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Abstract

With the advent of real-time high bandwidth multimedia services, enhancing
guality of service (QoS) in communication networks has been the prime focus of
researchers. With environmental awareness becoming a global concern, the
need to have energy efficiency in communication networks has intensified.
Moreover, as the network size and the number of users increase, the
introduction of energy efficient networks has become essential. Very little work
has been carried out so far in vehicular communication networks for energy
efficiency, even though their size and the number of users is equivalent to that
of the cellular network. Provisioning multimedia services in vehicular networks
is challenging due to the dynamic nature of the environment in which they
operate. Analysing the performance of such systems from both QoS and energy
perspectives redefines the problem. Therefore, there is a need to introduce
systems which not only maintain QoS in these environments, but also save
significant amounts of energy. Vehicular networks comprise intelligent vehicles
fitted with an on-board unit (OBU) with wireless communication, sensing, and
computing capabilities, in addition to fixed resources. Vehicular communication
will play a key role in providing safety, security, and entertainment for drivers,

passengers, and pedestrians in futuristic “smatrt cities.”



This thesis studies the performance of city vehicular communication systems in
terms of QoS and energy consumption. Initially, a city vehicular mobility
simulator based on a 3x3 km? Manhattan grid is developed which includes
important traffic characteristics in a typical city such as vehicular flow and
speed. Next, a vehicular ad hoc network (VANET) comprising three routing
protocols, namely multihop (MH) routing, position based routing with most
forward within radius (PRMFR), and position based routing with nearest forward
progress (PRNFP), is developed in this environment. The performance of the
aforementioned routing protocols is evaluated in terms of QoS. Additionally, two
energy efficient routing protocols are proposed, namely single cluster-head
(SCH) and double cluster-head (DCH) based routing. The performance of the
SCH and DCH routing protocols from both QoS and energy perspectives is
evaluated and compared with that of the MH routing, store-carry and forward
(SCF) routing, and two pure vehicle-to-roadside (V2R) routing approaches.
Moreover, an energy efficient content distribution network (CDN) for this
environment is proposed. A mixed integer linear programming (MILP) model
that optimises the number and locations of Wi-Fi enabled caching points (CPs)
and cellular basestations (BSs) is developed, with the objective of minimising
the total network power consumption while serving the total traffic at each hour
of the day. The performance of the proposed energy efficient CDN under
different scenarios and different power management mechanisms in terms of
both QoS and power efficiency is evaluated. Since there is no mechanism in the

MILP model to switch a CP, once installed, into low power state, an analytical

iv



gueuing model is developed for the CP, where the CP sleeps (takes vacations)

during its inactivity periods to save energy while maintaining the required QoS.
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1 INTRODUCTION

Nowadays, transportation systems are considered to be an essential element in
our daily lives. The high demand placed on transportation systems, resulting in
considerable growth in car manufacturing and ownership, has led to delays,
traffic jams, and accidents. This does not only cause wastage of energy
resources and a reduction in productivity, but also causes deaths [1]. The quest
to achieve an efficient, secure, and safe transportation system, in addition to
utilising specialised applications for drivers and passengers using existing

technologies, has led to significant challenges [2-4].

The rapid development in technology, coupled with the state-of-the art
electronic devices, has enhanced the way we live and communicate, leading to
intelligent transportation systems. The use of wireless communications in
vehicles emerged in the 1980s [5] and was followed by technologies and
applications drafted by a number of IEEE organisations and intelligent
transportation system (ITS) committees [6]. These advances in electronic
devices and applications, in addition to the gradual deployment of wireless
technologies in vehicles that is witnessed today, contribute towards efficient and

safer road networks.
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A vehicular network is a wireless communication network which manages and
connects intelligent vehicles (nodes) to one another and to the fixed
infrastructure. An Intelligent vehicle is fitted with an on-board unit (OBU) with
wireless communication and computing capabilities, in addition to a global
positioning system (GPS) device, allowing the vehicle to follow its spatial and
temporal trajectory [7]. Intelligent vehicles might also possess pre-stored digital
maps and sensors used to report accidents. These vehicles are a key part of
ITS [8], as they have two key goals: enhancing safety and reducing congestion.
Vehicular networks use three main network architectures: vehicle-to-vehicle
(V2V) network architectures which are infrastructure-less networks (ad-hoc),
vehicle-to-roadside (V2R) network architectures which are infrastructure-based
networks, and hybrid network architectures, which are a combination of V2V
and V2R architectures [9]. Applications from which intelligent vehicles can
benefit are categorised as either safety or non-safety related (such as

infotainment).

