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Abstract

Word-wide data traffic is continuously surging, triggered mainly by the emergence of Internet-
of-Things (IoT)’s services and Fog-Cloud computing-based applications. This calls for exist-
ing optical and wireless-based network infrastructures to upgrade capacity accordingly to meet
required massive bandwidth demands to accommodate the ever-surging data traffic volumes.
However, continuously elevating the resource requirements in terms of bandwidth provisioning
implies increasing the number of energy-consuming network elements, which will increase
overall operational expenditures and carbon footprint due to extra power generation. Carbon
emissions contribute significantly to global warming. To avert this, it has become necessary to
promote energy-efficient networking. For that reason, it necessitated an emphasis on energy
efficiency in the design, operation, and planning of transport networks.

The current dense wavelength division multiplexing (DWDM) based optical transport network
architectures operate with fixed-grid employing fixed data rates. So, making this rigid approach
to capacity allocation leads to inefficiencies in both spectrum allocation and energy usage. Flex-
ible (or elastic) optical transport networks with flexible-grid were proposed to improve band-
width provisioning efficiencies. Such networks support adaptive line rates and OFDM-based
optical transmission, thus, this will lead to lesser network elements deployed and, consequently
an improvement in energy efficiency. Similarly, wireless networks, whose data traffic is mostly
derived from device-to-device (D2D) communication and heterogeneous 5G cellular networks
(HETNETS) have since made tremendous strides to further enhance bandwidth by way of over-
laying multiple types of low power small cells in a high-power macro cell. They afford more
opportunities to explore the potential cognition and cooperation diversities to improve spectral
efficiency. Thus in this work, we focus on both architectural design and operation of wireless
and optical transport networks coupled with resource allocation. A model joint all photonic
and wireless transport network architecture framework is proposed and analyzed. The architec-
ture’s performance in servicing high-capacity mobile back-haul and front-haul traffic and real-
time services support is evaluated by both analytical and simulation approaches. Various rout-
ing and switching scenarios are considered. Overall, results demonstrate that elasticity alloca-
tion of resources (bandwidth) can vastly improve the network performance in terms of spectral

efficiency, reduced locking probability, and enhanced end-to-end network throughput.
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1. Introduction
1.1. Background

The currently deployed 5G system is expected to completely change the way current
networks operate in which data access is available anytime, anywhere, and to anyone
or anything. 5G is designed to meet demands in terms of bandwidth, throughput, and
latency, this is because of the tremendous increase of connected devices, smartphone
users, wearables and most importantly IoT. With all these high bandwidth demands
brought forward, providing high throughput, improved coverage, as well as ultra-low
latency, is becoming more of an obstacle every day. From 1G to 4G-LTE, each upgrade
from one generation of cellular network to another gave rise to power consumption, this
is due to generations becoming more complex with additional hardware to cater for new
demands or services and requirements. Moreover, since 5G network is designed to pro-
vide even higher data rates, it makes the 5G network even hungrier for energy and
bandwidth. Energy consumption of a fully operating 5G wireless network is expected
to be four times more than of 4G LTE, thus power efficiency is one of the prime factors
in the design of current and future transport networks (wireless/optical) as compared to
earlier generations where more focus was based on throughput and coverage. Figure
1.1 represents the predicted increase of power consumption in telecommunication net-

works and future trends.
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Figure 1. 1 Power consumption trend in telecommunication networks.
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Various authors have proposed significant enabling technologies for 5G in the literature.
These technologies aim to satisfy all the requirements for 5G networks and beyond. The
technologies to be employed in the backbone network are Software Define Networking
(SDN) and Network Functions Virtualization (NFV). Additionally, technologies to be
employed in the access network are approaches such as heterogeneous network (HET-
NETs) architectures, Ultra-Dense Network (UDN) architectures, millimeter wave
(mmWave) transmissions, massive MIMO, Device to Device (D2D) communication
Cloud/Centralized Radio Access Network (CRAN) and Mobile Edge Computing
(MEC) are also under consideration. The deployment of these new enabling techniques
creates several issues in terms of power efficiency, for example, a HETNET is densified
with both low power base stations and high power base stations resulting in the overall
increase of the total energy consumed by the network, The integration of SDN in the
core network means more computational requirements by the SDN controller which may
result in latency problems or even result in higher computational power in ultra-dense
areas where more processing is required quickly and efficiently. Therefore an efficient
transport network design is absolutely vital with the incorporation of all the enabling
technologies. Energy efficiency must be achieved at all network levels. Finally, although
most of the overall network energy is consumed by the RAN as shown in Figure 1.2, the
operation of the core backbone network is also crucial for achieving energy efficiency.
Therefore, energy efficiency architectures are required for both the backbone core net-
work and the radio access network to achieve a holistic energy-efficient transport net-
work. Figure 1.2 also shows energy consumption breakdown by various networking el-

ements [ 2].
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Figure 1. 2 Energy consumption breakdown by network elements

Furthermore, optical transport networks have proven to significantly reduce energy con-
sumption, hence it is a necessity that the current and future wireless network must use
optical transport networks in the mobile back-haul and front-haul in order to have a
major recognizable reduction in electricity bill in the wireless communication industry.
Efficient transport network is essential for every network. Traditionally, the concept of
overprovisioning transport infrastructure has been adopted by mobile operators, this is
due to advantages such as relatively reduced complexity because dynamic management
of transport resources is unnecessary, but the issue with this approach is poor cost man-
agement in terms of equipment and further suffers from poor transport resource provi-
sioning [3]. Hence the concept of flexible transport networks is absolutely pivotal to
current networks such as 5G and future wireless or wired networks in general. A flexible
transport network is advantageous because it is designed in such a way that transport
resources are allocated on demand with varying traffic requests. This is possible through
NFV, dynamic resource sharing and mixed line rates (MLR) [3]. Dynamic resource
sharing basically means the sharing of transport resources for different purposes, and
NFV can create a flexible platform by dynamically placing network functions in differ-

ent locations based on specific demands of services. Furthermore, dynamic resource



sharing with NFV can also mean migrating some of the complexities from the forward-
ing plane to the control plane, hence initiating SDN as part of the current and future

wireless network designs.

Shortly, the requirement for an intelligent network that can take decisions intelligently
improves network operation, energy efficiency, and scalability. With such a network, it
can serve major benefits to economic concerns by reducing operating costs (OPEX).
Finally, energy consumption and carbon footprint reduction have become essential key
performance indicators (KPIs) in designing and evaluating wireless access networks.
This is because most of the current wireless communication systems are energized by
carbon-based power sources and currently the ICT systems are responsible for approxi-
mately 5% of the world’s CO2 emission [4], and this number will continue to grow as
the number of connected devices increase drastically. For that and other reasons, 5G and
future wireless networks have made it one of its prime concerns to go green on its design,
i.e., using green components and devices, green routing, renewable energy use, and ef-

ficient network design.

1.2. Research Problem

Previous generations from 1G to 4G have based their designs on improving throughput
and extended coverage but not so much on energy efficiency and optimized resource
allocation. The energy consumption of 5G networks is expected to be four times that of
4G [5]. Moreover, mobile networks alone consume about 0.5% of worldwide wide en-
ergy [6]. Ericsson Mobility Report predicts that by 2025, the aggregated end user data
will increase four times compared to today’s network [7]. Therefore, this negligence of
power consumption of mobile communication networks cannot continue any further,
the issue of energy efficiency needs to be addressed and resolved before any further
damage shortly. By 2025, the ICT industry could be accountable for 30% of the total
energy consumption globally, and data centers alone could be responsible for 3% CO2
emissions [8]. Consequently, an immediate approach to reducing power consumption
in transport networks is absolutely pivotal and requires immediate attention. Transport
network architectures must be scalable enough to cater to various services and applica-

tions.

1.3. Thesis Objectives and Contributions

5G network is envisioned to consist of various diverse ingredients, termed heterogene-



ities [9], and merging them into a single holistic network [10]. Hence different fre-
quency allocations for different cell coverage areas is considered, in which low fre-
quency band aims to improve connectivity and mobility management, whereas higher
frequency band aims to boost user data rates [11]. The heterogeneity introduced by 5G
network results in two drawbacks. Firstly, it limits the use of 5G technology in a uni-
form way, basically preventing the broad use of 5G technology while increasing OPEX.
Secondly, it makes the 5G network structure to be more complicated, and hard to mon-
itor the entire network operation [12].
The work aims to ensure that 5G and future networks offer comparably improved
elasticity, cost effectiveness, elasticity and spectral efficiency, programmability, opti-
mum resource allocation, and energy efficiency. Furthermore, a greener design ap-
proach for wireless networks is investigated/ explored. To meet this goal, NFV sepa-
rates network functions from dedicated proprietary hardware and SDN) which demar-
cates control and data planes in the network’s interior to allow full programmability
will be the pillar approaches. The ultimate objective is to improve the automation of the
overall wireless/optical network management and control and flexibility in the optical
domain. Lastly, an energy-efficient operation of the broad network is one of the main
focuses, which includes intelligent adaptive topologies and efficient routing. Summar-
ily the objectives are:
e Designing an enabling transport network architecture based on SDN as well as
NFV approaches and paradigms.
e Performance analysis of the designed architecture by way of both analytical as
well as simulation modelling.
e Designing and implementing of SDN and NFV based automation of the overall
network management operations.
e Performance analysis on flexible optical transport networks for the currently

deployed 5G networks and future networks.

1.4.  Thesis Outline
The remaining sections of this thesis are arranged as follows.

In Chapter 2, a review of both optical and wireless transport networks is given. A
descriptive overview of the main concepts, building components and network design

trends for these network types is given.

In Chapter 3, we focus on the architectural design approaches for both optical and
wireless transport networks that promote overall energy efficient operation. We will

5



seek to qualitatively define an end-to-end power consumption model for both types of

networks.

Chapter 4, focuses on the operational modes as well as resources allocation in terms
of promoting energy efficiency for both optical and wireless transport networks. Specif-
ically, we will look at an example of elastic (flexible) optical transport networks and

equivalents (similar) wireless networks.

Chapter 5 focuses on energy efficient regenerator placement strategies on translucent

optical networks.

In Chapter 6, we will further motivate the significance of energy efficiency in tele-
communications and we will focus on the energy-efficient design and operation of both
the optical and wireless transport network to achieve a proposed suitable architecture
(joint all-photonic and wireless architecture) for the current 5G network and beyond.
We will then look at OBS as the main switching paradigm for the proposed architecture

and further analyze the overall network performance.

Finally, in Chapter 7, we finalize and conclude the research. We summarize the work
presented in this thesis through contributions and potential applicability of the proposed
architecture approaches, and finally point out directions for future research to extend on

the presented work.

1.5. Summary Chapter Conclusions

In this chapter, we discussed the significance of energy efficiency and motivated by the
need to design a transport network that will cope with future bandwidth demands (i.e.
higher data rates, a higher number of end users, and increased energy consumption).
The significance of designing an architecture based on a flexible optical transport net-
work as well as wireless transport network is vital because as mentioned, flexibility
allows for on-demand support of transport resources hence a decrease of wasted re-
sources in the network, which results in the curbing of energy consumption and im-
proved resources allocation. Finally, initiating new technologies such as SDN and NFV
in the wireless/optical network will result in new strides towards achieving a holistic

energy-efficient network.



2. Principles of Optical and Wireless Transport Net-
works.

2.1 Optical Transport Network (OTN)

OTN is a fixed access network using fiber optics ‘light’ which is already adopted by a
variety of backbone networks due to its advantage of providing ultra-high capacity
transport services. Networks such as 5G and beyond will require an upgrade from con-
ventional back-haul/front-haul to cater for 5G mobile services. Therefore, a study on OTN
is essential in order to provide the necessary upgrade from current network architectures

to future networks architectures.

2.1.1 Introduction

As the ever increasing internet traffic demand due to bandwidth extensive and bandwidth
dynamic applications (e.g. [oT, online gaming, YouTube and cloud computing etc.), op-
erators of telecommunications are deeply researching on exploring new design ap-
proaches which are alternatives to improve and upgrade on their current transport net-
work in order to cope with the ever increasing internet traffic demand. Herein the term
“transport” has been adopted in this work in a sense of representing improved high-per-
formance links connected across geographical regions, even over long and isolated areas
[13]. With the surging of internet traffic, so does the energy consumption of transport
networks, thus more attention is focused on energy efficiency as a design factor for cur-
rent and future network design and operation. Moreover, a direct upgrade on a network
capacity usually coincide with an increase in power consumption which then results not
only increasing OPEX but also plays a major role towards carbon emission. Therefore,
towards a process of curbing this effect, an efficient optical as well as efficient wireless
transport network will play an essential role to cater for new capacity requirements and
also minimize energy consumptions. Additionally, Commercial transport networks of 10
Gbps has been upgraded and increased to 40 Gbps and/or 100 Gbps. However, practi-
cally this upgrade of data rates capacity from 10 Gbps may not necessarily mean that
each and every service now needs a transmission rate of 40 Gbps and/or 100 Gbps, and
in such a situation, this upgrade from 10 Gbps to 40 Gbps and/or 100 Gbps will result in

poor utilization of network resources [14]. Traditional optical networks are based on



Wavelength Division Multiplexing (WDM) technologies, which generally operate at sin-
gle rates (SLR), however, mixed line rate (MLR) was introduced to improve network
flexibility to support various traffic requests with different rate requirements [14]. Fi-
nally, for a long-term solution an innovative flexible/elastic-grid network approach
based on Orthogonal Frequency Division Multiplexing (OFDM) promises to be an in-
teresting solution, since it permits for the adaptation of the channel bandwidth according
to the requested demand, as compared to the conventional fixed-grid Wavelength Divi-

sion Multiplexing (WDM) with SLR, this will be described in detail later.

2.1.2 Wavelength Division Multiplexing

Wavelength Division Multiplexing (WDM) is an approach used in the optical transport
network to utilize the bandwidth capacity of a transmission channel by simultaneously
transmitting optical signals on the same fiber, exploiting wavelength multiplexing. Each
optical signal is mapped to a separate wavelength channel. The various channels are then
multiplexed at the transmitter side and ultimately de-multiplexed at the receiver side.

This approach is illustrated in Figure 2.1.

{ Wavelength 1 l—b 4'( Wavelength 1 |
MULTIFLEXED Wavelength 2 [ ) Wavelength 2 | | DEMULTIPLEXED
WAVELENGTH OPTICAL FIBER : WAVELENGTH

Wavelength N —P _: .‘ Wavelength N

OPTICAL MUX OPTICAL DEMUX

Figure 2. 1 General WDM system

Telecommunication operators have adopted this technique as the standard transport me-
dium on core (backbone) networks, which resulted in the standardization of WDM sys-
tems. WDM systems were standardized by the International Telecommunication Union
(ITU), so that different telecommunication vendors can inter-operate their equipment
easily on the network backbone. The ITU standardized and differentiated each band ac-

cording to their wavelength range as depicted in table 2.1.

Table 2. 1 ITU standardized wavelength range



Band Name Wavelength Range
O-band 1260-1360 nm
E-band 1360-1460 nm
S-band 1460-1530 nm
C-band 1530-1560 nm
L-band 1560-1630 nm

However, the widely used frequency band in long distance optical transmission is the C-
band due to its advantage of low attenuation per kilometer i.e., typically 0.2 dB/km, and
also the possibility of using optical amplifiers (EDFA) is another major advantage of the
C-band for long distance transmission. In contrast with the other bands which offer

slightly higher attenuation loss per kilometer and amplifiers cannot be used [15].

Dense Wavelength Division Multiplexing (DWDM) refers to a denser packing of chan-
nels in the C-band to get the lowest signal attenuation in this band and also leverages on
using Erbium Doped Fiber Amplifiers (EDFA). This standardization of transmitting in
the C-band in which each channel is allocated a fixed 50 GHz frequency slot is referred

to as the ITU wavelength grid which is illustrated by Figure 2.2.
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Figure 2. 2 ITU wavelength grid.

Conventional DWDM networks operate with the ITU grid of 50 GHz frequency slots
which support channel capacity of up to 100 Gbps. As mentioned before these wave-
lengths (channels) are multiplexed and the composite signal is transmitted over the op-
tical fiber, along the path at intermediate nodes, the channels can either be passed
through the node or regenerated depending on the signal strength. The intermediate
nodes along the path can be referred to as optical cross connects (OXCs). Lastly, optical
amplifiers can also be used along the fiber path to boost the signal for longer distance

transmissions.



