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Abstract

The tremendous growth in the volume of telecommunication traffic has undoubtedly
triggered an unprecedented information revolution. The emergence of high-speed and
bandwidth-hungry applications and services such as high-definition television (HDTV), the
internet and online interactive media has forced the telecommunication industry to come up
with ingenious and innovative ideas to match the challenges. With the coming of age of
purposeful advances in Wavelength Division Multiplexing (WDM) technology, it is
inherently practically possible to deploy ultra-high speed all-optical networks to meet the
ever-increasing demand for modern telecommunication services. All-optical networks are
capable of transmitting data signals entirely in the optical domain from source to destination,
and thus eliminate the incorporation of the often bulky and high-energy consuming optical-
to-electrical-to-optical (OEO) converters at intermediate nodes. Predictably, all-optical
networks consume appreciably low energy as compared to their opaque and translucent
counterparts. This low energy consumption results in lower carbon footprint of these
networks, and thus a significant reduction in the greenhouse gases (GHGs) emission. In
addition, transparent optical networks bring along other additional and favourable rewards
such as high bit-rates and overall protocol transparency. Bearing in mind the aforementioned
benefits of transparent optical networks, it is vital to point out that there are significant
setbacks that accompany these otherwise glamourous rewards. Since OEO conversions are
eliminated at intermediate nodes in all-optical networks, the quality of the transmitted signal
from source to destination may be severely degraded mainly due to the cumulative effect of
physical-layer impairments induced by the passage through the optical fibres and associated
network components. It is therefore essential to come up with routing schemes that
effectively take into consideration the signal degrading effects of physical-layer impairments
so as to safeguard the integrity and health of transmitted signals, and eventually lower
blocking probabilities. Furthermore, innovative approaches need to be put in place so as to
strike a delicate balance between reduced energy consumption in transparent networks and
the quality of transmitted signals. In addition, the incorporation of renewable energy sources
in the powering of network devices appears to gain prominence in the design and operation of

the next-generation optical networks.

The work presented in this dissertation broadly focuses on physical-layer impairment aware

routing and wavelength assignment algorithms (PLIA-RWA) that attempt to: (i) achieve a



sufficiently high quality of transmission by lowering the blocking probability, and (i1) reduce
the energy consumption in the optical networks. Our key contributions of this study may be

summarized as follows:

Design and development of a Q-factor estimation tool.

Formulation, evaluation and validation of a QoT-based analytical model that computes
blocking probabilities.

Proposal and development of IA-RWA algorithms and comparison with established ones.
Design and development of energy-efficient RWA schemes for dynamic optical

networks.
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1 Evolution of Optical Telecommunication Networks

1.1 Introduction

The mammoth growth of traffic demand driven largely by the brisk increase in the usage of
Internet and emerging online services creates new challenges for communication networks
[1]. In order to meet the demand for efficient long-haul telecommunication, optical
communication systems have been identified as the vehicle for the realisation of such an
important and necessary goal. Amongst a host of available telecommunication systems,
optical communication systems are serious contenders for this kind of a task since optical
fibres possess unprecedented bandwidth capacity and thus consumers are guaranteed of very

fast communication [2].

The development of high speed networks has undoubtedly increased the energy consumption
of telecommunication networks and thus the need to reduce their power usage. In the
information and communication technology (ICT) sector, telecommunication was the largest
electricity consuming category worldwide in 2012. This was mainly due to the increased
interconnectivity of digital equipment and substantial growth in the telecom operator

networks [3], [4].

Figure 1.1 shows the global ICT energy demand from 2010 and projected to 2030 [5]. It can
be clearly seen that the energy demand increases exponentially for the stated period, and it is
very vital to put measures in place to curtail an energy consumption of such magnitudes in

the ICT sector.

According to researchers at the Centre for Energy-Efficient Telecommunications (CEET) at
the University of Melbourne and Bell Labs, the ICT sector annually produces more than 830
million tonnes of carbon dioxide, the main greenhouse gas (GHG). This emission accounts
for approximately 2 % of the global carbon dioxide emissions and it is projected that the

figure will double by 2020 [6].
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Figure 1.1: Global ICT energy demand

Energy costs are among the largest contributors to high opex for telecommunications network
companies, and energy consumption by telecommunications networks significantly leads to
increased global GHG emissions. Since there is an upsurge in the number of people
worldwide who are becoming connected to fixed and mobile telecommunications networks,
the challenges related to providing electricity to these expanding networks have justifiably
taken centre-stage and innovative solutions are desperately required to avert potential
disasters such as floods. One novel way of reducing the global carbon footprint of
telecommunication networks is the use of renewable energy sources in powering pertinent
infrastructure such as data centres.

If we consider the general energy consumption of ICT networks, we should examine three
crucial factors that influence changes in absolute energy usage, and these are: (i) the number
of devices, (i1) the demand for bandwidth and (ii1) energy efficiency. By considering ICT
traffic projections on the current reposition to cloud services and data-intensive services such
as HDTV, traffic is expected to increase by more than 40 % annually, roughly doubling every
two years [7]. Unfortunately, network equipment energy efficiency appears to lag behind in
this endeavour as it is projected to only improve by 10 — 20 % annually [8]. This implies that
more network equipment will be required to sufficiently handle the increased demand in
traffic and thus leads to more energy consumption. Currently, energy consumption of devices

is not highly prioritized for most network operators and it is expected that this approach will



radically change in the near future. The prevailing state of affairs create an environment in
which devices are always powered on and where they consume energy notwithstanding the
traffic load. Generally, the basic network infrastructure comprises of three major domains,
namely, the access network, the metropolitan network and the core network. The energy
consumption of these domains is estimated at 1 % of the total electricity usage in broadband-

enabled states [7].

Access networks usually connect end-users to a central office, which is normally connected
to a metropolitan or core network. They make up the larger part of the telecommunication
network and are thus responsible for a sizeable amount of overall network energy
consumption due to the existence of a significant number of power consuming elements.
Metropolitan networks are regional networks that typically span cities, and their main
function is to aggregate outgoing traffic from and distribute incoming traffic to users. They
are either directly connected to big organizations or linked to access networks that are
responsible for individual client traffic. A core (or backbone) network normally refers to the
cardinal segment of a telecommunication network. The core network connects primary nodes,
typically connecting large cities in a nationwide network to allow for long-haul
communication and is connected to other core networks and is responsible for transporting

large amounts of traffic.

Presently, evidence at hand indicates that access networks dominate data traffic energy
consumption and their energy usage is proportional to the number of subscribers [9]. On the
other hand, energy consumption of the core network is mainly dependent on traffic volume
and it is expected to surpass the zettabyte threshold in the near future. It can therefore be
argued that given the projected upsurge of traffic volumes of the future networks, energy
consumption of the core networks is certainly most likely to outpace the energy consumption

of the access networks [7], [8].

Authors in [8] report in their work that the core network will consume about 34.5 % of the
overall network energy as the access network speed per household transcends 100 Mbps,
assuming that the annual energy efficiency of network elements increases by 10 %. In related
studies, researchers in [10] predict that energy consumption of the core network will exceed

that of access networks beyond the year 2020.

To buttress the urgent need to curtail energy usage in core networks, authors in [9] report that

energy efficiency in core networks will improve by 64 % in the year 2020 compared to that



of the year 2010, whereas energy efficiencies in the wireless and wired access networks is
expected to increase by an impressive 1043 % and 449 % respectively during the same

period.

Table 1.1 shows an energy consumption forecast for current and future networks that is
mainly driven by unprecedented ubiquity in broadband applications as well as the tremendous

growth in mobile devices applications and services [11].

Table 1.1: Energy consumption of key optical devices.
Network Domain Device Capacity Power Consumption
Core router 10 Gbps 25-68.5 kW
Amplifier 1 fibre 46-106 W
Backbone network Regenerator Per lightpath 6-80W
Converter Per lightpath 05-2W
WDM transponder 40 Gbps 60-100W
0XC 2-degree 25-685W
Edge switch 160 Gbps 421 kW
OADM N/A 450 W
Metro network Ethernet switch 720 Gbps 3.21 kW
Gateway switch 8 Gbps 1.1 kW
Edge LAN switch 48000 Mbps 100-300W
10/100 hub 1200 Mbps 12-35W
WAP 54 Mbps 8-13W
Access network OLT 1 Gbps 100w
Telephony sub-switch 2000 subscribers 6 kW
ONU 1 Gbps 5W
Modem Up to 300 Mbps 57W
Router Up to 500 Mbps 5.7W
Household network Access point = 19w
Switch Up to 500 Mbps 26 W
ONTs Up to 600 Mbps 16.2W



It can be clearly observed from Table 1.1 that a core router in a backbone network consumes
a substantial amount of energy as compared to other devices in different network domains,
and this further cements the need to come up with realistic strategies to contain and reduce
energy usage in core networks. Given the abovementioned scenario, it is not surprising
therefore that significant strides are being made by research community in seeking redress in
as far as energy consumption in backbone networks is concerned. Researchers in [12]-[15]
review a number of energy-efficient technologies and energy-aware strategies aimed at
reducing energy usage in current and future networks, and the proposed solutions may be

classified into the following four broad categories:

1) Network redesign: Designing energy-efficient networks using optical and electronic

technologies;
2) Traffic engineering: Developing energy-aware traffic grooming schemes;

3) Energy-aware networking: Powering devices ON/OFF between different operating

states;

4) Load-adaptive operation: Adopting rate-adaptive and multi-line/link rate techniques.

Since optical networks form the backbone of the telecommunications networks, it is vital to
focus our attention on reducing their energy consumption and consequently lower their
carbon footprint. With the emergence of the concept called green telecommunications, it is
prudent to design effective and efficient algorithms that also take care of the energy

consumption of optical networks [16].

The use of Wavelength Division Multiplexing (WDM) technology is certainly a clear
contender for extensive use in current and next generation optical networks (Figure 1.2).
These networks offer a myriad of advantages that include high-speed end-to-end connectivity
[17] and fault-tolerance [2], [18]. WDM networks have the capacity of transporting hundreds
of wavelength channels on a suitable single optical fibre at bit rates of 10 Gbits/s, 40 Gbits/s
or even 100 Gbits/s per channel. Most routing and wavelength assignment (RWA) algorithms
generally base their routing decisions on the availability of network resources and thus do not

factor in the presence of physical layer impairments [19], [20].



In practice, physical impairments such as Chromatic Dispersion (CD), Polarization Mode
Dispersion (PMD) and Four Wave Mixing (FWM) degrade the quality of the propagating
optical signal in optical networks. Since future optical networks are expected to be fully
transparent, it implies that the optical signals will experience severe physical impairments
and thus degrade the quality of the signals [18]. It is therefore imperative that measures are
put in place to ensure the provision of acceptable Quality of Service (QoS) and resilience in

these networks.
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Figure 1.2: A communication network structure

Routing in WDM networks initializes with a connection request and it ideally results in the
establishment of a lightpath between a source and a destination node. Path establishment is
the process of selecting a distinct path from a pool of available paths and wavelength

assignment 1is the actual selection of a path among a host of wavelengths [21].



1.2 History of Optical fibre communication systems

In September 1970, Corning Glass Works announced that it had successfully developed an
optical fibre that had a very low attenuation at the 633 nm wavelength. This development
undoubtedly marked the beginning of the era of fast telecommunication systems via the

deployment of optical fibres.

With the fabrication of the first Laser in the preceding decade, researchers from leading
telecommunications companies and institutions worked tirelessly to come up with building
blocks for the first functional optical fibre telecommunications system.

With the development of the ruby and the helium-neon lasers in 1960, lasers went through
significant and important evolutions. The arrival of the semiconductor laser on the scene in
1962 was a major turning point in the history of the now multi-billion dollar optical
telecommunications sector. These lasers are the type most widely utilized in modern day

optical communications networks.

The world’s first operational optical fibre communication system was developed in 1977 by
General Telephone and Electronics in California and it ran at 6 Mbps. The first generation
optical fibre networks could transmit information for a few kilometres and were heavily

limited by their optical fibre attenuation rates that were approximately 2.0 dB/km [22], [23].

The deployment of the second generation of optical fibre communication systems was largely
enabled by the replacement of multimode fibres by single-mode fibres. The reach of first
generation optical communication systems was severely limited due to the undesirable effects
of intermodal dispersion which seriously degraded the integrity of propagating signals.
Intermodal dispersion arises due to the dependence of the group velocity of a propagating
signal in a multimode optical fibre on both the path and optical frequency of the signal. In
single-mode fibres, only one path is available and thus intermodal dispersion is eliminated.

Due to rapid advances in the development of semiconductor electronic devices in the 1980s,
the first transatlantic system called TAT-8 was developed, and was commissioned in 1988

[24].



The development of dispersion shifted fibres (DSF) together with the evolution of
semiconductor lasers with narrow-linewidths spearheaded the deployment of third generation
optical communications systems. A DSF is a single-mode fibre that has a modified zero-

dispersion wavelength shifted from the 1300 nm to the 1550 nm low-loss window.

With the development of optical amplifiers, it was possible to tap the vast amount of
bandwidth offered by the optical fibre via the utilization of the wavelength division
multiplexing (WDM) technique. Consequently, it became possible to simultaneously amplify
signals without the use of optical-electrical-optical (OEO) conversions on every intermediate
node. These developments gave birth to the fourth generation optical fibre communication

systems.

The emergence of optical cross-connects (OXC) and reconfigurable optical add-drop
multiplexers (ROADM) on the market marked the birth of the fifth generation optical
networks. Incorporation of these devices in optical networks facilitates very fast all-optical
switching and ultrafast data transmission and modest automation levels and thus a steady

departure from traditional manual network configuration [25].

1.3  Elements of Optical Networks

The purposeful design and deployment of advanced optical network elements evidently led to
the dramatic evolution of optical communications systems. This evolution inadvertently made
optical communication systems networks of choice for the 21% century.

One major trait of the modern optical network elements, is their ability to largely process and
allow a signal to traverse the network in the optical domain and thus reduce the number of
optical-electrical-optical (OEO) conversions that characterised pioneering optical
communication systems. The reduction of the OEO converters in optical networks is a very
welcome development since they are generally bulky, expensive, reduce network speeds and

consume a lot of energy.



1.3.1 Optical Add-Drop Multiplexers (OADMs)

The transition from single wavelength point-to-point transmission channels to wavelength
division multiplexing networks necessitated the need for the development of optical add-drop
multiplexers (OADM). These devices are capable of routing or separating different
wavelength channels and can be used at different points along an optical link (Figure 1.3).
Due to their flexibility, OADMSs are widely deployed in WDM metropolitan area networks

(MAN) since they are capable of transmitting different data rates in different channels.

Demux Mux

Drop Add

Figure 1.3: Schematic diagram of an optical add-drop multiplexer (OADM)

1.3.2 Reconfigurable Optical Add-Drop Multiplexers (ROADMs)

The initial OADMs were fixed devices and only pre-determined wavelengths could enter or
leave the node and thus it was imperative to develop devices that are flexible and able to get
rid of inconveniences such as remote programming of the OADMs.

In response to this challenge, reconfigurable optical add-drop multiplexers (ROADMs) were
developed that are capable of splitting the incoming optical signal between the drop and
straight through paths, and then using wavelength blockers to eliminate individual
wavelengths on each path. Advances in the development of tuneable lasers and wavelength-

selective switching technology, gave birth to the latest generation of ROADMs. These



ROADMs can handle any wavelength on any port and can connect signals flowing in any

direction on any port to any other port [26].

1.3.3 Optical Cross-Connects (OXCs)

Cross-connection of channels is an important function in most communication systems. In
typical all-optical networks, optical cross-connects (OXCs) perform the routing and
switching functions entirely in the optical domain at each node in the network (Figure 1.4).
OXCs are also capable of grooming traffic and can process sophisticated wavelength

management tasks in complex network topologies [27].

Input signals Output signals

AhA A DEMUX 1 MUX 1 All’ﬁga,

A
BB AA % \ BAAR
DEMUX 2 2 MUX 2 >
A

Figure 1.4: Architecture of an optical cross connect

1.3.4 Erbium-doped Fibre Amplifiers

Erbium-doped fibre amplifiers (EDFAs) are the most popular and widely used devices that
belong to types of amplifiers that are referred to as doped fibre amplifiers (DFAs) [28].
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In DF As, rare-earth elements such as erbium and neodymium are used to dope some silica
fibres during the production process. The use of semiconductor lasers that operate in the 980
and 1480 nm wavelengths ensure efficient pumping in the EDFAs [29]. Sufficient population
inversion in EDFAs is attained via the deployment of bi-directional pumps and the usage of
co-propagation, counter-propagation techniques. The molecular structure of the doped fibre
determines the wavelength-dependent gain spectrum of EDFAs. The main shortcomings of
EDFAs arise due to the non-flatness of their gain and a very thin (= 40nm) wavelength-
dependent gain bandwidth [30].

On the other hand, the main advantage of EDFAs is that they inhibit the occurrence of cross-
gain saturation and this allows them to achieve high gain with low noise figure. This attribute
makes EDFAs attractive and thus their wide deployment in most operational optical

networks.

1.3.5 Raman Amplifiers

Modern high-speed backbone optical networks currently deploy Raman amplifiers to
compensate for signal attenuation. Raman amplifiers make use of the stimulated Raman
scattering (SRS) phenomenon in which energy from a high-power pumping optical beam is
transferred to the amplified propagating signal [31], [32]. Although the spontaneous Raman
scattering spectrum is wide, the SRS is highly coherent and thus the low-intensity signal
radiation becomes coherently amplified in the process. One of the main advantages of the
Raman amplifiers is that, they have a broad gain spectrum whose shape can be altered by
changing the number of pumps and their respective wavelengths [33]. Another desirable
attribute of the Raman amplifiers is their relatively low noise figure that ensures that very

little noise is added to the desired amplified signal.

1.4  Types of Optical Networks

Optical networks can be classified into three distinct categories, and these are, opaque,
translucent and transparent networks. Early optical networks were basically opaque and there
has been an evolution of these networks such that translucent networks have been largely

deployed in most operating networks. On the other hand, transparent networks have been
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largely confined to laboratories for experimental use, however, these networks will
undoubtedly form the core of all future optical networks mainly due to their superior speed

and low energy consumption compared to the other two aforementioned networks.

1.4.1 Opaque networks

Opaque networks require the deployment of OEO converters at each node. A propagating
signal undergoes regeneration at each and every node in the network so as retain and
maintain signal integrity [34]. In opaque networks, the transceivers provide the optical-
electrical (OE) and electrical-optical (EO) conversion of the signal. Furthermore, the
transceivers provide support for fault detection and isolation, performance monitoring, as
well as support for routing and restoration protocols. One of the major shortcomings of
opaque networks is the scalability limitations of their transceivers, and thus their deployment
in the current high bit-rate networks pose serious financial and operational challenges. In
addition, opaque networks switching fabric is generally bulky, slow, expensive and consumes
a lot of power. In a nutshell, the deployment of regenerators throughout the network

translates into high CAPEX and OPEX for these types of networks [35].

1.4.2 Transparent Optical Networks

Transparent optical networks perform optical switching which enables an optical signal to
travel through an entire network without any conversion to the electronic form. These
networks aim to maintain a network connection to be in the optical domain from its source to
destination, thereby eliminating the often costly and less scalable than optics intermediate

electronic circuitry [36].

In these networks, there are no OEO converters and thus, they are currently limited to cover
considerably small geographic spaces [37].

Due to the absence of OEO converters, transparent optical networks appear very lucrative
since they are relatively cheap and have low carbon footprints [38]. While they offer several
notable advantages, transparent networks do present some technical and operational
challenges. Some of the key challenges presented by transparent networks include their

limitation to passive switching and wavelengths continuity constraints that lead to high levels
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of connection blocking. However, recent developments in transparent networks have
managed to overcome some of the hurdles that were evident in their earlier systems. The use
of Raman amplifiers instead of the traditional EDFA amplifiers has helped modern
transparent networks to attain an optical reach of more than 3000 km [39].

The introduction of photonic integrated circuits (PICs) has also boosted the viability of these
networks. In PICs, several WDM components are monolithically integrated on a chip, and
thus they offer an alternative means of realizing the goals of OEO in transparent networks
[40].

In addition, replacement of fixed transponders with tunable ones has greatly reduced the
CAPEX costs in modern transparent networks. Another exciting development is the use of
waveband-based switching. Waveband switching basically entails that a set of wavelengths
are switched as a single unit as opposed to switching individual wavelengths, and this leads to
significant cost and energy savings.

A lot of research work is currently under study and is mainly geared towards increasing the
optical reach of transparent optical networks. In June 2015, researchers at the University of
California’s Qualcomm Institute’s Photonic Systems Group announced a ground-breaking
feat in which they claim signal transmission that spanned an unprecedented 12000 km optical

reach in their laboratory experiments [41].

1.4.3 Translucent optical networks

The optical reach is the distance a propagating optical signal can travel before its signal
health is degraded to a level that requires regeneration. Translucent optical networks
incorporate sparsely located signal regenerators so as to facilitate the transmission of signals
that exceed the optical reach [42]. The role of the regenerators is to re-amplify, reshape and
re-time (3R) travelling optical signals so as to guarantee an acceptable QoS. One of the key
reasons for the deployment of translucent optical networks is to strike a favourable balance
between financial costs and satisfactory service provision to clients [43], [44], [45].
Instead of being either purely electronic or purely optical, translucent optical networks are a
compromise between all-electronic switching and all-optical switching.
Translucent networks exhibit the following key advantages:

i.  They permit a group of regenerators at each OXC node to be accessible to all

wavelengths that approach the node and use as required. This sharing of regenerators

greatly optimizes regenerator usage.
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1.  Since the regenerators have wavelength conversion capabilities, they can be
effectively utilized to avoid wavelength collision during the routing process. This
leads to significant cost savings because there will not be need to incorporate the
costly wavelength converters and the overall resource utilization of the network is
significantly improved [45].

Since signal regenerators consume significant amounts of energy, their sparse utilization in

translucent networks leads to lower carbon footprints as compared to opaque networks.

1.5 Key Findings

In this chapter, we note that:

e The surging of bandwidth-intensive applications and services is constantly and
directly driving the requirement for enabling networking infrastructures to support
the extremely high-bandwidths and diverse data traffic flows.

e Optical transmission appears to be an ideal solution towards the provisioning of
sufficing transmission as well as switching supporting capability for this information
and communication technologies (ICT) infrastructure.

e Because ICT and networking infrastructures (equipment and bandwidth)
requirements are trebling every two years, the industry has since been identified as a
growing direct contributor to energy consumption as well as greenhouse gases
(GHG) emissions worldwide. This has prompted an interest in mitigating better and
more energy-efficient ways to design and operate these infrastructures. These
measures mainly encompass designing power-efficient end devices, network redesign
i.e. designing power-efficient networks, traffic engineering, power-aware networking
as well as load-adaptive operation.

e Whereas reasonable strides have been achieved in addressing most of the
aforementioned challenges, however, the impact of physical impairments has not
been adequately addressed. Since physical impairments accumulation in the optical
networks negatively affects the network performance, current strategies employed to
tackle this problem generally lead to overall increased energy consumption in the

networks. It is thus imperative that we need to strike a balance between energy
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efficiency, performance and reliability when addressing impairment-aware routing
and wavelength assignment schemes.

e In so addressing this, we take into account that future optical backbone networks will
be heterogeneous in nature where a single link may carry various line-rate signals.
This Mixed Line Rate (MLR) network architecture will further complicate

impairment aware routing and wavelength assignment schemes.

1.6 Problem Formulation

Since the turn of the century, telecommunication networks have witnessed a tremendous
increase in traffic due mainly to a surge in demand for bandwidth-intensive services such as
the internet and HDTV. The evolution of optical networks aided by key technologies such as
WDM and the availability of novel optical devices and switching fabrics such as ROADMs
threw a lifeline in as far as meeting the increased traffic demand in modern efficient
broadband communication is concerned. In addition, the gradual departure from the
traditional opaque networks to translucent and transparent networks provided a solid platform
for the provision of sufficiently agile and fast communication. However, despite all these
concerted efforts in the design and development of modern networks that are responsive to
the ever-increasing demand for faster and reliable networks, new challenges have since

emerged that require undivided attention and innovative solutions.

