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Abstract

The spectrum has become one of the most important and scarce re-

sources for future wireless communications. However, the current

static spectrum policy cannot meet the increasing demands for spec-

trum access. To improve spectrum efficiency, dynamic spectrum ac-

cess (DSA) attempts to allocate the spectrum to users in an intelligent

manner. Cognitive radio (CR) is an enabling technology for DSA, and

can maximize spectrum utilization by introducing unlicensed or sec-

ondary users (SUs) to the primary system. The key component of

DSA is dynamic spectrum sharing (DSS), which is responsible for

providing efficient and fair spectrum allocation or scheduling solu-

tions among licensed or primary users (PUs) and SUs. This thesis

focuses on the design of efficient DSS schemes for the future wireless

communication networks.

Firstly, based on the coordinated DSS model, this thesis proposes

a heterogeneous-prioritized spectrum sharing policy for coordinated

dynamic spectrum access networks. Secondly, based on the uncoor-

dinated DSS model, a novel partial spectrum sharing strategy and

the cross-layer optimization method have been proposed to achieve

efficient spectrum sharing between two licensed networks. Then, a

hybrid strategy which combines the overlay and underlay schemes is

proposed under uncoordinated DSS model. The proposed analytical

methods can provide efficient and accurate modeling to predict the

behaviors of the PUs and SUs in DSS systems. This thesis presents

the performance prediction of the proposed novel DSS schemes that

achieve efficient spectrum sharing for coordinated and uncoordinated

future wireless networks.



Contents

1 Introduction 1

1.1 Research Motivation . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Contributions and Thesis Outline . . . . . . . . . . . . . . . . . . 5

2 Overview of Research Background 8

2.1 Basic Concepts of DSA and CR . . . . . . . . . . . . . . . . . . . 8

2.2 Markov Process and Markov Chain . . . . . . . . . . . . . . . . . 11

2.2.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.2 State Transition Probabilities . . . . . . . . . . . . . . . . 12

2.3 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 Coordinated Sharing . . . . . . . . . . . . . . . . . . . . . 14

2.3.2 Uncoordinated Sharing . . . . . . . . . . . . . . . . . . . . 15

2.3.3 Overlay and Underlay Sharing . . . . . . . . . . . . . . . . 17

2.3.4 Markov Modeling . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Chapter Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Quality-of-Service-Aware Coordinated DSS: Prioritized Markov

Model and Call Admission Control 21

3.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Probabilistic Prioritized DSS . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Heterogeneous-prioritized Markov Model . . . . . . . . . . 24

3.2.2 Proposed CAC Strategies . . . . . . . . . . . . . . . . . . 28

3.2.3 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

v



CONTENTS

3.3 Derivation of Performance Metrics . . . . . . . . . . . . . . . . . . 34

3.3.1 Blocking Probability (BP) . . . . . . . . . . . . . . . . . . 34

3.3.2 Interfering Probability (IP) . . . . . . . . . . . . . . . . . 35

3.3.3 Forced Termination Probability (FTP) . . . . . . . . . . . 36

3.3.4 GoS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.5 Throughput of SUs . . . . . . . . . . . . . . . . . . . . . . 37

3.3.6 Maximum Admitted Traffic of SUs . . . . . . . . . . . . . 37

3.4 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4.1 Performance for Heterogeneous-prioritized Sharing Policy . 41

3.4.2 Performance for GCRES and GCRC CAC . . . . . . . . . 44

3.5 Chapter Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 51

4 Cross-layer Design of Uncoordinated Partial Spectrum-Shared

Licensed Networks - A Continuous Time Markov Model 53

4.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.1.1 Partial Spectrum Sharing Policy . . . . . . . . . . . . . . . 55

4.1.2 Cooperative Sensing with Voting Threshold . . . . . . . . 57

4.1.3 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 Markov Chain Model . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2.1 State Transitions upon PUA Request Arrival . . . . . . . . 64

4.2.2 State Transitions upon PUB Request Arrival . . . . . . . . 65

4.2.3 State Transitions upon PUA or PUB Service Completion . 66

4.3 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3.1 BP and IP for PUA . . . . . . . . . . . . . . . . . . . . . . 68

4.3.2 BP, FTP and HP for PUB . . . . . . . . . . . . . . . . . . 68

4.3.3 Throughput . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3.4 Cross-layer Optimization . . . . . . . . . . . . . . . . . . . 70

4.4 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.4.1 Evaluating Partial Spectrum Sharing Policy . . . . . . . . 72

4.4.2 Performance of Cross-Layer Optimization Scheme . . . . . 82

4.5 Chapter Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 85

vi



CONTENTS

5 On Imperfect Spectrum Sensing for Uncoordinated Partial Spectrum-

Shared Licensed Networks - A Discrete Time Markov Model 87

5.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.1.1 Network Architecture . . . . . . . . . . . . . . . . . . . . . 88

5.1.2 Spectrum Sensing . . . . . . . . . . . . . . . . . . . . . . . 89

5.2 Discrete Time Markov Chain Model . . . . . . . . . . . . . . . . . 90

5.2.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.2.2 DTMC Formulation . . . . . . . . . . . . . . . . . . . . . 91

5.3 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.3.1 Blocking Probability . . . . . . . . . . . . . . . . . . . . . 96

5.3.2 Forced termination probability . . . . . . . . . . . . . . . . 96

5.3.3 Interfering probability . . . . . . . . . . . . . . . . . . . . 96

5.3.4 Throughput . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.3.5 Cross-Layer Optimization . . . . . . . . . . . . . . . . . . 98

5.4 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.5 Chapter Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 108

6 On Hybrid Overlay-Underlay Dynamic Spectrum Access: Double-

Threshold Energy Detection and Markov Model 109

6.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.1.1 Network Model . . . . . . . . . . . . . . . . . . . . . . . . 110

6.1.2 Proposed Hybrid Access Strategy . . . . . . . . . . . . . . 110

6.2 Model Formulation and Analysis . . . . . . . . . . . . . . . . . . . 114

6.2.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.2.2 Model Formulation . . . . . . . . . . . . . . . . . . . . . . 114

6.2.3 Performance Analysis . . . . . . . . . . . . . . . . . . . . . 120

6.3 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.3.1 Simulation Parameters . . . . . . . . . . . . . . . . . . . . 122

6.3.2 Simulation Results . . . . . . . . . . . . . . . . . . . . . . 126

6.4 Chapter Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 132

vii



CONTENTS

7 Conclusions and Future Work 133

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

Bibliography 139

Publications 149

A List of Abbreviations 152

B Particle Swarm Optimization 154

B.1 Basic PSO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

B.2 The PSO Algorithm For Problems (3.25),(3.29) and (3.30) . . . . 156

viii



List of Figures

2.1 Dynamic Spectrum Access Models. . . . . . . . . . . . . . . . . . 9

2.2 An example of state diagram for the Markov chain. . . . . . . . . 13

3.1 System Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 The flow chart of the spectrum manager’s actions. . . . . . . . . . 25

3.3 The GCRC strategy. . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 The state transition diagram of the heterogeneous-prioritized Markov

model with CAC strategies. i, j1, and j2 denote, respectively, the

number of PUs, SU1, and SU2 operating in the system. . . . . . . 31

3.5 The results for the (a) PU blocking probability P
(0)
BP and interfer-

ing probability P
(0)
IP , and (b) SU blocking probability P

(1)
BP , P

(2)
BP ,

interfering probability P
(1)
IP , P

(2)
IP , and forced termination probabil-

ity P
(1)
FTP, P

(2)
FTP against the traffic of PU τPU (τPU = λPU/µPU). α1

and α2 denote the priorities of SU1 and SU2, respectively, which

can be defined as the probabilities that SU1 and SU2 hand off to

another vacant channel when they has collision with a PU. . . . . 43

3.6 (a) The maximum admitted traffic of SUs τmax
SU for heterogeneous-

prioritized (HP), common and hierarchical sharing policies, and (b)

the proportion of SU1 and SU2 traffic in τmax
SU , against the traffic

of PU τPU. The common and hierarchical sharing policies can be

obtained by using the analytical model with α1 = α2 = 0 and

α1 = α2 = 1, respectively. Max-Sum, Max-Min, Max-PF denote

the optimization criteria, which can be obtained by solving the

problems (3.25)–(3.28). . . . . . . . . . . . . . . . . . . . . . . . . 45

ix



LIST OF FIGURES

3.7 Maximum admitted traffic of SUs, τmax
SU , under Max-Sum criterion

against the traffic of PU τPU. The proposed GCRC and GCRES

can achieve better performance than FCFS non-CAC and the GC-

only CAC schemes. The results are obtained by solving problems

(3.26), (3.29) and (3.30) by the PSO algorithm. . . . . . . . . . . 46

3.8 Maximum admitted traffic of SUs, τmax
SU achieved by exhaustive

search (ES) only and ES-PSO schemes under Max-Sum criterion.

(b) The optimal number of guard channels (GCs) and restricted

channels (RCs) for GCRC scheme. . . . . . . . . . . . . . . . . . 48

3.9 Maximum admitted traffic of SUs, τmax
SU , under (a) Max-Min, and

(b) Max-PF criteria, against the traffic of PU τPU. The proposed

GCRC and GCRES can achieve better performance than FCFS

non-CAC and the GC-only CAC schemes. The results are obtained

by solving problems (3.26), (3.29) and (3.30) by the PSO algorithm. 49

3.10 Throughput of SUs against the traffic of PU τPU under Max-PF

criterion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.1 System Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2 A partial spectrum sharing policy. . . . . . . . . . . . . . . . . . . 56

4.3 The false alarm and miss-detection probabilities against the nor-

malized energy decision threshold Θ. . . . . . . . . . . . . . . . . 60

4.4 A Markov chain model for the partial spectrum sharing. S(i, j, k)

represent the system state with i PUA users in CA, j PUB users in

CR, and k PUB users in CB. . . . . . . . . . . . . . . . . . . . . . 63

4.5 Analytical and simulation results for PUA and PUB blocking prob-

abilities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.6 The blocking probabilities for PUA for different values of false alarm

probability (Qfa), miss-detection probability (Qmd) and the number

of sharing channels (CR), against the arrival rate of PUA λA. . . . 74

x



LIST OF FIGURES

4.7 The interference probability for PUA for different values of false

alarm probability (Qfa), miss-detection probability (Qmd) and the

number of sharing channels (CR), against the arrival rate of PUA

λA. Note that the interference probability for PUA for the Perfect

Sensing and Qfa = 0.2, Qmd = 0 cases are P
(A)
in = 0 . . . . . . . . . 76

4.8 The blocking probability for PUB for different values of false alarm

probability (Qfa), miss-detection probability (Qmd) and the number

of sharing channels (CR), against the arrival rate of PUA λA. . . . 77

4.9 The forced termination probability for PUB for different values of

false alarm probability (Qfa), miss-detection probability (Qmd) and

the number of sharing channels (CR), against the arrival rate of

PUA λA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.10 The hand-off probability for P
(B)
hf for different values of false alarm

probability (Qfa), miss-detection probability (Qmd) and the number

of sharing channels (CR), against the arrival rate of PUA λA. . . . 80

4.11 The GoS performance of (a) PUA, (b) PUB, for different values of

the arrival rate of PUA λA, the arrival rate of PUB λB, the number

of sharing channels (CR), and the voting threshold ζ , against the

normalized energy decision threshold Θ. . . . . . . . . . . . . . . 81

4.12 The total throughput τ against the arrival rate of PUA λA. . . . . 84

4.13 The optimal values of PHY and MAC layer parameters against the

arrival rate of PUA λA. . . . . . . . . . . . . . . . . . . . . . . . . 85

5.1 The periodic sensing scheme for the DSS system. . . . . . . . . . 90

xi



LIST OF FIGURES

5.2 The blocking probability for PUB against the arrival rate of PUA

λA. “Perfect sensing (CTMC in Chapter 4)” denotes the analytical

results derived in Chapter 4. “Perfect sensing”, “Qfa = 0, Qmd =

0.2”, “Qfa = 0.2, Qmd = 0” cases are obtained from the analytical

model in this chapter, where Qfa and Qmd are the false alarm prob-

ability and miss-detection probability, respectively. “Simulation”

denotes the simulation results, which are obtained from discrete

event simulator and can verify the analytical results for imperfect

sensing cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.3 The forced termination probability for PUB against the arrival rate

of PUA λA. The solid lines are obtained from the analytical model.

Qfa and Qmd are the false alarm probability and miss-detection

probability, respectively. “Simulation” denotes the simulation re-

sults are obtained to verify the analytical model for imperfect sens-

ing cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.4 The interfering probability against the arrival rate of PUA λA. The

results are obtained from the analytical model. Qfa and Qmd are the

false alarm probability and miss-detection probability, respectively. 103

5.5 The throughput for PUB against the arrival rate of PUA λA. The

results are obtained from the analytical model. CR denotes the

number of sharing channels. Qfa and Qmd are the false alarm prob-

ability and miss-detection probability, respectively. . . . . . . . . 104

5.6 The impact of sensing interval ∆T on the (a) blocking, forced ter-

mination, interfering probabilities, and (b) throughput for PUB

with Qfa = 0.1, Qmd = 0.1. Qfa and Qmd are the false alarm prob-

ability and miss-detection probability, respectively. . . . . . . . . 106

xii



LIST OF FIGURES

5.7 Results for the (a) optimized throughput of PUB τ [B]. “Partial

sharing” results are obtained by PSO algorithm and exhaustive

search (ES), respectively. The hierarchical sharing and non-sharing

schemes are obtained from the analytical model with PSO algo-

rithm and used for comparison. (b) The optimal values for the

cross layer optimization problem. The optimal arrival rate of PUB

λ∗
B, and the optimal sensing interval ∆T ∗ are obtained by PSO

algorithm, while the optimal sharing channel C∗
R

is obtained by ES. 107

6.1 The DSS system model with the hybrid access strategy. . . . . . . 111

6.2 State transition diagrams for the hybrid access Markov model.

E(i,j) and T(i,j,k) denote the energy detection state and normal

transmission state, respectively. i is the status of PU, i.e., if PU

is inactive, i = 0, and when PU is in Region 1 and 2, i = 1 and

i = 2, respectively. j represents the access mode of SU, i.e., if SU

is inactive, j = 0, and when SU is in the partial and full access

mode, j = 1 and j = 2, respectively. . . . . . . . . . . . . . . . . . 116

6.3 Examples of the detailed state transition diagrams. Upper: Tran-

sitions from the state E(i,j) to E(i+s,j+l) and T(i+s,j+l,1). Bottom:

Transitions from the state T(i,j,k) to T(i+s,j,k+1). i is the status of

PU, i.e., if PU is inactive, i = 0, and when PU is in Region 1 and

2, i = 1 and i = 2, respectively. j represents the access mode of

SU, i.e., if SU is inactive, j = 0, and when SU is in the partial and

full access mode, j = 1 and j = 2, respectively. . . . . . . . . . . . 118

6.4 Results for (a) the throughput of SU and, (b) interfering prob-

ability against the mean interarrival time of PU. The results for

the Hybrid scheme with various probabilities of SU transmitting

in partial access mode are plotted. The overlay schemes with the

single detection threshold vH and vL are plotted for comparison. . 127

xiii



LIST OF FIGURES

6.5 Results for (a) the throughput of SU and, (b) interfering prob-

ability against the sensing interval. The results for the Hybrid

scheme with Paccess = 0.9 are compared with the traditional over-

lay schemes with the single detection threshold vH and vL. . . . . 128

6.6 Results for (a) the throughput of SU and, (b) interfering probabil-

ity against the the radius of Region 2. The results for the Hybrid

scheme with Paccess = 0.9 are compared with the traditional overlay

schemes with the single detection threshold vH and vL. . . . . . . 130

6.7 Results for (a) the throughput of SU and, (b) interfering probabil-

ity against the the radius of Region 2. The results for the Hybrid

scheme with Paccess = 0.9 is compared with the traditional overlay

schemes with the single detection threshold vH and vL. . . . . . . 131

xiv



List of Tables

3.1 Simulation Parameters. . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1 Parameter Settings. . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.1 Parameter Settings. . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.1 Simulation Parameters. . . . . . . . . . . . . . . . . . . . . . . . . 125

xv



Chapter 1

Introduction

1.1 Research Motivation

The wireless communication industry has experienced an exponential increase

of mobile services, especially in the last decade. In 2011, there were 6 billion

mobile cellular subscribers and 1.2 billion mobile broadband subscribers around

the world. With the launching of the new wireless networks and services, such as

wireless regional area networks (WRAN), wireless local area networks (WLAN),

and wireless regional personal networks (WPAN), wireless has become a required

technology, which changes our life style-the way we work, live and play. It is

expected that wireless technology will take over personal computers to become

the premier technology driver for the next decades, and will have profound impact

on our economy and society.

In wireless communications, the data transmission rate and the spectrum

utilization rate are the two important parameters to evaluate the performance

of wireless systems. Future wireless communication networks are expected to

provide much higher data rates to meet the requirements of increasing media

services [1]. Based on the Shannon–Hartley theorem [2], the data transmission

1



1.1 Research Motivation

rate is bounded by the bandwidth of the spectrum resources. Some physical

layer technologies, such as Multiple-in-multiple-out (MIMO) [3] and Orthogo-

nal frequency-division multiplexing (OFDM) [4], were proposed to improve the

spectral efficiency. However, due to scarce frequency spectrum and increasing

demands for high quality communication services, the required capacity has ex-

ceeded that provided by traditional wireless communication systems [5].

On the other hand, with the rapid development of wireless technologies, vari-

ous systems coexist and therefore the problem of crowded frequency spectrum and

severe interference will arise. To solve these problems, the current wireless sys-

tems are regulated by static and “exclusive-use” spectrum assignment policy, i.e.,

the spectrum resources are governed and regulated by the governmental agencies,

and are allocated to different wireless applications, such as mobile phone, broad-

cast, radar and television networks, on a long term basis for a large geographical

regions [6]. The static spectrum assignment policy can prevent the interference

among different wireless services. However, it also causes the inefficient utiliza-

tion of spectrum resources [7]. Based on the spectrum measurement report by the

Shared Spectrum Company [8] for downtown area in Washington D. C., there are

about 62% spectrum resources that have not been utilized. Furthermore, the fed-

eral communications commission (FCC) reported that there are a lot of temporal

and geographical spectrum holes (unused spectrum) in the assigned 3GHz-below

frequency bands, in which the spectrum utilization is range from 15% to 85% [7].

Dynamic spectrum access (DSA) on the other hand attempts to allocate the

spectrum to users in an intelligent manner, has received most attention as the

solution for better spectrum utilization [9]. Cognitive radio (CR) is an enabling

technology for DSA, and can maximize spectrum utilization by introducing un-

2



1.2 Research Objectives

licensed or secondary users (SUs) to the primary system [10; 11]. With CR,

SUs are aware of the radio frequency environment, and dynamically selects the

operating parameters (such as frequency, modulation scheme, and transmission

power), to opportunistically access the spectrum holes (i.e., the unused frequency

bands) without causing interference to the licensed or primary users (PUs).

1.2 Research Objectives

Dynamic spectrum sharing (DSS) is the key component of DSA, and is responsible

for providing efficient and fair spectrum allocation or scheduling solutions among

primary and secondary users. To do so, there are generally two main approaches

[9]:

• Coordinated sharing (the spectrum property-rights model or spectrum leasing)—

Under this framework, certain information exchange between the PUs and

the SUs is allowed. PUs are the owners of the spectrum, and can lease their

spectrum to the SUs via a centralized spectrum manager (e.g., spectrum

broker in [12]). Hence, PUs are incentivized in spectrum sharing to gain

revenues.

• Uncoordinated sharing (the hierarchical spectrum access model)—In this

model, SUs constantly sense the spectrum utilization and access any avail-

able spectrum holes in which PUs are not active. Moreover, SUs are also

required to detect the PU activities to ensure no harmful interference caus-

ing to the PUs. As such, PUs will be operating as if SUs are not there,

provided that spectrum sharing by the SUs is perfect.

3



1.2 Research Objectives

Hence, this research project focuses on the design of efficient DSS schemes

under coordinated and uncoordinated sharing scenario for the future wireless

communication networks. For coordinated sharing, since there is spectrum man-

ager to coordinate the spectrum allocation and coexistence of PUs and SUs, SUs

do not need to perform sensing to get spectrum occupation information. In this

scenario, hierarchical multiple-class SUs can be considered and accommodated in

the system. PUs may adopt different prioritized policies to solve the channel col-

lision with SUs. Markov chain models will be used to analyze the overall system

performance and based on this model, the maximum admitted traffic of SUs, also

referred as the system serving capability for SUs, can be obtained. Furthermore,

Call Admission Control (CAC) strategies can be implemented in the system to

enhance the maximum admitted traffic for SUs. For uncoordinated sharing, to ex-

ploit spectrum holes efficiently and avoid harmful interference to PUs, spectrum

sensing becomes one of the most important and fundamental physical layer tasks.

Due to the environmental noise and interference, sensing errors are inevitable and

should be considered in the analysis. The parameters selection during spectrum

sensing at the physical layer will also affect the MAC layer performance such as

the blocking probability and interference probability, which will further affect the

grade-of-service (GoS) performance the spectrum sharing users. Therefore, the

cross layer design framework will be investigated to enhance the overall DSS sys-

tem performance. In uncoordinated sharing, the overlay and underlay access are

the two common sharing models. As the interference tolerance of PUs is ignored

for overlay access, and the opportunity for SUs to transmit at higher power when

PUs are inactive is missed for underlay access, mixed or hybrid overlay-underlay

strategies are desirable and have been proposed to improve spectrum efficiency,
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which can also achieve a better trade-off between the network throughput and

the interfering to PUs.

1.3 Contributions and Thesis Outline

The work described in this thesis has investigated how to efficiently utilize the

limited spectrum resources in the manner of time-frequency-space domains using

CR technologies. In particular, three important issues have been addressed: 1)

how to achieve the collaboration between PUs-SUs and SUs-SUs for spectrum

sharing, with the guarantee of PUs’ access priority. 2) how to efficiently and ac-

curately model the users access process for the new DSS strategy, and predict the

system performance using the analytical model. 3) how to adjust the parameters

in different communication network layers to optimize the performance metrics.

