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ABSTRACT

A survey made by a Spectrum Policy Task Force (SPTF) within Federal
Communications Commission (FCC) indicates that the actual licensed spectrum is
largely under-utilized. A remedy to spectrum underutilization is to allow secondary
users to access underutilized licensed bands dynamically when licensed users are
absent. Due to this spectrum usage is undergoing a paradigm shift from the traditional
licensed allocation to the dynamic spectrum access (DSA). Cognitive radios are
intelligent radio, which can implement DSA efficiently. A cognitive radio can detect
vacant licensed spectrum, access it and vacate when the licensed user starts
transmitting. The cognitive radios can detect the spectrum more efficiently if they
cooperate with other cognitive radios in the network. This results in increased
transmission opportunity and hence increases the throughput of the cognitive radio
network. Therefore, in order to realize the full potential of cognitive radio, there is a
need for well-designed distributed cooperative algorithms that can realise the
numerous gains from the vacant licensed spectrum. This thesis uses matching theory
to develop such cooperation mechanism. Matching theory is a mathematical
framework used to describe the formation of mutually beneficial relationships over
time. This mutually beneficial relationship encourages the cognitive radio to form
groups known as coalitions. The goal of matching theory in this thesis is to form
coalitions of cognitive radios so that the overall benefits termed as “utility” is
improved compared to benefit that cognitive radio receives when acting alone. This
improved utility due to coalition formation results in improved spectrum detection,
which in turn increases the opportunities for transmission in the vacant licensed
spectrum. The detected vacant spectrum is shared among the cognitive radios in the
network for achieving a higher throughput. For the purpose of coalition formation
using matching theory, two algorithms are proposed. The first algorithm for coalition
formation uses well-known Gale-Shapely algorithm to achieve cooperation among the
cognitive radios for spectrum detection and management. This algorithm results in the
formation of stable coalitions of cognitive radio. In order to form coalitions, each
cognitive radio prepares a preference list of other radio in the vicinity with which the
cognitive radio wants to cooperate and hence form a coalition. Each cognitive radio
makes an offer to cognitive radio in its preference list for cooperation. The cognitive
radio can accept or reject the offer based on the preference list. The second algorithm
is based one-sided matching theory which is a variant of the Gale-Shapely algorithm.
The procedure is similar to the first algorithm, however, the difference is in how the
coalition formation takes place among the cognitive radios. Finally, using simulations
and mathematical results, various aspects of the proposed algorithms were investigate
and analysed. The proposed algorithms resulted in improved spectrum detection as
well as spectrum management hence enhancing the throughput of the cognitive radio
network as well as increasing the spectrum efficiency. Compared to the non-
cooperative scenario the modified Gale-Shapley algorithm resulted in the reduction of
false alarm probability approximately by 51% and one-sided matching resulted in a
46% reduction in AWGN channel when number of cognitive radio user in the network
is set to 30. While in the fading environment the reduction was approximately by 40%
and 39% respectively for modified Gale-Shapley and one-sided matching algorithm.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW
At present most of the spectrum bands suitable for wireless communication have been
already allocated to different wireless services, often requiring licenses for operation.
A fundamental problem faced by future wireless systems is to find suitable spectrum
to meet the growing demand for speed and accommodate future wireless services. The
current license-free ISM bands (Industrial, Scientific, and Medical) are not enough for
future wireless services as they are already congested hence making it difficult to
accommodate new technologies. Due to this situation, there is a common belief that
there is not enough usable frequency left, which is threatening the expansion of high-
speed ubiquitous wireless networks. However, a recent survey made by the Spectrum
Policy Task Force (SPTF) within FCC indicates that the actual licensed spectrum is
largely under-utilized in vast temporal and geographic dimensions. For instance, a
spectrum measurement performed in New York City has shown that the maximum
total spectrum occupancy is only 13.1% in 30 MHz to 3 GHz range (Shared Spectrum
Company, 2005). This similar trend follows in Malaysia too. A scan in the Malaysian
capital of Kula Lumpur confirms this scenario as seen in Figure 1.1 (Omar, 2010).
This exciting discovery encourages new directions of research to solve the
problem of spectrum scarcity and at the same time helps to get rid of spectrum under-
utilization. A remedy to spectrum scarcity is to improve spectrum utilization by

allowing unlicensed users to access under-utilized licensed bands dynamically when



licensed users are absent. This idea of spectrum utilization is called Dynamic
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Figure 1.1 Spectrum occupancy plot for KL between 54-862 MHz (Omar, 2010).
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One of the solutions, that promise efficient and flexible DSA, is cognitive radio
(CR). CR is a novel technology, which improves the spectrum utilization by allowing
unlicensed users, also termed as secondary users (SUs), to borrow or share the unused
radio spectrum from licensed users, also termed as primary users (PUs). As an
intelligent wireless communication system, CR is aware of the radio frequency
environment. It selects the communication parameters (such as carrier frequency,
bandwidth, and transmission power) to optimize the spectrum usage and adapts its
transmission and reception accordingly.