The two key challenges that need to be investigated and addressed are: (1) the accumulation
of physical impairments in the backbone optical networks, and (i1) the increased energy

consumption of these networks.

1.7  Scope of work

The scope of this research study and the contribution to the body of knowledge are

summarized as follows:

= To investigate the main physical layer impairments (PLI) and prevailing impairment-
aware routing and wavelength assignment algorithms (IA-RWA) in order to develop

novel PLI-RWA algorithms that are anchored on the ones in current existence.
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By making use of simulations, the performance of the proposed PLI-RWA algorithms
is compared to that of existing models and algorithms that largely ignore impairments
effects in their operations.

= To formulate and develop a Q-factor estimation tool that incorporates the effects of
physical layer impairments as the link-cost metric. The performance of the proposed
tool is then compared with that of existing traditional estimation tools that do not
consider impairments such as XT and FC that become more pronounced and
problematic in modern high speed core networks.

= To devise and develop a QoT-aware analytical model that computes path wavelength
blocking probabilities in core networks. The model is evaluated and validated by
using the QoT-aware and QoT-guaranteed wavelength assignments (WA) algorithms.

®* To design and develop energy-efficient RWA schemes for core optical networks.
Using the shortest-wide path (SWP) and first-fit with ordering (FFwO) algorithms, the
results are compared with those of existing schemes that are based on algorithms such

as the shortest path (SP) and first fit (FF) algorithms.

1.8  Evaluation Methodology

Several techniques can be employed to evaluate proposed algorithms in optical networking
studies. The most effective method makes use of a testbed, where the envisaged energy-
efficient network devices and elements are deployed and proposed algorithms are
implemented on a real network setup. Appropriate and relevant measurements are then
carried out to gauge the performance of the network and conclusions on the effectiveness of
the proposed solutions can be made. The major setback of this method is the prohibitive costs
that are obviously associated with the setting up of experiments of such a magnitude. Another
limitation of using testbeds is that it may be impossible to perform certain experiments
because some ideal component features such as the sleep-mode function for several devices
may not yet be available on existing devices on the market. Another method for evaluating
the behaviour and performance of algorithms is the use of analytical models that represent the
system under investigation. Although this technique can be very useful in the description of a
behaviour of a network component, or to assess a simple communication network, it becomes
challenging to implement on large and complex networks due to the high levels of

sophistication of the relevant mathematics and time constraints. Another option for the
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evaluation of network performance is through simulations, where replicas that closely
represent the functions and behaviours of the network under study are represented in the form
of software packages. The main advantages of this method include the appreciably low costs
and time effectiveness. On the other hand, the magnitude of the simulated network may be
limited by the computational capabilities of the simulation environment. It can therefore be
proposed that performance evaluation through simulations may be considered a fairly
reasonable choice that provides for cost and time effective assessment of proposed algorithms
before they can actually be considered for deployment in real network setups. In this work,
simulations are extensively utilized in the evaluation of proposed algorithms due to their
flexibility as alluded to in the preceding statement. Analytical modelling is also used in this

work, but is essentially limited to RWA algorithms presented in chapter 4.

1.9  Outline of the dissertation

The work presented in this dissertation broadly focuses on the planning and operation of
energy efficiency in transparent optical networks (TON), subject to physical layer
impairments (PLI). Chapter 1 sets the scene by exploring and reviewing topical issues that
characterise the 21% century optical networks such as energy efficiency and consumption. It
gives an overview of historic milestones in the evolution of optical fibre communication
systems and outlines the types of optical networks. The problem statement, scope of the study
and evaluation methodology subsections are clearly presented at the end of the chapter. The

remainder of the dissertation is organised as follows:

Chapter 2 reviews relevant literature and provides a detailed description and analysis of the
most important PLI. Comprehensive simulations and proposals of limiting the effects of PLI
on propagating signals are also provided. The last part of the chapter explores key strategies

that are employed to reduce energy consumption in optical core networks.
Chapter 3 focuses on energy efficiency and impairment aware routing and wavelength

assignment schemes. It reviews existing energy-aware and efficient algorithms and several

algorithms are proposed to enhance and broaden the scope of knowledge in this field.
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Chapter 4 presents proposed models and their subsequent evaluation. A Q-factor tool that
incorporates most of the pertinent physical layer impairments is presented. The tool is
evaluated via simulations to gauge its usefulness and effectiveness. An analytical model to
compute the blocking probabilities for RWA with physical impairments in transparent
networks is also presented. Numerical examples are also provided to show the performance

of the proposed model, and it is validated through the use of simulations.

Chapter 5 presents energy-efficient algorithms that take into effect various parameters in their
decision-making processes. In particular, the impact of physical impairments is taken into
consideration in the formulation of energy-efficient algorithms and strategies. The proposed
algorithms are then compared with the traditional algorithms that do not take cognisance of

energy consumption in their computations.

Lastly, Chapter 6 concludes the dissertation by summarizing key findings and aspects of the

study, and a brief description of the anticipated future works is also presented.
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2 Literature Review

2.1 Introduction

This chapter reviews some important contributions made by scholars in the area of physical
impairments that exist in the transmission of signals in optical networks. The physical
impairments can be broadly classified into linear and non-linear impairments. The behaviour
of different impairments is analysed and described and ways of reducing their effects on
transmitted signals are discussed. Lastly, several strategies that are used to reduce energy

consumption in core optical networks are presented and discussed.

2.2 Physical Layer Impairments

The integrity and quality of optical signals is lost as they traverse the optical networks and
these signal degrading factors are generally referred to as physical layer impairments (PLI).
Due to the transparency of optical networks, noise and signal distortion that arise from PLI
effects, accumulate along the lightpath and may lead to unacceptably low OSNR that will
render the lightpath unusable. PLIs are broadly classified into two main categories, that is,
linear and nonlinear effects (Figure 2.1). Linear impairments are independent of the signal
power and influence each of the optical channels separately, on the other hand, nonlinear
impairments cause disturbance and interference between channels in addition to affecting

each optical channel individually [24], [46].

2.3  Linear Impairments

The most prevalent linear impairments that degrade optical signals in optical networks are:

Chromatic Dispersion (CD), Polarization Mode Dispersion (PMD), Fibre Attenuation,
Polarization Dependant Losses (PDL), Crosstalk (XT), Filter Concatenation (I°C), Amplified

Spontaneous Emission (ASE) and Component Insertion Losses [47]-[51].
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Figure 2.1: Physical layer impairments

2.3.1 Chromatic Dispersion

Chromatic dispersion (CD) affects the bandwidth of high-speed optical communication
systems through pulse broadening and nonlinear optical distortion [46], [52]. Basically, the
pulse broadening that occurs due to CD arises mainly due to the presence of different
wavelengths in the light source and the source modulation. Each distinct wavelength in the
light source leads to different phase and group delays along the fibre. If the light source
wavelength varies during the pulse, chirping occurs, and this usually leads to pulse

broadening.
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CD influences the receiver performance by: (1) lowering the pulse energy within the bit slot
and (2) expanding the pulse energy above the assigned bit slot causing inter-symbol
interference (ISI). The dependence of the propagating pulse speed on wavelength leads to the
broadening of the optical pulse shape, which in turn restricts the maximum bit-rate that can

traverse through the optical fibre (Figure 2.2) [53], [54].

——

Figure 2.2: Chromatic Dispersion effects

CD can be mathematically characterized by the Group Velocity Dispersion (GVD)

coefficient, usually represented by D.

Suppose T is the propagation delay at a particular frequency (w), then:

@.1)

X1 (L) 2.2)
W Vgv
Where, L is the fibre length and v, is the group velocity.

Assuming that a propagating signal has a spectral width of Aw, the propagation time

difference between extreme ends of the signal will be;

ar

At =
dw

Aw = |%| L. Aw (2.3)

Where £ is the propagation constant.
Expressing the pulse spread in terms of the wavelength spectral width AA, we obtain the

following relationship:

At = |D|.L.AA (2.4)
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Where,

19t 197 dw 2mc af

=19 lwa  mow &)
Since,
dw _ 0 (2mc\ _ _ 2mc
B == (2.6)
The GVD is normally measured in ps/(nm.km).
9B _ 9 (L)_ _ 1 0vw
do  dw (vgv) - vﬁ,v dw (2?)

The above equation implies that at the point of zero dispersion (Ap), V4, has its minimum
value.

Chromatic dispersion is always assumed to be adequately compensated on a per-link basis,
however, for high bit-rate systems (> 10 Gb/s), dispersion becomes a significant factor that
requires appropriate attention [55]. One of the pertinent innovative ways of mitigating the
effects of chromatic dispersion on optical networks is the use of dispersion-compensating
techniques. Dispersion compensation can be broadly classified into two main categories, viz,
(1) passive CD-compensation and (ii) active CD-compensation. Passive CD-compensating
techniques that are commonly implemented in modern networks include the use of
dispersion-compensating fibres (DCFs), fibre Bragg gratings (FBGs) and incorporation of
holey fibres. By far, DCFs have been a favourate choice in CD compensation primarily due
to their flexibility. Although DCFs possess lucrative dispersion-compensating abilities, they
unfortunately give rise to residual CD whilst compensating CD for the main channel in a
given channel plan. Another shortcoming of DCFs is that, they are relatively costly and bulky

and this leads to increased capex.

Pre-chirping and soliton transmission are the front-running active CD-compensating
techniques that are mostly utilized, and they are poised to be CD-compensating techniques of

choice in future optical networks [56].
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Signal modulation format 1s also a significant and vital determinant of CD, and there are four
basic modulation techniques that are employed in optical networks. These modulation
formats are: (i) on/off keying (OOK), (ii) phase-shift keying (PSK), frequency-shift keying
(FSK) and (1v) polarization-shift keying (PolSK). Of these four traditional formats, we will
pay our attention only to the two most widely utilized formats (OOK and PSK) and their

subsequent variants.

In OOK modulation, a signal is intensity-modulated such that when the light source signal is

(19 kb (13 1 kb

on”, a bit is generated, and conversely, when the source signal is “off”, a “0” bit is
generated. Popular variants of OOK modulation include the non-return-to-zero (NRZ) and the
return-to-zero (RZ) modulation formats. Although OOK modulation is attractive due to its
simplicity and flexibility, it is not suitable for high speed networks because the CD
accumulation leads to high BER and thus may render the propagating signal unusable. PSK
appears to be an efficient and robust modulation format in which the phase and amplitude of

ccl”

a signal are manipulated during modulation. In PSK, a bit is transmitted by shifting the
phase of the carrier through an angle 6 relative to the preceding carrier phase. On the other
hand, a “0” bit is transmitted by 0 or no phase shift relative to the preceding signal phase. The
major setback in PSK modulation is the constant variation of the polarity of the modulator
voltage that in turn compromises the purity of the switched signal which unavoidably

increases the BER.

Variations of PSK such as differential phase-shift keying (DPSK) and carrier-suppressed RZ
(CS-RZ) modulation techniques have appreciably high tolerance of CD, and thus are suitable
for high speed optical networks. Advanced modulation formats such as the NRZ-maximum
likelihood sequence estimation (NRZ-MLSE) and pulse amplitude modulation (PAM4)-
MLSE have been introduced in fairly recent optical networks [57]. Both modulation
techniques are moderately tolerant to residual CD, however, they consume more power and
their optoelectronic components are expensive as compared to those of traditional modulation
formats such as NRZ. It is therefore vital to strike a balance between an acceptable BER,
moderate energy consumption and reasonable cost in selecting a modulation format for high

speed networks.
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2.3.2 Polarization Mode Dispersion

Polarization Mode Dispersion (PMD) is a physical phenomenon that causes light pulses in
optical fibres to spread in time. If the dispersion in the optical fibre is severe, adjacent light
pulses will overlap and interfere with each other [58]. PMD is directly related to the

differential group delay (DGD) that arises due to birefringence in the optical fibres.

The relationship between PMD and DGD is shown in equation 2.8:
PMD =(At) (2.8)

Where (A7) is the average value of the DGD.

The main causes of PMD include imperfections, external stresses and defects that arise
during the fibre manufacturing and cabling processes. External stresses may either be natural
or artificial. Examples of natural external stresses include wind, storms and tornadoes. As for
artificial external stresses, examples include digging and vibrations that arise due to mobile
vehicles. Substantial research effort has been expended in creating methods and ways to
reduce PMD, but it is practically impossible to predict the exact value of PMD since it is
stochastic in nature. Due to the effects of PMD, polarisation states of various channels get
distorted with distance traversed and, in the process, affect other nonlinear effects that are
polarization dependent such as four-wave mixing. This will only worsen the situation as it
will become increasingly difficult to predict the effective nonlinear effects and their
subsequent interactions in propagating signals. PMD becomes problematic in high-speed
optical communications such as 10 Gbps and higher and may severely cripple the integrity of
an optical network. The gravity of the PMD effects are more serious particularly on links
found in older legacy networks. It is a characteristic of a single-mode fibre or an optical
component whereby pulse energy at a particular wavelength is resolved into two orthogonal

polarization modes with distinct propagation velocities (Figure 2.3).

—
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Figure 2.3: Polarization Mode Dispersion



The following equation relates PMD to the Q-factor of propagating signals:

__ pmpPcp
Qestimate ~ (29)

Ototal

Where 7Npyp is PMD multiplication factor, F., is eye closure penalty for filter

concatenation [59].

Generally, birefringent equalizers are usually used to counter the negative effects of PMD in
transparent networks. On the other hand, for opaque and translucent networks, PMD is
normally compensated for by the use of electrical filters that remove some of the induced
distortions. It can be argued that in long-haul networks, the incorporation of these electrical
filters will lead to increased energy consumption that may translate to a higher carbon

footprint.

In fairly modern systems, digital back-propagation (DBP) has been proposed as one of the
techniques that can be employed to tackle the menacing effects of PMD in optical networks

[60], [61].

In DBP, the inverse of a nonlinear Schrodinger equation (NLSE) is solved through the optical
channel to obtain an estimate of the transmitted signal [62]. However, the main setback of the
use of DBP is its extensive computational complexity and difficulty of use due to the

presence of other nonlinearities, especially at high bit rates.

Authors in [63], [64] and [65] propose ways of compensating for PMD in fairly modern
networks using traditional modulation formats, however, in their works, they do not show
how PMD compensation is affected by the utilization of advanced modulation formats such

as NRZ-MLSE and PAM4-MLSE.

2.3.3 Fibre Attenuation

Attenuation in optical fibres refers to the reduction in intensity of a propagating light signal
with respect to distance travelled through the fibre. The following are the primary causes of

attenuation in optical fibres:
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1.  Material absorption loss arises either due to absorption of light by the fibre itself
or due to impurities within the optical fibre, and these are commonly referred to
as intrinsic and extrinsic absorption respectively. Intrinsic absorption is caused by
the interaction of a propagating light signal with silica (or the bulk material of the
fibre), and extrinsic absorption is mainly due to absorption of light by transition

metal impurities (e.g. Cr, Fe, V) and hydroxyl ions (OH").

1.  Linear scattering loss occurs due to linear transfer of optical power amongst
propagating modes. If the fibre non-homogeneities are of a much smaller size
than the wavelength of the transmitted light, Rayleigh’s scattering occurs, and it
1s well pronounced in traditional silica-based optical fibres. Conversely, Mie’s
scattering occurs when the fibre non-homogeneities are significantly greater than

the wavelength of the propagating optical signal.

Suppose a signal that is transmitted through the fibre has an initial power of P(0) and it

traverses a fibre of length x km , its power intensity becomesP(x), and is defined as follows:
P(x) = P(0)e~* (2.10)

Where « is the attenuation coefficient.

Modern optical telecommunications systems typically utilize the 1550 nm spectral window
mainly due to its relatively favourable low loss attenuation (= 0.2 db/km) of silica-based
optical fibres. Authors in [66] report that a pure-silica-core fibre (PSCF) that has inherently
low transmission loss of less than 0.15 dB/km at 1550 nm has been developed by Sumitomo
Electric Industries in Japan. Figure 2.4 shows the relationship between the fibre loss with
wavelength for the PSCF optical fibre. This PSCF is poised to become the holy grail of high
capacity optical systems that are based on the 100 Gbit/s coherent technologies. Besides their
superior low transmission loss traits, the PSCFs also boast of enviable low non-linearity

characteristics.
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Figure 2.4: Relationship between fibre loss and wavelength for the PSCF fibre
The above-mentioned attributes are highly desirable and they will aid future high capacity

ultra-long haul communication systems to significantly improve their overall optical signal-
to-noise ratio (OSNR) [66].

2.3.4 Amplified Spontaneous Emission noise (ASE)

ASE noise arises due to the incoherent emission of photons by the optical fibre material that
are in turn amplified together with the desired data optical pulse along the communication

channel, and this results in the addition of noise to the propagating signal [51].

Assuming the incorporation of erbium-doped fibre amplifiers (EDFA), the output noise

power due to ASE can be computed using the following [67]:

Pase = znsp(mhf(}(c - 1)8(} (2.11)
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where N,y 18 the spontaneous emission factor, h is the Planck constant, f  is the frequency
of the optical signal in the channel, G is the gain of the EDFA and B, is the bandwidth of the

channel. The spontaneous emission factor, ng,,,,, is related to population densities as follows:

_ N2
Nspon = No—N, (212)

Where N, and N, are the population density in the lower state and the population density in

the upper state respectively.

We relate the ASE to an important parameter of optical amplifiers known as the noise figure
(NF). The noise figure is defined as the ratio of the signal-to-noise ratio (SNR) at the
amplifier output to an ideal SNR at the input [68], [69].

The NF can be expressed as follows:

NF =10 log, (-2 + <) (2.13)

hf,GBy G

Substituting for P, we obtain:

2ngsponhfo(G—1)B, 1
NF =10 Iogw( porfe D%+ E) (2.14)

By simplifying equation 2.14, we obtain,

NF = 10 log, (Zr2esi=ttt) (2.15)
Further simplification yields the following,
NF =10 logy, (2nspon — Zepon %) (2.16)

Modern optical networks now utilize high gain amplifiers such as the wide-band erbium-
doped fibre amplifiers (W-EDFA'’s), therefore, when equation 2.16 is applied to high gain

amplifiers it simplifies to equation 2.17:
NF =10 log10(2nspon) (2.17)

Since there is a direct relationship between the NF of an amplifier and the optical network
performance, it is paramount that the NF should be kept as low as possible.
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The ASE noise variance of the signal on a periodically amplified link of the channel is given
by:

o-czzse = 2Pr} ZnEL ASE(TL) (2-18)

where P, is the optical channel power and ASE (n) is the sum of the EDFA generated ASE

noise on link n.

We investigate and present the variation of the output noise power due to ASE (P,s.) with the

spontaneous emission factor (np,,) for different wavelengths as shown in figure 2.5.

It can observed from figure 2.5 that the lowest output noise power due to ASE (P,.), was
attained at the wavelength of 1555 nm, and conversely, the maximum value of P, was
achieved at the wavelength of 1580 nm. The amplifier gain in the above scenario was
maintained at 40 dB throughout the simulations. It can inferred that P, is sufficiently low in
the C-band, and becomes a serious nightmare for systems that operate in the L-band of the
optical communication systems. Figure 2.6 shows the relationship between the noise figure
and the spontaneous emission factor for wavelengths that belong to both the C and L-bands
of the optical communication systems. It 1s clearly evident that the NF is independent of the
variations of wavelengths. Innovative techniques such amplifier power stabilizing have been
proposed and implemented so as to reduce the effects of ASE in amplifiers as suggested by
authors in [70], [71] and [72]. However, due to the stochastic nature of the noise, it is
practically impossible to fully compensate for ASE. Since ASE noise is a phase noise, it can
be argued that its effects are particularly devastating in systems that employ phase

modulation formats such DQPSK and DPSK.

ASE noise poses a very grave challenge in high-speed optical networks because it usually
results in very low OSNR, and its effects are precisely severe in transparent networks. The
profound undesirable effects of ASE primarily lead to limited optical reach and poor
bandwidth utilization. We therefore suggest that advanced modulation formats such as the
polarization multiplexing, 16-state quadrature amplitude modulation (PM-16QAM) that are
not anchored on phase modulation be deployed in high-speed networks so as to minimize the
negative effects of ASE. In addition, the incorporation of Raman optical amplifiers will
ideally improve the OSNR since they possess ideal characteristics such as low power
consumption and enviable spectral efficiencies and seamless integration with existing

network infrastructure.
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2.3.5 Filter Concatenation

In WDM optical networks, an optical signal traverses through several optical nodes before it
reaches its destination. In transparent optical networks, a signal passes through various vital
components such as OXCs and ROADMs. Generally, the OXCs and ROADMs contain
several filters that include wavelength blockers (WB) and wavelength selective switches
(WSS), and the degradation of the traversing signal through these elements is commonly
referred to as filter concatenation [73]. Filter concatenation mainly arises due to device
imperfections, temperature fluctuations, operating conditions and deployment duration of the
filters [74], [75].

In essence, this implies that the amplitude and phase transfer functions of the optical filters
are not ideal. Filter concatenation effect becomes well defined with an increase in the number
of optical filters in the channel. The potent transfer function of cascaded filters is the product
of each separate filter. Consequently, the tacit transmission bandwidth of cascaded filters is
effectively narrower than that of a separate filter. In addition, when the centre frequency of
the cascaded filters is misaligned, it leads to spectral narrowing of the effective transfer
function, and thus will seriously reduce the effective bandwidth.

The gravity of filter concatenation is usually substantial in transparent networks since a signal
may be repeatedly multiplexed and demultiplexed several times before it reaches its final
destination. The overall effect of filter concatenation in an optical network is taken into

consideration by estimating the eye-closure penalty that is registered at the receiver node.

Authors in [76], [77] and [78] propose ways of limiting the signal degradation of optical
signals due to filter concatenation by employing techniques such as intensity modulation and
direct detection (IM-DD) optical orthogonal frequency division multiplexing (OOFDM).

In [79], [80] and [81], the filter concatenation effect is further interrogated in coherent
orthogonal frequency division multiplexing (CO-OFDM) backbone networks. A
comprehensive study of the residual effects of filter concatenation such as group delay ripple
and filter-induced dispersion is presented in [82] and [83].

However, in almost all the work alluded to above, the studies and discussions were limited to
the use of the standard single-mode fibres (SSMF) and the same types of filters. In our
contributions, we extend the work presented in [76] to study and simulate the signal

degradation effects that arise due to different types of filters and modulation formats. In
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addition, we also focus on the long-haul high speed networks and incorporate the fairly novel
and highly attractive PSCF optical fibres instead of the popular SSMFs.

In our model, we explore a 1500 km long-haul network that is made up of 15 spans of 100
km length PSCF fibres. A total of 10 EDFAs with a noise figure of 5 dB and 10 ROADMs
are considered. The ROADMSs are based on FBG and Chebyshev filters, and an IM-DD
OOFDM set up is implemented as shown in figure 2.7.
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Figure 2. 7: Schematic diagram for the simulation of the IM-DD OOFDM system

Table 2.1 shows some important simulation parameters and their corresponding values for the

IM-DD OOFDM system shown in figure 2.7.

32



Table 2.1: Simulation parameters for the IM-DD OOFDM system

Parameter Value
Intensity modulator wavelength 1550 nm
Digital-to analogue converter (DAC)/ Analogue-to-digital converter (ADC) 7 bit
resolution

Digital-to analogue converter (DAC)/ Analogue-to-digital converter (ADC) sampling 12.5GS/s
rate

Cyclic prefix parameter 25%
Photodetector sensitivity -19dBm

The overall effect of cascaded FBG filters for various signal source maximum admissible

detuning offsets are shown in figure 2.8 for DBPSK, 16QAM and 128QAM modulation

formats.
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Figure 2.8: Variation of BER with laser source detuning using different modulation formats for 10 FBGs
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The filter concatenation manifests itself in the form of the BER for the 10 cascaded FBG
filters under simulation study. From figure 2.8, it can be seen that advanced modulation
formats (128QAM and 16QAM) lead to higher BERs compared to the DBPSK modest
modulation format. This arises mainly due to appreciable loss of optical power triggered by
filter concatenation and narrowing, and also due to time-domain distortions that result from

the signal spectrum clipping.

