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Abstract

Cognitive radios (CRs) are considered as a possible enabling solution for Dynamic
Spectrum Access (DSA) systems. In a DSA system, a cognitive radio adapts to the
environment by sensing the spectrum and takes quick decision on appropriate trans-
mission parameters to achieve certain performance goals. A cognitive radio network
(CRN) is defined as a network of cognitive radios/secondary users (SUs). In a CRN,
the resource allocation method is responsible for avoiding harmful interference at the
primary users (PUs) while optimally utilizing the available resources. Resource alloca-
tion problem is usually based upon a system model. A competitive CRN corresponds
to a system model where multiple SUs share a single channel and multiple channels
are simultaneously used by a single SU to satisfy their bits/channel use requirements.

In this thesis, a competitive CRN is assumed and for such an environment a
resource allocation optimization framework is proposed to determine the optimal
transmit power and bits/channel use distribution for SUs with two objective functions
- minimization of the total transmit power and maximization of the total bits/channel
use, and set of constraints such as interference temperature threshold, power budget,
quality of service (QoS) of SUs. An upper bound on probability of bit error and
lower bound on minimum bits per channel use requirement are considered as QoS of
the competing SUs. The users power budget is considered across channels to exploit
better channel conditions and hence to improve bits/channel use capability of the
resource allocation problem. An interference threshold constraint is considered in
order to protect PU’s transmission. Firstly, the proposed optimization framework is

solved in a centralized manner, which shows that more transmit power is required

Xix



XX

in a channel with higher noise power and bits/channel use increases with increasing
signal to interference plus noise power ratio (SINR). Moreover, the simulation results
also show that the framework is more capable of supporting high bits per channel
use requirement than other existing frameworks. Finally, a user based distributed
approach is developed to solve the proposed framework using “Game Theory.” It is

seen that user based distributed solution also follows centralized solution.



Chapter 1

Introduction

1.1 Cognitive Radio Networks

The advancements in information and communication technology have resulted in an
explosion in the demand for wireless internet access through smart phones, tablets,
and laptops. It is projected that this demand will continually increase in the fore-
seeable future. Furthermore, the use of wireless applications goes beyond personal
communications services; they are used for sensing, monitoring, and control systems
(e.g., in surveillance systems, embedded health monitoring systems, and traffic con-
trolling systems). However, this advancement of various wireless services is somewhat
limited by the scarcity of the radio spectrum under the current spectrum management
policies.

In current spectrum management policy, the right to use the wireless spectrum
in a country is controlled by the regulatory authorities. For example, United States
spectrum is managed either by the Federal Communications Commission (FCC) for
non-governmental applications or by the National Telecommunications and Informa-
tion Administration (NTIA) for governmental applications. In Bangladesh, both com-
mercial and government use of radio spectrum is managed by Bangladesh Telecom-
munication Regulation Commission (BTRC). These regulatory agencies divide the

available spectrum into blocks. Licenses are issued for exclusive access for a given
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Figure 1.1: Measurements of spectral usage activity in downtown, Berkeley [1]

geographical region to some of the blocks. The blocks are termed as licensed bands
and users with the right to access the licensed bands are referred to as primary users
(PU). The regulatory authorities also allocate some spectrum blocks where users can
operate without any license. These blocks are called unlicensed bands. Convention-
ally, PUs get the privilege to access the reserved bandwidth. Whereas, unlicensed

bands promote coexistence of dissimilar radio systems in the same spectrum. As an

m

BAM
0 1.5 3
Fraguency [GHz)

Figure 1.2: Measurements of spectral usage activity in Dhaka, Bangladesh [2]
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example, the FCC has designated the industrial scientific and medical (ISM) bands,
over which the immensely popular WiFi devices transmit. These unlicensed bands
are filling up fast. Despite the popularity of the unlicensed bands, the vast major-
ity of the frequency bands is in fact licensed. Moreover, recent measurements [3-5]
show that a large portion of the licensed bands are partly or highly unoccupied in a
given area at a given time. For instance, FCCs reference [6] states that the licensed
bands utilization varies from 15% to 85%. The measured result of spectrum usage
activity in downtown Berkeley, California are shown in Fig. 1.1 where green signifies
no spectrum activities. Figure 1.2 represents the spectrum occupancy measurement
for a period of time in Dhaka city where deep blue means no activity [2]. It can be
observed from these figures that most part of the bands are unoccupied for most of

the time. This inefficient usage of licensed bands has made the situation even worse.

Power

A Spectrum occupied by

primary users
Frequency /
4

/

=P ;
\. ‘/‘/'/Drnamic Spectrum  Time

Access(DSA)

Spectrum holes

Figure 1.3: Specrum holes or white space.

Recently, spectrum sharing has been proven to be a solution to improve spectrum
utilization. In a shared spectrum policy a user without license/secondary user (SU)

is allowed to access the idle licensed frequency band and coexist with the PU as
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long as their operation is not harmful for the PUs. To enable SUs to coexist with
other users in a frequency band, they must quickly identify and exploit available
frequency bands per channels. They must also be willing to be interrupted and
they must look for other channels to complete transmission. This concept is called
Dynamic Spectrum Access (DSA). A cognitive radio (CR) is considered as a possible
enabling solution for a DSA system. Mitola [7] proposed this novel idea of CR for
the opportunistic use of the underutilized portion of the spectrum, while providing a
solution to mitigate the spectrum scarcity problem. A CR is an intelligent wireless
communications device which senses its operational electromagnetic environment and
can dynamically and autonomously adjust its radio operating parameters [8,9]. In
DSA, the CRs access the frequency bands allocated to a licensed users when the
transmission of the licensed users is detected to be inactive. These inactive spectrum
bands are referred to as “spectrum holes” or “white spaces” as shown in Fig. 1.3.
Spectrum holes represent the potential opportunities for non-interfering (safe) use of
available spectrum. These CRs should have two main characteristics [10]: cognitive
capability and reconfigurability. The cognitive capability is defined as the ability to
sense the surrounding radio environment, analyze the sensed information, and make
the spectrum access decision based on the analyzed information. Reconfigurability
is defined as the ability of a CR to change its operating parameters based on the
spectrum-analyzed information. Such CRs interconnect with other wireless devices

opportunistically by forming cognitive radio networks (CRNs).

1.2 Challenges in CRNs

The challenges in CRNs can be broadly listed as

1. Cognitive radio architecture and implementation issues [7-12],
2. Spectrum sensing hardware requirements [7], [13-15],

3. Spectrum sensing algorithms [16-18],



4. Resource management [19-23],
5. Fairness in resource allocation [24-26],
6. Policy challenges [27-30].

In this thesis, our focus is on finding optimal transmit power and bits/channel use
(modulation order) for SUs in a CRN. Hence, we provide a literature review on power

and bits/channel use allocation in the following section.

1.3 Literature Review

There has been extensive research done on power and rate allocation to secondary
users (SUs) in the field of CRN. The authors in [31-34] study channel allocation.
Whereas the authors in [35,36] study channel and transmit power allocation and the
authors in [19], [37-43] study transmit power and rate allocation. As our proposed
work is on transmit power and rate allocation, we provide a little detailed overview
on that only. The authors in [19] study multiple user cognitive radio ad hoc networks
using orthogonal frequency division multiple access (OFDMA) scheme and develop an
algorithm to find optimal subcarrier sets as well as transmit powers to secondary users
with the objective of maximizing rate (in terms of Shannon channel capacity) under
maximum power constraints on individual radios, non-zero minimum and maximum
rate constraints. In [37], the authors consider a single pair secondary transmitter-
receiver overlaying with multiple PUs and propose a close-to-optimal algorithm for
OFDM-based CR systems to find rate (in terms of Shannon channel capacity) and
transmit powers to SU with the objective of jointly maximizing SU rate (in terms
of Shannon channel capacity) and minimizing SU transmit power while guaranteeing
a SU target bit-error-rate (BER) per subcarrier, total transmit power limit, and an
acceptable interference power to adjacent PUs. The authors in [39] consider a system

model of single channel, a single pair secondary transmitter-receiver and a single
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pair primary transmitter-receiver. Here, a spectrum sensing based joint rate (in
terms of Shannon channel capacity) and power allocation scheme for CRNs without
primary users true state information is studied. The authors also provide sufficient
condition under which it is beneficial for the SU to use the PU channel even the sensing
result indicates that the PU is busy. The authors in [38] study a location awareness
based cognitive radio ad hoc network (CRAHN) consists of a single pair secondary
transmitter-receiver overlaying with a single pair primary transmitter-receiver. They
propose an optimization framework to determine transmit power to SU to adequately
adjust the secondary user rate to be as large as possible while respecting QoS to PU.

In [40], the authors study the CR transmission of a SU pair (using M-QAM mod-
ulation scheme) in the presence of another PU pair. They model the co-channel inter-
ference between SU and PU without causing Gaussian assumption and derive upper
bound formula for the BER of M-ary quadrature amplitude modulation (M-QAM)
signals in the presence of interference-plus-noise. Finally, they design an optimization
problem to solve power and rate of SU with an objective to maximize the average
spectral efficiency under constraints of the average power of the SU, average BER
(for both PU and SU) and average interference level. In [41], the authors investigate
the average spectral efficiency of the cognitive user that employs joint optimization of
rate and outer loop power control (OLPC) for code division multiple access (CDMA)
systems for a single secondary user under the constraints of average transmission
power of the SU and predefined interference limit on the primary receiver. For a
given BER, the optimum SNR target is formulated and the transmission rate of a SU
is adapted using variable spreading factors (VSF) to attain the SNR target which is
combined with the power adaption in the inner loop of SU. In [42], a protocol has
been proposed for a cooperation cognitive radio model with a single pair of secondary
transmitter-receiver and a single pair of primary transmitter-receiver. In this proto-
col, if the primary receiver fails to decode the data signal of the primary transmitter

in the initial transmission, the secondary transmitter also recognize the ACK/NACK
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signals and simultaneously re transmits the data signal of the primary transmitter
along with its data signal. The authors also consider an optimization problem to
solve the optimal transmission rate and fraction of the transmission power with the
constraint that the average throughput of the primary system with SU is no less than
the primary system alone. This fraction of the transmission power is adjusted by the
SU to give the additional average throughput gain to PU.

The authors in [19], [37-42] do not consider the scenario where multiple SUs can
share a channel at a time. Also, they have not commented on bits/channel use.

In [43], the authors propose two centralized optimization frameworks (two stage
and joint) to determine the distribution of power and bits/channel use to SUs in
a competitive CRN. The objectives of the optimization frameworks are to mini-
mize total transmission power, maximize total bits/channel use and also to maintain
QoS. They consider BER and minimum bits/channel use requirement of SUs as QoS.
The authors consider multiple ary quadrature amplitude modulation (M-ary QAM)
scheme and transform the BER constraint in order to ensure optimality of the re-
sulting solution. Here, it is also shown that joint allocation of transmit power and
bits/channel use is more power economical. However, the authors in [43] consider
channel based power budget for users. In addition, the optimization framework is

also constrained by the total bits/channel use capability limit.

