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ABSTRACT

The focus of this dissertation is to present novel algorithms and techniques in
wireless network systems aiming at performance optimisation. This thesis provides
contribution to knowledge on the following topics: (a) sum rate maximisation of two
interfering users in an Orthogonal Frequency Division Multiple Access (OFDMA)-
based cooperative base stations and (b) event-region detection in Wireless Sensor
Networks (WSNs).

The first area of work makes contribution on problem of maximising the sum rate
of two interfering users, while limiting the received interference at each user. An
OFDMA-based system operating in downlink is considered. Comparisons between
achieved average spectral efficiency of proposed interference power constraint re-
source allocation scheme as opposed to achieved average spectral efficiency by non-
cooperative Time Division Multiple Access (TDMA) method is provided to prove
that the proposed cooperative Base Stations (BSs) scheme outperforms non-cooperative
TDMA.

The second area of work makes contribution on problem of event region and event
boundary detection in WSNs. A new method for classifying randomly deployed
sensor nodes over an area of interest into distinctive categories is provided. In this
work, a network of spatially distributed and wirelessly connected sensor nodes com-
missioned to detect two different phenomena, occurring in distant parts of an area of
interest, is considered. Analysis on correlation between statistical attributes of re-
ceived signal distribution at each node and the node’s regional position with respect
to two events is provided. Simulation results proves that each node can acknowledge
its regional position based only on the statistical attributes of its own environmental
readings. This is a promising approach because if only the nodes placed in the close-
by region of each phenomena report back their reading to the Base Station (BS),
as opposed to transmitting entire readings from all nodes, the required bandwidth
reduces to be proportional to the size of that event-region only.
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Chapter 1

Introduction



The past decade has witnessed an enormous growth of the use of wireless net-
works, moved by the rapid advancement of portable computing, communication
and embedded devices. In addition to this trend, other revolutionary advance-
ments in the wireless communication technologies have enabled the realisation
of a wide range of heterogenous wireless systems such as cellular networks, wire-
less local area networks, wireless sensor networks, etc. The substantial impact of
wireless communication systems on modern society along with their significant
advancements and rapid growth is opening up various technical and scientific
challenges further inspiring the researchers to contemplate many new scenarios
such as wireless regional area networks, disaster area wireless networks, vehicular
ad hoc networks, next generation digital home networks, cognitive and cooper-
ative networking, etc. However, as wireless networks continue impacting and
enhancing our lives, it is severely constrained by limited resources, in terms of
time, bandwidth, and power. Smart allocation of network resources, based on
the specific network applications, can have extreme effect on the performance
enhancement of wireless network systems. In fact, resource allocation for wireless
networks is the process of determining how a set of network resources are ex-
ploited and based on different network scenarios, smart resource allocation leads
to optimisation of different performance objectives. This thesis makes contribu-
tions on optimisation algorithms and methods around specific network scenarios.

Chapter 2 of this thesis discusses the current literature already carried out by



other researchers in the field.

Chapter 3 of this thesis provides an analysis on the problem of maximising the
sum rate of two interfering users, while limiting the received interference at
each user, in an OFDMA-based system operating in downlink. The result of
this work shows that in a cooperative two cell scenario, for each particular user
(located in the edge of the cooperative cell and within the area common with
the neighbouring cell), it is possible to incorporate the dominant interference
effects of the neighbouring cells within the received noise level. In this chapter, a
scenario where two cooperative cellular systems operate in the same band is in-
vestigated. Firstly, a scenario where each users having only two sub-channels, to
communicate, is considered. Then, this approach is extended to a N sub-channel
scenario. The results show that proposed cooperative BSs scheme outperforms
non-cooperative TDMA case and it can achieve enhanced levels of efficiency by
allocating resources more intelligently.

In the Chapter 4 of this thesis, an algorithm is developed for classifying ran-
domly deployed sensor nodes over an area of interest into distinctive categories.
In this work a network of spatially distributed and wirelessly connected sensor
nodes, monitoring an area of interest is investigated, this network is commis-
sioned to detect two different phenomena occurring in distant parts of the area.
Analysis on correlation between statistical attributes of received signal distribu-

tion at each node and the node’s regional position with respect to two events is
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provided. In general, the required bandwidth to transmit entire readings from
all nodes to the BS for further processing is proportional to the size of the entire
network. However, if only the nodes placed in the close-by region of each phe-
nomenon report back their readings to the base station, the required bandwidth
reduces to be proportional to the size of that event-region only. With bandwidth
being a major resource constraint in WSN systems, as it is in any other wireless
communication systems, the latter is a more promising approach for smart use
of the network resources.

The introduction chapter provides a background overview on the mentioned top-

ics and also points out the structure of this thesis.

1.1 Resource Allocation in OFDMA System

The growing demand for wireless network services and the desire to maintain
connectivity constantly and on the move, along with various constraints in radio
resources offer significant challenges to provisioning Quality of Service (QoS).
Therefore, allocating and utilising resources efficiently and effectively is critical
in design of wireless network system [5]. A dominant method to efficiently al-
locate and manage channel resources is to share them. The more shared they
are the better it is, as long as connection quality is not diminished. Among var-
ious techniques for increasing data rate, resource allocation approaches not only

provide higher data rates but also enable the system to guarantee the QoS re-
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quirements of various services. However, the major cost of sharing radio channels
is the unwanted (co-channel) interference generated during the sharing process.
Different sharing (multiple access) techniques have different impacts. Beside the
(co-channel) interference, wireless networks suffer also from cross-channel in-
terference resulting from imperfect technology, doppler shift and multi-paths
propagation [6]. To overcome this challenge, inter-cell interference is mitigated
by separating co-channel cells, in the case of narrowband systems, or by spec-
tral spreading in the case of Code Division Multiple Access (CDMA). If the
BSs collaborate in detecting the signals they receive, the inter-cell interference
represents additional detection dimensionality. This motivates the advent of co-
operating base stations which makes use of spectrum flexibly, efficiently and
reliably [7,8|. Chapter 3 of this thesis provides a thorough analysis for an opti-
mal power allocation scheme in OFDMA-Based system with cooperative BSs by
limiting interference, and discusses the performance enhancement implemented

through this scheme.

1.1.1 Resource Allocation

The recent years has witnessed a progressive advancement in resource allocation
techniques. On the other hand, resource allocation is an extensive issue cover-
ing a broad range of research challenges creating the need for developing and
implementing various optimisation tools and algorithms. Furthermore, different

wireless networks aim at distinct service goals and have various design specifica-
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tions. One network can be seriously constrained by power whereas the other can
be severely limited by bandwidth or be critically sensitive to interference level.
As such, different networks encounter different resource allocation problems and
different characteristics of problems employ different optimisation techniques [9].
The multiple-access scheme is a generic strategy for allocating limited resources,
i.e. bandwidth and time, to guarantee the basic QoS, enhance the system per-
formances, and lower the cost for the network infrastructure. Some of multiple-
access methods include frequency-division, time-division and code-division mul-
tiple access [10]. Fig. 1.1 represents an overview of the three most-common mul-
tiple access techniques, namely: TDMA, Frequency Division Multiple Access
(FDMA), and CDMA. In (a) TDMA the system dimensions are divided along
the time axis into non-overlapping channels, and each user is assigned a different
cyclically-repeating time-slot, these TDMA channels occupy the entire system
bandwidth. In (b) FDMA the system signalling dimensions are divided along the
frequency axis into non-overlapping channels, and each user is assigned a differ-
ent frequency channel. In (¢) CDMA the information signals of different users
are modulated by orthogonal or non-orthogonal spreading codes, the resulting

spread signals simultaneously occupy the same time and bandwidth [11].
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Figure 1.1: Overview of Most-Common Multiple Access Techniques:
(a) TDMA, (b) FDMA, and (¢) CDMA
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1.1.2 OFDMA System

Multiple access in Orthogonal Frequency Division Multiplexing (OFDM) sys-
tems, called OFDMA, implements FDMA by assigning different subcarriers to
different users. The principle of OFDMA is based on the use of narrow, mutually
orthogonal sub-carriers. Different sub-carriers maintain orthogonality as at the
sampling instant of a single sub-carrier, the other sub-carriers have a zero value.
The actual transmission is then done by transmitting a signal after the Fast
Fourier Transform (FFT) block, which is used to change between the time and
frequency domain representation of the signal [12]. From the receiver perspective,
this kind of signal is ideal as it does not need equaliser but only needs to com-
pensate the channel amplitude and phase impact on the different sub-carriers.
In the receiver side, the FFT is again used to convert back from the frequency
domain single signal to the time domain representation of multiple sub-carriers

as shown in Fig. 1.2 [1].

Mathematically, modulating a waveform and adding it is equivalent to taking an
Inverse Fast Fourier Transform (IFFT). This is because the time domain repre-
sentation of OFDM is made up of different orthogonal sinusoidal signals which
are nothing but inverse Fourier transform. Hence, the fundamental function of an
FFT block is to represent the frequency components from which the time-domain
signal is constructed. In the case of OFDMA, the parallel inputs to an FFT can

be considered as the frequency-domain components which are then converted to
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Figure 1.2: OFDM Transmitter and Receiver Diagrams [1].

a single time-domain signal, thus carries in a single long symbol typically up to
512, 1024, or 2048 modulated symbols.