2.1.3 Single and Mixed Line Rates on WDM Networks

Legacy WDM networks are designed based on 10G channel rates, which is also known
as Single Line Rate (SLR), however this single line rate is outdated and inefficient as
internet traffic demands are becoming more heterogeneous to support higher channel
rates such as 40G and 100G on the same link. As the name describes, SLR operates at a
single capacity despite the requirements or demands of the network, for example a single
line rate of 100G can be used despite different capacity demands which actually exists
between nodes whether less or greater than 100G. Basically in a case where the network
traffic demand between nodes is 10G, if a fixed line rate of 100G was deployed then that
will result in poor utilization of resources, hence energy will be used inefficiently to
support a 100G line whereas a 10G line could have been used, noting that a higher-rate
transmission basically consumes higher power compared to a lower-rate transmission.
This inefficiency of line rates in legacy WDM networks has motivated for a more flexi-
ble and adapting technology to support not only a single line rate but different line rates
depending on the amount of traffic, this technique is referred to as mixed line rate
(MLR). Furthermore, this technique offers higher resource allocation which results in a
far more energy efficient transport network. MLR have the ability to adjust and adapt
the network bandwidth to a specific network demand, hence MLR is also referred to as

elastic optical network.

2.1.4 Building Components for Optical Transport Network (OTN)

Successful optical transmission of data is dependent on few basic components or block
along the optical path, which play significant role in the transmission and reception of
optical signals over long-haul networks. Namely, these blocks are optical transponders,

optical fiber, optical amplifiers and optical cross connects (OXC) as represented in Fig-

ure 2.3.
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xEell O By L By o) B e
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Figure 2. 3 Building blocks for optical transport network
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2.1.4.1 Optical Transponders

A transponder performs a significant role in the transmission and reception of optical
signals. The transponder is responsible for generating the optical signal with a specific
wavelength under the C-band. Moreover, transponders also perform functions such as
optical-electrical conversions, electrical-optical conversions and applying modula-
tion/demodulation techniques (OOK, QPSK, QAM) which suit the desired transmission
reach and line rates. WDM transponders assign each signal a fixed channel/frequency
slot of 50 GHz as per standardized in the ITU-T grid. Transponders have the ability to
detect (demodulate) the optical signal using a single photo diode at the receiver side, this
method is known as direct detection and mostly used for transmission speed up to 40
Gbps. The other form of demodulation performed by transponders is coherent detection
which is used for dual polarization schemes such as dual polarization QPSK. All the
mentioned tasks performed by transponders make them high consumers of energy in the

optical transport network. Figure 2.4 shows the generic block diagram of a transponder.

Control and Monitoring

Transmitter |« MUX —

| Interface

Receiver i DEMUX <+

Figure 2. 4 Typical block diagram of a transponder.

2.1.4.2 Optical Fiber

Optical fibers in their simplest form can be viewed as structured in a coaxial arrangement
of two homogeneous glasses (core and cladding) as depicted in Figure 2.5. In a more
detailed definition, optical fibers consist of inhomogeneous core surrounded by a clad-
ding region and shielded by a plastic jacket [17]. Optical fibers can support a number of
guided waveforms called modes i.e. single mode fiber (SMF) are significantly used in

communication where high bandwidth is required over long distances. A single mode
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fiber only support one waveform, while multimode fiber (MMF) support over hundreds
of modes (waveforms). Optical fibers have the ability to act as waveguide, and transmit
or guide light waves from source to destination using a principle of total internal reflec-
tions at the core-cladding interface. Optical fiber suffers some physical impairments
known as attenuation and dispersion, which eventually destroys the optical signal to an
un-recoverable signal strength over long distances if not amplified along the path. At-
tenuation in a fiber path is a loss of wavelength power over a specific distance, and dis-
persion results from optical pulses (light pulses) being wider over long distances, which
than affects neighboring signals and causing inter-symbol interference. Due to these im-
pairments, optical amplifiers are used at intermediate locations (nodes) [16]. Despite the
physical impairments, optical fibers are still more advantageous over traditional copper
since it offers much broader bandwidth and is much less prone to electromagnetic energy

interference than copper.
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Figure 2. 5 SMF and MMF

2.1.4.3 Optical Amplifiers

Optical amplifiers play a significant role in long distance transmission, in contract with
regenerators, optical amplifiers have the ability to improve signal power levels without
any optical-electrical conversion taking place, which is a huge advantage on less pro-
cessing time and decreased power consumption. These amplifiers are used to extend
transmission reach of optical signal and can amplify every signal contained in the C-
band. The most widely used amplifier is erbium doped fiber amplifier (EDFA), which is
made up of optical fiber doped with an earth element erbium (erbium doped optical fiber)
as shown in Figure 2.6. These EFDA amplifiers offer a reasonable noise figure (NF)
ranging between 4-6 dB. The other type of amplifier is roman amplifier, which is not

widely used because of higher cost despite having much less NF as compared to EDFA.
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Figure 2. 6 Erbium doped fiber amplifier

2.1.4.4 Optical Cross Connect

Optical cross connects (OXCs) are nodes connected to more than one node, these are
responsible for switching of optical signals at a different wavelength from an input port
to a particular output port. OXCs can switch or direct optical signals (light waves) be-
tween different ports directly on their optical form, as shown in Figure 2.7. OXCs are
flexible compared to legacy SDH switching mechanisms since signal switching is done
at optical level. Furthermore, OXCs can switch (add/drop) channels at frequencies spec-
ified by the ITU-T grid which is 50 GHz. Future OXCs are expected to have a variable

bandwidth to accommodate future elastic transport networks.
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Figure 2. 7 Block diagram of optical cross-connect
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2.1.5 Transport Network Regeneration Allocation

Optical transport networks can be divided into three variants depending on the alloca-
tions or presence of intermediate regenerator nodes in the light paths. These variants are

transparent, translucent and opaque architectures.

2.1.5.1 Transparent Optical Network

In a transparent optical network, the nodes which are immediately located between two
communicating sources can be avoided and bypassed, hence less conversion takes place
resulting in less signal processing and less power consumption because regenerators are
bypassed. The only drawback with this approach is that geographical reach (optical
reach) is limited as maximum optical reach of an optical signal is limited due to signal

degradation and impairments if no amplification/regeneration takes place.

2.1.5.2 Translucent Optical Network

Translucent optical network aims to overcome the issue of geographical reach occurring
on a transparent network, this is achieved by deploying signal regenerators at different
nodes but only where regenerators are necessarily required to extend optical reach. This
means an optical signal travelling from source to destination can be regenerated several
times at intermediate nodes depending on whether regeneration is required or not. The
number of regenerators on a light path depend on the optical reach and the length of the

light path.

2.1.5.3 Opaque Optical Network

Opaque optical networks on the other hand can be viewed as an inefficient approach
because from source to destination there will be conversion interfaces at all nodes, hence
regeneration occurs at every node even if the signal does not require any amplifica-
tion/regeneration, this essentially means power is not utilized properly in this technique.
It has been proven that the main contributors towards the overall energy consumption of
the entire network is due to optical-to-electrical (O-E) conversions and/or electrical-to-
optical (E-O) conversions which is done at the regenerator nodes. This means since
opaque optical networks have conversions and regenerators at every node then the total

energy consumption of the overall opaque network will increase significantly.
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2.1.6 Passive Optical Networks (PONs)

As the name implies, PON technology can be described as a telecommunication technol-
ogy which utilizes passive components such as combiners, splitters, and couplers to form
an optical point-to-multipoint architecture. This architecture is bidirectional (up-
stream/downstream), and it offers key advantages such as improved space utilization,
transparency, security and less energy consumption. Energy is consumed less in this ar-
chitecture based on that the PON technologies do not use active components such as am-
plifiers, thus PON does not require any electrical power resulting in an energy efficient
operation [18]. A typical PON architecture is depicted in Figure 2.8. This architecture is
made up of an optical line terminal (OLT) also referred to as a central office, a passive
splitter also referred to as an optical distribution network (ODN), and several optical net-
work units (ONUs). An OLT is situated in the central office and it is the endpoint of a
PON but it is responsible for an interface to external networks such as core networks. An
ODN functions as a link between the OLT and various ONUs, it comprises of passive
splitters or WDM couplers or combiners which are responsible for distributing the optical
signal from OLT to various ONUs. An ONU is responsible for converting the optical
signal back to its electrical form and de-multiplexing it. There are different types of PON,
namely, EPON, GPON, XG-PON, and NG-PON 2 as per IEEE standardization [22].
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Figure 2. 8 PON architecture
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Ethernet Passive Optical Network (EPON) is a distribution topology from one point to
multiple points which transmit data from the central office to several ONUs (typically 16
ONUs per OLT) over a distance of 10 to 20 km through a passive optical splitter. EPON
support transmission rate of 1 Gbps upstream and downstream. Gigabit Passive Optical
Network (GPON) is a slight improvement from traditional EPON, it can support trans-
mission rates of 2.5 Gbps downstream and 1.2 Gbps upstream over a distance of 60 km.
Next generation Passive Optical Network (XG-PON) is a much more improved version
of PON because it supports transmission rates of 10 Gbps for both downstream and up-
stream. However, Next Generation Passive Optical Network stage 2 (NG-PON 2) is a
more advanced technology and a successor standard of EPON, GPON and XG-PON. It
supports transmission rate of 40 Gbps downstream and 10 Gbps upstream, it also supports
multiple wavelengths per direction and compatible over ODNs, and also it supports mul-
tiple multiplexing techniques such as time division and wavelength division multiplexing

[18].
A. TDM-based PON

Time Division Multiplexing (TDM) is the traditionally used technique for multiplexing
on a PON, where data is transmitted in packets and allocated a time delay to differentiate
the packets directed to each ONU. On a TDM-based PON point to multipoint network
architecture, the OLT transmit time-delayed packets to the ONUs through a splitter and

optical fiber lines. This is depicted in Figure 2.9, where t1-t4 represent time delays.
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Figure 2. 9 TDM-based PON architecture
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B. WDM-based PON

TDM-based PON is rather a non-optimum network based on the fact that it requires time
synchronization and also it has a restricted bandwidth utilization. On the contrary to
WDM-based PON, which allocates different wavelength to each end user which results in
low transmission loss, improved mobility of the user and higher bandwidth [18]. In this
approach wavelength-assigned data is transmitted from the central office to distributed
ONUs through optical filters or WDM couplers. WDM-based PON is depicted in Figure
2.10.

ODN End User
J A

0;_/@

House

ONU 2 il

Downstream A II

OLT : A */ <o

. MiAg, Az, Ay D/ LJ"Ill
Bl —>n

O
Optical filter A3
Central Office \ ONU 3 —|>
b

oo

00 [55] ~
Ay C0lga|@

ninlre

office building

ONUN

=

Figure 2. 10 WDM-based PON architecture

2.1.7 Quality-of-Service (QoS)

Survivability of a network is vital for any transport network design because it improves
the QoS. Survivability refers to the network’s ability to provide uninterrupted and im-
proved services at an acceptable level despite the occurrence of different failure scenarios
[19]. On the other hand, QoS is basically the network’s ability to measure the overall
performance of the network and provide optimum services to the network traffic over
different technologies. QoS can also be defined as the ability of the network to enforce
preferential treatment through classifications [19]. Optical networks or networks in gen-
eral use QoS parameters to determine the overall performance of the network. The most

commonly used QoS parameters are Bit Error Rate (BER), packet loss, survivability and
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reliability, response times and delays, and fault-tolerance. Optical fibers are less prone to
interference as compared to co-axial cable or copper wire, but still fiber optics suffer from
certain impairments such as dispersion which then results in an unacceptable QoS. To
determine a signal quality, a measurement of BER is used in networking. BER can be

expressed as:

Number of error bits recieved

BER = 2.1)

Total number of transmitted bits

BER measurement is significant because in a network many errors may occur resulting in
packet of data getting lost along the path, or maybe the signal degrades to an unrecovera-
ble signal, or even there might also be a fault in the hardware path. All the aforementioned
errors may occur any time in a network which then affects the QoS. Finally, issues such
as delays can also affect the QoS. Delays are regarded as the time it takes (in milliseconds)
for a bit of data to be moved from one point to another. Delays can be divided as follows

[20]:

e Propagation delay — time duration for a data packet to travel through a fiber optic
or wire.
e Processing delay — duration of time in which a data packet is processed in network
system.
e Transmission delay — duration of time that is needed to send all bits of data into a
medium (fiber optics/wire).
Finally, the reliability and survivability of the optical network impacts the QoS in a sense
that the network should be resilient to overcome unexpected failures and have the ability
to withstand unexpected malfunctioning. Traffic engineering refers to an engineering of
network resources to achieve optimum performance in terms of network operation, while
also enhancing the reliability of the network against any malfunction. The concept of
traffic engineering (TE) is essential in a network to fully optimize the network perfor-

mance and maximize the throughput.

2.2 Wireless Transport Network (WTN)

Wireless technology can be essentially defined as an approach of transferring data be-
tween two or more devices without the use of physical wires, and this process can be

achieved through using radio and satellite communication. Radio is fundamentally the
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wireless transmission and reception of electric waves by means of electromagnetic
waves [21]. Wireless access networks have developed in recent years to a point where
wireless networks can provide comparatively similar services as fixed access networks,
however, the difference is that the transmission in WTN is done wirelessly through the
air. Therefore, wireless transport network can be viewed as wirelessly connected links
across a geographical area sharing information, whether transmitting or receiving data
over long or short distances as shown in Figure 2.11. This communication or sharing of
information wirelessly is fundamentally achieved by means of Mobile IP core, base sta-
tions and cells. The core network can be viewed as a gateway to connect to other net-
works, and also responsible for providing management entities to manage the wireless

communication.

2.2.1 Background Information

The Third Generation Partnership Project (3GPP) and other standardizing bodies have
adopted some standards of the wireless access technology in-order to achieve optimal
operation of the wireless access network. A basic architecture of a wireless access net-
work comprises of wireless end users that are wirelessly connected to the base stations,
and those base stations are further connected to backbone network via a backhaul net-

work. This architecture of a wireless access network is typically illustrated in Figure

2.11.
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Figure 2. 11 Wireless access network architecture [22]
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Wireless networks are commonly referred to as mobile networks or cellular networks.
Cellular networks in a sense that an area in which a network base station covers is split
into cells. Generally, in a mobile network, users can communicate with each other via a
base station that serves coverage of that specific area. The base station is primarily de-
signed for baseband processing i.e. coding, modulation, Fast Fourier Transform (FFT)
and radio functionalities such as frequency filtering, digital processing and power am-
plification.

The cellular network architecture comprises of two parts which is the Radio Access Net-
work (RAN) and the backbone core network. Cellular networks operate based on three
wireless broadband access technologies, namely Long-term evolution (LTE), Wi-Fi and
mobile WiMAX. Firstly, looking at LTE networks which are based on an all IP network,
and LTE uses a mobile core termed the evolved packet core (EPC) that is made up of
the serving gateway (S-GW) and the packet data gateway (P-GW). Additionally, LTE
comprises of a RAN that is made up of special base station known as evolved-node base
stations (eNodeBs). Secondly, Wi-Fi is basically a wireless local area network, which
can reach a smaller coverage as compared to LTE, however, it is highly efficient in data
rates hence higher bandwidth is allocated to end users [22]. Lastly, WiMAX is much
similar to LTE technologies and it is based on standards set by the IEEE 802.16. Mobile
WiMAX can support point-to-multi point modes as well as mesh modes as part of its
architecture.