1.4 Motivation

It is commonly assumed that in a CRN, multiple channels may be available of dif-
ferent quality. Therefore, the SUs allotted to higher quality channels may gain an
advantage over SUs allotted to the poorer channels. Also, some of the SUs may not
attain minimum required bits/channel use by accessing only one channel. That is, in
practice, a single SU may occupy more than one channel. Moreover, to increase spec-
tral efficiency, multiple SUs may coexist in a channel according to its quality. Thus

in a competitive CRN, multiple secondary users share a single channel and multiple
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channels are simultaneously used by a single secondary user (SU) to satisfy their
bits/channel use requirements. Resource allocation in such a competitive CRN is an
important consideration and to the best of our knowledge only the authors in [43]
propose resource allocation frameworks to compute the distribution of transmit power
and bits/channel use to SUs in a competitive environment. However, they consider
channel based power budget for users. It is expected that users power budget across
their intended channels take advantage of better channel conditions and hence result
higher bits/channel use capability of the allocation problem [44]. In this context,
we are motivated to develop the resource allocation problem with user based power
budget across channels to exploit better channel conditions in order to support more
bits/channel use than existing framework. Our proposed resource allocation frame-
work aims to determine the best choice of power and bits/channel use (modulation
order) jointly to SUs. The objectives of our proposed optimization framework are
to minimize total transmission power, maximize total bits/channel use and also to
maintain quality of service (QoS) of the SUs. Our measures for QoS include an upper
bound on probability of bit error and lower bound on bits/channel use requirement
of SUs. We consider M-ary Quadrature Amplitude Modulation (M-QAM) scheme.
The centralized solution of the proposed resource allocation frameworks demands
extensive control signaling and is difficult to implement in practice if information
exchange about all users and channels is limited. In this context, we are motivated
to develop distributed user-based approaches to solve the proposed resource alloca-
tion framework and compare the performance between centralized and distributed

approach.

1.5 Contributions

We consider a competitive CRN with multiple secondary users. We also assume that

each channel can be used simultaneously by multiple secondary users via some form of
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non-orthogonal multiple access scheme, and a single secondary user can access several

channels at the same time to achieve its minimum bits/channel use requirements.

Each SU scans the spectrum bands at regular intervals and starts transmitting on

particular channels once it determines that the channels are vacant. At any instant

of time, if PU enters in any channel then SUs in that particular channel need to cease

transmission through the channels. The key contributions of this thesis for such a

CRN model are summarized below-

i

1

We propose an optimization framework for resource allocation for SUs in a
competitive CRN. Our objective is to determine the optimal distribution of
power and bits/channel use that a SU has to employ across the channels that
it uses in order to (1) minimize the total transmit power, and (2) maximize the
total bits/channel use while maintaining the QoS requirements for all active
SUs. The optimization problem is constrained by an upper bound on probability
of bit error and lower bound on bits/channel use requirement of SUs to ensure
QoS. The problem is also constrained by total power budget across channels for

users. The proposed optimization framework is presented in Chapter 3.

We solve the proposed optimization framework in a centralized manner and
analyze the allocation profile of transmit power and bits/channel use. It is seen
that the allocated transmit power is proportional to the channel noise power
and bits/channel use follows the signal to interference plus noise ratio (SINR).
We also compare the results of our proposed optimization framework with that
of [43]. Here, our proposed framework is seen to be more capable of supporting
high bits/channel use requirement. That is, wider solution space is obtained
with our proposed framework than the existing framework. Detailed solution
of the proposed optimization framework in a centralized manner is provided in

Chapter 4.
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iii Finally, we develop a user-based distributed approach to solve the proposed
optimization framework using “Game Theory.” We analyze the existence of
Nash Equilibrium (NE) for the game. An algorithm is developed to achieve
NE. We also analyze the allocation profile of transmit power and bits/channel
use and compare it with that of centralized solution. Detailed analysis of the

distributed solution are provided in Chapter 5.

1.6 Thesis Outline

The thesis is organized as follows-

Chapter 1 introduces the topic of the thesis. It also lifts up the reviews of the
related earlier literature and motivation behind this thesis. An outline of the specific
contributions of this thesis work is also included in this chapter.

Chapter 2 discusses the theoretical aspects of cognitive radio network and resource
allocation in cognitive radio networks.

Chapter 3 describes the proposed resource allocation framework.

Chapter 4 lifts up the solution of the proposed optimization framework in cen-
tralized manner. Graphical representation of the results are analyzed and compared
with that of the existing framework.

Chapter 5 depicts the solution of the same proposed optimization problem con-
sidering the user based distributed approach. Game theory is used here to solve this
distributed resource allocation framework. Additionally, the results for distributed
approach are analyzed and compared with that of the centralized approach.

Chapter 6 briefly summarizes the overall thesis work and suggests the scope of

future work.



Chapter 2

Resource Allocation in CRNS:
Preliminaries

2.1 Introduction

In CRNs, dynamic spectrum access (DSA) is a key concept, which allows a cognitive
radio (secondary user) in a network to opportunistically share the spectrum resources
which are allocated to primary users. The spectrum can be accessed by secondary
users when it is not being used by the primary users. Sharing the licensed spectrum
by secondary users improves the overall spectrum utilization and at the same time the
transmission power of secondary user causes interference to primary user. Therefore,
secondary user network should be designed in a way to allocate its radio resources
to satisfy its own QoS requirements while ensuring that the interference caused to
the primary users is below the predefined threshold level. The main functions of a
cognitive radio network (CRN) are spectrum sensing and exploitation of available
spectrum by adjusting the transmission parameters (i.e., bits/channel use, channel
allocation, transmit power and error coding). The techniques which involve strategies
and algorithms for controlling transmission parameters are known as resource allo-
cation in CRNs. It is very important to manage the participating entities in order
to enhance the spectrum utilization and optimize the performance of both primary

network and secondary network. Various resource allocation techniques have been

11
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developed for conventional wireless networks so far. However, they cannot be directly

applied to a cognitive radio network due to the following two main reasons:

1. Maximizing utilities of cognitive radios.

2. Maintaining interference constraints to protect PUs.

2.2 Cognitive Radio Network Architectures

A cognitive radio network (referred to as secondary network or unlicensed network)
coexists with primary networks (also referred to as licensed networks) within the same
geographical area, at the same time and utilize the same frequency bands. The pri-
mary network can be classified as either a centralized (infrastructure-based) network
or a distributed (ad-hoc) network. Similarly, based on the network architecture, the
cognitive radio network can also be classified as either a centralized or a distributed
network, as shown in Figs. 2.1 and 2.2, respectively. Generally, the PUs and the
primary base stations (PBS) do not have the cognitive radio capabilities. Hence, it
is the responsibility of SUs to sense the channel before cognitive transmission and

vacate immediately after the appearance of primary users.

2.2.1 Centralized CRNs

Centralized CRNs [8], [10], [12] have a central controller or coordinator (shown in
Fig. 2.1), e.g., a cognitive base station (CBS) or a central access point. This central
controller can collect spectrum information from SUs over a licensed or unlicensed
spectrum band (i.e., control channel (CC)), analyzes and makes information about
spectrum availability (e.g., channels in which PUs are absent) known to SUs via CCs.
A CBS provides resource (e.g., channel, bits/channel use and transmit power) for

SUs.
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Figure 2.1: Centralized cognitive radio architecture.

2.2.2 Distributed CRNs

Distributed CRNs [8], [10], [12] are ad-hoc or point-to-point communications systems
where SUs communicate over licensed or unlicensed bands opportunistically, as shown
in Fig. 2.2. These distributed CRNs do not have a central controller to coordinate op-
portunistic spectrum access and spectrum access decisions are jointly coordinated via
a common control channel (CCC) [45]. Hence, the signaling overhead in distributed
CRNs is considerably small compared to centralized CRNs even with a larger number
of SUs. However, the spectrum access decision taken by distributed CRNs based on

local information may not be optimal.

2.3 Cognitive Radio Operational Models

The dynamic spectrum access models in CRNs can be typically categorized into three
access models: underlay, overlay and interweave spectrum access models, as explained

further below.
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Figure 2.2: Distributed cognitive radio architecture.

2.3.1 Underlay Spectrum Access Model

Figure 2.3 (a) depicts the underlay spectrum access model. In this model, SUs are
allowed to coexist simultaneously with the PUs, by guaranteeing that the interference
perceived at the primary receivers is below a given threshold. Thus, SUs can transmit
whenever they want apart from being waited for spectrum holes. This is possible by
controlling the transmit power at the secondary transmitters. In addition, SU’s re-
ceived signal is also affected by the PU’s interference. However, interference tolerance
capabilities at the receivers enhance the overall performance of the CRN. Due to the
interference constraints associated with underlay systems, the underlay technique is

only useful for short range communications.

2.3.2 Overlay Spectrum Access Model

The overlay spectrum access model also permits SUs to co-exist with the PUs. In
fact, each SU associates PU-cooperation to enhance the PU’s signal-to-interference-

plus noise ratio (SINR) while appropriately splitting it’s transmit power between two
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Figure 2.3: Cognitive radio operational models (a) Underlay operation, (b) Overlay
operation, (c) Interweave Operation.

consecutive transmissions as shown in Fig. 2.3 (b). A fraction of transmit power (i.e.,
aP) is used to transmit the PU’s signal. Meanwhile, the remaining part (i.e., (1—aP))
is available to transmit SU’s own signal. However, a has to be selected appropriately
so that overall performance of the PU communication is not degraded. Furthermore,
since the PU signal is known at the secondary transmitter (ST), channel coding can

be successfully employed to cancel the interference at the secondary receiver (SR).

2.3.3 Interweave Spectrum Access Model

This spectrum access model can be employed to avoid interference to the PUs. In
other words, each SU uses a fraction of time from its available time slot to detect
the occupancy of the PU in that particular spectrum band. Within that time period,
they perform sensing, to make a decision about the PU’s activity (i.e., idle or active)
on that specific spectrum band. Thus, the interweave spectrum access model decides
access permission of the SUs based on sensing results. For example, a SU admits to
a spectrum band if and only if the PU’s spectrum is detected as idle and releases it
whenever the PU returns. In this way, interference to the PR is avoided. Fig. 2.3 (c)

shows the interweave spectrum access when PU is idle.
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2.4 Resource Allocation in CRNs

The resource allocation scheme in a CRN is the entity which is responsible for avoid-
ing harmful interference caused to the PUs while optimally utilizing the available
resources (i.e., power, rate and spectrum). For example, allocating more power to
the secondary users with higher channel gains is generally preferable from a sum
rate/capacity perspective. However, this increased power can create interference to
PUs which has to be taken in to account. For this reason, the resource allocation
schemes in CRN need to consider the effect of PU activities in different bands. More-
over, it may be impossible to satisfy QoS requirements for all SUs with limited power.
In such scenarios, there should be an optimal decision for power and rate selection for
SUs in CRNs. Therefore, the development of appropriate resource allocation schemes
is one of the vital factors in improving the system throughput and operational effi-

ciency in CRNs.

2.4.1 Elements of Resource Allocation

The main elements which need to be optimized in CR resource allocation problems

are as follows:

1. Power allocation: In the power allocation schemes the interference caused
to the primary networks needs to be taken into account. The power allocation
algorithms should always maintain the level of interference at the PRs under

the acceptable interference limit.

2. Bits/channel use allocation: In rate or bis/channel use (modulation order)
allocation schemes the main objective is to maximize the overall rate in order
to ensure the efficient data transmission. Furthermore, the individual rate re-
quirement of the SUs is also met in these schemes. It should be noted that rate
or bits/channel use measure can be visualized to indicate the modulation order

employed by the SU in a channel.
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3. Quality of Service (QoS): Like other wireless networks, a CRN also needs to
satisfy its user’s QoS requirements. The QoS requirement for the CRs could be
a minimum rate requirement and a maximum bit error rate (BER). The other
QoS metrics could be signal to noise ratio (SNR), response time, delay, outage

probability and blocking probability.

