmission unit represents a physical optical port, and performance 

monitoring and forward error correction (FEC) is added. 

• OCH: - Optical Channel is an end-to-end optical path. 
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OTU type OTU nominal bit rate Frame period 

ODU0 1.244 Gbps 98.354 µs 

ODU1 2.498 Gbps 48.971 µs 

ODU2 10.037 Gbps 12.191 µs 

ODU2e 10.399 Gbps 11.767 µs 

ODU3 40.319 Gbps 8.05 µs 

ODU4 104.794 Gbps 1.168 µs 

Table 1: OTN bit rates [22] 

OTN allows single and multi-step multiplexing into higher containers, as seen in Figure 5. The 

ODU0 payload which operates at 1.25 Gbps is the smallest OTN container. The ODU0 payload 

was designed to allow mapping choices for lower-rate signals like OC-3 (155 Mbps) and OC-12 

(622 Mbps). However, mapping a lower service into the ODU0 container is inefficient bandwidth 

usage. Additional mapping structures for mapping ODU0, ODU1, ODU2, and ODU3 signals into 

these higher-rate payloads were defined as signal rates grew to 40 Gbps (OTU3) and 100 Gbps 

(OTU4). All vendors' OTN products now have a common standard for multiplexing and 

demultiplexing services allowing for multi-vendor interoperability. 

 

Figure 5:OTN Mapping Hierarchy [21] 
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The ASON architecture is defined by ITU-T G.8080 and consists of three well-separated planes. 

A transmission plane is a hierarchical plane, also known as the data plane, which represents the 

functional resources of the network and transmits user, control, and management information from 

one location to another. The control plane is in charge of call control and connection control. It 

also provides network intelligence in the form of automated discovery, routing, and signaling. 

The management plane manages and coordinates the transport plane, control plane, and system 

operation as a whole. Network elements and network services are performed by the management 

plane. In general, this plane is not as automated as the control plane. 

2.3. Traffic Engineering 

Traffic engineering contains all network-related concepts such as measuring network traffic, 

analyzing, modeling, characterizing, simulating, and controlling network traffic. In this process, 

the control, data, and management plane are all involved. 

 

Figure 6: WASON Enabled Network Planes [23] 

Predicting network usage and investing in the correct components and resources on the network is 

essential for a cost-effective network business. Well-designed network planning also helps to use 

TE methods and improve network efficiency, because using TE makes network optimization 

easier. Like other network segments, the optical network segment also uses TE to improve resource 
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utilization and improve the performance and efficiency of the optical network [24]. The main TE 

techniques applied in the optical network are 

Routing: - The optical network currently supporting WSON has a GMPLS control plane 

mechanism and uses Open Shortest Path First Traffic Engineering (OSPF-TE) for routing. This 

protocol is used for automatic topology discovery and advertisement of resource statuses such as 

bandwidth and protection type. 

The main functions introduced by the TE extension are advertisement of protection types, 

implementation of derived links to improve scalability, acceptance, and notification of links 

without IP addresses link IDs, and route discovery for backup that is different from the primary 

path [3],[25]. 

Signaling: - The Resource Reservation Protocol-Traffic Engineering is the most commonly 

utilized protocol (RSVP-TE) in the signaling process. This protocol is used to set up the label 

switched path (LSP) developed for traffic engineering. The major enhancements are Label 

exchange to include non-packet networks, the establishment of bidirectional LSPs, signaling for 

the establishment of a backup path, expediting label assignment via suggested labels, and 

waveband switching support [3]. 

2.4. Physical Building Blocks of OTN 

In addition to other components, a typical optical transmission network is mainly composed of 

three components. OXC, optical amplifier, which includes pre, post, line amplifier, and 

transponder [3].  Fiber optic data transmission, long-distance network switching, and optical 

amplification are the main tasks of the transmission network [8]. A set of optical elements is 

described below that will be mentioned in different sections later. 

2.4.1. Optical Fiber 

Optical fiber is a medium used for transmission in optical transport networks. An optical fiber is 

made up of a core, which is surrounded by a cladding material with a lower refractive index. Using 

the principle of total internal reflection at the interface of the core and cladding, it can be used as 

a waveguide to transmit light between the two ends of the fiber. It is not interfered with by 

electromagnetic energy and is usually much lower in loss than copper wire, so it can be transmitted 
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over longer distances. In addition, it provides a wider bandwidth and is cheaper than copper wire, 

allowing transmission over longer distances. 

Depending on the number of supported propagation modes, there are different types of fiber, 

namely Single-Mode Fiber (SMF), which allows propagation in one mode and is the most 

widespread (ITUT G.652). Single-mode fibers are usually used for long-haul optical 

communication because of lower loss and high bandwidth. 

The second mode is Multi-Mode Fiber (MMF). This allows multiple modes to propagate and has 

a much broader core (50 or 62.5 µm compared to approximately 9 µm for SMF).In real deployment 

scenarios, SMF fibers are often deployed [8]. 

2.4.2. Optical Transponder 

The transponder (TSP) is an operational element of the optical network because it is responsible 

for generating and receiving optical signals at a specific ITU-T network wavelength. TSP can 

generally be adjusted in wavelength and can be adjusted to a selected wavelength. TSP can be 

described by a variety of factors, but line speed (LR), transmission range, and power consumption 

(PC) are three of the most essential in terms of network planning. From those defined by the ITU-

T in Recommendation G.694.1, each signal is allocated a fixed channel slot in the C-band (for 

example, a 50 GHz slot). Recently, the maximum capacity of a single optical signal has been 

limited to 100 Gbps. Therefore, assuming that all 80 channels are utilized, each fiber link can 

transmit a maximum capacity of approximately 8 Tbit/s [8]. 

2.4.3. Optical Switching  

This element is used to switch optical signals carried on any wavelength at an input port and 

switching it to a particular output port. The switching process can be performed electronically, 

optically, or a combination of both. Optical switching is usually preferred as it allows for directing 

the light between different ports without O/E/O conversions. Thus, reducing PC. 

In the fast-growing traffic environment, various optical switches can be created and adjusted to 

meet the newly increased traffic demand. Upgrade capabilities usually require manual 

reconfiguration of new equipment. Therefore, the reconfigurable function is essential for optical 

nodes to resolve possible changes and simplify network management and intervention [8]. 
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Figure 7: Optical cross-connect (OXC) switch [19] 

In particular, some of the desirable characteristics of optical switches that increase flexibility and 

facilitate the network planning process are higher-level switching, simplified node architecture, 

colorless, directionless, and contention less (CDC) characteristics, which allow the tunable 

transponder, ability to switch from any input to any output port and the possibility of reusing the 

same wavelength on different physical path respectively [19]. 

Compliant with the ITU-T standard Today’s optical transmission network includes a set of OXCs 

that perform signal switching at the optical level while maintaining frequency planning and the 

ability to add/remove or switch 50 GHz / 100 GHz channels. In the future, some new optical switch 

parameters will continue to emerge, such as variable bandwidth components compatible with 

flexible frequency networks (BVT-OXC), through which optical signals can be allocated with 

different spectral widths. In this way, only the required spectral size can be allocated to the optical 

path, thereby reducing spectral occupancy[8],[26]. 

2.4.4. Optical Amplifier  

Optical amplification is the basic driving factor of long-distance optical communication. It can 

increase the power level of optical signals without converting them into electrical domains, such 

as in regenerators. This makes it possible to increase the distance the optical signal can pass 

through the optical fiber. There are two main types of amplification well known in optical 

transmission networks, which will be discussed in the following subsections. 
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Figure 8: Representation of Optical Amplification (a) EDFA, (b) Raman [8] 

Raman Distribution Amplifier 

The operation of the Raman amplifier is based on the principle of stimulated Raman scattering 

(SRS), which is a non-linear effect that occurs in optical fibers. The Raman amplifier is composed 

of a high-power pump laser, a fiber coupler, and a transmission fiber as the gain medium. 

Distributed Raman Amplification (DRA) lasers can be connected to fiber in a reverse pumped or 

directly pumped configuration, as shown in Figure 4b. Reverse pumping assumes that pump power 

is introduced at the end of each span and propagates in the opposite direction of the signal. Since 

the gain occurs with the transmission fiber, DRA prevents the signal from being attenuated to a 

very low power level, thus increasing the OSNR of the transmission signal [8].  