Furthermore, parallel sub-carriers in the receiver with their own modulation
and modulation order convert the signal back to parallel Quadrature Amplitude
Modulation (QAM) symbols. The simplest type of digital modulation involves
transmitting a sequence of waveforms “symbols” s;(t) of equal duration 7" where
each waveform is chosen independently from a set of M. This allows to transmit
up to b = loga(M) bits per symbol. A common sets of such symbols are those

where the real and imaginary parts of the complex baseband signal are each
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modulated in amplitude. This known as QAM [13].

On the other hand, frequency-selective fading gives rise to Inter Symbol
Interference (ISI) where the received symbol, over a given symbol period, experi-
ences interference from other symbols that have been delayed by multi path [14].
Therefore, from a practical point of view, the transmitter needs a cyclic prefix
to combat ISI, in fact the ISI can be completely eliminated through the use of a
cyclic prefix.

The guard interval could be considered as a kind of break in the transmission,
but the waveform is actually continuous. The transmitter takes part of the wave-
form to be transmitted and copies part of that to the beginning of the symbol
to be transmitted. This part just needs to exceed the channel impulse response
duration, in order to achieve no inter-symbol interference. The receiver ignores
the particular cyclic prefix added. The receiver sees only a single symbol, —as
the channel impulse response is much smaller than the symbol duration— mak-
ing the channel influence like a finite impulse response filter.

The important element of OFDMA is that the transmission can be located in
different places in the frequency domain; whereas with Wideband Code Divi-
sion Multiple Access (WCDMA), by definition, the transmission bandwidth was
always independent of the information bandwidth. This allows for use of the

frequency-domain element in the scheduling.

10
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1.2 Network of Wireless Sensor Nodes

The capability of WSN systems makes them a technologically-advance solution
for many mission critical applications. As a main part of this thesis contributes
to specific challenges and research questions in WSN, the aim of this section is
to provide an essential overview on concept, structure and challenges of these
systems while also presenting some of its well-known applications.

The remarkable progress in technologies like Micro Electro Mechanical Systems
(MEMS), Very Large Scale Integration (VLSI) and wireless communications
contribute to design and development of low-cost, low-power, small-size, mul-
tifunctional sensor nodes capable of communicating wirelessly [15]. Sensor nodes
link the physical with the digital world by capturing and revealing real-world
phenomena and converting these data into a form that can be processed, stored,
and acted upon. When many sensor nodes cooperatively monitor large physical
environments and wirelessly communicate with each other and with BS, to dis-
seminate their collected data to remote processing, visualisation, analysis, and
storage systems, they form a WSN. On another note, many applications such as
disaster relief operations require hundreds or thousands of sensor nodes, often
densely deployed in remote area and inaccessible terrains, either inside the phe-
nomenon or very close to it. The position of sensor nodes need not be engineered
or predetermined, this allows random deployment in inaccessible areas. To cover

these applications, apart from a sensing component, a wireless sensor also in-

11
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cludes of on-board processing unit, a communication component, and storage
capabilities. Featuring these enhancements, along with data collection a sensor
node often performs in-network analysis, correlation, and fusion of locally col-
lected data [2]. Fig. 1.3 visualises the components forming a basic wireless sensor

node .

Sensor

Processor Memory

Transceiver

1 !

Power Source

Figure 1.3: Block Diagram of a Basic Wireless Sensor Node
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Based on network scenarios and the target application, various types of sensor
nodes can be employed in designing a WSN system. While simple sensor can
monitor single phenomenon and may only collect and communicate information
about the observed environment, more complex and powerful devices (with large
processing, energy, and storage capacities) are capable of combining various sens-
ing techniques (acoustic, optical, magnetic) and performing extensive processing
and aggregation function. A typical WSN monitoring an area of interest, sensor
field, in which sensor nodes communicating both with each other and with a BS
to transmit data to the Internet and Satellite - for further processing, analysis,

and storage - is shown in Fig. 1.4.

Storage
Processing

Mining

Internet and
Satellite

Sensor Field

Sensor

Figure 1.4: Wireless Sensor Network Model [2].
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1.2.1 WSN Challenges

In this section we review technical challenges and research questions in the field
of WSN for the purpose of this thesis. With an emerging need in environmen-
tal monitoring, as a main application of WSN, research on event detection or
classification in WSNs gained considerable amount of work recently. Also, as
introduced in section 1.2, an attractive feature of WSN is making local obser-
vations of the covered area and producing a result reflecting the status of the
environment in a collaborative manner. This collaboration requires local process-
ing of the collected data at each node, communication between different nodes
and BS. The main concept of collaborative signal processing is that the informa-
tion from each individual node can be fused to obtain an improved final decision.
There are two kinds of event detection problems in WSN. One is when all the
sensors collaborate to detect or classify a common underlying phenomenon. De-
centralised detection techniques are employed to make a final decision at the
BS. In the other detection problem, sensor nodes may observe different local
phenomena and they are asked to determine where the regions or boundaries
of different local phenomena are located by analysing distinguishable collected
attributions of the monitored area [4]. As it can be seen in the Chapter 3 of this
thesis, there are scenarios in which sensor nodes are responsible for processing
data locally. Instead of immediately sending the raw data to the nodes responsi-

ble for the fusion or the BS, they use their onboard processing abilities to carry

14



Network of Wireless Sensor Nodes

out computations and transmit only the required and partially processed data.
Sensor networks are subject to communication and computation constraints. The
reasons behind these constraints are size and cost limitations: many of the most
interesting applications require tiny and cheap sensors creating an trade-off be-
tween energy (and device size) spent on communication versus computation, and
it is not always clear which of the two is the true bottleneck. Some experts show
that in current circuitry, the amount of energy spent on computation at least
equals if not exceeds the transmit energy. Other experts use "Moore’s law” to
argue that any computational bottleneck will disappear and that we are still
very far away from the ultimate limits of quantum computation [16]. Neverthe-
less, as sensor nodes rely on battery-powered sources, energy consumption and
lifetime is always of main concern in design of WSN. Therefore, lifetime max-
imisation is a critical concept and there is a growing body of literature on this

subject [17], [18].

1.2.2 WSN Applications

To allocate resources smartly in WSNs it is of great importance to understand
and analyse based on the specific network scenarios and applications. The emer-
gence of the WSN paradigm has triggered extensive research on many aspects
of it. However, the applicability of sensor networks has long been discussed with
emphasis on potential applications that can be realised using WSNs. In this

section, we present few of promising commercial and academic applications de-

15
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veloped for WSNss.

These systems can help to avoid catastrophic infrastructure failures, conserve
precious natural resources, increase productivity, enhance security, and enable
new applications such as context-aware systems, smart home and health tech-
nologies, e.g. sensor nodes can also be deployed to monitor patients and assist
disabled patients. While defence and aerospace systems still dominate the mar-
ket, there is an increasing focus on systems to monitor and protect civil infras-
tructure (such as bridges and tunnels), the national power grid, and pipeline
infrastructure. Networks of hundreds of sensor nodes are already being used
to monitor large geographic areas for modelling and forecasting environmental
pollution and flooding, collecting structural health information on bridges us-
ing vibration sensors, and controlling usage of water, fertilisers, and pesticides
to improve crop health and quantity. Fig.1.5 illustrates a generic view of main

categories of applications in WSNs.

‘Wireless Sensor Network Applications

: pealth :

Environmental

Figure 1.5: Main Categories of Wireless Sensor Network Applications
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1.3 Main Contributions

The main contributions presented in this thesis are:

e Maximising the sum rate of two interfering users, while limiting the received
interference at each user. An OFDMA-based system operating in downlink
is considered. It is shown that the interference power constraint resource
allocation scheme can achieve excellent levels of efficiency by allocating
resources more intelligently. Results prove that proposed cooperative BSs

scheme outperforms compared with non-cooperative TDMA case.

e Event region and event boundary detection in WSN. A new method for clas-
sifying randomly deployed sensor nodes over an area of interest into distinc-
tive categories is provided. In this work, a network of spatially distributed
and wirelessly connected sensor nodes commissioned to detect two different
phenomena occurring in distant parts of an area of interest is considered.
Analysis on correlation between statistical attributes of received signal dis-
tribution at each node and the nodes regional position with respect to two

events is provided.

1.4 Thesis Structure

The introduction chapter provides the basic overview and chapter 2 discusses the

current literature already conducted by other researchers, in the field of wireless
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communication and WSNs systems.

Chapter 3 provides an analysis on the problem of maximising the sum rate of
two interfering users, while limiting the received interference at each user. In this
work, an OFDMA-based system with cooperating BSs operating in downlink is
investigated.

Chapter 4 provides a statistical approach for event region detection in WSNs.
Chapter 5 provides a review of the overall contributions of this thesis and also
paves the way for future work on the proposed algorithms and solutions presented

in chapter 3 and chapter 4.
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Literature Review
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2.1 Related Work

This chapter presents the existing related literature around the topics and chal-
lenges covered in this thesis. It is organised as follows: Firstly, the existing
schemes and methods of resource allocation in OFDMA and cooperative based
wireless systems is discussed. Secondly, the existing studies for event region de-

tection in WSN is presented.