Traditional architectures such as 1G and 2G networks integrated baseband processing
and RF functionalities within a single base station whereby the receiving antenna is also
located close to the radio modules. Moreover, these traditional architectures used co-
axial cables for connecting in-between modules, noting that co-axial cables exhibit high
attenuation losses. This architecture is represented in Figure 2.12(a). However, 3G and
4G mobile networks opted to use a much-improved architecture whereby the base station
is physically divided into two parts, the signal processing unit and the radio unit. The
radio unit is generally called the Remote Radio Unit (RRU) or the Remote Radio Head
(RRH), while the signal processing unit is referred to the Baseband Unit (BBU). Fur-
thermore, this architecture used fiber optics between RRH and BBU modules to over-
come high attenuation losses introduces by co-axial cables. This architecture is repre-

sented by Figure 2.12(b).
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Figure 2. 12 Evolution of base station architectures [23]

Today the world is currently deploying 5G wireless network, because of the increase in
traffic on online devices, hence frequency band are becoming congested. This has
prompted for new strategies that use new frequency range or frequency spectrum such
as millimeter wave (mmWave). MmWave is an under-utilized spectrum between 30
GHz and 300 GHz, the issue with this frequency range is path loss, but it offers new
advantages such as increased data rates which is an essential for 5G networks. The use
of mmWave as part of 5G mobile network has introduced a dense deployment of small
cells using low power access points. Ultra dense network is used to fulfil the need of
highly congested areas which require more cell deployment. Conventional wireless
transport network comprises of macro cells which support large area coverage using high
power base stations, in contrast to ultra-densification of small cells which aims to in-

crease the capacity of the network through the densification of low-power and low cost
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access points. This deployment of small cells on top of conventional macro-cells forms
a heterogeneous 5G network. Small cells are divided into three types, i.e. pico cells
which are used at a coverage range of 100m to increase capacity whether indoors or
outdoors, femto cells which offer a much smaller range than pico cells of 10 m to 30 m
coverage to also increase capacity, and lastly there are RRH which can only be deployed
outdoors. RRH are typically smaller power base stations densely deployed to increase
capacity. RRH are used in 4G networks, but the issue with RRH is interference and
power consumption, intelligent techniques are described in chapter 3 on how to effi-
ciently utilize energy in the densification deployment of cells. One way of doing so, is
through the approach of centralized/cloud radio access network (C-RAN) which aims at
reducing energy consumption and also reduce cost while optimizing a better manage-
ment of the mobile network. This concept basically centralizes the base band unit/pro-
cessing units in central office rather than traditional RAN where the baseband (BBU)

are collocated at each and every base station site.

2.3 Summary Chapter Conclusions

In this chapter we discussed the fundamental concept of OTNs as well as WTNs. OTN is
based on a fixed access network using conventional WDM strategies which transmit mul-
tiplexed wavelengths through the fiber medium. WDM is considered inefficient in today’s
network because of the use of a fixed ITU grid, thus new technologies such as MLR are
implemented to improve elasticity in OTNs. In contrast, WTNs on the other hand are
based on a wireless transmission using base stations and access points. WTNs give rise to
new technologies such as C-RAN, which is a promising technology to cope with the re-

cently deployed heterogeneous 5G network.
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3. Energy Efficient Architectural Design Approaches in
WTNs.

3.1 Introduction
Infrastructures and devices of the internet’s core backbone network such as switches,
routers, transmission systems etc. are estimated to consume approximately over 12 %
of the entire internet energy usage [24]. Even though most of the power is consumed
by the access network, also a huge amount of power is consumed by the core network
which cannot be neglected, which is why it is also a necessity to design an efficient core
network for 5G network and beyond. WTNs consist of a radio access network as well
as a core backbone network. In this chapter energy efficiency is firstly achieved in the
core network architecture then down to the radio access network architecture. 5G net-
work and future networks will be the main focus. 5G networks are required to be more
agile, resilient and autonomous. Moreover, 5G is required to operate in a green way
whereby energy efficiency becomes the primary goal. In today’s networks, backbone
core network is based on Software Defined Networking and Network Functions Virtu-
alization as part of its architectural infrastructure. To realize modern networks and im-
plement an energy efficient core network, key techniques and approaches should be
adopted on the currently deployed 5G networks and also future networks, namely, en-
ergy efficient re-design of the network which includes smart topology designs, as well
as energy efficient operation which includes load adaptive operations and green routing.
Green devices and components are essential in a network such as 5G to operate at the
backbone core, these low power devices and components not only reduce power con-
sumption but also they have low carbon emissions, which is why it is vital that copper
based access and core network technologies are replaced with optical equivalents. In a
Software Defined Networking (SDN) network architecture new possibilities emerge,
such as a centralized intelligent control of the network using software applications
whether manually or automatically. This approach can be applied to data centers and
other network equipment in the core network. Furthermore, hardware components/de-
vices are also consumers of energy, which means hardware solutions are of critical im-
portance in energy efficiency at the network, hence the introduction of cloud-based im-
plementation as well as virtualization to minimize hardware devices. Network Function
Virtualization (NFV) mainly focuses on virtualizing network services in a technique to
minimize the deployment of hardware in return minimizing power consumption of the
overall network. With NFV approximately 30% of power consumption can be reduced
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with its implementation into future networks [25]. Finally, over and above the reduction
of energy, NFV also has the potential to minimize OPEX by reducing the conventional

purpose hardware upgrades [26], Since upgrades can be done via software.

3.2 Energy Efficient design approaches for backbone core networks.
The current 4G LTE architecture is consuming extremely high energy and if neglected
it could go even higher as more devices are coming online, so this has prompted for a
careful consideration and closer look at the architecture to reduce the overall power
consumption and improve on resources allocation. The main functional entities of the
4G LTE architecture are the Evolved Packet Core (EPC), and the Evolved Universal
Terrestrial Radio Access Network (E-UTRAN). The E-UTRAN is basically the wire-
less radio access network which basically comprise of nodes (i.e., base stations and
antennas). In this section, the focus is on the backbone network on ways to improve
network operation while minimizing power usage to achieve a fully energy efficient
core network for current and future networks. The EPC is the core network which com-
prise of four main components, the Mobility Management Entity (MME), the Serving
Gateway (S-GW), the Packet Data Network Gateway (P-GW), and the Home Sub-
scriber Server (HSS). Basically the MME is responsible for mobility such as handoffs
as well as network setup procedures, the S-GW is responsible for serving nodes and
connecting them to the P-GW, the P-GW is responsible for creating a path to reach the
Packet Data Network (PDN) or the internet, and finally the HSS represents the user
database which serve information to the MME for user authentication. In order to im-
prove the core network of 4G LTE to a greener and efficient backbone network to cope
with future network services, a reduction in core components is essential as well provid-
ing a platform where virtualization is possible in the core, hence the introduction of
SDN and NFV in the 5G backbone network and future networks is imperative. Gener-
ally, a core network can be regarded as the network that connects the radio access net-

work to the internet as shown in Figure 3.1.
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3.2.1 Software Defined Networking (SDN)
Many of the Information Communication Technology (ICT) Companies such as Cisco
and Google have adopted software defined networking in their network infrastructure
which includes data centers [27]. This is because SDN demarcates the general vertical
integration by separating the control plane from the forwarding plane, thus improving
flexibility as well as user experience. The demarcation of the two planes (data and con-
trol plane) opens new possibilities for current and future network design of architec-
tures, because the control plane is regarded as the intelligence of the entire network
while the data plane is merely regarded as forwarding devices. So with the intelligence
stripped off from the forwarding devices (switches) because of this demarcation,
switches begin to operate as pure forwarding devices with no intelligence as compared
to traditional switching devices which were responsible for both forwarding and pro-
cessing as shown in Figure 3.2. However, in SDN, a logically centralized controller is
responsible for all the network intelligence which mainly includes controlling the traffic
and processing. This method overcomes the traditional forwarding table format used on

standard switches.
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Figure 3. 2 Traditional networks vs software defined networks [28]

A more detailed architecture of SDN is presented in Figure 3.3. The controller termed
SDN controller is connected with all switches termed SDN switches via a well-defined
programmed interface termed Application Programming Interface (API). The widely
used API is OpenFlow, which is regulated by ONF (open network foundation) [27].
OpenFlow can also be adopted in the core of networks such as 5G and beyond as the
common medium of interface. There are quite a few advantages of SDN such as intel-
ligent networking, implantation of virtualization of resources and improved manage-
ment and control. The centralized SDN controller has the capability to efficiently con-
trol the flow of traffic by means of sending transmission commands to switches (via
open flow) to command the appropriate operation of switches in terms of packet for-
warding and processing. Finally, network administrators can have the ability to control
the entire network using network applications through the technique of using a central-
ized controller as compared to managing and configuring each and every individual
switch. In Figure. 3.3 there are 3 main layers that define the SDN architecture, namely,
application layer, control plane and data forwarding plane. These layers are further de-

scribed in details.
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Figure 3. 3 Network architecture for Software Defined Networking (SDN)

A. Application Layer

It comprises of smart applications for end user interface which make use of the SDN-
based communication and SDN-based network services such as quality of service, traf-
fic engineering, access management and control, load balancing, and security as a ser-
vice as well as the other virtualized network function services [29]. These end-user
network applications are significant to configure and manage the SDN-based devices
by communicating their requests via the upper interface (southbound) and lower inter-
face (northbound).

B. Data Forwarding Plane

It comprises basically of SDN devices, it can be a physical device or a virtual device
that is responsible for data forwarding and packet switching. Basically an SDN-based
device is made up of a north bound interface which is responsible for transferring com-

mands to and from the controller, a separation layer for device abstraction, and lastly a
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packet forwarding component which forwards packets of data based on the SDN con-

troller command [30].

C. Control Plane

This plane comprises of a combination of connected controllers that communicate with
upper applications and underlying devices through the southbound and northbound in-
terfaces respectively. Basically the SDN controller controls all the devices through
OpenFlow protocol and then the controllers communicates with other connected con-
trollers on the side bound interface to achieve an uninterrupted global view of the entire
network architecture. The SDN controller is obviously the intelligence of the entire net-
work, therefore it is significant to go into further details on how this centralized con-

troller operates.

3.2.1.1 The SDN Centralized Controller

An underlying SDN-based device observes the SDN centralized controller/manager as
more of a controller software that institutes and configures the SDN-based device to a
certain operational mode by programming to and from the memory of the device. Al-
ternatively, the centralized controller can be viewed as intelligent software that controls
and manages the underlying network, and efficiently utilize all the underlying network
resources and infrastructure [31]. Figure 3.4 illustrates the main building blocks of a
centralized SDN controller, including the principal operational units/modules, applica-

tion modules, and interfaces. These building blocks are described as follows [32]:

A. The Controller Block
The controller unit is designed as the main block in which all devices such as switches
are connected to it, and it provides the ability to send and receive requests from these

switches.

B. Packet Processing Block

This block is designed to process packets based on their headers. This packet processing
approach is achieved through network protocols in which each packet is modelled with
different addresses corresponding to the source and intended destination and also the

type of message transmitted.

C. Management of Device
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This is the device manager unit which is responsible for managing network devices
whereby each device is modelled with different network addresses such as switch ad-

dress and switch port address in which it is connected to.

D. Topology Manager

This unit is responsible for identifying any alterations in the topology of the network.
It also maintains the frequently updated network topology table and sends the new up-
dates regarding the network topology in the application layer, so that the end user can

observe and monitor the network topology at any time for any change.

E. Routing

The routing manager initiates an efficient route between the source and the destination.

F. Service Abstraction
The abstraction service layer is in control of the addition of new device protocols to the

controller.

G. Interface Management

This is the unit responsible for the process of managing interfaces in the network which
is generally given as web interfaces for entry to the controller. Additionally, these in-
terfaces are faster techniques used to access specific functional operations which are

provided by the controller.
H. Implementation of OpenFlow

Every controller must have an OpenFlow module that is responsible for maintaining

OpenFlow protocols for messaging and routing.
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Figure 3. 4 SDN Controller core components [32]

There are still some issues with SDN which may need deeper research, such as the
drawback of excessive requests to the SDN controller which in turn means extensive
processing by the controller which may result in increased processing time hence in-
creased latency as well as increased power consumption. With the controller being re-
sponsible for all the processing of information, then congestion problems might occur
during busy hours with too many requests to the controller. This problem can be solved
using load-balancing techniques efficiently or maybe having distributed controllers to
share the load. One technique which can be adopted is the load-balancing route man-
agement framework. The load-balancing route management framework (LBRM) is re-
sponsible for continuously tracking the network traffic load and evaluate a load devia-
tion framework to monitor if some of link routes are heavily loaded or if there is any
possibility of congested routes. If so, then alternative paths are taken and the load is
evenly distributed and shared to achieve load balancing, this is achieved through the
use of adaptive route modification (ARM) mechanism [33]. Moreover, the use of tech-
niques such as dynamic information polling (DIP) is also essential due to the fact that
every network device (switches) can be inquired in-advance about their traffic load sta-
tus in an attempt to reduce overhead messages to the controller. The features of LBRM
such as ARM mechanism provide advantages of a stable network in which unnecessary
frequent change in routes can be avoided, as well as assisting in switches to keep well

updated flow tables to avoid buffer overflow [30], and lastly, the DIP mechanism is
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essential for adjusting the query period therefore resulting in reduced overhead to the

controller while maintaining updated and precise information of switches.

3.2.2 Network Functions Virtualization (NFV)
The introduction of SDN in the backbone network introduces new possibilities such as
virtualization and optimization. NFV does not necessarily require SDN to be imple-
mented, however, SDN and NFV work side by side. SDN is more of an enabling tech-
nology for NFV, which allows for simple implementation of the network overlay
model. Future mobile network designs are based on energy efficiency, scalability and
versatility which could be achieved by SDN/NFV. In order to effectively achieve future
network demands, there is a necessity to implement hardware network functions as vir-
tualized network functions (software-based functions) using the Network Functions
Virtualization paradigm. Network designers and vendors use NFV to implement net-
work functions (which were previously hardware-based functions) to software-based
functions which are referred to as virtual network functions (VNFs). These VNFs are
deployed to cloud servers or data centers instead of specialized hardware [34]. NFV
can play a major role in the backbone network and in the access network for current
and future mobile networks. Firstly, we discuss the significance of NFV in the backbone
core network to achieve energy efficiency. With NFV in place, EPC specialized func-
tions such as the serving and packet data gateway and the mobility management entity
can be virtualized and pooled centrally for easy management and control using SDN.
On the access network, the baseband processing unit functions, including radio resource
control, radio link control and medium access control functions can be virtualized as
well. If a core backbone network architecture based on SDN and NFV was considered,
then NFV takes advantage of the of the concept of virtualization by basically extracting
functions away from dedicated hardware and deploying VNFs on commodity servers

in the cloud infrastructure.

The current LTE-based core backbone network which is generally referred to as the
Evolved Packet Core (EPC) as mentioned previously is illustrated in Figure 3.5, it com-
prises of various network functions which are implemented for dedicated operations
that form part of the mobile core network. These functions are essential for any mobile
core network because they play different role for example the MME and HSS are re-
sponsible for handling the control plane, while on the other hand the S-GW and P-GW
are responsible for handling both the forwarding plane and the control plane. In the EPC
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architecture, the control plane functions, and the forwarding plane functions are de-
ployed as physical hardware functions [34]. However, future networks such as 5G and
beyond can leverage on SDN and NFV in the mobile core backbone network which
will result in minimizing power consumption and reducing cost by extracting both the
control plane functions (MME, HSS) and the data plane function (P-GW, S-GW) from
their proprietary hardware to run on the cloud infrastructure. This approach is illustrated
in Figure 3.6, where the architecture of the mobile core backbone network is now based
on SDN and NFV. This architecture means the gateway’s control plane and the data
plane processing is now running on cloud data center as VNFs. With the centralization
introduced by SDN and the virtualization introduced by NFV, all the EPC network
functions are pooled as software running on general cloud servers. Thus, this results in
using switches only for transport purposes, hence simple forwarding switches can be
used in the core because there are no functions implemented on forwarding switches.
Therefore, with all these mentioned advantages, operators can extremely benefit from
this approach because of reducing CAPEX and OPEX in a sense that VNFs are used in
this approach while also simple and cheap transport switches can also be used in the

network without any consequence.
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The proposed core backbone architecture on Figure 3.6 introduces virtual machines i.e.,
virtual-based MME (V-MME), virtual-based HSS (V-HSS), virtual-based S-GW (VS-
GW) and virtual-based P-GW (VP-GW) as compared to the LTE core network in Figure
3.4. The deployment of virtual machines can significantly reduce the energy consumed
of the core network because of the exclusion of dedicated hardware, furthermore, vir-
tual machines play a significant role in reducing OPEX and CAPEX hence virtual ma-
chines does not require any service operation but only software updates are required to
adapt with the changing network demands. Finally, the proposed architecture leverages
SDN capabilities to centralize the controller which results in using inexpensive switches
(transport switches), which are only used for forwarding data with no processing or

intelligence inside the switches.