Erbium Dopped Fiber Amplifier 

The erbium-doped fiber amplifier (EDFA) has been one of the key drivers for the widespread 

deployment of OTN systems. Since the early 1990s, these OAs have been commercially available. 

EDFA is based on the effect of stimulated emission. EDFA should be pumped at 980 nm or 1480 

nm. The main advantage of using EDFA is that it can amplify all channels in the C-band spectrum 

(1530-1560 nm). The noise figure of the commercially available EDFA can be in the range of 4 to 

6 db. EDFA is the most widely implemented OA [8]. 

In addition, OA can amplify all signals contained in the C-band spectrum. AO can provide various 

functions based on the type of OTN deployment scenarios. 

• In-line amplifier: - Is passive transmission fiber links to compensate for transmission loss. 

This amplifier is placed in a link with a fiber span of approximately 80 kilometers. This is 

mentioned in this thesis as OLA. 

• Add/Drop stages amplifier: - is used in the add/drop phase to compensate for the insertion 

loss of the splitter/combiner placed before and after the transponder.  
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• pre-amplifier: -used before the receiver input to increase the signal strength of the 

incoming signal and compensate for the span loss before the node. 

• Post-amplifier: - Is used before the receiver input to increase the signal strength of the 

incoming signal and compensate for the span loss after the node.  

2.4.5. Optical Multiplex Demultiplex  

Optical multiplexing is a technique used to combine two or more input optical signal into a single 

transmission, while Demultiplexer separate combined signal into the distinct signal at the receiver 

end. To accomplish this, the different information channels must be separated by wavelength, time 

sequence, or polarization. They should be sent at the same time to enhance the capacity of the links 

[27]. 

2.5. Optical Transport Mode 

The optical transmission network can operate in different modes based on the use of optical-to-

electrical (O/E/O) conversion. Generally divided into three modes opaque, transparent, and 

translucent [28]. The following subsections describe their characters in detail. 

2.5.1. Opaque Network Mode 

A network configured in this mode performs O/E/O conversion of the signal at each node. The 

signal is terminated and regenerated at every node since the signal has to be converted to an 

electronic domain. An advantage of this mode is that it eliminates cascading of physical 

impairments, allows multi-vendor interoperability and full flexibility in signal routing. Besides, it 

provides good performance monitoring capability because the details of the frames are accessible 

at nodes, and it can improve capacity utilization of wavelength channels by providing sub-

wavelength traffic grooming [28]. When a pair of transponders are required for each single WDM 

channel, the downside of this operation mode is the capital and operational expenditure burden. 

Besides, new electronic switch nodes and higher-bit-rate optical transponders need to be deployed 

when the network has to support higher bit rates. 
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2.5.2. Transparent Network Mode 

A network operating in a fully transparent mode keeps the signal in the optical domain at every 

intermediate node.  Regeneration capability is not available as well. As the signal remains on the 

same wavelength to the destination node, this architecture implies end-to-end bit-rate and protocol 

transparency. However, because of the absence of O/E/O conversion, the optical signal quality 

degrades as they traverse, and hence, this type of network is limited by geographic extent. 

transponders are only needed for add/drop traffic while the remaining traffic could be passed 

optical domain only [28].  

2.5.3. Translucent Network Mode 

The translucent architecture takes advantage of both opaque and transparent networks. In this 

mode of operation, the optical signal travels in the optical domain as far as possible before it needs 

to be regenerated. Alternatively, to ease the wavelength continuity limitations, regeneration could 

be used. Noticed that the signal can be regenerated several times in the network before it reaches 

its destination and could be used different wavelengths at each segment. We mention this 

architecture here for completeness and this thesis will not address this architecture [28]. 

2.6. OTN Operational Issue  

As the network becomes more and more complex, so does the network problem. The role of the 

network optimization technique is an excellent way to design, determine, and operate a network 

in a cost-effective manner [28]. 

When looking at an optical network system, although OTN and other supporting technologies have 

a large capacity to support bandwidth-consuming traffic, there are operational problems that make 

it difficult to deploy and operate reliably. From the perspective of this work, the most influential 

topics are physical layer impairment and energy efficiency and awareness, which will be briefly 

discussed below [3]. 

Physical Layer Impairments: - Until recently, the problem of physical layer degradation in 

optical transmission systems has not received much attention. This is mainly because compared 
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with other technologies, optical transmission has a larger bandwidth advantage and can divert 

attention from the limitation [3],[29].  

When optical signals travel through optical fiber links and propagate through passive and/active 

optical components, they will encounter many impairments due to physical layer impairments such 

as attenuation, cross talk, amplified spontaneous emission noise, inter-symbol interference (ISI), 

thermal noise, and cross-phase modulation, the actual performance of the system may be 

unacceptable, which is particularly harmful in high-speed and long-distance transmission systems 

such as wide-area backbone networks. For this reason, physical layer impairment is among optical 

network problems which need optimization [29]. 

Routing problem: - Routing in optical networks is the particular set of rules that decide the path 

followed by the traffic units from their origin to destination nodes. The RWA problem is an optical 

networking problem in which the number of optical connections is maximized [30]. 

Wavelength assignment problem: - In an Internet Protocol (IP) network, a router receives a 

packet, analyzes the destination address of the packet header electrically, and transmits it to the 

next hop. In an optical path network, an optical path transits several optical cross-connects, each 

of which switches the optical signal carried on each wavelength to the intended direction. 

Switching in an optical cross-connect can be performed without electrical processing. Optical 

Cross-connect receives optical signals from different fibers and injects them into one fiber with 

different wavelengths. If optical paths are to be established, we need to consider the problem of 

how to assign a wavelength to each optical path. This problem is called the wavelength assignment 

problem [31]. 

Energy Efficiency Awareness: -  As stated in [32],[33],[34], one of the most important issues in 

the current development of telecommunications networks is the increase in power consumption 

and related greenhouse gas (GHG) emissions. The design and operation of the network usually do 

not consider minimizing power consumption. But now there are many initiatives such as Green 

Touch initiated by scientists at Alcatel-Lucent Bell Labs and Green Communications initiated by 

ITU, aiming to develop energy-efficient communication equipment and networks. 

In the context of optical networks, through the energy-saving design and operation of these 

network segments and related components, power consumption can be minimized, thereby 

maximizing the energy efficiency of the components and the entire network. 
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3. Energy Consumption Minimization in Optical Networks 

The ICT sector is rapidly becoming a major player in energy consumption perspective. Recent 

studies have shown that the impact of ICT on global energy consumption ranges from 2% to 10%. 

Telecommunications networks, data centers, and mobile RAN are the three major areas of energy 

consumption in the ICT sector [35]. 

As the use of data-intensive applications such as social media and content sharing platforms 

continues to increase, and the number of user-side devices continues to increase, the total traffic 

of telecommunications networks is also growing. Currently, traffic is growing at a rate of around 

40% per year, thus doubling roughly every two years. Consequently, the energy consumption of 

telecommunications networks is also increasing rapidly [36].  

As the increase in network usage has led to the further deployment of network infrastructure, 

greenhouse gas emissions from the ICT sector have also increased significantly. The Global E-

Sustainability Initiative (GeSI) estimates that in 2020, network infrastructure will emit about 350 

million tons 𝐶𝑂2  [35]. It is estimated that 𝐶𝑂2 emissions from telecommunications equipment in 

2020 will increase by 10% compared to 2002 [3]. 

Therefore, a great deal of research work in academia and industry has recently focused on reducing 

the power consumption of communication networks. The results show that using renewable energy 

sources such as wind and solar energy and the development/deployment of new architectures, 

protocols, and algorithms that run on hardware, software, and telecommunications equipment save 

significant energy. 

3.1. Energy Consumption in the ICT  

We are heading towards a fully connected world through the Internet. In 10 years, billions of 

devices connected to IT will generate 3.5% of global emissions and 14% in 2040. It is estimated 

that by 2025, the communications industry will contribute 20% of the world's energy consumption. 

Innovative technologies must be developed to reduce the amount of energy consumed by ICT [37]. 
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3.2. Energy Consumption in Telecom Networks 

Breaking down the various contributions of energy consumption in the ICT sector is likewise a 

tough process, especially given the wide range of contributions that must be taken into account. 