Vehicular communication is seen as a key future technology in intelligent
transportation systems. Since at present the market penetration ratio (MPR) of
vehicular communications is very low compared to existing mobile
communications, there is significant potential in terms of development and
deployment. This allows system designers to build on existing technologies and
establish new methods to support safety and non-safety related applications for

vehicular networks. Due to the mobility of vehicles in such networks,
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maintaining quality of service (QoS) for real time applications is challenging.
Furthermore, due to the increase in the carbon footprint levels of information
and communication technology (ICT) networks, energy efficiency in such
networks including vehicular networks has recently attracted researchers’

interest [10-13].

In V2V or inter-vehicle communication (IVC) networks, vehicles that are
equipped with the appropriate OBUs and are within each other radio range can
form a vehicular ad hoc network (VANET) [4,7]. Data packets can be
transmitted in VANETSs in a single-hop or multihop manner. In the case of the
former, the packets are transmitted from the source vehicle to all its one-hop
neighbours, whereas in the latter instance, data packets can be exchanged
between intermediate vehicles to achieve better connectivity. Hence, routing
protocols are very important in V2V networks in order to successfully deliver

packets, and to maintain and enhance network connectivity.

Due to the range of possible hybrid network architectures and nodes’ mobility,
the design of an efficient routing protocol for VANETs is crucial. The main
requirement of all routing protocols is to achieve minimal message delivery time
with minimum consumption of network resources [14]. Flooding based routing
or multihop routing is extremely useful in areas that lack infrastructure, as
intermediate vehicles can relay packets to out-of-range vehicles/destinations.
Moreover, in the case of a hybrid network architecture, extending the range of a

roadside unit (RSU) or basestation (BS) can also be achieved by MH routing,
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as intermediate vehicles can relay packets to/from an out of range RSU.
Furthermore, geographic-based routing protocols are also utilised in vehicular
networks as they take advantage of the geographic location of nodes instead of
topological data connectivity. These protocols utilise information about the
geographic position (coordinates) of certain nodes to establish efficient routes
[15]. It is demonstrated in [15,16] that geographic-based routing protocols
reduce flooding; however, this is achieved at the cost of a higher end-to-end

delay.

As the focus on global warming increases, the growth in ICT networks has
caused concerns due to their continuously expanding carbon footprints. The
total carbon footprint of the ICT sector in 2007 was estimated to be 2% of global
carbon emissions, with a predicted 6% annual increase until 2020 [17]. Energy
efficiency in vehicular networks has also gained interest recently [10-13], [18-
20]. Since almost 80% of the power is consumed by the BS’s hardware and
accessories in centralised networks [21], new approaches to energy efficiency
have been developed including energy aware BS deployment strategies [22],
which include installing fewer BSs efficiently, switching off as many as possible
or utilising BSs with lower power consumption. However, maintaining a certain
QoS level with such deployment strategies is challenging. According to [23], a
third generation (3G) BS consumes 500 W and it is shown in [18] that nine BSs
are needed to cover a typical city area of 3 x 3 km?, which would equate to a

total of 9 x 500 = 4.5 kW. Additionally, the maximum number of vehicles in the
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same area is around 500 during peak hours, and each radio-enabled vehicle
typically consumes around 10 W [24] for transmission. Hence, the total
transmission power consumption of the vehicles is approximately 5 kW. This
results in a total power consumption of 9.5 kW in a typical city. Hence, with the
increased use of road networks it is very important to introduce energy

efficiency in vehicular networks, both in the RSUs and in vehicular transceivers.