3.2.3 Energy-Aware Routing Approaches for Efficient Core Networking
The aforementioned paradigms can be adopted in the backbone network but the effort
can be futile if the overall operation of the network is not optimized correctly. Normally
network components in the backbone core network are designed to support worse case

traffic, however, this is not efficient if the traffic is at minimum levels because traffic
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levels vary from time to time, and therefore during low traffic periods huge amount of
energy is used unwisely and wasted because some of the devices during that time will
be idling without any functions being performed [36]. This issue has motivated for an
efficient and intelligent way of networking and operation in the backbone network, and
this will be achieved by intelligently switching off idling devices during low traffic
periods, and this motivates for restructuring of routing schemes to be intelligently opti-
mized to cater for dynamic network demands [37]. Therefore, routing schemes can be
subdivided into three groups i.e., the energy aware routing, energy aware networking,

and load adaptive operation.

3.2.3.1 Energy-Aware Routing

This technique can be viewed as intelligent approach of networking, whereby the nodes
(switches) in the backbone network take an energy efficient route or in simple terms
take the close route from source to destination. Energy aware routing creates new ad-
vantages whereby an energy aware platform is possible, this is because re-routing, traf-
fic grooming and topology adaptation results in turning off devices that are not be used
with the help of the SDN controller which can monitor all unused devices in the net-
work. This is made possible by the implementation of SDN in the backbone core net-
work which opens new possibilities of networking. This technique basically focuses on

the reduction of the number of light paths.

3.2.3.2 Energy-Aware Networking

This is also an energy efficient approach of networking and can be similar to energy-
aware routing but differs on a sense that it is based on previously frequent occurring
traffic demands which are monitored and saved by the SDN controller. This technique
of networking can be typically regarded as nodes going into sleep mode operation based
on their daily traffic variation statistics. With SDN paradigm, the daily traffic stats can
be collected and stored in the database, and then used as a reference to switch off all
unused devices. This technique thrives to shut down low power devices as possible.
Several approaches may be implemented to switch off the core network devices based
on whether a node is completely redundant and also based on whether the traffic passing
through a node falls below a specific threshold. Figure 3.7 illustrates the approach of

energy aware networking and energy aware routing.
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3.2.3.3 Load Adaptive Operation

In a network, high-capacity devices have proven to consume more power per bit of
transmitted traffic, therefore, to achieve lower power consumption, it is a smart solution
to deploy the least number of network devices with aggregated capacity that can ac-
commodate the exact traffic demand. Adaptation to the heterogeneity of current net-
works as well as traffic demand has been achieved so far by the using mixed-line-rate
(MLR) solutions [39] [40]. MLR can adjust the network bandwidth to that required by
individual lines and thus lead to appreciable energy savings as opposed to networks that
only support single line rate (SLR) [41]. A network that supports MLR is generally
called an elastic network because of the improved elasticity of the network as compared
to SLR. For example, if node A and B in Figure 3.7 are lightly loaded, then their capac-
ity is adjusted such that they continue to exist and operate in the network but at a much
lower speed or capacity hence lower energy consumption. Traditionally, most optical
core backbone networks operate on single line rate such as 100 Gbps despite different
capacity demands that actually exist between nodes [42], therefore it is clear that on
low traffic loads using a SLR of 100 Gbps is extremely inefficient and shows poor
utilization of resources which then results in unnecessary usage of energy. The ap-
proach of using MLR appears to be a significant step in the right direction as far as
power consumption is concerned in current and future networks. Despite directly low-

ering energy consumption due to their adaptability to variable light path patterns, MLR
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also improves the overall spectral efficiency of links and thus impact positively on the

general energy efficiency of the entire core backbone network

3.3 Energy Efficient design approaches for RAN.
The next step herein would be to achieve energy efficiency in the design and operation
of a RAN architecture. Demands are high for current and future networks such as 5G
networks to accommodate massive amount of data, continuous connectivity i.e., any-
time anywhere connectivity, and this is due to a massive increase to the number of
devices coming online which includes Internet of Things (IoT). With more bandwidth
hungry devices coming online, this further implies a drastic increase in energy con-
sumption. . Noting that the RAN i.e., the base stations, consumes approximately 60%
to 70% of the energy within the network, while also contributing a large percentage to
the carbon emission as well [45]. This has motivated the introduction of green routing
dynamisms directed at reducing energy consumption in RAN components and curbing
carbon emissions. Therefore, the RAN is the main focal point towards achieving energy
efficiency in mobile networks. According to [46], base station power consumption at
peak loads can be represented in Figure 3.8, where the building blocks of a base station

are represented and their power consumption.
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Figure 3. 8 Base Station power consumption.

In Figure 3.8 above it can be observed that the power amplifier section of the base station
is consuming more power whether it’s a macro or micro base station as compared to other

sections i.e. base band, antenna and power supply sections. The overall consumption of
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power from all the sections of the base station proves that this issue of energy consumption
cannot be neglected any further. Despite the positive environmental effect of a reduced
power consumption in telecommunication networks, it is also predicted that network op-
erators can mutually benefit from reduced power consumption in a sense that there is a

possibility of reducing OPEX.

3.3.1 Power Consumption of a Base Station.

Energy efficiency/power consumption of a base station is a significant parameter to ob-
serve for any given wireless access network. Thus, for any given base station, the energy
efficiency can be represented as a power consumption required to cover a specific area or
cell coverage, which can be measured in W/m?. Therefore, Energy Efficiency (EE) of a
base station can be mathematically defined as the power consumption (PC) per covered

arca.

EE = PCphreq (3.1)
Pe
PCyreq = T[_Rlz (3.2)

Where P,; is the electrical energy consumption of the base station during power up, and
R is the coverage range of a given base station. From equation 3.2, Assuming that the
PCgreq 18 low, then the base station is termed energy efficient. It can be observed that a
macro-cell base station and a small-cell base station will consume different power because
of the difference in coverage range. For example, assuming a small-cell coverage range is
half that of a macro-cell coverage range then using equation 3.2, it is observed that 4 times
the power consumption of a small-cell base station is required to cover a single macro-
cell coverage, which denotes that in this case the small-cell base station is energy ineffi-

cient as shown below.
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However, this does not mean small-cell base stations are always energy inefficient but
rather it depends on the coverage range. For example, if a small area or short range needs
to be covered, then deploying a macro-cell base station would mean a lot of power is
wasted unnecessary because the coverage range is short thus a small-cell base station

would be necessary to do the job at a much-reduced power.

Power efficiency can also be represented by the number of transmitted bits per joule of

energy consumed [49].

Transmitted bit

Energy Efficiency (EE) = (3.3)

Energy consumed

EE = (Ups/100)*Bitgs* RBg* RBy, (34)

Payg

Where:

e Ups/100 represents the average utilization of a base station in percentage form.
e Bit, represents bits per symbol.

e RB; represents the total available resource blocks.

e RB, represents the total symbols in a block.

e P,y4 represents base station power consumption average.

Towards achieving an energy efficient RAN, energy efficient techniques are broken
down into smaller segments at each node to achieve the overall RAN efficiency. These
techniques are divided into different segments i.e., efficient wireless node re-design
(from component level to module level), efficient wireless node operation, efficient

transport (node-to-node interaction).

3.3.2 Efficient Wireless Node Re-Design
RAN Nodes or wireless nodes are typically base stations which primarily comprise of
power supply modules, transceiver modules, and processing modules [50]. To achieve
energy efficiency at the overall network, efficiency should be achieved at each node,
furthermore, efficiency should be achieved at each component that build the node.
Hence each module or component is vital to its own energy efficiency since component
inefficiencies add up to the overall node inefficiency, and consequently adding up to
the overall network inefficiency. Thus the first step in re-designing an efficient node is

to use efficient components. This means for processing, only logic devices should be
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used, mainly because logic devices are usually CMOS-based devices which have lower
static power consumption [51]. The issue with logic devices is the heating up during
switching operations, which in turns requires some cooling operations to overcome
short term inefficiencies, but these cooling operations further increase operational
power consumption as shown in Figure 3.8. Low-rate processors can reduce the power
since less energy is used up for computation, meaning less energy used for cooling.
This is only possible, if high-rate processing is centralized and migrated to the cloud
infrastructure where virtualization is possible. This means functions with major pro-
cessing such as baseband processing can be pooled and centralized in the cloud, this
centralization approach of baseband units (BBU) is of vital importance in reducing en-
ergy of the overall network, rather than having baseband units on each node, this ap-

proach is also known as Centralized RAN (CRAN).

I. Cloud/Centralized RAN (CRAN)

The RAN of the previous generations such as 2G was designed in such a way that all
the frequency-based functions (i.e., conversions and amplification) and baseband pro-
cessing was performed at the wireless node site as mentioned in chapter 2. As the gen-
eration of mobile networks continue to improve, that meant more demands of data
which then made it complex to perform all these functions in one location, hence the
introduction of Distributed RAN in 3G and 4G. 5G network on the other hand intro-
duces a new RAN concept which has been designed to accommodate massive data
transmission required for 5SG while minimizing power and cost at the same time, this
concept is called the Cloud-RAN (CRAN), or Centralized RAN as other authors refer
to it. CRAN refers to the concept of merging all data to a centralized location; basically
C-RAN in wireless networks can be viewed as a network architecture where baseband
infrastructure/resources are consolidated to a central location, so that resources are
shared amongst base stations. In this section herein CAPEX can be viewed as expendi-
ture related to network construction which includes network planning, RF hardware
design, baseband hardware design, installation and software licensing, while OPEX on
the other hand relates to cost that are required for network operation such as site rentals,
electricity, operation and maintenance such as upgrades. Generally, a CRAN architec-
ture comprise of three main components i.e., the nodes (Remote Radio Head), central-
ized baseband unit (BBU) pool, and an optical network which provide connectivity be-
tween the RRH and the BBU pool which is generally referred to as a front-haul network.

The main advantage of this concept is that the BBU pool has a number of software
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defined BBUs with centralized processors to optimize radio resource, which is why this
technique is considered energy efficient and also cost efficient. Since 5G is considered
a heterogeneous network with various deployment of small cell technology together
with macro cells, then heterogeneous CRAN (H-CRAN) is applicable for 5G networks.
H-CRAN refers to the merging of CRAN together with the heterogeneity of networks
such as 5G to achieve major benefits for resource allocation. This is achieved because
the heterogeneity of 5G is created to provide high data rates capacity and improved
QoS, while the introduction of CRAN will leverage benefits of energy efficiency as it
resides all processing of digital data in the BBU pool, which basically mean H-CRAN
is more power efficient while at the same time providing increased throughput of data
rates. It should be noted that with H-CRAN there could be significant reduction in en-
ergy consumption because the BBUs are placed in data centers, which means the wire-
less nodes are no longer responsible for processing and therefore consume minimum
power as compared to previous generations. Figure 3.9 represents an architecture for

H-CRAN.
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Figure 3. 9 Typical H-CRAN architecture.

There are many advantages of H-CRAN, both in small cells and macro cells, this is due
to the efficient optimization of BBUs and reduction of cost to base station deployment.

A few advantages of H-CRAN are mentioned below.
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e Energy and cost savings — The deployment of H-CRAN architecture can sig-
nificantly reduce power consumption, consequently reducing cost. Most of the
energy in a cellular network is drawn by power amplifiers, wireless nodes
(RRH), and cooling systems of nodes and baseband processing, thus with H-
CRAN, baseband processing of several wireless nodes is centralized and co-
located in one area, hence this technique can decrease power consumption and
cost since electricity is used only at one point rather than at each and every
wireless node. Furthermore, BBU pooling allows for switching off on some
BBUs during low traffic periods since every BBU is co-located in one area.
Finally, maintenance work performed on distributed site locations can be nar-
rowed down to a central location where equipment are co-located in one site,

which will further decrease OPEX.

e Decreased delays and improved throughput — H-CRAN architecture can also
decrease delays because of pooling BBUs in a more convenient location, and
processing of signals from many base stations can be done on the BBU pool
resulting in reduced processing and transmission delays, as a consequence
throughput will be improved.

e Adaptability and scalability to various traffic — Traffic varies during the day
and night, which means base station utilization varies, thus an adaptable net-
work architecture is essential for achieving efficient utilization of resources.
CRAN baseband processing of various cells is achieved and controlled in a cen-
tralized BBU pool hence the overall utilization rate of the network can be im-
proved. Moreover, It is expected that the overall baseband capacity of a BBU
pool will be smaller than the total of individual baseband capacities of single

base stations [53].

I1. Mobile Edge Computing (MEC)

There are other techniques which can greatly improve the power efficiency of current
and future wireless networks, such as Mobile Edge Computing (MEC), this is another
technique which can be adopted for energy efficiency in the current and future genera-
tion of cellular networks. MEC basically provides cloud or fog computing capabilities
close to the users at network edge, within the RAN. This means mobile devices have

the ability to offload their tasks on MEC servers which are located closer rather than
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using servers on the backbone core network which are generally located far [54]. This
approach not only reduces latency but also offers computational offloading. Computa-
tional offloading provides an edge of power consumption, transmission time, and over-
all performance [55]. Figure 3.10 illustrates how the base stations can include MEC

servers on their architecture.
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Figure 3. 10 Mobile Edge Computing offloading architecture [56].

II1. Beamforming with Massive Multiple Input, Multiple Output (MIMO) An-
tenna.

Beamforming is another efficient wireless technique that focuses a radio signal directly
towards the intended device, rather than having the signal spreading in all directions
from a broadcast antenna. This is a technique used to create pattern of an array antenna
by combining constructively the weights of the signals towards the intended signal and
nulling the pattern towards the direction of unwanted signals. This method of focusing
a signal directly to a specific direction allows for higher signal quality delivered to the
receiver without needing to boost broadcast power, which is a huge advantage since
boosting power requires a power amplifier and as observed in Figure 3.8 power ampli-

fiers are huge consumers of energy. Beamforming is a key tool to exploit the potential
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of massive MIMO systems. Massive MIMO wireless communication refers to the mo-
bile base stations which has a massive number of antennas. This approach has proven
to improve the overall spectral and energy efficiency [57]. Massive MIMO replaces
conventional array antennas which use expensive hardware but consist of few antennas
with hundreds of small antennas that use inexpensive amplifier circuitry. These MIMO
antennas are considered energy efficient because they have been proven to reduce the
radiated power, while keeping the information rate unaltered [58]. The advantages of
massive MIMO antennas can be leveraged using beamforming. This can be regarded
as a technique for simultaneously transmitting and receiving multiple signals of data
on a common RF channel through multi-path propagation. Massive MIMO is a signif-
icant technology in 5G networks and future networks because it can accommodate a
very huge number of antennas typically over 100 antennas. Since 5G network is ex-
pected to operate using millimetre wave (mmWave) frequency in order to achieve
higher data rates, but mmWave suffers from propagation loss, however, with the ability
of massive MIMO to provide higher beamforming gain which can then compensate for
larger propagation loss in higher frequencies. Additionally, massive MIMO also offers
re-use of the same frequency band for many users [59] [60]. Beamforming together
with massive MIMO can be employed at both the transmitter and receiver ends in order
to achieve appropriate feeding for the antennas to steer the beams towards the desired
directions. With this technique on current and future networks, energy can be highly
conserved and used efficiently. Massive MIMO with beamforming is illustrated in Fig-

ure 3.11.
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IV. Device-to-Device Communication (D2D)

This is a new paradigm to be employed in the next generation of mobile network, while
in conventional networks, mobile users are not permitted to directly communicate with
each other, but with the introduction of device-to-device communication this can now
be allowed whereby several co-located devices or devices in close proximity have the
ability to directly communicate using a mobile frequency rather than the signal going
through the wireless node. This technique promises to be highly energy efficient since
direct communication between nearby devices may occur at a much decreased transmit
power than that required for transmitting through a base station that can be located far
away. This approach creates benefits such as low latency because the signal goes di-
rectly to the user equipment as compared to going via the base station, and additionally
this technique helps on offloading base stations. A device with an acceptable internet
connectivity can act as a relay to which data is offloaded from the base station and
which other devices can download data using D2D links, furthermore, devices that lack
processing power may also offload computational-heavy activities to closer and more
capable devices using D2D links [61]. Finally, this technique can also play significant
role in coverage extension, for example when a mobile user is at the edge of cell cov-

erage then the user may receive poor signal quality while connecting to the base station

45



and if there is another mobile user close to the base station and having a fairly good link
to the base station may act as a relay for out of reach devices. Figure 3.12 represents a

cellular communication and D2D communication including D2D relay.
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Figure 3. 12 D2D communication

3.3.3 Efficient Wireless Node Operation
As mentioned before that previous generations were only focused on improved quality
of service (QoS) and coverage, not so much on energy efficient operation of the network
which in turn resulted in an “always on” operation of the network. To achieve an effi-
cient node operation, network devices should not always be on because practically they
are not always needed to be in use all at once, except in those special operations where
services and applications don’t need any disturbance or interruptions. In this section,
the focus is based on the operation of the wireless node and considers how to manage

its power during operation based on the demands of traffic at any given time.