Telecommunication networks account for a considerable portion of the ICT sector's total energy 

usage in this regard [8]. According to [38], ICT industry energy consumption ranges from 6% to 

9% every year. at this rate, ICTs could account for up to 20% of overall electricity consumption 

by 2030. The same authors attempted to classify the PC in the ICT sector, including data centers, 

personal computers, and networks The PC of the Internet was dominated by the contributions of 

the access and core networks routing operations [39]. One of the most important points raised is 

that the quantity of energy consumed by communication networks is increasing at an exponential 

rate than the other contributions. 

3.3. Energy Consumption in OTN 

Currently, optical networks are implemented considering the worst-case scenario of traffic 

demand, including burst traffic which is usually not the case. Furthermore, resources are 

implemented to guarantee the reliability of the service, such as protection and restoration 

resources, which start only when there is a network failure but idle otherwise. Therefore, this 

creates a large space between the actual use of network resources and the capacity implemented. 

The main idea of energy-aware (EA) The design and operation of the network is to minimize this 

gap between energy consumption and the capacity offered. Optical networks can take a variety of 

techniques to improve their energy efficiency.  

These approaches are classified into different categories based on the point of view adopted by the 

authors In [8]. Energy consumption reduction in the optical transport network is broken into two 

main levels. Design level energy minimization and operation level energy minimization. Home 

networks consume significantly higher energy values than other carrier network components. 

Regarding the energy consumption of a network of operators, the authors assume that data centers 

will soon be the main contributor of energy consumption, followed by mobile and access parts. 

Additionally, as traffic increases, the core network is also likely to experience the highest increases 

in power consumption. 
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According to [40], the energy consumption of wired access networks is proportional to the number 

of customers connected. While backbone networks’ energy consumption is proportional to traffic 

volume. Although this section of the network does not make a significant contribution to energy 

consumption, it is strongly influenced by the increase in traffic volume. 

Furthermore, it has been estimated that the backbone network contribution would represent about 

8% of the total energy consumption of the operator. The study carried out in [41], breaks down 

several segments of a telecommunications network based on their energy consumption. The study 

shows that the transport and the core network are responsible for 30% of energy consumption in 

telecommunications networks. While the access part takes 70%. 

However, the authors also suggest that the power consumption of the core network is increasing 

at a higher rate and even exceeded, that of the access part. As indicated in several studies, 

appropriate measures should be taken to improve the energy efficiency of all segments. 

Furthermore, the study shows the transponder, the optical amplifier, an optical cross-connects 

switch (OXC), and the regenerators are the main contributors to the energy consumption in OTN. 

3.4. Energy Consumption Minimization Approaches in Optical Networks 

As mentioned in the previous chapter, one of the most important problems facing the development 

of today's telecommunications networks is the increase in energy consumption and related 

greenhouse gas emissions. Usually, the design and operation of the network do not consider the 

minimization of energy consumption. But today, a large number of activities have been carried out 

on a global scale to achieve the two objectives of the green network described in the previous 

chapter. 

3.4.1. Energy-Aware Design of Components and Network Elements 

The devices are the network's actual energy-consuming components. The energy efficiency of 

equipment can be enhanced through time, just as it can in other disciplines, thanks to technical 

advancements such as efficient metal oxide semiconductors (CMOS). The new transponders, for 

example, consume more energy than older transponders but transmit more data per unit of energy 

[8]. 
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3.4.2. Energy-Aware Transmission  

Communication in optical networks is performed by transmitting light pulses on optical fiber. The 

optical signal deteriorates together with the transmission, but different mechanisms can be existing 

to improve the quality of the signal and allow transmission over long distances. As mentioned, this 

can be obtained by optical amplification or regeneration. Normally, amplification is preferred 

whenever possible, since regeneration involves the O/E/O conversions dedicated by the channel 

that consumes significant amounts of energy [8]. 

The wide application of the optical bypass, which means that traffic that is not directed to the node 

remains in the optical layer without being converted into the electrical layer, can also help reduce 

the PC. An extension of the transparent reach that may be transported, amplified, and changed 

directly into the optical domain without being electronically processed offers a reduction in the 

number of O/E/O conversions. In a network so transparent, the O/E/O conversions would only be 

needed for the Add / Drop functionality in the interface between data equipment and the optical 

node. The switching energy required in an OXC is two orders of magnitude lower than the 

equivalent router switching energy [42], which leads to a power consumption reduction between 

the range of 25% and 45%. 

The amount of energy saved varies depending on the circumstance and is highly linked to the need 

for network regeneration, which, in turn, is dependent on the network's scale and transmission 

systems [8]. When the transmission rate increases, the transmission reach limitation becomes an 

even more restrictive factor. In future networks, in which 400 Gbps connections are expected, a 

large number of regenerations may be necessary for possible transmission, which will increase the 

power consumption of the network. In this context, the techniques for extending the transmission 

reach can also improve energy efficiency. Implementing low-attenuation and low-dispersion 

fibers, low-noise OAs, low-loss OXCs, or enhanced DSP and FEC algorithms at the receiver to 

achieve stronger compensation for physical impairments are just a few examples[8], [43]. 
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3.4.3. Energy-Aware Network Design Approaches  

By considering energy consumption during planning phases, network energy efficiency can be 

increased. In this sense, one of the key points that influence energy savings is the traffic model, 

which must be carefully analyzed before sizing the network. Some of the Energy-aware Network 

design techniques are:  

Network architectures: - To account for potential traffic changes in the future, network resources 

are frequently over-provisioned. A fine match of network resources to traffic demand would be 

desired to overcome this inefficiency.  The introduction of a mixed-line rate operation (MLR), 

where different types of line rates are combined in the same fiber, can be a good solution to replace 

the traditional operation of the single line rate (SLR) from the point of view of the minimization 

of energy consumption. Elastic Optical Network (EON) can also offer to achieve better use of 

adaptation rates transmission, which bring energy efficiency if we consider that great volumes of 

traffic are transmitted by Fiber, thus reducing the need to implement new network elements. This 

allows ISP to reduce the number of active parallel fibers and energy-consuming elements such as 

the optical amplifiers [8], [43]. 

Static traffic grooming strategies: - To make better use of the resources in OTN networks, traffic 

grooming can be used to combine multiple low-rate traffic demands into greater capacity light 

paths. This can make it possible to minimize the number of light paths that traverse the backbone 

and ultimately improve the overall energy efficiency of the network [14]. 

Optimization of the physical topology: - In many cases, physical topology is already given and 

you cannot install/uninstall existing network resources, some solutions try to investigate this 

strategy to reduce power consumption. In [42], that power consumption can be reduced up to 10 

% by using mesh and star topology than other topologies. 

3.4.4. Energy-Aware Network Operation Approaches 

These approaches try to improve energy efficiency by taking advantage of some of the current 

inefficiency problems caused by current operations. These energy-aware strategies can somehow 

degrade the performance of optical transport networks. Therefore, they must be carefully evaluated 

so that they do not affect SLA conditions or unstable the network. 
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Sleep-mode: - This method is based on partially disabling some of the devices or putting them 

into sleep mode or power-saving mode. Thanks to over-provisioned resources in the network, some 

elements of the node could be completely disabled if they are not the source or destination of traffic 

flows and are not on the path. If the traffic load is less than a certain threshold value, especially at 

night, the remaining traffic can be rerouted along the different links to allow a partial deactivation 

of some elements of the network. Common approaches tend to disable as many devices as possible. 

Sleep mode was largely designed for the IP layer, where this technique is easier to apply than the 

optical layer. In the optical layer, however, this strategy may not be interference-free for network 

operation, so the consequences are carefully evaluated so as not to degrade QoS. 

Energy-aware routing: - This strategy takes into account energy consumption for routing 

decisions. This can be done in addition to conventional metrics such as the number of hops, 

distance in K-shortest path algorithms, using power consumption as a metric [8]. 

Dynamic operation: - Static operation of the transport network can be inefficient. Resources are  

Permanently allocated according to the maximum traffic rate and transmissions always remain 

active, even if traffic is significantly lower than the maximum value. Therefore, devices always 

consume energy based on peak traffic demands, without considering potential traffic changes that 

may occur on the network [8]. Internet traffic is highly burst, operators can take advantage of this 

effect on the statistical multiplexing to use better use of network resources. The adoption of a 

dynamic operation in the optical layer can improve the use of resources since LPSs could be 

established and released as a request come when necessary.  Thus, reduce the PC. 
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4. System Model 
 

Until now, methods to minimize power consumption in optical networks have been discussed. This 

chapter takes a detailed look at energy-aware routing and wavelength assignment methods and 

uses three optimization algorithms to optimize the model from a power consumption perspective. 