This thesis contains 7 main chapters which will provide further descriptions for

the research on coordinated and uncoordinated DSS networks mentioned above.

A brief outline of the contributions in each chapter is as follows.

Chapter 2 gives an overview of DSA, CR, Markov process, and related work

on coordinated and uncoordinated spectrum sharing.

Chapter 3 proposes a heterogeneous-prioritized spectrum sharing policy for

coordinated dynamic spectrum access networks, where a centralized spectrum

manager coordinates the access of PUs and SUs to the spectrum. Through mod-

eling the access of PUs and multiple classes of SUs as CTMC models, the overall

system performance with consideration of GoS guarantee for the users is ana-

lyzed. In addition, two new CAC strategies are devised in the models to enhance

the maximum admitted traffic of SUs for the system. Numerical results show that

5
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the proposed heterogeneous-prioritized policy achieves higher maximum admitted

traffic for SUs. The tradeoff between the system’s serving capability and the serv-

ing fairness for multiple classes of SUs is also studied. Moreover, the proposed

CAC strategies can achieve better performance under max-sum, proportional,

and max-min fairness criteria than the conventional CAC strategies.

Chapter 4 first proposes a new partial spectrum sharing policy, which achieves

efficient spectrum sharing between two licensed networks. Then, a CTMC model

is developed to analyze the proposed spectrum sharing policy considering the

effects of on-demand sensing errors. A cross layer design framework is also con-

structed, in which the parameters of spectrum sharing policy at the MAC layer

and the spectrum sensing parameters at the physical layer are simultaneously

coordinated to maximize the overall throughput of the networks, while satisfying

the GoS constraints of the users. Particle Swarm Optimization (PSO) algorithm

is introduced to solve the cross layer optimization problem. Numerical results

show that the proposed spectrum sharing policy and cross layer design strategy

achieves a higher overall throughput of the two networks.

Chapter 5 further explores the influence of sensing errors during periodic

sensing. A DTMC model is developed for partial spectrum sharing policy. The

main contribution is a DTMC analysis characterizing the impact of imperfect

sensing and sensing periodicity on the network performance. A cross-layer de-

sign framework is also developed, where the parameters in spectrum sensing and

spectrum sharing are jointly optimized. Results show that the proposed policy

achieves a higher throughput than conventional strategies.

Chapter 6 studies the traditional overlay and underlay access schemes in

DSA. A hybrid access strategy which combines the advantages of these two

6
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traditional schemes is proposed. Based on a double-threshold energy detection

method, SUs can switch between full-access and partial-access operation mode

dynamically. A Markov chain model is developed to derive performance metrics

for evaluating the proposed hybrid access strategy. Numerical results show that

the proposed strategy can improve the interfering performance for PUs. More-

over, SUs can adjust the access probability of partial-access mode to achieve

tradeoff between the throughput and interfering performance.

Chapter 7 concludes the thesis and discusses potential directions for future

research.
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Chapter 2

Overview of Research

Background

In this chapter, an overview of DSA, CR and Markov chain models are given.

The related work for coordinated and uncoordinated spectrum sharing are also

analyzed and discussed.

2.1 Basic Concepts of DSA and CR

The concept of DSA contains various approaches to achieve intelligent spectrum

assignment. As illustrated in Figure 2.1, DSA strategies can be broadly catego-

rized under three models [9].

• Dynamic Exclusive Use Model—This model keeps the frameworks of the

current static spectrum assignment policy, i.e., the spectrum band will be

allocated to specific wireless services for exclusive use. The aim of this model

is to improve spectrum efficiency by introducing flexibility. Two approaches

can be used to achieve this aim under this model, which are spectrum prop-

erty rights and dynamic spectrum allocation. In the former approach, the
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2.1 Basic Concepts of DSA and CR

owner of the spectrum can lease his spectrum to the unlicensed users who

would like to access it. However, although the owner has the rights to lease

or share his spectrum freely, it is not an obligatory activity, and thus can-

not be treated as a spectrum assignment policy. For the second approach,

based on the statistics of communication traffic under spatial and temporal

basis, the spectrum will be allocated to different services for exclusive use.

Due to the burstiness and variation of the communication traffic, dynamic

spectrum allocation cannot improve the spectrum efficiency.

• Open Sharing Model—In this framework, a certain frequency band is de-

fined and referred to as the unlicensed spectrum band, where users can use

such band without the spectrum licenses. Due to the popularity of WiFi,

this model has received much attention. However, based on coexistence

among peer-users, the open sharing comes with the risk of mutual inter-

ference. In today’s unlicensed bands, there is no limit to the number of

devices in a given location, and no limit to the potential congestion [14].������� ��	�
��� 
��	��������� ��������	 ��	���	� ��	� ������� ���	�������� ������� ���	�� ��	��������� 
��	�����	���	�
��� ����	�
�����
� ������� ��	�
���
�����
��� ���	���� ������� ��	���� �������
Figure 2.1: Dynamic Spectrum Access Models.
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• Hierarchical Access Model—This model is also referred to as primary-secondary

sharing model. The PUs are the owner of the spectrum, while SUs are al-

lowed to transmit in the spectrum without causing harmful interference

to PUs. Furthermore, SUs can either be allowed to transmit at lower

power that they never cause harmful interference to the PUs, as with ultra-

wideband [13], or they can be allowed to transmit opportunistically when

they determine that transmissions will not cause harmful interference [14].

In the above three models, since Hierarchical Access Model does not require

hardware updates for the current systems and is capable of controlling potential

interference, and thus be treated as the most promising model. CR technology

is the key technology that enables DSA. The term, cognitive radio, can formally

be defined as [7]: A “Cognitive Radio” is a radio that can change its transmit-

ter parameters based on interaction with the environment in which it operates.

Cognitive capability and reconfigurability are the two main characteristics of CR,

which are referred to as the ability to capture radio environment information and

to coordinate its parameters according to the radio environment, respectively.

The main functions for CR in DSA networks can be summarized as follows [6]:

• Spectrum sensing: Detecting spectrum holes (unused spectrum) and the

activities of PUs, access the spectrum without causing harmful interference

with other users.

• Spectrum management: Capturing the best available spectrum to meet user

communication requirements.

• Spectrum mobility: Maintaining seamless communication requirements dur-

ing the transition to better spectrum.

10
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• Spectrum sharing: Providing the fair spectrum scheduling method among

SUs.

2.2 Markov Process and Markov Chain

This section is mainly based on [15]–[17], which deals with the fundamental con-

cepts related to Markov processes and Markov chains. To start with, the notion

of Markov process, and then the state transitions of the Markov chain model is

introduced.

2.2.1 Definition

The Markov processes appear in numerous applications, including queuing theory,

computer communications networks, statistics, biological systems, and a wide ar-

ray of other applications. As a result of their frequent occurrence, these processes

have been studied extensively and a wealth of theory exists to solve problems re-

lated to these processes.

Definition 2.1 A stochastic process {Xt : t ∈ T} constitutes a Markov process

if for all t0 < t1 < · · · < tn < tn+1 and all si ∈ S the conditional CDF of

Xtn+1 , depends only on the last previous value Xtn , and not on the earlier values

Xt0 , Xt1 . . . , Xtn−1 :

Pr
(

Xtn+1 ≤ sn+1

∣

∣Xtn = sn, Xtn−1 = sn−1, . . . , Xt0 = s0

)

=

Pr
(

Xtn+1 ≤ sn+1 |Xtn = sn
)

(2.1)

Notice that in Markov process, given the present, the future is conditionally

independent of the past. Hence, the critical variables of a Markov process is the

11
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current state Xtn .

Definition 2.2 A Markov chain is a sequence of random variables {Xt : t ∈ T}

for all t0 < t1 < · · · < tn < tn+1 and all si ∈ S with the Markov property,

namely that, given the present state, the future and past states are independent.

Mathematically,

Pr
(

Xtn+1 = sn+1

∣

∣Xtn = sn, Xtn−1 = sn−1, . . . , Xt0 = s0

)

=

Pr
(

Xtn+1 = sn+1 |Xtn = sn
)

(2.2)

2.2.2 State Transition Probabilities

It is considered that Markov chains with discrete state spaces only, however, the

state transitions can be discrete or continuous time based, respectively. The

basic requirement for defining a Markov chain is to specify the probability of

determining the next transition state for each state in the process and for each

transition time.

Definition 2.3 Let Xt be a Markov chain with states (s0, s1 . . . , sn), then the

probability of transition from state si to state sj in one time instant is

Psi,sj
= Pr (Xt+1 = sj |Xt = si ) (2.3)

Then, the transition probability matrix can be defined as,

P =

























Ps1,s1 Ps1,s2 · · · Ps1,sn

Ps2,s1 Ps2,s2 · · · Ps2,sn

...
...

...
...

Psn,s1 Psn,s2 · · · Psn,sn

























(2.4)
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Figure 2.2: An example of state diagram for the Markov chain.

where 0 ≤ Psi,sj
≤ 1 for 1 ≤ i, j ≤ n and

n
∑

j=1

Psi,sj
= 1 for i = 1, 2 . . . , n. Since

the rows of the transition probability matrix sum to one, n(n − 1) parameters

are necessary to specify the transition probabilities behavior of a n state Markov

chain.

The transition process of a Markov chain can also be graphically represented

by a state diagram. An example of such a diagram is illustrated in Figure 2.2.

In the figure, each directed arrow represents a possible transition and the label

on each arrow represents the probability of making that transition.

Define Πt as the state probability distribution at time t, respectively. Specif-

ically:

Πt = [Pr(s1, t), Pr(s2, t), . . . , Pr(sn, t)] (2.5)

in which Pr(si, t) (i = 1, 2, . . . , n) represents the probability of finding the model

in the state si at time t. By the definition of the state transition probability

matrix (2.4), the state distribution at time t + 1 is then given by,

Πt+1 = ΠtP (2.6)
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Therefore, in general,

Πt+k = ΠtP
k (2.7)

where Pk represents the k step transition matrix.

Markov processes settle to a steady-state probability distribution as time

evolves. Assuming that the Markov process converges to a steady state value

distribution Πt+k = Πt for sufficiently large t and arbitrary k. Hence, by solving

the linear equations Π = ΠP and Πe = 1 (where e is the column vector with

all ones), the steady state probabilities can be obtained for the Markov chain

models.

2.3 Literature Review

DSS is the key component of DSA, and is responsible for providing efficient and

fair spectrum allocation or scheduling solutions among primary and secondary

users. To do so, there are generally two main approaches: coordinated sharing

and uncoordinated sharing.

2.3.1 Coordinated Sharing

In the coordinated sharing model (spectrum property rights or spectrum leasing)

[9], PUs are the owners of the spectrum, which may not utilize their spectrum

resources at all times or geographical areas. As such, PUs may wish to grant

the so-called SUs with the spectrum access rights, in exchange for some revenue.

Such spectrum leasing is coordinated via a centralized spectrum manager [12;

18], and thus users’ quality-of-service (QoS) can be well coordinated. However,
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coordinated sharing is likely to require considerable hardware upgrades for the

primary systems to accommodate SUs operating in their licensed spectrum.

In recent studies for coordinated DSS, channel borrowing schemes have been

proposed for cellular networks [19]. However, this sharing scheme can only be

implemented within the same network. When the spectrum is shared among

multiple radio networks [20], a centralized spectrum manager may be needed. In

this case, various studies have been conducted, including cooperation between

PUs and SUs in a game theoretic model [18], the study of access fairness among

different users [21], and admission control mechanisms [22].

For coordinated spectrum sharing, CAC can be performed to regulate each

user’s admitted traffic [22]. In [23]–[25], guard channel strategies are employed to

decrease the forced termination probability at the cost of slight increasing of the

blocking probability, to achieve efficient utilization of spectrum and guarantee

the SUs’ GoS requirements. In [22], three spectrum admission control strategies

and their performance are evaluated, to maximize the supported SUs traffic in

the multi-radio sharing system.

2.3.2 Uncoordinated Sharing

In uncoordinated sharing, CR permits spectrum sharing without any hardware

updates for the primary systems. With CR, SUs have awareness of the radio fre-

quency environment, and can dynamically select the operating parameters (such

as frequency, modulation scheme, and transmission power) to opportunistically

access the spectrum holes (i.e., the unused frequency bands) without causing

interference to the PUs.
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In order to exploit spectrum holes efficiently while avoiding harmful interfer-

ence to PUs, spectrum sensing becomes one of the most important and funda-

mental PHY layer tasks for CR. A number of spectrum sensing methods have

been proposed, such as matched filters, cyclostationary feature detection [26; 27],

entropy-based sensing [28], and energy detection [29; 30]. The energy detection

method is simple to implement and has been extensively used when there is no

prior knowledge of the PU signals. However, when experiencing fading, using

only local observations at an SU for sensing may be inaccurate.

To overcome this, cooperative sensing methods [31; 32] have been proposed,

in which spectrum observations from multiple SUs are incorporated to detect

the presence of PUs. Optimal data fusion for cooperative sensing was studied in

[33; 34]. However, with noise and fading, errors are inevitable in sensing and an

SU may mistakenly conclude one channel being occupied by a PU when in fact

the channel is available, leading to a false alarm event. On the other hand, an

SU may fail to detect the presence of PUs, leading to a so-called miss-detection

event. In the case of false alarm events, spectrum access opportunities are wasted,

while in the events of miss-detection, more collisions are caused. The relationship

between false alarm and miss-detection is captured by the receiver operating

characteristics (ROC) of the SUs’ sensing capability, and their tradeoff can be

determined by the operating point [35]. The operating point selection in spectrum

sensing at the PHY layer affects the MAC layer performance metrics such as

blocking probability (BP) and interference probability (IP), which will worsen the

GoS performance of the spectrum sharing users. As a result, a cross-layer design

of the PHY spectrum sensing technique and the MAC spectrum sharing policy can

be used for performance optimization. To this end, Gelabert et al. [36] considered
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the use of energy detection in their spectrum sensing model, and studied the

influence of operating point selection to the aggregate GoS performance for the

system. The optimal operating points selection is addressed to improve service

quality for PUs and SUs. In [37], sensing parameters (i.e., sensing period) and

fractional CAC parameters were jointly optimized to minimize the dropping rate

of SUs.

2.3.3 Overlay and Underlay Sharing

Hierarchical overlay and underlay sharing schemes have been shown to achieve a

good tradeoff between spectrum efficiency and interference control for DSA [9].

For overlay access, SUs perform spectrum sensing to obtain the current spectrum

occupancy information and access the spectrum not used by PUs opportunisti-

cally. Reliable spectrum sensing algorithms, and optimal sensing-access mecha-

nism have been widely addressed in [32; 38; 39]. For underlay access schemes, by

constraining the transmission power of SUs and minimizing interference to PUs,

SUs can access the spectrum even if PUs are active. Efficient power allocation

and adaptive interference threshold constraint methods have been presented in

[40; 41].

Interference tolerance of PUs is ignored for overlay access, and the opportu-

nity for SUs to transmit at higher power when PUs are inactive is missed for

underlay access. Therefore, mixed or hybrid strategies are desirable and have

been proposed to improve spectrum efficiency. In [42], a hybrid CR system was

proposed where the system is normally working in overlay mode but may switch

to underlay mode based on a probabilistic control method for the departure rate

of SU transmitters. Also, Chakravarthy et al. [43] designed a hybrid overlay-
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underlay waveform to enable soft decision in CR and to exploit both unused and

under-used spectrum resources. Later, [44] further considered the interference-

or power-constrained spectrum sharing system, and has proposed a mixed ac-

cess strategy in which SUs attempt to transmit with a pre-defined probability to

ensure the overall interference under certain threshold.

2.3.4 Markov Modeling

The Markov chain model has been widely used for modeling lower and upper

layer problems in wireless networks [45]–[47]. For the MAC layer problem, users’

access modeling in uncoordinated DSA have also received so much attention re-

cently [50]–[55]. In particular, Xing et al. [49] analyzed the manipulation of wide-

band and narrowband users in open spectrum bands, and used a Markov chain

model to predict the user behaviors. A similar work appears in [50] in which the

blocking probability for the wideband and narrowband users is also evaluated.

In [25], a continuous-time Markov chain model was presented to study the spec-

trum access of SUs with and without spectrum handoff capability. Zhang [51]

later proposed and analyzed DSA schemes with SU buffering. Wong et al. [53]

studied the delay performance of SUs in CR-based DSA systems with a finite

user population. Gelabert et al. [36] more recently studied the aggregate GoS

performance for the DSS system by a DTMC model. Chung et al. [20] proposed

the Markov model for DSS based on spectrum level and call level analysis. In

[21], a partial spectrum sharing policy was proposed and a CTMC model was

established to study the performance metrics of the DSS system in the ideal case

of perfect spectrum sensing. In [54], a 3-dimensional Markov chain model was

used to model the access of real-time and non-real-time users and find optimal
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reservation channels. Ngatched et al. [55] more recently studied the primary

channel assembling schemes and explored the impacts of imperfect sensing using

a Markov model.

2.4 Chapter Conclusions

In this chapter, the basic concepts of DSA and CR were introduced. The models

for DSA, i.e., Dynamic Exclusive Use Model, Open Sharing Model, and Hierar-

chical Access Model were analyzed. Due to the various application scenarios for

future DSA networks, Open Sharing Model will be used in license-free wireless

services (e.g., Wi-Fi), while a Dynamic Exclusive Use Model and Hierarchical

Access Model will be used in license-controlled networks (e.g., cellular, Digital

TV networks) for secondary access. Since a Hierarchical Access Model does not

require hardware updates for current systems and is capable of controlling po-

tential interference, and thus be treated as the most promising model. The basic

concepts of Markov processes and Markov chains were introduced. Mathematical

descriptions of the state transition matrix and the steady state probabilities were

discussed.

Related work for different DSS strategies have been discussed. However, there

are many problems regarding the design of future DSS networks that have not

been well explored. For coordinated sharing networks, since SUs may have dif-

ferent QoS requirements, the coordination of their access process needs to be

studied to enhance spectrum sharing. For an uncoordinated sharing model, the

potential spectrum sharing between two licensed networks were ignored by the

literature, and the advantages of PHY-MAC cross layer optimization in DSS were
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not well addressed and analyzed. Furthermore, interference tolerance for overlay

and underlay sharing was ignored. Hence, in the following chapters, novel DSS

strategies and modeling methods will be investigated to solve the above prob-

lems, which can be used for spectrum sharing enhancement in various scenarios

of future wireless networks.
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Chapter 3

Quality-of-Service-Aware

Coordinated DSS: Prioritized

Markov Model and Call

Admission Control

In this chapter, the focus is on coordinated spectrum sharing for a DSA wireless

network where PUs and hierarchical SUs are accommodated. In particular, this

work consider multiple classes of SUs each with a specific GoS 1 constraint indi-

cating their tolerance (e.g., based on some pricing models). Blocking probability

(BP), interfering probability (IP) and forced termination probability (FTP) are

adopted as the metrics for SUs’ GoS whereas blocking probability and interfer-

ing probability are chosen as the GoS for PUs. A prioritized policy is proposed

to achieve efficient spectrum sharing between PUs and SUs. A Markov chain

model is used to analyze the overall system performance. Based on this model,

the maximum admitted traffic of SUs (referred to as the system serving capa-

1The term “GoS” here refers to as the probability that a call is unsuccessful due to the

blocking, forced termination, or interference.
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bility for SUs), can be derived. Furthermore, two CAC strategies are devised to

enhance the maximum admitted traffic for SUs. Moreover, the access fairness

of the multiple classes of SUs are also investigated. To summarize, the main

contributions can be given as follows:

• An analytic Markov chain model is developed to analyze the proposed pri-

oritized DSS policy with GoS guarantees for PUs and multiple classes of

hierarchical SUs.

• By considering various optimality criteria such as max-sum, max-min and

proportional-fair, the fairness of spectrum sharing among multi-class SUs

is studied.

• Two new CAC strategies are proposed to improve the admitted traffic for

SUs.

3.1 System Model

Consider a wireless network which provides a set of channels over a given area,

as shown in Figure 3.1. Here, the term “channel” indicates the basic unit of

capacity, which could be a time-slot in time-division multiple-acess (TDMA), or

a frequency channel in frequency-division multiple-acess (FDMA) systems. This

network is the primary owner (referred to as the cellular network) of the spectrum,

and its users are regarded as the PUs. At the same time, there are secondary

wireless networks (referred to as the WLAN networks or individual ad-hoc users)

operating in the same area, whose users are regarded as the SUs. It is assumed

that the SUs share the same spectrum with the PUs managed by a centralized

22



3.1 System Model

WLAN
operator 1/ SU1

WLAN
operator 2  /SU2

Wide-area
Cellular data
Service/ PU

Spectrum
Broker/ Manager

Spectrum Access
Protocol

Figure 3.1: System Model.

spectrum manager/broker. This will be the scenario if the primary network leases

whole or part of the spectrum to the secondary network to generate revenues.

Depending on access pricing, there can be M classes of SUs (namely {SUm}
M
m=1)

which are differentiated by their GoS constraints. In particular, it is assumed,

without loss of generality, that SUm has a more stringent GoS constraint than

SUn if m < n.

Under this model, the total number of orthogonal channels shared by the

PUs and SUs is assumed to be N . The arrivals of PU and multiple classes

of SUs are all assumed to follow a Poisson process with their respective mean

arrival rates λPU, and {λSUm}
M
m=1. In what follows, their channel occupation

times have a negative exponential distribution with the mean holding times 1
µPU

and { 1
µSUm

}Mm=1, respectively. Hence, their traffic loads can be defined as τPU , λPU

µPU
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and {τSUm ,
λSUm

µSUm
}Mm=1, respectively. To make the analysis tractable, it is further

assumed that every user regardless of PU and SU requires only a single channel

for transmission. More general scenarios can be considered but this simplification

preserves the essence of the problem.