I. Node Sleep

This approach of having nodes into sleep mode when they are inactive has proven to
reduce inefficiencies, and which has led to this technique being adopted in the operation
of current 5G network and beyond 5G. This technique may suffer negative impact such
as delays which can degrade the QoS, but in terms of power savings, this approach
promises to save a lot of power. The activation of sleep mode operation is based on load
demands or time allocation during off-peak times. The node can either be triggered

using a passive start up receiver [62] [63], or arranged to wake up at a specific time,
gap P g p p
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which means the wireless nodes are scheduled for a certain time allocation for commu-
nication and afterwards they are permitted to sleep to further become triggered at their
allocated time [64]. This technique gives advantages because the transceiver only
wakes up when communication is necessary, while on previous generations the node is
always on even if traffic demands are low which then consumes unnecessary power.
This is important because if the wireless node is on sleep mode then the power amplifier
shuts down and hence the cooling power of the power amplifier shuts down as well,
noting that the power amplifier is the highest power consumer. Since 5G network is a
heterogeneous network with a multi-tier coverage, that simply means a denser deploy-
ment of pico, femto and micro cells on the network, therefore, it is expected that differ-
ent mobile cell sizes will occupy different load demands at each time, so in order to
manage power in all these diverse cells, it is thus imperative to only activate a base
stations if it is necessary otherwise it should be deactivated (sleep mode). Sleep modes
can be divided into two categories namely deep sleep operation mode and micro sleep
operation mode. Micro sleep operational mode of a base station can suspend its trans-
mission for order of milliseconds hence can be prompted to become alive almost im-
mediately, while in deep sleep operational mode the base station can turn off for longer
time periods [65].

To maintain an acceptable QoS, then node sleep mode will depend on the cell type i.e.,
micro, macro, pico or femto, and also depend on the amount of traffic at a given node
or base station. To elaborate on this further, if a macro cell base station is on sleep
mode, then the capacity of that cell will be reduced. However, for a small cell i.e., femto
cell and pico cell, when the sleep mode is activated then the overall cell traffic is trans-
ferred to macro cell base station, which means base stations for small cells play a major
role in offloading the macro base station. Algorithm 1 proposes how the node sleep
operation can be achieved, whereby the sleep mode operation is activated when the base
station traffic is less than its capacity, and when the base station traffic is greater than
its capacity then power-up is activated. The logic behind this operation is based on

keeping the traffic load at each base station within its capacity.
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Algorithm 1 Sleep mode operation for a base station

1 : for all base station do
2 . if base station type = Small cell then
{
3 . if base station traffic < base station capacitythen
4 . Sleep mode operation for small cell activated
}

else if base station traffic > base station capacitythen
Normal operation for small cell activated

else if base station type = Macro cell then

{

if base station traffic < base station capacitythen

Sleep mode operation for macro cell activated

10 : elseif base station traffic > base station capacitythen
11 : Normal operation for macro cell activated

b
12 : End

Nodes can go into sleep mode when traffic is low, but for those nodes which are awake
it is important to efficiently conserve power while managing their activities using tech-
niques based on adaptive node and component operation. This technique offers intelli-
gent operation of nodes and components based on the loading effect. Variations in dy-
namic traffic is continuously tracked to observe when to shut a component down to
manage energy efficiently, for example, in high-power sensor applications, adaptive
sensing techniques can be used to monitor and trigger applications only when it is nec-
essary [66] [67]. Finally, processors can be used efficiently using Dynamic Power Man-
agement (DPM) which is an approach that uses logic device optimization [68], whereby

the DPM shuts the processor down to save power when computation is not required.

II. Cognitive Radio Networks

This is a promising technology which has the potential to satisfy the strict spectrum
requirements for a network such as 5G. As the name implies, cognitive radio has cog-
nitive capabilities and reconfiguration abilities during operation. Cognitive radio is ba-
sically viewed as a smart radio that can change and adapt its transmission parameters
(power, modulation, frequency spectrum etc.) with the ability of re-arranging hardware
as well as software according to the dynamic environmental radio conditions in which

it operates. The basic functions of a cognitive radio may include sensing, analyzing and
48



managing the spectrum, mobility management, and lastly spectrum allocation and shar-
ing. This is illustrated in Figure 3.13 as a cognitive cycle. The way cognitive radios
operate is based on cognitive operation, through which before a cognitive radio can go
to its transmission operation mode, firstly cognitive radio devices must be aware of the
transmitted waveform, radio frequency spectrum, communication protocol, geograph-
ical information, user demands, available local resources and security policy [69]. With
all this gathered information by cognitive radio devices, then it is now more capable to
dynamically change (reconfigure) the transmission parameters accordingly to satisfy
the demands and achieve optimal performance [69]. Finally, cognitive radio has the
ability to sense and based on the sensed information, it can neglect other occupied user

frequency band hence avoiding unnecessary interference between users.

Analyze

Plan and
decide

Figure 3. 13 Cognitive cycle

3.4 Summary Chapter Conclusions

In this chapter we discussed energy efficiency approaches for WTNs, which includes the
RAN and the backbone core network. On the backbone core network, we proposed a flex-
ible/elastic architecture which is based on SDN and NFV paradigms, which basically mi-
grates core network functional entities to cloud infrastructure as compared to previous
core networks (EPC) whereby network core functional entities have dedicated hardware.
Furthermore, we discussed strategies of energy aware operation in the backbone core.
Finally, we discussed energy efficiency architectural design approaches for RAN, which
includes strategies such as efficient wireless node re-design, efficient wireless node oper-
ation, and efficient wireless node to node interaction. Efficient wireless node re-design
was based on H-CRAN architecture, MEC architecture, MIMO antenna, and D2D com-
munication. Efficient wireless node operation was based on sleep mode operation of base
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stations, in which an algorithm was proposed for sleep mode operation of a base station

depending on the amount of traffic.
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4. Resource Allocation and Energy Efficiency in Elastic
OTN:s.

4.1 Introduction

The concept of network data traffic is significant in network redesign, because traffic is
generated when users share and transfer information, which can peak at certain times or
in contrast be light at certain times. Traffic growth increases exponentially year after
year, thus it is imperative to restructure and redesign fixed access transport network to
adapt with the uncertainty of traffic evolution. This day-by-day traffic increase has re-
sulted in an urge to new improvements in the field of networking. Hence this frequent
increase of data traffic has motivated for a more flexible, scalable, adaptable and resili-
ence optical transport network based on orthogonal frequency division multiplexing
(OFDM) which is significant for mobile network back and front-haul. The term “flexi-
ble” in optical networks basically means the network can adapt and adjust its resources
in a favorable manner to support the variations in traffic demands. Additionally, the in-
crease of power consumption in the ICT is a significant problem for operators, thus the
approach of flexible OFDM based optical transport network also aims to reduce power

consumption and efficiently use the available spectrum.

4.2 Analytical Power Consumption in OTNs

According to [20], the total energy consumption in an optical multilayer backbone net-
work can be divided into four constituting sections, namely, Ethernet power, IP power,
WDM power and OTN power. The total energy consumption is thus expressed as the sum

of the constituting layers.

Peotat = Pip + Pgthernet + Porn + Pwpm (4.1)
Where,
PWDM = POXC + PAmplifier + Ptransponder + Pregeneration (4-2)
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From the expression in equation 4.2, the energy consumption of a WDM optical network
(Pwpm) is further expressed as the total power consumption of the optical components
such as the OXC, EDFA amplifier, transponder and regeneration. The concept of design-
ing an energy efficient optical transport network is achieved through the deployment of
energy efficient optical components known as bandwidth variable OXC, and the band-

width variable transponder.

4.3 WDM Single Line Rate

Conventional core optical backbone networks used to support and operate at a single line
rate (SLR) as the name implies, this line rate was either 10/40/100 Gbps. As mentioned
in Chapter 2, single line rate networks are extremely inefficient due to their poor utiliza-
tion of resources and poor utilization of energy. This poor utilization of resources further
results in an increased OPEX and CAPEX which is a huge drawback for network opera-
tors. For example, if a 90 G traffic exists in a network between two nodes as shown in
Figure 4.1, an efficient and effective way to deal with this traffic demand would be to
deploy a single 100 Gbps transponder rather than deploying five 20 Gbps transponders to
achieve the exact same task. This would mean buying 5 transponders instead of only one

and further consuming five times the power.

100 Gbps
WDM SLR of 20 Gbps per line -
5 Deployed Transponders
«
« g
<
«
< U
|:| Transponder
Figure 4. 1 Single line rate
4.4 WDM Mixed Line Rate

Mixed line rate (MLR) can be viewed as a milestone in transport networks as compared

to SLR. Mixed line rate or multi-line rate as referred to by other authors, is basically a
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network employing various line rates which is clearly much more efficient than conven-
tional SLR networks. In today’s network, traffic is more heterogeneous, so the ability of
MLR to incorporate lines with different data rates like 10/40/100 Gbps is clearly a huge
improvement from SLR. Furthermore, different line rates use different modulation for-
mats which are multiplexed into a single mode fiber as shown in Figure 4.2. To elaborate
further, 10 Gbps data rates line usually uses On-Off Keying (OOK) modulation, 40 Gbps
line rates use Quadrature Phase Shift Keying (QPSK) modulation and finally 100 Gbps
line use Differential Quadrature Phase Shift Keying (DQPSK) modulation as shown in
Table 4.1. The reason for opting to use PSK modulation for line rates above 40 Gbps
rather than still using OOK is to avoid interference related issues, since OOK is prone to
various impairments such as dispersion. The distance travelled by an optical signal before
its BER and quality degrades to an unrecoverable level is known as a transmission reach,

and the transmission reach of each modulation format is also shown in Table 4.1.

OXC 0XC OXC OXC

] . . RX 10 Gbps
TX 10 Gbps r 4 -
00K . ¢

» /

TX 40 Ghps RX 40 Gbps
QPSK TX 100 Gbps ' QPSK
DQPSK RX 100 Gbps
DQPSK
Figure 4. 2 Mixed line rate network [70]
Table 4. 1 WDM modulation formats and their respective transmission reach

Data rates Modulation formats Transmission reach
10 Gbps OOK 2500 km
40 Gbps QPSK 1500 km
100 Gbps DQPSK 800 km
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4.5 Elastic/Flexible-grid OFDM-based Optical Network

The is no signal conversion in transparent elastic optical networks because the is no re-
generation but optical reach is limited even though the signal remains in the optical do-
main along the light path, while translucent elastic optical networks can increase the
optical reach by including some regenerators where necessary. Therefore, despite the
advancement made by MLR networks, there is still a necessity to have a flexible network
to accommodate data rates of 100 Gbps and beyond. Flexible/elastic grid OFDM-based
optical network is a new technology which promises an efficient and optimal operation
of the network, it is elastic in a sense that it allows for a reconfigurable bandwidth trans-
mission by allowing an adjustable number of subcarriers inhabiting a bandwidth equiv-
alent to the appropriate subcarrier frequency slots, which is achieved by orthogonality
between subcarriers. The principle used to maintain orthogonality among subcarriers is
based on keeping subcarrier spacing equivalent to the baud rate, thus the subcarrier spac-
ing maintains a fixed frequency and further instigating a minimum spectrum unit [72].
This type of network give rise to new possibilities of subcarriers overlapping in the spec-
trum domain (orthogonality), hence allowing for creation of super channels, which could
not be achieved on conventional WDM networks due to the fixed-grid constraint. To
understand the distinct advantage of flexible OFDM-based optical transport networks
over WDM networks, firstly a brief overview on conventional WDM network must be
described. WDM networks use a fixed grid (ITU grid) of 50 GHz with a maximum of
80 wavelengths in the C-band that support three different transmission rates of 10 Gbps,
40 Gbps and 100 Gbps using different modulation techniques namely, NRZ on-off key-
ing, DQPSK and PDM-QPSK respectively. However, this technique is not flexible
enough to accommodate network demands with different line rates, hence to improve its
flexibility a network operation such as mixed line rates (MLR) was introduced on WDM
networks. Additionally, to reduce the effect of cross-talk between adjacent channels in
WDM, a guard band of 200 GHz was allocated [73]. The main issue with this approach
was the allocation of the fixed ITU-grid with pre-defined spectral positions and band-
width resulting in a rigid resource allocation hence that resulted in spectral resources
being utilized inefficiently, as a consequence power can also be wasted because exact
traffic demand may be much smaller than the allocated wavelength capacity. However,
as mentioned above, an OFDM-based optical network is much more efficient in utilizing
spectral resources because there is no ITU grid alignment instead subcarriers can overlap

and allowing more compression on a bandwidth channel which results in higher data
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rates as compared to conventional WDM networks. Finally, OFDM introduces the ad-
vantage of using a DSP (Digital Signal Processor) in both the source end and destination
end to achieve coherent detection, which results in the ability of using different subcar-
rier modulation techniques. An appropriate modulation format can be selected based on
two conditions, i.e. the efficient spectral condition and the efficient energy condition.
Figure 4.3 shows the flexibility and resource allocation of elastic bandwidth OFDM-

based optical network as compared to conventional fixed grid WDM networks.
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100 Gbps 40 Gbps 10 Gbps
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-«
12.5 GHz

“Saved spetrum

Figure 4. 3 (a) Conventional rigid WDM network (b) OFDM-based elastic network [74].

The significant distinct difference in the manner of deploying elastic bandwidth OFDM-
based network as compared to conventional WDM network is mainly on deploying tran-
sponders which are capable dynamically changing bandwidth accordingly known as
bandwidth variable transponders (BVT) and deploying optical cross connects which are
also capable of changing bandwidth accordingly known as bandwidth variable optical

cross connects (BV-OXC) as depicted in Figure 4.4.
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Figure 4. 4 General elastic optical path network with BV-OXC and BVT [75].

The network operates as follows, the BV transponder reconfigures a number of subcar-
riers (spectrum) and their modulation techniques according to the requested demand,
which then means every BV-OXC along the path from source to destination sets the
appropriately sized spectrum cross-connection which permits a suitable end-to-end op-
tical path with bandwidth capacity which actually accommodates the spectrum of the
path. Moreover, the BV-OXCs are distributing wavelength signals through switches at
the output ports as shown in Figure 4.6. Likewise, bandwidth variable (BV) transponders
are responsible for providing variable spectral domain and further enabling dynamic ad-
justment of capacity to cater for variable service demand. Furthermore, BV transponders
can be adopted despite the use of different modulation techniques which is a huge up-
grade from conventional WDM network, in which using different modulations formats
can result in using different transponders or an entire upgrade in hardware [76]. As men-
tioned, this technique allows for elastic bandwidth transmission according to the re-
quested capacity, so BV transponders can arrange the number of contiguous subcarriers
and their modulation formats. A general block diagram representing a BV transponder

is shown in Figure 4.5.
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Figure 4. 5 Block diagram of a BV-Transponder.

Orthogonality of subcarriers is maintained by the principle of keeping the baud rate
equivalent to the subcarrier spacing, so that a single subcarrier can have a transmission
rate (7R) which can be represented by the subcarrier frequency slot or bandwidth (B)

and the modulation order (M), which can be expressed as equation 4.3.