Finally, the performance of these algorithms is evaluated, analyzed, and compared from the aspect 

of the algorithm's fitness finding ability, algorithm convergence speed, and algorithm execution 

time as algorithms’ evaluation metrics. 

 

 

Figure 9: Methodology Flow Chart 
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Figure 9 depicts the main flow of the work: traffic requests come from client networks such as IP 

routers, switches, SDH, ATMs, and other clients based on the request, the K-shortest path 

algorithm is run using Yen's algorithm to find the top 10 shortest paths from all possible paths, 

reducing the number of paths on which energy consumption optimization is performed. Yen 

algorithm takes a number of nodes, distance matrix between OTN nodes, source, and destination 

nodes, and a number of k shortest paths you want as input to compute and give k shortest paths 

from all possible paths as an output.  The output of Yen's algorithm is considered in the model 

prepared in section 4.2.1 as input in addition to other input parameters. A complete model of EA-

RWA is optimized using three different algorithms. Based on the performance of the algorithm, 

the source to destination path with minimum energy consumption is considered as an energy-aware 

route and a light path is established using the path. Finally, the performance of algorithms is 

evaluated. The sections below provide a detailed description of each stage. 

4.1. System Model Consideration 

The overall system design described in the above flowchart considers many parameters consistent 

with the design. The next section describes each parameter in detail. 

4.1.1. Yen’s Algorithm 

Yen’s algorithm is an algorithm that computes k-shortest loop-less path from source to destination 

in a given graph. To find the shortest path, this technique employs the Dijkstra algorithm [44].  

Yen’s algorithm takes three main input parameters such as distance matrix of OTN topology, 

source and destination nodes, and a number of shortest paths required as input to compute shortest 

paths. 

Based on the input, the algorithm computes K possible shortest paths (K-SP) between source and 

destination nodes. In this thesis, EA-RWA model uses pre-computed K-shortest paths as input. 

The steps in the model are divided into two main parts. First, determine the top 10 (k = 10) shortest 

paths from all possible paths. When top 10 shortest path is selected, only 23 nodes are left from 

27 nodes. Then these selected paths which contain 23 nodes are used as input to the mathematical 

model.  
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4.1.2. Network Topology 

Network topology is a schematic representation of physical OTN nodes. The network topology, 

considered as a graph G (N, E) consists of a set of defined OTN nodes, N and optical fiber links, 

E connecting the nodes in the network [3]. In this reference topology, there are 27 nodes with 64 

possible edges before Yen’s algorithm run and 23 nodes with 54 edges after the K-shortest path 

algorithm is computed. 4 nodes with their 10 links are pruned from topology. 

4.1.3. Traffic Demand 

Each demand is defined by an ingress and egress node as well as a traffic matrix in network 

architecture. Traffic is represented in the form of a traffic matrix in an optical network. it indicates 

how many sets of traffic is entering the network to be routed through a given topology. Each 

demand represents the end-to-end unidirectional traffic provided to the network between different 

specific nodes. This means that there is a demand for traffic that originates from one node and ends 

on the remaining nodes, but there is no traffic that originates and ends on the same node [30].  The 

traffic matrix of a network with N nodes is a 𝑁 × 𝑁 matrix with zeros on the diagonal to avoid 

self-demand. The flow matrix design function can create customized traffic demand matrices for 

different traffic models. In this model 23 × 23 traffic matrix is generated by MATPLANWDM. 

The traffic demand used for simulation ranges from 100Gbit/s to 10Tbit/s, with a step size of 

100Gbit/s. 

4.2. Optimization Model 

Mathematical programming is an optimization technique for finding the best solution to a function 

called the objective function that meets a set of constraints. From an algorithmic point of view, the 

planning and operation of optical networks fall under network optimization problems [45]. 

Optimization consists of three main elements 

• The objective function: - This is the function that is maximized or minimized during the 

optimization process whose value represents the outcome of the program.  

• Optimization variables: - These are the variables whose values can be changed in order 

to arrive at the best solution. 
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• Constraints: - are bounds on the functions and decision variables that are used to define 

the solution's feasible region. 

There are different kinds of optimization problems based on the properties of their decision 

variables, objective function, and constraints. 

Linear Programming: - linear programming aims at achieving the best solution given a set of 

linear constraints. It belongs to a general class of mathematical optimization. In a special case, 

where all the variables are integer, the problem becomes integer linear programming (ILP). 

Alternatively, if some of the variables are integers, it is called mixed-integer linear programming 

(MILP). The application of linear programming has been very successful in a wide range of fields, 

including telecommunication. In particular, several problems in optical networks could be modeled 

as linear programming formulation such as routing, grooming, protection [28]. The general form 

of linear programming is given below. 

 Minimize      CTx          (4.1) 

 

  Subject to Ax ≥ b (4.2) 

 

where 𝑥 are decision variables vector, 𝑐 is the objective coefficient vectors while A and b are 

constraint coefficient vectors. 

Meta-Heuristic: - formula for optimization problems (for example, in optical networks) is called 

NP-hard, so it may not be feasible to find the best solution for large-scale problems with limited 

execution time. Given this shortcoming, heuristic algorithms are used as a supplement to 

effectively find a good solution over time. There is a trade-off between optimization and speed. 

Usually, heuristics are designed specifically for each problem, taking into account its special 

characteristics to find effective solutions. Meta-heuristics are general methods designed to solve 

difficult optimization problems in a manageable way.  

The advantage of meta-heuristics over heuristics is that they can evade local optima by accepting 

solutions of lower quality to some extent. The challenge of applying meta-heuristics to specific 

optimization problems is to represent target costs and iterative processes to obtain new solutions. 

Popular meta-heuristic algorithms commonly used in optical network optimization include genetic 
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algorithms, particle swarm optimization, differential evolution, simulated annealing, and tabu 

search [28].   

The evolutionary algorithm is a general population-based metaheuristic optimization algorithm. 

The individuals in the population are represented by the candidate solutions to the optimization 

problem. After the repeated application of the above operators, the evolution of the population will 

take place. Evolutionary algorithms have consistently performed well in addressing all kinds of 

solutions. The genetic algorithm, particle swarm optimization, and differential evolution are well-

known evolutionary algorithms [46],[47]. 

4.2.1. EA-RWA Mathematical model 

The complete model of the EA-RWA in a transparent optical network with multi-fiber links 

consisting of F fibers in each direction is considered.  Since the network is transparent, wavelength 

conversion cannot be performed in the network, so optical path wavelength continuity is assumed 

for light paths. This model considers the power-consuming components in the optical transmission 

network.  

According to [48],[5],[34], the most energy-intensive  OTN components considered in the model 

of EA-RWA are transponders, optical cross-connect cards, optical (line, pre-, and post) amplifiers, 

and optical multiplexer-demultiplexer cards. In [49], transponder and optical amplifiers are 

considered in the energy-aware route and wavelength assignment model.  

The author  [50], assumes a transparent WDM network where nodes are equipped with optical 

cross-connects (OXCs) and fiber links comprise some EDFAs, depending on the fiber link length.  

The power required to provide a connection request is equal to the sum of the power consumed by 

the transponder, OXCs, and EDFA, as well as each fiber link in the path, based on these 

assumptions. As shown in the various energy models of optical networks, this thesis considered 

various additional energy-intensive equipment in OTN. This mathematical model is mainly based 

on the work of [49],[48],[51]. Input parameters, decision variables, set and indices used in the 

model are listed below. 
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Input Parameters 

• Physical topology G(V, E) , where V is the set of nodes and E is the set of links. N = |V| and L 

= |E| are the total numbers of nodes and links in the network, respectively. 

• Et = Transponder power consumption. 

• Eoa= optical amplifier power consumption including both pre-and post-amplifier. 

• Eoxc= optical cross-connection switch power consumption. 

• Emd=Multiplexer demultiplexer power consumption. 

• w=Number of maximum possible wavelengths of each fiber. 

• wi,j=Number of used wavelengths on physical link i, j. 

• fi,j=Number of deployed fibers on physical link i, j. 

• Ai,j=Number of amplifiers of each fiber of the link i, j.  

• Li,j= Physical length between the link of node i, j. 

• S=Distance between two consecutive line amplifiers. 

• Ts,d=The traffic demand which represents the number of connections that are requested 

between nodes s and d. 

• ki,j=The set of available fibers on the link i, j. 

