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Abstract

Narrowband Cooperative Spectrum Sensing in Cognitive

Networks

Qingjiao Song

With the increase of different types of wireless devices, the radio frequency (RF) spectrum
will not longer large enough to accommodate these increased devices for communication in
the future under the traditional fixed spectrum access (FSA) policy. Therefore, cognitive
radio (CR), which provides devices flexible spectrum access, has been proposed to solve
this scarcity problem in RF spectrum. The ability of CR depends largely on its spectrum
sensing since it provides device access to one spectrum band while avoiding interference
to other devices. However, the results from single spectrum sensing is not reliable in
real communication condition due to various fading effects. Thus, designing an efficient

cooperative spectrum sensing scheme a significant task.

In this thesis, two cooperative narrowed spectrum sensing schemes, multi-selective
cooperation and selective-cooperation, will be proposed. Multi-selective cooperation, an
improved version from selection combining (SC), is based on ordered statistics of the
reporting links between the cooperative nodes and fusion center where the links with high
signal-to-noise ratios (SNRs) are selected as reliable reporting links. Furthermore, we
examine the optimum N-out-of-K rule of our scheme under different detection threshold
and SNR. Another new scheme, selective-cooperation, is proposed based on multi-selective
cooperation and it selects the links, whose SNRs are larger than fusion center’s, as
reliable reporting links. The performance of both new schemes are compared to other
existing schemes in-terms of the probability of detection and probability of false alarm over
independent identity distributed (i.i.d) and independent non-identical distributed (i.n.d)
Rayleigh fading channels. Both simulations and analytical results show that the multi-
selective scheme outperforms some traditional schemes, i.e selection combining, general N-
out-of-K rule and square-law selection (SLS) under different system parameters. Simulations

and analytical results also show that the performance of the selective-cooperation scheme

il



gets further improvement compared with multi-selective scheme and it outperforms some
traditional schemes, i.e. square-law combining (SLC), under different communication

environments.

v



Acknowledgments

First of all, I want to express my great thankfulness to my supervisor Dr. Wala Hamouda.
He always giving me invaluable guidance, inspiring me to think possible novel research
directions during my research. Under his guidance, I have learned lots of experiences and
methods about how to start research, how to find novel research direction and how to process
my research. Before I started my degree of Master of applied science, I was poor in writing.
He has given me numerous advices and valuable suggestions in writing thesis and papers.
Without his precious advices and invaluable guidance, I could not have such fast improvement

during my Master degree.

Also, I would like to express my appreciation to Dr. Chunguo Li, Dr. Fan Sun, Dr.
Robert Lynn Ogden, Dr. Xiaoming Chen, Dr. Xinrui Pu, Mr. Dongpeng Zhang, and Mr.
Apurba Saha who give me lots of helpful suggestions to my thesis and writing, encouraging
me to move forward when I face difficult. At the same time, I am very thankful to the
members in examination committee: Dr. M. Zahangir Kabir, Prof. Yousef R. Shayan, and

Prof. Hovhannes A. Harutyunya, who provide invaluable comments to my thesis.

At last, I want to say thank you to my family. Thank you so much for their love, patience,

and strong supports!

Qingjiao Song



To my parents and my family for their love and great support

vi



Contents

List Of Figures .................................... X
Nomenclature .................................... Xiii
Chapter 1 Introduction - - - - - « « « « « o v e b e e e e e e e e e e e e e e 1
1.1 Motivation . . . . . . . . .. 2
1.2 Objectives and Contributions . . . . . . . . . ... ... ... ... ... 4
1.2.1  Objectives . . . . . . . . . 4

1.2.2  Key Contributions . . . . .. .. . ... ... )

1.3 Thesis Outline . . . . . . . . . . . . 6
Chapter 2 Literature Review .......................... 7
2.1 Cognitive Radio . . . . . . . . ... 7
2.2 Spectrum Sensing Techniques . . . . . . . . .. ... ... ... ... ... 9
2.2.1 Classical Spectrum Sensing . . . . . . . ... ... 10