4. Channel allocation: The channel allocation algorithm in CRNs plays a sig-
nificant role in mitigating harmful interference at PUs. As an example, in the
spectrum underlay mode, the channel allocation scheme should allocate chan-
nels to the CRs which receive minimum interference from the PUs. Unlike tra-
ditional wireless channel allocation, the channel allocation algorithms in CRNs

depend on the PU activities in the considered channels.

5. User scheduling: The CR scheduling decision should be made by considering
the CR’s channel conditions and their QoS requirements in such a way that it

does not affect the QoS requirements of the PUs.

6. Fairness: A CRN can achieve a higher system throughput or spectral efficiency
while not being fair to all the CRs. This is a trade-off between efficiency in
resource allocation and fairness. The fairness can be achieved in terms of band-
width fairness (equal amount of spectrum to all CRs), power fairness (equal
portion of power from the total transmit power budget), or rate fairness (allo-

cate resources in such a way that all the CRs can achieve same rate).

2.5 Resource Allocation Approaches in CRNs

In general, resource allocation schemes are formulated as constrained optimization
problems. A typical constrained optimization problem consists of a utility function
used as an objective function, a set of constraints used to confine a feasible solution

set, and a set of optimization variables. For example, an optimization problem with
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arbitrary equality and inequality constraints can always be written in the following

standard form [46]:

To minimize : fo(z)
subject to

where, the vector © = (xy,.....z;,) is the optimization variable of the problem, the
function fy : R™ — R is the objective function, and the function f; : R* — R,i =
1,.....,m, are the (inequality) constraint functions, and the constants by, ...,b,, are
the limits, or bounds, for the constraints. For this optimization problem, a vector z*
is called optimal, or a solution of the problem 2.5.1, if it has the smallest objective
value among all vectors that satisfy the constraints. If the objective and constraint
functions are convex the problem is said to be a convex optimization problem. Convex

optimization method is widely used in such scenarios.

2.5.1 Optimization Objectives

The essence of resource allocation in CRNs is to optimal utilization of radio resources
while avoiding harmful interference at the PUs and to satisfy the QoS requirements
of CRs. The most common types of objective functions used for optimizing resource
allocation in CRNs are as follows:

Power Minimization: The objective of power minimization in CRN transmis-
sion is to mitigate harmful interference at the PUs while providing the required QoS
to the CRs. An optimization problem with a power minimization objective function
utilizes as much bandwidth as possible to minimize power allocation to channels while
satisfying the cognitive transmission-specific constraints.

Rate Maximization: The optimization problems in CRNs with the objective

of sum-rate maximization aims to maximize the total system throughput in CRNs
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under the interference (i.e., interference at the PUs) and total power constraints. It
is important to note that the sum-rate maximization problems in CRNs may not
guarantee the satisfaction of individual CR’s minimum rate requirement.

Utility Maximization: Utility maximization-based resource allocation can achieve
efficiency and fairness in resource optimization. CRNs can exploit the flexibility of
defining utility functions in such a way that the unique requirements in CRNs can be

satisfied.

2.5.2 Optimization Constraints

In general, the QoS requirements are represented in an optimization problem by a
set of constraints that are defined according to the physical limitations of the sys-
tem. For example, there is always a maximum limit on how much power is available
for SUs or users’ power budget for the purpose of transmission. This maximum limit
also depends on the interference threshold. On the other hand, in power minimization
problems, we generally use a constraint to satisfy the minimum data rate requirement.
The minimum data rate requirement is usually imposed in the problem formulation
when there is a trade-off between the objective function and the system through-
put. Moreover, others Qos metric can also be constrained to enhance the system

transmission.

2.6 Summary

In this chapter, some basic concepts of cognitive radio networks have been discussed.
Moreover, the basics of resource allocation approaches with different objectives and

various elements in resource allocation have been illustrated.



Chapter 3

Proposed Resource Allocation
Optimization Framework

In this chapter, we state our proposed resource allocation framework in a competitive
CRN. We are interested to optimize the transmission parameters such as transmit
power and bits/channel use (modulation order) of the SUs. We consider a competitive
CRN model where a single SU can transmit over multiple channels and a single
channel can be used by multiple users simultaneously. In such an environment we
propose an optimization framework to estimate the best choice of transmit power and
bits/channel use jointly for every SU with a view to (1) minimizing total transmission
power; (2) maximizing total bits/channel use, while maintaining QoS of the active
SUs. An upper bound on probability of bit error and lower bound on bits/channel
use requirement of SUs are considered as benchmark to measure QoS.

The rest of the chapter is organized as follows. In Sec. 3.1, along with the system
model, all of the assumptions and notations used in the rest of the thesis are stated.
Section 3.2 provides the description of the proposed resource allocation framework.

Finally, Sec. 3.3 summarizes the chapter.

20
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3.1 System Model

Let us consider a CRN comprised of M SUs. To access the licensed spectrum, the
SUs continuously sense the spectrum and determine that L free channels are available
for use in opportunistic way by multiple SUs. It is assumed that each channel can be
used simultaneously by multiple SUs via some form of non-orthogonal multiple access
scheme, and also a single SU can utilize several channels at the same time to satisfy
their bits/channel use requirement. Our goal is to maintain QoS for these competing
SUs by allocating the resources effectively. We consider probability of bit error and
minimum bits/channel use requirement as benchmark to indicate QoS. An interfer-
ence temperature threshold is also imposed to protect the PU transmission on any
channel from any harmful interference. We again implore the following assumptions
to enable mathematical tractability of the optimization framework: (1) CRN consists
of a central controller that will accomplish the resource allocation and has access
to all SUs channel and interference parameters (transmit power, bits/channel use).
The controller computes transmit power and bits/channel use per SU in each channel
based on channel quality, user’s bits/channel use constraint and interference temper-
ature threshold. It is also assumed that channel state information (CSI) and allotted
power and bits/channel use are exchanged between controller and SUs on a dedicated
control channel. (2) Every active SU radio has an upper limit on bits/channel use
at which it can transmit. (3) Every active SU radio has an upper bound on total
transmit power across channels. (4) All SUs employ same M-ary modulation scheme
(M-ary QAM) with an adaptable modulation order M. (5) Simple path loss model for
channel is considered. (6) Each SU has a lower bound requirement on bits/channel
use and upper bound requirement on BER that is to be maintained. Finally, we
assume that for optimization at each time instant, the number of SUs that may want
to access to each of the channels is denoted by Ns(k) where k =1, 2, 3, ---, L
which can be obtained by following the method described in [47]. Under this system
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model, we compute the the optimal transmit power and bits/channel use distribution

jointly for the SUs. Table 3.1 defines most of the related terms used throughout the

thesis.
N, (k) Predicted number of users for k-th channel
(k) Noise power in k-th channel
Pjii Orthogonality factor between user j and user ¢
hii(k) Power gain from i-th transmitter to i-th receiver in k-th channel
him (k) Power gain from ¢-th transmitter at location m in k-th channel
pi(k) Transmit power per bit of i-th user in k-th channel
e | Maximum transmit power per bit of i-th user across its intended channels
(k) Maximum transmit power per bit of i-th user in k-th channel
Ii(k) Interference temperature constraint in k-th channel
bi(k) Bits/channel use of i-th user in k-th channel
b (k) Maximum bits/channel use of i-th user in k-th channel
R! Minimum required bits/channel use for i-th user
Pe.i (k) BER for i-th user in k-th channel
o8 BER threshold at receiver for ¢-th user in any channel
7 (k) SINR per bit for i-th user in k-th channel
vE(k) SINR per bit threshold at receiver for i-th user in k-th channel

Table 3.1: Notations.

3.2 Proposed Optimization Framework

The objectives of our proposed optimization framework are to (1) minimize the total
transmit power, and (2) maximize the total bits/channel use while satisfying the

QoS requirements of all active SUs. The mathematical description of the proposed

bi-objective optimization corresponds to:
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Determine p? b
L Ns(k)
To minimize: F = Z Z pi(k) and
k=1 i=1
L Ns(k)
Maximize: Fy = Z bi(k)
k=1 i=1
subject to
Cl: 0<p;(k), Vi, k
L
C2: Y pilk)<py, Vi
k=1
C3: bi(k)e[l,---, " (k)], Vi, k
Ns (k)
Ca: D pi(k)him(k)<I(k), V k
i=1
L
C5 : bi(k)>R., Vi
k=1
C6: pei(k)<p.,, Vi, k. (3.2.1)
For M-QAM modulation scheme:
4 3 bi(k)yi(k) :
) < “ab (k) 1 | ) ) % ) 2.2
pe,z(k) bl(k)Q < 2bi(k) — 1 Vi, k,odd b (k) (3 )

Dei(k) = 44 (1 —2—@) Q( %) , Vi, keven b(k).  (3.2.3)

In the above,
pi(k)hii(k)
S im0y (k) s 2 + (k)
Here, p = [pi(1), -+, pgy(1); -+ s pa(L), -+, P, py(L)]" and
b = [bi(1), -, by y(1), -+, bi(L),--, bﬁS(L)(L)]T; Constraint types C1 and

Yi(k) = , Vi, k. (3.2.4)
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C?2 represent the limit on transmit power; constraint type C'3 indicates limit on
bits/channel use; constraint type C4 indicates the interference temperature thresh-
old constraint; constraint type C5 represents the required bits/channel use of users
and finally constraint type C6 is BER constraint. As C'6 is a nonlinear constraint
and the value of b;(k) is discrete, the above optimization formulation is a constrained
multi-objective mixed integer nonlinear programming (multi-objective MINLP) op-
timization problem. It is NP-hard in general. Relaxing the discrete condition on
bits/channel use, b;(k) (as suggested in [46]) and considering b;(k) as continuous vari-

able, the above optimization problem can be rewritten with constraint type C3 as:
C3: 1<b;(k)<b***(k), Y i, k. (3.2.5)

This results a non-convex optimization problem due to constraint type C6. As in [43]
to ensure optimality of the above optimization problem, the constraint type C6 is

modified into the following form
CT: — (k)< = Cparg (2% — 1), Vi, k. (3.2.6)

where Cyqrq is computed using the method discussed in [43]. Here, Cy,yg is a constant
and can be determined using (1) minimum rate, b/"*(k) = 1 (in our system); (2)
b7"**(k), and (3) value of pl; from C7. As an example, with b7""(k) = 1 to achieve
pL; = 1073, BEq. (3.2.2) suggests that v;(k)/(2%®*) — 1) has to be greater than 4.08
and with b"**(k) = 6, Eq. (3.2.3) suggests that ;(k)/(2%*) — 1) has to be greater
than 0.50. From this, we can conclude that by setting C4ry = 4.08, we can guarantee
a BER that is less than or equal to 1072 for the feasible values of b;(k). The following

theorem discusses the convex approximation of constraint C'7 [43].
Theorem 1. —v;(k)< — Cyarg (2% — 1), Vi, k is a convezx constraint.