• Fij=The number of fibers deployed on the link i, j. 

Sets 

• V= Set of nodes N=|V|. 

• E= Set of links. 

• Ki,j = Set of available fibers in the link i, j. 

• fi,j = |ki,j| is the number of fibers deployed on the link i, j. 

• L = set of wavelengths, w=|L| is the number of wavelengths of each fiber. 

Indices 

• i, j = Indices of nodes in the physical topology G. 

• s, d = Indices of source and destination nodes of traffic flow in the traffic demand. 

• k, λ = Indices of fiber of a link and the wavelength of fiber, respectively. 
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Decision variables 

•  fi,j,k
s,d,λ

 = A binary variable equal to 1 if the wavelength λ of the fiber k of the link i, j is used to 

accommodate connection between nodes s and d, otherwise 0, binary. 

• f s,d,λ = An integer variable indicating the number of connections between nodes s and d using 

the wavelength λ. 

• xi,j,k = A binary variable equal to 1 if the fiber k of the link i, j is used to route at least one light 

path, otherwise 0, is binary. 

Objective: Minimize 

 ETotal = ∑(Eoxci + Emdi)

i

+ ∑  (  Et. wij +  Eoa. Aij. fij ) xi,j,k   

i, j,k

 
(4.3) 

 

Subject to: 

 ∑( fi,j,k
s,d,λ )  ≤   M ∗ xi,j,k

λ

            i, j, s, d ϵ V ∶ k ϵ Ki,j                           
(4.4) 

 

 

 ∑ fi,j,k
s,d,λ ≤ 1  

s,d

                                                 i, j ϵ V , k ϵ Ki,j,   λ ϵ wl (4.5) 

 

 

 

∑  (fi,j,k
s,d,λ  − fj,i,k

s,d,λ )  =  {

1 ;      if j = s
  −1 ;      if j = d  
    0;      if j ≠ s, di,k

         j, s, d ϵ V, λ ϵ wl    

(4.6) 

 

 

 ∑ f s,d,λ

λ

= Ts,d                               ∀s, d ϵ V              (4.7) 

 

 ∑ fi,j,k
s,d,λ ≤ w  

λ

                                                       ∀ i, j, s, d ϵ v, k ϵ ki,j   
      (4.8) 

 

 

 ∑ xi,j,k ≤ fi,j  

k

                                                                 ∀i, j ∈  v 
 (4.9) 

 

 

Equation 4.3, represents the overall power consumption of the network which is to be minimized. 

Different parameters are considered in objective functions. Among them, Optical cross-connection 

card (Eoxc), multiplexer demultiplexer card power consumption (Emd), transponder card power 
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consumption (Et), which is a function of the number of wavelengths on the link (wi,j). transponder 

and all pre, post, and line optical amplifier energy consumption ( Eoa) which is a function of the 

distance between OTN nodes and distance between two consecutive line amplifiers.  

Constraint 4.4, stipulates that if at least one wavelength is used, the fiber is considered in the useful 

function. This is ensured by setting the constant M to a sufficiently large value.  

Constraint 4.5, shows wavelength on the optical fiber is restricted to be allocated to at most one 

optical path.  Constraint 4.6, If a node is neither a source nor a destination, flow conservation states 

that the traffic flowing into OTN node is equal with traffic flowing out of the node. If the node is 

a source, the demand originating in the node equals the traffic out of the node minus the traffic 

entering the node. If it is a destination node, the traffic that enters the node minus the traffic that 

leaves the node equals the demand destined to it.  

Constraint 4.7, specifies that all connection requests must be established which implies the 

simulation is done at no blocking probability. Constraint 4.8, limits the number of wavelengths 

used for each fiber. In the current OTN standard, the maximum allowable wavelength is 80. Each 

wavelength supports maximum demand of 100Gbps.  Constraint  (4.9, limits the number of fibers 

for each link. In this thesis the model considers a multifiber scenario, where OTN is connected 

using multiple fiber pairs, to increase the capacity of the network. 

Aij  in equation 4.10, is a number of EDFAs that should be deployed on each fiber of physical link 

i, j. Number of deployed inline amplifiers depends on the distance between source and destination 

(𝐿𝑖𝑗) in Km and the distance between two consecutive intermediate line amplifiers except for the 

last one (S). According to [9],[32] tolerable EDFA consecutive distance is 80 km to 120 km in 

some cases. But in this thesis, it is set to 80 Km. The addition of 2 shows both post and preamplifier 

at the beginning and end of the physical link which performs pre-and post-light amplification.  

 A𝑖𝑗 = (
𝐿𝑖𝑗

𝑆
 − 1)   + 2   

 
(4.10) 

Above mentioned network parameters value is shown in Table 2. The power consumption of the 

network components is derived from the work of [32],[9]. 
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Parameters symbol  Value 

Average power consumption of optical switches    EOXC 85 W 

Average power consumption of MUX/De MUX    Emd 16 W 

Power consumption of transponder     Et 100 W 

Average power consumption of EDFA    EOA 8 W 

Transmission capacity of each wavelength     B 100 Gbps 

Number of wavelengths in each fiber    w 80 

Distance between neighboring inline EDFA    s 80 Km 

 

Table 2: Input parameters and their values [32],[9] 

Detail descriptions of algorithms used to optimize energy-efficient routes and wavelength 

assignment models in the optical transport networks are described below. 

4.2.2. Genetic Algorithm 

The genetic algorithm is one of the evolutionary computational algorithms that is inspired by 

Darwin's evolutionists’ natural selection concept. At each phase, the GA chooses parents at random 

from the existing population and uses them to produce the following generation's children. The 

population evolves toward an optimal solution over generations. The GA utilizes the selection, 

crossover, and mutation operators to construct the next generation from the present population at 

each stage of the iteration. New poorly performing chromosomes is replaced by previous 

generations. This ensures that the current population is at least as fit as the previous population. 

The chromosome refers to a numerical value that represents a possible solution to the problem that 

the genetic algorithm is trying to solve. Chromosomes are encoded in different forms, such as 

binary, permutation, value, and tree encoding. The word fitness comes from the theory of 

evolution. It is used here because the fitness function tests and quantifies how to fit each possible 

solution. GA can be used to address a number of optimization problems that are not suited to 

standard optimization techniques, such as Problems with discontinuous, non-differentiable, 

stochastic, or strongly nonlinear objective functions [6], [52]. 
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Figure 10: GA Flow Chart 
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more likely to be selected. In genetic algorithms, there are many ways to select 

chromosomes. These include tournament selection, roulette selection, and truncation 
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being selected for the next generation. The selection is carried out through the roulette 
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• Crossover:-This implies recombination between two parents to create offspring (s) for the next 

generation [53]. In the whole process, chromosomes are different from generation to 

generation, and hope that the new chromosome contains the good parts of the old chromosome, 

so the new chromosome will be better. The crossover rate is the parameter that controls this 

process [54]. There are different types of crossovers, single point, double point, and uniform 

crossover. In this thesis, a single-point crossover is used where a cut point is selected 

randomly. Each cut point has the same probability of occurrence. The new offspring inherit 

genes from the first parent till cut point and inherit non-repetitive genes from the second parent 

[55]. 

• Mutation: - It is a genetic operator used to maintain the genetic diversity of population 

chromosomes from one generation to the next. Mutations randomly reverse a single bit in the 

new chromosome, from 0 to 1, and vice versa, to prevent the algorithm from converging more 

slowly before obtaining a global solution.  

• Termination Criteria: - Generally, the process of selection, crossover, and mutation 

continues until the number of offspring is the same as the number of the starting population. 

At each iteration, a new generation of chromosomes is created until the termination condition 

is met. The termination condition of the genetic algorithm is very important in determining the 

running time of the genetic algorithm. It has been observed that GA progresses very quickly at 

the beginning and better solutions appear every few iterations, but in the later stages when the 

improvements are small this situation tends to saturate. Finally, when one of the termination 

criteria is met it terminates and gives the fitness value [56],[57]. To obtain an optimal solution, 

the appropriate setting of the termination criteria is important. There are many termination 

criteria commonly used in GA. Including the generation limit, when the algorithm is stopped 

after a defined number of generations, time limit when the algorithms are interrupted after the 

time execution met the defined time limit. Fitness limit when the algorithm interrupts since the 

current population is less than or equal to the fitness limit. And generation limit when there is 

no improvement in fitness function value for a sequence of consecutive iteration [58]. Finally, 

when one of the stopping conditions is met, the algorithm stops.  
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4.2.3. Particle Swarm Algorithm 

Particle Swarm Optimization (PSO) is a population-based stochastic optimization technique 

inspired by the intelligent collective behavior of certain creatures such as birds or fish. It is based 

on the idea that social information sharing among members of a species provides an evolutionary 

benefit. Each particle's movement is affected by its local best-known position, but it is also guided 

toward the towards-best-known space's positions, which are updated as better positions are 

discovered by other particles. This is expected to move the swarm toward the best solutions[59]. 