2.1.1 Resource Allocation in OFDMA-based system

With the breakthrough development of digital signal processing high data rate,
many of the technical challenges correlated with the adverse and changing prop-
agation conditions in mobile radio communication have been answered. Multi-
megabit data rates to portable mobile terminals are no longer science fiction, but
reality. As the engineer seems to have the upper hand in this struggle against
nature, nowadays very much of the development and improvement efforts are fo-
cused on the struggle for limited resources, such as the frequency spectrum and
power. The question is not anymore only if wide-band wireless communication
can be provided everywhere, but rather, if it is affordable. In [19], the authors ad-
dress the problems of radio resource management for wireless networks focusing
on various angles including: multi-user communication theory, static resource
management and cellular system design, various elements of resource manage-

ment such as handoffs, dynamic channel allocation, and transmitter power con-
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trol. It also discusses FDMA /TDMA type (orthogonal) waveforms and resource
management issues in CDMA system.

In wireless communication systems, mobile users adapt to a time varying radio
channel by regulating transmitter powers. This power control is intended to pro-
vide each user an acceptable connection by eliminating unnecessary interference.
The author in [20] made an attempt to unify and extend convergence results
for cellular radio systems employing iterative power control methods. Based on
their results and for a variety of systems, interference constraints derived from
the users’ Signal to Interference Ratio (SIR) requirements, share certain sim-
ple properties. These properties imply that an iterative power control algorithm
converges not only synchronously but also totally asynchronously when users per-
form power adjustments with outdated or incorrect interference measurements.
Even though this work shows that increasing diversity increases the space of
feasible power vectors, it remains unclear whether these capacity improvements
are significant in actual systems in which the interactions between user mobility,
channel fading and power control must be considered. Furthermore, for wireless
cellular communication systems, one seeks a simple effective means of power
control of signals associated with randomly dispersed users that are reusing a
single channel in different cells. By effecting the lowest interference environment,
in meeting a required minimum SIR ratio per user, channel reuse is maximised.

Authors in [21] present their work on a simple distributed autonomous power
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control algorithm and its convergence, their introduced closed-loop power con-
trol framework is proved to converge to a unique optimal point.

Adaptive modulation techniques have the potential to considerably increase the
spectrum efficiency and to provide different levels of service to users, both of
which are considered essential for third-generation cellular systems. Authors
in 22| propose a general framework to quantify the potential gains of such tech-
niques and study the throughput performance gain that may be achieved by com-
bining adaptive modulation and power control. They show that using adaptive
modulation even without any power control provides a significant throughput
advantage over using Signal-to-Interference-plus-Noise Ratio (SINR) balancing
power control, and also combining adaptive modulation and a suitable power
control scheme leads to a significantly higher throughput as compared to no
power control or using SINR-balancing power control.

In fact, in multi access wireless communication systems, power control and adap-
tive modulation are two important mechanism to increase spectral efficiencies,
combat time-varying fading channels, and to reduce co-channel interferences.
The overall uplink transmitted power is minimised under the constraints that
there is no reduction in overall network throughput and each user achieves the
desired time-average throughput. Authors in [23|, propose an algorithm for en-
hancing the system efficiency considering time, space, and multiuser diversity.

Their proposed scheme reduces the overall transmitted power up to 7 dB and in-
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creases average spectral efficiency up to 1.2 bit/s/Hz, compared with the previous
known power control schemes. However, the power stops decreasing and spectral
efficiency increasing speed is reduced, as the throughput window size is growing.
This is because of the time-average throughput constraint for each user. Cooper-
ative transmissions have been proved to be capable of highly improving system
performance by exploring the broadcasting nature of wireless channels and co-
operation among users. Some work exists on leveraging cooperation for resource
allocation among users such that the network performance can be improved.
In (3], the authors intend to answer these two cooperation-relative questions:
(1) who should help whom among the distributively located users, and (2) how
many resources the users should use for cooperation to improve the performance.
To answer these questions, they formulate a power optimisation, subcarrier-
allocation, and relay-selection problem over a multiuser OFDM network, which
is applicable to systems such as Wireless Local Area Networks (WLANSs). In
the multiuser OFDM network, cooperation among different users is conducted
by assigning the subcarriers of the helping users to relay a certain part of the
helped users’ data, while maintaining the desired rates of both the helping users
and the helped users by means of power control and rate adaption. This way,
the bandwidth efficiency of the multiuser OFDM system with cooperation is the
same as that of the non-cooperative OFDM system. Fig. 2.1 shows the OFDM

cooperative transmission network system model used in [3] where user i relays
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user j’'s data to the BS. The formulated optimisation problem is an assignment
problem for subcarrier usage and corresponding bit loading as well as power con-
trol. The result of their proposed scheme shows an overall power saving of up to
50% for the two-user system and 19% to 54% percent for the multiuser case with

random locations, compared with the current multiuser OFDM system without

cooperative diversity.

User j data

'Y
L4

Power/Rate

Subcarrier

1+ | Useridata

User j data

Power/Rate

Subcarrier

Figure 2.1: OFDM Cooperative Transmission Network [3].

Multiuser OFDM is a promising technique for achieving high downlink capacities
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in future cellular and wireless Local Area Network (LAN) systems. OFDMA pro-
vides a fine granularity for resource allocation, possibly making use of frequency,
time and multiuser diversity. In [24], authors proposed a distributed method for
resource allocation in multi-cell OFDMA that considers both inter-cell interfer-
ence and target data rate requirements. It describes a heuristic for distributed
sum power minimisation under target data rate requirements. Their proposed
method establishes a set of target SINR per user and subcarrier, determined to
reach the target data rate of each user, while avoiding power divergence situa-
tions. They propose to use a distributed criterion over each subcarrier to ensure
that distributed power control will necessarily converge. Compared to iterative
water-filling, this method proves to be very efficient at any load in terms of
resource consumption and users’ rejection. Authors in [25] study the resource
allocation problem for the relay-assisted OFDMA-based multiuser system and
proposed a new transmission protocol, named hierarchical OFDMA to support
two-way communications between the BS and each Multi User (MU) with or
without an assisting relay station in “relay” or “direct” mode, respectively. Their
results show that substantial system throughput gains are achievable by the
proposed two-way relaying and optimal resource allocation schemes over the tra-
ditional one-way relaying and fixed resource allocation schemes for relay-assisted
OFDMA-based wireless networks. The ability of OFDMA to cope with both ISI

and inter-user interference, combined with its low complexity of implementa-
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tion, have made it a popular choice for the next generation wireless networks.
The authors in [26] obtain the optimal power allocation policies, for a two user
cooperative OFDMA system with full Channel State Information (CSI), which
maximise the rate region achievable by a channel adaptive implementation of
inter-subchannel block Markov superposition encoding, used in conjunction with
backwards decoding. Their result show that the gain from power allocation is
still significant even when the CSI feedback is limited. The authors in [27] de-
velop a transmit power adaptation method that maximises the total data rate of
multiuser OFDM systems in a downlink transmission. They formulate the data
rate maximisation problem by allowing that a subcarrier could be shared by
multiple users. The transmit power adaptation scheme is derived by solving the
maximisation problem via two steps: subcarrier assignment for users and power
allocation for subcarriers. Their result shows that the data rate of a multiuser
OFDM system is maximised when each subcarrier is assigned to only one user
with the best channel gain for that subcarrier and the transmit power is dis-
tributed over the subcarriers by the water-filling policy.

Compared to TDMA and CDMA technologies, OFDMA divides the wireless re-
source into non-overlapping frequency-time chunks and offers more flexibility for
resource allocation. It has many advantages such as robustness against ISI and
multi-path fading as well as and lower complexity of receiver equalisation [28|.

Owing to these OFDMA has been adopted the core technology for most re-
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cent broadband wireless data systems, such as IEEE 802.16 (WiMAX), IEEE

802.11a/g (WLANS), and LTE for 3GPP.

2.1.2 Event-Based Networking and Region Detection in
WSNs

Contrary to conventional communication and data networks, sensor networks
are made of users (sensor nodes) that are deployed to achieve a common goal, i.e.
to sense a common event or to measure highly correlated data due to the spatial
correlation of most physical phenomenon. The sensors are cooperative in nature
and should work together to fulfil their application requirements. In fact, two
properties of sensor networks that can be exploited to improve communication
efficiency are: the cooperative nature of the sensors and application-dependent
performance measures [16]. The application-oriented nature of the WSNs should
be utilised in order to increase the network performance. As an example,
for monitoring applications where the traffic follows a periodic pattern, a
reservation-based approach can be used to exploit the periodicity in the traffic.
A WSN may contain tens to thousands of wireless sensor nodes to monitor
the area and they are used in many applications such as security, surveillance,
climatic-change studies, and structural health monitoring. In some poor detect-
ing environment, abnormal events often happen in uncertain time, so the sensor
nodes are needed to set an alarm precisely and punctually if abnormal events

happen. Due to the limited computational power, memory, and communication
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range of sensor nodes, designing an ideal event detection algorithm needs to be
energy efficient, fault tolerant and robust, resource friendly, and adaptive to
multiple event types and environment and it must be accuracy and produces
less false alarm [29]. From the application’s perspective, the data collection
process in a sensor network takes place in various approaches. In time-driven
schemes (e.g. environmental monitoring) it can be prompted by the internal
clock of sensors nodes where they collect and propagate their collected sensor
data periodically at pre-determined time intervals. In event-driven schemes (e.g.
wildfire detection) or demand-driven networks, nodes only report their collected
information when events of interest occur or when triggered by a request from
access points. Event-driven localisation is introduced in [2] as a category of
localisation schemes based on events that can be utilised to determine distances,
angles, and positions. Such events can be the arrival of radio waves, beams of
light, or acoustic signals at a sensor node. On the other hand, in event-based
applications, where bursty traffic is generated only during events, an access
mechanism that is adaptive to the generated traffic is necessary [15|. Event
boundary detection is a useful application in WSNs and the challenges of
boundary-detection and region-detection has been studied in recent literature.
Typically, event boundary detection includes the detection of a large-scale

spatial phenomenon such as the transportation front line of a contamination or
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the diagnosis of network health.

o nodes inside the event region

. O nodes outside the event region

Figure 2.2: Illustration of Event Region Detection in WSN [4].