3.2 Probabilistic Prioritized DSS

In this section, a heterogeneous-prioritized spectrum sharing policy is proposed

and an analytical model for system performance evaluation is derived. Then, two

new CAC strategies, which can be used to improve the GoS for both the PUs

and SUs, are presented.

3.2.1 Heterogeneous-prioritized Markov Model

In coordinated DSS, according to the traffic loads and the GoS of PUs and SUs,

the spectrum manager can have different priorities to different classes of SUs.

Figure 3.2 shows the flow chart of the spectrum manager’s actions in the pro-

posed model. In this prioritized spectrum sharing policy, the spectrum manager

processes the SUs’ access as follows:

• When there is a vacant channel in the spectrum, if the channel being occu-

pied by an SU, say SUm, is needed by the PU, then the spectrum manager

will stop the SU’s transmission and allocate the channel to the PU in need,

with probability αm.

• In the case where the channel is taken over by the PU, the SU will hand

off to a vacant channel if there is any or otherwise be terminated. Since

this is a probabilistic action, the spectrum manager may delay the PU’s
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Figure 3.2: The flow chart of the spectrum manager’s actions.

access request and reallocate another vacant channel for this PU, without

terminating SUm, which occurs with probability 1 − αm. In this case, the

PU is said to be interfered in terms of a service request delay.

• When the spectrum is full, if the channel being occupied by an SUm is

needed by the PU, SUm will give up the channel (with probability 1), which

will be used by the PU in need.

The delay time for interfering PUs or SUs are ignored in this model. It is

assumed that there are M different types of SUs in the system, and thus (M +1)-
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tuple (i, j1, . . . , jM) are used to denote the channel states in the system, where i,

jm (m = 1, 2, . . . , M) denote, respectively, the number of PUs and the number of

SUm operating in the system. The state space of the Markov model is given by

S =
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




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∣
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










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


















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

. (3.1)

Let π(i, j1, j2, . . . , jM) represent the steady state probability of the state (i, j1, j2, . . . , jM ),

and Υ
(i,j1,j2,...,jM )
(i′,j′1,j

′
2,...,j

′
M) denote the state transition rate from (i, j1, j2, . . . , jM) to (i′, j′1, j

′
2, . . . , j

′
M).

The state transitions from the state (i, j1, j2, . . . , jM) are triggered by the follow-

ing events.

(i) A PU request arrives but no SU is terminated: Upon a PU call request, if

the number of active PUs is less than N , the PU’s request is accepted, and

no SUs will be terminated.

Although no SUs are terminated, it may still cause the interfering events

of the PU and SUs. An interfering event is defined as the access of PUs or

SUs being delayed due to access collision. In particular, when the channel

being occupied by an SUm is needed by the PU, the spectrum manager will

stop the SU’s transmission with probability αm, interfering SUm. Similarly,

the spectrum manager may delay the PU’s request with probability 1−αm,

interfering the PU. Hence, the state transition may arise from one of the

following: (a) A PU arrives and selects a vacant channel, with probability

N−i−
PM

m=1 jm

N−i
; (b) a PU arrives and selects the channel being occupied by

SUm, then SUm (or PU) is interfered with probability αm (or 1 − αm),
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and hands off to another vacant channel for transmission. Hence, this case

happens with probability αmjm
N−i

(resp. (1−αm)jm
N−i

). Therefore, this event gives

rise to the state transition to (i + 1, j1, j2, . . . , jM) with the transition rate

Υ
(i,j1,j2,...,jM )
(i+1,j1,j2,...,jM) = λPU. (3.2)

(ii) A PU request arrives, causing an SU to terminate: This occurs when the

spectrum is full (i.e., i+
∑M

m=1 jm = N) and a PU request arrival will cause

an SU to terminate. Therefore, the termination probability of SUm is jm
N−i

and the state is transited to (i+1, j1, . . . , jm−1, . . . , jM) with the transition

rate

Υ
(i,j1,j2,...,jM )
(i+1,j1,...,jm−1,...,jM ) =

jm
N − i

λPU. (3.3)

(iii) The service of a PU is completed: This occurs when a PU finishes its service,

and thus the state is transited to (i − 1, j1, j2, . . . , jM) with the transition

rate

Υ
(i,j1,j2,...,jM)
(i−1,j1,j2,...,jM ) = iµPU. (3.4)

(iv) An SU request arrives: The access request of SUm is accepted when the

spectrum is not full. The state is transited to (i, j1, . . . , jm + 1, . . . , jM ),

with the state transition rate

Υ
(i,j1,j2,...,jM)
(i,j1,...,jm+1,...,jM ) = λSUm . (3.5)

(v) The service of an SU is completed: This occurs when SUm finishes its

service, and thus the state is transited to (i, j1, . . . , jm−1, . . . , jM) with the

transition rate

Υ
(i,j1,...,jm,...,jM)
(i,j1,...,jm−1,...,jM ) = jmµSUm. (3.6)
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Let Π denote the row vector of steady state probabilities with elements

π(i, j1, j2, . . . , jM), and Y denote the transition rate matrix, whose elements

Υ
(i,j1,j2,...,jM)

(i′,j′1,j
′
2,...,j

′
M) can be obtained from the analysis above. The steady state ma-

trix Π can be obtained by solving the linear equations Π = ΠY and Πe = 1,

where e is the column vector with all ones.

3.2.2 Proposed CAC Strategies

Since the transmission of an SU could be interfered or terminated by a PU arrival,

the GoS of SU cannot be guaranteed. Similarly, a PU could also be interfered in

such heterogeneous-prioritized sharing policy, and the protection for the GoS of

PU should also be enhanced as well. To achieve this, two new CAC strategies

are proposed which shall be referred to as guard channels and restrict functions

(GCRES) and guard channels and restricted channels (GCRC), respectively. The

objective is to enhance the maximum admitted traffic of SUs that the spectrum

sharing system with limited resources can be supported. For the sake of analysis,

simplifying the above (M+1)-dimensional Markov chain model by setting M = 2,

i.e., considering the scenario with only two classes of SUs (SU1 and SU2), in which

SU1 has a more stringent GoS constraint than SU2.

In GCRES, guard channels (GCs) are those reserved only for use of PUs,

whereas shared channels (SCs) are available for all users. Furthermore, a restrict

function is used to balance the resource allocation between the two types of SUs,

by accepting a user’s request in SU2 with a probability that decreases linearly

with the increasing number of users in SU2. NG denotes the number of GCs, and
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the linear restrict function f(j2) is defined as

f(j2) = 1 − cRESj2, for 0 ≤ cRES <
1

N − NG − 1
. (3.7)

Note that the restrict function is valid when the system still has the capacity to

admit SU2. The access scheme of GCRES is as follows:

• When the number of PUs occupying the spectrum, i, is less than NG, the

newly activating PU will choose a GC. If i ≥ NG, the activating PU will

attempt to access an SC.

• A user in SU1 can access the spectrum if there is a vacant SC, and the

maximum number of supported users of SU1 is N − NG.

• A user in SU2 can access the SCs with probability f(j2), and the maximum

number of supported users of SU2 is N − NG.

In this scheme, GCs are used to decrease the chance for collisions between PUs

and SUs. To improve the GoS of SU1, specifically, the restrict function is chosen

to decrease the blocking probability for users in SU1 by intentionally blocking

spectrum requests from SU2.

In GCRC, the channels are divided into three groups, as depicted in Figure 3.3.

Restricted channels (RCs) are reserved for SU1 and cannot be used by SU2, while

the definition of GCs and SCs are the same as within GCRES. GCRC can be

implemented by a central spectrum manager, who is capable of denying requests

from SU1 or SU2. The numbers of GCs and RCs are denoted by NG and NR,

respectively. The access scheme of GCRC is described as follows:
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NR NG

Shared 
Channels

Guard 
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Restricted 
Channels

PU
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Figure 3.3: The GCRC strategy.

• When the number of PUs occupying the spectrum is less than NG, the

newly activating PU will choose a GC. If i ≥ NG and i < N − NR, the

activating PU will access an SC. Finally, if i ≥ N −NR, then it will choose

to access a RC.

• When the number of users in SU1 occupying the spectrum, j1, is less than

NR, the newly activating ones will choose a RC. If j1 ≥ NR, the users choose

to access SCs.

• SU2 can only access an SC and the maximum number of supported SU2 is

N − NG − NR.

In this scheme, RCs are used to decrease the blocking probability, interfering

probability and forced termination probability for the users in SU1, and thus can

provide better GoS guarantee to SU1.
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Figure 3.4: The state transition diagram of the heterogeneous-prioritized Markov

model with CAC strategies. i, j1, and j2 denote, respectively, the number of PUs,

SU1, and SU2 operating in the system.

3.2.3 Analysis

Adopting the 3-dimensional Markov chain, let π(i, j1, j2) represent the steady

state probability of the state (i, j1, j2). The state transition diagram for the

heterogeneous-prioritized Markov model with CAC strategies can be derived, as

shown in Figure 3.4. Let CG, CR and CS denote, respectively, the numbers of

used GCs, RCs and SCs. Then, (3.8) can be obtained.
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(i, j1, j2) for 0 ≤ i ≤ NG and j1 ≤ NR,

(i, NR, j1 − NR + j2) for 0 ≤ i ≤ NG and j1 > NR,

(NG, j1, i − NG + j2) for NG < i ≤ N − NR and j1 ≤ NR,

(NG, NR, i − NG + j1 − NR + j2) for NG < i ≤ N − NR and j1 > NR,

(NG, i − (N − NR) + j1, N − NG − NR) for N − NR < i ≤ N.

(3.8)

The state space of the Markov model is then given by

Ω =


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
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
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∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

0 ≤ i ≤ N,

0 ≤ j1 ≤ min (N − NG, N − i) ,

CS ≤ N − NG − NR


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
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


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

. (3.9)

Before proceeding, it is useful to define the indicator functions {γk}
3
k=1 and

{δk}
2
k=1 to ensure that only feasible states are considered in the state transitions.

The transitions from state (i, j1, j2) are now described as follows.

(i) To state (i + 1, j1, j2): This happens when a PU arrives and occupies a

channel from the spectrum. The indicator function is γ
(i,j1,j2)
1 = 1, if i +

j1 + j2 < N , and 0 otherwise.

(ii) To state (i + 1, j1 − 1, j2): This happens when the spectrum is full, a PU

arrives and a user in SU1 is terminated. The indicator function γ
(i,j,k)
2 in
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this case is given by

γ
(i,j1,j2)
2 =






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j1−NR

N−NR−i
for
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NG ≤ i < N − NR,

j1 ≥ NR, and C = N,

j1
N−i

for N − NR ≤ i < N , C = N,

0 for C < N or C = N , j1=0.

(3.10)

where C is defined as the total number of channels in use, i.e., C = CG +

CR + CS.

(iii) To state (i + 1, j1, j2 − 1): This happens when both the GCs and SCs are

full and a PU arrives. This will cause a user’s transmission in SU2’s to be

terminated. As such, the indicator function becomes γ
(i,j1,j2)
3 = j2

N−NR−i
, if

NG ≤ i < N − NR, CS = N − NG − NR, and 0 otherwise.

(iv) To state (i, j1 +1, j2): This happens when there are vacant channels in SCs

or RCs, the incoming user in SU1 will be accepted. In this case, the indicator

function becomes δ
(i,j1,j2)
1 = 1, if CR + CS < N − NG, and 0 otherwise.

(v) To state (i, j1, j2 + 1): This occurs when there are vacant channels in SCs,

the incoming user in SU2 is accepted with probability defined by the restrict

function f(j2). The indicator function in this case will be δ
(i,j1,j2)
2 = f(j2),

if CS < N − NG − NR, and 0 otherwise.

(vi) To states (i− 1, j1, j2), (i, j1 − 1, j2) and (i, j1, j2 − 1): These cases happen,

respectively, when PU, SU1, and SU2 complete their services successfully.

Let Π′ denote the row vector of steady state probabilities with elements

π(i, j1, j2). From the above analysis and the transition diagram in Figure 3.4,
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the transition rate matrix Y′ can be obtained. By solving the linear equations

Π′ = Π′Y′ and Π′e = 1, the steady state probabilities π(i, j1, j2) for the 3-

dimensional Markov model using the GCRES and GCRC strategies can be ob-

tained.

3.3 Derivation of Performance Metrics

In this section, performance metrics of the heterogeneous-prioritized spectrum

sharing model with the proposed CAC strategies are presented, which can all be

derived from π(i, j1, j2).

3.3.1 Blocking Probability (BP)

For PUs and users in SU1, blocking occurs when there are no channels available

for newly arriving users. The blocking probability for PUs and users in SU1 can

be derived, respectively, as

P
(0)
BP = π(N, 0, 0), (3.11)

and

P
(1)
BP =

∑

(i,j1,j2)∈Ω
CR+CS=N−NG

π (i, j1, j2). (3.12)

Due to the inclusion of f(j2), the blocking probability for users in SU2 should not

only consider the case when there are no available channels for newly arriving

users from SU2, but also the blocking caused by this restrict function. Hence, the
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blocking probability for users in SU2 can be derived as

P
(2)
BP =

∑

(i,j1,j2)∈Ω
CS=N−NG−NR

π (i, j1, j2)+

∑

(i,j1,j2)∈Ω
CS<N−NG−NR

[1 − f(j2)] π (i, j1, j2).

(3.13)

3.3.2 Interfering Probability (IP)

If there is a vacant channel and the PU’s target channel is occupied by an SU

in SUm (m = 1, 2), the PU (resp. SUm) would wait for the reallocation of a new

vacant channel with probability 1 − αm (resp. αm). The interfering probability

is defined as the probability that PU access or SU transmission is delayed by the

spectrum manager when there is a channel collision. Firstly, three subspaces of

Ω in which interfering events will occur. The subspaces Ω1, Ω2, Ω3 are:
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, (3.14)
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, (3.16)

where the PU and users in SU1 could be interfered if the state falls into the spaces

Ω1 and Ω2, while the PU and users in SU2 could be interfered if the state belongs

to Ω3.
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The interfering probabilities for the PU, and the users in SU1 and SU2 can be

derived, respectively, as

P
(0)
IP =

















∑

(i,j1,j2)∈Ω1

(j1−NR)(1−α1)
N−NR−i

π (i, j1, j2)+

∑

(i,j1,j2)∈Ω2

j1(1−α1)
N−i

π (i, j1, j2)+

∑

(i,j1,j2)∈Ω3

j2(1−α2)
N−NR−i

π (i, j1, j2)

















1 − P
(0)
BP

, (3.17)

P
(1)
IP =









∑

(i,j1,j2)∈Ω1

(j1−NR)α1

N−NR−i
π (i, j1, j2)+

∑

(i,j1,j2)∈Ω2

j1α1

N−i
π (i, j1, j2)









λPU

(

1 − P
(1)
BP

)

λSU1

, (3.18)

and

P
(2)
IP =

∑

(i,j1,j2)∈Ω3

j2α2

N−NR−i
π (i, j1, j2)λPU

(

1 − P
(2)
BP

)

λSU2

. (3.19)

3.3.3 Forced Termination Probability (FTP)

The transmission of an SU may be terminated by a PU, and the forced termi-

nation probability for SU is defined as the ratio between the total SU forced

termination rate and the total SU connection rate. In particular, the forced ter-

mination probability for users in SU1 and SU2 can be derived, respectively, as

P
(1)
FTP =

∑

(i,j1,j2)∈Ω γ
(i,j1,j2)
2 λPUπ (i, j1, j2)

(

1 − P
(1)
BP

)

λSU1

, (3.20)

and

P
(2)
FTP =

∑

(i,j1,j2)∈Ω γ
(i,j1,j2)
3 λPUπ (i, j1, j2)

(

1 − P
(2)
BP

)

λSU2

. (3.21)
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3.3.4 GoS

The GoS of an SU can be defined based on the blocking probability, interfering

probability and forced termination probability. On the other hand, the GoS for a

PU can be defined as the combination of the blocking probability and interfering

probability. To exemplify their application, define the GoS as a normalized value

[36], in which a larger GoS value can be explained as a tighter GoS constraint.

The GoS of a PU as can be defined as

GoS
(0) =

P
(0)
BP + ω0P

(0)
IP

1 + ω0
, (3.22)

and the GoS of a user in SUm as

GoS
(m) =

P
(m)
IP + ω1P

(m)
BP + ω2P

(m)
FTP

1 + ω1 + ω2

, for m ∈ {1, 2} , (3.23)

where ωk, k ∈ {0, 1, 2} is the parameter to balance the impact of interfering,

blocking, and forced termination. Note that ωk should be empirical and depend

on the subjective perception of the GoS metric [36]. For example, ω2 > 1 means

that forced termination is more harmful with respect to interfering for SU2’s GoS.

3.3.5 Throughput of SUs

The throughput of SUs can be defined as the average number of completed services

per unit time. It can be evaluated by

ηSU =
∑

(i,j1,j2)∈Ω

(j1 + j2)π (i, j1, j2) . (3.24)

3.3.6 Maximum Admitted Traffic of SUs

In the proposed heterogeneous-prioritized sharing policy, the goal is to determine

the optimal choice of {αm} and {τSUm
} for m ∈ {1, 2}, such that the system
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serving capability for SUs can be maximized, while satisfying the GoS constraints

of the PU and SUs. The optimization problem can therefore be formulated as

max
α1,α2

τSU1
,τSU2

τSU s.t. GoS
(k) ≤ GoS

(k)∗, for k ∈ {0, 1, 2} , (3.25)

where τSU = τSU1
+ τSU2

, and GoS
(k)∗ (k ∈ {0, 1, 2}) are the GoS constraints of

PU, SU1, and SU2, respectively. The following three optimization criteria are

considered for the system performance evaluation [56]:

• Max-Sum: This aims to maximize the sum of the admitted traffic of SUs

(system’s serving capability for SUs), i.e.,

τmaxsum
SU = max

α1,α2
τSU1

,τSU2

τSU1 + τSU2 . (3.26)

In this criterion, the SU with a more stringent GoS constraint will be more

difficult to admit, leading to unfairness.

• Max-Min: This aims to maximize the admitted traffic of the SUs with more

stringent GoS (i.e., SU1), so that

τmaxmin
SU = max

α1,α2
τSU1

,τSU2

min (τSU1, τSU2) . (3.27)

For Max-Min criteria, the SU with a more stringent GoS constraint is op-

timized, i.e., the equal admitted traffic of SU1 and SU2 can be achieved, at

the cost of inferior SU serving capability.

• Max-Proportional-Fair (Max-PF): In this scheme, the product of the admit-

ted traffic of SUs is maximized, and the tradeoff between serving capability
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and fairness for SUs can be achieved. The optimization obejective under

this criterion can be given as

τmaxPF
SU = max

α1,α2
τSU1

,τSU2

τSU1τSU2 . (3.28)

As a result, for the proposed GCRES and GCRC CAC strategies, the opti-

mization problems can be formulated, respectively, as

max
α1,α2,τSU1

,τSU2
NG,cRES

τSU

s.t. GoS
(k) ≤ GoS

(k)∗, for k ∈ {0, 1, 2} ,

(3.29)

and

max
α1,α2,τSU1

,τSU2
NG,NR

τSU

s.t. GoS
(k) ≤ GoS

(k)∗, for k ∈ {0, 1, 2} .

(3.30)

The optimization problem (3.25) can be easily solved by the continuous PSO

algorithm [57]. For the optimization problems (3.29) and (3.30), which contain

the continuous and discrete variables. The optimal value of NG and NR can be

obtained using an exhaustive search method, while the PSO algorithm is used

to obtain the optimal values for the continuous variables, i.e., τSU1
, τSU2

, α1, α2

and cRES. The details of solving these optimization problems can be found in

Appendix B.

3.4 Numerical Results

Numerical results are obtained from the analytical model to evaluate the perfor-

mance of the proposed schemes. For comparison, the results for first-come-first-

served (FCFS) non-CAC scheme, GCRES, and GCRC CAC strategies can also
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be easily obtained by setting NG = NR = 0, cRES = 0; NR = 0; and cRES = 0, re-

spectively, in the analytical model. A MATLAB based discrete event simulation

is set up to verify the analytical model. A large number (i.e., 106) PU and SU ac-

cess requests were generated. The simulator accepts or denies the requests based

on the access schemes described in the above section. The number of blocked,

interfered, and forced terminated requests were recorded, and then were used to

calculate the corresponding probabilities.

The flow chart of the discrete event simulator is defined as follows.

The flow chart of the discrete event simulator

Step 1: Initialize the number of channels N , the arrival rates of PU, SU1, and SU2

as λPU, and λSU1
, λSU2

, and their channel occupation times 1
µPU

, and 1
µSU1

, and

1
µSU2

, respectively. Set the start time of the simulation as Current Time = 0;

Step 2: Generate the event times for the six types of events, i.e., the arrivals and

departures of PU, SU1, and SU2, based on an exponential distribution;

Step 3: Sort these events times for the increasing order, and save to the Event List[i],

where i is the index of event times, and set i = 1;

Step 4: Set Current Time = Event List[i], update model status based on the type

of event encountered and the access process defined in Section 3.2.2.

Step 5: If Event List[i] ≤ Max Simulation, where Max Simulation is the maximum

simulation time, set i = i + 1. Repeat Step 4. Otherwise, stop the simu-

lator.
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Step 6: Output the blocking, forced termination, and interfering probabilities.

The performance of the proposed heterogeneous-prioritized spectrum sharing

policy will be studied first, and compared with the common sharing [23; 49; 50]

and hierarchical sharing [24; 25] policies. Then, the performance of the proposed

GCRES and GCRC CAC strategies is compared with the FCFS non-CAC and

conventional GC-only CAC schemes [24; 25]. If not otherwise specified, it is

assumed that N = 10 and µPU = µSU1 = µSU2 = 0.5 users per unit time. For

the balancing weights in GoS calculation, since interfering events only cause the

PU or SU waiting for the reallocation of the channels, thus it is assumed that

blocking and forced termination events have larger impacts on users’ GoS, as

ω0 = 1, ω1 = 2, ω2 = 5. The GoS constraints for PU, SU1, and SU2 are defined

as GoS
(0)∗ = 0.02, GoS

(1)∗ = 0.05 and GoS
(2)∗ = 0.08, respectively. These values

are empirical and depend on the subjective perception of GoS for each user type

[36]. The analytical framework is practicable for various traffic parameters. The

settings of simulation parameters are summarized in Table 3.1.