The movement of the particles is guided by their own best-known position in the search space and 

the best-known position of the entire group. When improved locations are found, these locations 

will guide the movement of the group. The process is repeated that a satisfactory solution will 

eventually be discovered. It uses a velocity vector to update the current position of each particle in 

the swarm. The velocity vector is updated based on the memory obtained from each particle’s 

knowledge gained by the swarm as a whole. Therefore, the position of each particle in the group 

is updated according to the social behavior of the group, and the group adapts to its surrounding 

environment by returning to the promising area of the previously discovered space and looking for 

a better position over time [60].  Below is a detailed look of different processes involved in PSO. 

• Velocity update: - Velocity is used to indicate the direction and intensity of movement. In 

PSO, velocity is an important concept because if the velocity initialization of the particles in 

the swarm is done correctly, the search effort will not be spent by searching in the wrong 

directions. 

vi(k + 1) = w. vi(k) + c1r1i(pi − xi(k)) + c2r2i(G − xi(k)) (4.11) 

 

• Position Update: - The position is the sum of the current position and the speed of the next 

day. It is used to indicate the position of particles on the landscape. Both vectors are updated 

in each iteration. 

xi(k + 1) = xi(k) + vi(k + 1)      (4.12) 

 

Where 𝑖 is particle index, 𝑤 is inertia weight, 𝑘 is a discrete-time index, 𝑣 is the velocity of 𝑖𝑡ℎ 

particle, 𝑥 is the position of the  𝑖𝑡ℎ particle, P is personal best,  𝐺 is global best, r1i& r2i are 
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random numbers coefficient for personal best and global best respectively and C1& C2 are personal 

and global acceleration coefficients respectively. 

 

 

 

Figure 11: PSO Flow Chart 
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4.2.4. Differential Evolution 

The DE algorithm can be described as an evolutionary stochastic optimization algorithm. Like all 

evolutionary algorithms, it uses sets or populations to function. A D dimensional vector can be 

used to represent an optimization task with D parameters. At the start of DE, a population of NP 

solution vectors is generated at random. This population is successfully improved through repeated 

mutation, crossover, and selection operators [53]. 

 

Figure 12: DE Flow Chart 
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Below is a detailed look at the different processes involved in the DE algorithm. 

• Initialization: - Initial population is generated randomly between lower and upper bound. 

• Mutation: - is the method via which new trial points v𝑟 are generated. At every generation 

each member of 𝑥𝑟𝑖  is targeted to be replaced with a better trial point. A mutant vector is 

created for each target vector 𝑥𝑟𝑖. 

 

 v𝑟 = xr1 + F ∗ (xr2 − xr3) (4.13) 

 

Where x1, x2, x3 are parent vectors and i, r1, r2, r3, ϵ {1,2, . . ., 𝑁𝑝} are randomly chosen 

and must be different from each other. F is the scaling factor ϵ [0, 2] affecting on difference 

vector ( xr2 − xr3) [61]. 

• Crossover: - The parent vector is mixed with the mutated vector to produce a trial vector uj. 

 
uj = {

v𝑟 , if  rj ≤ Cr or  j = rn 

xj ,            if   rj >  Cr and  j ≠ rn 
 

(4.14) 

 

where j = 1, 2, ..., D, rj ϵ [0, 1] random number, Cr stands for the crossover constant ϵ [0, 1] 

and rn ϵ (1, 2, ..., D) randomly chosen index [61]. Cr is compared with a random number rj . 

if the random number is less than or equal to Cr the trial parameter is inherited from the mutant 

vector 𝑣j otherwise, the parameter is cloned from the target vector 𝑥j. 

• Selection: - The trial vector's performance is compared to that of its parent, and the better of 

the two is chosen. This strategy is commonly referred to as greedy selection. Without regard 

to their fitness value, all solutions have the same chance of being chosen as parents. The trial 

solution with the best parent wins the competition, delivering a considerable performance 

advantage over genetic algorithms. 

• Termination Criteria: - Setting termination criteria is important as other evolutionary 

algorithms. The user sets some precondition that will terminate the algorithm. Maximum 

generation, a difference of function values, and distance between solution vectors are among 

DE possible termination criteria [61]. 
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5. Result and Discussion 
 

This chapter presents a brief simulation setup, parameters selection test cases, and performance 

comparative analysis of GA, PSO, and DE. Finally, the simulation results and the analysis of 

results are discussed. 

5.1. Simulation Setup  

As depicted in Figure 13, the backbone OTN topology of the western region of ethio telecom is 

taken as the reference topology for the simulation of the energy-aware route and wavelength 

assignment algorithm. This topology has 27 ASON feature-enabled nodes with the distance 

between them in Km. 

Table 3 shows detailed information about the topology. The need of selecting this topology is to 

consider two different configuration nodes, ROADM and OLA sites, and their impact on power 

consumption. In addition to a number of nodes, it also provides traffic demand profiles, link 

capacity, and other input parameters. The capacity of each link is 80 wavelengths and the traffic 

capacity of each wavelength is 100 Gbps. There is demand traffic between each node on the 

network. Each demand represents the end-to-end unidirectional traffic provided to the network 

between different specific nodes. In addition, the model takes into account 6 fiber pairs. 

 

Figure 13: Reference Topology 
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The traffic demand generation assumes that the capacity of each demand is equal. In this reference 

topology, there is no wavelength conversion and regeneration (O/E/O conversion) between source-

destination pairs of nodes because of its transparent nature of topology and all distances are within 

the optical reach. 

Network parameters Western Region ethio-telecom OTN Topology 

Network type Transparent 

Number of nodes (N) 27 

Number of links (L) 64 

All links are bidirectional Yes 

Capacity units name Frequency slots (w) 

Traffic unit name Gbps 

Capacity installed: average per link 80 wavelengths 

Total capacity installed: Total 5120 

Number of demands (node pairs) 702 

Line rates per light path (Gbps) 100 

ROADM site 14 

OLA site 13 

 

Table 3: Network topology information 

5.2. Algorithm Parameter setup 

Before beginning, simulation parameter selection of the algorithms plays an important role in the 

efficiency of the algorithm. The goal of this test procedure is to find a balanced fitness value within 

the short execution time. This section describes how to select these parameters. 

5.2.1. Setting up GA parameters 

To analyze the performance of genetic algorithms, population size, crossover rate, and mutation 

rate are the parameters necessary for the full operation of genetic algorithms. According to [58] 

increasing the population size will improve accuracy, but will result in longer run times. In this 

thesis test case is done using a population range between 10 to 120 to select the optimal population 

size for this research problem.  According to the test cases in Table 4, the best fitness value of 
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11587 is obtained at a population size of 90 with a run time of 7.2333.  Because the fitness value 

remains constant after a population size of 90, the smallest population size is chosen for the next 

simulation. 

Population Size GA Avg. Fitness value GA Run-time(s) 

10 17391 0.8711 

20 20000 1.8221 

30 13300 2.5644 

40 20000 3.6382 

50 16735 4.2846 

60 16957 5.0077 

70 13197 5.6529 

80 12044 6.68 

90 11587 7.2333 

100 11587 8.5869 

110 11587 9.8645 

120 11587 9.8432 

Table 4: Test case analysis for population size 

The crossover rate and the mutation rate are other important parameters of the genetic algorithm. 

A mutation is an operator that maintains genetic diversity from one generation to the next. In 

addition, it is also used to avoid premature convergence of the algorithm. Crossover allows 

algorithms to extract the best genes from individuals and recombine them to improve fitness value. 

Some articles claim [58],[59] that 50% - 100% is the best crossover range, with 60% being the 

best crossover value and 0.5% -1% being the ideal mutation rate. Based on this input test case is 

done using a cross-over a range between 0.5 to 1 with a mutation range of 0.005 to 0.01. 