The authors in [4] explore the problem of event-region detection and the related
problem of boundary-region detection in WSNs. Fig. 2.2 shows the event-region
detection model used in their work where sensor networks are asked to deter-
mine where the regions or boundaries of different local phenomena are located
by analysing distinguishable collected attributions of the monitored area. They
develop decentralised detection techniques to tackle these problems and a space-
memory fusion rule that considers both space-memory information and local

detection performance is derived for event-region detection. They compare their
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strategy with two sequential detection schemes proving that the proposed ap-
proach achieves a better performance due to the use of the local detection perfor-
mance in the fusion process. The authors in [30] present a fully distributed and
light-weight secure event boundary detection scheme, which implements secure
and fault-tolerant detection of event boundaries in an adversarial environment.
An efficient key establishment protocol is first proposed which establishes lo-
cation based keys at each sensor node to secure the communications. The idea
of location-based keys also effectively minimises the impact of node compromise
such that a compromised node cannot impersonate other nodes at locations other
than where it is. Then a collaborative endorsement scheme is designed to allow
multiple nodes collectively endorsing a valid boundary claim for increased re-
silience against node compromise. Their scheme further develops an enhanced
(non-parametric) statistical model that supports localised detection and shows
a much better accuracy and fault tolerance property as compared to previous
models such as the proposed solution in [31]. The authors in [32]| provide a dis-
tributed protocol allowing individual sensor nodes to identify themselves as being
located on the coverage boundary, which is required in a number of functionalities
at both the network and application levels. They develop a deterministic, dis-
tributed, localised algorithms for detecting coverage boundary nodes in WSNs.
They claim that as a deterministic approach, their algorithm can be applied

to any arbitrarily deployed sensor network, do not need knowledge about the
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distribution of sensor nodes, and only depend on one-hop information, which
guarantees the scalability and energy efficiency of the detection algorithms. Due
to the nature of WSNs; it is desirable to have a distributed algorithm that has
a low computational complexity and a low data communication cost among sen-
sors. The authors in [33] propose a statistical approach to distributed edge sensor
detection with WSNs. Their objective is to determine whether a target sensor
is located in the edge area of a certain phenomenon or not based on data from
its neighbouring sensors. Their result show that it is advantageous to have a
radio range larger than the tolerance range (i.e. the distance between the real
edge and the edge sensor). However, as the radio range is restricted by the low
power consumption requirement of sensors, the value of the radio range and
the tolerance range should be assigned adaptively according to the sensor den-
sity and the power consumption requirement for each target sensor. The authors
in [34] presents a general purpose event detection and tracking algorithm, named
DRAGON, claiming to operate in the presence of event splits and merges, find-
ing the right number of events and outlines the right event shapes regardless
of deployment type, and regardless of event size, speed, or count. The authors
in || explore the basic trade-off between Mean Square Error (MSE) and energy
consumption, as functions of node density. They proposed a method for bound-
ary estimation in sensor networks via complexity regularisation of a hierarchical

tree-based estimation method. Their theoretical demonstration show that this
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method nearly achieves the optimal the optimal MSE /Energy trade-off.

In many cases the main task of WSNs is to monitor, detect, and report the occur-
rence of events. However, in some applications the detection of event boundary
may become more efficacious than detection of the entire event region, e.g. in
forest fire and chemical spills scenarios when events span over some geographic

region.
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3.1 Overview of Optimal Power Allocation in Co-

operative Base Stations

In this chapter, the problem of maximising the sum rate of two interfering users,
while limiting the received interference at each user, in an OFDMA-based system
operating in downlink is considered. In a cooperative two cell scenario, for each
particular user (located in the edge of the cooperative cells and within the com-
mon area of the neighbouring cells), it is possible to incorporate the dominant
interference effects of the neighbouring cells within the received noise level. As
applied to the scheme, a scenario where two cooperative cellular systems oper-
ate in the same band is investigated. Firstly, a scenario where each user having
only two sub-channels, to communicate, is considered. Then, this approach is
extended to a N sub-channel scenario. Numerical results show that proposed
cooperative BSs scheme outperforms non-cooperative TDMA case and it can
achieve excellent levels of efficiency by allocating resources more intelligently.

The growing demand for wireless services has led to deployment of various tech-
niques to increase the data rate. Among these techniques resource allocation
approaches not only provide higher data rates, but also enable the system to
guarantee the QoS requirements of various services. Along with efficiency and
reliability, bandwidth is an important concern as the wireless applications be-
come more and more sophisticated and widely used. Therefore, how to accommo-

date more wireless services and applications within the limited radio spectrum
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becomes a big challenge faced by modern society. Furthermore, inter-cell inter-
ference is mitigated by separating co-channel cells, in the case of narrowband
systems, or by spectral spreading, in the case of CDMA. If BSs collaborate in
detecting the signals they receive, the inter-cell interference represents additional
detection dimensionality. This motivates the advent of cooperating base stations,
which makes use of spectrum flexibly, efficiently, and reliably [7,8|. With such
cooperating base stations, the entire infrastructure can be employed in a system
wide detection of each and all mobile user’s signals, resulting in major capac-
ity increases, largely through the achievement of full frequency reuse. Different
scheduling strategies based on different resource allocation goals demonstrated
in defining the corresponding optimisation problems such as sum power minimi-
sation [24,35|, sum rate maximisation [36-38|, or a combination of these two [39].
In [40], the authors look for distributed, self-enforcing strategies for coexistence
in unlicensed bands. They apply non-cooperative Game Theory methods to find
fair and efficient solutions. Similar power allocation strategies, but without fair-
ness, and with min-max fairness consideration, for unlicensed band have also
been studied in [41]. In this chapter, the problem of maximising the sum rate
of two interfering users in multi-cell cooperating BSs OFDMA-based systems
operating in downlink is investigated. In a multi-cell cooperative BSs scenario,
for each particular user (located in the edge of cell and within area common with

neighbouring cell), it is possible to incorporate the dominant interference effects
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of the neighbouring cells within the received noise level. This chapter mainly
focuses on this point. In the aforementioned system, two OFDMA-based cellular
systems with two BSs covering different areas is considered. These two cells have
a common area in between, where this work is focused only on the downlink
of two edge interfering users located within common area of two cells. Authors
in [38] proposed sum rate maximisation for two edge interfering wireless users
(each user has only one sub-carrier) under the assumption that the power alloca-
tion itself is time invariant and frequency flat with maximum power constraints
on the links. They considered only power allocation without frequency alloca-
tion. In this chapter however, two-dimensions resource allocation is considered.
With or without fairness however, most dynamic resource allocation methods
still focus purely on the channel conditions of each user, and ignore (partially or
fully) the interference effects of edge users on each other. Therefore, this work
proposes to use the received interference on K, K = 2, edge users as a received
interference level, where the goal is to allocate resources, power and sub-channels,
in an aforementioned system in a way that no user incurs more than a threshold
level of acceptable interference. As applied to the scheme, in the investigated
scenario it is assumed that each base station serve one user on the edge of its
own cell and it shares the same bandwidth with neighbouring base station. The
remainder of this chapter is organised as follows. Section 3.2 presents the system

and channel models, parameters used throughout the chapter, and background of
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the problem addressed. Section 3.3 describes optimisation problem and three dif-
ferent scenarios investigated and methods used. Numerical results are discussed
in section 3.4. Finally, section 3.5 summarises the conclusions of the proposed

approach.

3.2 System Model of Two OFDMA-based Cellu-

lar Systems Covering a Common Area

Consider a scenario where two OFDMA-based cellular systems with two BSs
covering different areas, having a common area in between. Assuming K users
(edge users), with the index set ¢, 5 = {1,--- , K}, have been located at the edge
of their own cell, far from BS antennas and within common area between afore-
mentioned cells. This is shown in Fig. 3.1. K edge users coexists with each other
in a specific frequency band. There are N OFDM sub-channels with the index
set n = {1,---, N}, all with bandwidth w, and each sub-channel experience

flat-fading.