3.4.1 Performance for Heterogeneous-prioritized Sharing

Policy

Figure 3.5 shows the results for the blocking, interfering, and forced termination

probability for the PUs and SUs against the traffic of PU, τPU, with λSU1 = 2.0

and λSU2 = 2.5. The solid curve and dashed curve denote the cases with various

SUs’ priorities, α1 = α2 = 0.8 and α1 = 0.1, α2 = 0.5, respectively. As we can see

in Figure 3.5(a), simulation results coincide with the analytical results and the PU

blocking probability does not change with α1 and α2. On the other hand, with a
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Table 3.1: Simulation Parameters.

Arrival rate of PU (users per unit time) 0.4 ≤ λPU ≤ 1.2

Arrival rates of SU1 and SU2 (users per unit time) λSU1 = 2.0, λSU1 = 2.5

Departure rates (users per unit time) µPU = µSU1 = µSU2 = 0.5

Weight factor of interfering and
ω0 = 1

blocking for GoS of PU

Weight factor of interfering and blocking,
ω1 = 2 ω2 = 5

forced termination for GoS of SU

GoS constraints
GoS

(0)∗ = 0.02,

GoS
(1)∗ = 0.05, GoS

(2)∗ = 0.08

larger value of α1 and α2, a lower PU interfering probability, P
(0)
IP , can be achieved.

In Figure 3.5(b), for both cases with α1 = α2 and α1 6= α2, SU1 and SU2 have

the same blocking probability and forced termination probability performance.

However, with a lower α1 or α2, a better P
(1)
IP or P

(2)
IP can be achieved, and such

improvement will be more significant with the decreases of α1 or α2.

Figure 3.6(a) compares the results of the maximum admitted traffic of SUs

achieved by the proposed heterogeneous-prioritized (labeled as “HP” in the fig-

ure), common and hierarchical sharing policies, in terms of the offered traffic of

PU, τPU. The results of common and hierarchical sharing policies can be obtained

by using the analytical model with α1 = α2 = 0 and α1 = α2 = 1, respectively.

For the proposed HP sharing policy, the maximum admitted traffic of SUs fol-

lowing different optimization objectives (i.e., Max-Sum, Max-Min, Max-PF) can

be obtained by solving the optimization problems (3.25)–(3.28). It is observed

that the proposed HP sharing can admit more SU traffic under all three opti-

mization criteria, as compared with common and hierarchical sharing policies.
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Figure 3.5: The results for the (a) PU blocking probability P
(0)
BP and interfering

probability P
(0)
IP , and (b) SU blocking probability P

(1)
BP , P

(2)
BP , interfering probability

P
(1)
IP , P

(2)
IP , and forced termination probability P

(1)
FTP, P

(2)
FTP against the traffic of PU

τPU (τPU = λPU/µPU). α1 and α2 denote the priorities of SU1 and SU2, respectively,

which can be defined as the probabilities that SU1 and SU2 hand off to another

vacant channel when they has collision with a PU.
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Figure 3.6(b) further compares the proportion of SU1 and SU2 traffic in the total

admitted traffic of SUs for HP sharing, following the three optimization criteria.

Since SU1 has a more stringent GoS constraint, for the Max-Sum criterion, τSU2
is

much greater than τSU1 , which is unfair for different classes of SUs. For Max-Min

criterion, it achieves the best fairness between τSU1 and τSU2, i.e., τSU1 equals to

τSU2 , at the cost of the greatest loss of total admitted traffic for SUs. The Max-PF

scheme is a tradeoff of the two which can achieve better fairness than Max-Sum,

and has better spectrum utilization (SU serving capability) than Max-Min, and

is therefore a better approach.

3.4.2 Performance for GCRES and GCRC CAC

Figure 3.7 compares the proposed CAC strategies with the FCFS non-CAC and

the GC-only CAC schemes under Max-Sum criterion, for the maximum admitted

traffic of SUs. For FCFS non-CAC and the GC-only CAC results can be obtained

by setting NG = NR = 0 and NR = 0 in the proposed analytical model, respec-

tively. The results are obtained by solving problems (3.26), (3.29) and (3.30) by

the PSO algorithm. In this figure, it is observed that the GCRES and GCRC

achieve better SU serving capability, as compared with FCFS and GC-only CAC.

This can be explained as follows. In the considered scenario, PU and SU1 have

more stringent GoS constraints, and thus easier to violate their GoS constraints.

In GCRES scheme, the restrict function f(j2) is used to block some traffic of SU2

intentionally, and thus more resources can be allocated to SU1, leading to a better

GoS performance of SU1. While in GCRC scheme, the use of RCs will reduce the

interfering probability for PU and the interfering probability, forced termination
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Figure 3.6: (a) The maximum admitted traffic of SUs τmax
SU for heterogeneous-

prioritized (HP), common and hierarchical sharing policies, and (b) the propor-

tion of SU1 and SU2 traffic in τmax
SU , against the traffic of PU τPU. The common

and hierarchical sharing policies can be obtained by using the analytical model

with α1 = α2 = 0 and α1 = α2 = 1, respectively. Max-Sum, Max-Min, Max-PF

denote the optimization criteria, which can be obtained by solving the problems

(3.25)–(3.28). 45
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Figure 3.7: Maximum admitted traffic of SUs, τmax
SU , under Max-Sum criterion

against the traffic of PU τPU. The proposed GCRC and GCRES can achieve

better performance than FCFS non-CAC and the GC-only CAC schemes. The

results are obtained by solving problems (3.26), (3.29) and (3.30) by the PSO

algorithm.
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probability and blocking probability for SU1, at the cost of the increasing the

blocking probability and forced termination probability for SU2.

Figure 3.8(a) compares achieved the maximum admitted traffic of SUs using

exhaustive search (ES) only (ES for continuous and discrete variables, with the

step size 0.01 for continuous variables) and the ES-PSO (ES for discrete variables,

and the PSO for continuous variables) schemes. For the maximum admitted

traffic of SUs, the performance obtained by the ES-PSO algorithm is nearly the

same as the results obtained by ES. In Figure 3.8(b), the optimal number of guard

channels (GCs) and restricted channels (RCs) for GCRC schemes are further

presented. Notice that the optimal number of GCs increases with τPU, while the

optimal number of RCs does not change. The reason is that with a larger τPU,

more GCs should be used to guarantee the GoS constraint of PU. On the other

hand, to admit more traffic of SUs in Max-Sum criterion, more resources should

be allocated to SU2 rather than SU1. Since RCs are used to provide better GoS

guarantee to SU1, thus NR cannot increase with τPU.

Figure 3.9 compares the proposed CAC strategies with the FCFS and the

GC-only CAC schemes under Max-min and Max-PF criteria, for the maximum

admitted traffic of SUs. From Figure 3.7 and Figure 3.9, it can be concluded

that the GCRES and GCRC achieve better SU serving capability under all the

three optimization criteria. Note that, this conclusion is also valid for different

range of values for τPU. This is due to the fact that the GCRES and GCRC

schemes can provide more flexible operating parameters, and thus the GC-only

scheme performs as the lower bound of the proposed schemes. In particular, for

the considered range of traffic for PU, 0.8 ≤ τPU ≤ 2.4, the proposed GCRES

can achieve on average 16.4% and 6.8% admitted SUs’ traffic gain over FCFS and
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Figure 3.8: Maximum admitted traffic of SUs, τmax
SU achieved by exhaustive search

(ES) only and ES-PSO schemes under Max-Sum criterion. (b) The optimal num-

ber of guard channels (GCs) and restricted channels (RCs) for GCRC scheme.
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Figure 3.9: Maximum admitted traffic of SUs, τmax
SU , under (a) Max-Min, and

(b) Max-PF criteria, against the traffic of PU τPU. The proposed GCRC and

GCRES can achieve better performance than FCFS non-CAC and the GC-only

CAC schemes. The results are obtained by solving problems (3.26), (3.29) and

(3.30) by the PSO algorithm.
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Figure 3.10: Throughput of SUs against the traffic of PU τPU under Max-PF

criterion.

GC-only CAC, respectively. Furthermore, the GCRC achieves 22.8% and 12.5%

improvement, respectively.

Since the Max-PF criterion achieves a better tradeoff between the serving ca-

pability and the fairness of SU1 and SU2, the throughput of SUs for different CAC

strategies under PF criterion is also studied. In Figure 3.10, it is observed that

the throughput of SUs decreases with τPU. The reason is that a higher PU traffic

results in lower admitted traffic of SUs and lower SU completion probability. Also,

it is observed that the proposed GCRC achieves the highest throughput of SUs

and the performance gain over FCFS is 16.0%, and 10.3% over the conventional
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GC-only CAC.

3.5 Chapter Conclusions

This chapter proposed a heterogeneous-prioritized spectrum sharing policy and

model the interactions between PUs and multiple classes of SUs as continuous-

time Markov chain models. The SU blocking probability (BP), interfering prob-

ability (IP), and forced termination probability (FTP), and PU interfering prob-

ability and blocking probability can be derived from the analytical models. In

addition, two new guard channels and restrict functions (GCRES) and guard

channels and restricted channels (GCRC) CAC strategies were proposed to en-

hance the system serving capability for SUs. Results illustrated that the proposed

heterogeneous-prioritized sharing policy achieves higher maximum admitted traf-

fic of SUs, as compared with common and hierarchical sharing. Moreover, the

proposed GCRES and GCRC CAC strategies are superior to conventional CAC

schemes under Max-Sum, Max-Min and Max-PF criteria. In particular, the pro-

posed GCRC achieves the highest throughput of SUs, and the performance gain

over FCFS non-CAC is 16.0%, and 10.3% over the conventional GC-only CAC. It

is also found that the Max-PF fairness criterion achieves a better tradeoff between

serving capability and fairness for multiple classes of SUs.

For coordinated DSS networks in this chapter, spectrum sharing between PUs

and SUs is coordinated via a centralized spectrum manager, thus the users’ QoS

can be well coordinated. However, coordinated sharing is likely to require consid-

erable hardware upgrades for the primary systems to accommodate SUs operating

in their licensed spectrum. On the other hand, in uncoordinated sharing, CR per-
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mits spectrum sharing without any hardware updates for the primary systems,

which can be flexible for DSS networks in some scenarios. Hence, in Chapter 4,

new schemes for uncoordinated sharing models will be studied.
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Chapter 4

Cross-layer Design of

Uncoordinated Partial

Spectrum-Shared Licensed

Networks - A Continuous Time

Markov Model

The recent literature [12; 18; 19; 21; 22; 25; 36; 37; 49; 51; 53] all focused on

either coordinated or uncoordinated PU-SU sharing model, i.e., primary system

opens its entire spectrum for SUs’ access. The possible spectrum sharing between

two types of licensed networks in the context of uncoordinated sharing, e.g.,

WiMAX and cellular networks, which is practical for future software-based and

CR-equipped wireless devices, has not been well studied yet. Considering the

benefits of no hardware updates for launching such uncoordinated sharing, current

wireless service operators with licensed spectrum would have interests to apply

opportunistic spectrum sharing scheme for enhancing the spectrum efficiency.

The main contributions of this work are summarized as follows:
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1. A new partial sharing policy for licensed networks is proposed. Based on

the traffic loads and the GoS requirements, the under-utilized network can

decide on how much spectrum is shared by the over-utilized network.

2. A Markov chain model is developed to analyze the proposed partial shar-

ing policy with imperfect sensing observations in terms of metrics such as

blocking probability (BP), interfering probability (IP), forced termination

probability (FTP), handoff probability (HP), and overall throughput.

3. A cross-layer optimization framework is designed, in which the parameters

of spectrum sharing policy and spectrum sensing are jointly coordinated

to maximize the overall throughput of the networks, while satisfying the

GoS requirements of the users. In particular, the operating point (jointly

defined by the normalized energy detection threshold and the voting thresh-

old rules) which decides the tradeoff between miss-detection and false alarm

probabilities for cooperative spectrum sensing will be optimized.

4.1 System Model

Consider two licensed wireless networks (Networks A and B) operating over a

given service area and that both have respective licenses of spectrum usage locally,

as well as their own base stations for network management and maintenance. The

system model is shown in Figure 4.1. In the proposed model, it is assumed that

Network A (NA) is under-utilized, and its users are referred to as PUA. On the

contrary, Network B (NB) is over-utilized, and its users are referred to as PUB. In

this chapter, consider that Network A grants temporary access rights for {PUB}
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Figure 4.1: System Model.

in its licensed spectrum. Using CR technologies, PUB are able to access some of

NA’s channels1 opportunistically.

4.1.1 Partial Spectrum Sharing Policy

Figure 4.2 depicts the proposed partial spectrum sharing policy between the two

licensed networks. The pre-allocated numbers of channels for NA and NB in the

static spectrum allocation policy are denoted by CA and CB, respectively, whereas

the sets containing those respective channels are denoted as CA and CB. In the

proposed partial sharing policy, it is assumed that PUA and PUB will use their

own licensed resources first, and channel renting happens only when needed. Note

1The term “channel” here refers to any basic unit of capacity, which could be a time-slot,

a frequency channel, a tone, a code or a combination of those.
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Channel A (CA) Channel B (CB)

Renting 
channels (CR)

PUA PUB

Figure 4.2: A partial spectrum sharing policy.

that this assumption requires less changes in the current spectrum policy, and is

easier to be accepted by the service providers in a real world implementation.

According to the traffic loads and GoS requirements, NA can decide on the

number of channels (denoted by CR and the set containing these channels by CR)

that can be rented by NB. Here, the term “rent” means that NA allows PUB to

opportunistically access parts of its channels in order to gain profit from the NB

rental of the channel. The spectrum sharing policy is described as follows.

• PUA: For any PUA’s access request, if the number of PUA is less than

CA−CR, then the base station of NA will allocate the non-renting channels

to the upcoming PUA. Otherwise, the renting channels in CR will be used.

• PUB: For any PUB’s access request, the base station of NB first allocates its

licensed channels, i.e., the channels in CB. If there is no vacant channels in

CB available, NB base station will coordinate cooperative spectrum sensing

to explore the vacant channels in CR. PUA have access priority over PUB for

the channels in CR. In the case that the total number of serviced PUA users
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is greater than CA−CR, those PUB operating in CR may be interrupted by

PUA, forcing service termination of PUB.

Note that this scheme takes advantages of both coordinated and uncoordi-

nated sharing models. In particular, less modifications will be needed in NA and

NB infrastructures, where a control channel is used by NA and NB base stations.

Through the control channel, NA base station can inform the renting channels to

NB, i.e., which channels can be sensed and rented by PUB. Hence, the renting

channels can be separate in the spectrum, and can change from time to time.

Also, NB base station will use the control channel to coordinate cooperative sens-

ing among multiple PUBs in renting channels. Comparing with the coordinated

sharing model, the NA base station in the proposed policy does not allocate the

renting channels to PUB directly, thus needing less hardware updates. In compar-

ison with the uncoordinated sharing model, i.e., NA opens all its licensed channels

for PUB. The proposed policy can maintain the number of renting channels in

real-time, and thus can achieve a better QoS and interference management for

both PUA and PUB.

4.1.2 Cooperative Sensing with Voting Threshold

The overall performance of a Dynamic Spectrum Sharing (DSS) system depends

on the sensing accuracy of CR-enabled PUB. Using energy-detection-based spec-

trum sensing, the received energy over a fixed bandwidth W during an observation

time window T is measured and the following hypothesis testing is established
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with the null hypothesis H0 and the alternative hypothesis H1:

H0 : PUA is absent in the channel (4.1a)

H1 : PUA is present in the channel (4.1b)

For single spectrum observation of PUB (i.e., local sensing), when the spec-

trum sensing fails to detect the existence of PU, this can be referred to as a

miss detection event. On the other hand, if the channel is vacant but the sensing

mistakenly indicates that it is occupied by PU, this case is referred to as a false

alarm event. The false alarm probability, Pfa, and detection probability Pd in

Rayleigh fading environments are, respectively, [32]

Pfa = Pr {Y > λth |H0} =
Γ
(

u, λth

2

)

Γ (u)
(4.2)

and

Pd = Pr {Y > λth |H1}

= e−
λth
2

u−2
∑

k=0

1

k!

(

λth

2

)k

+

(

1 + γ

γ

)

(

e−
λth

2(1+γ) − e−
λth
2

u−2
∑

k=0

1

k!

(

λthγ

2 (1 + γ)

)k
)

,

(4.3)

where Y and λth are the decision statistic and decision threshold of the energy

detection, γ is the average signal-to-noise ratio (SNR), and u = TW is referred

to as the time-bandwidth product. In addition, Γ (·) and Γ (·, ·) are the complete

and uncomplete gamma functions, respectively. The miss-detection probability

can be computed by Pmd = 1 − Pd.

To enhance sensing performance, multiple PUBs can be coordinated by the

NB base station to obtain spectrum observations simultaneously by sharing their
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1-bit decisions (H0 or H1 in (4.1)) [31; 32]. Let K be the number of PUB for coop-

erative sensing and assume that the K PUBs undergo independent and identically

distributed (i.i.d.) Rayleigh fading with the same average SNR, γ. An overall

decision from all K PUBs can be obtained using voting threshold. In particular,

the percentage rule in [61] is used, with the voting threshold 0 ≤ ζ ≤ 1, in which

if more than 100ζ% of the cooperating PUB report the presence of PUA in the

channel, then the final decision will be H1. With the energy decision threshold,

λth, for all PUB, the false alarm and miss-detection probabilities are, respectively,

given by [61]

Qfa =
K
∑

l=⌈ζK⌉

(

K

l

)

(1 − Pfa)
K−l P l

fa, (4.4)

Qmd =

⌈ζK⌉−1
∑

l=0

(

K

l

)

(1 − Pmd)
l PK−l

md , (4.5)

where ⌈ζK⌉ denotes the smallest integer that is no less than ζK.

The tradeoff between false alarm and miss-detection probabilities can be un-

derstood by the ROC curves, which plot Qmd against Qfa. From (4.2) and (4.4),

Qfa is independent of γ, but determined by λth, ζ and u. Once λth and ζ are

decided, Pmd and Qmd can be calculated for various u and γ. By selecting λth and

ζ , a pair of (Qfa, Qmd) (referred to as an operating point) can be obtained. The

normalized energy detection threshold can be defined as,

Θ ,
λth

λ∗
th

, (4.6)

where λ∗
th can be obtained by inverting (4.2) when the minimum value for Pfa is

achieved. The minimum Pfa, which can be referred to as the sensing resolution

[36], is determined by the sensing equipment hardware characteristics. The re-

sults (Qfa, Qmd) under different voting threshold rules against Θ are plotted in
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Figure 4.3: The false alarm and miss-detection probabilities against the normal-

ized energy decision threshold Θ.

Figure 4.3. In this work, the fixed number of PUBs for cooperative sensing are

defined, as K = 10, u = 10, and γ = 5 dB. It is observed that with an increase

in Θ decreases Qfa but increases Qmd, showing a fundamental tradeoff between

them. Moreover, under various voting thresholds ζ , different (Qfa, Qmd) against

Θ can be obtained, which indicates that there is a one-to-one correspondence

between (λth, ζ) and (Qfa, Qmd). Hence, Θ and ζ can be used as the PHY-layer

parameters in CR, which determine the operating point for cooperative spectrum

sensing.
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4.1.3 Assumptions

• PUB can perform spectrum sensing cooperatively, which is coordinated and

synchronized by NB’s base station, and can be of two types [37]: (1) on-

demand and (2) periodic. When a new or handed-off PUB arrives, on-

demand sensing is performed to examine the availability of the channels.

On the other hand, when a PUB is already operating in the renting channels,

periodic sensing is performed at a predefined time interval to discover the

appearance of PUA. In this work, the aim is to study the imperfect on-

demand sensing, but periodic sensing is assumed to be perfect.

• Since channels in CB cannot be used by PUA, false alarm and miss-detection

events can only occur in CR. For the miss-detection events, consider the

scenarios that PUA gives up the channel due to harmful interference when

colliding with PUB.

• The arrivals of PUA and PUB are assumed to follow a Poisson process with

the mean arrival rate λA and λB, respectively. A Poisson process can well-

model the events such as the arrival requests for documents on a web server,

and the joining of customers in a queue at a checkout counter. However, on

the other hand, Tang et al. [60] found that Poisson process fails to model

internet traffic, which is typically bursty and has self-similar characteristics.

Despite this, this topic is beyond the scope of this chapter. The channel

occupying times of PUA and PUB are also assumed to follow a negative

exponential distribution with mean µ−1
A and µ−1

B , respectively. For con-

venience, it is assumed that each user requires only a single channel for

transmission.
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4.2 Markov Chain Model

In this section, an analytical model is developed, which takes into account the

effects of sensing errors for the partial spectrum sharing policy. Specifically, a

three-dimensional Markov chain model is proposed to analyze the network. To

start with, let S(i, j, k) represent the system state with i PUA users being served

by channels in CA, j PUBs being served by channels in CR, and k PUBs being

served by channels in CB. The state space is given by

S =



































S(i, j, k)

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

0 ≤ i ≤ CA,

0 ≤ j ≤ min (CA − i, CR)

0 ≤ k ≤ CB



































. (4.7)

Let π(i, j, k) be the steady state probability of the state S(i, j, k). Figure 4.4

shows the state transition diagram for the Markov chain model for the partial

spectrum sharing policy. The transition of system states is caused by the following

events: 1) PUA request arrival; 2) PUB request arrival; 3) PUA service completion;

and 4) PUB service completion.