The implementation of an actual prototype vehicular network is very costly, in
addition to the associated high complexity. Hence, researchers have developed
simulation tools to evaluate these networks. Simulation tools dedicated to this
purpose usually incorporate real network characteristics such as measured
vehicular mobility (e.g. flow, speed, and density) and channel characteristics in
different environments. Additionally, different mobility models such as the
Manhattan model [25] or random way point model [26] are also available in
conjunction with these simulation tools. All these models, characteristics and
measurements help evaluate the performance of different communication
protocols in an efficient and accurate manner in a vehicular communications
environment. Furthermore, analytical models exist for network optimisation and
design and can offer upper and lower bounds and independent results for

verification.

Due to the current overwhelming interest in media-rich files, content distribution
networks (CDNSs) have also drawn considerable attention. For example, Internet

protocol TV (IPTV), video-on-demand (VoD) and catch-up TV (CuTV) are
5
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among the services offered by these CDNs [27,28]. Such services demand high
bandwidth for transmission and large storage capacity for audio and video files.
According to [29], more than 91% of global IP traffic is going to be in the form of
video by 2014, with an annual growth of 33%. These growing figures, coupled
with a desire to download media-rich content (multimedia files) in vehicles,
aggravate the problem of providing the required QoS in such a dynamic
environment, while saving energy. To provide energy efficient, and reliable
content download services at different times and locations in a V2R network,
the number of RSUs and their locations should be optimised with the objective
of minimising energy consumption, while attaining certain levels of QoS. Mixed
integer linear programming (MILP) is an efficient tool that can be used to
optimise the number and locations of network components in a communication

network.

The abovementioned reasons motivate this study, which aims to analyse
vehicular networks in a city environment. In order to conduct the analysis, a city
vehicular simulator has been developed which includes key traffic
characteristics such as flow, speed control, and choice of direction.
Furthermore, a VANET comprising three routing protocols, namely multihop
routing (MH), position based routing with most forward within radius (PRMFR),
and position based routing with nearest forward progress (PRNFP), has been

developed [15,16]. The performance of these VANETs under different routing
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protocols has been evaluated in terms of QoS for varying vehicular load.
Moreover, new energy efficient routing protocols have been developed, namely
single cluster-head (SCH) routing and double cluster head (DCH) routing, and
utilised in a hybrid vehicular network [18,19,24]. The performance of these
routing protocols in terms of QoS and energy efficiency has been evaluated and
compared in a hybrid city vehicular network. The performance was also
compared with two pure V2R networks considering realistic channel
characteristics. Next, a power efficient Wi-Fi-based CDN for a city vehicular
scenario has been proposed to study the feasibility of content distribution using
these vehicular networks. The performance of the proposed CDN in terms of
energy efficiency and QoS was compared to that of a traditional cellular
network. MILP models which optimise the number and locations of the required
caching points (CPs) and BSs in the city environment have been developed
with the objective of minimising the total network power consumption while
serving the total traffic throughout the day. A heuristic which mimics the
behaviour of the MILP model has also been developed to validate the analytical
results. Moreover an algorithm, namely vehicular content download algorithm
(VCDA), has been developed to study the impact of vehicles’” mobility on the
performance of the network. Finally, a sleep cycle mechanism is introduced in

the optimised CPs to save more energy while fulfilling the required QoS.

1.1 Research Objectives

The research objectives of this thesis were:
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To study the topology and characteristics of a realistic city vehicular
communications environment so that an accurate vehicular simulator for
such an environment, able to capture these dynamics, can be
developed.

To introduce and evaluate the performance of a number of routing
protocols under the city vehicular communications scenario.

To evaluate the energy efficiency of these protocols and improve the
performance of the system by implementing energy efficient routing
protocols.

To investigate the feasibility of vehicular network based content
distribution and minimise the power consumption of such a network.

To introduce sleep cycles to the vehicular communications network to

save energy while maintaining the required QoS.