A collection of CRs which communicate in a networked architecture (.e.g.
centralized, distributed) is called a cognitive radio network (CRN). CRN is a wider

concept than CR since the main concern of CR is the awareness, understanding, and



adaptation of radio resources, such as spectrum, time, space and power only. Power
control, spectrum sharing, routing, cooperative spectrum sensing and spectrum sharing
etc. are actually network level problems, and without the necessary support from the
network level, the flexibility brought by CR is limited. Moreover, this way of dynamic
spectrum access paradigm creates a wireless ecosystem in which CRs work in a highly
coupled way. It requires new network design principles and philosophy breaking away
from traditional methods of wireless networking (centralized access controller) to
realize the power of this new wireless ecosystem. With the amount of research effort
being put in CRN by researchers around the world, this thesis embarks on the research
of utilizing the licensed spectrum opportunistically to improve the spectrum utilization
and at the same time improving the efficiency of in order to realize the full potential of
CRN. Novel ways are explored to increase the spectrum efficiency and improve the
throughput of CRN using licensed spectrum without interfering with the PUs or the

licensed users.

1.2 PROBLEM STATEMENT AND SIGNIFICANCE

CR has been researched extensively to enhance the efficiency of spectrum usage in the
next generation wireless and mobile computing systems. The techniques for channel
measurement, learning, and optimization, that are crucial in designing DSA schemes
for CR under different communication requirements, are widely investigated. From
the network level point of view, the literature is not very extensive and still requires a
significant amount of research to realize the advantages brought by the CR on a
network scale. Usually, the research on CR is divided into four major areas which are:

1. Spectrum sensing

2. Spectrum decision



3. Spectrum Sharing

4.  Spectrum mobility

All four areas mentioned above are crucial for the CR to operate efficiently.
However, they are studied and addressed independently. Out of these four areas, this
thesis will focus on the spectrum sensing and management of the CRN. CRs are
desirable as a large volume of traffic is expected to be transferred wirelessly in the
near future. Since CRs are able to transmit on the underutilized licensed spectrum,
they can significantly improve the network capacity. However, this process introduces
additional complexities such as bandwidth allocation among multiple CR users and
cooperation between CR. Spectrum sensing and management provides the capability
to share the spectrum resources opportunistically with multiple CRs to avoid causing
interference to the PUs network.

In addition, a licensed channel is said to be available to a CR only if
communications on this channel will not disrupt communications among PUs.
Therefore, channel availability depends on the activities of PUs and thus may change
over time. In order to utilize the spectrum resources efficiently and overcome the
drawback caused by the limited knowledge of the availability of the channel, all of the
spectrum management functions are based on cooperative operations where CRs
determine their actions based on the observed information exchanged with their
neighbours. This leads to another issue of cooperation that is how the nodes in CRN
should cooperate in order to achieve the desired goal. Despite having quite a number
of advantages, cooperation, however, is hindered by the cost. For example, the power
required for cooperation, selfish behaviour and bandwidth required etc. In a network
with cognitive functionality, users tend to be selfish, i.e. they may pursue their own

goal to improve their performance without trying to cooperate or even cheat during



the cooperation process. Therefore, deriving a practical cooperation algorithm where
the decision to cooperate does not degrade the performance of any of the cooperating
users is a challenging task.

Furthermore, in order to achieve spectrum efficiency and increased throughput
for CRN without causing any interference to the primary network, a well-defined
cooperation technique among CRs is needed. This cooperation technique will help in
efficiently detecting the vacant spectrum band and, hence, sharing the detected
spectrum. This, in turn, will lead to improved throughput and enhanced spectrum
efficiency in the wireless network.

Therefore, designing a distributed, fair and cooperative strategy is highly
challenging and desirable in practice. This thesis attempts to address the above issues
and answer some of the open questions pertaining to the problem of throughput and

spectrum efficiency in CRN.

1.3 RESEARCH OBJECTIVES

The main objective of this study is to utilize cooperation strategies using well-known
mathematical tools in order to achieve spectrum efficiency and increased throughput
for CRNs without introducing interference to the PUs. The specific objectives can be
summarized as follows:

1. To develop novel distributed, cooperative and decision-making algorithms
for spectrum sensing and management in CRNs for increasing spectrum
efficiency.

2. To analyse the proposed distributed strategies for cooperation and

spectrum management under the context of the matching theory.



3. To evaluate and validate the performance of various quality of service
(QoS) metrics (e.g. capacity, throughput, false alarm) of the CRN using

simulation and compare it with the non-cooperative scenario.

1.4 RESEARCH METHODOLOGY
In this thesis, matching theory is used to develop cooperation strategies among the
CRs so that spectrum bands can be detected efficiently and in the process the
throughput can be increased. In order to design cooperative algorithms for CRN, the
cooperative game theory that deals with the analysis of interaction between groups of
cooperating rational players in order to improve their overall outcome, is a widely
used mathematical tool. In particular, coalition game theory where rational player
organizes themselves into coalitions in order to improve their performance has been
utilized by many researchers to study CRN. Despite the popularity of game theory, it
has several problems when applied to CRN. First, classical game-theoretic algorithms
require some form of knowledge on the action of other players, which limit their
distributed implementation. Second, most of the solution in game theory, for example,
the Nash equilibrium, investigates one-sided stability notions in which equilibrium
divergences are evaluated at the level of a single player rather than the entire set of
players. Third, for equilibrium in game theoretical methods certain criteria must be
met by the objective function. For example, convexity criteria for practical wireless
metrics may not always be satisfied. Last but not the least, for cooperative game
theory there are no formal rules or analytical concepts that can apply to coalition
formation and hence the solutions are application specific.

In order to overcome the limitation imposed by game theory, Matching theory

is being investigated recently for resource allocation in wireless networks. Matching