Utilizing the same approach as that shown for the FBG filters, figure 2.9 shows the
relationship between BER and signal source detuning for 10 Chebycheyv filters. In this case,
the 128QAM modulation format is studied for various ripple factors. It is clearly shown that

there is sturdy relationship between the linewidths of the respective ripple regions with BER

deterioration.
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Figure 2.9: The relationship between BER and laser detuning for 10 Chebyshev filters using 128 QAM
modulation format for various ripple factors.
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From the results obtained above, it may be inferred that advanced modulation formats lead to
higher BER and are less tolerant to frequency dips as compared to low signal modulation
formats. Therefore, it would be prudent to employ adaptive modulation in long-haul
backbone networks so as not to severely compromise the OSNR at the expense of limiting the
effects of filter concatenation. Adaptive modulation involves the use of various modulation
formats and represents a trade-off between signal degradation, bit rate and energy

consumption of the network.

2.3.6 Crosstalk (XT)

Cross talk (XT) in WDM optical networks arises due to insufficient isolation of a channel by
optical components such as OXCs, ROADMs and other switching fabric. This leads to
signals from one channel to enter into another and thus lead to ‘noise’. The interference of
channel signals seriously reduce the signal-to-noise ratio (SNR) and normally cause severe
signal degradation that leads to unacceptable bit-error rates. XT is generally classified as
either in-band (homodyne) or inter-band (heterodyne). In-band crosstalk has the same
wavelength as that of the traversing signal and can be further divided into coherent XT and
incoherent XT.

Inter-band crosstalk, which is a less severe form of XT, occurs in wavelengths outside the
optical bandwidth [84], [85].

Since inter-band crosstalk generally occurs at a wavelength that sufficiently differs from that
of the desired signal, it is normally removed by filtering, and thus does not pose a serious
threat to the health of the transmitted signal. Conversely, in-band crosstalk cannot be
removed by filtering and it severely compromises the performance of an optical network if it
i1s not adequately taken care of [86]. Its effects are even more detrimental in long-haul
backbone networks where a significant amount of critical components such as OXCs and
ROADMs are cascaded along the communication channel.

Considerable amount of work has been expended in studying and proposing ways of limiting
in-band crosstalk, but the studies have been mainly limited to OOK [87], DPSK [88] and
other lower modulation formats [89], [90]. The impact of in-band crosstalk on advanced
modulation formats such as DQPSK and 128QAM has been largely less investigated and

further studies in this regard are therefore necessary.
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In our study, we extend the work in [91] to investigate the effects of in-band crosstalk in
OXCs for backbone optical networks. An analytical model that considers crosstalk signals
with different modulation formats is reviewed. Modulation formats that are considered in the

study are DQPSK and 128QAM.

Assuming that Pig is the input power of a channel, the output power P is given by the

following relationship:

(N=DR gate| 1+X gateMP]
+(M—1)TF[1+XgawMP”
+(N-1)(M-1)2T pRgqte

POt = Plo + Pl {Xyare [(M - DPP + P} + P,

- - (N-1) [Rgate . | (IN-1)(M-1) |RgateTF
2 [P |P° — 2P . -
o471 +HM-1DTF (0 ) +(N-1)2(M-1DRgae Ty
+(N=1)(M-1) ’TFHga[c +HN-1)M-1)2Tp 'Rga[e
i N-2 M-2 M—1)(N-1)—1
2P, B T O+ TRt Ry T By 7 L) (2.19)

Accordingly, the relationship between Py and P{U 1s shown in equation 2.20.

out _ py ) N DRgae[1+XgaeeMP]] | =DM [RoaeeT _ -
Pioo = Pi, +(M—1)TF|1+XgateMP{I — 2Py, +HN-D2M-DRgareTF [ 2PJ£0 {R,qate V=1 t+
+(N-1)(M-1)?TpRgqte +N-DM-12Tp [Rgate
M=2 (M-1)(N-1)-1
TrYe=1"t + RyaeeTr X1 t} (2.20)

Where,

P{ is output power of wavelength channel i, that includes crosstalk effects.
Tk 1s the filter transmission factor

R yate is the gate extinction ratio and X g4 is the OXC gate crosstalk.

N refers to the number of input fibres to the OXC.

M is the number of wavelengths per input fibre.
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P{” is the power of a wavelength channel in optical fibre j  that has wavelength i.

P{O is the power of a wavelength channel in optical fibre j that has a wavelength i,

P’; is the power of a wavelength channel in optical fibre j that has a wavelength i.

The gain of the of the gain-clamped semiconductor optical amplifier (GC-SOA) based OXC

is set to N for compensation of the distribution of optical power output.

X gate 15 a parameter that represents the OXC gate imperfections and is given by, Xgate =
Pgate ref)/ P gate; Where Pgq is the output power from the GC-SOA gate and Py4¢e (ref) 1S
the GC-SOA gate reference output power.

For an OXC with wavelength conversion capabilities, there is always one gate in the ON state

for every group of N gates, and thus there are NM gates in the ON state at any given time for

a total of NM? gates, assuming maximum traffic load.

Since we assume that one gate will be in the ON state for every group of gates, we define

P2l a5 the output power of the wavelength channel i, when the OXC only carries
wavelength channel i,. This scenario typically arise when no crosstalk occurs in the

out (ref) .

channel. P, is given by the following relationship;

io io

. y R

If the wavelength channel i, carries a zero bit, then P2 /) = 0. The crosstalk (XT) for a

wavelength channel under review is given by;

(Pput(ref)_Pi%I:t)
XT = P_out (ref) (222)
XT (dB) = 10log,oXT (2.23)
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The crosstalk model for the OXC-based WDM system with wavelength conversion is utilised
to derive the BER effects in an IM-DD system as follows:

1 1 iy+ixro—i 1 ip—ig—ixr 1 iy +iyri—i
BER =Zlerfcl—= 1TLXTO U) erfcl= D0 XHJ) erfcl— 1TXT1—D
ve s / T terf V2 afy terf V2o oof, *

1 ip—ig—i
erfc (ﬁw)] (2.24)

Tp_1

Where BER,,. is the worst case of the BER, ip is threshold current, iypq is the current due to
crosstalk bit 0, iyp; is the current due to crosstalk bit 1, i; is the current due to bit 1 and i is

the current due to bit 0.

Equation 2.24 describes the scenario that occur when a bit 1 is interfered by a crosstalk bit 0,
bit O is interfered by a crosstalk bit 0, bit 1 is interfered by a crosstalk bit 1 and bit 0 is
interfered by a crosstalk bit 1 [92].

0—%_0 = O—Eh + zeRd(PS + Psp + PXT O)B + J.%—Sp + O_Es!('r 0—sp + O-s:p—sp + 0—_%_)(7‘ 0

(2:25)
05.0 =0, +2eRq(Psy + Pxro)B + 0%r0-sp + 02p—sp (2.26)

0—%_1 = O—Eh + ZERd(PS + Psp + PXT 1)8 + J.%—Sp + 0_1%(? 1-sp + J.%p—sp + U‘%_XT 1

(2.27)

051 = 0%, +2eRy(Psp + Pxr1)B + 0%7 s F 05 (2.28)
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Equations 2.25 to 2.28 give the variances of the crosstalk interference, where; a7 , is the
variance when bit 1 is interfered with by crosstalk due to bit 0, O'%_n is the variance when bit 0
1s interfered with by crosstalk due to bit 0, O’%_l is the variance when bit 1 is interfered with
by crosstalk due to bit 1 and 05_1 is the variance when bit 0 is interfered with by crosstalk due

to bit 1.

o2, is the thermal noise variance, Ry is the receiver responsivity, B is the bandwidth of the

receiver filter and Pg is the signal power. Pg, is the ASE power.

The photocurrent for a transmitted bit 1 is given by i; = 2R;Ps, and that for a transmitted bit

0, is ip = 0 where Pg is assumed to be 0.

Other parameters included in the above equations are defined as follows:

0%_g, is the beat power due to the signal and ASE,

a%r 0—sp 1S the beat power of crosstalk and ASE due to bit 0,
Oy 1-sp 18 the beat power of crosstalk and ASE due to bit 1,

0%_yr o is the beat power of the signal and crosstalk due to bit 0,
0%_yr 1 is the beat power due to the signal and crosstalk for bit 1,
0%,_sp is the beat power due to ASE and ASE.

Figure 2.10 shows the variation of BER and gate input power for an OXC set at two distinct
Rgace values. It can be observed from the graph that an optimum gate input power of
approximately -18dBm gives a highly favourable BER under the conditions specified in
Table 2.2. This desirable result is achieved by meticulously improving the filter transmission
factor of the OXC and hence the crosstalk of the system should be kept as low as is possible
so as to attain a modest BER. In a nutshell, high resolution filters should be incorporated in
the switching fabric of the network so as to limit the effects of crosstalk on the quality of the

transmitted signals.
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Figure 2.10: The relationship between BER and gate input power for an OXC

Table 2.2: Assumption parameters used in computing the BER due to XT in OXCs

Parameter Value
Temperature 300 °K
Bandwidth (B) 10
Responsivity (R;) 1AwW?
Amplifier gain (G) 260
Operating frequency (f) 2 x 10Hz
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2.3.7 Polarization Dependent Loss (PDL)

Polarization dependent loss (PDL) refers to the ratio of minimum to maximum coefficient of
optical transmission of a device when the input totally polarized light sweeps all states of

polarization [93].

Although PDL is almost negligible in optical fibres, it is significant in other pertinent optical
network devices such as connectors, multiplexers, demultiplexers and couplers. PDL
accumulates as we move from one component to the other and it causes significant variations
of the SNR and may lead to very high BER along the optical channel. In particular, PDL
generally leads to an imbalance in the OSNR of the two polarization states, and its effects are
overtly profound in ultrafast transmission systems that are based on the polarization division
multiplexing (PDM) technique.

Considering the probability density function of the coefficient of transmission (P,(X)) in an
optical network (X), we find that it depends on the state of polarization of the incoming

signal and the transmission function of each fibre along the channel [93].

= 1K {(A—k)nX+n(1-K+KInK)}?| 1
P(X) = exp |— { 1
: JZ M n{(1-K)2—K(InK)?} P Zn{(l—!{)l—f((:nk)z} X

(2.29)

Where n is the number of PDL devices in the optical transmission network and K is the PDL
value of each PDL component in the network. To gain some insight into the effects of PDL, it
1s vital to look into the theories and related statistics that characterize its impact on
transmitted signals. Authors in [94], [95] and [96] thoroughly investigated the relevant
theories on the effects of PDL and explored the concept of principal states of polarization

(PSP) in networks that are affected by PDL.

Utilizing the Jones space, states of polarization are related by the 2-d complex column “ket”
vector, |s) = (f") and the corresponding “bra” (s| = (s3, s;) conjugate row vector [88].
=y

For PDL considerations, the Jones vectors are assumed to be not normalized, thus,

(sls) = (s¥5x 5y5y) (2.30)
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The cognate Stokes vector, § = (51,53, S3) is defined by § = (s|ad|s)/(s|s), where
0 = (01,0,,03) 1s the Pauli matrix vector whose respective components are the Pauli

matrices [97]:

0=} Qo= D= 3 o

The Pauli matrices are defined according to the Stokes space, where the Stokes parameter

s3 = (s|os|s)/(s|s) is non-negative and equal to unity. It should be noted that the Stokes
vector § is real and it is of unit length. Accordingly, the Stokes vector’s last point rests on the
surface of the Poincaré sphere. The state of polarization is completely characterized either by
the Stokes parameters s;, s, and s3, or by the equivalent angles of the Poincaré sphere 2

and 2y.

A parameter known as the power transmission coefficient (7) of a network with PDL,
describes the extent of the PDL effects and it relies on the initial state of polarization. The
maximum transmission coefficient is denoted by 7,4, and the smallest transmission
coefficient is represented by 7,,;,, and it is further assumed that the corresponding Stokes
space vectors are not automatically linear. The Stokes vectors’ degree of polarization (DOP)
is unity and the vectors are mutually orthogonal (3,,,x = —S;in). For unpolarized light

(DOP=0), the transmission coefficient is given by:
Tunpa! . (Tmax + Tmm)/z (232)

The parameters Tpqy Tmin and S, completely characterize the PDL in a system. The

footprint of a PDL element is given by the Jones vector:

|6) = VTmaxePeGls) (2.33)

Where « is the differential loss vector. Further simplification of equation 2.33 leads to:

|ty = \/me(_%) [COsh(a/ 2) (é [1]) +sinh(a/2) ( Viey 593)] g

e, +ies —eq
(2.34)
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Where e, e, and e3 refer to the orientation of minimal attenuated SOP.

In our study, we assume that T,./Tmin 15 greater than 0.5 and thus we can expect the
differential loss and PDL to be equally distributed.

Figure 2.11 shows the variation of total PDL with the number of PDL elements in optical
network. It can be observed that the probability density function (PDF), in dB, emulates a
Maxwellian distribution. This implies that PDL becomes particularly problematic for long-
haul backbone optical networks where there is a significant number of switching fabrics that
are inherently prone to PDL effects. Generally, dynamic polarization controllers are normally
used to minimize the PDL effects in various optical components. These controllers’
deployment increase the energy consumption of optical networks and it is necessary to limit
and manage their operation so as to utilize energy efficiently.

In order to limit the effects of PDL in such networks, high purity and low loss optical fibres
such as the PSCF should be deployed together with switching fabrics that introduce
sufficiently low PDL in the networks. This will ideally result in the overall reduction of

switching fabrics and thus lower energy consumption and acceptable OSNR.
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Figure 2.11: Relationship between PDL and number of PDL elements
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2.4  Non-linear impairments

Pertinent non-linear impairments that adversely degrade optical signals are: self-phase
modulation (SPM), cross-phase modulation (XPM), four-wave mixing (FWM), stimulated

brillouin scattering (SBS), and stimulated Raman scattering (SRS) [35].

2.4.1 Self-Phase Modulation (SPM)

SPM is an important nonlinear effect that arises due to the refractive index’s dependence on
the intensity of propagating optical signals in the communication channel (Figure 2.12). SPM
occurs when the phase of the signal is modulated by its own intensity and leads to pulse

broadening.

intensity (a. u.)

0.5

change of instantaneous frequency (a. u.)
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Figure 2.12: Self-phase modulation of an initially unchirped pulse

For an optical signal that traverses through the optical fibre, the higher intensity segment of
the pulse experiences a higher refractive index compared to its lower intensity counterpart

[98].



Consequently, the front section of a pulse encounters a positive refractive index gradient (z—?),

and the tail-end of the pulse experiences a negative refractive index gradient (—j—?:) This
change in the refractive indices gradient leads to temporally altering phase changes that are
dependent on the pulse intensity. We denote the phase introduced by the electric field (E) as

@, and it can be expressed as follows:

2w

o =2l (2.35)

Where, n, A and L are the refractive index, wavelength of the propagating signal and the
length of the fibre respectively. Assuming that the power transmitted into the optical fibre is

sufficiently high, the phase may be expressed by the following relationship:

21 21
P = TneffLeff = (my + ) Lesy (2.36)

Where, n.y 1s the effective refractive index, L.ss 1s the effective fibre length, n; is the linear
refractive index, n,; is the non-linear refractive index, and I is the optical intensity of the
pulse. It is important to note that the variation of phase with respect to time results in the
modification of the frequency spectrum (w), and can be represented by the following

relationship:

_do
w== (2.37)

The temporal spectrum change causes a change in the pulse variation, and if we consider a
Gaussian pulse that modifies an optical carrier frequency (wg), another instantaneous

frequency (w) 1s created, and is represented by:
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W = Wy +E (2.38)

The phase change due to SPM is negative, and the frequency expression may be written as

follows:

' 2n dl

W = Wy — Tnn[Lef_fE (2.39)

SPM is very problematic for networks that operate above 10 Gbps because its effects result in
high BER that manifest as low OSNR. It is therefore vital to consider their contribution in
routing and wavelength assignment decision-making processes so as lower blocking
probabilities. One way of reducing the effect of SPM in modern networks is to employ the
technique of offset filtering transmitted signals. This occurs via the all-optical regeneration of
signals where a chirping effect that is opposite to the one introduced by SPM is induced so as
offset the undesirable pulse broadening caused by SPM. Another innovative way of reducing
the effects of SPM in networks is the use of non-linear optical loop mirrors (NOLMs). The
NOLMs are essentially optical bidirectional couplers that utilize interferometry to offset the
effects of SPM on transmitted signals. However, these seemingly ingenious techniques to
curtail the effects of SPM are power hungry and lead to increased energy consumption and
thus higher carbon footprints of the networks. The use of low-loss and dispersion
compensated optical fibres that are capable of containing high power pulses may be a cost-

effective and long term solution to the effects of SPM in optical networks.

2.4.2 Cross-Phase Modulation (XPM)

XPM originates from the nonlinear phase shift of signal induced by a co-propagating signal at
a disparate wavelength. One crucial way of analysing the effects of XPM in WDM systems is
anchored on intensity and phase modulation of propagating pulses [99]. In this kind of a
model, the Q-factor is an important parameter in the analysis of XPM-induced power penalty

in IM-DD systems and can be expressed as follows:
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_ 2kP(r-1)/(r+1) (2.40)

= 2ksptP  f2krPy2 2kspP
|—P +( ) o2t |[—E
r+1 r+1 r+1

Where, k and kg, are constants that depend on the receiver type, 7 is the extinction ratio, Pis
the average optical power at the receiver, and o2 is the variance of the XPM-induced

intensity modulation.

The effective XPM noise power can be evaluated by using the following equation:

—_——d 1 o0 2 2
UJ%pm = P(0) ZEENEI_mlepm,E(w)l |Hfiiter(w)| PSD;(w) (2.41)

Where, P(0) is the initial link average power of probe channel, N is the number of probe

channels, H,,,, ;(w) is the transfer function of XPM, H ¢y, (w) 1s the transfer function of the

optical filter and PSD;(w) is the power spectrum density of the i'" channel respectively
[100].

XPM is commonly minimized by appropriately managing channel spacing in WDM systems.
This is ideally implemented by leaving unused wavelength channels between lightpaths so as
reduce the impact of XPM in the systems [101]. Although this approach appears lucrative and
simple, it may not be prudent to implement it for long-haul high speed optical networks. If
the technique is applied in such networks, it would translate to higher capex and increased
energy consumption due to the need for the deployment of more optical fibres and other
necessary ancillary switching fabrics so as to cater for the unused channels on the optical
fibres. The use of ultra-low loss and DCF fibres may assist in the reduction of XPM effects in

long-haul optical networks.
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2.4.3 Four Wave Mixing (FWM)

FWM arises due to the Kerr effect and it occurs when at least two signals of different
wavelengths traverse the same optical channel. Assuming just two input signals with
wavelengths A; and A,, a refractive index modulation at the difference wavelength occurs,
which creates two additional wavelength components. In essence, two new wavelength

components are generated, and these are [102]:

/13 == /.‘I.l - (/12 == /11) = 2/11 - Az, (242)
and

2.4 = 2.2 + (2.2 - /'11) = 2/12 - /11 (243)

The total power of the FWM signal can be calculated by employing equation 2.44:

wam = Ea,b,c P(a,b,c) (244)

Where, Pf,, is the power of any FWM signal generated by any multiple combinations with

wavelengths A,, 45 and 4.

The noise that arises due to FWM can be evaluated using the following equation:

sz’wm = 2PoPfyym (2.45)

One technique of suppressing FWM impact on the quality of transmission is to increase the
channel spacing. The increase in channel spacing ideally leads to an arrangement where the
new generated wavelengths components fall outside the useful range of optical channels, and

thus the decreased likelihood of intra-channel interference [103].
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Suppose that four input signals are launched in a WDM system at 193.175 THz, 193.225
THz, 193.275 THz and 193.325 THz respectively. We assume that the channel spacing is
uniform at 100 GHz, 50 GHz, 25 GHz and 12.5 GHz respectively. Figure 2.13 shows the
relationship between the BER and equal channel spacing for the four different channels. It
can be seen from Figure 2.13 that the BER significantly decreases as the channel spacing is
increased. This may be due to the decrease in interference between the input signals that

result in a reduction in FWM in the system.
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Figure 2.13: Relationship between BER and uniform channel spacing for four different channels

We now consider the scenario presented above with the same parameters but making use of
unequal channel spacing for the four signals at 193.190 THz, 193.255 THz, 193.305 THz and
193.370 THz. It can be observed from figure 2.14 that the BER greatly improves with the

non-uniform channel spacing compared with its uniform channel spacing counterpart.
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This implies that in non-uniform channel spacing, intra-channel interference of input signals

is profoundly lowered and thus FWM impact is less pronounced.
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Figure 2.14: Relationship between BER and non-uniform channel spacing for four different channels

The model presented above for Q-factor estimation takes into consideration cardinal linear
and non-linear physical layer impairments in optical networks. By employing analytical
techniques to numerically compute the Q-factor, this model can provide a satisfactory

estimation of the extent of signal health degradation due to physical layer impairments.

2.4.4 Stimulated Brillouin Scattering (SBS)

Nonlinear scattering in optical fibres arise due to the inelastic scattering of photons. Thermal
phonons are created as a propagating optical signal in a fibre compresses the dielectric

material when its intensity exceeds a particular threshold. A wave known as Stokes wave is
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generated due to the inelastic interaction between a propagating optical signal and a
diffracted wave in the optical waveguide. The Brillouin shift is the frequency shift between
these two waves. Stimulated Brillouin scattering is typically observed at low signal power

levels in the order of a few mW [104], [105].

Suppose an electric field oscillates at a pump frequency wp, an acoustic wave with a
frequency wp is generated. Assuming spontaneous Brillouin scattering, the pump photon is
annihilated, and the both a Stokes photon and an acoustic phonon are simultaneously

generated. Application of the conservation laws of energy and momentum to the process

yields the following [106]:

Conservation of energy:

wp must be equal to (wp — w;), where w, is the Stokes wave frequency.

Conservation of momentum:

Ks= (K, —Ks) (2.46)

Where K4 is the momentum vector of the acoustic wave, Kp is the momentum vector of the

pump wave and K is the momentum vector of the Stokes wave.

Taking v, as the acoustic wave velocity, the dispersion relationship can be written as follows:

Wp = V4 |E| = vy |K_P'_ ?5.| (2.47)
or
wpg = 20, |K_P‘| sing (2.48)

Where 0 is the angle between the pump and Stokes momentum, and the modulas of Kp and

K is assumed to be nearly equal.
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. e . 2
The maximum backward frequency shift is obtained when vg = zv"‘

P

Where n is the mode index.
SBS challenges can be sufficiently addressed by increasing the linewidth of propagating
signals in order to overcome the power threshold limitations that they impose on optical

signals.

2.4.5 Stimulated Raman Scattering (SRS)

The main difference between SRS and SBS is that acoustic phonons bring about SBS,
whereas optical phonons are responsible for SRS. Degradation of optical signals is generally
not severely affected by SRS and thus SRS is not a very critical nonlinear impairment as

compared to some of the impairments discussed above.

2.5  Strategies of reducing energy consumption in core networks

Due to the purposeful global campaigns aimed at mitigating factors that cause environmental
pollution, the telecommunication sector joined the bandwagon in the quest to protect our
environment by adopting initiatives that are geared towards energy-efficient communication
networks [107]. In addition, the current departure from the traditional technologies and
strategies does not only result in the reduction of harmful gases released into the
environment, but also lead to substantially low opex for network operators. As previously
stated in the preceding chapter, a significant number of scholars have focused their attention
in conducting research in this important niche area in order to come up with energy-efficient
solutions for backbone communication networks. The proposed energy-efficient solutions can

be broadly classified into the following four approaches:

i. Network redesign: Designing energy-efficient networks using optical and electronic
technologies;

ii. Traffic engineering: Developing energy-aware traffic grooming schemes;

iii. Energy-aware networking: Powering devices ON/OFF between different operating

states;
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iv. Load-adaptive operation: Adopting rate-adaptive and multi-line/link rate techniques.