1.2 Research Contributions

The author in this thesis has:

1. Studied vehicular traffic measurements of a typical city environment such

as speed, acceleration, deceleration, and inter-vehicle spacing and
developed an accurate city vehicular simulator based on a 3 x 3 km?
Manhattan grid which captures the mobility and dynamics of vehicular

motion.
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2. Developed two new routing protocols, namely PRMFR, and PRNFP for
the vehicular ad hoc network. Analysed the performance of the
aforementioned routing protocols in terms of QoS for varying vehicular
load in a city environment. Studied the impact of greedy nodes on the
system which helps evaluate the performance of these protocols.

3. Presented mathematical models for wireless channel and energy
efficiency for centralised and hybrid city communication scenarios.
Developed two energy efficient routing protocols, namely SCH and DCH
routing. Compared the performance of two pure V2R communication
scenarios with a hybrid communication scenario under SCH, DCH, MH,
and store-carry and forward (SCF) routing protocols in terms of QoS and
energy efficiency.

4. Studied the performance of a CDN in a city vehicular environment in
terms of energy efficiency and QoS. This involved:

a. Studying vehicular mobility in a typical city based on vehicular
measurements conducted in the city of Saskatoon in Canada by
the transportation branch of the infrastructure services department
[30] and scaled it to a maximum of 500 vehicles in an hour which
was a reasonable quantity to evaluate the performance of such a
network. As a result developed a vehicular simulator that
generates traffic at different locations in the city at each hour of
the day based on the statistical analysis carried out on the real

vehicular data mentioned above.
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b. Developing a MILP model to optimise the number and location of
CPs in a Wi-Fi based CDN with the objective of minimising the
total network power consumption while serving the total traffic
generated by vehicles. The traffic generated by vehicles in the
simulator is used as an input to the MILP models.

c. Developing a MILP model for the cellular network under two
conditions (highly dense and lightly dense) that optimises the
number and locations of BSs with the objective of minimising the
total network power consumption.

d. Validating the developed MILP models through simulations and by
developing independent heuristics that mimic the behaviour of the
models in switching the optimum CPs/BSs ON.

e. Studying the impact of vehicular mobility on content downloading
by developing an algorithm for content download in vehicular
networks, namely vehicular content download algorithm (VCDA).
The work was extended by employing different power
management schemes in the CPs with additional studies that
evaluate the impact of varying the portion of the total BS capacity
allocated for vehicular applications.

f. Evaluating and comparing the performance of all scenarios/setups
in terms of total network power consumption, number of active
CPs/BSs, average piece delay and average content delay at each

hour of the day.
10
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5. Developing an analytical queuing model for the Wi-Fi CPs within the
CDN where each CP takes vacations (switch to sleep mode) to save
energy during its inactivity period. Each CP with a wireless link to
vehicles is modelled as a single server queue (M/det-Neg/1/~). The
performance of the system was evaluated in terms of energy savings,
average queue size, average piece delay, and average content delay.
The performance results of the system are verified with simulations with
respect to varying vehicular load according to real vehicular traffic

profiles.

These contributions are supported by the following publications:

1. Hamdi Idjmayyel, Bilal R. Qazi and Jaafar M. H. Elmirghani, “Energy
Efficient Double Cluster Head Routing Scheme in a City Vehicular
Network,” in the 27th International Conference on Advanced Information
Networking and Applications Workshops (WAINA),25-28 March, 2013.

2. Hamdi Idjmayyel, Wanod Kumar, Bilal R. Qazi and Jaafar M. H.
Elmirghani, “Energy and QoS — A new perspective in a city vehicular
communication network,” in the IEEE Globecom 2011 Workshops, 5-9
December, 2011.

3. Hamdi Idjmayyel, Wanod Kumar, Bilal R. Qazi and Jaafar M. H.
Elmirghani, “Saving energy with QoS for vehicular communication,” in
the 8th International Conference on Wireless and Optical

Communications Networks (WOCN), 24-26 May, 2011.
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4. Hamdi Idjmayyel, Bilal R. Qazi and Jaafar M. H. Elmirghani, “A
geographic based routing scheme for VANETS,” in the 7th International
Conference on Wireless and Optical Communications Networks
(WOCN), 6-8 September, 2010.