2.2.2  Cooperative Spectrum Sensing . . . . . . . . .. ... 12
Chapter 3 Cooperative Spectrum Sensing - - - -« - - - -« .« ... 16
3.1 Basic Energy Detection System . . . . . .. .. ... 16

vil



3.2 Energy Detection Performance . . . . . . .. . ... ... 0L 20
3.2.1 Rayleigh Fading Channels . . . . . ... ... ... ... ....... 20
3.2.2 Nakagami Fading Channels . . . . ... ... ... ... ....... 20
3.2.3 Rician Fading Channels . . . . ... ... ... ... ... . ..... 21
3.2.4 Shadowed Fading Channels . . . . ... .. ... ... ........ 21
3.2.5 Simulation Results . . . . ... ..o oL 23

3.3 Cooperative Spectrum Sensing . . . . . . . . .. Lo 23
3.3.1 N-out-of-K Rule . . .. . . .. .. ... 24
3.3.2 Square-Law Selection . . . . . . . ... ... .. ... ... 25
3.3.3 Square-Law Combining . . . . . . . . ... ... 26
3.3.4  Selection Combining . . . . . . . .. ... Lo 27
3.3.5 Simulations and Conclusions . . . . . . . .. .. ... ... .. 29

Chapter 4 Multi-Selective Cooperation - - - - - - - -« - . . ..o 0 31

4.1 Bandwidth Usage for Sharing the Spectrum Sensing Data . . . . . . . . . .. 32

4.2 Probability of False Alarm and Detection . . . . . . . . .. . ... ... ... 33
4.2.1 Probability of False Alarm . . . . . ... ... ... ... ... ... . 33
4.2.2 ii.d Rayleigh Fading Channels . . . . . . .. ... ... ... ..... 33
4.2.3 in.d Rayleigh Fading Channels . . . . ... ... ... ... ... .. 36

4.3 Performance Results . . . . . . . . ... oL 38

4.4 Optimization of Multi-Selective Scheme over i.i.d and i.n.d Channels . . . . . 40
4.4.1 Decision Rule . . . . .. .. 41
4.4.2  Optimal Number of Selected Links (K) . . . . ... ... ... .... 43

viii



4.5 Conclusions . . . . . . . . 44

Chapter 5 Selective-Cooperation Scheme - - - - - . - . . . .. ... .. .. 49
5.1 Bandwidth Usage for Sharing the Spectrum Sensing Data . . . . . . . . . .. 50
5.2  Probability of False Alarm . . . . . . . .. .. ... ... 50
5.3 Probability of Detection . . . . . . .. .. ... oo 51

5.3.1 1ii.d Rayleigh Fading Channels . . . . . . . . ... ... ... ..... 51
5.3.2 in.d Rayleigh Fading Channels . . . . . ... .. ... ... ..... 55
5.4 Simulations Results . . . . . . . . ..o o 58
5.5 Conclusions . . . . . . . . 63

Chapter 6 Conclusions and Future Work - - - - - - - . -« .« . oo o0 65
6.1 Conclusions . . . . . . . .. 65
6.2 Future Work . . . . . . . .. 66

Bibliography - « « « « « - o e e e e e e 67

X



List of Figures

1.1

1.2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

3.1

3.2

3.3

3.4

Spectrum allocation and spectrum usage measured from [1] . . . . . . . . .. 3
The concept of how to access spectrum hole dynamically [2] . . .. ... .. 4
The process of cognitive radio described as a cognitive cycle [1] . . . . . . .. 8
The classification of narrowband spectrum sensing schemes [3] . . . . . . .. 10
Spectrum sensing of matched filter [4] . . . . . . .. ... 11
Spectrum sensing of energy detection [4] . . . . . ... ... 11
Spectrum sensing of cyclostationary feature detection [4] . . . . . . . . . .. 12
An example of distributed cognitive network. Destination makes final decision

by combining other SUs’ observed data or local decisions through report

channels and its own observed data or local decision through sensing channel. 13

Cooperative spectrum sensing via hedonic coalition formation [5]. . . . . . . 15

ROC curves over Nakagami fading channel with various n, 7 = 10dB, ¢ = 5. 24
ROC curves over Rician fading channel with various o, ¥ = 10dB, ¢ =5. . . 24
ROC curves over shadowed fading channel with various average SNR 7, ¢ = 5. 25

Complementary ROC curves for SC, SLC, SLS, Or, And, and Majority over
i.i.d Rayleigh fading channels,y =5dB, L. =6. . . . . .. .. ... ... ... 30



3.5

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Complementary ROC curves for SC, SLC, SLS, Or, And, and Majority over
i.n.d Rayleigh fading channels, L = 6 /¥ varies from 3dB to 8dB. . . . . . ..