TRsupcarrier (Gbps) = B * log,M (4.3)

OFDM minimum bandwidth slot of a subcarrier is selected to be 12.5 GHz, furthermore,
the transmission rates are defined as 12.5 Gbps, 25 Gbps, 37.5 Gbps, 50 Gbps, 62.5
Gbps, and 75 Gbps which corresponds to the modulation techniques BPSK, QPSK,
8QAM, 16QAM, 32QAM and 64QAM respectively. This implies that in a light path,
variable number of subcarriers can exist but use the same modulation technique and also
noting that the variable number of subcarriers depend on the demanded capacity. Thus,
the capacity (C) of an optical channel in OFDM-based optical network can be expressed

as equation 4.4, where () represents the number of subcarriers in a channel.

C = N * TRgypcarrier (4.4)

The energy consumption of a BV-OXC can be presumed to be similar to an energy con-
sumption of a general fixed bandwidth OXC, thus the power consumption is depending
on the nodal degree (Nu), and an additional over-head power of 150W per node, which

can be expressed as equation 4.5.
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PCpyc(W) = (N, * 85) + 150 (4.5)
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Figure 4. 6 Bandwidth variable OXC

The transponder also plays a significant role in the consumption of power for the overall
optical transport network. OFDM-based optical transport network uses a special kind of
bandwidth variable transponder which is referred to as Coherent-OFDM transponder.
These coherent transponders are bandwidth variable and are available at both the trans-
mitter and receiver side and they incorporate a DSP module with two digital to analog
converters, which makes CO-OFDM transponders slightly more complex compared to

a WDM transponder which is available only at the receiver side [78].

A single Coherent-OFDM transponder is evaluated to have a power consumption that is

dependent on its transmission rate (7R) as shown in equation 4.6.

PCiransponder(W) = 1.25 * TR(Gbps) + 31.5 (4.6)
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Note that equation 4.6 is valid with some assumptions mentioned in [78]. Additionally,
using equation 4.6 the energy consumption of different number of subcarriers, with their
respective modulation formats can be worked out as illustrated in Table 4.2 and Figure

4.7.

Table 4. 2 Energy consumption of a Coherent-OFDM Transponder

Modulation Format Subcarrier capacity | Power consumption | Transmission
(Gb/s) (W) Reach (m)

BPSK 125 47.13 4000

QPSK 25 62.75 2000

8QAM 375 78.38 1000
16QAM 50 94 500

32QAM 62.5 109.63 250

64QAM 75 125.23 125

Transponder using different modulation formats
140

120
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80 +

60

40 -

Power consumption (W)

20+
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BPSK QPSK 8QAM 16Q0AM  32QAM  B4QAM
Mocdulaticn Format

Figure 4. 7 Energy consumption of a Coherent-OFDM Transponder

In Figure 4.7 above, it can be clearly observed that the energy consumption of a Coher-
ent-OFDM transponder increases with the subcarrier capacity. The modulation tech-
nique used depends on the desired transmission reach and the subcarrier capacity. Once

these two degrees have been identified, the signal transmitted over the optical path is
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routed through BV-OXCs and BVTs towards the receiver end, significantly every BV-
OXC on the route assigns and sets the appropriately sized spectrum cross-connection
which permits a suitable end-to-end optical transmission. To achieve this flexibility, the
BV-OXC has to adjust its spectral switching window contiguously and accordingly to
cater for the spectral width to suit the subsequent optical signal [79]. Figure 4.8 shows a
detailed elastic optical path network with the appropriately sized traffic. In this network,
to achieve efficient transmission, the amount of traversing traffic is firstly determined
and verified, then the network reconfigures its BV-OXCs and BV Ts to match the incom-
ing traffic load for the appropriate bandwidth and spectrum allocations. Each of the op-
tical path can be automatically switched, and when the traffic demands vary at any given
time, then the bandwidth/spectrum can be re-adjusted accordingly using BV-OXC and
BV Coherent-OFDM transponders (BVT) [80].

IS 40 Gbps

I 100 Ghps

>
LS e

Figure 4. 8 Elastic optical path network.
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4.6 Algorithms in OTNs

4.6.1 Routing and Wavelength Assignment (RWA) in WDM networks

Spectrum allocation constrains, inconsistent modulation techniques, and an increased
number of subcarriers are the main differences between conventional WDM networks
and elastic OFDM networks. Due to the clear differences mentioned above, this has re-
sulted in new algorithms being adopted by elastic optical networks. Routing and Wave-
length Assignment (RWA) algorithms that are used in traditional WDM optical networks
are no longer suitable for an OFDM-based flexible optical network, hence a new algo-
rithm which is applicable for elastic OFDM-based optical network is referred to as rout-

ing, modulation-level and spectrum assignment (RMLSA) algorithm.

4.6.2 RMLSA in Elastic Optical Networks.

A technique of serving requested demands one-by-one is used in this algorithm, whereby
the highest priority demand is served first. Several candidate paths (k) that exist between
the source node and the destination node are determined, and on each path, the potential
modulation techniques are established by means of comparing the path distance with the
optical reach of each modulation format, and also examining the links on the availability
of contiguous subcarriers along the path. This technique allows for the appropriate com-
binations of the path length and modulation technique to be chosen based on the sum-
mation of end-to-end energy consumption (which includes in-line network components
that are traversed in the path such as transponders, cross connects, EDFAs etc.). Then
the most efficient path in terms of power and modulation technique is selected, and the
corresponding adjacent subcarriers are allocated to the path based on the demanded ca-

pacity.

4.7 Advantages of Elastic Optical Network

Elastic optical networks promise to overcome many inefficiencies on today’s networks to
achieve a resilient, flexible and adapting network architecture for current and future net-
works. A summary of a few major benefits that are introduced by using elastic optical
networks are presented as follows.

4.7.1 Increased Spectral Efficiency

The network capacity is increased drastically because of the optimization of the spectral
allocation on demand request. Additionally, an efficient use of the deployed optical links

is enabled, resulting in a much longer life span of optical links.
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4.7.2 Improved Economics

Capital expenditures are reduced because of the integration of equipment and devices.
Likewise, operational expenditures are also reduced because the network is more energy
efficient in terms of its operation. Transponders and OXCs are bandwidth variable which
means the same transponder and OXC can be used for different traffic demands.

4.7.3 Accommodation of 1 Thbps Demand

Future demands of subscriber signal transmission rates of 1 Tbps and above can never be
accommodated by fixed-grid channels of 50 GHz. However, elastic grid optical transport
networks can accommodate such huge capacity demands.

4.7.4 Dynamic Reconfiguration

The use of BV-Transponders and BV-OXCs on elastic optical networks enables the net-
work to dynamically reconfigure if necessary, which is a huge advantage in current and

future bandwidth-hungry network operations.

4.8 Summary Chapter Conclusion

In this chapter we discussed how elastic optical network can significantly reduce energy
consumption and improve spectral optimization and consequently improving the optical
transport networks to become flexible and reconfigurable. This flexibility can play a sig-
nificant role in the design and operation of current and future networks such as 5G network

fronthaul, backhaul and backbone core network.
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5. Efficient Regenerator Placement in OTNs

5.1 Introduction

The signal strength of an optical signal or any signal in general degrades as it traverses
through a light path, and this optical degradation is due to transmission impairments,
which means a power boost of the optical signal is required along the path after a specific
distance referred to as optical transmission reach. As mentioned in Chapter 2, in translu-
cent optical networks, few nodes are capable of being regenerator nodes and are strategi-
cally placed to ensure that traffic requests reach their destination in an acceptable QoS.
Impairments are introduced along the light path due to optical switching, optical multi-
plexing and optical amplification. Impairments can be categorized into non linear and
linear impairments, common linear impairments are amplified spontaneous emission
(ASE) noise, polarization mode dispersion (PMD) and chromatic dispersion, and common
non-linear impairments are cross phase modulation and self-phase modulation. Therefore,
due to these impairments, the process of placing regenerators is essential in an optical
transport network. However, the regenerators must be placed carefully and effectively to
reduce network cost. Effectively in a sense that if regenerators are placed too far apart
then the signal might suffer too many impairments along the path and then it degrades to

an unrecoverable signal.

One of the major tasks in translucent optical networks is the placement of expensive re-
generation resources strategically, in order to maintain system requirements and accepta-
ble QoS [82]. Furthermore, placing too many regenerators at every node (opaque network)
even when it is not required can be costly because 3R regenerators are expensive devices
in the optical transport network due to their ability to convert optical signals to electrical
signals, and then amplifying the electrical signal and finally converting it back to optical
signals. A typical 3R is represented in Figure 5.1. Additionally, placing unnecessary re-
generators can also drastically increase the energy consumption of the entire network be-
cause regenerators consume a lot of power to boost the signal due to the process of optical-
electrical-optical conversion. Hence, regenerator placement plays a significant role in
power consumption of the overall network as well as OPEX and CAPEX. Generally, on
an optical transport network a regenerator is placed at about 80 km of distance, however,
this is not practical since impairments are not constant on every optical network. A more
effective way of placing regenerators is based on the optical signal-to-noise ratio (OSNR)

at intermediate nodes and following the approach of translucent optical networks in which
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regenerators are placed strategically where they are only required, in attempt to achieve a

balance between service provisioning and network costs [83].

Electronic processing
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Figure 5. 1 3R regenerator

5.2 Regenerator Placement Strategies

In an optical network, a regenerator is necessary even though it is expensive. It is neces-
sary based on the problem of optical reach as well as wavelength constrains [84], which
involves wavelength conversion. Several research techniques have been discussed on lit-
erature based on the problem of regenerator placement, which is widely referred to as

regenerator placement problem (RPP).

The authors at [82], proposes one way of solving the RPP problem, a technique of using
an auxiliary graph approach which is based on regenerator placement and wavelength
assignment (RPWA). This is effective because proper weights are assigned on the edge
of auxiliary graphs, then the shortest weight path will provide the correct regenerator

placement site.

The authors at [85], propose a network topology based regenerator placement, in which
two algorithms are used, namely, the nodal degree first (NDF) algorithm and the center
node first (CNF) regenerator placement algorithm. In NDF algorithm, the node having
higher nodal degree than other nodes is assigned as a regeneration capable node and a
regenerator can be placed on that node. In CNF algorithm, a node is regarded as more
centered compared to other nodes if it is passed by a greater number of shortest hop dis-
tance path compared to all other nodes in a network [85], hence that node is regarded as a

regeneration capable node.

The same author at [85], proposes a traffic prediction based approach of placing regener-
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ators in which a prediction pattern is used to identify the nodes where regeneration de-
mands are most likely required. In this way an algorithm which favors the nodes with
heavier loads is used, which is referred to as traffic load prediction (TLP) algorithm. TLP
based regenerator placement selects nodes with heavier traffic load as regenerator nodes.
However, heavier traffic load does not mean poor signal quality, hence a more efficient
strategy of regenerator placement should be based on the quality of transmission at the

node as compared to node traffic.

5.3 Efficient Regenerator Placement

An efficient regenerator placement is based on the quality of transmission of the signal or
rather the signal level when compared to the noise. Therefore, an optical signal to noise
ratio (OSNR) based regenerator placement strategy seems to be a more logical approach

towards achieving energy efficient regenerator placement.

5.3.1 Regenerator Placement based on OSNR

The OSNR is a measure of the ratio of optical signal power to the power of the system
noise. OSNR is measured in decibels (dB). The OSNR is helpful because it shows the
level of noise when compared to the wanted signal as the signal travels along the path.
The OSNR can be expressed mathematically as equation 5.1 and equation 5.3. Figure 5.2
shows the OSNR at the source node as compared to the OSNR at the destination node

after a specific distance in km has been traveled by the optical signal.

OSNR = —_ignal (5.1)
Pnoise(ASE)
OSNRgz = 10log,, (M) (5.2)
Pnoise (ASE)
OSNRyp = Psignal(dBm) - Pnoise(ASE) (dBm) (5.3)
Where:
Pnoise(ASE)(dBm) = —58 (dBm) + G(dB) + NF(dB) (5.4)

Psignai in dBm s the signal level and Proisecase) 1s the noise level which is referred to as
amplified spontaneous emission (ASE) noise and is dependent on the gain (G) and noise

figure (NF) of the optical amplifier.
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Figure 5. 2 Degradation of signal level as it travels through a light path

The process of placing regenerators effectively from source to destination can signifi-
cantly minimize the consumption of energy. Therefore, the proposed technique based on
OSNR will greatly minimize power consumptions in optical transport networks. As men-
tioned before that this approach is based on the measured OSNR, so to determine where
to place a regenerator, starting from the source node, an OSNR is calculated at intermedi-
ate node, and if the OSNR at the next intermediate node is greater than a predefined
threshold, then there is no need to place a regenerator at that node, then the OSNR is
evaluated again at the next intermediate node. However, if the OSNR at a specific inter-
mediate node is less than a predefined threshold, then a regenerator is placed at a node
just before the evaluated one. In this sense the optical signal is regenerated only when
amplification is required, and that approach helps to minimize the number of unnecessary
regenerators while also maintaining an acceptable QoS. This process is repeated on the
route until the destination node is reached. Figure 5.3 shows the proposed regenerator

placement strategy based on the measured OSNR.

Regenerator placed back at node 3

3R Regenerator

Source Node 2 Node 23 Node 4 Destination
Node 1 OSNR > Threshold OSNR > Threshold OSNR < Threshold Node 5

Figure 5. 3 Regenerator placement strategy on a light path
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In Figure 5.3, the evaluation shows that at node 2 and 3 the OSNR is at an acceptable
level above the threshold, but at node 4 the OSNR is below the threshold therefore a
regenerator is placed back on node 3. Then the next starting point now is node 3, then

the OSNR evaluation process is repeated until the destination node.

5.4 Summary Chapter Conclusions

In this chapter we discussed an energy efficient approach of placing regenerators in a
translucent optical transport network. We proposed a technique of placing regenerators
based on the OSNR, this method proves to be more efficient in terms of energy and re-
source allocation as compared to placing regenerators at every node. This technique offers
advantages of maintaining an acceptable QoS on an optical transport network while also
minimizing power consumption by using the least number of regenerators only where

regenerators are required.
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6. Towards Energy Efficient Design and Operation of
Transport Networks.