Proof. Equation (3.2.6) can be written as

Vi(k)charg(2bi(k) - 1) (327>
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From Egs. (3.2.4) and (3.2.7), we can write

PiRaAR)Z  Coarg ) = 1) (S0 i (0) s (R)ps 2 + (k) )

Ns k . .
= Cuarg Z] 1 ;;«éz p;(k )20, 5i(K)pji® + anrgzbl(k)UQ(k)
N9 k
~Coarg 00y (k)R () p1% — Coargo® (k). (3.2.8)

Finally, rearranging Eq. (3.2.8), we get

N (k)
Coarg Z] § J;ézpj( )2V (k)h i(k)pji® + Cyarg2" Wo?(k)
Clarg Z] 1 ]7&@ pi(k)hsi(k)psi® — pi(k)hii(k) = Cyargo® (k) <O0. (3.2.9)
Here, b;(k), p;(k) and p;(k) are the optimization variables. 2%%) is a convex function.
The second term is convex as it is a function of 2%(*). The third and fourth terms are
convex as these are linear functions of p;(k) and p;(k), respectively. The first term
vanishes if p;; = 0 and the entire inequality becomes convex i.e., users are orthogonal

and constraint C'7 is convex. However, if p;; is not equal to zero, the component
functions pj(k)Qbi(’“) can be linearized via Taylor expansion around a point of interest

[P} (k) bi(k)]". In that case, the entire inequality Eq. (3.2.9) can be considered a
convex inequality corresponding to

Coarg Z] 1 ]7&1 ( (k)zbt( ) + 258 (pj(k) - p;(k)) +
(k)zbt(k log€2 (bl<k) - bz(k))) hj,i(k>pj,i2 + anrngi(k)o-z(k)
warg S pi (k) hy (k) psi2 = pi(k)hii(k) — Coargo®(k)<O  (3.2.10)

]

The optimization problem defined in Eq. (3.2.1) has two objective functions F}
and Fy that are mutually conflicting. That is, as each SU attempts to increase the
bits/channel use in order to maximize F3, the constraint C'6 becomes difficult to
satisfy unless more transmit power is used. Therefore, I} will increase if we attempt
to increase F, and vice-versa. It is common to combine such mutually conflicting
objectives into a single objective function using the “scalarization” approach [48] and

look at pareto optimal solutions. The optimization problem with combined single
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objective can now be rewritten as:

Minimize 7 Fy, — b5
subject to

C1, 02, C3, C4, C5, CT, (3.2.11)

where, 7 and 7, are the scalarization constants on F} and Fj, respectively. Finally,
the solution obtained from the convex formulation Eq. (3.2.11) is being used as a
starting point to search in the neighborhood for the optimal discrete valued b;(k)
(denoted as b°?"). We recalculate the optimal transmit power p®”* based on the new

discrete solution using Eq. (3.2.6).

3.3 Summary

In this chapter, we describe our proposed resource allocation framework that provide
the optimal transmit power and total bits/channel use (modulation order) distribution

that each SU needs to employ in each channel while maintaining QoS in a competitive

CRN.



Chapter 4

Centralized Solution of Proposed
Resource Allocation Optimization
Framework

In Chapter 3, we describe our proposed resource allocation framework to compute
transmit power and bits/channel use (modulation order) for SUs in a competitive
CRN. In this chapter, the proposed resource allocation problem is solved in a central-
ized manner. In a centralized manner, all active SUs convey their (1) QoS require-
ments, (2) power and bits/channel use limitations, and (3) Channel state information
(CSI) in periodic intervals to the central controller. The controller computes power
and bits/channel use per SU in each channel based on channel quality and interfer-
ence threshold. We assume that CSI and allocated power and bits/channel use are
exchanged between controller and SUs on a dedicated control channel. Here, we also
present the simulation results to demonstrate the performance of the proposed frame-
work in a centralized manner. Hereafter, the results for the proposed framework are
compared with the results from [43].

The rest of the chapter is organized as follows. Section 4.1 describes the simulation
setup for the proposed framework. Numerical results analysis for centralized approach

are presented in Sec. 4.2. Finally, Sec. 4.3 summarizes the chapter.
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4.1 Simulation Setup

We assume a CRN with L = 11 available channels and a total of M =10 SUs. We con-
sider a usage pattern as shown in Table 4.1, where whether the channel is being used
by SU or not is represented by ‘1" and ‘0’, respectively. Table 4.2 provides information
on the channel quality for all L channels. Table 4.3 lists the minimum bits/channel
use requirement for each SU and Table 4.4 lists the total transmit power upper bound
of all SUs. Lastly, Table 4.5 provides all other system parameters that are required
for our optimization framework. It is to be noted how the channel power gains such
as h;i(k), hji(k), him(k) and orthogonality factor p;, are set in simulation. We have
mentioned in system model section in assumption 5 that simple path loss model for
channel has been considered. In simulation, to simply the channel realization at
some specific time, we use Rayleigh distribution to have channel power gains. We
also normalize channel power gains properly so that none of the gains can go above 1.

In practice, channel power gains will be obtained using channel estimation techniques.

User, 1
User, 2
User, 3
User, 4
User, 5
User, 6
User, 7
User, 8
User, 9
User, 10

=Rl O, |l |~ |O|=
== ORI OO |F=|=|O
== OOk ||| ||k
e B el =R = R e T o e R et
OoOlRr|lRr|IlRrIRI OO OO | O
O |||l |, |R|IR|IRFR|F~R|O
el B Eaal B B e =R I e R B B )
R RO, |lOlR|O|lR O]

0
1
1
1
1
0
1
0
0
0

o |l o R |lO|lOlR,r|IRLR|O|O| O
Ol oo || ORI OO

Table 4.1: Usage pattern across channels.
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Chamnel, k| 1 |2 3 | 4 | 5|6 |78 |9 |10]11
o2(k), (x1078) [ 0.1 [ 5|25 | 75[01|75|5|25[01]75]0.1

Table 4.2: Channel quality parameters.

User,z (1|2 (3|4 |5 |6 |7[8]9]10
R |5|7(6[8[10[9|7|8|7|7

(]

Table 4.3: Minimum bits/channel use requirement of users.

User,i | 1|/2(3[4]5 [6[7[8]9]10
pe*(Watt) | 5| 768 109|787 7

Table 4.4: Total transmit power upper bound of users.

bmes (k) Y i, k 6
PV 10-3
Lk)V k| 200 x o(k)

Table 4.5: System parameters.

Our proposed framework can be used by MC-CDMA (multi carrier code division mul-
tiple access) system. MC-CDMA is associated with assigning codes to all of its users.
This orthogonality factor is obtained from such codes. If the codes are orthogonal,
users are orthogonal and p;; is obtained as 0. If the codes are not orthogonal, users
are not orthogonal and p;; is obtained as some nonzero value. We set 0.03125 as p;;
to keep provision for non-orthogonal users. For the simulation parameters stated in
this section, the value of Cyq,, is obtained as 4.5.

Finally, the proposed optimization framework is solved using optimization toolbox
in MATLAB. Specifically, we use function “fmincon.” “fmincon” provides solution for

an optimization framework with both linear and nonlinear constraints. It has four



30

algorithms- trust-region-reflective, interior point, sequential quadratic programming
(SQP) and active set. We use “Active set” algorithm to solve the proposed optimiza-

tion problem. “Active set” method is briefly discussed in Appendix A.

4.2 Results Analysis

In this section, we investigate the performance of the proposed resource allocation
framework solved in a centralized manner. Afterwards, a comparison between the
performance of our proposed framework and the framework in [43] is shown.

First, we observe the performance of our proposed framework in terms of the
allocated transmit power and bits/channel use across the channels for every SU.
Figure 4.1 depicts the transmit power and bits/channel use allocation across channels
(assuming scalarization parameters 73 and 7 to 0.5) for user 3 and 7, respectively.
The channel noise power and resulting SINR are also shown in the figure. Here user
3 is active on channels 2, 3, 5, 6, 9 and 11 and user 7 is active on channels 2, 4, 6, 8,
10 and 11. From Fig. 4.1, we see for both users require to transmit with more power
in a channel with more noise power. Allocation of bits/channel use is proportional to
SINR. The similar pattern on allocation of transmit power and bits/channel use are
also observed for rest of the eight users and shown in Figs. 4.2-4.5.

Figure 4.2 shows the power and bits/channel use distribution across channels for
user 1 and 10, respectively. We can see, user 1 is active on channels 2, 4, 5, 7 and
11 whereas user 10 is active on channels 2, 3, 5, 7, 10 and 11. Next, the power and
bits/channel use allocation for users 2 and 6, respectively is presented in Fig. 4.3.
Here, user 2 operates on channels 3, 5, 6, 7, 9 and 10 and user 6 operates on channels
3,5,7,8,9 and 10. Then, Fig. 4.4 illustrates the same power and bits/channel use
allocation profile for users 4 and 8, respectively. In this figure, we can see user 4 is
present on channels 1, 3, 4, 6, 7, 9 and 10, while user 8 is present on channels 1, 3,
5, 7, 8 and 10. Lastly, the power and bits/channel use distribution for users 5 and

9, respectively is depicted in Fig. 4.5, where user 5 operates on channels 1, 4, 6, 9
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and 11 whereas user 9 operates on channels 2, 3, 5, 7, 8, 10 and 11. It is evident
from Figs. 4.1-4.5 that all SUs shows similar transmit power and bits/channel use
allocation across channels for the proposed framework. Here, all users are required
to transmit with more power in channels with more noise power. That is allocation
of transmit power is proportional to noise power. Also, we can see from these figures
that the allocation of bits/channel use increases with increasing SINR.

As we have transformed BER constraint of our proposed optimization framework
to ensure optimality of solution, hence it is also important to see whether the trans-
formed BER constraint is providing required BER threshold. Figures 4.6-4.15 show
the obtained BER values for all the users. Form these figures, we can observe that
for all users, the obtained BER values are within the given limit of BER threshold

value, p!,; Vi =107°.
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Figure 4.1: Allocation of transmit power and bits/channel use with channel noise
power and SINR for users 3 and 7, respectively.
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Figure 4.16 shows the total allocated power and total bits/channel use across
users. Minimum bits/channel use requirement for all the users is also depicted in
Fig. 4.16 as a bar. From this figure it can be seen that our proposed optimization
framework is successful in satisfying the minimum bits/channel use requirement for
all users. The total allocated power and total bits/channel use across users using
allocation framework in [43] is also shown in Fig. 4.16. It is seen from this figure that
the proposed framework allocates more bits/channel use than in [43]. Though more
transmit power is required than in [43]. However, the spent power is within its limit.

The channel bits/channel use supporting capability obtained from our proposed
framework along with [43] is shown in Fig. 4.17. From this figure, we see that the
proposed framework is more capable in supporting bits/channel use. It is important
to note that in [43], the channel bits/channel use supporting capability upper bound
ie., b’ (k) is calculated by following the concept shown in [49] as:

1 SN pma ()b ()
t —— 1 =1 (3 7,2 )
(k) 25092< M—y

The framework in [43] provides channel total bits/channel use within its bound.
However, in proposed framework we relax the bound on channel total bits/channel
use i.e., power per channel per user upper bound and consider an upper bound on to-
tal transmit power across channels for users. This consideration makes the proposed
framework more capable in supporting channel total bits/channel use and hence in
supporting higher users’ minimum bits/channel use requirement. As for example, the
framework in [43] fails to provide solution for a scenario where R! is doubled for users
and all other parameters are kept as same they were. Whereas, our proposed frame-
work is successful for this scenario. The total allocated power and total bits/channel

use across users obtained by proposed framework for this case is shown in Fig. 4.18.
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4.2.1 Effect of Noise Level

Now, we observe the impact of different noise levels on the performance of the pro-
posed optimization framework. Consequently, we consider the channel quality param-
eter shown in Table 4.2 as example 1, the channel quality parameter shown in Table
4.6 as example 2 and the channel quality parameter shown in Table 4.7 as example 3.
The rest of the system parameters are kept same as in Sec. 4.1 in all three example
cases. Figure 4.19 shows the allocation of total transmit power and total bits/channel
use across users for examples 1, 2 and 3. User’s minimum bits/channel use require-
ment for all the users is also depicted in this figure as a bar. Figure 4.19 shows that
the total transmit power allocation is proportional to the noise power. However, the
total bits/channel use allocation are identical for all three examples and our proposed
optimization framework successfully achieves the minimum bits/channel use require-
ment for all the users in all three example cases. So, it can be implied that the
framework spends more transmit power in order to maximize the total bits/channel
use with the increase of noise levels. Figure 4.20 illustrates the allocation of transmit
power and bits/channel use across channels (assuming scalarization parameters 7
and 7, to 0.5) for user 1 for examples 1, 2 and 3. The resulting SINR are also shown
in the figure. In this figure, it can be observed that in all three example cases, with
the increasing noise level the allocation transmit power also increases to ensure the
same SINR value as expected. The similar pattern on allocation of transmit power
and bits/channel use for three different noise levels are also observed for rest of the

nine users and shown in Figs 4.21-4.29.