The cognitive network model of multi-selective cooperation. . . . . . . . ..

ROC curves for SC, SLS, general N-out-of-K rule and multi-selective over i.i.d
Rayleigh fading channels, ¥ =5dB, L =6, K =3, N=1. . ... ... ...

ROC curves for SC, SLS, general N-out-of-K rule and multi-selective over
i.n.d Rayleigh fading channels, L = 6, K =3, N =1 and the 7 in L links are
arranging from 3dB to8&dB. . . . ... ..o 0oL

Multi-selective and current schemes (SC, general N-out-of-K rule, SLS) under

the Variation Of 7RD7 7PR = VPD = 5dB7 L — 67 Pf - 03, K == 3, N == 1

Total error rate of multi-selective selected K=6 cooperative nodes in Rayleigh

channels: selected relays are N=1,2,3,4,5,6 of L=8, average SNR=5dB.

Total error rate of multi-selective energy detection versus number of coopera-
tive selected nodes K in a network with L = 20 in Rayleigh fading with average
SNR = 5dB, optimal voting rule applied for each K, detection threshold
A=18.

Corresponding optimal voting rule for each K, detection threshold A = 18,
L =20 and average SNR=5dB. . . . . . . . . .. ... ... ... .....

Total average probability of miss detection of multi-selective energy detection
versus number of cooperative selected nodes K and N in N-out-of-K rule in a
network with L = 20 in Rayleigh fading with average SN R = 5dB, detection
threshold A =18. . . . . . . . . .

Total average probability of false alarm of multi-selective energy detection
versus number of cooperative selected nodes K and N in N-out-of-K rule in a
network with L = 20 in Rayleigh fading with average SN R = 5dB, detection
threshold A =18. . . . . . . . . . . .

x1

40

42

45



4.10 Total error rate of multi-selective energy detection versus number of cooper-

4.11

5.1

5.2

5.3

5.4

9.9

5.6

ative selected nodes K in a network with L = 14 in Rayleigh fading with
average SNR for all links arranged from 2dB to 15dB respectively, optimal
voting rule is applied for each K and the detection threshold A = 18.

Corresponding optimal voting rule for each K, detection threshold A = 18,
L = 14 and with average SNR for each link from 2dB to 15dB respectively. .

ROC curves for current schemes (SC [6], SLC [7], SLS [7]) and selective-

cooperation schemes in Rayleigh fading channels,¥pp =75pp =5dB . . . . .

Selective-cooperation and current schemes (SC [6], SLC [7], SLS [7]) under
the variation of 7pp and ¥pp from 1dB to 15dB, L =6, P, =0.1. . . . . ..

Selective-cooperation and current schemes (SC [6], SLC [7], SLS [7]) under

the Val"latlon Of L, WPR - VPD - 5dB, Pf - 01 ................

ROC curves for current schemes (SC [6], SLC [7], SLS [7]) and selective-
cooperation schemes in Rayleigh fading channels,¥p, = 2dB, L = 6, Fpgs in

the whole P-R links are arranged from 3dB to 7dB. . . . . . . ... ... ..

Performances of selective-cooperation and current schemes (SC [6], SLC [7],

SLS [7]) under the variation of ¥pp, ¥ppr =5dB, L =6, P =0.1. . ... ..