In this section, an overview of each of the aforementioned approaches is carried out.

2.5.1 Network Redesign

Generally, the energy usage of the core network can be significantly lowered by redesigning
the physical links and the core nodes. Traditionally, the physical links rely on optical
technologies, whereas the core nodes have essentially been based on electronic technology
[8]. Since electronic devices are slower than their optical components, there is a need to
gradually replace most electronic switching components by optical switching devices [108].
Through the technique of “multiple-shelves”, the speed of an electronic core router can be
improved, but at the expense of increased energy consumption [109]. However, the
replacement of a core electronic router by an OXC provides opportunities for very fast
switching due to the elimination of bottlenecks that arise due to slow electronic processing. In
addition, potential energy savings will be realized as well [110]. Table 2.3 shows some vital
information about various core network devices and their respective energy consumptions

[111].

Table 2.3: Power consumption values of key core network devices

Device Product Capacity Power consumption
Cisco CRS-1 1.2 Tbhps 9.63 kW
Cisco CRS-3 4.4 Thps 12.3 kW
Corerouter | iper T1600 1.6 Thps 8.35 kW
Juniper T4000 4 Thps 9.83 kW
(s Fujitsu Flashwave 7200 10 Gbps 68.5 W
Transmode 10 G tunable 10 Gbps 25W
OXC Cisco 40-Channel OXC 2-degree 400 W
Cisco 80-Channel 0XC 2-degree 550w
Cisco ONS 1454 PrA 1 fibre 78 W
Amplifiers A.lcatel LM1600 ILA 1 fibre 52W
Cisco ONS 1454 ILA 1 fibre 46 W
Infira EDFA 1 fibre 106 W
Cisco optical regenerator 2.5 Gbps 100 W
Regenerator iLynx regenerator 2.5 Gbps 8w
40 G electronic regenerator 40 Gbps 126 W
All-optical regenerator 1 wavelength 6-80W
Tunable wavelength converter (TWC) 1 wavelength 500 - 800 mW
Converter Fixed wavelength converter (FWC) 1 wavelength 600 mW
All-optical wavelength converter (AOWC) 1 wavelength 2W
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By redesigning the physical topology of the core networks via the optimization of available
links, massive energy savings may also be realized [112]. Since the capex of an optical core
network is mainly determined by link deployment costs, it is therefore prudent and logical to
interconnect core nodes through as fewer number of links as is possible. However, it is
crucial to strike a balance between the number of links and energy consumption as some
topologies may contain fewer links but end up consuming significantly large amounts of
energy. Figures 2.15 (a) and 2.15 (b) show two different topologies designed to reduce cost
and energy consumption respectively.

Busy node BilsyiiodE

Busy node Biisy tiode

(a) Aringtopology (b) A partial mesh topology

Figure 2.15: Two distinct topologies connecting 7 core nodes

2.5.2 Traffic Engineering

Another way of reducing energy consumption of core networks is to limit the use of network
devices such as ports and fibres, by utilizing traffic grooming techniques [8], [113]. If several
low-granularity traffic movement is aggregated into a few, high-granularity traffic flow, the
number of wavelengths that traverse the core network will be drastically reduced and this

leads to a reduction in demand of network resources [114], [115].
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Wavelength grooming occurs when several sub-wavelength traffic 1s aggregated into a single
wavelength, and waveband grooming arises when several wavelengths are aggregated into a

single waveband.

Since a large portion of modern backbone network traffic is for internet services, it implies
that the connection requests arrive randomly and their durations vary over different time
periods. Several energy-reducing approaches have been proposed for such kinds of dynamic
traffic, and some of the most effective dynamic grooming approaches include the Power-
Efficient Grooming Algorithm (PEGA) and the Time-Aware Traffic Grooming (TATG)
[116] - [119]. In PEGA, new lightpaths are only established in the event of capacity
constraints on existing lightpaths, otherwise, the new requests are incorporated into lightpaths
already in existence. The TATG approach uses appreciably less energy at low traffic loads,

but uses up more energy at high traffic loads.

In a nutshell, traffic grooming is essential in modern backbone networks as it aids in reducing
energy consumption by optimizing resource usage via minimization of network devices

usage.

2.5.3 Energy-aware networking

In general, network elements in core networks are configured to support peak-period traffic
and thus during off-peak periods, significant amounts of energy are unwisely wasted since
most devices will not be performing any functions [13], [120], [121]. Due to the increased
sizes of current networks, and hence several energy consuming devices, it has become very
critical and important to switch off some devices during low traffic periods, and this in turn
calls for the adjustment of routing schemes to be fully optimized to become energy-efficient.
A number of scholars have proposed and developed several schemes that are responsive to
the energy demands of the networks, and these schemes can be subdivided into energy-aware

routing and energy-aware network design [28], [122], [123].

Energy-aware routing can be accomplished by exploiting the technique of multilayer traffic
engineering (MLTE) whereby routing is optimized and logical topology adaption is enabled
by the creation of a virtual mesh layer and the subsequent computation of the most energy-

efficient route.
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This results in the rerouting and grooming of traffic and adaptation of the topology results in
switching off devices that will not be in use. Through the use of energy-aware routing
techniques, several approaches may be implemented to switch off the network nodes, and

these include:

1. When a node is completely redundant.

ii.  When the traffic passing through a node falls below a preset level.
It is important to note that each approach may lead to some undesirable network management
challenges such as a compromised QoS, and therefore a trade-off between potential energy

savings and network performance should be considered.

A fairly novel and exciting innovative approach to energy-aware routing involves the concept
of green routing whereby network nodes are mindful of the source of their power [13]. In
such schemes, routing can be optimized to utilize as much energy from renewable sources as
is possible, thereby leading to lower GHG emissions that arise from powering

communication networks.

Energy-aware networking schemes such as the sleep mode operation, were initially conceived
for Ethernet and LANs and their development was made possible by considering daily traffic
variations of several networks [124], [125]. The results from the dedicated studies showed
that a significant number of specific links provided an opportunity for energy savings and
guaranteed network robustness against link failures [126]. It is essential to bear in mind that
in the noble quest of developing energy-aware schemes, greater emphasis need to be placed

on reducing network disruptions and configurations.

2.5.4 Load-adaptive Operation

The bulk of most active core networks operate on a single line rate (SLR) such as a 10 Gbps
despite different capacity demands that actually exist between traffic nodes [127]. It 1s not
surprising therefore that core networks that operate on SLR exhibit poor utilization of
network resources and consequently use more energy than would be essential in their
operations [128]. In order to intelligently manage and utilize energy efficiently, it is desirable
to use a minimum number of network elements that are capacitated to meet the actual

demand of the network.
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For example, 1t would be logical and effective to deploy a single 40 Gbps transponder if a 37
Gbps traffic exists between two nodes than to deploy four 10 Gbps transponders to
accomplish the same task. The deployment of links that support mixed line rates (MLR)
appear to be an important step in the right direction in as far as energy-efficiency is
concerned in future networks. MLR are capable of adjusting network bandwidth to that
required by individual lines and thus lead to appreciable energy savings as opposed to the
networks that only support SLR [129]. Networks that support also referred to as elastic
optical networks (EON) and are destined to lead the revolution of the next generation
ultrafast backbone networks. Despite directly lowering energy consumption due to their
adaptability to variable lightpath patterns, EONs also improve the overall spectral efficiency
of links and thus impact positively on the general energy efficiency of the entire backbone

network [130].

Lowlead High load

=

./'

Low load O O ONR...5

Moderate load Moderate load

Figure 2:16: A core network that employs the MLR technique

Figure 2.16 depicts a schematic diagram of a core network that employs the MLR technique.
The core nodes are represented by circles and their traffic capacities are illustrated by the
sizes of the respective circles. In addition, the line thicknesses indicate the extent of

utilization of the core edges.
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2.6 Summary

Physical layer impairments that compromise the quality of transmitted optical signals are
discussed in this chapter. The impairments are broadly divided into linear and non-linear
impairments. Linear impairments are independent of the signal power and influence each of
the optical channels separately, on the other hand, nonlinear impairments result in
interference between channels in addition to affecting each optical channel individually. The
linear impairments discussed include CD, PMD, fibre attenuation, PDL and XT. On the other
hand, the non-linear impairments reviewed include SPM, XPM, FWM, and SBS. It is found
out that the effects of impairments such as FC and SBS become prominent in high speed

networks and may not be ignored in formulating RWA algorithms of these core networks.

Strategies employed to curb energy consumption in backbone networks are also presented,
and these are: (1) Network redesign, (i1) Traffic engineering, (iii) Energy-aware networking,
and (iv) Load-adaptive operation. It is shown that these techniques are capable of
significantly lowering the energy use of core networks when applied in various traffic

contexts and topologies.
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3 Energy efficiency and Impairment Aware-Routing and
Wavelength Assignment

3.1 Introduction

The issue of the efficient utilization of energy has undoubtedly taken centre stage in the 21*
century due to a myriad number of reasons. There are concerted and coordinated efforts
globally to prioritize energy conservation and the scientific research community has been at
the forefront of spearheading this noble cause. According to the International Energy Agency,
13371 Mtoe (million tonnes of oil equivalent) of energy was supplied to the whole world in

2012 [131]. Figure 3.1 shows the energy supplied in 2012 by type of fuel.

\
= Hydro
\ = Nuclear
= Natural gas
QOil
= Coal

= Other

= Biofuels and waste

Figure 3.1: World energy supplied in 2012

It is evident from the data given above that traditional energy sources such as oil and coal are
still widely preferred for energy generation. These energy sources are non-renewable and
thus may eventually get used up in the near future. In addition, these non-renewable energy
sources pose serious global environmental and health challenges since they produce large

quantities of the so-called greenhouse gases (GHG). GHGs are a major cause of global
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warming and their adverse effects include higher average global temperatures that lead to

natural disasters like droughts and floods.

It is without doubt that the carbon footprint of the ICT sector has drastically increased over
the past decade. This is mainly so due to the deployment of high speed telecommunications
networks to meet the ever-increasing demand for efficient and bandwidth hungry applications

such as video streaming [132], [133], [134].

Authors in [135], [136] point out that the growth rate of electricity consumption in
telecommunication networks outpaces the overall electricity usage. The increase in the traffic
volume of telecommunications networks has imperatively led to increased energy
consumption by these networks [137], [138]. Figure 3.2 shows a projection of energy

consumption by telecommunication networks in the next few coming years [139].
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Figure 3.2: Energy consumption prediction of telecommunication networks

The advent of smart grids (SGs) has opened up glamorous opportunities for the exploitation
of vast renewable energy sources for the powering of high-speed telecommunication
networks. In simple terms, a smart grid (SG) is an intricately integrated hybrid power
generating system that allows bidirectional flow of both energy and data between devices and

power generators. An important aspect of a SG is the ability to incorporate power generation
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from diverse sources such as wind and the sun. Predictably, the benefits derived from such
distributed generation are immense and some of them include, improved energy system
reliability and flexibility. In addition, energy efficiency is greatly enhanced, and in the
process the GHG emissions are significantly reduced due to the effective use of renewable

energy sources such as solar and wind [ 140].
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Figure 3.3: A Smart Grid model

Figure 3.3 shows a model of a typical SG. This model consists of a single macrogrid and
several microgrids (MGs) such that the macrogrid can supply power to MGs that may require
it. In the same vein, the MGs can always supply excess power to the macrogrid in a formal
trading arrangement. The macrogrid is essentially equipped with traditional power generating
sources such as hydro and coal-fired stations. A macrogrid controller (MC) ensures optimal
power distribution to all the users within the macrogrid, and it also facilitates external power
trade with MGs and other macrogrids through the MG control center (MGCC). A typical MG
consists of several distributed generation (DG) sources, a power storage system (PSS), smart
infrastructure, a set of users and a single MGCC. A MG network controller (MGNC) acts as

an interface between the macrogrid and the MGCCs [141].
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Taking into the cognisance the importance of reducing global warming, it 1s therefore logical
and noble to design and develop energy-efficient next generation telecommunication
networks. Since modern backbone telecommunication networks heavily rely on optical
networks due to their superior speed and capacity, it becomes vital to study and come up with
ingenious ideas to reduce energy consumption in these networks. Although a number of
scholars have shown interest in pursuing studies in energy consumption of optical networks,
the research area of energy-efficient optical networks is fairly novel and in its infancy.

The reduction of energy use in optical networks can be generally solved at four main levels,

viz: component, transmission, network and application [134].

The deployment of all-optical components such as OXCs and related switching fabrics will
evidently reduce energy consumption at the component level [142]. The introduction of low-
loss and low-dispersion optical fibres and energy-efficient transponders has the potential to
improve energy utilization during the transmission stage [142]. Energy-aware and efficient
resource allocation strategies and green routing have been earmarked to be the front running
techniques for the reduction of energy consumption at the networking level [143]. Green
cloud computing has been proposed as a key innovative way of energy consumption

reduction at the application stage in optical networks [144].

3.2  Energy Consumption in Optical Networks

This section shows the computation of energy consumption in all-optical networks. The main
components considered in the calculations include, OXCs and EDFA amplifiers. Energy may
be defined as the product of power and time, and in optical networks, there are two main
types of energy that are normally considered. These are, (1) Energy consumed during the
transmission of one bit over an optical fibre, and (i1) Energy consumed during the optical
signal switching process. The average bit rate (B) is the inverse of the average time to

transmit an optical bit over an optical fibre, and is given by the following equation:

B=— (3.1)
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Where T'p;, 1s the time taken to transmit one optical bit over the fibre.

The energy consumed per bit is given by:

Epit = PrTpit (3.2)
Where Ej;; 1s the energy consumed per bit over a distance of [ km, and P7 is the power
dissipated.
Assuming that a path is made up of a transmitter, several EDFAs, OXCs and a receiver, then
Pr may be expressed as follows:

Pr = Pry+ Pgpra + Poxc + Ppy (3.3)

Where Pry, Pepra, Poxc » Pry are the total powers consumed by the transmitter, EDFAs,

OXCs and receiver respectively.

If an optical bit traverses J hops with each hop consisting of k in-line EDFAs, the total
energy consumed due to the OXCs and EDFASs is given by,

G+ DB $ RJEEFA o 5 1 (3.4)

Taking use of the network architecture given in [145], the energy per bit consumed for a

given source-destination pair is expressed by,
EDFA oxc
Epirs,ay = (Prx + Pro)Thie + Xviez KiEpie © + U + DEp; (3.5)

Where Z is the shortest path for the source-destination pair.

A relationship between E};; and BER is now derived for a typical On-Off Keying (OOK)

modulation format. For an OOK scheme, the BER is given by the following equation:

BER = Q (M) (.6)

O']‘l'ﬂ'o
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1 oo _ﬁ
Where, Q(x) = Efx e zdy
(I1) and (l) are the mean photocurrent values of high and low signal levels respectively
o4 and o are the standard deviations of high and low signal noise levels respectively.
Given that Py and P, are the received optical powers when “low” and “high” bits are
transmitted respectively, we formulate a relationship between received optical powers and

mean photocurrents as follows,

If R is the responsivity of the photodetector, then,
11 = RP1 and 1’0 = .‘RPO

The standard deviation of the photocurrent is given by,

01 = /2q1;B, + 4k5TB./R, (3.7)

00 = /2q1oB, + 4kgTB,/R; (3.8)

Where, q is the electronic charge, B, is the electrical bandwidth, kp 1s the Boltzmann

constant, T 1s the temperature in °K, and R is the load resistance.

Py and I are assumed to be both zero for an ideal OOK modulation scheme, therefore,

[1 == :RLL-PT (39)
Where, P; = L;Pr

Pr is the transmitted power, L, is the loss incurred by signal during transmission.

The loss incurred for one hop is given by,

L= eaiLmustLdemux (3.10)
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Where, a 1s the optical fibre attenuation, [ is the length of the fibre. Ly, Ls and Lgemq, are
the multiplexer, switch and demultiplexer losses respectively.

Combining the above equations yield,

_ Re® LopyxLsldemuxPT )
ER= ("o’ﬁ/ 2qR(LtPT)Be+4kpTBe/Ry, 3.11)

Assuming, ¢ = Q™! and substituting into equation 3.11, and taking E};; as the subject of the

formula, we obtain;

(?.RL;B) (ZqRLBBB)
== )| —5—
g a5

(m,tg)?
pag

Epic = (3.12)

Where, B = -
T

bit
Equation 3.12 shows the energy needed to transmit an optical bit over an optical fibre for a
distance of [ km. The necessary specifications utilized to calculate E};; are provided in Table

3.1.

Table 3.1: Parameters for the calculation of Ep;;

Item Value
Signal input power 1mwW
Electrical bandwidth (B,) B/2
Bit rate (b) 10 Gbps
Mux/demux loss 3dB
Fibre coupling loss 1.5dB
Optical fibre attenuation coefficient (a) 0.18 dB/km
Plank’s constant (h) 6.63 x 107345
Wavelength (4) 1550 nm
Fibre length (I) 70 km
@ 8
Photodetector responsivity (R) 1.20 A/W
0 hermar = 4kgTB R, 3.3 x 107%2B,A?
Switch insertion loss (L) 0.5dB
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In Figure 3.4, the relationship between energy and BER is shown. It can be observed that
more energy is required to transmit signals at low BER values. This implies that a delicate
balance should be sought and struck between the quality of the transmitted signal and the

energy consumed per bit.
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Figure 3.4: The relationship between Ey;; and BER

Figure 3.5 gives the relationship between energy used per bit and the optical fibre length. For
optical fibre lengths that are above 97 km, we can see that there is a sudden increase in the
required energy per bit. However, in most existing networks, EDFAs are normally placed at
interval distances of about 70 km to alleviate the challenges posed by optical fibre
attenuation. This implies that the overall uncompensated length of the optical fibre becomes
less than 70 km, in which case the energy consumed is approximately 1 nJ as observed in

Figure 3.5.
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Figure 3.5: Energy consumed per bit versus optical fibre length for OOK

3.3 Impairment Aware-Routing and Wavelength Assignment (IA-RWA)

WDM transparent optical networks are favourite candidates for high speed next-generation
telecommunications networks due mainly to their ideal superior bandwidth provision. In
addition, transparent optical networks make it possible to transmit and switch signals entirely
in the optical domain without the inclusion of the bulky and costly OEO converters.
However, the absence of OEO converters at intermediate nodes in these networks generally
lead to undesirable signal degradation due to physical impairments caused by optical fibres
and associated optical components. This necessitates the inclusion of the effects of physical-
layer impairments in the decision-making process of routing and wavelength assignment

(RWA). Traditional RWA algorithms assume that the optical network waveguides and related
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components are ideal. This, however, 1s not true since the quality of the travelling optical
signal is degraded as it traverses the optical network. It is therefore imperative to take into
consideration the effects of physical layer impairments during network design and subsequent

operation phases in order to guarantee acceptable QoS.

In optical network planning, individual lightpath establishment requests can be classified as
either permanent lightpath demands (PLD) or static lightpath demands (SLD). Further
classifications of demands are known as dynamic lightpath demands (DLD) whereby each
individual lightpath request has a defined specific lifetime. Two types of DLD exist and these
are scheduled lightpath demands (SLD) and ad-hoc ligthpath demands (ALD). For SLD, the
activation time and lifetime of the individual requests are known in advance and thus it is
possible to consider the entire demands during network planning or operation phases. As for
ALD, both the arrival time and lifetime of the demands are not known in advance, and

random processes may be utilized to model their arrival times and lifetimes [146].

3.4 Routing and Wavelength Assignment problem

RWA is the process of optimizing the number of optical connections by assigning routes and
wavelengths to lightpath requests. The classic RWA problem is known to be NP-complete,
and this means it is not possible to find its optimal solution in polynomial time [147], [148].
Since it may be difficult to find an exact solution for the RWA problem, RWA is ideally split
into two sub-problems, and these are: (1) routing sub-problem, and (2) wavelength
assignment sub-problem. It will be possible then to solve each sub-problem separately and
each step can be further sub-divided into two parts, namely: (i) search and (ii) selection. In
the first step, a set of candidate lightpaths is searched, subject to some established constraints.

The second step deals with decision making on the available candidate lightpath set.

Previous studies have focused their attention on RWA problems and most of the proposals
largely ignore the role played by physical-layer impairments in the degradation of signal

quality [147]. Current studies have drawn some attention on the incorporation of physical-
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layer impairments in RWA algorithms. The PLIs are either incorporated as constraints for
RWA algorithms or the RWA algorithms decisions consider these impairments, the so-called

physical-layer impairment aware routing and wavelength assignment (PLI-RWA).

3.4.1 Routing

Routing essentially refers to the process of selecting a path from one place to another on
which an information packet can traverse. Algorithms are employed to select the desired
path, and are generally spread amongst several routers in order to jointly share relevant

information. Generally, routing comprises three essential elements, and these are:

e Routing algorithms, for paths determination.

e Routing protocols, for facilitation of information gathering and dissemination.

¢ Routing databases, for storage of information obtained by algorithms.
It is vital to bear in mind that the routing algorithms are designed to optimally facilitate data
transfer, and thus should take into consideration criteria such as throughput, delay, reliability

and flexibility in their decision making.

3.4.1.1 Fixed routing

Fixed routing is one of the widely employed techniques for addressing the routing sub-
problem. In this approach, a single fixed predetermined route for each source/destination pair
is always selected. For every connection request, the network will try to establish a lighpath
along the predetermined route, otherwise a connection is blocked if there is no available
wavelength on the fixed route. The shortest-path routing is one of the most popular and
widely deployed techniques that is based on the fixed routing approach. To a very large
extent, Dijkstra and Bellman-Ford algorithms are the most prevalent implementations based
on the shortest-path routing approach [149]. Although fixed routing is simple to implement,
its major drawback is the limitation that it imposes on routing options and thus it usually
leads to unnecessarily high connection blocking rates. Figure 3.6 shows an example of
possible routes between nodes | and 4, where R1 and R2 stand for the shortest routes in terms

of hop count.
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R1

Figure 3.6: A schematic diagram of fixed routing

3.4.1.2 Fixed-alternate routing

In fixed-alternate routing, a definite number of fixed alternate routes is predetermined for
each source/destination pair, and each node in the network stores and maintains a routing
table that contains an ordered list of multiple fixed routes to each destination node [150]. For
every connection request, the source node tries to establish a connection sequentially on each
of the routes retrieved from the routing table that resides at the node. If all the alternate routes
are unavailable to accommodate the connection request, the request is blocked and
subsequently lost. The A-shortest path algorithm is one of the popular widely implemented
technique based on the fixed-alternate routing approach. In a typical k-shortest path
algorithm, candidate paths (k) are arranged according to their respective link costs such as
number of hops, link length or link energy consumption.

Besides significantly lowering the connection blocking probabilities as compared to fixed
routing, fixed-alternate routing also provides healthy possibilities of some fault tolerances to

link or node failures [151].
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3.4.1.3 Adaptive routing

In contrast with fixed and fixed-alternate routing, adaptive routing establishes routing tables
dynamically at each node according the prevailing link-state information. It can therefore
safely be inferred that adaptive routing increases the chances of establishing a connection
compared to fixed and fixed-alternate routing [147].

Since the routing table at each node requires to be updated on a call-to-call basis, adaptive
routing’s computational complexity is significantly high. In addition, adaptive routing
continuously require extensive support from management and control protocols. Authors in
[152] present the least-congested-path (LCP) routing, which is one of the most important
examples of the adaptive routing approach. Figure 3.7 shows an example of adaptive routing
whereby costs are assigned to links with regards to the availability of a link. Accordingly, the
cost of a link with available resources is 1, whereas a busy link cost is equal to . Suppose a
connection request arrives for lightpath establishment between nodes 1 and 4, the minimum-

cost based adaptive routing would facilitate the provisioning of request R3.

R1

Figure 3.7: Schematic diagram of adaptive routing
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3.4.2 Wavelength Assignment

A number of heuristic algorithms have been proposed to solve the wavelength assignment
sub-problem in both static and dynamic lightpath establishment environments [153]. A brief

description of the most prevalent wavelength assignment strategies is provided below.