The result of the test cases in Table 5, shows best fitness value of 11579 is obtained at the 

combination of 0.9 crossover rate, 0.009 mutation rate with roulette wheel selection type. 
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Selection Type Crossover Rate  Mutation Rate  Fitness Value (w) 

 

Tournament  

0.5 0.005 18201 

0.7 0.007 17497 

0.9 0.009 12579 

 

Roulette Wheel 

0.5 0.005 12836 

0.7 0.007 12086 

0.9 0.009 11579 

 

Uniform 

0.5 0.005 16721 

0.7 0.007 11785 

0.9 0.009 11944 

 

Table 5: Test case analysis for selection, crossover, and mutation rate 

According to the test case performed above, a population size of 90, a crossover rate of 0.9, and a 

mutation rate of 0.009 are selected as GA parameters for the EA-RWA optimization simulation. 

 

5.2.2. Setting up PSO parameters 

To analyze the performance of particle swarm optimization, The swarm size, the acceleration 

coefficient (c), and the weight of inertia (w) are the parameters necessary for the efficient operation 

of the particle swarm algorithm. Good performance of algorithms is met at balanced exploration 

and exploitation of the algorithm. Exploration is the ability of an algorithm to search for new 

solutions that are far from the current solution in the search space. Instead, exploitation consists of 

searching the surrounding area close to the current solution [62]. 

In this thesis, some test cases were done and appropriate swarm size, acceleration coefficient, and 

inertia weight which gives optimum fitness value with shortest execution time are selected.  In 

most applications, many researchers use a rule of thumb to choose swarm size in particle swarm. 

According to [63], recommended swarm size is between 20 to 50 particles for a small number of 

decision variables which is less than 5 variables. But in this test case, since the number of decision 

variables is greater than 5, the test case is done using a swarm size of 50 to 550. The optimal fitness 

value is obtained at a swarm size of 220 with the optimal value of 11578.  
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Inertia weight (w) and acceleration coefficient (c) are other parameters that determine the 

performance of particle swarm. Finding inertial weights that balance exploration and exploitation 

is challenging and requires multiple test cases. But many research articles recommend good inertia 

weights. Higher inertia leads to higher speeds and longer particle searching steps. The minimum 

inertia weight results in a low velocity, and then the particles will tend to exploit or search locally. 

In [62],[64] recommended inertia weight range decrease linearly between 0.9 to 0.4.  

The movement of particles and the influence of individual and social components can be changed 

by adjusting the individual coefficient (c1) and the social coefficient (c2). Compared to c2, a high 

value of c1 will result in less communication between the particles, making each particle dependent 

on itself rather than following social components. This choice leads to less algorithm convergence, 

where exploration is at the highest level and exploitation is at the lowest level. In contrast, 

compared with c1, the high value of c2 leads to high information exchange between particles, 

which causes the particles to mainly follow the social composition. At this time, exploitation is at 

the highest level and exploration is at the lowest level. Therefore, it is important to choose two 

parameters that balance exploration and exploitation [46]. 

Swarm Size Acceleration coefficient Inertia weight (w) Fitness Value 

50  

 

C1=2 

C2=2 

0.9 18201 

150 0.8 17497 

250 0.7 11578 

350 0.6 16721 

450 0.5 11785 

550 0.4 11944 

 

Table 6: PSO Parameters 

Based on the test case executed above, and some research paper recommendations, swarm size of 

220, individual acceleration coefficient of 2, social acceleration coefficient of 2, and inertia weight 

of 0.7 gives minimum fitness of 11578 and selected for EA-RWA optimization simulation. 
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5.2.3. Setting up DE parameters 

population size, crossover rate (Cr), and scale factor () are the main parameters that must be 

carefully selected to obtain efficient operation of the DE algorithm.  A larger population size leads 

to more difference vectors and more directions to explore. Then the computational complexity will 

increase. According to [65] the recommended population size for the DE optimization algorithm 

is 10 times the dimension (10 * D).  

The scale factor (), controls the amplification of differential variations. The lower the scale factor, 

the lower the size of the mutation step resulting in a reduction of convergence. On the contrary, 

the larger values of the scale factor cause a high exploration that causes premature convergence. 

In [65], [59] recommended scaling parameters ranges between [0, 2].  

The crossover probability (Cr) is another parameter used to control the diversity of trial vectors. 

The higher the crossover probability, the more variation is introduced into the population, resulting 

in higher diversity. The recommended crossover probability range is between [0,1] [66]. Based on 

recommended parameters of the literature NS =90,  =1 and CR =0.5 is selected for the rest of the 

simulations. 

5.3. Performance Analysis 

This section compares and analyzes the performance of PSO, GA, and DE optimization algorithms 

in terms of their fitness finding capacity, convergence rate, and computational time as performance 

indicators.  

5.3.1. Algorithm Fitness Finding Analysis 

Fitness in this model is the energy consumed by reference topology to serve offered traffic from 

source to destination node. The energy-aware route and wavelength assignment (EA-RWA) model 

is given to three optimization algorithms for optimization. Based on the output of the algorithms, 

the performance of these algorithms is compared and analyzed in terms of fitness findings, Finally, 

the path is considered as EA-RWA route and serves as a traffic routing path.   
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As seen in Figure 14,the OTN backbone network's energy usage increases as the network's offered 

traffic demand increase. However, at 5.6Tbps, the performance characteristics of the algorithms 

appear to have shifted from the prior trend. For the sake of clarity, the traffic is classified into two 

categories low traffic range (100 Gbps - 5.6Tbps) and a high traffic range (5.6Tbps - 10Tbps). 

Table 7, shows the statistical result of the fitness value obtained using all algorithms at both low 

traffic range and high traffic range. 

          

Algorithms 

Low traffic range High traffic range 

Minimum Maximum Average Minimum Maximum Average 

PSO 11949.92 12454.02 12203.29 12484.62 12616.01 12552.26 

GA 12004.37 12437.47 12239.49 12437.47 12527.32 12482.98 

DE 12039.28 12517.93 12301.71 12603.46 12670.58 12634.77 

Table 7: Statistical fitness value 

 

 

Figure 14:Traffic Demand vs Energy Consumption 
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I. Low traffic scenario 

It can be seen in Figure 14,even if the fitness results of the algorithms vary, it is observed that the 

power consumption of all algorithms, PSO, GA, and DE increases with increasing traffic load. 

This is expected because more resources such as transponder, multiplexer demultiplexer, the 

number of wavelengths, optical amplifier depending on the distance between OTN nodes, and 

optical cross-connection cards are increased to serve offered traffic demand. However, the power 

consumption slope in the low traffic range is higher than at the high traffic range. The reason is, 

during the design phase, resources are designed considering full traffic load which is 8Tbps using 

80 λ OTN standard with 100 Gbps / λ.  But at a low traffic range (< 5.6Tbps), the number of 

overprovisioned resources is high which leads to high power consumption compared to offered 

traffic. As an example, 3Tbps of offered traffic needs, 30 wavelengths with 30 pairs of 

transponders at source and destination nodes in addition to other resources mentioned in the model.  

3.001Tbps needs 31 wavelengths with 31 transponder pairs in addition to other resources. This 

shows 0.001Tbps traffic increment results in the increment of 2 transponders. Implies additional 

1Gbps (0.001Tbps) is using a wavelength and transponder built for 100Gbps. However, once 

resources are engaged in data transmission, they demand constant power. 

II. High traffic Scenario 

In contrast to low traffic demand, high traffic demand (5.6 Tbps-10 Tbps) needs the deployment 

of additional resources to handle offered traffic. Out of 80 λ of the OTN, 70% of wavelength with 

its required resources is utilized by low traffic demand described above, the left 30% is used to 

handle the traffic between 5.6Tbps to 8 Tbps. This shows, in a higher traffic range, the number of 

overprovisioned resources decreased, which results in less power consumption.  

Because the simulation is done up to 10 Tbps, but a single fiber in the OTN can only support up 

to 8 Tbps, a second fiber link is enabled to accommodate traffic above 8 Tbps. However, the slope 

of power consumption remains unchanged from the prior trend. As a result, increasing the number 

of fibers has no apparent impact on energy usage. as offered traffic increased towards maximum 

designed traffic the efficiency of the network increase. 
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III. Algorithm perspective 

Algorithm Avg. fitness value at low traffic (w) Avg. fitness value at high traffic (w) 

PSO 12203.29 12552.26 

GA 12239.49 12482.98 

DE 12301.71 12634.77 

Table 8: Average Fitness value 

Table 8 illustrates that at low traffic demand, PSO outperforms GA and DE. The encoding process 

in PSO is called floating-point in which a simple arithmetic operation is used to make the algorithm 

efficient at a low traffic rate. But since the floating operation is a simple encoding operation, unlike 

GA encoding, its performance fails as traffic demand increases and number of model input 

becomes higher and higher. Inversely, GA shows higher efficiency at higher traffic levels. 