In this work, an interference-limited resource allocation method is developed
where both edge-located users from different BSs are demanding specific levels
of QoS defined by a threshold level of acceptable interference. BSs and mobile
users are communicating point-to-point and relaying capability for these trans-
missions is not considered. In this method, both edge-located mobile users, who

are willing to use the band, send information such as their QoS requirements
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Cell -1 Cell -2

User 1 ﬁ

(@) User?2

Figure 3.1: System Model

Cell-1 and Cell-2 Demonstrate Two OFDMA-based Cellular Systems with Two BSs
Covering Different Areas and a Common Area Between Them.
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and CSI to the BS of their own cell. Edge users inform the BS of their CSI, QoS
requirements and power limitation in time periodic intervals prior to resource al-
location for each period. The BS computes the allocated transmission based on
user channel conditions and threshold level of acceptable interference. The CSI
as well as power allocation results are exchanged between BS and users on ded-
icated signalling channel, accurately and instantly. The details of this signalling
channel is out of scope of this chapter. It is also assumed that channel variations
happen in intervals larger than resource allocation period. The channel power
from BS-i to edge user ¢ in sub-channel n is h; ,, and the interference power from
BS-j to edge user 4, ¢ # j, in sub-channel n is g;,,. Both h;, and g, ,, are assumed
to be stationary and ergodic with Probability Density Function (pdf)’s f(h;,)
and f(gin) respectively. Furthermore, channels are assumed to be Rayleigh fad-
ing, so the channel powers h;, and interference powers g;, are exponentially
distributed. The same assumption is considered for user j of BS-7, with only the
indexes changing from ¢ to j. The received signal-to-interference-plus-noise ratio

of user ¢ from BS-i and user j from BS-j in sub-channel n can be written as

Pi,nhi,n
Yin = 5~
Q ',nh i,n

2 )
O-j,n + -Pi,ngi,n
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: 2 2
where P, and @), are the transmitted power, o7,, and o7, are the Power

in?

Spectral Density (PSD) of Additive White Gaussian Noise (AWGN) for user

1 of BS-t and user j of BS-j in sub-channel n. It is assumed that the noise

PSD is the same in all sub-channels for any user, that is, o7, = o7, = o for
t,7 =1,--- K, and n = 1,--- , N, without loss of generality. Links between

users, direct channel powers, h;,, and h;,, also interfering interference powers
Gin, and g;,, are assumed to be asymmetrical where they are different for different

sub-channels.

3.3 Optimisation Problem and Methods

Here a resource allocation scheme is developed to maximise the sum rates of two
users, K = 2, located in common area within two cells, while limiting the received
interference level of each user. It must be noted that there is no priority between
edge users (there is no primary and secondary system) and both of them have
same opportunity for transmitting the signal. The threshold for the acceptable
interference level is allowed to be different and it is based on service provider
QoS requirement. Later in this chapter, it is shown that the best performance
is achievable where acceptable interference level is identical for both users, and

both users have the same QoS requirement.
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3.3.1 Scenario 1: Two Sub-channels OFDMA-based Sys-

tem

Firstly an OFDMA-based cellular system is considered, each user having only two
sub-channels (N = 2). This is shown in Fig. 3.2. Later in this chapter, the results
obtained from two sub-channels scenario will be extended to the N sub-channels
case where N > 2. As mentioned earlier in this chapter, the aim is maximising
the sum rate of two interfering users while limiting the received interference at
each user. Considering this and taking the equation 3.1 into account, the aim is

to solve the following optimisation problem

max {Rr} =
i,n«j,n
Py1hia )
max lo 1+
i,n&jn g2 ( 02+Q21921
Py ohy o >
+ lo 1+
&2 ( 0% 4+ Q22922
Q2,102
+ lo 1+ —
&2 ( 024+ P11
Q2,2h22 )
+ lo 14 3.2
g2( 024 Pi12g12 (3:2)
subject to
Piigig+ Piagia < 7a,
Q21921 + Q22922 < 75, (3.3)

where 74, and 75 are the threshold level of interference for user i, and user j.

Note that the interference limit is on the total received interference from all sub-
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channels. Any sub-channel with non-zero power allocation for a specific user is

allocated to that user.

Considering the constraints in (3.3), the optimal power allocation that maximises
(3.2) is found by using Lagrangian dual function L(P;,,, Qjn, Aa, Ap), where A4,
and Ag are the Lagrangian multiplier. It must be noted that because of convexity
of this problem using the Lagrangian multipliers method following by Karush-

kuhn-Tucker (KKT) conditions [42] is reasonable.

Optimising over P 1, P12, @11, and Q12 given A4, and Ap yields

oL oL oL oL
=0, =0, =0, =0,
0P, 0P 5 0Q2,1 0Q2.2
1 S+
= Pr= g Q2,1g2,17
T AagiIn2 h 1
. _ 1 B 0 + Q22922
b2 Aagran?2 hi 2 ’
“ 1 o? + Piigia
Q2,1 = - )
ABg2,11n2 ho1
1 02+ Pi2gi2
Q5. = — o 3.4
>2 " AagaaIn?2 hao (3:4)
Lagrangian multipliers, A4, and Ag derived as
. 2
AA - (624+P1191,1)92,1 (02+P1,291,2)92,2 ’
( 1T haa T TB> In2
2
N = 0 ) o ) ) (3.5)
( Z,ng,l gi,1 + 2292,2 gi,2 + TA) 1n2
1,1 1,2
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Figure 3.2: Two Sub-channels OFDMA-based System

An OFDMA-based Cellular System where Each User has Two Sub-channels (N = 2).
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3.3.2 Scenario 2: N Sub-channel OFDMA-based System

In this section a situation similar to Scenario 1 is investigated, where users
located at edge of their own cells and within common area of two cells have
more than two sub-channels (N > 2). This is shown in Fig. 3.3. The optimisation

problem becomes

N
max lo 14—
-P’L','VLQj,'rL ; g2 < 0-2 + Q‘%ngj’n)

N
+) log, (1 + QJ—J) : (3.6)
n=1

02 + P’i,ngi,n
subject to

N

Z-Pi,ngi,n S TA, Vi € {1727 aK}a

n=1

N

ZQJ,ngj,n STB7 vj S {1727 7K} (37)
n=1

Considering the constraints in (3.7), the optimal power allocation that maximises
(3.6) is found by using Lagrangian dual function L(FP;,, Qjn, Aa, Ag). The La-

grangian function and the KKT conditions for this problem are given in
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Figure 3.3: N Sub-channel OFDMA-based System

An OFDMA-based Cellular System where Each User has more than Two Sub-
channels (N > 2).
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oL oL

o 0, 50 0, (3.9)

N
A4 (Z P pgin — m) =0, (3.10)

n=1

N
Ap (Z QjnGjn — TB) =0, (3.11)
n=1

where Ay > 0, and Ap > 0. Optimising with respect to P ,,, @}, yields

pro_ L+ Qingn
b )\Agi,n In2 hi,n 7
* 1 02 + P’L nin
Qn =7 - noin, (3.12)
ng,n ln 2 hj,n
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with Lagrangian multipliers, A4, and \g derived as

% N
)\A — N 0 s
(anl ﬁ(UQ + B,ngi,n) + TB) hl 2
N
Ap = (3.13)

(ZnNzl (0% + QjnGin) + TA) In2

3.3.3 Scenario 3: Best Channel Conditions Sub-Channel

Selection

In this scenario, similar to scenario one, users located at edge of their own cells
and within common area of two cells have two sub-channels. However, sub-
channels are selected based on their channel conditions at each time. Compared
to aforementioned scenarios, in which they employ a resource allocation scheme
to maximise the sum rates of two users, no resource allocation method and con-
straints has been considered in this experiment. Any two sub-channels, with
best channel conditions at that moment, out of totally four sub-channels that
users have, will be selected for transmission. There will be four possible sets
of sub-channels ((sub-chl,sub-ch2), (sub-ch2,sub-ch3), (sub-chl,sub-ch4), (sub-
ch3,sub-ch4)) at each specific time. This method does not guarantee a maximised
sum rate for two users and it is only based on best channel conditions. However,
this may lead to a maximised sum rate for users. The comparison of numeri-
cal results and average spectral efficiency between this method, scenario 3.3.2,

scenario and 3.3.1 is discussed in section 3.4.
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3.4 Simulation and Numerical Results