Chamnel, k| 1 |2 3 |4 | 5|6 |78 |9 |10]11
o2(k), (x1076) [ 0.1 [ 5|25 | 75[01|75|5|25[01]75]0.1

Table 4.6: Channel quality parameters for Example 2.
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Channel, k 12034 5|6 |[78]9]10]11
o2(k), (x1079) | 0.1 [ 5|25 | 75[01|75|5|25|01]75]0.1

Table 4.7: Channel quality parameters for Example 3.

4.2.2 Effect of BER Threshold

Figure 4.30 presents the allocation of total transmit power and total bits/channel
use across users for two different BER threshold (pzz) values, i.e., example 1 and
example 2. Minimum bits/channel use requirement for all the users is also depicted
in Fig. 4.30 as a bar. Here, for example 1, p;i is set to 1072 and for example
2, pﬁi,i is set to 107%. The rest of the system parameters are kept same as in Sec.
4.1. The value of Cyyprg is computed following the method discussed earlier in Sec
4.1 and Cyerg = 6.19 is set to guarantee a BER that is less than or equal to 1074,
Fig. 4.30 illustrates that to achieve minimum buts/channel use requirement with the
reduced BER threshold the allocated total transmit power for Example 2 is more
with compare to example 1. In this figure, although, the bits/channel use allocation
for example 2 is reduced but the proposed optimization framework is successful in
satisfying the minimum bits/channel use requirement for all users. Now, for this same
set up, the transmit power and bits/channel use allocation across channels (assuming
scalarization parameters 77 and 75 to 0.5) for user 1 is depicted in Fig. 4.31. The
resulting SINR are also shown in the figure. Figure 4.31 illustrates that with decrease
in BER threshold, the allocation of transmit power increases resulting higher SINR.
Similar pattern on allocation of transmit power and bits/channel use for different BER

threshold are also observed for rest of the nine users and shown in Figs 4.32-4.40.
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Figure 4.20: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 1 for different noise levels.
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power and SINR for user 9 for different noise levels.
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users for different BER threshold.
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Figure 4.32: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 2 for different BER threshold.
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Figure 4.33: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 3 for different BER threshold.



ol

7
1 x10

Noise power (Watt)

Transmit power (Watt)
[SEENY IS
1 1

I exarmple 1 |
1 Example 2 -

_15
g
T N
9
£
» 5 b
0 I I I I
1 2 3 4 5 6 7 8 9 10 11
o 4 T T T T T
&
3
°
2
g2 N
£
o
z
o 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11

Channel

Figure 4.34: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 4 for different BER threshold.
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Figure 4.35: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 5 for different BER threshold.
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Figure 4.36: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 6 for different BER threshold.
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Figure 4.37: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 7 for different BER threshold.
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Figure 4.38: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 8 for different BER threshold.
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Figure 4.39: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 9 for different BER threshold.
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power and SINR for user 10 for different BER threshold.

4.2.3 Effect of Users’” Minimum Bits/Channel use Require-
ments

Figure 4.41 illustrates the total transmit power and bits/channel use allocation across
users for three different sets of users” minimum bits/channel requirement. Here also,
we consider three example cases. In example 1, the users’ minimum bits/channel use
requirement are set as in Table 4.3, in example 2, the users’ minimum bits/channel use
requirement are set as in Table 4.8, and in example 3, the users’ minimum bits/channel
use requirement are set as in Table 4.9. Here, rest of the system parameters are kept
same as in Sec. 4.1 for all examples. In Fig. 4.41 the users’ minimum bits/channel
use requirement for three examples are shown as bar. Figure 4.41 illustrates that in
all three example cases, the transmit power distribution profile are almost identical.
However, our proposed optimization framework is successful in satisfying the mini-

mum bits/channel use requirement for all users for all three example cases. Figure
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4.42 depicts the allocation of transmit power and bits/channel use across channels
(assuming scalarization parameters 7, and 7, to 0.5) for user 1 for three example
cases. The resulting SINR are also shown in the figure. Figure 4.42 also shows that
the allocation of transmit power and bits/channel use across channels are identical for
user 1 for all three example cases. Almost similar pattern on allocation of transmit
power and bits/channel use are also observed for rest of the nine users and shown in

Figs 4.43-4.51 for example 1, 2 and 3.

User,s | 1 |2 | 3|4 |5 |6 |7 ]8]|9/10
R! 10141216 |20 | 18|14 |16 | 14 | 14

7

Table 4.8: Minimum bits/channel use requirement of users for example 2.

User, % 1 2 31415 6 7 8 9 10
R! 125 | 175 | 15 | 20 | 25 | 225 | 17.5 | 20 | 17.5 | 17.5

(3

Table 4.9: Minimum bits/channel use requirement of users for example 3.

Total bits/channel use

Figure 4.41: Allocation of total transmit power and total bits/channel use across
users for different minimum bits/channel use requirement.
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Figure 4.42: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 1 for different minimum bits/channel use requirement.
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Figure 4.44: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 3 for different minimum bits/channel use requirement.
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Figure 4.45: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 4 for different minimum bits/channel use requirement.
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Figure 4.46: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 5 for different minimum bits/channel use requirement.
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Figure 4.47: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 6 for different minimum bits/channel use requirement.
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Figure 4.48: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 7 for different minimum bits/channel use requirement.
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Figure 4.49: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 8 for different minimum bits/channel use requirement.
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Figure 4.50: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 9 for different minimum bits/channel use requirement.
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Figure 4.51: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 10 for different minimum bits/channel use requirement.
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4.2.4 Effect Of Users’ Power Budget

Now, we observe the impact of higher users’ power budget on the performance of
the proposed optimization framework. Here, we consider total transmit power upper
bound of users shown in Table 4.4 as example 1 and the total transmit power upper
bound of users shown in Table 4.10 as example 2. The rest of the system parameters
are kept same as in Sec. 4.1 in both examples. Figure 4.52 shows the allocation
of total transmit power and total bits/channel use across users for examples 1 and
2. User’s minimum bits/channel use requirement for all the users is also depicted
in this figure as a bar. Figure 4.52 shows that the total transmit power and total
bits/channel use allocation profile for both examples are same. Hence, in this case
users’ increased power budget have not any significant impact on the performance on
the proposed framework. Similar result is observed for allocation of transmit power
and bits/channel use across channels (assuming scalarization parameters 7, and 75 to
0.5) for user 1 for both examples in Fig. 4.53. The resulting SINR are also shown in
the figure. The similar pattern on allocation of transmit power and bits/channel use
for three different noise levels are also observed for rest of the nine users and shown

in Figs 4.54-4.62.

User, 4 1 2 31415 6 7 8 9 10
p*®(Watt) | 7.5 | 10.5 | 9 | 12 | 15| 13.5 | 10.5 | 12 | 10.5 | 10.5

Table 4.10: Total transmit power upper bound of users for example 2.
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Figure 4.53: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 1 for different users’ power budget.
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Figure 4.54: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 2 for different users’ power budget.
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Figure 4.55: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 3 for different users’ power budget.
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Figure 4.56: Allocation of transmit power and bits/channel use with channel noise

power and SINR for user 4 for different users’ power budget.
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Figure 4.57: Allocation of transmit power and bits/channel use with channel noise

power and SINR for user 5 for different users’ power budget.
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Figure 4.58: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 6 for different users’ power budget.
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Figure 4.59: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 7 for different users’ power budget.
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Figure 4.60: Allocation of transmit power and bits/channel use with channel noise

power and SINR for user 8 for different users’ power budget.
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Figure 4.61: Allocation of transmit power and bits/channel use with channel noise

power and SINR for user 9 for different users’ power budget.
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Figure 4.62: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 10 for different users’ power budget.
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Now, for the same example cases, Fig. 4.63 depicts the allocation of total transmit
power and total bits/channel use across users considering orthogonality factor, p;; =
0. Minimum bits/channel use requirement for all the users are also depicted in this
figure as bar. Figure 4.63 shows that in both cases the our proposed optimization
framework is successful in meeting the minimum bits/channel use requirements. Here,
in this figure, the allocation profile for both cases are exactly same, which means the
results are optimal. In a convex problem, it is expected to get same allocation profile
if the QoS parameters are kept as same as they were. So, considering p;; = 0, the
proposed optimization problem turns in to a complete convex problem, hence results

optimal solution as we have mentioned in Sec. 3.2.

4.2.5 Effect of Users’ Upper Bound on Bits/Channel use

Figure 4.64 presents the allocation of total transmit power and total bits/channel
use across users for two different Users” upper bound on bits/channel use (b7**(k))
values, i.e., example 1 and example 2. Minimum bits/channel use requirement for all
the users are also depicted in Fig. 4.30 as bar. Here, for example 1, b["**(k) is set to
6 and for example 2, b7"**(k) is set to 8. The value of Cyq4rq is computed following the
method discussed earlier in Sec 4.1 and Cy,,y = 4.37 is set to guarantee a BER that
is less than or equal to 1072 with b7%*(k) = 8. The rest of the system parameters
are kept same as in Sec. 4.1 in both examples. Figure 4.64 shows that the total
transmit power and bits/channel use allocation profile for both examples are similar.
Figure 4.65 illustrates the allocation of transmit power and bits/channel use across
channels (assuming scalarization parameters 73 and 75 to 0.5) for user 1 for examples
1 and 2. The resulting SINR are also shown in the figure. In this figure also, it
can be observed again that the allocation of transmit power and bits/channel use are
identical for both example cases. The similar pattern on allocation of transmit power
and bits/channel use for three different noise levels are also observed for rest of the

nine users and shown in Figs 4.66-4.74.
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Figure 4.64: Allocation of total transmit power and total bits/channel use across
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Figure 4.65: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 1 for different users’ upper bound on bits/channel use.
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Figure 4.66: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 2 for different users’ upper bound on bits/channel use.
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Figure 4.68: Allocation of transmit power and bits/channel use with channel noise
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Figure 4.69: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 5 for different users’ upper bound on bits/channel use.
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Figure 4.70: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 6 for different users’ upper bound on bits/channel use.
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power and SINR for user 7 for different users’ upper bound on bits/channel use.
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Figure 4.72: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 8 for different users’ upper bound on bits/channel use.
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Figure 4.73: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 9 for different users’ upper bound on bits/channel use.
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Figure 4.74: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 10 for different users’ upper bound on bits/channel use.
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Now, Fig. 4.75 depicts the allocation of total transmit power and total bits/channel
use across users considering orthogonality factor, p;; = 0 for the same example cases.
Minimum bits/channel use requirement for all the users are also depicted in this figure
as bar. Here, the allocation profile for both cases successfully satisfies the minimum
bits/channel use requirements for all users. The results for the both cases are exactly

same, hence the results are optimal.