6.1 Motivation
As more devices (mobile subscribers, multimedia applications, data applications) and

terminals connect to the back bone transport network, this amongst other driving factors
has necessitated design tendencies that will promote both energy efficiency operation as
well as high throughput with consistent QoS. The significant driving factors that
prompted towards designing an energy efficient transport (wireless and optical) network
for the future are based on the growth rate of mobile internet subscribers (data traffic
volume) per day which is drastically increasing every day. Globally, in 2021, the internet
subscribers have been increased from 43.5% to 59.7% [87]. Most available literature on
transport network focus on improving QoS and QoE but rather neglect the increased
number of data traffic volume which emerged from increased mobile internet subscrib-
ers. Figure 6.1 shows the rate at which mobile subscribers have increased since 2018
towards the predicted number in 2025. The increase of mobile internet subscribers

(online users) calls for an improvement in network architecture and network operation.

o . Approx. 70% of Approx. & billion
MOBILE 5 billion !11-:ab:Ie population will be ol
SUBSCRIBERS subscribers R e st
2 MOBILE S Over 50 % e
, 3.7 billien : Approx. 5 billion
INTERNET : population use L
v\j“y USER internet users T internet users
«ts Smartphones= . . :
Almost 10 billion | | Almost 8 billion loT connections
o[J-e | CONNECTION 60% of total . = £ s
‘T‘ e e | loT mnnectlons“ connections will be 25 bIIIIDI'I-
3 5G on the way of One third of Approx. 1.5
% TECHNOLOGY | 4G efrectively testing and population will billion 5G
lauching |be covered by 5G connections

Figure 6. 1 Mobile subscriber growth of the telecommunication industry [87]

In today’s network, various applications leverage on live streaming, which includes
voice over IP (WhatsApp calls, Skype call or Zoom), online video applications (e.g.
YouTube, ShowMax or Netflix), online conferences and online TV (e.g. DSTV now).
Traffic related to video distribution is currently accountable for 66% of the total data

traffic and is projected to increase even further by 2026 to approximately 77% [88].
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Streaming services require faster download speed (typically over 1 Gbps) to support
higher quality streaming without pauses during play black (also referred to as buffering)
[86]. This rapid increase in mobile internet subscribers has resulted in an increased num-
ber of streaming subscribers, so this means it is absolutely imperative to have an efficient
transport network to cope with high volume of data transmission of over 5 billion mobile
subscribers with internet access by the year 2025. According to [88], Globally, the
growth in mobile data traffic per smartphone is due to data-intensive content (video) and
improved device capabilities. Furthermore, COVID-19 has accelerated online streaming
(data traffic) due to staying indoors working remotely to fulfill personal needs and busi-
ness needs, hence the average monthly usage of mobile data continues to show robust

growth and will continue even higher by 2030 [88] as depicted in Figure 6.2.
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Figure 6. 2 Worldwide mobile data traffic growth (EB per month)

Moreover, according to [87], mobile subscribers are increasing rapidly every day, and in
2020 approximately 51% of the total carbon dioxide emission was due to the telecom-
munication system alone, and if this value is neglected, then by 2025 it would be an even
higher value since mobile subscribers would have increased drastically to over 5 billion.
Figure 6.3 depicts variations in COz footprint produced by different sections of the tele-
communication system from 2010 to the expected value in 2030. This rapid increase in
CO:2 emissions has also motivated for an energy efficient transport network to curb car-

bon gas effects. Finally, according to [87], the electrical power consumptions by the
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information communication technology will be rise from 611 TWh to 1752 TWh by
2030, this extreme consumption of energy by transport networks especially wireless
transport network will result in vital issues in the future if no precautions are taken to
curb the existing trends. Hence, the major goals for designing an energy efficient
transport network is to reduce consumption of energy of current networks, which can
further reduce the operational expenditure while maintaining high throughput with con-

sistent QoS, and finally reducing the CO2 emission of the communication system.
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Figure 6. 3 CO2 emission by the communication system [87]

Moreover, efficient transport network is vital in the health industry as well, currently the
world is facing the problem of aging population, as well as patients with limited auton-
omy or chronic diseases. This increase number of patients has resulted in an imbalance
of medical resource supply and demand [92]. This has motivated for the emergence of
remote e-health, which could also have a huge impact on reducing the spread of COVID-
19. E-health refers to the use of Information Communication Technology (ICT) to pro-
vide medical services [93]. Figure 6.4 depicts key requirements for e-health and its ob-
jectives. E-health is regarded as a critical mission service because it requires ultra-low
latency, improved QoS and improved security. To achieve these high demands of e-

health, an efficient backbone transport network is absolutely imperative.
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Figure 6. 4 E-health requirements and objectives

In applications such as e-health where some services are critical and require real-time
transmissions then delays cannot be tolerated hence the need for low latency, improved
security and high QoS backbone transport networks. For example, services like tele-
monitoring (remote monitoring of patients which are diagnosed with serious chronic dis-
eases) and tele-diagnosis (remote diagnosis of patients) require real time transmission as
well improved quality therefore the backbone transport network cannot tolerate delays
or packet loss. Finally, to maintain patient confidentiality, complex security systems are
vital on the network when transmitting medical documents. An elastic, efficient and se-
cure back bone transport network is thus imperative in such applications to offer robust-

ness, enhanced QoS, ultra-low latency and enhanced security.

6.2 Desirable Design and Operation Features for Transport Networks

Modern networks such as 5G and applications such as Internet of Things (IoT) are highly
sensitive to delays as depicted in Figure 6.5. Therefore, the desirable features of today’s
network are based on high throughput and low latency at consistent QoS, as well security.
Transport Control Protocol (TCP) plays a significant role in achieving high throughput at
low end to end latency. In simpler terms transport control is a network technique aimed at
improving latency and throughput of the entire network [89]. TCP is widely referred to as
a connection-oriented transmission which means the sender waits to receive an acknowl-
edgement signal packet within an allocated timeout period [89], otherwise retransmission
occurs. Furthermore, operation features for improving latency and throughput are based
on traffic congestion, hence the need for congestion detection, congestion notification and

congestion control in current and future transport networks.
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A. Congestion detection is essential in network operation due to detecting loss of
packets, traffic load, packet processing time, and throughput measurement.
B. Congestion notification is essential to notify transmitters about traffic load. Trans-
mission Time Out as well Not-Acknowledgement are the main paradigms gener-
ally used for traffic notifications [88].
C. Congestion control is essential to predict proper paths in order to avoid congestion
problems.
Moreover, in wireless networks there are many factors that influence latency and through-
put, although congestion is one of them, but so as interference and signal level which also
have the ability to alter network throughput and latency due to data loss. Additionally, due
to mobility and channel fading, round trip time fluctuations are common in wireless net-
works [89]. D2D communication as well as machine-to-machine (M2M) communication
are some of the applications which aim to reduce end-to-end latencies by communicating
directly from one device to another, and MEC or fog computing also reduces latency by

moving servers in close proximity to the users.
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Figure 6. 5 The evolution of latency throughout cellular generations [94]

As aforementioned, routing protocols play a significant role in improving latency and
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throughput, hence efficient routing protocols are absolutely imperative in today’s net-
work. Routing protocols are categorized into reactive and proactive protocols. Reactive
routing protocol is also referred to as “on-demand” routing protocols whereby a route is
searched only if a node demands to send data to any other particular node [90], however,
proactive routing protocols are table driven, meaning all the nodes maintain all the routing
information for all other nodes in a routing table [90]. There are various routing protocols
available on literature, the author in [90] discusses Dynamic Source Routing (DSR) pro-
tocol which can be adopted in wireless networks, Ad hoc On-demand Distance Vector
(AODV) protocol, as well as Destination Sequence Distance Vector (DSDV) protocol.
Finally, a promising approach for modern networks is a technique known as SDN-based
routing protocol. Since SDN provides an entire view of the underlying network, then
transmission delays can be avoided while maximizing packet delivery which results in
high throughput and low latency. The author at [91] proposes an SDN-based connectivity
and geographical-aware protocol for routing in which the SDN controller computes rout-

ing evaluations in real time using mobile networks.

6.3 Architectural Design

In modern networks such as 5G there are numerous architectural requirements to support
mission critical communication. Reliability and delay optimization are two most crucial
amongst them. Today’s network architecture must achieve flexibility in the transport and
control domain, this is made possible by the use of emerging technologies such as SDN
and NFV. Furthermore, current network architectures must be capable to produce high
throughput for services such as online streaming, and this is made possible by the use of
small cells to provide ubiquitous coverage. Additionally, the network architecture should
be energy efficient and this is achieved by the adoption of D2D communication and
massive MIMO antennas on base stations, and finally the wired network such as front-
haul and backhaul must also be flexible hence the use of OFDM based optical network
as a front-haul, backhaul and backbone network. Today’s network architecture should
also take advantage of cloud services and edge computing to achieve ultra-low end to
end latency. Today’s architecture must be elastic and take advantage of all the aforemen-
tioned requirements for modern networks, and hence making it an efficient architecture
to cater for current and future service demands on a network. These elastic architectures
are based on Cloud RAN, edge computing or fog computing, flexible OFDM front-haul,
back-haul and backbone network, and an SDN and NFV based optical core network. An

example of an elastic architecture for modern networks is represented in Figure 6.6, in
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which the building block are discussed as follows.

® Cloud RAN: This is an emerging paradigm which leverages on the benefits and
characteristics of cloud in the network which results in low latency, improved
energy efficiency, improved network capacity, and optimal resource manage-
ment [94].

o SDN/NFV backbone core: The backbone core network functions such as mobil-
ity management function (MMF), authentication functions (AF), session man-
agement functions (SMF) and policy control functions (PCF) are migrated to the
SDN network controller as applications (virtual functions) rather than actual
hardware components. The forwarding switches are referred to as SDN switches
since they communicate directly to the SDN controller via open-flow protocol.

e BBU pool: This is a technique used to migrate baseband processing to a central-
ized location known as the BBU pool which results in better processing and
management.

® Remote radio head (RRH): These form part of the radio access network, and can
be regarded as low power base stations with the baseband processing stripped
away from them. RRH are used for small cell coverage to improve data through-
put, and these are used together with conventional macro base station to form a
heterogeneous network with ubiquitous coverage. Furthermore, RRH support
massive MIMO antennas to further improve the network efficiency.

e [ront-haul: This is the interconnection between the RRH and the BBU pool, it
can either be wired or wireless network. This is a delay in-tolerant interface be-
cause it transports both data and control information. In this architecture a wired
approach using flexible OFDM-based optical interface is adopted in the front-
haul to provide optimal resource allocation as shown in Figure 6.7 as compared
to conventional fixed common public radio interface (CPRI).

® Back-haul: This is the interconnection between the backbone network and the

BBU pool. This is also designed based on flexible optical interface.
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Figure 6. 6 Elastic architecture

Moreover, the presented elastic architecture uses RRH and high power nodes (HPN)
with fog computing or caching capabilities as well as resource management functional-
ities. This means that the caching capability on the RRH relieves the constant transmis-
sion of data through the front-haul and results in low latency. The use of smart devices
which support D2D communication also reduce latency which is why it is included in
the elastic architecture. These smart devices also have caching capabilities as well as
radio resource management functionalities which allow these devices to communicate
directly with one another or simply relay information which also results in a relieved

front-haul.

75



M

( 3)) CONSTANT DATA RATES FIXED CONNECTION

7 -

/ | iy

¥ | (s B
F L Y A
| LLLL

LlLL

“ (({ 3)) ."II BBU

| A
| ELEE
% LLLL
= L
UL

LLLL

BBU

FLEXIBLE CONNECTION

1 B s
® A
() / asu PooL

Figure 6. 7 (a) Conventional Front-haul vs (b) Flexible OFDM-based Front-haul

6.4 A Joint Photonic/Wireless Transport Network Architecture

The proposed network architecture required to support high-speed, ultra-reliable and low-
latency data links for 5G and beyond is referred to as a joint photonic and wireless
transport network, which comprise of an all-photonic network together with a wireless
network as depicted in Figure 6.8. This is an advanced network approach that can effi-
ciently process large amount of data, and this proposed architecture enables the use of
ultra-high speed optical transmission and wireless transmission by connecting building
(factories, hospitals, etc.) and data centers using wideband optical networks and wireless
access network in an end-to-end manner. The proposed joint all-photonic and wireless
transport network architecture introduces photonic-based technology to everything from
networks to terminals, which results in large capacity, low delay optical multicast path.
Furthermore, the proposed network architecture provides a closed feedback path that sup-

ports mission-critical services such as remote monitoring and control services for auton-

omous vehicles and e-health.
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Figure 6. 8 A joint Photonic and wireless transport network architecture

The multi-orchestrator is the architecture’s central manager that controls several resources
such as controlling the data-centric infrastructure, controlling the network functions, con-
trolling the wireless-infrastructure and also controlling the photonic-infrastructure. Fur-
thermore, it is also responsible for resource management, failure monitoring, transport

resource switching and analysis.

6.5 Operational Modes for Energy Efficiency

The network operation can either be centrally operated or distributed, however in a joint
all-photonic and wireless transport network architecture a centralized approach is opted
because of using a centralized controller (multi-orchestrator) to achieve an energy-aware

network operation. The centralized controller is significant to retrieve network knowledge
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in order to run algorithms based on retrieved traffic loads, power state of the device and
also estimate future traffic. The main criterion for energy-aware network operation is
based on shutting down targeted and unused devices and also leveraging on the dynamics

of routing in the optical layer.

6.5.1 Energy Efficient Operation for Wireless Transport Networks

In order to achieve energy-aware network operation in wireless transport networks, tar-
geted wireless resources such as base stations (RRH and HPN) are turned off during idle
mode, this is because traffic load conditions change with time and space in a specific
region, therefore, underutilized wireless resources can be automatically turned off [87],
however the user can still be covered by active wireless resources to maintain QoS. The
proposed base station sleep mode operation is illustrated by Figure 6.9, noting that a base
station in this case can be any wireless node (RRH/access point/ HPN). It is clear that the
sleep mode is dependent on the traffic load at each base station but also noting the signif-

icance of maintaining an acceptable level of QoS.
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The other approach used in the proposed all-photonic and wireless architecture to achiev-
ing power efficiency in wireless transport networks is the adoption of D2D communica-
tion. This technique greatly reduces power consumption because D2D communication
bypasses the use of cell towers (or base stations) to support proximity services, therefore
resulting in high power consumers (i.e. base stations) being bypassed to allow direct

communication between two or more devices.

6.5.2 Energy Efficient Operation for Optical (Photonic) Transport Networks

On optical transport networks, the efficiency in operation is achieved through the dy-
namics of efficient routing, thus efficient routing algorithms are imperative in modern
all-photonics networks. In the architecture the front-haul and backhaul uses flexible op-
tical transport network which is based on OFDM. This technique provides advantages
on spectrum and resources allocation which results in efficient optical transport net-
works. Physical layer impairments-aware routing and spectrum assignment algorithm
(PLI-aware RSA) is used to achieve efficient network operation on elastic optical
transport networks. PLI-aware RSA algorithm considers three aspects before choosing
a light-path, namely, routing, spectrum allocation and quality factor. Therefore, the path
is chosen based on the highest Q-factor and shortest routing path and then the appropri-

ately sized frequency slot is allocated.

A. Routing in PLI-aware RSA

The n-number of paths (or routes) from source (s) to destination (d) are found, and using
Dijkstra’s algorithm, all the located shortest paths between source and destination are
established and stored in the candidate vector according to their path length. The Dijks-
tra’s algorithm is repeated for n-times and in the first computation of the algorithm, the
first and most shortest path is located (if it exists) denoted as Pisda. The algorithm com-
putes for the second time to find the second shortest path (P2sd) and this process is re-
peated until no more paths exist. If no paths exist, then the connection is blocked [95].

It should be noted that PL(Pisd) < Pr(Pasa) £ Pr(P3sd) < -+ Pr(Pisd), where PL(Pisa) is

the path length of path Pisd.

B. Frequency slot allocation in PLI-aware RSA
The spectrum of each link is represented by a series of frequency positions referred to as
slots (11, /2, f3, -..fin), where |N| represents the number of frequency slots in a fiber chan-

nel [95]. Leveraging the ability of OFDM allows frequency slots (subcarriers) to overlap,
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therefore allowing more compression on each fiber link. The minimum frequency slot is
chosen as 12.5 GHz. To determine whether a frequency slot is available or not, a binary
representation state is used for each frequency slot, for instance in this case a binary state
“1” represents an available frequency slot and binary state “0” represents an unavailable
(or occupied) frequency slot. A network generally consists of |A| nodes, |E| links between
those nodes, and in each link, [N| slots are available. Hence, an |E| x |[N| matrix is formed
whereby in the beginning all vectors inside the matrix are filled with binary “1” which
denotes all frequency slots are available. Furthermore, each traffic demand (Tsd) per con-
nection is calculated and converted to the number of required frequency slots (77sq) using
equation 6.1, therefore the frequency slots are allocated to a link based on traffic de-

mands.

Ts
Mo = 2 (6.1)

Where n_, represents the total frequency slots, Ty is the traffic demand, and & is the

width of the frequency slot. If the is atleast one frequency slot available and also the
spectrum constraints (contiguity, continuity, and conflict) are satisfied, only then can the
connection be made.

Spectrum continuous constraints (C1): The allocated frequency slot (in GHz) must be
equal for each fiber.

Spectrum contiguity constraints (C2): Spectrum slot should always be consecutive for a
demanded traffic.

Spectrum conflict constraints (C3): Exact bandwidth slots cannot be used on the same
physical link.

Bandwidth slot allocation can be achieved using various approaches such as longest path

first (LPF) allocation described in [97] and first-fit (FF) allocation describe in [96].

C. O-factor measurement in PLI-aware RWA

Once the allocation of bandwidth slots is accomplished, then the quality factor at the
destination (receiver) side is measured on all the n-paths established at the routing stage.
The selected path must have the highest Q-factor compared to all n-paths with Q > Qu,
where Qu is the threshold quality factor. If all paths don’t satisfy the condition Q > Qun
then no connection is made. This process enforces the QoT before any connection is

established. This means a flexible path (flex-path) is only established when the quality
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factor is greater than the quality threshold [95]. The PLI-aware RWA algorithm is de-

scribed in algorithm 2.