Before deriving the state transition probabilities for this model, it is useful to

consider the case when there are s vacant channels and l PUAs in CR, and define

the probability of having m false alarm events and n miss-detection events as

p(s,l)
m,n =

(

s

m

)

Qm
fa (1 − Qfa)

s−m

(

l

n

)

Qn
md (1 − Qmd)

l−n , (4.8)

where 0 ≤ m ≤ s ≤ CR and 0 ≤ n ≤ l ≤ CR − s.
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Figure 4.4: A Markov chain model for the partial spectrum sharing. S(i, j, k)

represent the system state with i PUA users in CA, j PUB users in CR, and k PUB

users in CB.
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4.2.1 State Transitions upon PUA Request Arrival

For the event of a PUA request arrival, the possible transitions from state S(i, j, k)

are states S(i + 1, j, k), S(i + 1, j − 1, k), and S(i + 1, j − 1, k + 1), respectively,

where {S(i + 1, j, k), S(i + 1, j − 1, k), S(i + 1, j − 1, k + 1)} ∈ S.

• To state S(i + 1, j, k): This occurs when a PUA arrives, and does not have

channel collision with any PUB. This may arise either when the number

of PUAs is smaller than CA − CR, which does not need any channel being

occupied by PUBs; or when the number of PUAs is greater than CA − CR

but the interrupted PUB can perform on-demand sensing and successfully

hand off to another vacant channel in CR. As such, the state transition

rate can be given by γ
(i,j,k)
1 λA, where γ

(i,j,k)
1 is defined to ensure that only

feasible states are considered in the state transitions,

γ
(i,j,k)
1 =































1 for i < CA − CR,

(CA−i−j)+jβ
(i,j,k)
1

CA−i
for CA − CR ≤ i < CA,

0 for i = CA,

(4.9)

where β
(i,j,k)
1 is the probability that the interrupted PUB successfully hands

off to another vacant channel in CR based on its on-demand sensing result,

given by

β
(i,j,k)
1 =















∑s−1
m=0

∑l

n=0 p
(s,l)
m,n

s−m
n+s−m

if s > 0, l ≥ 0 and k = CB,

0 otherwise,

(4.10)

where s , CA − i − j and l , i − (CA − CR) are defined for convenience.
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• To state S(i + 1, j − 1, k): This occurs when the arrival PUA interrupts a

PUB and the PUB fails to find any vacant channels in CR or CB. Hence,

the PUB is forcefully terminated. In this case, the state transition rate is

γ
(i,j,k)
2 λA, where γ

(i,j,k)
2 is defined and given by

γ
(i,j,k)
2 =















jp
(s,l)
s,0

CA−i
for CA − CR ≤ i < CA, j ≥ 1 and k = CB,

0 for i < CA − CR or i = CA or j = 0 or k < CB,

(4.11)

in which p
(s,l)
s,0 denotes the probability that when CB is fully occupied, the

interrupted PUB misunderstands that all the vacant channels in CR are

occupied, and thus fails to handoff successfully.

• To state S(i+1, j−1, k+1): This happens when there are vacant channels

in CB and that the arriving PUA interrupts the PUB’s transmission but this

PUB succeeds to hand off to the vacant channel in CB. The state transition

rate in this case becomes γ
(i,j,k)
3 λA, where

γ
(i,j,k)
3 =















j

CA−i
for CA − CR ≤ i < CA, j ≥ 1 and k < CB,

0 for i < CA − CR or i = CA or j = 0 or k = CB.

(4.12)

4.2.2 State Transitions upon PUB Request Arrival

For the event of a PUB request arrival, the possible transitions from state S(i, j, k)

are states S(i, j + 1, k), S(i, j, k + 1), and S(i − 1, j + 1, k), respectively, where

{S(i, j + 1, k), S(i, j, k + 1), S(i − 1, j + 1, k)} ∈ S.

• To state S(i, j + 1, k): This happens when all the channels in CB are occu-

pied, a PUB arrives and occupies a channel from CR. The state transition
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rate is δ
(i,j,k)
1 λB, where δ

(i,j,k)
1 can be found as

δ
(i,j,k)
1 =































∑CR−j−1
m=0 p

(CR−j,0)
m,0 for i < CA − CR, j < CR, and k = CB,

∑s

m=0

∑l

n=0 p
(s,l)
m,n

s−m
n+s−m

for i ≥ CA − CR, i + j < CA, and k = CB,

0 for i + j = CA, or j = CR, or k < CB.

(4.13)

• To state S(i, j, k + 1): When the number of PUB in the system is less than

CB, the arriving PUB does not need a renting channel, as it can be allocated

a licensed channel in CB by the NB base station. Hence, in this case, the

state transition rate δ
(i,j,k)
2 λB, where δ

(i,j,k)
2 is given by

δ
(i,j,k)
2 =















1 for k < CB,

0 for k = CB.

(4.14)

• To state S(i − 1, j + 1, k): This occurs when a PUB arrives and jams a

channel occupied by PUA in CR, due to miss-detection. In this case, the

state transition rate becomes δ
(i,j,k)
3 λB, where δ

(i,j,k)
3 is

δ
(i,j,k)
3 =















∑s
m=0

∑l
n=1 p

(s,l)
m,n

n
n+s−m

for i > CA − CR and k = CB,

0 for i ≤ CA − CR or k < CB.

(4.15)

4.2.3 State Transitions upon PUA or PUB Service Comple-

tion

The state transitions to states S(i− 1, j, k), S(i, j − 1, k) and S(i, j, k− 1) occur,

respectively, when PUAs, PUBs are served by the channels in CR, and PUBs in
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CB complete their services successfully. The state transitions rates in these three

cases can be given as iµA, jµB, and kµB, respectively.

Based on the above analysis, the balance equation (4.16) can be derived as









γ
(i,j,k)
1 λA + iµA + γ

(i,j,k)
2 λA + γ

(i,j,k)
3 λA+

δ
(i,j,k)
1 λB + jµB + δ

(i,j,k)
2 λB + kµB + δ

(i,j,k)
3 λB









π(i, j, k) =

γ
(i−1,j,k)
1 λAπ(i− 1, j, k) + (i + 1)µAπ(i + 1, j, k) + γ

(i−1,j+1,k)
2 λAπ(i − 1, j + 1, k)+

γ
(i−1,j+1,k−1)
3 λAπ(i−1, j+1, k−1)+δ

(i,j−1,k)
1 λBπ(i, j−1, k)+(j+1)µBπ(i, j+1, k)+

δ
(i,j,k−1)
2 λBπ(i, j, k − 1) + (k + 1)µBπ(i, j, k + 1) + δ

(i+1,j−1,k)
3 λBπ(i + 1, j − 1, k).

(4.16)

Combining the above equations with the normalization equation
∑

(i,j,k)∈S
π(i, j, k) =

1, the steady state probabilities can then be solved.

4.3 Performance Analysis

In this section, given the steady state probabilities π(i, j, k), performance metrics

are derived, such as the blocking probability and the interfering probability for

PUA, the blocking probability, the forced termination probability and the handoff

probability for PUB, and the total network throughput. Finally, a cross layer

optimization problem is formulated.
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4.3.1 BP and IP for PUA

Blocking of PUAs occurs when all the channels in CA are occupied by PUAs.

Therefore, the blocking probability for PUA, denoted by P
(A)
b , is given by

P
(A)
b =

CB
∑

k=0

π(CA, 0, k). (4.17)

Due to sensing errors, the interference for PUA appears when the new arrival or

handoff PUB miss-detects the PUA’s transmission in the channel, and PUA has to

cease using the channel. Hence, the interfering probability for PUA is defined as

the ratio between the total PUA interference rate and the total PUA connection

rate, which can be expressed as

P
(A)
i =

∑

S(i,j,k)∈S

(

δ
(i,j,k)
3 λB +

jβ
(i,j,k)
3

CA−i
λA

)

π(i, j, k)

λA(1 − P
(A)
b )

, (4.18)

where

β
(i,j,k)
3 =















∑s
m=0

∑l
n=1 p

(s,l)
m,n

n
n+s−m

for CA − CR < i < CA and k = CB,

0 otherwise,

(4.19)

is the probability that the handoff PUB miss-detects, causing PUA to terminate

its transmission.

4.3.2 BP, FTP and HP for PUB

Blocking of PUB occurs when 1) all the channels in CB are occupied, and 2) the

sensing results indicate that there is no vacant channel in CR. From the analytical

model, the average number of serviced PUBs is defined as
∑

S(i,j,k)∈S
(j + k)π(i, j, k),
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which can also be interpreted as the average served traffic of PUB [67]. Therefore,

∑

S(i,j,k)∈S

(j + k)π(i, j, k) =
λB
µB

(

1 − P
(B)
b

)(

1 − P
(B)
ft

)

, (4.20)

where P
(B)
ft is the forced termination probability for PUB, and is given by

P
(B)
ft =

∑

S(i,j,k)∈S
γ

(i,j,k)
2 λAπ(i, j, k)

λB

(

1 − P
(B)
b

) . (4.21)

Combining (4.20) and (4.21), have the blocking probability for PUB as

P
(B)
b = 1 −









∑

S(i,j,k)∈S

(

(j + k) µB + γ
(i,j,k)
2 λA

)

π(i, j, k)

λB









. (4.22)

With a PUA arrival, a PUB may need to hand off to another channel when its

current operating channel is required. As a result, the hand-off probability can

be derived as

P
(B)
h =

∑

S(i,j,k)∈S

j

CA−i
λAπ(i, j, k)

λB

(

1 − P
(B)
b

) . (4.23)

C. GoS Definition

A possible definition for the GoS of NA, which considers both blocking probability

and interfering probability, is given by [36]

GoSA =
P

(A)
b + ωAP

(A)
i

1 + ωA
, (4.24)

where ωA is the parameter that can be carefully chosen to provide a desired

tradeoff between interference and blocking. Similarly, the GoS of NB can be

defined as

GoSB =
P

(B)
b + ωBP

(B)
ft

1 + ωB
. (4.25)

Note that the lower the values for GoSA and GoSB, the better the GoS perfor-

mance.
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4.3.3 Throughput

The overall network throughput can be defined as the average number of bits

achieved by successfully completed PUA and PUB services per unit time [68].

Assuming that all the PUA and PUB have the same normalized data rate, i.e., 1

bit per unit time, the network throughput is written as

τ =
(

1 − P (A)
nc

)

λA

(

µA

1 − P
(A)
i

)−1

+
(

1 − P (B)
nc

)

λB

(

µB

1 − P
(B)
ft

)−1

, (4.26)

where

P (A)
nc = P

(A)
b + (1 − P

(A)
b )P

(A)
i , (4.27)

P (B)
nc = P

(B)
b + (1 − P

(B)
b )P

(B)
ft , (4.28)

are the non-completion probabilities for PUA and PUB, respectively. In the above,

for m ∈ {A, B}, (1−P
(m)
nc )λm gives the service completion rate, and

(

µA

1−P
(A)
i

)−1

and

(

µB

1−P
(B)
ft

)−1

are the average durations of the successfully completed PUA

and PUB services, respectively. Hence, the throughput achieved by incomplete

connections will be not counted.

4.3.4 Cross-layer Optimization

The objective is to find the optimal energy decision threshold Θ and the voting

threshold ζ as the PHY layer parameters, and the optimal number of CR as the

MAC layer parameter, in maximizing τ , given the GoS constraints for NA (GA)

and NB (GB), i.e.,

max
Θ,ζ,CR

τ s.t.















GoSA ≤ GA,

GoSB ≤ GB.

(4.29)
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This is a mixed-integer nonlinear programming problem, which contains integer

and continuous variables. Particle swarm optimization (PSO) [71] is a useful

method to find an optimal or quasi-optimal for such kind of problems. For each

possible value of CR, the PSO algorithm is used to obtain the optimal values for

the continuous variables, i.e., Θ and ζ . Then for the discrete variable CR, its

optimal value can be obtained using exhaustive search methods. The process of

solving this optimization problem is similar to the method described in Chapter

3.3.6, where the details can be found in Appendix B.

4.4 Numerical Results

In this section, the numerical results for studying the performance of the partial

spectrum sharing policy in the presence of sensing errors is presented. Then the

cross-layer design strategy is also evaluated.

It is considered the scenario that NA is under-utilized and NB is over-utilized

in the pre-allocated scheme. Hence, if not specified otherwise, it is assumed that

the arrival rate of PUAs within the range of 0.6 ≤ λA ≤ 1.2, which corresponds

to the NA’s average utilization rate at 20.0% − 39.0%. The arrival rate of PUBs

is set to λB = 3.5 calls per unit time, equivalent to an average utilization rate

at 78.2%. Note that these assumptions of the users’ traffic rates are practical in

real world wireless systems. For the sensing parameters, the settings in Figure4.3

are adopted, as u = 10, K = 10 and γ = 5 dB. The settings of parameters are

summarized in Table 4.1.
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Table 4.1: Parameter Settings.

Arrival rate of PUAs 0.6 ≤ λA ≤ 1.2

Arrival rate of PUBs λB = 3.5

Channel occupying times µ−1
A = µ−1

B = 2

Weight factor of interference and
ωA = 10

blocking for GoS of NA

Weight factor of forced termination and
ωA = 10

blocking for GoS of NB

GoS constraints for NA and NB GA = 0.01, GB = 0.02

Time-bandwidth product u = 10

The number of PUB for cooperative sensing K = 10

Average SNR γ = 5

4.4.1 Evaluating Partial Spectrum Sharing Policy

To verify the analytical model, a MATLAB-based discrete event simulator was

used. A large number (i.e., 105) of PUA and PUB access requests were generated,

and these requests were accepted or denied based on the access schemes described

in the chapter. The number of blocked requests were recorded and then were

used to calculate the corresponding probabilities. The simulations were repeated

for 100 times, and calculated the mean and the 95% confidence interval of the

probabilities. The results in Figure 4.5 are provided for the blocking probabilities

of PUA and PUB obtained from the proposed analytical model and the simulation

results, with CR = 3, and the false alarm and miss-detection probabilities Qfa =

0.1 and Qmd = 0.1. It is observed that the simulation results coincide with the

analytical results.

Figure 4.6 provides the blocking probability results for PUA against the arrival
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Figure 4.5: Analytical and simulation results for PUA and PUB blocking proba-

bilities.
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Figure 4.6: The blocking probabilities for PUA for different values of false alarm

probability (Qfa), miss-detection probability (Qmd) and the number of sharing

channels (CR), against the arrival rate of PUA λA.
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rate λA. It is observed that PUA blocking probability increases with λA with or

without sensing errors, due to the increasing access requests from PUA. Results

also show that the blocking probability for PUA does not change with an increase

of Qfa. On the other hand, with an increases of Qmd, the blocking probability for

PUA decreases. This can be explained by the fact that Qfa only wastes channel

access opportunities for PUB, while Qmd interferes the current PUA to give up the

channel, which also leads to an additional access opportunity for upcoming PUAs’

access requests. Since PUA’s licensed channels in CA are unchanged, with perfect

sensing, the blocking probability for PUA is independent of CR. However, in the

case of imperfect sensing, with more shared channels in CR, a larger impact of

Qmd on the blocking probability for PUA can be observed. Figure 4.7 illustrates

the interfering probability results for PUA. It is observed that only Qmd causes

the interference of PUAs, and the interference is more noticeable for larger CR or

larger arrival rate λA.

Figure 4.8 shows the blocking probability results for PUB against the arrival

rate λA. Results illustrate that with more shared channels in CR, PUB can sense

and access more renting channels, thus a much lower blocking probability for PUB

can be obtained. We can also observe that a larger Qfa causes a higher blocking

probability for PUB. The reason is that false alarm events would interpret the

vacant channel as being occupied, and therefore waste the channel resources for

PUBs. On the other hand, a larger Qmd leads to a lower blocking probability for

PUB because miss-detection events result in PUAs to give up the channel, giving

more access opportunities for upcoming PUB request.

In Figure 4.9, the forced termination probability for PUB against various λA

is plotted. As we can see, with more shared channels in CR, PUB is more likely to
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Figure 4.7: The interference probability for PUA for different values of false alarm

probability (Qfa), miss-detection probability (Qmd) and the number of sharing

channels (CR), against the arrival rate of PUA λA. Note that the interference

probability for PUA for the Perfect Sensing and Qfa = 0.2, Qmd = 0 cases are

P
(A)
in = 0 .
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Figure 4.8: The blocking probability for PUB for different values of false alarm

probability (Qfa), miss-detection probability (Qmd) and the number of sharing

channels (CR), against the arrival rate of PUA λA.
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Figure 4.9: The forced termination probability for PUB for different values of

false alarm probability (Qfa), miss-detection probability (Qmd) and the number

of sharing channels (CR), against the arrival rate of PUA λA.
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be terminated forcefully. Note that in the case of a larger Qfa, the forced termina-

tion probability for PUB can be greater or smaller than that in the case of perfect

sensing. The reason is that false alarm events cause less PUBs operating in the

spectrum, leading to a lower overall forced PUB termination rate, as compared

with the perfect sensing case. However, false alarm events also cause a higher

blocking probability for PUB, and therefore provide a lower PUB total connection

rate, while for a larger Qmd, miss-detection events provide PUBs with more op-

portunities to achieve successful handoffs, when they have collisions with PUAs.

Hence, the forced termination probability for PUB decreases with an increase of

Qmd.

In Figure 4.10, it is observed that more handoff operations are needed for

PUB with a larger CR. By comparing with the cases Qfa = 0.1, Qmd = 0 and

Qfa = 0, Qmd = 0.1, results in this figure illustrate that changing Qfa has greater

impact on the handoff probability. This is reasonable since Qfa decreases the

number of PUB in the spectrum directly, while Qmd may decrease the number of

operating PUA. If the number of PUA is less than CA − CR, PUA will not cause

PUB spectrum handoff.

Figure 4.11(a) and (b) plot the GoS performance for NA and NB against the

energy decision threshold Θ, respectively. As we can see in Figure 4.11(a), an

increase of Θ results in GoS performance degradation for NA. The reason is

that a large Θ incurs a greater miss-detection probability, and thus causes more

interference to PUAs. With a lower PUB arrival rate λB, the GoS performance for

NA is slightly improved due to the lower interfering probability, when Θ increases.

However, with a larger λA or CR, the GoS degradation is mainly due to the

increasing of interfering probability which is particularly significant in the case
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Figure 4.10: The hand-off probability for P
(B)
hf for different values of false alarm

probability (Qfa), miss-detection probability (Qmd) and the number of sharing

channels (CR), against the arrival rate of PUA λA.
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Figure 4.11: The GoS performance of (a) PUA, (b) PUB, for different values of

the arrival rate of PUA λA, the arrival rate of PUB λB, the number of sharing

channels (CR), and the voting threshold ζ , against the normalized energy decision

threshold Θ.
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with a larger CR. It is also observed that for a lower voting threshold ζ , a better

GoS performance for NA can be achieved. The reason is that with less number

of votes needed to make a final decision of PUA appearance, a lower ζ achieves

lower miss-detection probability, when Θ is large.

In Figure 4.11(b), an increase of Θ results in a lower false alarm probability,

which helps PUB to access channels and thus leads to less blocking and forced

termination for PUBs. On the other hand, this also incurs a larger miss-detection

probability, which leads to more forced terminations for PUBs. Since forced ter-

mination events have a greater impact than blocking on the GoS performance

for NB, GoSB will increase first and then decrease, in the case λA = 1.2. With

a lower λB or a larger CR, when Θ increases, PUBs benefit from higher miss-

detection probability because they are less likely to be forced termination. For

different voting threshold rules, a greater threshold ζ results in lower false alarm

probability for PUB, and thus achieves better GoS performance for NB.

4.4.2 Performance of Cross-Layer Optimization Scheme

In this section, the cross-layer design strategy is evaluated by comparing with

the uncoordinated overlay hierarchical sharing policy [25] without cross-layer op-

timization, i.e., the selection of MAC layer parameter is independent of the PHY

layer spectrum sensing parameters. The basic idea of hierarchical sharing pol-

icy in CR networks is to open all licensed spectrum to SUs, while limiting the

interference perceived by PUs. To compare the sharing policies under the same

conditions, we assume the pre-allocated number of channels for NA and B are

CA = 6 and CB = 6, respectively. For the uncoordinated hierarchical sharing
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policy, PUA are considered as the PUs, while PUB are referred to as the SUs,

which corresponds to the setting CA = 6, CR = 6, and CB = 6 in the model.

Figure 4.12 shows the overall throughput achieved by NA and NB. With per-

fect sensing, the proposed partial sharing model achieves a higher overall through-

put compared to the hierarchical sharing model. This can be explained by recog-

nizing the fact that the number of sharing channels can adapt with various λA in

the proposed policy, which can better coincide with the GoS constraints of PUA

and PUB. Since the PHY layer (i.e., Θ and ζ in spectrum sensing) optimization

is independent of MAC layer in the hierarchical model, the number of shared

channels cannot match with the various PUA or PUB arrival rates. However, in

the proposed scheme, spectrum sensing parameters Θ and ζ are jointly optimized

with MAC layer parameter CR. Therefore, for the case of imperfect sensing,

the throughput gain in the proposed model with the cross layer optimized strat-

egy becomes much more significant. In particular, the gain over the hierarchical

sharing model is 11.2% on average.

Figure 4.13 shows the optimal values of PHY and MAC layer parameters for

the imperfect sensing case when the maximum overall throughput is achieved.

For the partial sharing policy, with an increase of λA, the optimal value of Qfa

increases to achieve a lower Qmd, and thus can guarantee the GoS constraint of

PUA and adapt to a larger traffic of PUA. Note that the optimal value of CR

changes from 3 to 2 when λA > 1.05, to guarantee the interference constraints

of PUA. For the hierarchical sharing, a much lower Qmd is required due to a

fixed and larger number of shared channels. Furthermore, with an increase of λA,

the optimal value of Qfa decreases. This is because that the GoS constraint of

PUB becomes the dominate factor in (4.29), i.e., the network that first violates
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Figure 4.12: The total throughput τ against the arrival rate of PUA λA.
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Figure 4.13: The optimal values of PHY and MAC layer parameters against the

arrival rate of PUA λA.

its prescribed GoS constraint. Hence, in this case, an increasing Qfa is needed t

guarantee the GoS constraint of PUB.