4.3 Summary

In this chapter, the proposed optimization problem is solved in a centralized manner.
The simulation results illustrate that the allocation of transmit power is proportional
to noise level of the channel. Also, optimal bits/channel use allocation follows the
SINR. Finally, our proposed framework is seen to be more successful in providing solu-
tion with higher user’s bits/channel use requirement in better quality channels, which
is a beneficial side. Therefore, wider solution space is obtained with our proposed

framework.



Chapter 5

Distributed Solution of Proposed
Resource Allocation Optimization
Framework

In Chapter 3, we state an optimization framework to compute the best choice of
transmit power and bits/channel use to SUs in a competitive CRN and in Chapter 4,
we solve the proposed optimization problem in a centralized manner. The centralized
solution requires extensive control signaling and is difficult to implement in practice as
the central controller needs to know all the information about all users and channels.
On the contrary, in distributed CRN, no central controller is required to coordinate the
spectrum access. Spectrum access decisions are taken based on the local information.
Hence, in this chapter, we solve the proposed resource allocation problem in a user-
based distributed approach. Game theory is used to obtain the user-based resource
allocation algorithm. Specifically, we develop a non-cooperative game where all the
SUs are considered as selfish players who try to maximize their own utilities, which
are formulated later in this chapter. Moreover, the existence of Nash Equilibrium
(NE) for the game is studied.

The rest of the chapter is organized as follows. Section 5.1 describes the game
formulation of the proposed framework. Section 5.2 presents the analysis of the

proposed game. Numerical results are illustrated in Sec. 5.3. Finally, Sec. 5.4
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summarizes the chapter.

5.1 Game Formulation of the Proposed Optimiza-
tion Framework

Game theory plays a central role in modeling interactions of rational decision makers
in the decision-making process. To formulate a game, game theory studies that
each player has a strategy space of possible strategies from where a player takes
an action at every point in the game and also player has a payoff or utility function,
which represents the relative desirability of a player from his action (chosen from his
strategy or action space) in combination with actions from the rest of the players
(chosen from their strategy or action space) [11]. Players are said to play rationally if
they continuously seek for an action to maximize their utility functions. A strategic
non cooperative game I' is expressed as I' = {2, A, U} and consists of following

components:
1. Playerset Q: Q =1, 2, ..., M, where M is the number of rational players.

2. Actionset A: a € A= Hi‘il A; = Ay x Ay x... Ay, where each component, a;,
of the action vector a belongs to the set A;, the action set of player ¢. Action
vector is also denoted as a = (a;,a_;), where a; is player ¢’s action and a_;
denotes the actions of rest (M — 1) players. A_; = Hj]\iw# A, is the action set

of all players other than player 7. If A; is continuous then the game would be

also continuous.

3. Utility U: U; : A—R is the utility (payoff) function of player i, which depends
on the strategy of player i, as well as strategies of all other players and U =

(Uy,...,Uy): A—=RM denotes the utility vector of utility functions.

Various kind of action properties have been studied to figure out equilibrium point

of the game. The most familiar is the Nash Equilibrium (NE) [11]. Typically, NE is
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an action vector that coincides to the effective response for all the players. NE gives

no chance to players to get benefit by individual deviation.

Theorem 2. (Nash Equilibrium) An action vector & is a NE if, for every player i
and every action vector a
Ui(ai,a_;) > Ui(a;,a_;). (5.1.1)

A game is called non-cooperative, where player acts in his self-interest. In a
“non-cooperative” CRN, to evaluate SU’s power and bits/channel use, each SU is
interested in minimizing its own power and also maximizing its own bits/channel use
while maintaining QoS.

Let G = {Q, P, B, {u;(.)}} denote the non-cooperative power and bits/channel
use control game (NPRG) according to the resource allocation framework (3.2.11).
QO =1, 2, ..., M is the set of players according to M SUs; P ="P; X Py X ... is the
action space for power, P; defines the action set for power of player i; B = B; x By X. ..
is the action space for bits/channel use, B; defines the action set for bits/channel use
of player i. Each SU selects a power vector p; € P; and a bits/channel use vector
b; € B;. For ease in presentation, we define the action for user i as y; = [p? b?]7,
where, (p; = [pi(1) pi(2)...p;(L)]T and b; = [b;(1) b;(2)...b:(L)]F). We consider

utility function of user i as

ui(yiy-i) = -7 sz(k) + 72 Z bi(k), (5.1.2)

L
k=1 k=1

A

where, y_; is the union set of all other users actionsandy_; = [y] ...y, Yiq - - Y -

The “noncooperative” game formulation to determine transmit power and bits/channel
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use can be formally represented as

Determine Vi
To Maximize i (Yi, y—i)
subject to

CG1: 0<py(k)<p?™ = (k), Vi, k

7

CG2: 1<b(k)<b™™(k), Vi, k
L

CG3: Y bi(k)=Rl, Vi,
k=1

CG4 - —%(k‘)ﬁ - Oqarg(Qbi(k) - 1):
Vi, k. (5.1.3)

It is important to know, how the system constraint type C'4 in the proposed re-
source allocation framework (3.2.11) is controlled in the formulated “non-cooperative”
game. We take it in a simple way to satisfy those constraints in the game formulation.
We consider the total interference (constraint type C'4) caused by all SUs in a channel
is partitioned equally across all SUs in that channel. This approach results in impos-
ing maximum limit on transmit power for each SU in each channel. In (5.1.3), this
is captured in constraint CG1. In the game G, maximum limit on power p?"**(k) is

max

set as the minimum of maximum usual limit on power p;

(k) and the upper bound
obtained from dividing interference temperature threshold I;(k) by the product of
channel power gain at some location m (h;m,(k)) and possible number of users at

next time instant N, (k) (i.e., obtained bound corresponds to It(k)/(hlm(k)ﬁs(k)))

max

b;

nels that user i is going to utilize in next transmission. b"**(k) is obtained following

max

(k) is determined from constraint type C2 by diving p}

7

by the number of chan-

the concept in [49] as

maz 1 N—S(k) ngmax k)hii(k
b (k) = Slogs <1+ZZ—1 02(k§ Jhish) ).
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In summary, based on local information such as possible number of users at next
time instant Ns(k), Vk, we formulate a game to determine optimal distribution of
power and bits/channel use that a SU has to employ across the channels in order to

minimize total power consumption, maximize total bits/channel use, and maintain

QoS.

5.2 Analysis of the Game

The solution concept that is most widely used for game theoretic implementations
is the Nash Equilibrium (NE). At a NE point, given the other users power and
bits/channel use levels, no user can enhance his/her utility by making individual de-
viation in his/her power and bits/channel use. The NE solution concept results in
a secure and permanent solution of a game where players are combating rationally
through self-optimization and reach at a point where no player can deviate individu-
ally. According to NE, if there is a solution for above game, then there would be a
point that reaches NE. The following theorem shows that a NE solution always exists

for the game G in (5.1.3).

Theorem 3. For a given p!™**(k), bY""(k), R. and Cyargy, there is at least one NE
for the game G in (5.1.3).

Proof. The game is our setup can be shown to be a concave game if the following two
conditions are satisfied:

(1) the action spaces P and B are closed and bounded convex set and

(2) the utility function u;(y;,y_;) is concave over its strategy set.

It is very easy to show that the first condition is satisfied by the game G. The utility
function u;(y;,y_;) is linear (and hence considered concave) in p;(k) and b;(k). As a
concave game admits at least one NE [50], the theorem follows immediately. O]

Given the existence of NE solution for the above game, next we design an algorithm
for SUs to reach the NE. The modeling of algorithm is shown in Algorithm 1. In
Algorithm 1, ¢ is the iteration counter. Firstly, each SU measures the interference

and noise power (i.e., Z;yzsglf)#i pi(k)h;i(k)p;i® 4+ o?(k)) across its intended channels.
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Each user executes their own optimization problem (5.1.3) to determine power and
bits/channel use optimally. Each user continues to do (1) measure the interference
and noise power term and (2) solve own optimization problem until a finite number of
iterations (t,,4,) is completed or stopped at a point, where Algorithm 1 is confirmed.
Finally, each user searches in the neighborhood for the optimal discrete valued b (k)
(denoted as b{®") and optimal transmit power p** corresponds to b{*" is recalculated
using Eq. (5.1.3). Generally, the stopping criterion threshold e is set to a reasonable

small value.

Algorithm 1 Algorithm to reach NE for the game G
Stopping counter, t = 1;
while (1 < . or [|(pL — P! 1/lIpt ]| < ), ¥i) do
% Execute optimization problem
fori=1, 2,---, M do
for k=1, 2,---, L do -
Measure the interference and noise power (i.e., Zj.v:sg’f)#i pé-_l(k;)hm(k)pjf +
02(k)) across the intended channels;
end for
Solve optimization problem (5.1.3) and obtain p! and b};
end for
fori=1, 2,---, M do
Transmit pt;
end for
t=1t+1;
end while

The user-based distributed approach is more alluring than centralized scheme
in terms of information exchange requirement. In the case of centralized scheme,
information of all users and channels in the network are required. The required
amount of information exchange in centralized scheme is O(M?). As a result, it
incurs a high communication overhead and poor scalability in CRN with large number
of SUs whereas,in the developed user-based distributed approach, each SU requires
only local information- (i) possible number of users at next time instant N,(k), Vk

and (ii) measurement of interference and noise power (i.e., Zj\fzsgk)]# pi(k)hji(k)p; 2+
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o2(k), k).

5.3 Numerical Results

In this section, we explore the performance of the game theory based distributed solu-
tion of the proposed resource allocation framework. We assume the same simulation
setup as in chapter 4.

Figure 5.1 presents the transmit power and bits/channel use allocation across
channels for user 1 (assuming scalarization parameters 7, and 75 to 0.5) from the
developed distributed scheme along with centralized scheme Eq. (3.2.11). Along
with transmit power and bit/channel use allocation, the channel noise power and
resulting SINR are also shown in the figures. From Fig. 5.1 we can see, user 1 is
active on channels 2, 3, 5, 7, 8, 10 and 11. Here we can see that user 1 requires more
transmit power in poor quality channels. Transmit power is proportional to noise
power whereas, bits/channel use is proportional to SINR. The similar pattern on the
transmit power and bits/channel allocation for rest of the nine users are observed and
shown in Figs. 5.2- 5.10.