5. Hamdi Idjmayyel, Bilal R. Qazi and Jaafar M. H. Elmirghani, “Position
Based Routing Protocol for a City Environment,” in the 4th International
Conference on Next Generation Mobile Applications, Services and

Technologies (NGMAST), 27-29 July, 2010.

1.3 Thesis Outline

Following the introduction, the thesis is organised as flows:

Chapter 2 summarises vehicular network applications, architectures,
technologies, standards, and environments. The chapter also presents an
overview of routing protocols, energy efficiency, content caching and

distribution, queuing theory modelling and MILP for vehicular networks.

Chapter 3 details the design and implementation of a V2V communication
network (VANET) including traffic generation and QoS parameters calculation.
The chapter also describes the MH routing protocol, PRMFR, and PRNFP
along with their simulator designs. The performance of the aforementioned

routing protocols is evaluated in terms of QoS parameters.

12
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Chapter 4 presents the SCH, DCH, and SCF routing protocols and their
simulation implementation. This chapter also describes two pure V2R
communication scenarios in addition to a hybrid communication scenario
comprising the proposed routing protocols. Furthermore, physical channel
modelling and energy modelling for both networks are detailed. The system

performance is evaluated in terms of QoS and energy.

Chapter 5 presents a MILP model that optimises the number and locations of
CPs and BSs in a city vehicular environment. The proposed scenario is
described, the chapter develops the optimisation models, uses the vehicular
traffic profiles and introduces the concept of virtual traffic points (TPs) which is
utilised for optimisation. This chapter also details the heuristics for the CDN and

the cellular network.

Chapter 6 Introduces the VCDA along with its simulation implementation.
Different power management schemes are also studied to save energy at CPs.
The impact of varying BSs’ resources allocated for vehicular communications is
analysed. The performance of both (CDN and cellular) setups is evaluated in
terms of QoS and energy for varying vehicular load and compared with that of

the MILP models.

Chapter 7 proposes a detailed queuing model for the Wi-Fi CPs within the
CDN, where each CP takes vacations (switches to sleep mode) to save energy

during its inactivity periods. The performance of the system is evaluated in

13
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terms of QoS and energy savings and the results are verified through

simulations.

Chapter 8 summarises the major contributions of this thesis and highlights the

recommendations for future investigations.
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2 Vehicular Communication

Networks

2.1 Introduction

This chapter presents a summary of vehicular network applications,
architectures, technologies, standards, and environments. The chapter also
provides an overview, in the context of vehicular networks, of routing protocols,
energy efficiency, content caching and distribution, queuing theory models, and

MILP.

2.2 Vehicular Networks: An Overview

The rapid growth in the number of vehicles and the need to develop and deploy
safety and non-safety (infotainment) related applications envisaged through
vehicular networks have recently become the main drivers for research in this
area. Due to this growth, the size of vehicular networks will be arguably
equivalent, if not larger than that of the traditional cellular network [31].
Therefore, the incumbent cellular networks may not be able to cope with the
demands of vehicular users. Hence a distinct setup is required which can

support safety-related applications but also fulfil the ever-growing demand for
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multimedia services while on the move. An intelligent vehicle within a vehicular
network, is typically fitted with an OBU with wireless communication and
computing capabilities, in addition to a GPS device allowing the vehicle to follow
its spatial and temporal trajectory [7]. Intelligent vehicles might also have pre-
stored digital maps and sensors that can be used to report accidents. Intelligent
vehicles are a key part of ITS [8], where they share the goal of both enhancing
safety and reducing congestion. Applications that intelligent vehicles can benefit
from are categorised as either safety- or non-safety related applications
(Infotainment). Collision avoidance and cooperative driving are among the
safety-related applications [32,33], whereas internet access [34], multimedia
streaming and gaming are examples of non-safety related applications. Other
applications, such as toll services, parking, and travel information can also be
offered by intelligent vehicles. V2V or IVC systems can be used for direct
information exchange between vehicles; however, they do not offer access to

external online resources, including the Internet [7].