4.5 Chapter Conclusions

This work studied spectrum sharing between two licensed wireless networks and

proposed a new partial sharing policy for DSS. A Markov chain model was used

to model the access process, with consideration of imperfect spectrum sensing.

The blocking probability, forced termination probability, interfering probability,

handoff probability, and the throughput for the proposed system have been de-

rived. A cross-layer design was also presented, where the MAC layer spectrum
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sharing parameter and the PHY layer spectrum sensing parameters are jointly

optimized to maximize the overall network throughput. Numerical results have

illustrated that the partial sharing policy with the cross-layer design achieves

0.9% and 11.2% gains in the overall throughput in the perfect and imperfect

sensing scenarios, respectively, while satisfying the GoS constraints of the users.

The proposed spectrum sharing scheme and cross-layer design framework take

advantages of coordinated and uncoordinated sharing models, which can achieve

a better trade-off between system complexity and flexibility. Hence, this scheme

is practical and can improve the system throughput in a real world uncoordinated

DSS network efficiently.

The imperfect on-demand sensing was studied in this work, while periodic

sensing is a also very important sensing scheme for CR. Chapter 5 will further

study the imperfect periodic sensing and its impacts on performance metrics,

which is practical for future DSS networks design.
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Chapter 5

On Imperfect Spectrum Sensing

for Uncoordinated Partial

Spectrum-Shared Licensed

Networks - A Discrete Time

Markov Model

As mentioned in Chapter 4, opportunistic spectrum sharing between two licensed

networks, e.g., WiMAX and a cellular network, is much less understood. In the

scenario such as during a public event, there are large crowds and the traffic

demands of cellular network will be locally extremely large. In this case, a cellular

network might rent spectrum from WiMAX to increase its capacity and guarantee

the users’ GoS performance.

In this chapter, the DTMC modeling approach is adopted to extend the anal-

ysis of the partial spectrum sharing system in Chapter 4 to cope with imperfect

and periodic spectrum sensing. Using this analytical model, the DSS system with

partial sharing and imperfect spectrum sensing for real environments can be mod-
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eled. To study the capacity performance of the proposed scheme, a cross-layer

design framework is also constructed, where the spectrum sensing parameters

at the PHY layer and the spectrum sharing parameters at MAC layer are si-

multaneously coordinated to optimize the throughput, while satisfying the GoS

constraints of the users.

5.1 System Model

5.1.1 Network Architecture

Two infrastructure-based licensed wireless networks (labeled as Networks A and

B, whose users are referred to as PUA and PUB, respectively) are considered

operating over a given area. Each of the networks has a base station for network

management. It is assumed that the channels for Network B are not sufficient for

the traffic demands of PUB but PUB can access parts of the channels of Network

A opportunistically. The term “channel” here refers to a basic unit of capacity,

which can be a time-slot, a frequency channel, a code or a combination of those.

The pre-allocated numbers of channels for Networks A and B are denoted by

CA and CB, respectively. The sets containing the respective channels are denoted

as CA and CB. The renting or sharing channels are some of the channels in CA

that can be rented by PUB if needed. The number of renting channels is denoted

by CR(≤ CA), included in the set CR. The following partial spectrum sharing

policy is considered.

• PUA: For any PUA’s access request, if the number of PUAs is less than

CA − CR, PUA will not occupy the renting channels in CR; otherwise, the

renting channels will be used.
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• PUB: For any PUB’s access request, if the number of PUBs is less than CB,

PUB will occupy the channels in CB; otherwise, PUB senses the spectrum

to identify any vacant channels in CR. If there are, then the PUB will be

admitted.

All users have spectrum handoff capability. Hence, a user of PUA or PUB can

hand off from the renting channel to its pre-allocated non-renting channels, as

soon as available.

5.1.2 Spectrum Sensing

The periodic spectrum sensing technique for DSS networks is shown in Figure 5.1.

Specifically, PUB will monitor the occupancy of renting channels periodically at

time instances t1, t2, . . . , tn. The sensing interval ∆T = tn− tn−1 defines the time

at which the occupancy information of the renting channels is available to PUB.

Based on the observations, PUB can decide whether or not to access or release

any of the renting channels. The access of PUA and PUB to CA and CB are

coordinated by their base stations, respectively. Therefore, sensing errors appear

only when PUB are accessing the channels in CR and they are characterized by

false alarm and miss detection probabilities. When the spectrum sensing fails

to detect the appearance of PU, this case can be referred to as a miss detection

event. However, if the channel is vacant but the sensing mistakenly indicates that

it is occupied by PU, this case is referred to as a false alarm event.
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Figure 5.1: The periodic sensing scheme for the DSS system.

5.2 Discrete Time Markov Chain Model

5.2.1 Assumptions

The arrivals of PUA and PUB are assumed to experience a Poisson process with

mean arrival rate λA and λB, respectively. Their channel occupying times are

assumed to follow a negative exponential distribution with mean µ−1
A and µ−1

B ,

respectively. To make the following analysis tractable, it is assumed that the

observation time interval of the DTMC model is also ∆T . PUA and PUB are

assumed to require a single channel each time, and a user arriving at the interval

between tn−1 and tn will not depart at the same interval, and the orders of arrival

and departure events during an observation time interval will be disregarded as

in [36].
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5.2.2 DTMC Formulation

In this work, a three-dimensional DTMC model is adopted to analyze the DSS

system with imperfect spectrum sensing. To proceed, let (i, k, j) represent the

system state with i PUA users operating in CA, k PUA users operating in CR,

and also j PUB users operating in CB and CR. As mentioned in Section II, PUA

will not occupy the renting channels unless needed. Hence, the state parameter

k depends on i, and k = 0 when i ≤ CA − CR, where CA − CR is the number of

non-sharing channels in CA. The state space is given by

S =



































(i, k, j)

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

0 ≤ i ≤ CA

k = max(0, i − (CA − CR))

0 ≤ j ≤ CB + CR



































. (5.1)

Since the arrival of PUA follows a Poisson distribution, the probability that s PUA

users arrive during ∆T is given by

p
[A]
arrive(s) =

(λA∆T )s

s!
e−λA∆T . (5.2)

Define p
[B]
arrive(s) similarly with λB for PUB users. In addition, the probability of l

departures out of s PUA users (similarly for PUB users) during ∆T is given by

p
[A]
depart(l, s) =

(

s

l

)

(

1 − e−µA∆T
)l (

e−µA∆T
)s−l

. (5.3)

The probability of believing m PUA users in CR when there are actually k

PUA in CR is defined as [36]

Pm,k =

min(k,CR−m)
∑

n=max(0,k−m)

(

CR − k

n + m − k

)

Qn+m−k
fa (1 − Qfa)

CR−n−m

(

k

n

)

Qn
md(1 − Qmd)

k−n,

(5.4)
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where Qfa and Qmd denote the false alarm probability and miss detection prob-

ability, respectively. In this equation, n denotes the number of miss detected

channels, and miss detection can only happen on PU occupied channels, thus

n ≤ k.

The transition of system states is triggered by the following events:

1) Channel assignment for PUA: As PUA is the owner of CA, its channel assign-

ment events will not be affected by PUB’s operation. Hence, the conditional

probability of assigning s PUA channels during a sensing interval ∆T , pro-

vided l(≤ i) PUA channels are released, is given by

α[A](s|i, j, l) =















p
[A]
arrive(s) for s < CA − i + l,

1 −
∑s−1

n=0 p
[A]
arrive(n) for s = CA − i + l.

(5.5)

In (5.5), when the number of arriving PUA is less than or equal to the

number of channels available, i.e., the case s < CA − i + l, all PUA will

be accepted. Otherwise, if the number of arriving PUA is more than the

number of channels available, only CA − i + l PUA users will be assigned

channels.

2) Channel release for PUA: This happens when PUA users complete their

services. Hence, the probability of releasing l(≤ i) PUA channels during

∆T is given as

β [A](l|i, j) = p
[A]
depart(l, i). (5.6)

3) Channel assignment for PUB: This event depends upon the observed spec-

trum occupancy from PUB, which may be erroneous, i.e., false alarm and
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miss detection events. Similar to (5.5), define α̃[B](s|i, m, j, l) as the condi-

tional probability of assigning s PUB channels during ∆T provided there are

m observed PUA users operating in CR, and l(≤ j) PUB channels released.

Therefore, by definition,

α̃[B](s|i, m, j, l) =















p
[B]
arrive(s) for s̃ + m < CB + CR,

1 −
∑s−1

n=0 p
[B]
arrive(n) for s̃ + m = CB + CR.

(5.7)

where s̃ , j−l+s, is the number of PUB users in the system after a channel

assignment process. Hence, s̃ is less than or equal to CB, the number of

observed PUA users operating in CR m, can be m ∈ [0, CR]. While if s̃ is

larger than CB and s > 0, m ∈ [0, CB+CR− s̃]. For the special case s̃ > CB

and s = 0, the probability of no PUB channels assigned is composed by the

probability that PUB has the equal number of arrival and leaving users when

there are observed vacant channels, and the probability that there are no

observed vacant channels. Based on (5.4), relationship between the actual

and observed states can be mapped. As a result, the conditional probability

of assigning s PUB channels during ∆T , given l(≤ j) PUB channels released,

is given by

α[B](s|i, k, j, l) =






























∑CR

m=0 α̃[B](s|i, m, j, l)Pm,k if s̃ ≤ CB and s ≥ 0,

∑CB+CR−s̃
m=0 α̃[B](s|i, m, j, l)Pm,k if s̃ > CB and s > 0,

∑CB+CR−s̃
m=0 α̃[B](s|i, m, j, l)Pm,k +

∑CR

m=CB+CR−s̃+1 Pm,k if s̃ > CB and s = 0.

(5.8)
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4) Channel release for PUB: Due to sensing errors, those PUB users in CR

may mistakenly depart their channels, i.e., false alarm events. Hence, the

channel release happens when there are false alarms or service completions

of PUB users. In particular, when the number of PUB releasing channels l,

satisfying j− l < CB, the PUB channel release is only caused by the service

completion. On the other hand, when j − l ≥ CB, the channel release

might also be caused by the false alarm events. Therefore, the probability

of releasing l(≤ j) PUB channels during ∆T is

β [B](l|i, k, j) =















p
[B]
depart(l, j) for j − l < CB,

∑l

r=0 β̃ [B](r|i, k, j, l − r)p
[B]
depart(r, j) for j − l ≥ CB,

(5.9)

in which β̃ [B](s|i, k, j, r) denotes the conditional probability that there are

s PUB channels released by false alarm events, given that r(≤ l) PUB users

complete their service, and is given by (5.10).

β̃ [B](s|i, k, j, r) =














PCB+CR+s+r−j,k for j − r ≥ CB and 0 < s ≤ j − r − CB,

1 −
∑j−r−CB

n=1 PCB+CR+n+r−j,k for j − r ≥ CB and s = 0.

(5.10)

Let π(i,k,j) denote the steady state probability of the state (i, k, j). Based

on the analysis, the state transition probability from (i, k, j) to (i + a, k′, j + b)

(k′ = max(0, i + a − (CA − CR)), −i ≤ a ≤ CA − i, −j ≤ b ≤ CB + CR − j) is
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given by

ε(i + a, k′, j + b|i, k, j) =

i
∑

l=max(−a,0)

α[A](a + l|i, j, l)β [A](l|i, j) +

j
∑

l=max(−b,0)

α[B](b + l|i, k, j, l)β [B](l|i, k, j).

(5.11)

Let π be the row vector of steady state probabilities with elements π(i,k,j), and ε

be the transition probability matrix of elements ε(i + a, k′, j + b|i, k, j) in (5.11).

Then, the steady state π can be obtained by solving π = πε and π1 = 1, where

1 is the column vector with all ones.

Note that π(i,k,j) denotes the actual steady state probability, while the “ob-

served” steady state probability of PUB may have sensing errors in determining

the channel occupancy in CR. From PUB’s viewpoint, only the number of PUA in

CR is of interest. Hence, from definition of i and k in (5.1), the three dimensional

steady state probabilities can be converted into the two dimensional equivalent,

π′
(k,j) =

CA
∑

i=0

π(i,k,j). (5.12)

Hence, the observed steady state probability for PUB becomes

πobserve
(m,j) =

CR
∑

k=0

Pm,kπ
′
(k,j), for (m, j) ∈ S′, (5.13)

where S′ , {(m, j)|0 ≤ m ≤ CR; 0 ≤ j ≤ CB + CR}.

5.3 Performance Analysis

The performance metrics are derived, such as blocking probabilities for PUA and

PUB, forced termination probability for PUB, interfering probability and through-

put based on the actual and observed steady state probabilities π(i,k,j), π
observe
(m,j) .
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5.3.1 Blocking Probability

For PUA, blocking events occur when no channels are available for upcoming PUA

users. Therefore, the blocking probability for PUA is given by

P
[A]
block =

CB+CR
∑

j=0

π(CA,CR,j). (5.14)

Also, blocking events for PUB occur if there are no vacant channels in CB and no

observed channels in CR. Thus, the blocking probability for PUB is given by

P
[B]
block =

∑

j+m≥CB+CR
(m,j)∈S′

πobserve
(m,j) . (5.15)

5.3.2 Forced termination probability

In CR, when an operating PUB user detects a PUA’s activity, the PUB user may

be forced to terminate its transmission, if there are no vacant channels to hand off

to. To derive the forced termination probability, the average number of serviced

connections can be interpreted as the the average served traffic [67]. As a result,

∑

(i,k,j)∈S

jπ(i,k,j) =
λB
µB

(

1 − P
[B]
force terminate

)(

1 − P
[B]
block

)

, (5.16)

which then gives

P
[B]
force terminate = 1 −

∑

(i,k,j)∈S
jπ(i,k,j)

λB

µB

(

1 − P
[B]
block

) . (5.17)

5.3.3 Interfering probability

Due to the miss detection events, PUA and PUB users may simultaneously operate

on the same CR channel, which is referred to as an interfering event. In the state
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π(i,k,j), the average number of interfering channels can be found as

Ninterfering(i, k, j) = N ′
(k,j)+

min(k,j−CB)−N ′
(k,j)

∑

r=max(1,k+j−(CR+CB)−N ′
(k,j)

)

rQr
md

( CR−N ′
(k,j)

max(k,j−CB)−N ′
(k,j)

)(

max(k,j−CB)−N ′
(k,j)

r

)

( CR−max(k,j−CB)−N ′
(k,j)

min(
min(k,j−CB)−N′

(k,j)
−r

CR−(max(k,j−CB)−N′
(k,j)

)
)

)

(CR−N ′
(k,j)

k−N ′
(k,j)

)( CR−N ′
(k,j)

j−CB−N ′
(k,j)

)

(5.18)

where the first part of the right-hand-side of the equation denotes the lower bound

of the interfering channels. Likewise, N ′
(k,j) = k+j−CB−CR if k+j > CB+CR,

and 0 otherwise. In particular, when the number of PUA and PUB users in CR is

larger than CR, there are at least k+ j−CB−CR channel collisions. Further, the

remaining k − N ′
(k,j) PUA and j − CB − N ′

(k,j) PUB may still have collisions and

interfere with each other. In this case, the average number of interfering channels

is considered by the second part of the right-hand-side of (5.18). The interfering

probability is thus

Pinterfering =
∑

(i,k,j)∈S

k>0,j>CB

Ninterfering(i, k, j)

CR

π(i,k,j). (5.19)

5.3.4 Throughput

The throughput can be defined as the number of completed connections. It is

considered that during the interfering event, both PUA and PUB cannot trans-

mit, and thus the throughput completed during the interfering event should be

subtracted from the total throughput. Hence, the throughput of PUB is given by

τ [B] =
∑

(i,k,j)∈S

(j − Ninterfering(i, k, j)) π(i,k,j). (5.20)
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5.3.5 Cross-Layer Optimization

In the cross-layer design framework, the throughput performance can be maxi-

mized, while satisfying the GoS constraints of the users. It is assumed that the

initial arrival rate of PUB λB is greater to the available channels in the system, i.e.,

if accepting all PUB’s requests, its GoS constraints cannot be satisfied. Therefore,

the objective is to find the optimal sensing interval ∆T at the PHY layer, and

the admissible arrival rate of PUB λB and the number of sharing channels CR at

the MAC layer, to maximize the throughput of PUB under the GoS constraints

of PUA and PUB. The optimization problem can be formulated as

max
∆T,λB,CR

τ [B]

s.t.



































Pinterfering ≤ P ∗
interfering,

P
[B]
block ≤ P

[B]∗
block,

P
[B]
force terminate ≤ P

[B]∗
force terminate.

(5.21)

where P ∗
interfering, P

[B]∗
block, P

[B]∗
force terminate are the corresponding GoS constraints. The

challenge is that (5.21) is a non-linear programming problem. PSO [58] is a useful

algorithm that can find an optimal or quasi-optimal for such kind of problems.

Therefore, first fix the value of the discrete variable CR. For each value of CR,

the PSO algorithm in Chapter 3.3.6 is used to obtain optimal λB and ∆T . Then

the optimal value of CR can be obtained using an exhaustive search method. The

process of solving this optimization problem is similar to the method described

in Chapter 3.3.6, where the implement steps can be found in Appendix B.
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Table 5.1: Parameter Settings.

Arrival rate of PUAs 0.01 ≤ λA ≤ 0.1 calls/s

Arrival rate of PUBs λB = 0.1 calls/s

Channel occupying times µ−1
A = µ−1

B = 50 s

The number of channels for PUA and PUB CA = CB = 4

The number of sharing channels CR = 2

GoS constraints
P ∗

interfering = 0.003,

P
[B]∗
block = 0.2, P

[B]∗
force terminate = 0.05

The sensing interval ∆T = 0.5s

5.4 Numerical Results

This section provides analytical and simulation results to show the performance

of the CR-based DSS system with the partial spectrum sharing policy for various

sensing errors and sensing intervals conditions. A MATLAB-based discrete event

simulator was used to verify the analytical DTMC model. A large number (i.e.,

105) of PUA and PUB access requests were generated, and these requests were ac-

cepted or denied based on the proposed access schemes. The number of blocked

requests were recorded and then were used to calculate the corresponding prob-

abilities. The parameters CA = CB = 4, and µ−1
A = µ−1

B = 50s. If not specified

otherwise, define the arrival rate of PUA within the range of 0.01 ≤ λA ≤ 0.1,

and the arrival rate of PUB is set to λB = 0.1 calls/s. The parameters settings

are summarized in Table 5.1.

Figure 5.2–Figure 5.5 demonstrate the performance metrics derived in the

analytical model in the cases of perfect and imperfect sensing against the arrival

rate of PUA λA. The number of sharing channels is CR = 2, and the sensing
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interval ∆T = 0.5 s as in Table 5.1. In Figure 5.2, it is observed that the

numerical results for blocking probability of the DTMC model coincide with the

derived CTMC model in Chapter 4 for the perfect sensing case. Furthermore, the

results coincide with the analytical results for the imperfect sensing cases. It is

observed that with a larger Qmd, PUB will benefit from miss detection events by

having more access opportunities, leading to a lower blocking probability than in

the perfect sensing case. It is also observed that with a greater Qfa, a lower P
[B]
block

can be obtained. The reason is that false alarm events lead to less operating

PUB users to hand off successfully, and thus provide more access opportunities

for upcoming PUB users.

For the forced termination results as shown in Figure 5.3, since miss detection

events cause more PUB users operating in CR, more forced termination events for

PUB will occur, when compared with the perfect sensing case. In addition, with

a higher false alarm probability, more handoff opportunities for PUB users will

be wasted, giving a higher P
[B]
force terminate. In this case, results also indicate that

with a larger λA, less PUB users can access channels, and therefore P
[B]
force terminate

decreases.

On the other hand, Figure 5.4 shows that miss detection events will cause

a larger Pinterfering. This can be explained by recognizing the fact that with a

large likelihood that SU fails to detect the appearance of PU, more PU will be

interfered.

Figure 5.5 shows the throughput for PUB against the arrival rate λA. It is

observed that a larger false alarm probability leads to a lower throughput for PUB.

However, with a larger miss detection probability, higher throughput for PUB can
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Figure 5.2: The blocking probability for PUB against the arrival rate of PUA λA.

“Perfect sensing (CTMC in Chapter 4)” denotes the analytical results derived in

Chapter 4. “Perfect sensing”, “Qfa = 0, Qmd = 0.2”, “Qfa = 0.2, Qmd = 0” cases

are obtained from the analytical model in this chapter, where Qfa and Qmd are the

false alarm probability and miss-detection probability, respectively. “Simulation”

denotes the simulation results, which are obtained from discrete event simulator

and can verify the analytical results for imperfect sensing cases.
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Figure 5.3: The forced termination probability for PUB against the arrival rate

of PUA λA. The solid lines are obtained from the analytical model. Qfa and

Qmd are the false alarm probability and miss-detection probability, respectively.

“Simulation” denotes the simulation results are obtained to verify the analytical

model for imperfect sensing cases.
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Figure 5.4: The interfering probability against the arrival rate of PUA λA. The

results are obtained from the analytical model. Qfa and Qmd are the false alarm

probability and miss-detection probability, respectively.
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Figure 5.5: The throughput for PUB against the arrival rate of PUA λA. The

results are obtained from the analytical model. CR denotes the number of shar-

ing channels. Qfa and Qmd are the false alarm probability and miss-detection

probability, respectively.

be obtained, due to the excessive channel access opportunities introduced by miss

detection events.

Figure 5.6 shows the impact of sensing interval ∆T on the performance met-

rics. In Figure 5.6(a), P
[A]
block does not change with ∆T . With a smaller sensing

interval, a lower P
[B]
block and P

[B]
interfering can be obtained, due to up-to-date spectrum

observation results. Also, P
[B]
force terminate becomes larger due to more frequent spec-

trum observations, thus less PUB users can complete their services. For the cases

with different number of sharing channels CR, i.e., the cases CR = 2 and CR = 4,

CR = 4 leads to a lower P
[B]
block and P

[B]
interfering, and a larger τ [B], because of more
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accessing opportunities for newly arrived or handed off PUB users. However, this

also causes a higher interfering probability, due to more PUB users operating in

CR. In Figure 5.6(b), with an increase of sensing interval, miss detection prob-

ability will increase, and thus a higher throughput of PUB τ [B] can be obtained.