Figure 5.2 shows the transmit power and bits/channel use distribution across
channels for user 2 from both distributed and centralized scheme. We can see, user
2 is active on channels 3, 5, 6, 7, 9 and 10. Next, the similar power and bits/channel
use allocation profile for user 3 is presented in Fig. 5.3, where user 3 is active on
channels 2, 3, 5, 6, 9 and 11. Then, Fig. 5.4 illustrates the power and bits/channel
use profile for user 4. In this figure we can see, user 4 is present on channels 1, 3, 4,
6, 7, 9 and 10. Now, the transmit power and bits/channel use distribution for user 5
is depicted in Fig. 5.5, where user 5 operates on channels 1, 4, 6, 9 and 11. Figure
5.6 shows the power and bits/channel use distribution for user 6. We can see, user 6
is active on channels 3, 5, 7, 8, 9 and 10. Next, the transmit power and bits/channel

use allocation for user 7 is presented in Fig. 5.7, where user 7 is active on channels
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2,4, 6, 8,10 and 11. Then, Fig. 5.8 illustrates the transmit power and bits/channel
use allocation profile for user 8. In this figure, user 8 is present on channels 1, 3,
5, 7, 8 and 10. The transmit power and bits/channel use distribution for user 9 is
depicted in Fig. 5.9, where user 9 operates on channels 2, 3, 5, 7, 8, 10 and 11. Lastly,
Fig. 5.10 shows the power and bits/channel use allocation for user 10. Here user 10
operates on channels 2, 3, 5, 7, 10 and 11. Thereby, it is seen that the transmit power
and bits/channel use distribution across channels for all users in distributed scheme
follows the centralized solution closely.

Figures 5.11-5.20 show the obtained BER values for users. Form these figures, we
can observe that for all users, the obtained BER values are within the given limit of

BER threshold value, p!; ¥V i = 107
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Figure 5.1: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 1.
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Figure 5.7: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 7.



87

%107

-

Noise power (Watt)
o

0
g
6 =
1]
3
84 B
£
22 b
g
. o
0 I I I
6 7 8 9 10 11
20 B
o
=2
@10 T
=z
7]
0 I I I
6 7 8 9 10 11
@
3
34 b
2
£
I
£
o2 1
2
o
0 1 1 1
1 2 3 4 5 6 7 8 9 10 11
Channel

Figure 5.8: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 8.

7
-1 x10
g
5]
305
a
@
&
°
z
0
s 1 2 3 4 5 6 7 8 9 10 11
8 100
s
]
s
a
22 | [ [
g
=
o L—L 1 1 1
1 2 3 4 5 6 7 8 9 10 11
-
o F . ; .
|:| Distributed
o
2
10 -
=
o
0
1 2 3 4 5 6 7 8 9 10 11

IS
T

Bits/ Channel use
N
T

1 Wi

1 2 3 4 5 6 7 8 9 10 11
Channel

o

Figure 5.9: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 9.



38

Noise power (Watt)
o

_. x10°
kK T
Sar
I}
E
3
221
£
&
8
': 0 L L L L L
1 2 3 4 5 6 7 8 9 10 11
I centralized
_ 151 [ pistributed
o
3z
= 10
Z
» 5
0 L L L L L
1 2 3 4 5 6 7 8 9 10 11
4
@
b2}
3
°
2
So L
82
3}
2
o
oL I I I I
1 2 3 4 5 6 7 8 9 10 11
Channel

Figure 5.10: Allocation of transmit power and bits/channel use with channel noise
power and SINR for user 10.

10
%

Obtained BER

Channel

Figure 5.11: The obtained BER for user 1 across channels.



89

10
35 %10 .

3k 4

25 -

2r- -

15 -

1r .

05 - -
0 L L I I L I L
3 4 5 6 7 8 9 10

11

Obtained BER

Channel

Figure 5.12: The obtained BER for user 2 across channels.

1040
4 T

35

3l 4
25 |
15 |

1k 4
05 B

0 I I I I I

1 2 3 4 5 6 7 8 9 10

Channel

Obtained BER
~
T

Figure 5.13: The obtained BER for user 3 across channels.



%10

1.4

0.8 - 4

Obtained BER

0.4 -

02 A

Channel

Figure 5.14: The obtained BER for user 4 across channels.

%1070

35

25

Obtained BER
~
T

15

05

Channel

Figure 5.15: The obtained BER for user 5 across channels.

90



107
3 X

25

15

Obtained BER

05 -

Channel

Figure 5.16: The obtained BER for user 6 across channels.

4.5

35

N
2
T

Obtained BER
N
T

15

Channel

Figure 5.17: The obtained BER for user 7 across channels.

91



%10

92

18

16 [~

14

12

08 -

Obtained BER

02

Figure 5.18

Channel

: The obtained BER for user 8 across channels.

s %1070

Obtained BER
IS
T

Figure 5.19

Channel

: The obtained BER for user 9 across channels.



107
2 X

18 A
16 [~ =
14 T

12 A

Obtained BER
.
T
|

06 - T

04 A

02~ A

Channel

Figure 5.20: The obtained BER for user 10 across channels.

P 10° @

Total transmit power (Watt)

0 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
User
b
25 (b)
20 - -
o
I
3
215k ¢ B
&g [ Minimum bits/channel use requirement
5 —— Centralized
)
510 - —B— Distributed |
=] o
<]
2
5
0
1 2 3 4 5 6 7 8 9 10
User

Figure 5.21: Allocation of total transmit power and total bits/channel use
users.

93

aCross



94

Figure 5.21(a) shows the allocation of total transmit power across users from both
centralized Eq. (3.2.11) and distributed schemes, respectively. Figure 5.21(b) shows
the allocation of total bits/channel use across users from both centralized Eq. (3.2.11)
and distributed schemes, respectively. From Figs. 5.21(a) and 5.21(b) it is seen that
both total allocated power and bits/channel use across users in distributed case are
comparable to centralized scheme. Additionally, our proposed distributed resource
allocation scheme is successful in meeting bits/channel use requirements for all SUs.
The reason is obvious from the proposed user-based optimization problem formulation
(5.1.3). A user executes its own optimization problem (5.1.3) after checking the
feasibility of the optimization problem solution. The feasibility is determined by
user minimum bits/channel use requirement (constraint type C'G3) and the upper
bound of bits/channel use (constraint type C'G2). For each user, if the optimization
problem is feasible, the distributed scheme is guaranteed to be successful in meeting
the bits/channel use requirements for all SUs.

Figure 5.22 shows the resulting total interference power across channels from dis-
tributed scheme along with upper limit. We see from Fig. 5.22 that resulting total
interference power across channels does not violate the corresponding upper limit.
That is, the conservative approach based on constraint type C'G1 in the proposed

distributed case is successful in satisfying the system constraint type C'4.
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5.4 Summary

In this chapter, we develop a game theory based distributed approach to solve our
proposed resource allocation framework that determine the optimal transmit power
and bits/channel use that a SU has to employ across the channels in order to minimize
total power consumption, maximize over all bits/channel use, and maintain QoS in a
competitive CRN. In the game, the users make the decisions individually to maximize
their utility function based on the local information. From the simulation results, we
can see that the solution obtained from the developed game theory based distributed
approach is comparable to the centralized solution closely. The simulation results
show that the minimum bits/channel requirements for all SUs are satisfied and the

total interference power across channels are within the admissible limit.



Chapter 6

Conclusion

6.1 Conclusion

In this thesis, we have proposed an optimization framework for resource allocation
for SUs in a competitive CRN where multiple secondary users may coexist in a sin-
gle channel and each SU can use multiple channels to satisfy their bits/channel use
requirements. In such an environment, our proposed optimization framework intends
to jointly determine the optimal allocation of transmit power and bits/channel use to
SUs. The main objectives of the optimization framework are: (1) minimize the total
transmit power, and (2) maximize the total bits/channel use while satisfying the QoS
requirements for all active SUs. We have considered an upper bound on probability
of bit error and lower bound on bits/channel use requirement of SUs as QoS. The
problem is also constrained by total power budget across channels or users.

Then we have solved the proposed optimization framework in a centralized man-
ner. In a centralized manner, all active SUs convey their channel state information
(CSI) in periodic intervals to the central controller. The controller computes power
and bits/channel use per SU in each channel based on channel quality and interference
threshold. We have also assumed that CSI and allocated power and bits/channel use
are exchanged between controller and SUs on a dedicated control channel. From the

simulation results, it has been seen that more transmit power is required in a channel
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with higher noise power and bits/channel use follows the SINR. It has been also seen
that our proposed framework is more capable of supporting high bits/channel use
requirement compared to other existing framework. Thus the proposed framework
achieves wider solution space than other existing framework and is very beneficial in
the cases where minimum bits/channel requirement of the SUs is higher.

Finally, we have considered the communication overhead associated with central-
ized solution of proposed resource allocation framework and designed a user based
distributed approach (requiring minimal or no communication overhead relative to
centralized scheme). We have formulated a fully distributed approach based on game
theory to solve our proposed resource allocation framework. We have studied the ex-
istence of Nash Equilibrium (NE) and in this regard we have developed an algorithm.
We have simulated the game theory based distributed approach and investigated the
transmit power and bits/channel use allocation across users and channels. We have
also compared the results with that of the centralized approach. The simulation
results have shown that the user based distributed solution also follows centralized

solution.

6.2 Scope for the Future Work

Some possible future extensions of this existing work have been listed below:

1. Our proposed optimization framework can be studied for other different M-
ary modulation schemes (e.g., M-ary Amplitude Shift Keying (M-ASK), M-ary
Phase Shift Keying (M-PSK)).

2. The fairness in resource allocation indicates how equally the available scarce
resources are distributed among the SUs in the network. Though our pro-
posed framework is providing optimal resource allocation to SUs, users may not

be satisfied with optimal allocation of resources based on instantaneous QoS.
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Specifically, when multiple SUs compete for a limited number of available fre-
quency bands in CRNs, fairness among SUs in resource allocation is another
important consideration. As an example, when two SUs with different mini-
mum rate requirements are allocated the same rate or when a user is assigned
higher average power relative to other users, a dissatisfaction among SUs may
arise. Typically dissatisfaction is a feeling that develops over time. Fairness is-
sues in resource allocation has gathered some attention in recent years [24], [25].
The authors in [25] propose a fair random access protocol as well as a Homo
Egualis (HE) society model based distributed approach. Hence, to maintain
fairness among SUs, ideas from social behavior models [25] can be imposed in

our proposed resource allocation framework.

. In Chapter 5, we have formulated a distributed approach using game theory to
solve our proposed resource allocation framework. However, to satisfy the given
constraints, we have imposed a maximum limit on transmit power for each SU
in each channel, which turns this approach as a conservative approach. In this
context, the user based distributed approaches can be developed based on dual

decomposition theory [51], [52] for our proposed resource allocation framework.

. Currently non-orthogonal multiple access (NOMA) scheme has got huge atten-
tion and to the best of our knowledge transmit power and bits/channel use
(modulation order) allocation in NOMA-based CRNs is not an explored area

of research. So the feasibility of our proposed framework can be studied in

NOMA-based CRN.



Bibliography

1]

R. W. Brodersen, A. Wolisz, D. Cabric, S. M. Mishra, and D. Willkomm,
“Corvus: a cognitive radio approach for usage of virtual unlicensed spectrum,”

Berkeley Wireless Research Center (BWRC) White paper, 2004.

M. R. Palash, Z. Ahmed, M. I. Khalil, and L. Akter, “0-3 ghz spectrum occu-
pancy measurement in bangladesh for cognitive radio purpose,” in Telecommuni-
cations and Photonics (ICTP), 2015 IEEE International Conference on, pp. 1-4,
IEEE, 2015.

D. Cabri¢, S. M. Mishra, D. Willkomm, R. Brodersen, and A. Wolisz, “A cogni-
tive radio approach for usage of virtual unlicensed spectrum,” in Proc. of 1/th

IST mobile wireless communications summit, pp. 1-4, 2005.

M. Vilimpoc and M. McHenry, “Dupont circle spectrum ulitzation during peak
hours,” 2006.

P. Kolodzy and I. Avoidance, “Spectrum policy task force,” Federal Commun.

Comm., Washington, DC, Rep. ET Docket, no. 02-135, 2002.
E. FCC, “Docket no 03-222 notice of proposed rule making and order,” 2003.