Algorithm 2 PLI-aware RWA algorithm
Input  : G=(V.E) Frequency allocation matrix (U), Connection request CR{(s.d).nsd ta_th) k.Qth.
Output : Flexpath between (s.d). satisfying the constraints C1, C2, and C3 with Q = Qth.
1 - for each connection request do

{

Compute the k-shortest paths by using Dijkstra’s algorithm from

[

stod.

3 : If no route exist, go to Step 13
Calculate the unused frequency-slots in every link which are
present along the shortest-path found in 2.
Repeat Step 4 for all k-candidate paths.
Find a path that has nsd number of frequency-slots and satisfies
the constraimnts C1 to C3. If no such path exists, go to Step 13.

7 : Allocate the frequency-slots for all the candidate paths by using
FF, LPF, MSE. and PFSD schemes

8 :  Measure the Q-factor for each candidate path.

9 : If no path satisfies the condition Q = Qth, go to Step 13.

10 : Select the path which has the highest Q-value and Q = Qth.

11 :  Establish the connection by using the path selected 1 Step 10.
}

12 . end for

13 . Block the connection request

6.6 Analytical Model for an All-Optical backbone Network

The switching protocol opted in this optical core backbone network is referred to as opti-
cal burst switching (OBS). OBS leverages characteristics from both wavelengths routed
networks and optical packet switching networks to establish a holistic burst switching
optical network. The fundamental switching technique in OBS is based on a burst. A burst
is essentially a series of packets under the same header traversing and switched together
from a source node to a destination node via intermediate nodes. This burst comprises of
two entities, the header which is normally referred to as the control burst (CB) and the
data burst (DB). The Control burst is obviously transferred first because it is responsible
for bandwidth reservation along the optical path to create a room for transmitting the cor-
responding DB afterwards. The two transmissions between the CB and the DB are sepa-
rated by a time delay which is referred to as a burst offset time. It should be noted that the
DB is transmitted through the same path, which was booked by the CB, which then results

in no buffering required for the DB at central nodes.

The are two main signaling protocols for OBS which can be used, i.e. Just-In-Time (JIT)

protocol and the Just-Enough-Time (JET) protocol. The JIT protocol functions based on
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the arrival of the CB on the core node, and once the CB has arrived on the node, immedi-
ately a wavelength channel is reserved but only if it is available, otherwise if all wave-
length channels are occupied hence no channel is available then the request in denied,
consequently the corresponding data burst is regarded null and void. However, If the
wavelength was available hence the reservation was successful then the reserved wave-
length will remain reserved until the corresponding DB has been fully transmitted, hence
network nodes must be able to retain information whether the wavelength reservation is
still required or not. The JET protocol functions based on a fixed time span approach that
is reserved for transmission once the CB has arrived. In this protocol the CB contains the
data burst size (b), destination address, burst offset time (a), burst arrival time, and the
wavelength whereby the corresponding DB will arrive at. The wavelength channel sched-
uling (WCS) algorithm is triggered once the CB has arrived at the core node, this WCS
algorithm is responsible for locating the appropriate wavelength channel along the path
for the incoming corresponding data burst. Then the reserved wavelength channel is only
booked for a time span equal to the burst size, this time duration starts immediately once
the DB has arrived. The scheduler receives information from the CB to keep updates on
the availability of unused time intervals on every wavelength channel. The scheduler de-
cides whether the wavelength channel is unscheduled based on the time (¢) if no burst is
occupying that channel at that time (¢) or after, consequently that channel is said to be

unused, which can be represented by Figure 6.10.

6.6.1 Blocking Performance

In OBS core backbone networks, the probability that an optical wavelength reservation
request will be denied due to the unavailability of unused optical wavelength channels is
referred to as the blocking probability, which is the essential performance measurement
in OBS networks. The key factor in determining an acceptable blocking probability of the
OBS network is based on the signaling protocols i.e., JIT and JET. Using the Erlang B-
formula for the loss probability, then the blocking probability for an OBS-JIT network

can be defined as follows:

k
P/
k!
B, (p,k) = ——
p ()= S
[>\(a+b)]k/k'
By 0.1 = S (6.2)
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Where k& represents the number of wavelengths, and p represents the load intensity. The
load intensity can be further represented by X (a + b), based on the analysis that each
request jams the channel for a period equal to the combination of the burst transmission
delay and the burst offset time, where X represents the mean arrival rate, a represents the

burst offset time, and b represents the data burst duration.

Erlang B-formula can also be used to estimate the blocking probability of the OBS-JET
network, but the issue here is that the offered load intensity will be represented by X b,
meaning that the effect of the offset size is neglected. Therefore, the Erlang’s equation is
not a good approximation for the blocking probability of the OBS-JET network. A good
approximation should include all variables for calculating the blocking probability, so for
an OBS-JET network, if a link with M data wavelength channels is considered, and each
CB is arriving to request a channel to be reserved. A control burst requests a wavelength
channel after an offset time (@) and data burst time length (b). Assuming #-to be arrival
time for the CB, then the request is only accepted if the reservation duration (¢ + a +b)
does not intersect with an already booked interval, otherwise if there is any overlap of
intervals then the request is denied and the corresponding DB is regarded null and void.
To improve the traceability of this model, the time interval is divided into equal small
slots (B), and these small slots add up to form the offset time (a) as well as the data burst
length (b). Furthermore, these slots are numbered with reference to the CB based on the
arrival time and n is used to represent the slot number. The simplified model for OBS-

JET network is illustrated below in Figure 6.10.
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Figure 6. 10 Model for OBS-JET networks
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The traffic model is evaluated based on the Poisson distribution, this is because the CB
arrival process can be presumed to initiate a Poisson process with mean arrival rate (X))
per time slot. Therefore, the Poisson distributed mean rate can be expressed as follows:

N, n<0

M= - s @] s o (©3)

Where f(a) represents the probability distribution of the offset time P(a) fora=0, 1, 2,
3, .... Equation 6.3 is justified based on a fact that a CB arrives a slot 0, then the probability
that the arrived control burst will request () a time slot # is P(n), meaning that the total
number of requests from slot 0 to slot n can be represented by X P(n). Basically, this
means the number of arrivals in any slot n for a reference control burst is the summation
of all potential requests (X) subtracting any future request to be made between time slot

1 to n.

To determine the state of the wavelength channel (whether occupied or not), a Markov

chain is used in which the data burst duration is assumed to have a geometric distribution
g(b) =q (1—q)?, where B is the mean and q = % . Therefore, to model for single
wavelength channel, S is chosen to represent the state of the of the wavelength in any
slot n. Noting that if the wavelength channel is occupied then S = 1, and if not occu-
pied S = 0. Arrivals to one wavelength channel are represented by a, which is given
by a = / > Where M represents all wavelength channels on a link, and each wavelength

channel can be represented as a non-homogeneous Markov chain with transitional proba-

bility matrix Q™.

PGy Pgy
QM = l ' ' 6.4
P1T,lo Plr,ll ( )

Whereby the transitional probabilities inside the matrix Q™ are given as follows:
P =P (S =jIS™ =) i,j=0,1 (6.5)

To determine the number of reserved channels on a link output, Z(™ is used to represent
reserved channels in any slot n, therefore Z M =0, 1, 2, ...M. Likewise, the output link
can also be modelled as a non-homogeneous Markov chain with transitional probability

matrix X™,
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X(Tl) = x1,0 xl_l - xl'M

Xmo Miga - Xum
Whereby the transitional probabilities inside the matrix X ™ are given as follows:
XY =P +jlz™=1)  i=012..M (6.6)
Otherwise, the stationary probability for Z(™ is given as follows:
1T = (I, 1y, ..ITy)
Where /1 can be solve using equation 6.7:
o = Yox;. 10, 0<j<N (6.7)

Using the mentioned parameters, then the probability of blocking can be calculated to a
more suitable approximation because all variables for an OBS-JET network are consid-
ered in the analysis. Therefore, to calculate a blocking probability of a burst, a reference
data burst with duration b slots is considered, offset time a slots, and wavelength state for

all slotsn = a, a+1,...a + b — 1. Furthermore let the probability of Z ™M be:
v = p(z™ = 2) z2=0,1,2,..M (6.8)

Then let Ty (a, b) represent the probability initially at state s in time slot a, then S™ will
remain at state s for the duration of time slot b. Therefore, the blocking probability of a

DB with offset time a and duration size b can be expressed as equation 6.9.
BP(a,b) = 1= To(a, b) T4 V. (6.9)
Where Vz(a) can be solved as:
v = mxox® . x@-2x@D (6.10)

Where X (@~D represents the Z" matrix X (*~1), Basically the equation in 6.9 for the block-
ing probability of a DB implies that the probability that a reservation request is accepted
is equal to the probability that one or more wavelength channels are unused at the time
the DB arrives and will further remain unused for the time period of the DB length or
longer. The probability that the wavelength will remain free for the whole duration of DB

length can be represented as follows:

To(a,b) = QP . B{g*?™
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To(a, b) = e~a(a+) p—a(a+2) ,-a(a+b-1)

(6.11)

Noting that if the burst offset time constitute a uniform distribution, therefore equation

6.3 can be re-written as:

n, for n<0
= 4 [1—1+;max], for0<n< Apax
0, forn > A, ux

Where, A4 18 the maximum offset duration.

6.6.2 Model Proof of Concept and Performance Evaluation

(6.12)

Performance evaluation of the model for the probability of blocking in OBS-JET networks

is analyzed for different burst offset size a and different burst duration size b. Assuming

a maximum burst offset time (A4,,4,) of 180 us, burst duration b = 81920 bits and slot size

B = 20480 bits, and the data channel bandwidth is 2 377 728 000 bps. Therefore, the slot

size B (in seconds) = 8.6 us, and the burst duration b (in seconds) = 34.4 us. The blocking

probability is evaluated based on the mentioned parameters and Figure 6.11 shows the

corresponding results with different offset time a for the analytical model approximation.
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Figure 6. 11 Effects of the offset size (a) on OBS-JET networks
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What can be observed in figure 6.11 is that if the offset time increases, the blocking prob-
ability reduces which implies that BP (0.2 A;qx) > BP (0.5 Ajax) > BP (Ajay)- This
is an acceptable trend because the larger the offset time implies that the requested interval
becomes even further away, hence less number of requests will overlap with each other,
but noting that if the offset time becomes too large that can negatively impact on the la-
tency requirements. Finally, it can also be observed that the probability of blocking in-

creases proportional to the traffic intensity.
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Figure 6. 12 Effects of the burst length on OBS-JET networks

Figure 6.12 shows the results with different burst length or size, b; = 20480 bits which is
equivalent to 34.4 ps, and b, =122880 bits which is equivalent to 51.7 pus, while the offset
time is constant at 0.54,,,, = 90us and the slot size f =5120 bits which is equivalent to
2.2ps. It can be observed in Figure 6.12 that the blocking probability decreases if the burst
size decreases. This is no surprise because the burst duration b affects the probability that
the wavelength scheduler will successfully locate a wide enough gap on the wavelength
channel to fit the incoming burst, hence the bigger the burst size, the less chance of locat-

ing a suitable gap, resulting in a higher blocking probability because of a larger value of

b.
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6.7 Evaluation of Elastic Optical Transport Network

As mentioned in chapter 4, elastic optical transport networks play a significant role in
achieving and maintaining energy efficiency of the entire network as compared to other
traditional fixed-grid approaches. The architecture in Figure 4.8 represents the building
blocks of an elastic network, and Figure 6.6 represents an elastic design of the entire net-
work in modern networks. Furthermore, algorithm 2 represents physical layer impairment
aware routing. Therefore, to evaluate the efficacy of the PLI-aware RWA in elastic net-
works a blocking probability is compared for traditional RWA in WDM networks against
PLI-aware RWA in elastic networks. This is represented in Figure 6.13. It should be noted
that in this scenario, a network topology with 14 nodes is used. This network comprises
of 22 bidirectional fiber links between nodes. Following algorithm 2 and assuming the
entire network uses a SMF consisting of an attenuation constant a =0.25 dB per km, fiber
dispersion D =11.9 ps/nm/km, and non-linearity constant y = 1.49 W/km. Finally, 38

wavelength channels per link are assumed.
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Figure 6. 13 The blocking probability of PLI-aware RWA vs traditional RWA

From the comparison in Figure 6.13, it can be observed that the blocking probability of
PLI-aware RWA is much lower than traditional RWA, this is no surprise because the PLI-
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aware RWA considers physical layer impairments on each light path. Furthermore, An

EON based on OFDM is compared with various networks operation approaches such as

SLR (10G/40G/100G) and MLR as illustrated in Figure 6.14.
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Figure 6. 14 The blocking probability comparison between various network approaches

The comparison in Figure 6.14 shows that the elastic or flexible optical transport network
has comparably the lowest service blocking than other network operations (SLR
10G/40G/100G and MLR). Elastic optical transport network is clearly outperforming all
other network operations, this is due to its ability to adjust and adapt to the actual de-

manded transmission rate hence being more energy efficient than other network opera-

tions.
6.8 Summary Chapter Conclusions
In this chapter, we discussed the desirable design and operational features for transport
networks, which include architectural design and operation towards energy efficiency. We
also mitigate approaches towards achieving an elasticity in the architecture based on
which a framework for an advanced network approach that can efficiently process a large
amount of data in the fastest time possible is presented. It is termed herein as a joint all

photonic and wireless transport network architecture. The architecture is demonstrated in
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its capabilities of servicing high-capacity mobile backhaul and front-haul traffic, as well
as real-time services support. Both candidate routing switching methods in the network
are also explored. At the routing level, the work proposes a PLI-aware based RWA al-
gorithm in the optical sections of the joint network, coupled with load-aware sleep-mode
operation in the wireless sections. OBS is explored as a candidate solution switching
paradigm in the core network. We opted for an elasticity in allocation in the overall

optical transport network at the resource allocation level.
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7. Conclusion and Future Work

In this work, we investigated energy-efficient approaches for both optical and wireless
transport networks. The focus is mainly on architectural design and resource allocation.
We explored elastic OTNs in view of achieving energy efficiency in their operation, It
was ascertained that in this regard, they outperform their non-elastic equivalents. We also
discussed the incorporation of SDN/NFV in future generation network deployments.
SDN/NFV will indeed improve network management and control and at the same time
minimize OPEX and CAPEX expenditures. Physical impairments hamper overall optical
network performance in that they decrease overall optical transmission reach, and this
prompted us to also mitigate appropriate regenerator placement approaches that would
balance between overall transmission reach versus energy efficiency. We ultimately pro-
posed an energy-efficient regenerator placement strategy based on OSNR, which thrives
in keeping the number of regenerator nodes and OPEX thereof to a minimum whilst at the
same time maintaining acceptable QoT levels. We further discussed the desirable design
and operational features for transport networks, which include architectural design and
operation towards energy efficiency. We also mitigate approaches towards achieving elas-
ticity in the architecture on the basis of which a framework for an advanced network ap-
proach that can efficiently process a large amount of data in the fastest time possible is
presented. It is termed herein as a joint all photonic and wireless transport network archi-
tecture. The architecture is demonstrated in its capabilities of servicing high-capacity mo-
bile backhaul and front-haul traffic, as well as real-time services support. Both candidate
routing and switching methods in the network are also explored. At the routing level, the
work proposes a PLI-aware based RWA algorithm in the optical sections of the joint
network, coupled with load-aware sleep-mode operation in the wireless sections. OBS is
explored as a candidate solution switching paradigm in the core network. At the resource
allocation level, we opted for elasticity in allocation in the overall optical transport net-

work.

In the future, we will explore ways of enhancing scalability in all photonic networks by
introducing optical cell switching (OCS). This is because currently all active wavelengths
are assumed to be switched independently as we route data across the network. We will
further investigate synchronization issues in OCS. Recall that OCS essentially divides
time into fixed-size slots and then bundles several wavelengths in a single slot. Synchro-
nization issues arise at the switching nodes. Thus we will explore both the aligned versus
non-aligned operations of OCS in regards to synchronization at the switching nodes.
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