5.3.2. Algorithm Convergence Analysis 

In an iterative optimization algorithm, it is good to arrive at the global solution using a small 

number of iterations. But sometimes the algorithms do not achieve a global solution, but instead, 

fall into a local solution. The global optimal solution is a solution that has no other feasible solution 

with a better objective function value. The order of convergence and the speed of convergence are 

factors that measure the efficiency of the algorithm. The convergence rate represents the speed at 

which the algorithm uses a few iterations to approach its limit. This section compares and evaluates 

the convergence speed of GA, PSO, and DE in the case of the energy-aware route and wavelength 

assignment. Convergence analysis is done at a high traffic range. 
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Figure 15:Algorithm convergence rate 

Due to several factors, an algorithm may converge to a global or local solution without obtaining 

the best value.  Figure 15 shows that after 500 iterations, GA converges to a global solution while 

PSO and DE converge to global solutions after 400 and 450 iterations respectively. This means 

that both particle swarm optimization and differential evolution require fewer iterations than the 

genetic algorithm to get a global solution. However, even if more iteration is required, GA delivers 

the best result compared to PSO and DE.  There are different reasons behind the results, 

• PSO does not have operators such as selection, crossover, mutation like GA and DE. 

Particles in PSO only update their internal velocity and position. This simple operation 

makes the algorithm to converge rapidly than GA and DE. 

• All particles in PSO remained members of the population throughout the execution. In 

every iteration, each particle updates its velocity and position using previous personal best 

and global best but only the best particle gives out the information to others. It is a one-

way information-sharing mechanism. Due to this, there was sometimes a dominant 

influence of global best on other particles due to particle permanence. This leads to the 

rapid convergence of PSO. 

• Algorithms’ parameters and how they are chosen are different from one algorithm to 

another algorithm, which is another factor that contributes to the variance in convergence 

rates. 
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• Similar to PSO, DE employs floating-point arithmetic to represent new solutions, but the 

best solution in the population has no dominant effect on the other solutions in DE. This is 

why DE converges more faster than GA and less quickly than PSO. 

• PSO saves the prior best solution obtained by each candidate in its memory and use them 

to update velocity and position later. This helps the candidates in recovering their solutions 

when they are diverted in an undesirable direction thus increasing the algorithm's 

convergence rate. On the other hand, GA and DE do not use memory to keep track of the 

solutions throughout different generations. 

5.3.3. Algorithm Computational Time Analysis 

The efficiency of the execution time is very important for the performance of the algorithms. The 

running time of the evolutionary optimization algorithm depends mainly on the problem model, 

the number of iteration and population size, and the processing power of the computer. In this 

section, algorithm runtimes are analyzed and compared relative to a number of generations and 

population sizes to show the influence of population size and the number of generations on 

algorithm runtime.  

 

Figure 16: Effect of number of iterations on algorithms run time 
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As seen in Figure 16,the solution time of GA, compared to PSO and DE is more expensive, and 

the run time of PSO and DE are close to each other as the number of iteration increase. Because 

the population density in the solution space is lower in GA compared to PSO and DE. Then, to 

build all potential solutions, GA uses local search to find better solutions that result in a long 

execution time.  

As observed in section 5.3.2 under algorithms convergence analysis, a number of iterations needed 

to get the minimum source to destination energy consumption for each algorithm are 400,450 and 

500 for PSO, DE, and GA respectively. Using this iteration number, the algorithm's run time to 

get minimum energy is 12.282s for PSO, 21.972s for GA, and 10.911s for DE. This implies 

algorithm with higher iteration number results in higher computational time. In addition, the 

number of elements undergoing mutation increases with the number of iterations which causes a 

considerable increase in search space. As a result, GA is inefficient in dealing with complexity. 

Population size is one of the factors that influence the execution time of the algorithms. As 

mentioned in section 5.2 above, the accuracy of algorithms increases as population size and 

iteration number increase. But it has an impact on algorithms' run time. 

 

Figure 17:Effect of population size on Algorithm run time 
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In Figure 17, it is observed that increment of population size more affects run time of DE than 

PSO, but as seen in Figure 16, increment of iteration number affects more run time of GA than 

PSO and DE. Unlike PSO, where new fitness is gained solely by updating position and velocity, 

DE, like GA, goes through a selection, crossover, and mutation process. If a mutation occurs, more 

run times are required to eliminate each mutated population. This shows an increment of the 

population mainly affects the run time of the algorithm which passes through the mutation process. 

Furthermore, PSO does not require the sorting of fitness values. When the population size is large, 

this could provide a significant computational advantage over GA and DE. 
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6. Conclusion and Future Work 

The thesis is ended in this chapter with a summary of findings and contributions, a list of remaining 

issues, and recommendations for further research. 

6.1. Conclusion 

This thesis aimed to optimize the energy consumption of optical transport networks using 

optimization algorithms. In addition, a comparison of used optimization algorithms and analyses 

of their performance is done using ethio telecom OTN topology as reference topology. Then 

selected algorithms' performance is evaluated, analyzed, and compared using three main 

algorithms performance metrics, fitness finding, convergence rate, and execution time. The 

following conclusions can be derived from the study and simulation results: 

• An optimal routing path with minimum energy is obtained using particle swarm 

optimization compared to GA and DE at low traffic demand less than 5.6Tbit/s. while the 

efficiency of GA increases as offered traffic increases. 

• In addition to problem model characteristics, one of the significant performance differences 

between the three algorithms outlined above comes from the difference of mechanism and 

stages of each algorithm pass through to generate a new population from the old population. 

• In terms of convergence, PSO and DE achieve their global solution with fewer iterations 

than the GA. However, it is observed even if more iteration is required, GA provides an 

optimal solution than PSO and DE. 

• In terms of algorithms computational complexity, as a number of generation/iteration 

increase, GA needs higher run time to optimize the model, while PSO computes with 

shorter run time. From the observation, an increasing number of generations mainly affects 

the run time of GA than PSO and DE.  

• The performance of DE is mainly affected by an increment of the population rather than 

generation. 

• The efficiency of the meta-heuristic evolutionary algorithm is more feasible in the case of 

a large number of network nodes and high traffic demand. especially in terms of run-time 

efficiency. 
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• Because of its computational complexity, and resistance to convergence GA is more 

recommended for discrete optimization problems. 

• One element affecting the OTN's energy consumption is its fixed channel grid (50 GHz, 

100 GHz), which results in power consumption per OTN card/port rather than dependent 

on the actual traffic delivered in the network. The current fixed grid architecture should be 

replaced with an elastic optical network (EON), which is a dynamic and flexible grid. 

Energy is consumed in EON based on traffic demand rather than the number of cards or 

ports used. 

• Generally, at low traffic demand (100Gbps-5.6Tbps) PSO saves 2.9% and 8% of energy 

than GA and DE respectively. But at high traffic demand (5.6Gbps-10 Tbps)   GA 

outperforms 5.5% and 12.1% than PSO and DE respectively. PSO outperforms GA and 

DE in terms of computational complexity, taking 68.79% and 26.52% less time 

respectively. As a result, GA is more practical for high-traffic services, whereas PSO is for 

low-traffic ones 

6.2. Future Work 

Although all the objectives mentioned in Chapter 1 have been achieved, there are some questions 

that need to be answered in the future. Future studies could address the following, 

• Currently, some research papers use hybridization of different optimization algorithms by 

combining the advantages of different algorithms to improve overall optimization 

performance. In optical networks since energy consumption minimization can be a trade-

off with other optical network performance metrics, it is expected using hybrid 

optimization can compromise different performance metrics. 

• Inclusion of additional constraints in the model such as blocking probability and others in 

order to further analyze the trade-off between energy consumption and performance can 

be taken as a future direction for research. 

• Extending this work to include the IP layer, which is a very power-consuming layer due to 

the nature of the layer where traffic is mainly processed electronically, with an optical layer 

in a single model as IP over OTN is also a future direction of research. 
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