This can be explained by recognizing the fact that SUs can benefit from more

miss detection events, which can provide more access opportunities.

Figure 5.7 shows the near-optimal throughput of PUB with its corresponding

optimal parameters ∆T ∗, λ∗
B and C

∗
R
, against λA. The hierarchical sharing [25; 36;

53] and non-sharing policies are used to compare with the proposed partial sharing

schemes. In hierarchical sharing, PUA are considered as the PUs, while PUB are

referred to as the SUs, which corresponds to the setting CA = 4, CR = 4, and

CB = 4 in the analytical model. The non-sharing case can be obtained by setting

CA = 4, CR = 0, and CB = 4 in the model. For the GoS constraints in (5.21),

set P ∗
interfering = 0.003, P

[B]∗
block = 0.2, P

[B]∗
force terminate = 0.05. In Figure 5.7(a), the PSO

algorithm achieves nearly the same throughput capacity as the exhaustive search

(ES) method. It is also observed that the proposed partial sharing policy can

achieve a higher throughput of PUB than the conventional strategies. For the

optimal parameters shown in Figure 5.7(b), with an increase of λA, λ∗
B decreases

from 0.154 to 0.077, and thus can adapt a larger traffic of PUA. Further, C∗
R

decreases from 3 to 0 to satisfy the interfering constraint. ∆T ∗ also decreases

to provide up-to-date spectrum observation results. Note that for λA ≥ 0.07,

C∗
R

= 0, which means that the large traffic of PUA and the tight interfering

constraints prevent PUA sharing channels with PUB. In this case, no spectrum

sensing is required for PUB, so ∆T ∗ only indicates the DTMC model observation

interval.

105



5.4 Numerical Results

0.1 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

∆T (s)

P
ro

ba
bi

lit
y

 

 

P[A]
block

P[B]
block

P
interfering

P[B]
force_termination

Solid line: C
R

=2
Dashed line: C

R
=4

(a)

0.1 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
3.2

3.4

3.6

3.8

4

4.2

4.4

4.6

∆T (s)

T
hr

ou
gh

pu
t o

f P
U

B

 

 
C

R
=2

C
R
=4

(b)

Figure 5.6: The impact of sensing interval ∆T on the (a) blocking, forced termina-

tion, interfering probabilities, and (b) throughput for PUB with Qfa = 0.1, Qmd =

0.1. Qfa and Qmd are the false alarm probability and miss-detection probability,

respectively. 106
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Figure 5.7: Results for the (a) optimized throughput of PUB τ [B]. “Partial shar-

ing” results are obtained by PSO algorithm and exhaustive search (ES), respec-

tively. The hierarchical sharing and non-sharing schemes are obtained from the

analytical model with PSO algorithm and used for comparison. (b) The optimal

values for the cross layer optimization problem. The optimal arrival rate of PUB

λ∗
B, and the optimal sensing interval ∆T ∗ are obtained by PSO algorithm, while

the optimal sharing channel C∗
R

is obtained by ES.
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5.5 Chapter Conclusions

This work developed a DTMC model to study the proposed partial spectrum

sharing scheme in the presence of imperfect spectrum sensing. Using the proposed

analytical model, the impacts of sensing errors and periodic sensing intervals can

be investigated. Our model and analytical method can also be used to study

CR-based DSS systems with various sharing policies. A PHY-MAC cross-layer

design framework was also devised, where the parameters in spectrum sensing

and spectrum sharing are jointly optimized. Results show that the proposed

partial sharing policy can achieve 7.4% and 20.8% gains in throughput, comparing

with traditional hierarchical sharing and non-sharing strategies, respectively. By

comparing with the results in Chapter 4, it can be concluded that the imperfect

periodic sensing studied in this chapter can cause more severe deterioration in

throughput than imperfect on-demand sensing.

The uncoordinated sharing does not require hardware updates for the primary

systems, which can provide a good solution for future DSS networks. However,

in uncoordinated sharing, the interference tolerance of PUs is ignored for overlay

access, and the opportunity for SUs to transmit at higher power when PUs are

inactive is missed for underlay access. In Chapter 6, a mixed or hybrid overlay-

underlay strategies are proposed to further improve spectrum efficiency, which can

also achieve a better trade-off between the network throughput and the interfering

to PUs.
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Chapter 6

On Hybrid Overlay-Underlay

Dynamic Spectrum Access:

Double-Threshold Energy

Detection and Markov Model

In traditional uncoordinated DSS strategies, the interference tolerance of PUs is

ignored for overlay sharing, while the opportunity for SUs to transmit at higher

power when PUs are inactive is forbidden for underlay sharing. Therefore, mixed

or hybrid strategies are preferred and have been used to improve spectrum effi-

ciency. In this chapter, a hybrid full-partial access strategy for DSS is proposed.

A double-threshold energy detection method is proposed to identify PU’s oper-

ating location. Based on the spectrum observations, SUs can dynamically switch

between full and partial access modes. A Markov chain model is developed to

analyze the proposed strategy. Performance metrics such as the throughput of

SUs and interfering probability to PU will be derived. The contribution is that

this work jointly model and analyze spectrum sensing in the PHY layer with the

hybrid access in the MAC layer.
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6.1 System Model

6.1.1 Network Model

Consider a DSS network, consisting of N primary channels and a number of PUs

and SUs. To make the analysis tractable, the work focus on a single primary

channel with bandwidth W . The objective is to study the achievable throughput

and the average interfering probability on this channel by introducing the SUs.

In particular, there is a pair of SU transmitter (Tx) and receiver (Rx) in a given

area of interest. From the SU’s viewpoint, PUs may appear at random locations

in the area with a radius D1, as shown in Figure 6.1. It is also specified the

shaded region within the radius D2 as Region 2 in the figure and its operational

meaning will be explained later. It is assumed that a PU can be referred to as a

pair of PU Tx and Rx, which are located in the same region (Region 1 or 2), but

their locations are independent and randomly distributed within that region. It is

assumed that PU and SU transmit at fixed power levels P t
PU and P t

SU, respectively.

6.1.2 Proposed Hybrid Access Strategy

The received energy level over the channel with bandwidth W during a sensing

time Ts is measured. For Rayleigh fading, the false alarm and detection proba-

bilities are, respectively, given by [32]

Q(v) = Pr {Y > v |H0} =
Γ
(

u, v
2

)

Γ (u)
(6.1)
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O(v, γ) = Pr {Y > v |H1}

= e−
v
2

u−2
∑

k=0

1

k!

(v

2

)k

+

(

1 + γ

γ

)

(

e
− v

2(1+γ) − e−
v
2

u−2
∑

k=0

1

k!

(

vγ

2 (1 + γ)

)k
)

,

(6.2)

where H0 and H1 denote the hypothesis that PU is inactive and active in the

channel, respectively, Y is the decision statistics, v is the threshold for energy

detection, γ is the average received signal-to-noise ratio (SNR) at the SU Rx,

Region 1

D1

D2

SU Tx

Region 2

SU Rx
d

Figure 6.1: The DSS system model with the hybrid access strategy.
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and u = TsW is the time-bandwidth product. In addition, Γ (·) and Γ (·, ·) are

the complete and incomplete gamma functions, respectively.

When the PU is near the SU (i.e., PU in Region 2), the average received SNR

at the SU Tx is high and hence the PU detection probability will be much greater

than the case when the PU appears in Region 1. Moreover, if a miss-detection

event happens when the PU is in Region 2, it is more likely that the SU’s power

will violate the interference constraints of the PU. In the proposed hybrid access

strategy, a double-threshold energy detection method is therefore used to identify

the operating location of the PU (Region 1 or 2). Based on the identification,

the SU may switch between full and partial access modes.

In the considered scenario, double-thresholds, vL and vH, are used to identify

the operating location of the PU. As a result, the following three-hypothesis

testing is established:

H0 : PU is inactive in the channel; (6.3a)

H1 : PU is active and transmitting in Region 1; (6.3b)

H2 : PU is active and transmitting in Region 2. (6.3c)
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The following probabilities can be defined:

P0(H) = Pr {Y > vH |H0} = Q(vH), (6.4a)

P0(L) = Pr {vL < Y ≤ vH |H0} = Q(vL) − P0(H), (6.4b)

P1(H) = Pr {Y > vH |H1} = O(vH, γL), (6.4c)

P1(L) = Pr {vL < Y ≤ vH |H1} = O(vL, γL) − P1(H), (6.4d)

P2(H) = Pr {Y > vH |H2} = O(vH, γH), (6.4e)

P2(L) = Pr {vL < Y ≤ vH |H2} = O(vL, γH) − P2(H), (6.4f)

where γL and γH denote the average received SNR when PU is, respectively,

operating in Region 1 and Region 2. As a consequence, when the measured

energy level in the channel is lower than vL, SU is operating in the full access

mode, i.e., can access the channel with probability 1. If the energy level exceeds

vL but is lower than vH, then the SU operates in the partial access mode, i.e.,

can access the channel with the probability Paccess. Otherwise, SU should stop

transmitting and stay inactive in this channel.

The spectrum sensing interval is defined as the time slot between two consec-

utive spectrum observations. To achieve a tradeoff between SU throughput and

interference of PU, two types of sensing intervals are considered, i.e., the long and

short intervals. In the proposed scheme, when the measured energy level exceeds

vL but is lower than vH, the SU operates in the partial access mode and a short

sensing interval is scheduled. Otherwise, a long sensing interval is carried out,

when the energy level is lower than vL or higher than vH.
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6.2 Model Formulation and Analysis

Here, the proposed hybrid access strategy in the presence of imperfect spectrum

sensing is analyzed. A DTMC model is used to model the PHY layer sensing and

the MAC layer access.

6.2.1 Assumptions

• For convenience, the long and short spectrum sensing interval are defined

as ∆TL = Mτ and ∆TS = M ′τ , respectively, where M, M ′ are positive

integers. τ denotes a basic unit for the system observation interval.

• Consider a single licensed frequency channel and model the PU’s access

process as a two-state ON/OFF process, which specifies the time slots when

PU is active (ON) or inactive (OFF).

• At the beginning of each model observation, the probability that PU trans-

fers from inactive to active is λ, while the probability that PU transfers

from active to inactive is µ.

• When PU becomes active, the probability that PU appears in Region 1 is

δ. It is assumed that the model observation interval is much smaller than

the average PU active period. Therefore, the probability that PU appears

in two regions successively in one observation interval is negligible.

6.2.2 Model Formulation

A DTMC model is developed to analyze the proposed hybrid access strategy.

Let E(i,j) and T(i,j,k) denote the energy detection state and normal transmission
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(non-sensing) state of the system model, respectively. Specifically, i indicates the

status of PU in this channel. If PU is inactive, i = 0, and when PU is in Region

1 and 2, i = 1 and i = 2, respectively. Additionally, j represents the access mode

of SU. If SU is inactive, j = 0, and when SU is operating in the partial and full

access mode, j = 1 and j = 2, respectively. To make the analysis tractable, the

short sensing interval is defined as ∆TS = τ . Likewise, k denotes the number of

observation intervals passed during a long sensing interval ∆TL. The state space

is then given by

Ψ =















E(i,j), T(i,j,k)

∣

∣

∣

∣

∣

∣

∣

∣

i, j ∈ {0, 1, 2} ,

k = 1, 2, . . . , M − 1















. (6.5)

Figure 6.2 depicts the state transition diagrams for the proposed system. To

keep the figure simple, only the outflows of the state transitions are shown in

this figure. Figure 6.3(upper) shows an example of the state transitions from

the energy detection state to the next energy detection or normal transmission

state, i.e., from the state E(i,j) to E(i+s,j+l) or T(i+s,j+l,1), where i, i + s, j, j + l ∈

{0, 1, 2}. In this case, the PU operating mode transfers from i to i + s, which is

caused by the status changes of communicating with PU Rx and is independent

of spectrum sensing. As mentioned in the previous section, it is assumed that

the probability that PU appears in two regions successively in one observation

interval is negligible, i.e., do not consider the transitions from i = 1 to i = 2 or

from i = 2 to i = 1 in a single observation interval τ . Hence, s can be defined

as, for i = 0, s ∈ {0, 1, 2}; for i = 1, s ∈ {−1, 0}; and for i = 2, s ∈ {−2, 0}.

Similarly, the SU operating mode can transfer from j to j + l, depending on the

spectrum sensing results. For j+l = 1, the SU is operating in partial access mode
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Figure 6.2: State transition diagrams for the hybrid access Markov model. E(i,j)

and T(i,j,k) denote the energy detection state and normal transmission state, re-

spectively. i is the status of PU, i.e., if PU is inactive, i = 0, and when PU is in

Region 1 and 2, i = 1 and i = 2, respectively. j represents the access mode of

SU, i.e., if SU is inactive, j = 0, and when SU is in the partial and full access

mode, j = 1 and j = 2, respectively.
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and a short sensing interval is scheduled. Hence, E(i,j) will transfer to E(i+s,j+l).

For j + l ∈ {0, 2}, the SU is inactive or operating in full access mode, and thus

a long sensing interval is scheduled. Hence, E(i,j) transfers to T(i+s,j+l,1). It is

further assumed that energy detection is performed at the end of the transitions

from E(i,j) to E(i+s,j+l) or T(i+s,j+l,1).

For example, in the case when both PU and SU are inactive, i.e., the state

E(0,0), if a PU in Region 2 starts transmitting and the measured energy level is

higher than vH, the system will transfer to the state T(2,0,1), with the probability

δλP2(H), where P2(H) is given by (6.4e). On the other hand, if the measured

energy level is lower than vL and PU stays inactive, the system will transfer to

the state T(0,2,1), with the probability (1 − λ) (1 − P0(H) − P0(L)). For the short

sensing interval case, if a PU in Region 1 starts transmitting and the measured

energy level is larger than vL but lower than vH, the system will transfer to the

state E(1,1), with the probability (1 − δ)λP1(L).

As such, the state transition probabilities from E(i,j) to E(i+s,j+l) and T(i+s,j+l,1),

respectively, γ
(i,s,j,l)
1 and γ

(i,s,j,l)
2 , can be expressed as

γ
(i,s,j,l)
1 = θi,sφi,j+l for j + l = 1, (6.6)

γ
(i,s,j,l)
2 = θi,sφi,j+l for j + l ∈ {0, 2}, (6.7)

where θi,s and φi,j are the functions related to the changes of PU’s operating
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E(2,0)T(0,0,1)T(2,0,2) T(0,0,2)

T(1,0,2)

1-λ

(1- )δ λ

δλ

Figure 6.3: Examples of the detailed state transition diagrams. Upper: Transi-

tions from the state E(i,j) to E(i+s,j+l) and T(i+s,j+l,1). Bottom: Transitions from

the state T(i,j,k) to T(i+s,j,k+1). i is the status of PU, i.e., if PU is inactive, i = 0,

and when PU is in Region 1 and 2, i = 1 and i = 2, respectively. j represents the

access mode of SU, i.e., if SU is inactive, j = 0, and when SU is in the partial

and full access mode, j = 1 and j = 2, respectively.

118

Chapter6/Chapter6Figs/markov_detail.eps


6.2 Model Formulation and Analysis

location mode and the energy detection results, which are, respectively, given by

θi,s =































































1 − λ for i = 0, s = 0,

(1 − δ)λ for i = 0, s = 1,

δλ for i = 0, s = 2,

(1 − µ) for i ∈ {1, 2}, s = 0,

µ for i ∈ {1, 2}, s = −i,

(6.8)

φi,j+l =































Pi(H) for j + l = 0,

Pi(L) for j + l = 1,

1 − Pi(H) − Pi(L) for j + l = 2,

(6.9)

where Pi(H) and Pi(L) can be obtained using (6.4a)–(6.4f).

Figure 6.3(bottom) shows an example of the state transitions between normal

transmission states, i.e., from the state T(i,j,k) to T(i+s,j,k+1) during long sensing

interval, where i, i + s ∈ {0, 1, 2}, j ∈ {0, 2} and 1 ≤ k < M − 1. Since the

changes of SU’s operating mode only happen at the energy detection states, j

will not change in this case. Therefore, to summarize the transition probabilities

in this case, γ
(i,s)
3 is given by

γ
(i,s)
3 = θi,s. (6.10)

For the state transitions from normal transmission states to energy detection

state, i.e., from the state T(i,j,M−1) to E(i+s,j), where i, i + s ∈ {0, 1, 2}, j ∈ {0, 2}.

Similar to the above case, j will not change in such state transitions. Therefore,

the transition probabilities can be defined by γ
(i,s)
3 , which is given by

γ
(i,s)
4 = θi,s. (6.11)
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Let π(E(i,j)) and π(T(i,j,k)) denote the steady state probabilities of E(i,j) and

T(i,j,k), respectively. Let Π denote the row vector of steady state probabilities

with elements
{

π(E(i,j)), π(T(i,j,k))
}

, and Y denote the transition rate matrix,

whose elements
{

γ
(i,s,j,l)
1 , γ

(i,s,j,l)
2 γ

(i,s)
3 , γ

(i,s)
4

}

can be obtained from the analysis

above. The steady state matrix Π can be obtained by solving the linear equations

Π = ΠY and Πe = 1, where e is the column vector with all ones.

6.2.3 Performance Analysis

Here, some important performance metrics are derived.

1) Throughput of SU: The throughput is measured by the average achievable

transmission rate in bits per second (bps). However, if the SU causes harmful

interference to PU, i.e., when the PU’s interference constraints are violated, the

throughput achieved during these periods will not be counted. Considering the

sensing efficiency, the Shannon bound is used to obtain the achievable rate in a

given bandwidth as

R = ηW log2(1 + γSU), (6.12)

where γSU is the SNR of the SU, and η is the sensing efficiency, as η = 1 − Ts

∆T
,

where ∆T ∈ {∆TL, ∆TS}, η ∈ {ηL, ηS} correspond to the long and short sensing

intervals, respectively. Let P r
SU denote the average SU received power. When PU

is inactive, the SNR of SU in this case can be calculated as

γSU =
P r

SU

N0W
, (6.13)
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where N0 is the one-sided noise power. On the other hand, if PU is active in

Region 1 or Region 2, the SNR of SU in the two cases can be found as

γ1
SU =

P r
SU

N0W + P r1
PU

, (PU in Region 1), (6.14)

γ2
SU =

P r
SU

N0W + P r2
PU

, (PU in Region 2), (6.15)

where P r1
PU and P r2

PU are the average received PU signal powers at the SU Rx in

the two cases.

The average throughput of SU can be derived as

Th =
∑

i∈{0,1,2}

εi





∑

j∈{0,2},1≤k≤M

σjηL
(

π(E(i,j)) + π(T(i,j,k))
)

+ σ1ηSπ(E(i,1))



,

(6.16)

where

εi =































RSU for i = 0,

R1
SU(1 − P 1

ICV) for i = 1,

R2
SU(1 − P 2

ICV) for i = 2,

(6.17)

in which RSU, R1
SU, and R2

SU are the achievable rates when the SU SNR are,

respectively, γSU, γ1
SU, and γ2

SU. In addition, interference constraints violation

probability is defined as the probability that PU’s received SU’s power exceeds

its interference constraint. P 1
ICV and P 2

ICV are the average interference constraints

violation probability to PU in Region 1 and 2, respectively, as [69, (2.52)]. Also,

σj is the function that defines the access probability when SU is operating in full
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and partial access mode, which is given by

σj =































0 for j = 0,

Paccess for j = 1,

1 for j = 2.

(6.18)

2) Interfering Probability: Interfering is said to occur when SU causes harmful

interference to PU, i.e., when SU fails to detect PU’s signal, and SU’s transmis-

sion power violates the interference constraints of PU. Hence, the interfering

probability is given by

PIn = P 1
ICV

∑

j∈{1,2},1≤k≤M

σj
[

π
(

E(1,j)

)

+ π
(

T(1,j,k)

)]

+

P 2
ICV

∑

j∈{1,2},1≤k≤M

σj
[

π
(

E(2,j)

)

+ π
(

T(2,j,k)

)]

. (6.19)

6.3 Numerical Results

In this section, the proposed hybrid access strategy is evaluated, by comparing

with the conventional overlay access schemes. In particular, the performance

metrics of the overlay scheme can be obtained using the analytical model by

using a single energy detection threshold.

6.3.1 Simulation Parameters

The radii of Region 1 and Region 2 are set as D1 = 300 m and D2 = 100 m,

which can be referred to as the outer and inner areas of a building, respectively.

Note that D2 is an SU-defined parameter, which can be viewed as a threshold
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for the received PU power or the size of a building. For practical network imple-

mentation, when D2 is defined, the probability of the PU appears in Region 2,

δ, can be measured. The active PU Tx and Rx are assumed to be independent

and uniformly distributed in the same region (Region 1 or 2), respectively. In the

simulations, when a PU is active, δ = 0.7 and SU Tx and Rx have fixed locations,

with dSU = 50 m distance between them. The bandwidth of a single channel is

W = 1 MHz, and the noise power N0 = −163 dBm/Hz. Also, the combined path

loss and shadowing model [69] is used to consider the effects of path loss and

shadowing. To model shadowing, a log-normal random variable with mean zero

and variance σψdB
= 3.65 dB is used. For PU appearing at different locations,

the average received power by SU Tx can be calculated using [69, (2.40),(2.45)],

as

P r
SU(dB) = P t

PU(dB) + K(dB) − 10γ log10

d

d0
+

σ2
ψdB

20
ln 10 (6.20)

where the d is the distance between PU Rx and SU Tx, and the parameters are

defined as the unitless constant K = −31.54 dB, PU transmission power P t
PU = 13

dBm, the path loss exponent γ = 3.71, and the reference distance d0 = 1 m.