In this section, the characteristics of the proposed resource allocation technique,
through extensive simulations, is investigated. All the simulations are imple-
mented using MATLAB R2010a. For this purpose, a simple case comprising only
two users with two sub-channels located in common area of two neighbouring
cooperative cells is studied. As mentioned in sub-section 3.3.2, the optimisation
problem is then extended to NN-sub-channels scenario in case there are many
sub-channels. For the purpose of work in this chapter, it is assumed that there
are only two users (K = 2) within common area of two cells. However, this
can be extended as a future work to the case where there are more than two
users (K > 2). Also, in these numerical examples, it is assumed that all the
involved channels (i.e., the direct links, and the interference links) are Rayleigh
distributed. Consequently, the channel power gains for these channels are expo-
nentially distributed. Since the channel power gains can be different for different
channel realisations, all the numerical results presented in this part are obtained
by averaging over 1, 000 independent simulation runs. The average channel power
gain for user 7 direct links are assumed to be 1.9, i.e. E{h;,} = 1.9, and for user
J, E{h;n} =1, ¥n. The average channel power gain for user ¢, and user j inter-
ference links are assumed to be E{g;,} = 0.45, and E{g;,} = 0.5 respectively,
Vn. Moreover, it is assumed that number of sub-channels N of the both systems

are 256. The noise power on each sub-channel is also assumed to be identical,
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and equal to —50 dB, i.e. 02> = —50 dB. Considering that user 7 has better
channel power gain than user j in overall, the effect of the interference thresh-
old levels (74, and 75) on power allocations is studied in Fig. 3.4, where the
threshold levels for user ¢ and j have been varied from -5 dB to 20 dB. As it is
mentioned before, it is assumed that threshold levels for both users are identical
and they are changing at the same rate, i.e. T4=7p. It is clear that as user ¢ has
better channel conditions than user j, the average allocated power for user ¢ at
same threshold level is higher than user j. The interference threshold levels for
simulation results shown in Fig. 3.5, Fig. 3.6, and Fig.3.7 have been selected as
Tao=7p=10 dB. The effects of allocated power to the users on achievable rates
based on these allocations, are plotted in Fig. 3.5. Here, average allocated power
to user i, and j vary from -5 dB to 20 dB, both with same rate. The aim of
the proposed resource allocation scheme is to limit the received interference, and
referring to the plotted results in Fig. 3.6, and Fig.3.7 shows that limiting receive
interference assures that users located near cell edges and within common area
of two cells can maintain a certain level of throughput. As user i is assumed
to have better channel conditions than user j, more power (Fig. 3.4), thereby a

higher data rate is allocated to user i.
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Figure 3.4: Average Allocated Power

G1: Average Allocated Power for User i.
G2: Average Allocated Power for User j.
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In the current OFDM system such as in the IEEE 802.11a/g standard, the Media
Access Control (MAC) layer provides two different wireless access mechanisms for
wireless medium sharing, namely, the Distributed Coordination Function (DCF)
and the Point Coordination Function (PCF). The DCF achieves automatic
medium sharing among users using carrier sense multiple access with collision
avoidance and request to send/clear to send. The PCF is a more centralised con-
trol mechanism. In both mechanisms, TDMA technology is utilised for all users
to share the channels. Similarly, in the 3.6 non-cooperative TDMA, it is assumed
that, at each time, only one user occupies all the bandwidth. This is also opti-
mal for TDMA over the single-cell case due to severe interference [3]. In OFDM
networks, each user has the flexibility to assign the transmission over different
subcarriers. This flexibility gives the possibility of cooperation among users. In a
TDMA system without relays, if a terminal does not have a packet to transmit,
its time slot remains idle, i.e. the slot becomes a wasted channel resource. In
Fig. 3.6, the cooperative interference-limited OFDM system over TDMA is con-
sidered by using this flexibility. At each time, still, only one user transmits with
positive power. However, this user can select the number of subcarriers for its
own data while keeping the same rate by using adaptive modulation and power
control. At the same time, this user can determine the number of subcarriers for
relaying parts of others data. The analysis reveals significant performance gains

of the cooperative OFDM strategies over their non-cognitive counterparts. This

51



Simulation and Numerical Results

is because the described cognitive strategies do not result in any bandwidth loss,
as cooperation is enabled only in idle unused channel resources, which results in
a graceful degradation of the maximum stable throughput when increasing the
communication rate [43]. In Fig. 3.6 the achieved average spectral efficiency of
proposed interference power constraint resource allocation scheme is compared
with achieved average spectral efficiency by non-cooperative TDMA.

Non-cooperative TDMA average spectral efficiency is the average spectral effi-
ciency that it is achievable for both users without considering any interference
and taking to the account that at each time instant, only one BS is able to
transmit signals to the edge user. Furthermore, in non-cooperative TDMA case
there is no incorporation for the dominant interference effects of the neighbour-
ing cells within the received interference level. It can be observed from Fig. 3.6
that interference power constraint scheme outperforms non-cooperative TDMA
case. In addition, the gain of this scheme over TDMA is wider at low allocated

power region as at high allocated power region, too much interference is allowed.
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In Fig. 3.7, the achieved average spectral efficiency of scenario 3.3.3 is compared
with other scenarios, in which they employ resource allocation schemes (inter-
ference limited and power limited) and QoS requirements based on user channel

conditions (75/74), to maximise the sum rates of two users.

Fig. 3.7 confirms within these three schemes, power limited solution performs
better with a 3bps/Hz difference. However, it must be noted that power limited
scheme does not consider the channel interference conditions as opposed to the
other two scenarios (interference-limited or dynamic interference threshold level).
In the dynamic interference threshold level, QoS requirements is considered and

it is formulated as

TB/TA = K(hg + h4)/(h1 + hg) (314)

This shows that user with a better channel condition allows a greater thresh-
old level of interference in the interference-limited scenario and a poor channel
condition will limit the interference threshold more. Fig.3.7 also confirms that
having a dynamic interference threshold level preforms around 1-2 bps/Hz better
than when a static interference threshold level is considered.

Fig. 3.7 confirms that employing resource allocation scenarios have much bet-

ter average spectral efficiency at the same average allocated power compared
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to sub-channel selection based on best channel conditions of sub-channels. This

difference in average spectral efficiencies is around 9bps/H z.

3.5 Summary

Maximising the sum rate of two interfering users, while limiting the received
interference at each user, in an OFDMA-based system with cooperating BSs,
operating in downlink, is analysed in this chapter. In a cooperative two cell
scenario, for each particular user (located in the edge of the cooperative cells
and within the common area of the neighbouring cells), it is possible to incor-
porate the dominant interference effects of the neighbouring cells within the
received noise level. Firstly the two sub-channels scenario, for two users located
in their own cell edges and within the common area of the cooperating cells, is
investigated. Then, the proposed two sub-channels scenario is extended to a N
sub-channel scenario. Moreover, the optimal power allocation strategy to max-
imise the sum rate of two edge users, subject to interference power constraint,
is derived. It is shown that the interference power constraint resource allocation
scheme can achieve excellent levels of efficiency by allocating resources more in-
telligently. Results prove that the proposed cooperative BSs scheme outperforms
the non-cooperative TDMA method.

As a future work, the proposed approach can be extended to a scenario where

there are more than two users on the edge of neighbouring cells and also adjust-
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ing the interference threshold level according to the channel conditions. Although
it needs to be clarified that, practically, extension of the proposed approach to
a model with more than two edge users will not be a straightforward process.
The complexity of this extension is due to the challenge that the optimisation
problem stated in the equation 3.2 needs to be adjusted to accommodate more
than two edge users. Also the number of constrains of the problem will grow per
number of edge users assuring to consider a threshold level of interference for

each user.
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4.1 Overview of Event and Boundary Detection
in WSNs

WSNs consist of a set of low-cost, low-power, multifunctional nodes that are
able to interact with their environment by sensing physical parameters. These
nodes collaborate to fulfil their tasks using wireless communication and are a
promising technology for remotely detecting physical phenomena such as for-
est fires, chemical leaks and radioactive clouds. The vast application of WSNs
has encouraged researchers to examine various aspects of WSNs in search for
more efficient and robust systems. In many applications, the main task of WSNs
is to monitor, detect and report the occurrence of events. An event can be de-
fined as an exceptional change in environmental parameters such as temperature,
pressure, humidity, etc. With an emerging need in environmental monitoring, re-
search on event-region detection problems in WSNs has recently become a topic
of great interest. Such problems arise in many scenarios; for example, as part
of a building’s safety system, a WSN may be used to monitor hot spots and
smoke. Also, using a WSN to sense the concentration of chemicals can identify
which regions have a chemical concentration greater than some threshold [44]. In
event-detection problems, sensor networks are asked to determine where regions
or boundaries in the environment are by analysing distinguishable collected at-
tributions of the monitored area [45]. However, in some cases the detection of

event boundary can be more efficacious than detection of the entire event region,
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e.g. in forest-fire and chemical-spill scenarios wherein events span a particular
geographic region [46].

The problem of boundary detection and region detection has been considered in
the recent literature. Ding and Cheng [47] propose an algorithm for detecting
event-boundary sensors based on statistical mixture methods with model selec-
tion. A statistical approach to distributed edge-sensor detection is introduced
in [33] and [48] where the objective is to determine whether a target sensor is
located in the edge area of a certain phenomenon or not based on data from its
neighbouring sensors. Nowak and Mitra [49] proposed an edge-estimation scheme
when there exists a predefined hierarchical structure within the sensor network.
Later, Chintalapudi and Govindan introduced three approaches to distributed
edge sensor detection: statistical, filter and classifier-based [50].

In this chapter, a network of spatially distributed and wirelessly connected sensor
nodes monitoring an area of interest is considered, this network is commissioned
to detect two different phenomenas occurring in distant parts of this area. In
general, the required bandwidth to transmit entire readings from all nodes to
the base station for further processing is proportional to the size of the entire net-
work. However, if only the nodes placed in the close-by region of each phenomena
report back their reading to the base station, the required bandwidth reduces

to be proportional to the size of that event-region only. With bandwidth being
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a major resource constraint in WSN systems, the latter is a more promising

approach.

As illustrated in Fig. 4.1, each sensor node in the area is asked to acknowledge
whether it associates with one of the two event regions or if it is a non-event
region node. In this proposed approach, each node employs only its own environ-
mental readings from two (live) events to make this decision. The readings gen-
erated by event alarming signals and more specifically the statistical parameters
of the received signal distribution at each node is used for this purpose. This
algorithm suggests distinguishable differences for collected attributes of nodes
positioned inside event regions compared to those positioned outside event re-
gions. This approach enables nodes to decide if their received signal has mainly
resulted from one event message or if it is proportionally generated by both
broadcasted alarms.