3.4.2.1 Random

In this approach, the space of wavelengths 1s searched first to obtain a set of all available
wavelengths on the desired route. One wavelength, ideally with uniform probability, is then

randomly selected from the set [154].

3.4.2.2 Firsi-fit

In the first-fit scheme, all wavelengths are initially numbered and then subsequently searched
in sequence from the least to the highest numbered wavelength. The first free available
wavelength is then chosen for lightpath establishment. Since this scheme does not require the
searching of the entire wavelength space, its computational complexity is lower than that of
random wavelength assignment [155]. In addition, the fairness and blocking rates of the first-
fit approach are superior to those of the random scheme. It is mainly due to the above-stated
attributes that the first-fit approach is favoured over the random wavelength assignment

scheme.

3.4.2.3 Least-Used

This scheme chooses the least used wavelength in the network so as to balance the load
amongst all wavelengths. In terms of performance and computational costs, this approach
does not fare well compared with both random and first-fit approaches [147]. Due to the
above-mentioned short-comings, the least-used approach is generally not preferred in

practice.
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3.4.2.4 Most-Used

In this approach, the most used wavelength in the network is selected. This approach
performs better than the least-used and the first-fit approaches in some network topologies
[154]. However, its main undoing is its introduction of communication overhead and extra

storage requirements.

3.5 Impairment-aware routing and wavelength assignment (IA-RWA)
approaches

One of the main objectives of a RWA algorithm is to minimize the number of network
resources required to facilitate the connection of a set of candidate lightpaths for a specified
topology. Previous studies have proposed the application of heuristic and meta-heuristic
algorithms to solve the routing and/or wavelength assignment sub-problems in order to
achieve the aforesaid objective. The heuristic and meta-heuristic algorithms normally yield a

sub-optimal solution that may be obtained without the aid of complex computations [156].

A sufficiently large number of IA-RWA algorithms presented in literature are mainly
anchored on simple heuristics. It is therefore important to consider fairly complex algorithms
that incorporate most of the key physical-layer impairments in optical networks. Considering
the routing sub-problem, literature provides us with various heuristic algorithms, and most of
them are based on the shortest path (SP) algorithm. These algorithms can be further sub-
divided into; (i) single-path routing algorithms and (i1) multipath routing algorithms (also
known as k-shortest path routing algorithms).

In SP algorithms, a cost parameter that has additive properties is assigned to each network

link, and the cost is utilized by the algorithm to select a path with minimum overall cost.

3.5.1 Heuristics

In as far as single-path routing is concerned, several IA-RWA proposals have been made that

utilize the minimum hop SP technique as stated in [157], [158], [159] and [160].
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Alternatively, some IA-RWA algorithms employ link costs that are functions of four wave

mixing (FWM), crosstalk (XT), noise variance and the Q-factor [161], [162], [163].

IA-RWA algorithms hinged on multi-path routing algorithms work on a cluster of pre-
computed different paths. Considering that these paths are commonly the shortest paths, such
group of multi-path algorithms are also known as A-Shortest Path (A-SP) algorithms. In
certain instances the group of prospective paths is confined to disjoint paths.

Multi-path IA-RWA routing algorithms usually use a set of pre-defined alternate paths that
are normally the shortest paths. Thus, these algorithms are commonly referred to as &-
Shortest Path (k-SP) algorithms. As the case with single-path routing, the link cost in multi-
path routing may be a function of hop distance as reported in [164], [165] and [166] or can be
PLI-aware as in [167]. A considerable number of proposals also employ the Q-factor as a link
cost. The Q-factor can be measured from network devices or can be analytically deduced by

incorporating the PLIs [168], [169].

Some more elaborate link cost approaches bring together several key metrics such as the
number of available wavelengths and hop length [170]. Generally, when prospective paths
are located, the allocation of a suitable path is done either in sequence or in parallel.
Sequential selection of a path occurs via a series of re-attempts until the first available path

that meets the required performance criteria is found. [171], [172]

In parallel selection, the most appropriate path is selected, subject to some laid down relevant
criteria [173], [174]. The wavelength assignment (WA) task works on a set of candidate
wavelengths that are provided on a formerly chosen routing path/s. The set of candidate
wavelength may either be ordered or unordered. The ordering of the wavelengths may be
done in line with some clearly defined rules, such as frequency separation magnitude of

candidate wavelengths [159].

As with the routing sub-problem, wavelength assignment can be performed either
sequentially or in parallel. The sequential approach assigns the first available wavelength that
meets all the imposed network and physical layers constraints. This is commonly known as

the first-fit (FF) selection technique, and has been extensively explored in several IA-RWA
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proposals [146], [157], [165], [174], [175], [176]. On the other hand, some IA-RWA
algorithms attempt to scan through all the candidate wavelengths in order to select the most
appropriate one (known as the Best-Fit). For instance, this can be realized by finding the least

utilized wavelength in the network based on the available data furnished by the source nodes

[158], [177], [178].

Lastly, random selection may be done by randomly selecting a wavelength from the available
wavelengths. This technique tends to limit the effects of crosstalk, but unfortunately,
generally leads to relatively high blocking probabilities compared with the FF algorithms
[147], [179]. There are some proposed algorithms that solely make decisions based on PLI,
the algorithm presented in [162] attempts to minimize the crosstalk effect. The algorithms in

[180] focus on the selection of lightpaths with the highest Q-factors.

3.5.2 Metaheuristics

Metaheuristic algorithms are steadily evolving in becoming a crucial cog in the optimization
of optical networks. The term metaheuristic was first coined by Fred Glover and can be
explained as a key strategy that guides and modifies other heuristics to yield solutions that are

normally obtained in a quest for local optimality [181].

Essentially, all metaheuristic algorithms employ a tradeoff of randomization and local search,
and possible solutions to complex optimization problems can be obtained in a fairly
acceptable amount of time. However, the arrival at optimal solutions is not a given, and it is

normally desired that the algorithms function most of the time, but not all the time [182].

A number of metaheuristics have been proposed to solve IA-RWA algorithms in optical
networks, and the most prevalent ones include: (i) Tabu-Search metaheuristic, (ii) Ant

Colony Optimization (ACO), (iii) Predictive Algorithm, and (iv) Genetic Algorithm (GA).
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The Tabu-Search (TS) metaheuristic attempts to elude local minimum solutions by choosing
worse solutions through the use of the solutions’ search history. For the proposed solution,
the TS metaheuristic works on a set of A-SP, where the k& is constantly changing. This
uniqueness property of the TS algorithm generally enhances the efficiency of the technique

[170].

The Ant Colony Optimization (ACO) is one of the most important metaheuristics employed
to solve the IA-RWA problem [183], [184], [185]. Ant colony optimization (ACO) is a
population-based metaheuristic that can be employed to realize general answers to complex
optimization cases. In ACO, a group of mobile agents referred to as artificial ants hunt for
sound solutions to a presented optimization scenario. In order to employ ACO, the
optimization scenario is changed into the issue of obtaining the best path on a weighted
graph. The ants iteratively assemble solutions by being mobile on the graph. The solution
development exercise is stochastic and is determined by a set of parameters associated with
graph components, called pheromones, whose values are modified at runtime by the ants
[186]. The proposed IA-RWA in [186] use the ACO algorithm in calculating the path via
network hops, and subsequent hops are calculated based on pheromone values of the nodes.
The algorithm calculations incorporates constraints that are as a result of ASE noise and

optical power budget.

Authors in [179] propose a Predictive Algorithm (PA) for the IA-RWA problem. The PA
primarily selects the routes for the lightpaths based on the topology of the network, with or
without consideration of the physical layer, but learns from history of previous connection
requests. One of the main advantages of this algorithm is that it has a fairly modest
computational runtime since it does not require any update messages in computing potential

lightpaths [187].

The IA-RWA in [188] uses a Genetic Algorithm (GA) in its decision-making process.

Genetic Algorithms (GAs) are search algorithms anchored on the evolutionary concepts of
natural selection and genetics. They constitute a powerful and smart utilization of a random
search utilized to unravel optimization problems. GAs exploit historical data to focus the
search into the area of favourable execution within the search space. The key procedures of
the GAs are patterned to imitate natural processes essential for evolution, in particular, those

that follow Charles Darwin’s "survival of the fittest" principles. This emanates from the fact
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that, competition among individuals for scanty resources results in the fittest individuals
dominating over the weaker ones [189], [190]. The proposed algorithm tries to calculate a

lightpath by taking into consideration the effects of both ASE and PMD.

3.6 IA-RWA Classes

Transparent optical networks have been viewed as the ultimate solution for ultrahigh speed
and bandwidth-hungry applications such as video streaming and high-definition television
(HDTV). The main drawback of these networks is their lack of signal regenerators, and this
normally leads to serious degradation of the transmitted signal due to physical layer
impairments accumulated along the optical path. There is therefore, a need to solve the so
called IA-RWA problem so as to guarantee an acceptable quality of transmission (QoT) in

these all-optical networks.

Three main ways have been proposed in literature that cater for transmission impairments in
network design and subsequent operation [185], [191], [192]. These are: (i) the route and the
wavelength are computed by the use of traditional RWA algorithms, and finally, the signal
quality is verified by considering the effects of physical layer impairments.; (i1) The effects of
PLIs are considered during the routing and/ or wavelength assignment processes, and (ii1)
The effects of the PLIs are considered during the routing and/or wavelength assignment

processes and finally, the signal quality of the candidate lightpath is verified (figure 3.8).

Authors in [193] present a shortest-path based RWA whose objective is to find candidate
paths for the primary and protection paths subject to a wavelength-continuity constraint. The
Q-factor of each candidate path is then computed, and the route with the greatest Q-factor is

chosen to establish a connection request.
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Figure 3.8: PLIA-RWA algorithms

In [194], the authors propose IA-RWA algorithms that are based on the £-SP and cater for the
most dominant impairments such as ASE, GVD and PMD. The Q-factor penalties are utilized
to compute the edge weights, instead of the actual lengths. Comparison is then made between
off-line and on-line routing IA-RWA algorithms, and the on-line routing algorithms require
more computational time compared to their off-line counterparts. However, the on-line IA-
RWA algorithms have a significantly lower blocking probability compared to the off-line
algorithms. The main disadvantage of the proposed algorithms is that they do not consider all
the key impairments and thus the algorithms may not be applicable for use in high speed

networks such as those that operate at 100 Gb/s and above.

An ILP formulation and heuristic approaches in which route computation is done via
calculation of link costs derived from impairment effects of ASE and PMD is proposed in
[170]. In [195], crosstalk is considered in the wavelength assignment decision making.
Authors in [196] propose an adaptive routing algorithm that is based on dynamic computation

of Q-factor values obtained from network devices.
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The work in [167] presents algorithms that calculate the £-SP by employing Q penalties as
link costs. A threshold Q-factor is eventually compared with the overall Q value to make a
decision on the establishment of a connection request. In [164], the algorithm proposes the
selection of a route by verification of the extent of signal degradation due to impairments at

each and every node in the network.

3.7 Summary

Efficient utilization of energy is discussed and specific focus is on improving the energy
efficiency of backbone optical networks. Distributed power generation is touted as a possible
solution to the challenges currently faced in as far as the use of “green” energy sources for
optical networks is concerned. Several RWA and energy-efficient RWAs are also presented,
and their performances are compared and contrasted. Lastly, pertinent PLI-RWAs are

discussed and their applicability in various network scenarios are analyzed.
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4 Physical Layer Impairment-Aware Algorithms

4.1 Introduction

This chapter presents proposed models and their subsequent evaluation. A Q-factor tool that
incorporates most of the pertinent physical layer impairments is presented. The tool is
evaluated via simulations to gauge its usefulness and effectiveness. An analytical model to
compute the blocking probabilities for RWA with physical impairments in transparent
networks is also presented. The main advantage of using an analytical model in this instance
1s its lucrative efficiency in terms of time taken to attain results, and it also aids in getting a
deeper understanding of the dynamics of designing RWA algorithms that are subject to
impairment constraints. Numerical examples are also provided to show the performance of

the proposed model, and it is validated through the use of simulations.

4.2  Physical-layer impairments model

There are two general models that have been proposed in literature that makes it possible to
cater for physical layer impairments effects in RWA algorithms [185]. The proposed models
are: (1) analytical models, and (i1) hybrid models. In analytical models, the physical
impairments are computed by making use of closed-form formulae, and in hybrid models,
analytical models accompanied by simulation techniques are normally employed to evaluate
the performance of the physical layer.

Among a host of available optical performance measuring attributes, the Q-factor is preferred
as the most suitable metric to use for the routing algorithms because it has a strong
correlation with the BER [197], [198], [199].

The relationship between BER and the Q-factor is shown in the following equation:

BER =erfc () (4.1)
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Where, Q = ((fj)—(fo))

g1+02
(I1) and () are the mean photocurrent values of high and low signal levels respectively.
o0, and o are the standard deviations of high and low signal noise levels respectively.

Authors in [200] report the use of the quality of transmission (QoT) parameter in evaluating
the signal health in impairment aware optical networks.

In our contributions, we extend the work in [1] to incorporate the effects of crosstalk (XT)
and filter concatenation (FC). We quantify the physical layer impairments effects by
employing analytical models presented in [201], [202] and [203].

The model developed includes the effects of the following physical impairments: ASE, CD,
XT, PMD, FC, SPM, XPM and FWM. The proposed expression is given in the following

equation:

Q, = (Eye Penalty) X (Noise Penalty) X Q. (4.2)
Where:
Q, 1s the connection destination Q-factor value, Q. is the connection source Q-factor value.

(h)ct—(fo)d)

Eye Penalty = ((h o) (4.3)

(I1)q and (lg)q are the mean photocurrent values of high and low signal levels at the

connection destination respectively.

(I1)s and (lp); are the mean photocurrent values of high and low signal levels at the

connection source respectively.

Noise Penalty = (M) (4.9

01,d+%0,d
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01 and 0 ¢ are the standard deviations of high and low signal noise levels at the connection

source respectively.

01,4 and 0 4 are the standard deviations of high and low signal noise levels at the connection

destination respectively.

The eye-related penalty is due to the impairment effects of CD, PMD and FC, whereas the
noise-related penalty is due to the impairment effects of XT, ASE, SPM, XPM and FWM. It
is important to note that the variances of XT, ASE, SPM, XPM and FWM of a lightpath may
be computed as the summation of the constituent electrical variances of links making up the

entire lightpath.

The proposed model is comprised of three key stages. In the first phase, all the information
concerned with the traffic requests and network characteristics is gathered. This information
includes optical channel characteristics, network topology and capacity. The traffic
characteristics incorporate data about the bit-rate, lightpath demands, amongst others. Link
costs are then evaluated that are based on the obtained information and characteristics. These
link costs will be taken into consideration during the path selection process. The second
phase is responsible for the assignments of paths and wavelengths. The shortest-widest path
(SWP) and first-fit with ordering (FFwO) schemes are proposed in this model. A set of &-
shortest paths for each connection request is identified and an ILP optimization problem is
solved that minimizes network costs. The final stage validates the lightpaths generated in the
second stage. The analytically modeled Q-factor that incorporates the effects of physical
layer impairments is employed as the link-cost metric. If a candidate lightpath meets the pre-
set signal quality requirements and incorporates all the stated impairments, then a connection
is established. If the proposed lightpath signal quality does not satisfy the given requirements
and /or does not take into account the effects of physical impairments, the connection is
blocked.

The Pan-European Network is used in this model to verify its applicability and accuracy. The
network topology has 16 nodes and 23 bidirectional fibre links. We assume that the
connection requests follow a Poisson distribution and the nodes do not have wavelength
conversion capabilities. Furthermore, no protection or regeneration is taken into

consideration.
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Figure 4.1: Flowchart of the proposed algorithm
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The shortest-widest path (SWP) algorithm 1s employed to solve the routing sub-problem and
the First-fit with Ordering (FFwO) algorithm is used to solve the wavelength assignment sub-

problem.

When a connection request is received, the engine looks for the shortest-path that is least
congested and process them in their order. The FFwO algorithm is then applied to choose an

available wavelength from the available wavelengths (Figure 4.1).

Each candidate path’s Q-factor is calculated and those paths that have a Q-factor that is lower

than a pre-set threshold (Q,,,...) are blocked.

We selected the whole network to comprise of SSMF with a dispersion, D = 12 ps/nm/km, an
attenuation constant of « = (.25 dB/km and a nonlinearity constant of y = 1.5 (W+4m)”. We
also assume a communication channel plan a maximum of 40 wavelengths per link spaced at

50 GHz. The threshold g-factor is configurable and overall noise figure is set at 5 dB. W

0.6

—&— ClassicRWA
1 —&— |ARWA

0.5 4

0.4 -

0.3 o

Blocking Probability

0.2 4

0.1 -

0.0 T T T ' T : T

60 80 100 120
Load (Erlang)

Figure 4.2: The relationship between blocking probability and network load
for the Pan-European Network
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Figure 4.2 compares the blocking probability of the classic RWA algorithm with our
proposed IA-RWA algorithm in the Pan-European Network topology.

0.45
040- —&— ClassicRWA |
N —o— IARWA
e ./
0.35 - |
./
- _.—-—'—'_'_'_'_'_'_'_
=
0.30
8 0.25 4
D _
e ] .'
o
> 0.20 o
k=
x -
8 e
m 0.15 -
0.10 .
..__
0.05 4
000 I . I T 1 T 1 T 1 T 1 1
20 40 60 80 0 -

Load (Erlang)

Figure 4.3: The relationship between blocking probability and network load
for the MESHNET topology.

Figure 4.3 compares the blocking probabilities of the classic RWA algorithm with that of our
proposed IA-RWA for different traffic loads in the MESHNET topology. The MESHNET
topology consists of 16 mesh toroid nodes that have identical link lengths of 100 km. We can
clearly observe that, at low network loads, the performances of the two algorithms is almost
similar in the Pan-European Network, however, there is clear distinction of their
performances at high loads. We further note that in the MESHNET topology, there is a
significant reduction in the blocking probability for our proposed model compared with the
Pan-European Network. This implies that the performance of the MESHNET topology is

appreciably improved by our model. Furthermore, this shows that the model can certainly
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improve the performance of regular networks and fairly large irregular networks at high
loads. In a nutshell, our proposed algorithm evidently outshines the classic one, and it thus

helps improve the network performance.
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Figure 4.4: Relationship between blocking probability and number of wavelengths per fibre

The simulation results of the classic RWA and our IA-RWA algorithms showing the
variation of blocking probability and the number of available wavelengths per fibre are
shown in Figure 4.4. The proposed model offers lower blocking rates, especially when the
number of wavelengths is limited. When the number of wavelengths reaches a certain
threshold (= 60), the blocking probability becomes fairly steady, implying that physical

impairments become the key determinants of the network blocking rates performance.
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Figure 4.5 shows the relationship between the Q-factors and the ratio of existing lighpaths for
the shortest path (SP) combined with first fit (FF) algorithm, as well as that of the SWP with
FFwO algorithm. The traffic load is set at 10 Erlangs, and it can be seen that a significant
ratio of the lightpaths have a Q-factor of less than 14 for the SP with FF algorithm. This is in
contrast with that of the SWP, FFwO algorithm, were a substantial ratio of existing lighpaths
have a Q-factor that is above 14. It is clear that SWP, FFwO algorithm leads to better

utilization of network resources and satisfactory physical performance.
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Figure 4.6 shows that the average computation time of the proposed IA-RWA algorithm 1s
longer than that of the pure RWA algorithm. This may be due to the fact that our IA-RWA
algorithm incorporates the effects of impairments in its decision-making process. In our
algorithm, the set up collects information on impairment effects experienced by the signal
during transmission in the selection of a route and wavelength assignment and then calculates

the effects’ value before finally evaluating the signal quality against a preset threshold value.
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Figure 4.6: Variation of average computation time with network load

This process certainly leads to an increase in computation time. It implies that a trade-off
should be struck between attaining high QoT and computational time. In addition, it is also
shown that classic RWA computational time is more or less the same regardless of the

network topology, especially at low network loads.
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43 QoT-Constrained RWA Analytical Model

We extend the approach presented in [204] and decompose the RWA with physical
impairments by wavelengths as a stratified system. A RWA with A wavelengths in each link
i1s decomposed to A stratified networks, where each has the same network topology but is

only capable of carrying one wavelength per link.

The prevailing network traffic initially goes into layer 1, then the overflow traffic goes down
to layer 2 and the pattern is repeated for the next available layers. At network layer A, the
overflow traffic turns out to be the overall blocked network traffic and the blocking
probability can be calculated. The wavelength continuity constraint, which ensures that a
request remains on the same wavelength along the route, is instinctively implemented in this
perspective. The independence of wavelength is also presumed to be in place, which implies
that each wavelength is appraised individually and the probability is only subject to the

arrival speeds.

Since the proposed model handles each wavelength independently and the overflow of traffic
from one wavelength with a big index to the next wavelength with a little index, it is logical
to employ this technique to analyse the effectiveness of the first-fit wavelength assignment
(FF WA) [204]. Firstly, all the essential assumptions relating to the proposed model are
presented, and the analysis of the model follows thereafter. It is assumed that each link
between nodes in unidirectional and consists of only one optical fibre; fixed routing is
implemented and the FF WA is utilized in WA. The set of all source-destination pairs (s-d) in
the networks is taken as Z. Generally, a path from a source node to a destination node is
represented by r(s,d) or r(z) for z € Z, where r(z) is determined by shortest path (SP)
algorithm. A segment r (i, j) is defined as a subset of route path r(s, d). It is important to bear
in mind that (i, j) N r(l,m) = @, implying that there are no links shared between (i, j) and
r(l,m). The Poisson arrival rate for a s-d pair is denoted by ® 4, and it is also assumed that
the duration of requests follow an exponential distribution with an average value of E(X),
and if there is no loss of generality, E(X) = 1. We also represent the equivalent Poisson

offered load to wavelength A for r(2) to be A2.
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Generally, a route from a source node to a destination node is represented by (s, d) or r(z)
for z € Z, where r(z) is determined by shortest path (SP) algorithm. A segment r(i,j) is
defined as a subset of route path r(s,d). It is important to bear in mind that r(i,j) N
r(l,m) = @, implying that there are no links shared between r (i, j) and r(l, m). The Poisson
arrival rate for a s-d pair is denoted by ®;,, and it is also assumed that the duration of
requests follow an exponential distribution with an average value of E(X), and if there is no
loss of generality, E(X) = 1. We also represent the equivalent Poisson offered load to

wavelength A for 7(z) to be A2

Therefore, it is clear that A}, = @ 4, and aﬂj represents the total Poisson offered load to
wavelength A from node i to node j. It is crucial to bear in mind that A;l_ ; denotes the traffic
that originates at node { and terminates at node j, aﬂ ; represents the overall traffic that passes
through the segment of r(i,j). We also take 5{,1; € {0,1} to represent the current number of
active calls in r(, j) at wavelength A. A 4 is taken as the capacity of the path for r(s, d) , and
we assume that each link possesses an equal number of wavelengths. It therefore implies that
Ag 4 may be represented by A for all (s, d) € Z. The following parameter, Ps%d is taken as the
wavelength blocking probability and pid denotes the quality of transmission (QoT) blocking
probability for 7(s,d) on wavelength A. In a similar fashion, we take P to stand for the total
network wavelength blocking probability and P4 denotes the overall wavelength blocking

probability of the path. The overall network blocking probability is represented by P, and the
overall blocking probability of the path is denoted by P; 4.

We consider the model in [204] and extend it to factor in QoT in its decision-making
procedure, and Figure 4.7 depicts the proposed layered network model that relies on QoT-
Aware RWA algorithms (QARWA).