Selective-cooperation and current schemes (SC [6], SLC [7], SLS [7]) under

the Val"lathIl Of 7RD7 VPR - WPD - 5Ci_B7 L - 67 Pf - 02 ............

xil

47

47

60

62

63



Nomenclature

X2g A central chi-square (x?) distribution with 2¢q degrees of freedom [6]

X%q(27) A noncentral chi-square (x?) distribution with 2¢ degrees of freedom and

a non centrality parameter 27 [6]

d(dB) Standard deviation of 10log;ow

n The Nakagami parameter

7y Signal-to-noise ratio

() Gamma function

re,.) Incomplete gamma, function

(k) The signal-to-noise ratio in ky, in the U set

A Detection threshold

5y The average of signal-to-noise ration

EEQ D=h) The average of probability of detection of f z(v%:h
Fd(k) The average of probability of detection of f®*)

The average of probability of detection of f(#1:22-2n)
Fd( PD=h) The average of joint probability of detection of f I(fg):h

0 The Rician parameter

xiil



f(zl,zg...,zN)

(4,9)
PD=h

()
PD=h

Channel gain

the additive white Gaussian noise (AWGN)

Received signal at the energy detection system

Exponential function

Primary signal energy

Cumulative distribution function of x

Probability density function of x

Probability density function of the signal-to-noise ratio in ky;, in the U set

Joint probability density function of any N signal-to-noise ratios in the

Sk set

Joint probability density function of i, ji, signal-to-noise ratios in the

Sp set under the condition that P-D link’s signal-to-noise ratio in hy,

Probability density function of signal-to-noise ratios in jy, in the Sy set

under the condition that P-D link’s signal-to-noise ratio in hy,
Primary signal is absent

Primary signal is present

The vy,-order modified Bessel function of the first kind
Multi-selective scheme selects K links as report links

Optimal K in multi-selective scheme given total error bound

The number of links in cognitive network including the links from primary

user to relays and link from primary user to destination

Among K report links, final decision is made when N or more links make

consistent local decisions

Xiv



PN

common

PD=h
Pcommon

AWGN one-sided power spectral density

Optimal N for each given K in multi-selective scheme
Probability of detection

Probability of false alarm

The overall probability of detection in S}, set
Probability of miss detection

The sum of the average of probability of detection of any N signal-to-noise

ratios in the Sk set

The sum of all joint probability of detection in the S, set
Time bandwidth product

The q-order generalized Marcum-Q function

A set of all combinations of L — 7 indices chosen from the different set

{1,2,..L} — {z1}

Primary signal

Sub-set of U in selective-cooperation scheme

Sub-set of U in multi-selective scheme

Observation interval time

Strictly decreasing set of L links’ SNRs after ordering
Decision statistic at the energy detection system
Normalized decision statistic

Signal bandwidth

XV



Chapter 1

Introduction

This thesis focuses on the cooperative spectrum sensing in narrow-band in the cognitive
radio networks. Cognitive radio, a flexible spectrum assignment technique, has already
been proposed to enhance the efficiency of spectral utilization in cellular networks because
of the intension of current spectral utilization. Spectrum sensing is a crucial portion in
cognitive radio that enables users in such networks, also called secondary users, to utilize
some spectrum holes while refraining from making interference to primary users in cellular
networks. Many works have been studied in spectrum sensing schemes under independent
identical distributed (i.i.d) fading channels currently, but few of them are related to spectrum
sensing schemes under independent non-identical distributed (i.n.d) fading channels. Thus,
this thesis will propose two new spectrum sensing schemes (selective-cooperation spectrum
sensing, and multi-selective cooperation spectrum sensing) by using order-statistics to
improve spectrum sensing performance, then analyze these two schemes over i.i.d and i.n.d
conditions. Both schemes have better spectrum sensing performance than some current

spectrum sensing schemes.



1.1 Motivation

The precious radio frequency (RF) spectrum is allocated by government spectrum regulators.
In order to support various types of wireless devices and different kinds of services without
interfering, spectrum regulators adopt a traditional fixed spectrum access (FSA) policy,
which assigns each band of RF spectrum with particular bandwidth to wireless primary
users. However, with the increase of new wireless products, especially the widely usage of
machine-to-machine products [8] in the future, the spectrum demand is constantly increasing
while, in several counties, most of the available spectrum has been fully utilized, which
evidently shows that spectral resource will no longer be enough for new wireless products
by using FSA police. On the other hand, a primary user is wasting its allocated spectrum
when it is assigned a certain spectrum, but actually unused it. Recent researches on the
measurements of actual spectrum utilization in Fig. 1.1 also have shown that only some
portions of the whole spectrum have been highly used while large portions of them are
severely under-utilized. For instance, the spectrum between 30 MHz and 3 GHz in New
York, the maximal occupancy has been measured to be 13.1%, while the average occupancy

from six locations is 5.2% [9].