The remainder of this chapter is organised as follows. The proposed algorithm
and network model is introduced in section 4.2. Section 4.3 presents the nu-
merical and simulation results for this problem and finally 4.4 summarises the

conclusions of the proposed approach.

4.2 Proposed Algorithm and Network Model

Consider a WSN composed of n spatially distributed nodes aiming to detect two

distinctive events over an area of interest. When an event occurs, it broadcasts

62



Proposed Algorithm and Network Model

o Non-Event Region Node --=> Transmitted Signal from E2
e Event Region Node @ - > Transmitted Signal from E1
A Event Weak Signals (from E1& E2)

Figure 4.1: Event Region and Non-event Region Nodes

E1l: Event 1
E2: Event 2
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a constant power signal to its surrounding area. If the two events assumed to be
active simultaneously, then all the nodes in this area receive signals from both
live events. The proposed algorithm here suggests a solution for classifying these
nodes into two distinctive categories based on their received signal attributes.
An event-region category is defined as the domain surrounding one single event
and comprising those nodes whose received signal is mainly generated by that
event signal. Evidently, nodes receiving a mixed signal resulted from two event
signals and those receiving a very weak signal (due to path-loss and fading) are
categorised as a non-event region. As mentioned, upon activation, each event
emits a signal. However, the transmitted signals weaken throughout the trans-
mission channel due to attenuation impacts such as path-loss and fading. This
means the strength of the received signal from each event differs in various loca-
tions of the monitoring area. While in theory each sensor’s reading is comprised
of both transmitted signals, the intuitive conclusion suggests a distinguishable
difference in collected attributes of received signals for nodes inside the event re-
gion compared to those outside it. The proposed algorithm claims that for those
nodes placed in one event-region, received signal power is more likely to result
from only one event message. For those lying between two region boundaries,
the received signal is believed to be composed proportionally from both alarm
messages. The proof of this proposal leads to a new approach distinguishing be-

tween event-region and non event-region nodes. In other words, the developed
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algorithm enables differentiation between nodes placed inside an homogeneous
event-region and those lying within the boundaries of two heterogenous regions.

To address this problem a binary-hypothesis test is set

e Hy: Target sensor is a bi-reading sensor

e H,: Target sensor is a single-reading sensor

A node is called bi-reading if its received signal is composed proportionally from
two event messages while a single-reading node receives signal mainly from one
event. To assign each node to one of the mentioned hypotheses, the received
signal power and more specifically its distribution attributes are analysed in this
work.

When an event occurs, it broadcasts a signal to its surrounding areas. Due to
a number of factors such as path-loss and fading the strength of this signal
weakens throughout the transmission channel. Considering P; to be the power
transmitted by event j, in this scenario j = 1,2 , the power p;, received from

this event by a node u, u =1, ...,n , is modelled as

Pju = PiKd; 5 X0, (4.1)

where K is a constant value, d is the event-node (transmitter-to-receiver) dis-
tance, « is the path-loss exponent varying from 2 to 6 for different environment,
and X, is fast fading effect for node w. In fact, X;, is a random variable repre-

senting Rayleigh fading effects, whose pdf is fx(z;\) = Ae™** [51]. The idea is
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to analyse p;,, at each node and use the findings to set the hypothesis. Like any
other statistical distribution, there are different methods to demonstrate p;,, dis-
tribution. Here, the pdf and its characteristics is used for the purpose of analysis.
From (4.1), it can be seen that mainly two parameters influence the distribution
of p;,. Assuming the transmitting power P; to be constant, the pattern of p, ,, is
mainly down to path-loss and fast-fading parameters. As mentioned, the fast fad-
ing factor is in fact a random variable with exponential distribution. Therefore,
the intuitive conclusion suggests p;, should also follow exponential distribution
when path-loss factor tends to one, i.e. when the transmitter-to-receiver distance
is less than a certain threshold value. To prove this initial theory, the received
signal power at one node is considered then its distribution is analysed with the
aim to extract instructive information about its event-wise location. p; ,, and pa ,
indicate received signal power at node u respectively from event 1 and event 2

and are expressed by

pru = PiKd X1, (4.2)

P2 = PaKdy 5 Xou. (4.3)
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Total received power at node wu is resulted from addition of these two power,

therefore

Ptotalu = Plu + P2,
Ptotalu = Plel_aXl,u + P2Kd2_73X2,u>

U

Protal,u = K(Pldigxl,u + P2d£gX2,u>- (44)

Assuming the transmitting power P; to be constant and since d; has a numeric
value and with @', b, a, and b to be substitutions parameters, the following

simplification is made

Pdyy, = o ——dK=a, (4.5)

Py =b —— b K =b. (4.6)
As a result, the expression (4.4) is re-written as

DProtalu = aXl,u + bXQ,u' (47)

Therefore, total received power at each node is sum of two weighted random vari-
able where the coefficient a and b comprise the effect of path-loss. The parame-
ters a and b are inversely proportional to corresponding transmitter-to-receiver

distance

ax (1/dy,)%,
boc (1/day,)" (4.8)

In fact, the total received power at node u is a random variable itself and like

any other random variable, there exists a pdf for it. To classify each node to one
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of the hypotheses, Hy and H;, this distribution is analysed and more specifically
skewness of Diorar, distribution is employed as the deciding parameter in this
work. In statistics, skewness is a measure of the asymmetry of the probability
distribution of a real-valued random variable [52]. A zero value skewness indi-
cates that the values are relatively evenly distributed on both sides of the mean,
typically but not necessarily implying a symmetric distribution. The skewness

of a random variable X is the third standardised moment given by

E[(X — p)’]

o3

SK(X) = , (4.9)

where p and o are mean and standard deviation, respectively. As mentioned,
the total received power at node u is a random variable so the skewness of its
distribution can be derived by employing (4.9). In the following section, it is
investigated whether there is a logical correlation between skewness of Diotar v

distribution and its respective event-node distance ratio.
4.2.1 Total Received Power Distribution and its Skewness

For the purpose of simplification and by making the following substitution

Z = Diotatus X1 = X14,and Xo = X5, and by taking (4.7) into consideration

Z = CLX1 + bX27 (410)
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and from expression (4.9)

E|(Z — 3
0z
- 3 .
E[(Z = pz)?
with further simplification
El(Z - NZ>3] = a3,u§X1 + bSPJgXQa
E((Z — pz)’] = a’pisx, + b5y, (4.12)

where pi; - indicates nth central moment for random variable X; with the fol-

lowing definition

pax, = EUXG — )", (4.13)

where

p = = E[X;| = 1st moment of X;. (4.14)

Conversely, X; and X, are exponentially distributed with rate parameters \;

and Ay and their 2nd and 3rd central moments are as expressed in (4.16)

o _ 2 o o 2
M?)Xl - )\i,’ M3X2 - )\;21,7
1 1
0, = S = —. 4.16
/’1’2X1 )\%7 MQXQ )\% ( )
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From (4.11) and (4.12) and (4.16) the skewness of the total received power at

node w is

(4.17)

By analysing (4.8) and (4.17) the impact of distance ratio on the distribution
skewness can be derived.

However, for an individual exponential distribution

El(X, — 3
SK(x) = ZLG “X1)2]3. (4.19)
E[(X1 — px, )%
From (4.13) and (4.16):
SK(X)) = 3% (4.20)
(N3X1)§
%
>\1
=T3= 2.
X

Interestingly, equation (4.20) proves that for an exponential distribution the
skewness has a certain value: SK(exp(A)) = 2. Considering this fact and looking
back at (4.7), it is to be investigated for which range of a and b distribution
of Diotaru tends to or deviates from exponential distribution. Simulation results
verify that various distance ratios will result in different skewness ranges. Each
node is then classified to one of the hypotheses based on its distribution skewness

range.
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4.2.2 Required Number of Samples

To employ distribution as the deciding factor for the nodes’ regional situation, it
should be precise enough i.e. it should hold an adequate number of samples. This
section discusses how many samples are needed to make such a distribution. To
obtain this factor, a known statistical error named Standard Error of Skewness
(SES) is employed. In general, the standard error is the standard deviation of
the sampling distribution of a statistic [53]. Cramer presents a formula for SES

in [54]

B 6 xNx(N-1)
SES = \/(N—Q) X (N+1) x (N +3) (421)

where N indicates the number of samples. For example, for SES to be 0.05, the
number of required samples is approximately 2400. Controversially, the simu-
lation results for the proposed approach demand a totally different number of
samples for the same value of error. The reason behind this noticeable difference
is that expression (4.21) is only true for normal distribution while the simulation
results of the proposed work are based on exponential distribution. Furthermore,
Table 4.1 presents the required number of samples, N, for different SES values

for exponential distribution based on simulation results.
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Table 4.1: Simulation-Based Results for the Required Number of Samples, N, for
Different SES Values for Exponential Distribution

N ‘15,000 20,000 30,000 100,000
SES‘ 0.07 0.06 0.05 0.028

However expression (4.21) is not directly applicable for exponential distribution,
but the above numeric results prove the pertinence of a modified version of this
formula. The formula is true for all N and SES values in Table 4.1 by adding

the same constant coeflicient

B 6xNx(N-1)
SESerp = & \/(N—z) x(N+ 1) x (N+3) (4.22)

¢ is a numeric value adjusting the SES formula to be valid for exponential dis-
tribution.