In this proposed model, each stratum is split into two layers, and the prevailing traffic is
initially checked for the acceptability of the QoT for each candidate path on which the
requests may be assigned in the QoT blocking sublayer. The offered traffic then enters a
second layer where the availability of the path and wavelength is checked. The resulting
overall blocked traffic from these two sublayers then overflows down to the next stratum.
The QoT blocking, which relies on the use of other layers, is calculated by utilizing the static
states probabilities in other layers and iterations are employed in the process until a steady-

state is reached. In the traditional RWA that strictly guarantee the QoT, the part of the traffic
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that 1s blocked due to an unacceptable QoT automatically flows out of the system, and thus 1f
a request finds an inactive path with an insufficient QoT, the request is summarily blocked
and there is no provision to attempt to utilise other wavelengths. We assume that the chance
that an inactive path exists for a s-d pair in the wavelength-blocking sublayer is close to the
idle s-d pair likelithood in the QoT blocking sublayer, and thus a portion of the traffic is
directly blocked in each layer and taken out of the system so that it does not move to the next
layer. By employing this model, it will be possible to evaluate the FFwO wavelength
assignment algorithm. It is important to note that the layer and wavelength indices are not the
same in the FFwO approach, thus we need to select different statum state probabilities to
attain the QoT blocking, subject to the ordering of wavelengths in the sublayer. We also

assume that the computation for wavelength blocking is the same as with that of the FF WA.

Offered network traffic

Overflow traffic ‘ @ Wavelength 1
@ Wavelength 2
bs
*
»
’/ e
y .

Offered network traffic

———
1
1

Original wavelength routed c

network with A wavelengths

per link Wavelength A

Overall blocked traffic

Figure 4.7: Layered network model

91



4.3.1 Strategy for Computing Wavelength Blocking Probabilities in Transparent
Networks

In this section, we describe and explain the process of computing wavelength blocking
probability in the wavelength sublayer. We believe that this technique may also be easily

applied to other models to compute the wavelength blocking probabilities.

4.3.1.1 Blocking Probability for a Single Wavelength

If we consider an n hop path, the wavelength state (4) at time ¢ may be expressed by the

following Mn+l)

> Process:

(B2 0B 000, e, B D)) (4.5)
Where
Bl +Bln<1l vr@)nr(lm)#0, 0<l<m<n

The procedure presented above depicts a time-reversible Markov process whose static

probability vector # is given by:

A(pr pi A = 1 2 \Bo1 .2 \Poz A Bh-1n
n (50,1-50,2; ---:5n—1,n) = Ghon) ((ao,a) -(ao,z) r---r(an—1,n) ) |

(4.6)
Where G/ (0,n) represents the recursively computed normalization constants [34].

G1(0,n) = G}(0,n— 1) + 155 GA(0,D)af,, A=1,..,A (4.7)

When G2(0,0) = 1, aﬁj denotes the total of all equivalent Poisson network traffic from all s-

d pairs on segment (i, j) at wavelength A, and may be expressed as follows:
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A A
As,d‘(‘1 _Ps,d)
A
1-P{j

aij =2 r(L)Er(s,d) , (4.8)

T(i.j)cﬂgd,then r(m,!)#fl;‘_d
vr(l,m)cr(o,n)

Where, the following expression: “r(i,j) & Aﬁ,d, thenr(m,l) < A;lrd,Vr(I, m) € r(0,n)"
states that the traffic that belongs to segment 7 (i, j) is eccentric. The blocking probability of

the wavelength for (0, n) at wavelength A is calculated as follows:

1

P}, =1-r*(00,...00 =1—- TGS

(4.9)

4.3.1.2 Computation of the Overall Wavelength Blocking Probability

The overflow model is utilized to compute the overall wavelength blocking probability in this
section. We recall our earlier assumption that, the traffic blocked at wavelength A is capable
of flowing down to the next wavelength. It is observed that the overflow traffic is not Poisson
distributed and its variance is greater than its mean, and thus the traffic is taken as bursty
[205]. From the studies presented in [205], the overflow traffic model is proposed for
implementation in various conventional switching networks, and the average overflow traffic

to the next layer is given by:
ALt = A2, Pl (4.10)

The Riordan’s formula is used to compute the overflow traffic variance, VA, as shown

below [56].

— - e Dy 4
V)l+'l — A11+1 1— Al+l + = S, 411
s,d s,d s,d ﬂ§d+1+‘4§§1 —®gq ’ ( )
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Where ﬁi 4 represents the capacity of an alternate single link system for layer 1 to A, and it

can be established from:

B, g. Er(Dgq,024) = AL (4.12)

Where, Er(d)srd,ﬂ;l,d) is the Erlang-B generalized formula for non-integral capacity and is
given by [206]:

xYe X

F(y+1)[1-T(x,y+1)]

Er(x,y) = (4.13)

Where I'(x, y + 1) is known as the incomplete Gamma function.

The ratio between the variance and the mean value is referred to as the burstiness of a system,

and is given by:

Zi41 = s (4.14)

The non-Poisson distribution nature of the overflow traffic is accounted for by using the

Fredericks and Hayward’s approximation techniques as provided in [205] as follows:

AML PML & A1 By (51 Qm) (4.14)
s,d ZFA+17 ZA+1 .

Where, Qi;l is computed by using the following relationship:

PRl = Er(A0% a7 (4.15)

In addition, the value of ngl may be taken as the capacity of another equivalent single-link

system only for layer A + 1 that has an average arrival rate of A‘”l.
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By utilizing the equations presented in this section, the wavelength blocking probability and
the path arrival rate for each layer may be approximated, and the wavelength blocking

probability of the overall path is computed as follows:

FA+1

_ ARy Ply  Ag)
ps,d - Psq - @54 (416)

Therefore, the overall network wavelength blocking probability for a given network is

computed as follows:

p = Zoaezdsi’ (4.17)
Yis,dyez Psd ’

Algorithm 4.1 presents the algorithm that is used to calculate the overall network and path

wavelength blocking probabilities for the FF WA under the following conditions:
/10 - 1, j‘i,d - d)S,dv Vsl;d - ch,d R Z_;,d - 1 fOI‘ a]] (S, d) e Z.

It is assumed that if the relative difference of the blocking probabilities between two
consecutive iterations differs by a figure less than € per path, then the present layer may be

viewed as stable and iterations for the next layer will be initiated.

4.3.2 Analytical Model for QARWA

In this section, an analytical model for the proposed QoT-Aware RWA (QARWA) algorithm
is presented. The QoT blocking takes into account the effects of ASE noise, thermal noise,
shot noise, and XT. The proposed approach may be infused with other algorithms that

attempt to calculate wavelength blocking per path and also per available layer.
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Algorithm 4.1: Algorithm for computation of the wavelength blocking from 4 = 4 to A

1.

i O

10.
1L
12.
13.
14.
15.
16.
17

4.3.2.1

Assume initial values of As‘ijd = f_lid, and the initial wavelength blocking
probability of the pathas P’y = 0V (s,d) € Z

Compute P2,

Obtain Q2 , V (s,d) € Z

Compute the corresponding Poisson traffic A‘;_d for stratum AV (s,d) € Z

. |P.§,d—p’s.a|
lfT > €,Y(s,d) € Z then

P rs,d =P 'sl,d
g0 to step 2
else
A=2+1
Calculate A2 4, V2 5, and Z2
if A < A, then
go to step 1
else
Compute the net path and network wavelength blocking probabilities
return Pand P, 4 V (s,d) € Z
end if
end if

QoT Blocking Events

In order to calculate the blocking due to QoT, it is necessary to count all possibilities that

may lead to the occurrence of a QoT act when a call z reaches wavelength A, where z refers

to a call for a s-d pair. For a given network topology, the ASE noise and the other above-

stated impairments may be determined by the route 7(z),Vz € Z. We assume that the effects

of thermal and shot noises are low enough that they do not severely compromise the value of

QoT, therefore, the QoT will effectively depend on the strengths of XT. This in turn implies

that the number of XT terms N%?(z) is essentially determined by the state of the network,
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and N%%, (z) denotes the utmost number of XT terms that are permissible in r(z) prior to the

violation of the QoT constraint.

All the possible paths in Z can be listed as zy, ..., Z,|, and we define a 1 X |Z]| vector Bt
[1;11, ...,]ﬁlzl ] for wavelength A, where I = 1 if r(2) is operational at wavelength A and I} =

0 if the converse is true. The term J* denotes the extent of usage of the path at layer A , and

3tz = [12’11, el =1, ...,]gllzl represents all the states such that path r(z") is considered
to be utilized at wavelength 1. A subset of Z (referred to as Z7) is formed that represents all
the utilized paths at wavelength A, and is expressed as follows: Z;* = {z: I} = 1}. From this
expression, it can be observed that it is impossible to simultaneously use two paths if they
reside in the same layer and share a link. It is important to bear in mind that XT occurs when
two different paths share at least two successive hops on adjacent wavelengths, and that a

single unit of XT is added to each call per set of two successive hops. By taking use of a

routing table, it is possible to count the number of units of XT, for instance, suppose XZ € 7Z ,

T
are actuated by z,Vz € Z to a selected z'. If we state a |Z| X 1 vector X, = [Xzz,l, Xz'z'] .

r il gy
Where, X,, represents the potential interference due to XT at a selected z' from other s-d

pairs.

Since we only focus on XT from the closest adjacent wavelengths, the lightpaths in the

following wavelengths are capable of producing XT to r(z), Vz € Z in layer wy = A:

W_lzﬂ—l,andw_,_l:ﬂ-l-l.

A QoT blocking episode arises at wavelength A if the present network scenario at w_; and

w1 meets the following condition:
(W1 + 3¥41). X, > Nipx (20) (4.18)

We further assume that the new path allocated at wavelength A does not cause the QoT of
variant prevailing lightpaths to drop below the acceptable QoT threshold. Therefore, we
should consider wavelengths w; for i = —2,—1,0,1,2, and thus, A —2,A — 1,4, A+ 1,1 + 2.
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As a consequence of these conditions, an arriving call z, should be barred if either equation

4.18 holds, or:

3z, € Z¥*1, such that (S¥e(z") + IW*2). X, > N2, (2.); (4.19)
or
3z, € 2771, such that (a0 + 32X, > NELA2.) (4.20)

A 5 X |Z| vector, [4, is defined that depicts the states in five strata w; for i = —2,-1,0,1,2

whose centre is at stratum wy = A.
1A = [3%-2; 3%-1; 3% IW-1; 3] (4.21)

It is possible to capture all the probable modes that the QoT blocking can adopt through the

utilization of the above vector for a given arrival request z'.

If we assume that a set [*(z") comprises all probable QoT blocking episodes, we may let =

I*(z") , and if each QoT blocking episode is represented by {77,k = 1, ..., K, f}j’zl € I*(2).
We obtain:
L = B OS] (4.22)

It should be noted that the above equations are valid only for A > 2 and A < A — 2, for A —
1,2,A =1,4.

To illustrate the operations of the above equations and conditions, we make use of a 4-node

unidirectional network presented in figure 4.8.

O—O—O—0

Figure 4.8: A four-node tandem network topology
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We propose that every node is connected to an input EDFA that has a gain of 20 dB and an
output EDFA that has a gain of 15 dB, and that there are no additional EDFAs between the
stated nodes. Furthermore, we take each link to consist of five wavelengths; X,; = —20 dB,
and a routing table that includes N2, is shown in Table 4.1. It is also assumed that XT does

not affect single-hop traffic in our model.

Table 4.1: Routing table for a 4-node tandem topology

Z Z, Z, Z3 Z4 Zg Zg
s — d pair (1,2) (1,3) (1,4) (2,3) (24) (3,4)
r(s,d) 1—2 1—-2—53|1—22—23—4 2—3 2—3—4 3—4
Nad 1 1 1

The counting of the QoT blocking events is now illustrated by using the two-hop path
z, at wavelength 1 via the utilization of FF WA. Suppose wo = A =1, w,; = 2, and w,, =

3, the QoT blocking events ff“‘zz, k =1,...,10 are given as:

N V2 - - = = = -

;‘”0'22 — % * = ¥ k% Wo | ;‘"0'22 — | =% * k% * x|
1 0 Wyq 0 0 0
01 0 0 0 04wy, 0 1 0 0 O 1

;‘”’mz? = |* * x * x x| ;VG'ZZ = |[* * x x x x|
1 0 0 1 0 0 1
0 1 0 0 0 o 0 1 0 0 O 1
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;’“*Zz = |* * x = x x| :’0‘22 = |* * * x x x|
0 0 0 O 1 0 0
0 1 0 0 0 O 0 1 0 0 0 1
WoiZz _ | % % % % % WoiZz _ % % % % % %
7 > 8 3
0 0 0 1 0
0 0 0 0 1 O 1 0 0 0 1 O
WorZz — % % =% ¥ k% Wo.22 _ | % * %k ok %
9 , 10
1 0 0 O 0 0 0 0 1
0O 01 0 0 O 0 01 0 0 O
Where the sign " — " means not applicable because there are no wavelengths < wy =1 =1,

" " means not known and can be either 1 or 0. It can be noted that w, is not assigned to any
arrival request because it is only present for it to be evaluated for compliance of the QoT.
Since we earlier on stated the assumption that the wavelengths are independent, it is therefore
possible to directly compute the probability of each event. A typical computation example is

Wo,Zz2 .

presented below for ¢,

Pr(&"*) = (1 - p¥*)n**1(0,1,0,00,0). (1 — p¥*?)n**2(0,1,0,0 0,0)
(4.23)

Where m* represents the static probability and ﬁid is set to the value of I for each z. The

probability of £">*' can be more generally computed as follows:

; _ ?r”(ﬁ?j(zr)) )
Wo,ZI\y __ - _ wj i
P?"(fi ° ) - Hj=—2 l—IzeE[z:f;w=1](1 N pze ) 1-Pr(r(zn)isidlein;)|" j=0 [HZeE{Z“’;W=1}(1 B

p;"ef)nﬂf (SA’ (z’))], 2<wy<A-1. (4.24)
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It should be noted that for strata greater than A (j = 0, 1, and 2), the network may be in any
mode, yet for layers less thand (j = —1 and — 2), r(z") may not be inactive since z'would

have proceeded down to A from an upper stratum.

Hence, the QoT blocking may be viewed as the sum of all the K blocking events probabilities

and may be presented as follows:

pla =2, Pr(&*) (4.25)

The complexity of the computation of the proposed algorithm may be lowered by grouping
states together so that they may be treated as more generic blocking episodes, thus the QoT

blocking may be easily computed as the probability of the union of the presented episodes.

4.3.2.2 The blocking probability for OARWA

The sophistication of calculating the QoT events is fairly reasonable for small to medium
networks, but becomes a living nightmare if it is extended to cover large networks such as
optical backbone networks. It therefore calls for the incorporation of techniques that give a
good approximation of the solution via less complex computing processes. In this section, we
propose an estimation that approximates the QoT blocking for backbone networks. In this
approximation technique, the network is viewed to be made up of several small tandem

networks that comprise 5 or fewer layers that are independently related.

The overall path and network blocking probabilities for QARWA are calculated by making
use of the equations presented in the previous section, where ﬁigl now incorporates the
blocking traffic QoT. Algorithm 4.2 outlines the pertinent steps of the proposed approach,
where, A} ; = &g, Vy = Pgq, and Z3; =1V (s,d) € Z. The rates of arrival and state
probabilities without the consideration of physical impairments are obtained in step 2, and
these parameters are in turn used as the initial QoT estimation values. The flow of traffic next
moves to the QoT blocking sublayer, thereafter traffic of flow rate A2, = A%,. (1 —pZy)
reaches the wavelength blocking sublayer. The Poisson arrival rate and the blocking
probability are obtained for the respective sublayer in step 4. Step 5 computes layer 2

overflow traffic, which is equal to the sum of the overflow due to wavelength blocked and
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QoT blocked requests. Thereafter, the probabilities and arrival rates for layers 2 to A are
updated without taking into account the QoT, and they are utilized as the initial figures for
the ensuing layer. After processing requests for the last layer, the results are returned if the
overall blocking probability converges, otherwise, the procedure goes back to the initial step

and iterations commence again from layer 1.

4.3.3 Blocking probability of the QoT-Guaranteed RWA

The main distinction between QARWA and the QoT-Guaranteed RWA (QGRWA)
algorithms is that for the later algorithm, a portion of the traffic is blocked out of the flow per
every layer, and the rate of the traffic that exits the flow is estimated by the following

expression:

Al =Agqpli(1-PL) (4.26)

Therefore, the total path blocking probability (P 4) may be calculated using the following:

Psq = e (4.27)
The effective blocking probability for the entire network is given by:
p— L(sad)ez Ps,daPsd (4.28)

Ys,aez Psa
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Algorithm 4.2: Algorithm to calculate the total blocking for QARWA fromA =1to A

1. Set A=1.

2. Use the previous algorithm to calculate the wavelength blocking probabilities Pid
and rates of arrival A2 ; for every path from A to A. Set P4 = P 4

3. Calculate the QoT blocking probability p? 4, vz = (s,d) € Z.

4. Re-compute the rate of arrival for the wavelength sublayer as ﬁ‘;’d = A‘;’d.(l -
ply) for every path. Obtain V2, , and Z?; V (s,d) € Z. Re-compute the
wavelength blocking probability pid, to get the sublayer corresponding Poisson
traffic estimate for all paths.

5. Compute the traffic overflow rate 71;‘,';1 = Aid. (1-p2)+ ﬁidPid for every s-d

pair and revise V2%, and Z2*%! forall (s,d) € Z. SetA=21+1

if A <A, then

go to step 2

else

B 9 O

Compute the overall path blocking probabilities Py 4.

10, it Bsa=Psal S ¢ vis d) € 7 then

Prsa

11. return to step 1

12. else

13. Compute the total path blocking probabilities P.
14. return Pand P4V (s,d) € Z

15 end if

16. end if

Algorithm 4.3 is implemented to calculate the total blocking probability for QGRWA, where,
Ag g = DPg5q, Vig=Dgy, and Z;, =1 for all (s,d) € Z. It is clearly evident that this
algorithm is similar to that of the QARWA except on step 5, where the traffic rate of
overflow is calculated by using ffiél = A’;‘d. (1 - p;d)P;d + A\;lydPs‘l_d and Aﬁ,d should be

subtracted from the overflow load to the adjacent following stratum.
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Algorithm 4.3: Algorithm to calculate the total blocking for QGRWA fromA =1to A

B 9 O

11.
12.
13.
14.
15
16.

The blocking probability of the FFwWO WA can be computed with ease and in a similar
manner to that for the FF WA by employing the technique called static ordering where a
wavelength-channel index mapping table is developed. For a given channel index, a
corresponding wavelength index A for the channel can be found, and XT in this scenario is

induced by adjacent wavelengths. Through the use of the mapping table, the channel index

Set A=1.

Use the previous algorithm to calculate the wavelength blocking probabilities Pid
and rates of arrival A2 ; for every path from A to A. Then, set P'y 4 = P4
Calculate the QoT blocking probability p2 4, ¥z = (s,d) € Z.

Re-compute the rate of arrival for the wavelength sublayer as ﬁid = A‘;’d. (1 —

pl ) for every path. Get V¢ 4, and Z ; V (s,d) € Z. Re-compute the wavelength
blocking probability p’;,d, to get the sublayer corresponding Poisson traffic estimate
for all paths.

Compute the traffic overflow rate A5 = A2 ,.(1 — pl ) )P%, + A% ,P? , for every
s-d pair and revise V2% , and Z2%! for all (s,d) € Z. SetA =1 + 1

if A <A, then

go to step 2

else

Compute the overall path blocking probabilities Py 4.
if Poa=Psl 5 ¢ y(s,d) € Z then
Is,d

return to step 1

else

Compute the total path blocking probabilities P.
return Pand P4V (s, d) € Z

end if

end if

for adjacent wavelengths can be correctly found. By making use of the proposed analytical

model,

the FFwO WA can be solved in a similar way to that of the FF WA except that the

mapping changes as follows: A — w;.
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4.4  Validation by Simulations

In this section, we validate our proposals with simulations and we also make comparisons of
the results. Firstly, a comparison of the results of the analytical model and the approximation

technique for the 4-node network topology depicted in figure 4.8 is made.

Secondly, an evaluation is carried out using the approximate technique for the NSFNET

topology and the network topology shown in figure 4.9.

Table 4.2 shows the physical parameters used for simulation purposes, and the simulation
results are obtained after running at least 10° calls. We assume that, ¢ = 1072, XT has no
effect on the switching fabric, and the network load is uniform. Since our proposed
wavelength blocking model is presumed to be accurate for the first few network layers, our
analysis involves the use of a small number of wavelengths for the topologies used in the

validation process.

Figure 4.9: A 7-node network topology
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Table 4.2: The physical parameters used for simulations

Parameter value
Wavelength spacing 50 GHz
Data rate per channel 10 Gbps
ASE factor 1.5

Laser source power 0 dBm
Receiver responsivity 0.95 A/W
BER threshold 10712
Q-factor threshold 7

Optical bandwidth = wavelength spacing
Input EDFA gain 22 dB
Output EDFA gain 16 dB
Centre wavelength 1550 nm

Since the 4-node network topology used in the simulation and validation process is

symmetric, we treat its behaviour as that of a bidirectional link.

44.1 FF and FFwWO WA

Algorithms 4.2 and 4.3 are used to get the estimate values of the blocking probabilities of the
QoT-Aware FF WA and QoT-guaranteed FF WA as shown in figure 4.10.
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Figure 4.10: FF WA blocking probabilities calculated using the analytical technique and simulations for

the 4-node network
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From the figure 4.10, we can observe that the analytical results for the QoT-aware FF WA
and QoT-guaranteed FF WA very closely resemble the simulation results for medium and
large traffic scenarios. At low traffic loads, the model presented in [204] becomes inaccurate,
and this may be due to the inadequacies of the Fredericks and Hayward’s approximation
technique that is applied to estimate the non-Poisson overflow traffic. Our proposed
algorithm maintains its accuracy mainly because the proposed computation of QoT blocking
is fairly accurate since the QoT constraints are used to initially block the flows. Since the
QoT blocking dominates in low traffic situations, the traffic flow rate will thus be still close
to the actual traffic present. As expected, more requests are blocked in the QoT-guaranteed
cases compared to the QoT-aware cases, thus ample proof that our proposal is accurate and
valid. This implies that the analytical model accurately provides the enhancement from QoT-
guaranteed to QoT-aware WA and gives an acceptable approximation to the network

performance by factoring in QoT and wavelength blocking.