J. Mitola, “Cognitive radio for flexible mobile multimedia communications,”
in Mobile Multimedia Communications, 1999.(MoMuC’99) 1999 IEEE Interna-
tional Workshop on, pp. 3-10, IEEE, 1999.

99



8]

[10]

[11]

[12]

[13]

[14]

[15]

[17]

100

E. Hossain and V. K. Bhargava, Cognitive wireless communication networks.

Springer Science & Business Media, 2007.

S. Haykin, “Cognitive radio: brain-empowered wireless communications,” IEEE

jJournal on selected areas in communications, vol. 23, no. 2, pp. 201-220, 2005.

I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty, “A survey on spec-
trum management in cognitive radio networks,” IEEE Communications maga-

zine, vol. 46, no. 4, 2008.

C. R. W. Thomas, Cognitive Networks. PhD thesis, Virginia Polytechnic Institute
and State University, 2007.

B. Wang and K. R. Liu, “Advances in cognitive radio networks: A survey,” IFEFE
Journal of selected topics in signal processing, vol. 5, no. 1, pp. 5-23, 2011.

H. Zamat, Practical implementation of sensing receiver in cognitive radios. PhD

thesis, Kansas State University, 2009.

V. Veeravalli and J. Unnikrishnan, “Cooperative spectrum sensing for primary
detection in cognitive radios,” IEEFE Jnl. on Selected Topics in Signal Processing,

pp- 1827, 2008.

G. Gur, S. Bayhan, and F. Alagoz, “Cognitive femtocell networks: an overlay
architecture for localized dynamic spectrum access [dynamic spectrum manage-

ment|,” IEEE Wireless Communications, vol. 17, no. 4, 2010.

T. Yucek and H. Arslan, “A survey of spectrum sensing algorithms for cognitive
radio applications,” IEFE communications surveys € tutorials, vol. 11, no. 1,

pp- 116-130, 2009.

S. Zhang and Z. Bao, “Linear combination based energy detection algorithm

under low snr for cognitive radios,” in Wireless Information Technology and



[19]

[20]

[23]

101

Systems (ICWITS), 2010 IEEE International Conference on, pp. 1-4, IEEE,
2010.

W. Zhang, R. K. Mallik, and K. B. Letaief, “Optimization of cooperative spec-
trum sensing with energy detection in cognitive radio networks,” IEEFE transac-

tions on wireless communications, vol. 8, no. 12, 2009.

S. Guo, Y. Zhang, and Y. Yang, “Distributed power and rate allocation with fair-
ness for cognitive radios in wireless ad hoc networks,” in IEEE Global Telecom-

munications Conference, pp. 1-6, 2011.

Q. Wu, G. Ding, J. Wang, and Y .-D. Yao, “Spatial-temporal opportunity detec-
tion for spectrum-heterogeneous cognitive radio networks: two-dimensional sens-
ing,” IEEE Transactions on Wireless Communications, vol. 12, no. 2, pp. 516—

526, 2013.

N. Dimitriou, A. Barnawi, A. Zalonis, and A. Polydoros, “Resource management

in cognitive radio networks.,” Adhoc & Sensor Wireless Networks, vol. 24, 2015.

M. Naeem, A. Anpalagan, M. Jaseemuddin, and D. C. Lee, “Resource alloca-
tion techniques in cooperative cognitive radio networks,” IEEE Communications

surveys € tutorials, vol. 16, no. 2, pp. 729-744, 2014.

R. Xie, F. R. Yu, and H. Ji, “Dynamic resource allocation for heterogeneous ser-
vices in cognitive radio networks with imperfect channel sensing,” IFEFE trans-

actions on vehicular technology, vol. 61, no. 2, pp. 770-780, 2012.

Y. Zhu, Z. Sun, W. Wang, T. Peng, and W. Wang, “Joint power and rate control
considering fairness for cognitive radio network,” in Proceedings of the 2009 IEEE

Conference on Wireless Communications € Networking Conference, WCNC’09,

(Piscataway, NJ, USA), pp. 1354-1359, IEEE Press, 2009.



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

102

Y. Xing, R. Chandramouli, S. Mangold, et al., “Dynamic spectrum access in open
spectrum wireless networks,” IEEFE journal on selected areas in communications,

vol. 24, no. 3, pp. 626-637, 2006.

C. Cormio and K. R. Chowdhury, “A survey on mac protocols for cognitive radio

networks,” Ad Hoc Networks, vol. 7, no. 7, pp. 1315-1329, 2009.

J. Mitola III, “Cognitive radio policy languages,” in Communications, 2009.

ICC"09. IEEE International Conference on, pp. 1-4, IEEE, 2009.

G. R. Faulhaber, “Deploying cognitive radio: Economic, legal and policy issues,”

International Journal of Communication, vol. 2, p. 11, 2008.

H. Su and X. Zhang, “Cross-layer based opportunistic mac protocols for qos
provisionings over cognitive radio wireless networks,” IEEE Journal on selected

areas in communications, vol. 26, no. 1, 2008.

J. M. Peha, “Sharing spectrum through spectrum policy reform and cognitive

radio,” Proceedings of the IEEFE, vol. 97, no. 4, pp. 708-719, 2009.

T. Khumyat and P. Uthansakul, “Channel allocation based on game theory in
CR networks over rayleigh fading channel,” in 2016 15th International Confer-
ence on Electrical Engineering/Electronics, Computer, Telecommunications and

Information Technology (ECTI-CON), pp. 1-4, June 2016.

M. Nabil and M. ElNainay, “Fuzzy-based assignment algorithm for channel sens-
ing task in cognitive radio networks,” in 2016 IEFEE Symposium on Computers

and Communication (ISCC), pp. 843-848, June 2016.

S. Sengottuvelan, J. Ansari, P. Mhnen, T. G. Venkatesh, and M. Petrova, “Chan-
nel selection algorithm for cognitive radio networks with heavy-tailed idle times,”

IEEE Transactions on Mobile Computing, vol. 16, pp. 1258-1271, May 2017.



[34]

[36]

[37]

[38]

[39]

103

S. K. Singh, A. Kaushik, and D. P. Vidyarthi, “A model for cognitive channel al-
location using GA,” in 2016 Second International Conference on Computational

Intelligence Communication Technology (CICT), pp. 528-532, Feb 2016.

N. Shami and M. Rasti, “A joint multi-channel assignment and power control
scheme for energy efficiency in cognitive radio networks,” in 2016 IEEE Wireless

Communications and Networking Conference, pp. 1-6, April 2016.

D. B. Rawat and C. Bajracharya, “Channel and power adaptation for cognitive
radios in multiuser OFDM systems,” in 2016 IEEE Radio and Wireless Sympo-
sium (RWS), pp. 129-132, Jan 2016.

E. Bedeer, O. A. Dobre, M. H. Ahmed, and K. E. Baddour, “Adaptive rate and
power transmission for OFDM-based cognitive radio systems,” in IEEFE Interna-

tional Conference on Communications, pp. 46714676, 2013.

S. M. Sanchez, R. D. Souza, E. M. G. Fernandez, and V. A. Reguera, “Rate and
energy efficient power control in a cognitive radio ad hoc network,” IEEE Signal

Processing Letters, vol. 20, no. 5, pp. 451-454, 2013.

Y. Wu, D. H. K. Tsang, L. Qian, and L. Meng, “Sensing based joint rate and
power allocations for cognitive radio systems,” IEEE Wireless Communications

Letters, vol. 1, no. 2, pp. 113-116, 2012.

C. C. Chai, “On power and rate adaptation for cognitive radios in an interference

channel,” in IEEE Vehicular Technology Conference, pp. 1-5, 2010.

M. Mahyari and M. Shikh-Bahaei, “Joint optimization of rate and outer loop
power control for cdma-based cognitive radio networks,” in International Con-

ference on Computing, Networking and Communications, pp. 392-396, 2012.



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

104

M.-G. Song, Y.-J. Kim, E.-Y. Park, and G.-H. Im, “Rate adaptation and power
allocation for cognitive radio networks with harg-based primary system,” Com-

munications, IEEE Transactions on, vol. 62, pp. 1178-1187, April 2014.

L. Akter and B. Natarajan, “Qos constrained resource allocation to secondary
users in cognitive radio networks,” Computer Communications, vol. 32, no. 18,

pp. 1923-1930, 2009.

T. M. Cover and J. A. Thomas, Elements of Information Theory. Wiley Press,
1991.

B. F. Lo, “A survey of common control channel design in cognitive radio net-

works,” Physical Communication, vol. 4, no. 1, pp. 26-39, 2011.

S. Boyd and L. Vandenberghe, Convexr Optimization. Cambridge University
Press, 2004.

L. Akter, B. Natarajan, and C. Scoglio, “Spectrum usage modeling and forecast-

ing in cognitive radio networks,” Cognitive Radio Networks, pp. 37-60, 2009.

T. Marler, A Study of Multiobjective Optimization Methods for Engineering Ap-
plication. PhD thesis, The University of Towa, 2005.

E. Biglieri, A. J. Goldsmith, L. J. Greenstein, N. B. Mandayam, and H. V. Poor,
Principles of Cognitive Radio. Cambridge University Press, 2012.

F. Wang, M. Krunz, and S. Cui, “Spectrum sharing in cognitive radio networks,”

in IEEE Conference on Computer Communications, pp. 1885-1893, Jan. 2008.

D. P. Palomar and M. Chiang, “A tutorial on decomposition methods for net-
work utility maximization,” IEEFE Journal on Selected Areas in Communications,

vol. 24, no. 8, pp. 1439-1451, 2006.



105

[52] L. Akter and B. Natarajan, “Distributed approach for power and rate allocation
to secondary users in cognitive radio networks,” IEEE Transactions on Vehicular

Technology, vol. 60, no. 4, pp. 1526-1538, 2011.



Appendix A
Active Set Method

In mathematical optimization, a problem is defined using an objective function to

minimize or maximize, and a set of constraints

that define the feasible region, that is, the set of all  to search for the optimal

solution. Given a point x in the feasible region, a constraint
9i(z)<0

is called active at x if g;(z) = 0 and inactive at x if g;(z) > 0. Equality constraints are
always active. The active set at x is made up of those constraints g;(x) that are active
at the current point. Active-set methods are mainly iterative methods that solve a
sequence of equality-constrained quadratic subproblems. The goal of the method is
to predict the active set, the set of constraints that are satisfied with equality, at the
solution of the problem.

The active set is particularly important in optimization theory as it determines
which constraints will influence the final result of optimization. For example, in
solving the linear programming problem, the active set gives the hyperplanes that
intersect at the solution point. In quadratic programming, as the solution is not

necessarily on one of the edges of the bounding polygon, an estimation of the active
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set gives us a subset of inequalities to watch while searching the solution, which
reduces the complexity of the search. In general an active set algorithm has the

following structure:

Algorithm 2 Find a feasible starting point;

repeat until “optimal enough”

solve the equality problem defined by the active set (approximately)
compute the Lagrange multipliers of the active set

remove a subset of the constraints with negative Lagrange multipliers
search for infeasible constraints

end repeat

Methods that can be described as active set methods include:

e Successive linear programming (SLP)

Sequential quadratic programming (SQP)

Sequential linear-quadratic programming (SLQP)

Reduced gradient method (RG)

Generalized reduced gradient method (GRG)