In the next section, simulation and numerical results are discussed.

4.3 Simulation and Numerical Results

This section provides analysis on the distribution of total received power at each

node, Piotaiu = aX1,,+0Xs,,, and more specifically on the changes in its skewness,

as a statistical metric, resulting from applying various distance ratios (2“) with

respect to the two events. For this purpose, X, is assumed to be a random

variable representing Rayleigh fading effects whose pdf is fx(x;)\) = le 2.
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Furthermore, the eq. (4.17), representing the skewness of the total received power
at node u, with respect to different distance ratios is illustrated in Fig. 4.4. Later
on by comparing these results, the rules for a hypothesis test are discussed. Fig.
4.2, illustrates pdf of piorar. fitted to a standard exponential distribution, for
four different distance ratios. The aim is to analyse the divergence/convergence
of total received power ’s distribution from the standard exponential distribution
with respect to the change in distance ratio. From this graph, it is prominent that
when a node u is distanced equally from both events, i.e. ratio=1, exponential

distribution is not fitted to piorar. However, it can also be seen that for ratio,

dl,u
d2,u

> 2, distribution of piorar starts to follow an exponential pattern, meaning

the node w is significantly closer to one of the event.

On the other hand, as mentioned in section 4.2.1, for a standard exponential
distribution skewness has a certain value of 2. In Fig. 4.3, the aim is to determine

if a correlation exists between the distance ratio and the skewness range of

Dtotalu- The results in Fig. 4.3 also confirm that only for Z;: >2, again meaning
that the node u is significantly closer to one of the event, the skewness range
of Protain 's distribution is placed within a confidence interval of the skewness
of standard exponential distribution (i.e. 2 — e < SK(piotarn) < 2). Here, e

indicates the accepted error margin. Repeating this simulation for 30 times

proves the major intensity of skewness range to be greater than 1.95 when
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distance ratio is greater than 2 which indicates a 5% margin error.

The following rule for a hypothesis test is derived from these simulation results

o Histrueif 2—e < SK(Piotarn) < 2: which means node, is an event-region

node (single-reading sensor)

e Hj is true otherwise: which means node, is not an event-region node (bi-

reading sensor)

Additionally in this work, a mathematical closed form for calculating the skew-
ness of the sum of two exponential random variables was produced and presented
in (4.17). The graphs in Fig. 4.4 represent this closed form model with respect
to the same four different distance ratios applied in the previous simulations.

The result from this graph, confirm the rule set for the hypothesis test to stand

dl,u

true. Once more, it can be confirmed that as the distance ratio, %

, increases
the skewness range of pyotq1,, sits in a more precise margin error with respect to

the specified value of the standard exponential distribution’s skewness (2).

4.4 Summary

In this chapter, event-region detection as one of major problems in the WSN field
was studied. In the proposed scheme, a scenario where two different phenomena

are present in distant parts of an area of interest were investigated. A hypothesis
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Summary

test was analysed where each sensor node in the network is requested to decide
whether or not it is an even-region node only based on its own environmen-
tal readings. Furthermore, a mathematical model for received signal power was
presented featuring channel effects such as path-loss and fast-fading. Correlation
between statistical attributes of received signal distribution at each node and the
node’s regional position with respect to two events were investigated in detail.
Simulation results proved that each node can acknowledge its regional position
based only on skewness range of its received power distribution. Based on the pro-
posed approach, a node,, is an event-region node only if the skewness of its total

received power distribution satisfies the following rule: 2 — e < SK (protaru) < 2.
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Conclusions and Future Research
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Conclusions

5.1 Conclusions

This work was motivated by the desire to achieve an optimal power allocation
approach for OFDMA-based cooperative base stations by limiting interference,
and also to obtain an approach for WSN system for classifying sensor nodes into
two distinctive categories based only on the statistical attributes of their received
signal.

Chapter 1 provided an introduction to WSNs and OFDMA-based systems, out-
lining their features, applications, challenges, and raising open research ques-
tions. Also a review of existing related literature on these subjects has been
presented in Chapter 2 with emphasis on resource allocation in OFDMA-based
systems and region/boundary detection in WSNs, underlining the shortcoming

of existing research and the associated underlying assumptions.

Later in this thesis my findings and investigations on the followings has been

discussed:

e Chapter 3 discusses the design of an optimal power allocation approach
for OFDMA-based cooperative base stations by limiting interference. The
objective of this approach is to maximise the sum rate of two interfering
users, while limiting the received interference at each user, in an OFDMA-

based system operating in downlink. To this end, three scenarios are pre-

sented: two sub-channels OFDMA-based system, N Sub-channel OFDMA-
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based system, and best channel conditions sub-channel selection. Further-
more, comparisons between achieved average spectral efficiency of the pro-
posed interference power constraint resource allocation scheme as opposed
to achieved average spectral efficiency by non-cooperative TDMA method
is provided to prove that the proposed cooperative scheme outperforms

non-cooperative TDMA approach.

e Chapter 4 discusses an approach for classifying sensor nodes into two dis-
tinctive categories based only on the statistical attributes of their received
signal. For this purpose, a network of spatially distributed and wirelessly
connected sensor nodes, monitoring an area of interest, is considered where
this network is commissioned to detect two different phenomena occurring
in distant parts of this area. To address this problem, a binary-hypothesis
test is set in which each node is requested to decide whether or not it is an
ever-region node based only on its own environmental readings. Thereafter,
simulation results is provided to prove that each node can acknowledge its
regional position based only on the statistical attributes of its own envi-
ronmental readings. This is a promising approach because if only the nodes
placed in the close-by region of each phenomena report back their readings
to the BS, as opposed to transmitting entire readings from all the nodes,
the required bandwidth reduces to be proportional to the size of that event-

region only.
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In conclusion, the main purpose of this thesis was to positively contribute to
scientific knowledge, to clarify research aspects relating to OFDMA-based co-
operative systems and WSN systems, and optimistically, to place question that

may capture the interest of future researchers.

5.2 Future Research Directions

The research that has been undertaken for this thesis has successfully met the
research aims and the time span proposed. However, in this section, areas of
interest are identified which could be further investigated beyond the work pre-

sented in this thesis.

5.2.1 Extension of OFDMA-Based Cooperative System

The approach proposed in Chapter 3 can be extended to the case where there are
more than two users on the edge of the neighbouring cells and also to a scenario
in which the interference threshold level is adjusted according to the channel

conditions.

5.2.2 Extension of Event Region Detection in Wireless

Sensor Networks

The approach proposed in Chapter 4 can be extended to a scenario in which

a network of spatially distributed and wirelessly connected sensor nodes are
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monitoring an area of interest where there are more than two different active

phenomena, j > 2, occurring in distant parts of this area.

5.2.3 Lifetime Optimisation and Cognitive Radio in Wire-

less Sensor Networks

The main challenge in wireless networks originates from using resources effi-
ciently such that the network throughput is maximised. On the other hand
and as discussed in the beginning of this thesis, lifetime maximisation in non-
rechargeable battery powered WSNs has been extensively studied in recent years.
Energy consumption is a major limitation in such networks and there is a growing
body of literature on this subject. A good survey of available technology appears
in [29] and [55]. The scarcity of energy and bandwidth, the two fundamental
resources for communications, imposes severe limitations on the development of
communication networks in terms of capacity and performance. Among the new
technologies, that have emerged recently in the effort to intelligently and effi-
ciently utilise these constrained resources, are cognitive spectrum sharing. This
promising technology is aiming at better utilisation of the available channel re-
sources |56]. Cognitive radio prescribes the coexistence of licensed (or primary)
and unlicensed (secondary or cognitive) radio nodes on the same bandwidth.
While the first group is allowed to access the spectrum any time, the second

seeks opportunities for transmission by exploiting the idle periods of primary

nodes [57-60].
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As mentioned earlier, one important perspective in WSNs field is to maximise
the network lifetime where the network lifetime refers to the time interval from
the deployment to the instant when the network is announced non-functional.
Generally, the lifetime of a sensor node is inversely proportional to the average
rate of information generated and relayed by it. On the other hand, the appli-
cation performance of WSNs can be measured by the network throughput. A
suggested research work for future, is to analyse these two problems jointly, with
the objective to investigate the tradeoff between network lifetime maximisation
and network throughput in WSNs. Although both have been topics of studies in
recent years [61], [18], [62], few works considered them together and studied the
tradeoff between them.

In the proposed model, a wireless network consisting of N primary and secondary
nodes communicating their data with the BS is considered. The primary users
access to the licensed band while a secondary group of nodes form an ad-hoc net-
work and try to exploit the un-utilised channel resources either to communicate
their own data packets to the BS or to relay for the primary users. According
to the cognitive principle, the activity of the secondary link is required not to
interfere with the performance of the primary. Therefore, it is assumed that the
secondary link accesses the channel only when sensed idle [63]. The objective
of this work is to maximise the network lifetime, defined in [64] and [65], while

providing certain level of stable throughput.
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