In the case of FFwO WA, the technique of static ordering proposed in this work is employed,
and we assume the following ordering table for five wavelengths: {1,5,2,4,3}. Figure 4.11
shows the performance of the proposed technique. It can be observed that the analytical
model accurately captures the gains attained by implementing the FFwO approach instead of
the traditional FF in QoT-guaranteed cases. In addition, the model clearly shows that QoT-
aware FF method outperforms the QoT-aware FFwO when XT is dorminant at certain traffic
loads. This could be due to the idea that the QoT-aware FFwO approach initially utilizes all
channels with low XT and leaves only low quality channels for forthcoming requests,
whereas QoT-aware FF simply selects channels based on the wavelength index. Since QoT-
guaranteed techniques do not sift through all available wavelengths, this opens a good
opportunity for the exploitation of the ordering technique. We can firmly assume that if other
physical impairments are factored-in, the FFwO will definitely outshine the FF due to the
added complexities of the scenario. Once again, it can be seen that the analytical results are
very close to the results from simulations for different traffic conditions and algorithms, thus

further upholding the accuracy and validity of our model.
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Figure 4.11: FFwO WA blocking probabilities calculated using the analytical technique
and simulations for the 4-node network
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Figure 4.12: FF WA blocking probabilities calculated using the approximation method and
simulations for the 4-node network
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4.4.2 Approximation Method Results

Due to the rigorous task of counting QoT blocking events, we proposed an approximation
technique for the estimation of the QoT that is fast and less complex. Although the
approximation underestimates the actual blocking because it only considers QoT blocking
occasions that occur in the fibres that the selected route takes, it nonetheless gives an accurate
approximation of the overall blocking probabilities. Figures 4.12 and 4.13 show the results of
the approximation technique and the respective simulations equivalents. From the graphs
presented, it can be seen that the approximation technique provides a good estimation of the
actual blocking probabilities and thus gives a great opportunity to analyse the performance of
backbone optical networks. In brief, our approximations and estimations of the impact of
QoT-aware and QoT-guaranteed WA are accurate and may be extended to assist in the
analysis of complex networks where it is practically impossible to employ analytical

techniques.
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Figure 4.13: FFwO WA blocking probabilities computed using the approximation method
and simulations for the 4-node network
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4.4.3 Validation in other Networks

In this section, we validate our proposals by simulations conducted in two different network
topology environments. We make use of the 7-node ring network where we assume the
presence of five wavelengths per link and two bidirectional fibre links. The NSFNET
topology is also utilized where we assume the presence of six wavelengths per fibre link and
that are the links are also bidirectional. We divide each link into several spans, and each span
is equipped with an EDFA amplifier to counter the effects of signal attenuation. The length of
the lightpaths is limited to 3 hops in the NSFNET topology so as to reduce the effects of
noise. Other key physical parameters remain the same as those used in the 4-node tandem
topology. Figures 4.14 and 4.15 show the results for the 7-node ring network where FF WA
and FFwO WA approaches are used respectively. The NSFNET network is used to obtain
results for the FF WA and FFwO WA as shown in figures 4.16 and 4.17 respectively.
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Figure 4.14: FF WA blocking probabilities computed using the approximation method and
simulations for the 7-node network
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Figure 4.15: FFwO WA blocking probabilities computed using the approximation method
and simulations for the 7-node network
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Figure 4.16: FF WA blocking probabilities computed using the approximation method and
simulations for the NSFNET network
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From the results, we can observe that at low traffic loads, the blocking probability of the
analytical technique is lower than that obtained from the simulations. This is caused by the
underestimation of the wavelength blocking probability that exists in real networks which is
not appropriately captured in the analytical method. On the other hand, in the medium to high
traffic conditions, the results obtained by the two approaches are almost the same. We can
conclude that our proposed analytical method accurately forecasts the behaviour of QoT-

aware and QoT-guaranteed algorithms in both the traditional FF WA and FFwO WA.
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Figure 4.17: FFwO W A blocking probabilities computed using the approximation method
and simulations for the NSFNET network
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4.5 Summary

In this chapter, a Q-factor tool that incorporates most of the pertinent physical layer
impairments is proposed. The tool is evaluated through simulations, and a comparison of its
performance with those of traditional approaches is made. The proposed Q-factor tool
outperforms the ones that are traditionally employed. An analytical technique to compute the
blocking probabilities for RWA with physical impairments in transparent networks is also
proposed. Numerical examples are also provided to show the performance of the proposed
model, and it is validated through the use of simulations. QoT-aware and QoT-guaranteed
WA approaches are implemented in various networks to evaluate the performance of the
model, and its validation is done through simulations. It is clearly observed that the proposed

model provides reasonably accurate results in all given network scenarios.
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5 Energy-efficient Impairment-Aware Algorithms

5.1 Introduction

This chapter presents energy-efficient algorithms that take into effect various parameters in
their decision-making processes. Although the ultimate goal of the deployment of energy-
efficient strategies and algorithms is to lower the overall energy consumption of the
networks, care must also be taken to ensure that the amassed energy gains do not compromise
the integrity of the transmitted signals. Thus, in our work, we also take the impact of physical
impairments into consideration in the formulation of energy-efficient algorithms and
strategies. The proposed algorithms are compared with the traditional algorithms that do not

take cognisance of energy consumption in their computations.

5.2  Energy-efficient Architecture

In this section, we propose an energy efficient architecture that is cluster-based. In the
proposal, the nodes of the core network are divided into disjoint sets, and each subsequent set
is composed of more than one node to make a unitary cluster. The clusters may be configured
to conform to a sleep mode initiated by the control plane. The sleep mode is an energy
conserving, stand-by mode, that “rests” some network resources and may be quickly
triggered to switch back to a normal operating mode [207]. There are unprecedented huge
energy conserving benefits of implementing the s/eep mode functionality in modern high-

speed optical networks.

Authors in [208], [209] propose an Anycasting communication paradigm in order to reduce
the blocking probability that may be increased due to a decrease in network connectivity

owing to the use of the s/eep mode functionality.

114



Anycasting 1s a communication paradigm in which the user has the freedom to choose a
potential destination from a group of possible destinations. Since anycasting is highly
flexible, if a destination cannot be reached due to some intermediate nodes being in the s/eep

mode, a next vacant destination can be chosen [210], [211].

We denote an anycast request by (s, Ds) where s is the source node and D;is a set of probable
destination candidates. Since a selected destination using the anycasting paradigm may be
longer than other possible destinations, the signal quality may be compromised and the
propagation delay may also increase. It is therefore prudent and necessary to formulate
algorithms that are aware of these important parameters and the algorithms should
incorporate their respective effects in the eventual lightpath establishment process. We
propose a network element vector (NEV) that contains information about the BER and

propagation delay of a link, and is shown by the following,

NEV; = [BER;,t;]" (5.1
Where, BER; is the bit-error rate and 7; is the propagation delay for link i respectively. The
transpose is shown by T'.
The threshold expression for a given request is given by,

T(r) = [BERthres: Tth?'es] (52)

For a given request r, the NEV is given by,

NEV® = [BER®, 70| = [[1BER®, 5] (53)

We assume that a lightpath can only be established provided the following constraints are

observed,

BER™ < BER,,,, and T < T,
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Figure 5.1 shows the proposed energy efficient algorithm pseudo code.

Input: NEV, ;i = [10712,0], (s, Dy), T™
1: SORT.SWP(Dy).
2: Dg ={d},dy,...,dz}.
3: PATH = {s,d}}.
4: if (nyVk € PATH = FREE)and(|D¢| # 0) then

T
5: Compute NEV™) = |l—[ BER;™, Z ri(”)]
Vi vi

if NEV() > T then
Request r is discarded

exit

¥ e =R

else
10:  PATH ={s, ..n, ..., d.}.
11:  if(n; € Copr) and (|D;| # 0) then

12: MODF_CALLREQUEST = (s,df),i *J
13: UPDATE(D;) = D{\d;

14:  else

15: CONFIG_LP = (s,d;)

16: CALCULATE_ENERGY (s,d})

17:  endif

18: end if

19: else

20: UPDATE(D;) = Dg\d;

21: endif

Figure 5.1: The pseudo code for the proposed algorithm

The proposed algorithm assumes an anycast request that follows the Poisson distribution for

12

the source and destination pairs (s,D;). A bit-error rate (BER) of 10 ™ and a zero (0)

propagation delay are assigned to initialize the network element vector (NEV).
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Figure 5.2: The Italian Mesh Network topology

The destination set (Dy) is arranged according to the shortest widest-path (SWP). The
shortest destination is selected from the set and a route is computed. The NEV for the route is
computed if all intermediate nodes are available. If the BER and the propagation delay are
above the set threshold, the request is dropped to guarantee an acceptable QoS. If one or more

of the intermediate nodes belongs to a cluster that is in the OFF state, a new destination is

chosen. The selection is repeated with a modified destination set (D;\di) until a suitable
destination is found. If any destination cannot be accessed, i.e. (|D¢| = 0), then the request is

discarded.
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The proposed algorithm is validated by the aid of simulations. Figure 5.2 shows the topology
of the Italian Mesh Network (IMnet) that is considered for simulation in our study. The IMnet

topology consists of 36 bidirectional links and 21 nodes.

We consider a bit rate of 10 Gbit/s and assume that there are no wavelength converters and
regenerators in the network. Connection requests follow a Poisson process and we consider

the incorporation of EDFAs placed at 70 km intervals.

In our study, we partition the IMnet topology into four disjoint clusters. The proposed disjoint
clusters  are, Ca={123,45}, Cp={67,8,11,14,12,10}, Cc={9,13,15,19,20,16},
Cp={17,18,21,20}. A discrete-event model is used for our simulations, and 10° requests are

considered for a given network load.
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Figure 5.3: Relationship between average energy consumption per bit with network load for different
clusters

Figure 5.3 shows the average power consumed per each request for various network loads

under different cluster modes. The average power consumed for each given request is found
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by obtaining the product of the average energy consumed per request and the bit rate. If all
clusters are ON, it is observed that the energy consumption is considerably high. This
scenario arises when the network does not incorporate sleep modes in its operations.
Furthermore, we note that the average power consumed for a particular network load
significantly declines when the clusters are in the sleep mode. Nonetheless, the reduction in
energy consumption is at the expense of increasing the blocking probability that may lead to
unacceptable Q-factor levels (shown in Figure 5.4). In order to address this challenge, careful
consideration of all the pertinent parameters is important so as to strike a balance between the

QoS and energy consumption in the networks.
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Figure 5.4: Average power consumed per request versus network load for various clusters

In Figure 5.5, the relationship between the average blocking probability and network load for
various clusters under different modes is presented. A request may be blocked or lost when

either, a wavelength is unavailable or because the network resources are in the sleep mode. It
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1s observed that the average blocking probability 1s low when all the clusters are in the ON
state. This may be attributed to the fact that, the blocked requests arise only due to the
unavailability of vacant wavelengths. When the entire network is in the sleep mode, the
blocking probability is unacceptably high. This occurs because the majority of the requests
have intermediate nodes that belong to clusters that are in the OFF state. A few calls that exist

in the network are due to single hop requests.
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Figure 5.5: Variation of blocking probability for different cluster states with network load

5.3  Energy efficient dynamic sleep cycles

We propose a dynamic sleep cycle algorithm in which the network nodes switch between the
ON and OFF states according to the volume of traffic traversing the network. A delicate
balance is sought between network energy consumption and QoS provisioning. We argue and
predict that in our proposal, a substantial amount of energy may be saved, while guaranteeing

accepatable QoS within the network.
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This will in turn lead to lower GHG emissions and thus a reduction in the overall carbon
footprint of backbone optical networks. We assume that when the nodes enter into the sleep
mode, they will still be capable of receiving and transmitting signals, but lack routing
capabilities. In addition, the nodes should be able to monitor any traffic flowing through
them, regardless of their mode. A threshold Q-factor value is set such that if the effective Q-
factor of the network is above the set threshold, some of the nodes are triggered to enter the
sleep mode, subject to their location and traffic flow. Furthermore, a mode that has only one
adjacent node may not enter the sleep mode. If the Q-factor falls below the set threshold, the

last node to enter the sleep mode wakes up to maintain an acceptable QoS (figure 5.6).

5.3.1 Simulation setup

An anycasting routing paradigm that enables the flow of traffic in the least number of hops is
considered in the simulations. We consider simulations based on the IMNet topology and all
nodes are assumed to be connected. The network is presumed to run at 10 Gb/s, and

additionally, 64 payload channels and 2 control channels are considered.

We also assume that the traffic follows a Poisson distribution and traffic generation at the
nodes is considered asymmetric. A Q-factor threshold of 7 is considered and the traffic

monitoring period is taken to be 0.2 seconds.

5.3.2 Algorithm performance evaluation

The proposed energy-efficient algorithm leads to substantial energy savings as clearly
depicted in Figure 5.7. On the other hand, the classic algorithm does not offer any energy
savings since all the network resources are always active, regardless of the prevailing
network load scenario. At full network load, it can be observed that the energy-efficient
algorithm offers no energy savings. This arises precisely due to the decline of the overall
network Q-factor such that, its value falls below the preset threshold. If the Q-factor declines
below the threshold, a very limited number of nodes may be triggered to enter the sleep

mode, and resultantly, the energy consumption of the network resources increases.
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Figure 5.6: Flowchart for the energy etticient dynamic sleep cycles algorithm

122



= Energy efficient algorithm
o (Classic algorithm

ot
[4)]
1

g
o
1

—_
o
1
—

Energy Saved (kWH/sec)
o
|

o
)]
1
—

o

o
1
®
L
®

® ® ° ® o ® -

o
o

" . . . . \
0.2 0.4 0.6 0.8 1.0
Normalized Load

Figure 5.7: Relationship between energy saved and normalized load.

Figure 5.8 shows the blocking rates of both the classic algorithm and the proposed energy-
efficient algorithm for various network loads. The blocking rates are almost the same for both
algorithms at low and high network loads. Although some of the nodes enter the sleep mode
at low network intensity in accordance with the proposed energy-efficient algorithm, the
blocking probability is not seriously compromised due to sufficiently low congestion that
characterises such network loads. At sufficiently high network loads (>0.95), the blocking
rate is almost the same in both algorithms because the Q-factor falls below the set threshold
and thus all nodes will be triggered to enter the “ON” state. The downside of the energy-
efficient algorithm is clearly evident for network loads that fall in the range 0.25 to 0.9. This

1s attributed to the relatively high levels of congestion that arise due to the entrance of some

of the nodes 1nto the sleep mode, and thus the high blocking rates.
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Figure 5.8: Blocking rate versus normalized load for different algorithms.

As shown in figure 5.9, it is revealed that the amount of energy saved is the same for various
Q-factor threshold values at low network loads (0.3 and less). On the other hand, at high
network loads (0.45 to 0.9), there is a significant reduction in energy savings as the Q-factor
threshold values increase. This emanates from the fact that very few nodes will be triggered

to enter the sleep mode at high Q-factor threshold values, and thus more energy is expended

by the network resources.
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Figure 5.9: Relationship between energy saved and normalized load.

5.4 Optimized Energy-Aware Lightpath Routing Strategy (OEA-LR)

5.4.1 Introduction

A novel energy-aware routing approach is proposed that is utilized to study the effects of
energy optimization on pertinent network performance metrics. In our proposal, we assume
that a transparent WDM network is comprised of OXCs, EDFAs, transceivers, and various
fibre link lengths. We further assume that connection requests from source to destination are

entirely provisioned in the all-optical domain, thus OEOs are not present.

5.4.2 The OEA-LR Approach

The OEA-LR approach is premised on the assumption that the energy required to establish a

connection request is equal to the summation of: the energy required for optical switching at
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intermediate nodes, the energy consumed by the transceivers, and the EDFAs energy
consumption along each fibre link. The net energy consumption of the network is therefore
equivalent to the sum of the energy used by all presently provisioned connection requests at
any specific moment. Furthermore, the OEA-LR 1is anchored on the modification of the k —

shortest path algorithm presented in [212].

Using the OEA-LR approach, up to k — shortest paths are calculated when a connection
request is received, and the algorithm takes into cognizance the link-state in its search for a
candidate lightpath route. Thus, fibre links that do not possess available wavelengths at any
given instance are deleted from the logical topology on a temporary basis. During the
computation of each candidate lightpath, each link (I) is assigned a cost (C;) that is

calculated as follows:

¢, = [ y.E,, when fibre link is in use (5.4)

E;, when fibre link is not in use

Where, E| is the total energy consumption required to operate all amplifiers on the fibre link
[, and y is a weighting factor whose values lie between 0 and 1, and it indicates the extent of
energy savings in the OEA-LR. If the value of y is equal to 0, the OEA-LR behaves like a
pure energy saving approach, whereas for the values of ¥ equal to or close to 1, the OEA-LR
appears to provision connection requests according to shorter routes. Since EDFAs are
deployed after every 80 km, it may be assumed that their numbers are proportional to the
length of the route under study. By varying the values of y between 0 and 1, both energy
usage and resource utilization are optimized. If a candidate path is found, the FFwO approach
is utilized to search for an available wavelength along the path. If a free wavelength is not
found among the k-paths, or there is no existence of a candidate path, blocking of the

connection request occurs.

5.4.3 Evaluation of the OEA-LR Approach

The proposed OEA-LR approach is evaluated via simulations of the Pan-European and the
NSFNET network topologies. The considered Pan-European network comprises 11 nodes

and 26 bidirectional fibre links, and the NSFNET topology is made up of 14 nodes and 21
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bidirectional fibre links. It i1s further assumed that each fibre link i1s capable of carrying a

maximum of 16 wavelengths, and that there is no wavelength conversion in the network.

Furthermore, the source-destination pairs of the connection requests are uniformly selected

among the network nodes, and the connection request arrivals follow a Poisson distribution

and the holding time per connection is distributed exponentially.

The following assumptions are made for the energy consumption of the network devices:

ii.

iii.

iv.

EDFAs, OXCs and transceivers can be instantly ordered to enter into sleep mode or
switched-on depending on the traffic conditions. In addition, it also assumed that no
additional energy is expended during the transitions from sleep mode to switched-on
mode, and vice-versa.

Each EDFA consumes 12 W of power and the distance between consecutive EDFAs
is 80 km.

Each transceiver uses 7 W of power at 10 Gbps.

An OXC consumes 6.4 W of power.

Our results are obtained by further assuming that the weighting factor y lies between 10™*

and 1, and a maximum of k is equal to 3 candidate paths are calculated for each connection

request.

100 g
g m - .___.0 -
on"" o-® i e s-A-a4
90 4 L A vY
P o* piay 7,
4 /. e A ‘r-" o
/. ﬂ.'- hd A A '-""-'_‘
__ 80+ i % A v
5 ] / g v7
= ™ _ - v
=] - o v
70
H Py A e
] o v
c - / A A vV
2 [ ] e
£ 604 A v
c n/ /
5 1 Y
g so4 [ A Y
= | / A '_,v
2 '/ —m—y=1
o =
5 40 o / A / o y=075
i s ’/" A y=025
b —w— y=0.0001
304 A /
17
20 T T T T T T T
0 60 120 180 240 300 360
Load (Erlang)

Figure 5.10: Relationship between link utilization and traffic load
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Figure 5.10 shows the relationship between link utilization and traffic load for the Pan-
European network. The results show that when the OEA-LR approach bases its decisions
only on minimizing the lengths of provisioned lightpaths, the fibre links usage drastically
increases with increasing traffic load. This behaviour is logically expected and acceptable
since the routing strategy does not take into account the energy status of the network
elements, but is solely based on ensuring the provisioning of connection requests of shortest
available path at values of y close to or equal to 1. On the other hand, when y is close to 0,
the OEA-LR strategy attempts to minimize the energy consumption in the network by
limiting the number of devices to be energized. As a result, the fibre link utilization grows
almost in a linear fashion as the load increases. This implies that a significant number of fibre
links will remain unused, hence the presence of fewer energy-consuming elements in the
network. Consequently, under these conditions, significant amount of energy will be saved in
the network. Figure 5.11 shows the variation of potential energy savings and network traffic
load. It can be observed that massive amounts of energy may be saved (=~ 50%) at
sufficiently low values of y (y = 0.0001). On the other hand, if y is high (= 0.75), very

little or no energy is saved in the network.
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Figure 5.11: Relationship between saved energy and traffic load
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Once again, this emphasizes the effectiveness of our proposed OEA-LR approach in realizing

energy efficiency in optical networks.

Figures 5.12 and 5.13 present the relationship between average path length and traffic load
for various values of y for the NSFNET topology. In figure 5.12, the number of hops are
presented as a function the network load, whereas in figure 5.13, the physical distance values

are given as a function of the network load.

The results show that the use of the energy-aware routing strategy leads to higher average
path lengths compared to the approach where energy awareness is not taken into account.
These results confirm our expectation that, if path lengths are long, there is a likelihood that
the network resources will be optimally utilized since traffic tend to traverse through already
powered-on devices in the network. It can be clearly seen that the mean path length increase
is capped at about 7% for y values between 0.75 and 1, and thus a considerably acceptable
increment in path length, bearing in mind the significant energy savings realized. However,

there is need to trade-off the energy savings gains achieved through increased path lengths on

one hand, and the transmitted signal quality on the other hand.
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Figure 5.12: Relationship between mean path length (in hops) and traffic load
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In summary, a novel OEA-LR approach is presented that simultaneously considers both
energy minimization and resource utilization as a unitary cost function. The results from the
simulations confirm the competitive edge of the approach in terms of both energy and
network utilization efficiencies. However, it is noted that care must be taken so as to strike a

healthy balance between energy savings and signal quality.

5.5 Energy-efficient protection scheme subject to traffic variations

The 1+1 dedicated path protection scheme is still arguably the most widely deployed
protection scheme in operational optical networks. This protection scheme is attractive
mainly due to its unrivaled high availability and resilience. On the other hand, the 1+1
dedicated path protection scheme consumes substantial amounts of energy compared with
networks where protection is not offered. In our work, we propose a protection scheme that
takes cognisance of the traffic variations and thus attempt to reduce energy consumption of
dedicated protection paths. Our proposed scheme focuses only on the protection path and

traffic routing along the protection path is adapted to the prevailing bandwidth requirements.
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Figure 5.14: The NSFNET network topology

We consider the NSFNET network to evaluate the model (figure 5.14). The NSFNET
network is comprised of 21 bidirectional links and 14 nodes. Since the NSFNET covers four
different U.S. time zones, in our studies, we focused only on the Eastern Standard Time
(EST), and Figure 5.15 shows the variation of normalized bandwidth with time on a typical
day. We further assume that the traffic demand is random. Table 5.1 shows the input data for

our simulations.

Table 5.1: Input simulation information

Parameter Unit
Distance between adjacent EDFAs 80 km
Power consumed by an EDFA 8w
Power consumed by a router port (40 Gb/s) 1kwW
Power consumed by a transponder (10 Gb/s) 45 W
Power consumed by a transponder (40 Gb/s) 73 W
Power consumed by a transponder (100 Gb/s) 135w
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Figure 5.15: Bandwidth variation with time for the NSFNET EST time

5.5.1 Algorithm

We commence with the peak-rate traffic scenario where demands between source-destination
pair nodes require continuously varying bandwidth throughout the day. The bandwidth
demands are then fulfilled in a descending order and energy-aware scheme takes care of the
routing and resource allocation in accordance with peak-rate traffic values.

Algorithm 5.1 shows that immediately after the working and protection paths have been

chosen for all the traffic demands, the total peak power consumption will then be computed.

It is assumed that the working path remains active and unaffected by the status of the backup
path. As for the protection path, the status of transmission is adapted to the prevailing traffic

situation, such that, some of the network resources may be deactivated during low traffic

flow.
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Algorithm 5.1: Energy-efficient protection scheme

STEP 1: Allocation of resources for 1+1 protection scheme:

Arrange the demands list (DL) in descending order of required bandwidth
While DL # @ do
Valuate resource allocation in working and protection path for each demand for its
pecak valuc;
end while
Total peak power consumption = Pr, + Pgppa + Poxc + Pry

STEP 2: Adaption of protection path to hourly traffic demands

for all hourly traffic values during the day do
for all active demands do
Adapt protection path transponders rate to prevailing traffic demand;
Calculate energy savings compared to Total peak power consumption;
end for

end for

Figure 5.16 shows the energy saved (%) for the proposed energy-efficient dedicated path
protection path 1+1 scheme in comparison with the classic 1+1 scheme for a typical day of
the NSFNET topology at different traffic rates. It can be seen that at high data rates (100
Gb/s), significant amount of energy is saved, especially at off-peak periods where up to 29 %
of savings are realized. This implies that the proposed algorithm is perfectly suited to be
implemented in high speed long haul transparent optical networks. The implementation of the
algorithm in such networks will undoubtedly reduce the amount of energy consumed, and

thus lower the overall carbon footprint of telecommunication networks.

5.6  Energy efficiency through the utilization of solar energy sources

One novel way of realizing the dream of energy efficient and truly “green” optical networks
is to utilize solar energy to power network devices. This will certainly reduce the carbon
footprint of optical communication networks and thereby curtailing the overreliance on non-
renewable energy sources. With the emergence of the concept of SGs, the use of renewable

energy sources in telecommunication networks would be greatly enhanced.
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Figure 5.16: Energy saved (%) with respect to the classic 1+1 dedicated path protection
scheme for different traffic rates.

5.6.1 The Energy Model

It is essential to come up with a model that estimates the non-renewable energy consumption
of a given network so as to evaluate the impact of utilizing solar energy sources. We assume
that there are two components of energy consumption for each network node. These
components are respectively, (1) the static and (i1) dynamic energy consumptions. The static
energy consumption arises due to the energy required to keep the network devices powered
on, and it is independent of the network traffic. On the other hand, the dynamic energy
consumption component depends on the volume of traffic through the node. We further
propose that nodes that have access to solar energy sources should give precedence to the use
of solar energy in connections set up and may only utilize non-renewable sources when the
solar energy sources are either depleted or unavailable. Conversely, those nodes that are not
connected to solar energy sources should use non-renewable sources for new connection set

up. For a lightpath p, the consumption of non-renewable energy is given by:
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L; iLi
Cp = [Enep enbprn g Enep?rnbprn + Eiep - ] tp (5.5)

wiboa

with 7, = 0 (solar energy source utilized for connection)

T, = 1 (non —renewable energy source utilized for connection)

Where, e, is the energy consumption per Gbps for the traffic passing through node n, b, is
the path bandwidth measured in Gbps, 7, i1s a constant that indicates the part of energy
consumption to be either incorporated or not, L; is the link length, k is the maximum allowed
link length without signal regeneration, r, is the energy consumption per Gbps during
regeneration, e; is the energy consumption of an optical amplifier on link i, w; is the number
of wavelengths used on link i, 8y, is the maximum allowed link length without

amplification, and t,, is the connection duration time.