Generally, cost and performance tradeoffs in a given environment are among
the main factors that influence the design and implementation of any
communication system. Urban areas demand wide deployment of the wireless
infrastructure as the main goal is to provide high bandwidth and ubiquitous
connectivity. On the other hand, infrastructure-less V2V communication can
provide services where the roadside communications infrastructure is not

available or is scarce for example in rural and sparsely populated areas. The
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different nature of each of the aforementioned environments may lead to
different network architectures being deployed, where utilising several wireless
technologies in a certain environment is also a viable option. For example,
cellular services are common in urban areas as they offer very good coverage,
in addition to the Wi-Fi-based services that are highly popular at hot spots such

as shopping centres and airports for high bandwidth applications [7].

2.3 Challenges of Vehicular Networks

Vehicular networks pose many challenges in terms developing designs that
offer robustness, reliability and low delay. Some of the common challenges

associated with vehicular networks are discussed, here.

e High mobility

Catering for high mobility is the most fundamental challenge in vehicular
networks. Vehicles usually move at high speeds, which results in a frequent
change in the network topology and hence network partitioning [35].

e Lack of centralised management entity

Vehicular ad hoc networks operate without the presence of a centralised entity
to coordinate and manage the transmissions over the shared medium. This
leads to inefficient access to the channel, and as a result collisions between

unsynchronised packets are highly probable [36].
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e Transmission power

Transmission power should be managed well in order to increase the
throughput. Node density is an important factor when controlling the
transmission power; if the density of nodes is low, the power should be
increased so that messages are able to reach their destinations. In contrast, the
transmission power should be decreased in high density environments to

reduce the effect of interference and minimise channel congestion [37].
¢ Radio channel characteristics

Initiating wireless communication in a harsh environment such as the vehicular
environment is a challenging task. Multipath propagation due to physical
obstacles is one of the issues which results in degrading the strength and
quality of the received signal. Moreover, fading might also be experienced due
to the mobility of the surrounding objects and the movement of the
sender/receiver themselves [36]. However, increasing the transmission power

may help minimise the effect of fading.

2.4 Vehicular Network Applications

The emergence of robust wireless technologies, smart devices and sensors has
contributed to the significant growth in vehicular network applications. These
applications can be classified as safety or non-safety related applications and
are installed on vehicles’ OBUs and on RSUs. Due to the time sensitivity of

safety information, safety-related messages have priority over non-safety
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related messages. In [38], the authors divided safety information into two
categories: event-driven and periodic-based information. The former type of
information was offered the highest priority, where such information is
generated and disseminated by the vehicles involved in an accident. This type
of information is to be delivered to vehicles driving towards the area of the
accident. In contrast, the latter type of information is disseminated by vehicles
to provide status updates (e.g., velocity, direction and acceleration) to
neighbouring vehicles and is broadcasted at specific intervals as a
precautionary approach. Furthermore, RSUs deployed at intersections can also
disseminate periodic information to vehicles, such as intersection conditions.
The non-safety related applications aim to provide value added applications to
passengers, such as transportation management, infotainment and music
download to mention just a few. However, they have a lower priority than the

safety-related applications, hence can tolerate higher delay.

2.4.1 Safety related applications

The most important goal of the safety-related applications in vehicular networks
is to enhance the safety of passengers and pedestrians as well as the overall
safety of the transportation infrastructure [4]. As mentioned earlier, safety-
related data must be conveyed to the desired receivers within a certain time
limit in order to take full advantage of the data. The vehicle safety
communication (VSC) project proposed 34 applications under the safety-related

category, which were carefully analysed in order to determine the possible
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advantages of such applications [39,40]. The VSC rated these safety
applications based on certain criteria [4]. For example, the applications were
categorised based on their timely relevance for their commercial deployment.
Another criterion worth mentioning is the efficiency of these applications in
terms of preventing crashes. S