The parameters of path loss and shadowing model are based on [69, Example

2.4], which are typical settings for indoor or outdoor wireless propagation. For

the double-threshold energy detection, vH and vL are obtained for various false

alarm probabilities, 0.001 and 0.1, respectively, i.e., vH = Q
−1(0.001) and vL =

Q−1(0.1) using (6.1). Using [69, (2.52)], the probability that SU’s power exceeds

the interference constraints at a given distance between SU Tx and PU Rx is
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found as,

PICV(d) = Pr(P r
PU(d) ≥ Pconstraint)

= Q

(

Pconstraint − (P t
SU + K − 10γ log 10(d/d0))

σψdB

)

(6.21)

where Q(.) denotes the Q-function, the SU transmission power P t
SU = 13 dBm,

and the interference constraint to PU is set as −100 dBm. In the above equation,

we can see that PICV is the function of the distance between PU Rx and SU Tx,

and PICV will decrease when d increases. Hence, SU would have a very large

probability to cause harmful interference in the case of miss detecting PU in

Region 2.

105 locations of PU are generated uniformly and independently in Region

1 and Region 2, respectively. Using (6.20), the average received PU power by

SU Tx in Region 1 and 2 can be calculated, respectively. Then, calculate the

detection probabilities in (6.4a)–(6.4f), and the steady state probabilities of the

DTMC model can be obtained. Based on the state probabilities, the average

received PU power at SU Rx in (6.14) and (6.15), and the average interference

constraints violation probabilities in (6.16) can be derived. It is defined the model

observation interval as τ = 100 ms, and the time for conducting energy detection

is Ts = 50 µs. For the sensing intervals, the settings are ∆TL = 5τ = 500 ms,

∆TS = τ = 100 ms, respectively. The probability that PU transfers from active to

inactive during a model observation is µ = 1
200

. If not specified otherwise, λ = 1
600

,

which corresponds to the mean PU channel utilization rate 25%. Paccess is set to

0.9 for the hybrid access scheme. The simulation parameters are summarized in

Table 6.1.
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Table 6.1: Simulation Parameters.

The radii of Region 1 and Region 2 D1 = 300 m, D2 = 100 m

The probability appears in Region 2 δ = 0.7

The distance between SU Tx and Rx dSU = 50 m

Channel bandwidth W = 1 MHz

Noise power N0 = −163 dBm/Hz

Log-normal random variable for shadowing mean zero and variance σψdB
= 3.65

Path loss exponent in (6.20),(6.21) γ = 3.71

Unitless constant in (6.20),(6.21) K = −31.54 dB

The reference distance in (6.20),(6.21) d0 = 1 m

PU transmission power P t
PU = 13 dBm

SU transmission power P t
SU = 13 dBm

Interference constraint to PU Pconstraint = −100 dbm

The model observation interval τ = 100 ms

The time for conducting energy detection Ts = 50 µs

The long and short sensing intervals ∆TL = 500 ms, ∆TS = 100 ms

Paccess for partial access mode Paccess = 0.9

The probability that PU transfers from
µ = 1

200active to inactive during τ

The probability that PU transfers from
λ = 1

600inactive to active during τ
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6.3.2 Simulation Results

It is defined that the probability that PU transfers from inactive to active at each

observation interval as 1
1200

≤ λ ≤ 1
100

, which corresponds to a mean PU chan-

nel utilization rate of 14.3%∼66.7%. Hence, the mean interarrival time of PU is

10 ≤ τ/λ ≤ 120 s. Figure 6.4 provides the results for throughput of SU and in-

terfering probability against the mean interarrival time of PU. In Figure 6.4, it is

observed that the proposed hybrid strategy achieves greater throughput than the

overlay schemes with the single detection threshold vL. In contrast to this overlay

scheme, the SU in the hybrid strategy can share the channel with an active PU via

partial access mode, in which SU will be less likely to cause harmful interference

to the PU. As shown in Figure 6.4, it is also observed that the hybrid strategy

achieves a much lower interfering probability than the overlay scheme with vH.

The reason is that the double-threshold energy detection scheme can provide a

false alarm-detection performance tradeoff to near-side (Region 2) and far-end

(Region 1) PUs by arranging the long and short sensing intervals. Furthermore,

the performance gain over overlay schemes is more noticeable when there is a

lower mean interarrival time of PU, i.e., higher PU channel utilization rate. In

particular, the hybrid strategy with Paccess = 1 can achieve 46.86% improvement

on interfering performance, at the cost of 1.28% decreasing of throughput, as

compared with the overlay scheme with vH. By adjusting the partial access prob-

ability Paccess, a tradeoff between throughput and interfering probability can be

adjusted, following the system QoS requirements.

Figure 6.5 shows the throughput and interfering results against the sensing

interval ∆T . As we can see, with a shorter sensing interval, a better through-
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Figure 6.4: Results for (a) the throughput of SU and, (b) interfering probability

against the mean interarrival time of PU. The results for the Hybrid scheme with

various probabilities of SU transmitting in partial access mode are plotted. The

overlay schemes with the single detection threshold vH and vL are plotted for

comparison.
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Figure 6.5: Results for (a) the throughput of SU and, (b) interfering probability

against the sensing interval. The results for the Hybrid scheme with Paccess =

0.9 are compared with the traditional overlay schemes with the single detection

threshold vH and vL.
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put and interfering performance can be obtained, due to the updated spectrum

observations, and results in less miss detection events.

In Figure 6.6, the impact of the radius of Region 2 D2 is studied. With

a larger value of D2, the average interference constraints violation probability

in Region 1 and Region 2 decreases. As a result, a larger throughput can be

achieved, as shown in Figure 6.6(a). On the other hand, in Figure 6.6(b), the

interfering probability increases with D2 first, and then decreases, in all three

hybrid and overlay access schemes. This can be explained by recognizing the fact

that interfering probability is jointly determined by the miss-detection probability

and average interference constraints violation probability. With D2 increasing,

SU has a greater chance to miss detect the PU’s signal, which results in the

increasing of miss-detection probability. However, although SU may miss detect

PU’s signal and start transmission, it is less likely that the transmission will cause

harmful interference to PU, due to a lower PU’s interference constraint violation

probability.

Figure 6.7 illustrates the effect of the probability that PU appears in Region

2 δ. It is observed that with a larger probability that PU appears in Region 2,

both interfering and throughput decrease for the proposed hybrid strategy. Due

to the lower average miss detection probability in Region 2, if more PUs appear,

there will be less chance that PU will be interfered. On the other hand, it is

more likely that SU stays inactive rather than operates in partial access mode,

and therefore a lower throughput can be observed as expected.
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Figure 6.6: Results for (a) the throughput of SU and, (b) interfering probability

against the the radius of Region 2. The results for the Hybrid scheme with

Paccess = 0.9 are compared with the traditional overlay schemes with the single

detection threshold vH and vL.

130

Chapter6/Chapter6Figs/D2(a).eps
Chapter6/Chapter6Figs/D2(b).eps


6.3 Numerical Results

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

7
x 10

6

The probability of PU appears in Region 2, δ

T
hr

ou
gh

pu
t o

f S
U

 (
bp

s)

 

 
Hybrid

Overlay(vH )

Overlay(vL)

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

The probability of PU appears in Region 2, δ

In
te

rf
er

in
g 

P
ro

ba
bi

lit
y

 

 

Hybrid

Overlay(vH )

Overlay(vL)

(b)

Figure 6.7: Results for (a) the throughput of SU and, (b) interfering probability

against the the radius of Region 2. The results for the Hybrid scheme with

Paccess = 0.9 is compared with the traditional overlay schemes with the single

detection threshold vH and vL.
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6.4 Chapter Conclusions

In this chapter, a new hybrid access strategy was proposed and analyzed for

uncoordinated DSS networks. A CR-based double-threshold energy detection

method was employed to identify the PU’s location. The spectrum sensing at the

PHY layer and users’ access process at the MAC layer were jointly modeled by a

DTMC. Numerical results revealed that the hybrid strategy can achieve a 46.86%

lowering of the interfering probability, as compared with the conventional overlay

scheme. Moreover, SUs can adjust the access probability of the partial-access

mode and coordinate the long and short sensing intervals. Hence, this hybrid

access strategy can achieve a better tradeoff between throughput and interfering

performance for uncoordinated DSS networks, comparing with the traditional

overlay schemes with single energy detection fusion threshold.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis has focused on the performance improvement of future wireless com-

munication systems from the point of view of DSS. A number of novel DSS

methods have been developed in both coordinated and uncoordinated sharing

scenarios. Our proposed methods are the general models and strategies for en-

hancement of the spectrum efficiency, which then can be applied to different

wireless standards and systems.

In Chapter 2, the basic concepts of DSA and CR were introduced. We also

gave an overview of Markov processes and Markov chains. Related work for co-

ordinated and uncoordinated sharing, and overlay-underlay sharing models were

analyzed and discussed, and problems with existing approaches were identified.

Chapter 3 dealt with the DSS problems in coordinated sharing scenarios. A

heterogeneous-prioritized spectrum sharing policy was proposed and the interac-

tions between PUs and multiple classes of SUs were modeled as Markov chain

models. The SU blocking probability, interfering probability, and forced termina-

tion probability, and PU interfering probability and blocking probability can be
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derived from the models. In addition, we proposed two new GCRES and GCRC

CAC strategies to enhance the system’s serving capability for SUs. Results have

demonstrated that the proposed heterogeneous-prioritized sharing policy achieves

higher maximum admitted traffic of SUs, as compared with common and hierar-

chical sharing. Moreover, the proposed GCRES and GCRC CAC strategies are

superior to conventional CAC schemes under max-sum, max-min and max-PF

criterions. We also found that the max-PF fairness criterion achieves a better

tradeoff between serving capability and fairness for multiple classes of SUs.

Chapter 4 described the DSS problems in a CR based uncoordinated sharing

scenario. This chapter studied spectrum sharing between two licensed wireless

networks and proposed a new partial sharing policy for DSS. A CTMC model

was used to modeling the access process, considering the imperfect on-demand

spectrum sensing results. We derived the blocking probability, the forced ter-

mination probability, the interference probability, the handoff probability, and

the overall throughput for the proposed partial spectrum sharing policy. A cross

layer design framework was also presented in this chapter, in which the param-

eters of spectrum sharing policy at the MAC layer and the spectrum sensing

parameters at the physical layer are simultaneously coordinated to maximize the

overall throughput of the networks, while satisfying the GoS constraints of the

users. Numerical results have illustrated that the partial sharing policy with

the cross layer design strategy achieves higher overall throughput performance,

while satisfying the GoS constraints of the users. In particular, the gain over the

hierarchical sharing model is 11.2% on average.

To further explore the influence of errors during periodic sensing, in Chapter

5, a DTMC model is further developed for partial spectrum sharing policy. Using
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the proposed analytical model, the impacts of sensing errors and periodic sensing

intervals can be investigated. A PHY-MAC cross-layer design framework was

also devised, where the parameters in spectrum sensing and spectrum sharing

are jointly optimized. Results show that the proposed partial sharing policy can

achieve 7.4% and 20.8% gains in throughput than traditional hierarchical sharing

and non-sharing strategies, respectively.

In Chapter 6, based on the traditional overlay and underlay sharing schemes,

a new hybrid access strategy was proposed and analyzed DSS networks. A CR-

based double-threshold energy detection method is employed to identify the PU’s

location. The spectrum sensing at the PHY layer and users’ access process at the

MAC layer were jointly modeled by a DTMC. Numerical results revealed that

the hybrid strategy can achieve a 46.86% lowering of the interfering probability,

as compared with the conventional overlay scheme. Moreover, SUs can adjust

the access probability of the partial-access mode and coordinate the long and

short sensing intervals to achieve a better tradeoff between the throughput and

interfering performance.

As spectrum has became the vital resource in telecommunication market, the

ability to achieve greater spectrum utilization can create huge economic impacts

in our society. For example, in the US, wireless service operators have to pay

$200 million per MHz for the exclusive rights of spectrum license. According to

spectrum management agency OFCOM in the UK [73], “The regulator envisions

market forces will manage 72% of spectrum, while 7% will fall under license-

exempt use, and the other 21% will be managed under current command and

control approaches.” Hence, it is expected that a spectrum reform and spectrum

secondary market are inevitable in the near future. As described in this thesis,
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a number of novel DSS schemes with stochastic optimization methods have been

developed. The uncoordinated schemes with less hardware updates, might be

firstly adopted by the current wireless operators, i.e., using the proposed scheme

in Chapter 4 to 6, PU can lease its licensed spectrum to SUs to generate profits.

The coordinated scheme with a centralized spectrum manager may also appear

in real world wireless systems later, in which wireless operators and individual

wireless handsets can bid for spectrum access in real time. The proposed scheme

in Chapter 3 can then be used to coordinate the access priorities for different

users.

Comparing with the uncoordinated schemes in Chapter 4 and 5, the proposed

CAC strategy in the coordinated scenario in Chapter 3 can achieve a 22.8%

improvement on the throughput, at the cost of extra hardware updates. For

the uncoordinated scenario in Chapter 4 and 5, by comparing with the tradition

Hierarchical access scheme, it is concluded that the proposed cross-layer design

methods can achieve a 11.2% and 7.4% throughput enhancement, in the cases of

imperfect on-demand and periodic sensing, respectively. By further applying the

Hybrid access scheme in Chapter 6 to the scheme, the interfering probability in

the uncoordinated scenario can be lowered by 46.9%. In general, these proposed

schemes can achieve a much higher spectrum efficiency and a better trade-off

between the throughput and the users’ GoS constraints.

7.2 Future Work

Current spectrum occupancy studies showed that most of the licensed bands are

under-utilized, where the average utilization rate is lower than 20% [74], [75]. By
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using DSS and CR technologies, it is expected that the overall spectrum utiliza-

tion can increase to 80%–90% level. The future generation wireless technologies

are focusing on cooperative and competitive CR users with self-optimized wire-

less networks, which can automatically adapt to the changing environment. The

research work in this thesis can be applied to different application scenarios in

future wireless systems. In the following, a number of challenging research direc-

tions will be introduced.

Coordinated DSS: In this area, consideration of the different characteristics

of the wireless services, i.e., real-time and non-real-time services, can be studied.

The performance metrics of the real-time service would focus on blocking, forced

termination probabilities, while for the non-real-time services, data transmission

delay is an important performance metric. For the CAC schemes, the theory of

Markov decision process (MDP) [70] needs to be studied, which is an extension of

Markov chain, by introducing the actions (allowing choice) and rewards (giving

motivation) to the modeling process. Furthermore, geo-location based spectrum

database method can be investigated for coordinated DSS networks, in which

database management will become the main issue.

Uncoordinated DSS: Besides the studies of PU-PU sharing in Chapter 4 and 5,

the PU-SU and SU-SU sharing in the proposed model can be further investigated.

During the performance assessment, the performance metrics at the PHY layer

are detection probability, false alarm probability and sensing period, while at

the MAC layer, blocking probability, forced termination probability, detection

delay and throughput could be studied. The underlay case of PU-SU coexistence

can also be further investigated, in which game theory could be used to achieve

the tradeoff of power allocation for users. Hence, multi-objective optimization
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algorithms and cross-layer design frameworks can be further studied and used

to obtain the optimized overall system performance. Furthermore, future work

regarding DSS should be devoted to investigate practical cases, with specific

technologies, such as over TV bands based on the IEEE 802.22 standard.

Hybrid Overlay-Underlay DSS: In future work, a general analytical model can

be developed, by considering the various number of PUs and SUs, and multiple

number of sharing channels, with the cross-layer optimization framework on the

parameters such as sensing interval, sensing time, and partial-access probability,

etc. Moreover, for some wireless services, e.g., real-time applications, the variance

or deviation of throughput is also important to users’ QoS. Hence, Portfolio theory

based mean-variance optimization can be applied by the wireless service operators

to provide user specific QoS guarantee, in terms of the average and variance of

the achieved throughput. Statistics-based method can also be used to explore the

historical frequency channel quality and availability, and achieve a better channel

access decision.

In uncoordinated sharing, CR permits spectrum sharing without any hard-

ware updates for the primary systems. Considering the benefits of no hardware

updates for launching such uncoordinated sharing, current wireless service opera-

tors with licensed spectrum would have the most interests to apply the spectrum

sharing and hybrid access schemes for enhancing the spectrum efficiency and

making profits for spectrum leasing. Through further investigation of the above

topics in future work, a general analytical framework, efficient DSS strategies,

and intelligent access schemes, can be applied for future wireless communication

systems.
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Appendix A

List of Abbreviations

CAC Call Admission Control

CR Cognitive Radio

CTMC Continuous-time Markov Chain

DSA Dynamic Spectrum Access

DSS Dynamic Spectrum Sharing

DTMC Discrete-time Markov chain

ES Exhaustive Search

FCC Federal Communications Commission

FCFS First-Come-First-Served

FDMA Frequency Division Multiple Access

GCRC Guard Channels and Restricted Channels

GCRES Guard Channels and Restrict Functions

GCs Guard Channels
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GoS Grade-of-Service

HP Heterogeneous-Prioritized

MAC Multiple-access Control

MIMO Multiple-in-Multiple-out

OFDM Orthogonal Frequency Division Multiplexing

PHY Physical

PSO Particle Swarm Optimization

PUs Primary Users

QoS Quality-of-service

RCs Restricted channels

ROC Receiver Operating Characteristics

Rx Receiver

SCs Shared Channels

SNR Signal-to-noise Ratio

SUs Secondary Users

Tx Transmitter

WRAN Wireless Regional Area Network

WLAN Wireless Local Area Network

WPAN Wireless Personal Area Network
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Particle Swarm Optimization

Particle swarm optimization (PSO) is a population and bio-inspired based stochas-

tic optimization algorithm, which was first proposed by Eberhart and Kennedy

in 1995 [57], [71]. This algorithm is inspired by social behavior of bird flocking

or fish schooling, which can be initialized with a population of random solutions

and probes the search space by update, cooperation and competition among in-

dividuals (referred to as particles).

B.1 Basic PSO

PSO algorithm does not need gradient information of the objective function, thus

this algorithm can be used in a broader range of optimization problems, such as

the case in which the gradient information is unavailable [72]. Since PSO has no

overlapping and mutation calculation and each particle is updated their velocity

based on the current “personal best” and “global best”, thus the speed of space

searching is fast. However, the disadvantage of PSO is that it can be trapped

into a local optimal.
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B.1 Basic PSO

The basic PSO algorithm is defined based on the following equations [72].

vi(k + 1) = vi(k) + c1ϕ1(pbest,i(k) − xi(k))

+ c2ϕ2(gbest(k) − xi(k))

(B.1)

xi(k + 1) = xi(k) + vi(k + 1) (B.2)

where

i the index of particles;

k the index of iterations;

vi(k) the velocity vector of the i-th particle at k-th iteration ;

pbest,i the best position found by particle i till the current iteration;

gbest the best position found by all particles;

ϕ1, ϕ2 independent random numbers and ϕ1 ∼ U(0, 1) and ϕ2 ∼ U(0, 1);

c1, c2 the learning factors, and are often defined as c1 + c2 = 4;.

The flow chart of the basic PSO algorithm for a generalized minimization

problem is described as follows:

Basic PSO algorithm for a generalized minimization problem

Step 1: The initial location and velocity are set random for each particle in the

solution space. Set the iteration counter k as k = 1;
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B.2 The PSO Algorithm For Problems (3.25),(3.29) and (3.30)

Step 2: For each particle i, evaluate the optimization objective function f(·). If

f(xi(k)) < f(pbest,i), then set pbest,i = xi(k);

Step 3: Find the gbest for all particles as gbest = min{pbest,i};

Step 4: Based on (B.1) and (B.2), the location and velocity for each particle are

updated;

Step 5: If k ≤ kmax, where kmax is the maximum number of iterations, set k = k+1.

Repeat Step 2 to Step 4. Otherwise, the search is terminated. The

stopping criterion can be either defined as the predefined maximum number

of iterations is achieved or a specified error bound is attained [72].

B.2 The PSO Algorithm For Problems (3.25),(3.29)

and (3.30)

The optimization problem (3.25) can be solved by the basic PSO algorithm. Since

the problems (3.29) and (3.30) contain the discrete variables, the optimal value

of NG and NR can be obtained using exhaustive search method, while the PSO

algorithm is used to obtain the optimal values for the continuous variables, i.e.,

τSU1
, τSU2

, α1, α2 and cRES.

For the parameter settings, the population of particles is set to 50, the maxi-

mum number of iterations is set to 100, and the learning factors are c1 = c2 = 2

[72]. The flow chart of the PSO algorithm to the admitted traffic of SUs in (3.25),

(3.29) and (3.30) is given as follows.
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B.2 The PSO Algorithm For Problems (3.25),(3.29) and (3.30)

PSO algorithm for maximum admitted traffic of SUs problem

Step 1: The initial values τSU1
, τSU2

, α1, α2 and cRES are generated, such as τSU1
∼

U(0, 0.5), τSU1
∼ U(0, 0.5), α1 ∼ U(0, 1), α2 ∼ U(0, 1), and cRES ∼ U(0, 1).

Set the iteration counter k as k = 1.

Step 2: For each particle i, evaluate the optimization objective functions (3.25),

(3.29) and (3.30), i.e., f(xi(k)) = τSU, which can be obtained by using α1,

α2, τSU1
, τSU2

and cRES values in the model.

Step 3: If f(xi(k)) > f(pbest,i), and the GoS of PU, SU1, and SU2 are lower than

their GoS constraints, then set pbest,i = xi(k);

Step 4: Find the gbest for all particles as gbest = max{pbest,i};

Step 5: Based on (B.1) and (B.2), the α1, α2, τSU1
, τSU2

, cRES values for each particle

are updated;

Step 6: If k ≤ kmax, where kmax is the maximum number of iterations, set k = k+1.

Repeat Step 2 to Step 5. Otherwise, the search is terminated.

For a pair of NG and NR, the PSO is performed to obtain the optimized

continuous variables. The process is then repeated for different values of NG and

NR, and the maximum admitted traffic of SUs is obtained.
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