It is important to note that the static component of the node energy consumption is not

included in the formula for simplicity.

5.6.2 Model Implementation

OPNET event-driven simulator is implemented to the proposed networking environment. Our
model takes use of the SWP in its routing decision-making process, and employs resource
reservation protocol for signaling. The USNET network topology is used to evaluate the
impact of deploying solar energy sources in the network (Figure 5.17). The network is
assumed to comprise of OXCs as nodes and links with EDFAs placed at 80 km intervals. We
further assume that 16 wavelengths are assigned to each link and the connection requests
follow a Poisson distribution. The average traffic load per node is obtained from the duration

of the connection and the inter-arrival rate and is varied from 2 to 12 Erlangs.

It is important to note that the solar energy availability is related to the geographic location of
the nodes and it varies during the day in the USNET topology. The USNET network consists
of four time zones, and these are, Eastern Standard Time (EST), Mountain Standard Time
(MST), Central Standard Time (CST) and Pacific Standard Time (PST). Furthermore, the
USNET network is made up of 24 nodes and 43 bidirectional links. In our studies, we utilize

the EST as our reference time.
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Figure 5.18 shows the variation of solar energy availability with EST time on a typical sunny
day in June.

Pacific Standard Time (PST)

Mountain Standard Time (MST) Central Standard Time (CST) Eastern Standard Time (EST)

Figure 5.17: The USNET network topology

—&— Node20
—@— Nodel5
4 Node10
¥ Nodeb

N
o
]

L

N,

Vs
7

-
o
|

Output Power of Solar Energy per Node (W) X 10°*
o
(3
1

T 1 r 1 - 1T * 1
10 12 14 16 18

Time (EST)

0.0 p—— —
6

Figure 5.18: Availability of solar power against EST time
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In our model, we take solar energy to be the alternative source to the traditional power source
for powering the network, and assume a maximum solar energy output of 20 kW that requires

a total solar cell area of approximately 100 m? (table 5.2) [213].

Table 5.2: Available solar power at each node in the USNET network

EST 0:00 | 2:00 | 4:00 | 6:00 | 8:00 [ 10:00 | 12:00 | 14:00 | 16:00 | 18:00 | 20:00 | 22:00

Time

Node ID

Power (kW)

SR:5:12

1 o8 2109 0 0 0 0 0 6 13 18 18 13 8 4
SR:5:27

2 SIS 0 0 0 0 0 6 13 18 18 13 8 4

3 | SRSH4 0 0 0 0 6 13 18 18 13 8 2
SS:20:10

4 [ SR:3:56 |0 0 0 0 0 6 13 18 18 13 8 <
SS:21:02

5 [ SR342 1 0 0 0 0 6 13 18 18 13 8 2
SS: 20:08

6 | SR:347 | 0 0 0 05 |6 13 20 18 13 8 0.6
SS:20:47

7 | SRS:57T 0 0 0 0 6 13 20 18 13 8 3
SS:21:01

8 [ SR8 1 0 0 0 08 |6 13 20 15 8 3 0
§S8:19:34

9 [SR3:32 1 0 0 0 05 |6 13 20 15 8 3 0.8
SS:20:31

10 | SR:6:01 0 0 0 0 0 6 18 20 15 8 2 0.5
SS:20:17

M55 [0 |0 |0 |0 |05 |8 13 |18 |15 |8 |5 |o
SS:21:02

R[sk62 [0 |0 |0 |0 |06 |8 13 |18 |15 |8 5 0
S§S8:21:06

13 | SR:6:13 | 0 0 0 05 |8 13 18 15 8 4 0
SS: 20:46

14 | SR:6:35 | 0 0 0 05 |8 13 18 15 8 4 0
SS:20:37
SR:5:27

15 38, 2033 0 0 0 0 1.5 |8 13 18 15 8 4 0

16 | SR:3:46 | 0 0 0 13 (8 13 18 15 8 4 0
SS:20:18

7 [SR554 [0 |0 |0 |0 |1 |7 |13 |18 |15 |8 |4 o
SS:20:11

I8 [SR&0 [0 |0 |0 |0 |1 |7 13 |18 [15 |8 4 |o
SS: 20:04

19 | SR:5:08 | 0 0 1.8 |5 15 20 18 13 8 2 0
SS:20:41
SR:5:14

20 oS 2031 0 0 0 15 |5 15 20 18 13 8 2 0

21 [SR5235 [0 [0 |0 |1 |45 |13 |20 |18 |13 |8 2 |0
SS:20:32

2SR5 [0 [0 |0 |08 |43 |13 |20 |18 |13 |8 |2 o
SS:20:38

23 [SRs52 [0 [0 |0 4 |13 |20 [18 |13 |8 [2 Jo
SS:20:28
SR:6:19

24 oS a0 0 0 0 4 13 20 18 13 8 2 0

(SR: Sunrise, SS: Sunset)

(Adapted from: [213])
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We assume that nodes 2, 5, 6, 8, 19, 21 and 22 are randomly chosen to deploy solar energy
sources. The total non-renewable power consumption is shown in Figure 5.19, assuming that
the maximum available solar power per node is 20 kW. It can be observed that during the
period when there is appreciable amounts of solar energy (between 06H00 and 22HO00), the
network traffic is generally high, and the optimized heuristic outshines the one where the
nodes are switched on and off. Consequently, significant non-renewable power savings can

be realized that have a peak of about 3000 kW.

®— Optimized hop with 20 kW solar energy (7 nodes)
®-- Optimized hop with 20 kW solar energy (all nodes)
A Non-optimized hop with 20 kW solar energy (7 nodes) under on-off
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Figure 5.19: Relationship between consumption of non-renewable power with EST time

The effect of varying the maximum available solar power per node on the overall non-
renewable energy consumption is captured in Figure 5.20. It is clearly evident that an
increase in the maximum solar power output per node leads to an almost linear reduction in

the total non-renewable energy consumed under different stated scenarios.
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Figure 5.20: Variation of non-renewable energy consumption with solar power output

The deployment of nodes that are powered by both renewable and non-renewable energy
sources appears to be very promising and will undoubtedly spearhead a revolutionary novel
era in powering future high-speed telecommunication systems. It is clearly apparent that
renewable energy sources will provide a platform for the realization of cheaper and cleaner
next generation communication networks that will lower the overall GHG emission from

telecommunication networks.
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5.7 Mixed line rates (MLR) Networks

Since the traffic matrix of the core networks is now essentially heterogeneous, it therefore
calls for the deployment of versatile techniques that are both responsive to the needs of the
networks and energy-efficient as well. The rolling-out of MLR networks appear to be
sensible choice since it will be possible to multiplex low data-rates connection requests onto
high capacity wavelengths for high-speed requests through traffic grooming. In essence, the
MLR network should be capable of handling different wavelengths on a link that transports
different data rates such as 10 Gbps, 40 Gbps and 100 Gbps. In this work, we propose a
transparent MLR network model that is energy-efficient, and we will compare its

performance with that of existing translucent and opaque MLR networks.

5.7.1 Transparent Energy-efficient MLR Network Model

We present our problem of the design of a transparent energy-efficient MLR model. We
propose that logical network connections will be mapped over physical links via multihoping

in the networks. The following assumptions are made:

m and n represent the physical nodes in the network, and i and j represent the logical nodes
in the virtual network topology, and s and d denote the source and destination nodes. We

further propose the following input parameters:

1. G(V,E) represents a physical topology with nodes set V and edges set E, and that
each node router is connected to an OXC.

2. T = [Agq] indicates the traffic matrix forecast with demand Agy; between a source-
destination pair.

3. R = ¢4, ¢,, ... ¢y represents the set of channel rates available.

4. W denotes the number of maximum wavelengths supported on a fibre, A €

{1,2,..W}.

E,j 1s the energy cost of regenerator with rate ¢,,.

Egy 1s the energy cost of a short reach transponder (SRT) with rate ¢,.

Eqmp 1s the energy cost of an EDFA amplifier.

© N o

E,, is the energy cost of electronic processing.
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To further describe our model, we introduce the following variables and parameters:

1. L, is the length of the fibre between nodes m and n.

A 1s the number of amplifiers on a physical link (m and n).

P 1s the set of lightpaths passing through the link (m and n).

F.n 1s the variable that denotes the number of fibres on a link (m and n).

if,vd denotes the volume of traffic from source to destination on lightpath (i, j).

A O T

Z; is an integer that represents the amount of data that is transported by lightpaths that

terminate at node j.
We also assume that there are no wavelength converters and that different line rates have
different optical reaches. The model is further described by the use of the following

parameters:

1. [;jxa represents the lightpath between (i, j) node pair in the logical topology at rate ¢
over A.

2. a;jk stands for the feasibility of lightpath establishment for a given lightpath [;j;;
between i and j nodes at rate ¢, for wavelength A. The feasibility is based on the
comparison with an acceptable preset threshold Q-factor.

3. Xijka is a variable that represents the number of lightpaths on link (i, ), and thus

should be an integer.

Objective:

Minimize 2 z Z Z Xijk}l- E..+ Z Apn-Fpn-Eq + z ZJ Ep (5.6)
A ij k mn J

Subject to constraints presented below:

Z Z b Xijka- Xijra = Zfi?d v(i,j) (5.7)
7K sd
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Z ZXijkA-aijkA < Fnn v(m,n), vi (5.8)

(L.))EPmn K
Asd, lfS :j
D= Y fit=) Awifd=j (59)
i i 0, otherwisey; v(sa)

sd i

The above formulation apparently results in a mixed integer linear programming (MILP) set
up. The objective function minimizes the usage of energy by the transparent MLR network.
The first expression in equation (5.6) calculates the amount of overall energy consumption of
WDM transponders, and the second term computes the energy consumption of all the EDFA
amplifiers in the network. The parameter F,,,, depicts the total number of required optical
fibres to take care of the traffic requirements. The effective energy costs due to electronic
components operations at intermediate nodes for all traffic volume is represented by the last

term in equation (5.6).

We propose the SWP algorithm to determine the physical routes to be taken. The constraints
due to capacity that hinder the traffic demands per logical link (i,j) are represented by
equation (5.7). The wavelength-continuity constraint is represented by equation (5.8),
whereby it is ensured that only one lightpath exists on a specific wavelength. Equation (5.9)
ensures that there is a match between incoming and outgoing traffic in all nodes except for
the source and destination ones. The aggregation of traffic flow that requires electronic

processing at each node is represented by equation (5.10).

One key setback that arises due to the use of MLR in optical networks is the overall reduction
of the optical reach, and it is therefore imperative to determine the maximum possible reach
that can be achieved by our proposed model. Generally, SLR networks utilize the under-
compensation of CD per fibre span by using pre- and post-compensation fibres at the
transceivers to offset residual CD. The residual CD per span is known to be reliant on

physical link distance, wavelength of the propagating signal, and the employed modulation
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format [6]. The use of advanced modulation formats such as DPQSK 1n high-speed SLR
networks appear to be attractive as the CD is effectively compensated for, implying that there
will not be any requirements for the management of dispersion [20]. However, the next-
generation networks that will be based on MLR techniques will certainly require some
careful management of CD for them to guarantee acceptable QoS since their signal rates will
be in excess of 100 Gbps. To compute the maximum reach achievable by MLR networks, we
take into consideration three channels that are capable of optimally handling 10 G, 40 G and
100 G SLR on the legacy networks. We utilize a MATLAB code to come up with numerical
values for simulations of the optical reach of the MLR networks. The following assumptions

are made for our numerical simulations:

1. Fora 10 G PSK signal, we assume an NRZ pulse with an average rise time of 20 ps.
ii.  For 40 G DP-QPSK and 100 G DPSK signals, we assume 0.5 RZ pulse shapes.
We further assume that a SMF with a dispersion of 12 ps/nm.km, an effective area of

85 um? and launch power of 0 dBm is utilized.

We also take the span of each fibre to be 80 km in a DCF and EDFAs are used as amplifiers.
The split-step Fourier technique is used to compute the maximum optical reach of each
wavelength per optical fibre. The optical reach of SLR 10 G, 40 G and 100 G are 1800, 2200
and 7000 km respectively [214]. For the MLR network optical reach, we assume that the
network is dispersion optimized for 10 G links, and the numerical values obtained for the
MLR 10 G, 40 G and 100 G are 1700, 1800 and 950 km respectively. These values are used

to predetermine possible lightpaths in our model.

5.7.2 Numerical examples

The 11 node, 26 link Pan-European network topology is considered in our computations.
Table 5.3 shows the traffic demand matrix used in our simulations [214]. We further assume
that each fibre can accommodate 16 wavelengths and each link is considered to be

bidirectional.
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Table 5.3: Traffic demand matrix

Node 1 2 3 4 5 6 7 8 9 10 11
il 0 1 1 3 1 1 1 35 1 1 1
2 1 0 5 14 40 1 1 10 3 2 3
3 1 5 0 16 24 1 1 5 3 1 2
4 3 14 16 0 6 2 2 21 81 9 9
5 1 40 24 6 0 1 11 6 11 1 2
6 1 1 1 2 1 0 1 1 1 1 k4
7 1 1 1 2 11 1 0 1 1 1 1
8 35 10 5 21 6 1 1 0 6 2 5
9 1 3 3 81 11 1 1 6 0 51 6
10 1 2 1 9 1 1 1 2 51 0 81
11 1 = 2 9 2 1 1 5 6 81 0

Table 5.4 presents the energy costs of the pertinent network components.

Table 5.4: Energy consumption of key network components

Component Energy consumption (W)
106G 40 G 100 G
Transponder 45 117 199.5
SRT 245 66.5 143.5
OoXc 28 73.5 161
Regenerator 49 126 280
EDFA 35 35 35
Electronic Processing 17.5/ Gbps 17.5/ Gbps 17.5/ Gbps

Table 5.5 shows the total energy consumption of 10 G, 40 G, and 100 G SLR and MLR
networks. The energy consumption values shown in Table 5.5 are normalized with respect to

the10 G transponder energy consumption.
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Table 5.5: Normalized energy consumption of MLR and SLR networks

Network Traffic Load (Tbps)

1 5 10 20
10 GSLR 606.3 1832.5 3270.0 6241.1
40 G SLR 609.4 1344.4 21734 3632.4
100 G SLR 716.5 1480.9 2179.4 3458.2
MLR 536.2 1251.5 1944.7 3386.7

5.7.3 Transparent MLR Networks

From the tables above, we can infer that under various traffic loads, MLR networks are
capable of saving energy costs of between 7 - 46 % as compared to 10 G SLR networks, 6 -
11 % as compared to 40 G SLR networks and 3 — 21 % as compared to 100 G SLR networks.
We can clearly observe that 10 G SLR networks are the heaviest energy consumers and their

energy consumption drastically increases at higher traffic loads.
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Figure 5.21: Normalized Energy Consumption for different types networks
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This can be explained by noting that a significant number of network components will be
required to meet the needs of 10 G SLR networks to support high traffic demands, whereas,
the 100 G SLR networks consume the least energy primarily due to decreased deployment of

high energy-consuming amplifiers.

Figure 5.21 shows and compares energy usage for different network types for the 11-node
Pan-European Network. As can be observed from the graphs, opaque networks use up a lot of
energy compared to their transparent and translucent counterparts. On the other hand, it is
evident that translucent and transparent networks consume almost the same amounts of
energy for the given network. This may be attributed to the fact that very few energy-hungry

devices such as regenerators are sufficient to sustain the networks at these traffic loads.
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Figure 5.22: Relationship between number of transponders and traffic speed for SLR networks

The distribution of transponders at different loads in the MLR translucent network is shown
in figure 5.22. It is observed that at the given traffic loads, 40 G transponders are mostly

utilized compared to either 10 G or 100 G transponders.
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This 1s mainly so due to the extensive use of 40 G transponders at high network loads and
that 10 G transponders are fairly and effectively deployed to care of low traffic demands.
However, we anticipate that at sufficiently high speeds (> 50 Tbps), the number of 100 G
transponders required will surpass that of both 10 G and 40 G transponders.

In summary, it is crucial to note that MLR networks deployment leads to appreciable and
important energy savings in heterogeneous networks that essentially constitute modern and
future high-speed networks. Since there is a strong correlation between energy savings and
reduced opex, it is therefore prudent to ensure that future backbone networks are designed in

a way that will enable them to effectively and efficiently support MLR.

5.8 Summary

In this chapter, energy-efficient algorithms that take into account various parameters in their
decision-making processes are proposed. An energy-efficient dynamic sleep cycle technique
1s proposed and its performance is evaluated against that of other algorithms found in
literature. The technique gives satisfactory results and is found to be adaptable to different
network designs and topologies. A novel OEA-LR is also presented and its performance is
evaluated through simulations, and it provides fairly good energy savings potential. An
energy-efficient protection scheme is also proposed and evaluated through simulations. In
this scheme, during low traffic periods, some of the protection lines and devices are switched
off, thereby conserving energy. The results from the simulations reveal massive potential
energy savings if this scheme is implemented. Another proposal makes use of the solar
energy to power the networks in order to augment the traditional energy sources. The results
from the simulations indicate that the model provides a huge relief in as far as energy
consumption from the non-renewable energy sources is concerned, thus lowering the carbon
footprint of backbone networks. Lastly, an energy-efficient technique that employs MLR 1is
proposed. This approach allows traffic that operates at different network speeds to coexist
and traverse the same physical links. Simulations are once again used to check the efficiency
and usefulness of the proposal, and it is observed that the approach promises to be a clear

favourite of future green networks, mainly due to its elasticity and energy efficiency.
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6 Conclusion and Future Work

6.1 Conclusion

The rapid increase in demand for high-bandwidth services and applications has certainly
propelled the development of backbone transparent optical networks. These networks are
highly attractive since they operate without the optical-electrical-optical (OEO) converters
that essentially slow down traffic transmission speeds, and often very bulky. In addition, the
elimination of these OEO converters lead to significantly lower energy consumption and thus
the realization of environmentally friendly green networks. However, physical layer
impairments become significantly important at high bit-rates, and may not be ignored in the
design and operation of these all-optical networks. The most crucial impairments that degrade
optical signals in optical networks include Chromatic Dispersion (CD), Polarization Mode
Dispersion (PMD), Fibre Attenuation, Polarization Dependant Losses (PDL), Crosstalk (XT),
Filter Concatenation (FC), Amplified Spontaneous Emission (ASE), Cross Phase Modulation
(XPM), Four Wave Mixing (FWM) and Component Insertion Losses. These impairments
severely compromise the quality of transmitted signals as they traverse the network such that
the overall QoS may reach unacceptable levels, and thus result in high connection blocking

rates.

In our work, we proposed a novel Q-factor evaluation tool that is essential in the routing and
wavelength assignment decision-making process in order to ensure that the transmitted
optical signal quality is not severely degraded. Our Q-factor estimation tool differs from the
existing ones reviewed in literature because it incorporates the effects of XT and filter
concatenation in its prediction. It is important to note that at bit-rates of 10 Gbit/s and above,
XT and filter concatenation effects become well-pronounced and may not be ignored in the

evaluation of transmitted signals Q-factors.
In addition, we proposed an impairment-aware routing and wavelength assignment algorithm

(IA-RWA) that incorporates Q-factor estimation during operation. In contrast to existing

approaches reviewed in the study, our approach employs the shortest-widest path (SWP)
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algorithm to solve the routing sub-problem, and the first-fit with ordering (FFwO) algorithm
to solve the wavelength assignment sub-problem.

In comparison with the shortest path routing and traditional impairment-aware approaches,
our proposed algorithm clearly shows a marked reduction in the connection blocking
probability. Another important milestone of our proposed algorithm is that it overtly outshines

the existing IJA-RWAs at high network speeds and loads for different network topologies.

An analytical model to compute the blocking probabilities for RWA with physical
impairments in transparent networks was also proposed. Numerical examples are also
provided to show the performance of the proposed model, and it is validated through the use
of simulations. QoT-aware and QoT-guaranteed WA approaches are implemented in various
networks to evaluate the performance of the model, and its validation is done through
simulations. From the results, it was observed that at low traffic loads, the blocking
probability of the analytical technique is lower than that obtained from the simulations. This
1s caused by the underestimation of the wavelength blocking probability that exists in real
networks which is not appropriately captured in the analytical method. On the other hand, in
the medium to high traffic conditions, the results obtained by the two approaches are almost
the same. We can conclude that our proposed analytical method accurately predicts the
behaviour of QoT-aware and QoT-guaranteed algorithms in both the traditional FF WA and
FFwO WA.

On the topical issue of energy consumption in all-optical networks, we proposed several
energy-aware and energy-efficient routing and wavelength assignment schemes to various
scenar10s. Our proposed anycast cluster-based approach shows that huge energy savings can
be achieved, especially at high network loads. The results are particularly important in
instances were certain clusters of nodes are switched off (sleep mode) at particular instances

and scenarios.

Another energy-saving scheme that is based on energy-efficient dynamic sleep cycles was
proposed. In this scheme, individual network nodes switch between ON and OFF states
according to the volume of network traffic obtaining at any given instance. It can be observed
that this approach leads to very enormous energy savings at generally low network loads

since a significant number of nodes will have entered the “sleep mode”.
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A novel Optimized Energy-Aware Lightpath Routing (OEA-LR) approach was also proposed
that simultaneously considers both energy minimization and resource utilization as a unitary
cost function. The results obtained show that the use of the OEA-LR strategy leads to higher
average path lengths, compared to the approach where energy awareness is not taken into
account. These results assert our expectation that, if path lengths are long, there is a
likelihood that the network resources will be optimally utilized since traffic tend to traverse
through already powered-on devices in the network. Thus, these results from the simulations
confirm the competitive edge of the OEA-LR approach in terms of both energy and network

utilization efficiencies.

An energy-efficient protection scheme that is subject to traffic variation was also proposed. In
this approach, a 1+1 dedicated path protection scheme is considered since it ensures
unparalleled availability of resources and enviable network resilience. Our proposed scheme
shows that significant amounts of energy can be salvaged and can be as high as 29 % at off-

peak periods as compared to the traditional 1+1 dedicated protection schemes.

An ingenious energy-efficient approach that utilizes solar energy was also proposed. In this
approach, randomly selected nodes are powered alternately by both traditional and solar
energy sources. It was observed that substantial amounts of non-renewable power could be
saved and can be as high as 3000 kW depending on the time of the day and geographical

location.

Lastly, an energy-efficient technique that employs Mixed Line Rates (MLR) was proposed
and presented. This approach allows traffic that operates at different network speeds to
coexist and traverse the same physical links. Simulations were once again used to check the
efficiency and usefulness of the proposal, and it was observed that the approach promised to
be a clear favourite of future green networks, mainly due to its elasticity. It was also noted
that the deployment of MLR networks leads to appreciable and important energy savings in
heterogeneous networks that essentially constitute modern and future high-speed networks.
Since there is a strong correlation between energy savings and reduced opex, it is therefore
prudent to ensure that future backbone networks are designed in a way that will enable them

to effectively and efficiently support MLR.
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6.2 Future Work

We intend to extend our work on the Q-factor estimation tool to include impairment effects
due to Stimulated Brillouin Scattering (SBS) and Stimulated Raman Scattering (SRS) since
the effects of these impairments become significant in future ultra-high-speed all-optical
networks.

We also intend to thoroughly investigate the limitations and advantages of utilizing the “sleep
mode” function in energy-efficient all-optical networks. The relationship between optical
switching techniques and energy consumption in ultra-fast future MLR networks also needs
to be explored in future studies.

Lastly, we also plan to investigate the impact of employing other renewable energy sources

such as wind and tidal power in the powering of future backbone optical networks.
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