To resolve the spectral scarcity problem mentioned above, cognitive radio (CR) is
proposed to advance spectral usage [10]. The federal communications commission (FCC)
allows secondary user (SU) to enter into one spectrum band when the primary user (PU)
does not use its band after adopting CR techniques [1]. As Fig. 1.2 shows, cognitive radio
is designed to sense, detect surrounding PUs’ state: 1) when PU is absent, SU reuses PUs’
spectrum hole. 2) when PU is present, SU retreats from the PU spectrum hole. Thus,
spectrum sensing is a critical part for a SU operation since all other SU’s activities depend
on the sensing result. Up to now, researchers have developed several local techniques to
improve spectrum sensing performance [11-13]. However, these local techniques are not
always reliable and can not provide a satisfactory detection performance when multipath and
shadowing effects exist [14]. In many other wireless networks, relays have been introduced
to solve the multipath and shadowing effects [15], [16]. In this front, cooperative spectrum

sensing techniques are presented to mitigate multipath and shadowing effects efficiently in CR



because of the increase of spatial diversity in CR [17-22]. Currently numerous cooperative
spectrum sensing schemes have been designed over i.i.d fading channels [11-14, 21, 23-27].
But i.i.d is an ideal communication condition that relays are assumed to be nearby to each
other, few of these works consider the performance of cognitive network over i.n.d fading
channels. In practice, i.i.d condition turns into i.n.d condition when relays are far away
from each other as in heterogeneous networks. In [28] and [29], i.n.d fading channels are
analyzed in cooperative spectrum sensing by combining all relay links’ SNRs in probability
of detection calculation, regardless of the relay link’s condition. In fact, the performance can
be improved if a relay link’s condition is taken into consideration. In recent work [30] [31]
and [32], order-statistics is introduced to spectrum sensing in SU over i.i.d fading channels
in detection threshold. However, order-statistics have not been considered as a method to
access the comparison of relay’s condition over i.n.d fading channels. Besides, designers of
a cooperative spectrum sensing scheme should consider bandwidth usage for sharing the

spectrum sensing data while improving spectrum sensing performance.

Maximum Amplitudes
Heavy Use Heavy Use

Ll Sparse Use

Amplidue (dBm)

” 2 Dalanl]l op £ ﬂ]‘ |
Frequency (MHz)

Figure 1.1: Spectrum allocation and spectrum usage measured from [1]



1.2 Objectives and Contributions

1.2.1 Objectives

The aim of this thesis is to analyze the performances of some current cooperative spectrum
sensing schemes and propose two novel cooperative spectrum sensing schemes which further
improve the detection performance of spectrum sensing. More specifically, the thesis has the

following objectives:

To analyze the detection performances of some current cooperative spectrum sensing

schemes over i.i.d fading channels and i.n.d fading channels.

To propose two novel cooperative spectrum sensing schemes, multi-selective cooperation
and selective cooperation, based on a balance between accuracy of spectrum detection and
bandwidth usage for sharing the spectrum sensing data. These two schemes spectrum sensing
performances are further improved by the introduction of order-statistics in the comparison

of relay’s condition.

Power Spectrum in use
¥

Time

Spectrum hole

Figure 1.2: The concept of how to access spectrum hole dynamically [2]



1.2.2 Key Contributions

The main contributions of this thesis can be summarized as follows:

Expressions of the probability of detection over in.d Rayleigh fading channels are
derived under different cooperative energy detection schemes, i.e. selective combining (SC)
6], square-law combining (SLC) [7], and square-law selection (SLS) [7]. The detection
performances are simulated and analyzed under different cooperative energy detection

schemes.

A new cooperative energy detection scheme, named multi-selective cooperation which
is an improved version from SC, is proposed in this thesis. The probability expressions
of detection of the multi-selective scheme are deduced over both i.i.d and i.n.d Rayleigh
fading channels. Selective-cooperation theoretical performance applied by these expressions
matches well with simulations. For achieving best performance, optimization analysis of
the multi-selective scheme is also proposed. Simulation and theoretical results show the
proposed multi-selective scheme offers much improvement in detection compared with SC
over both i.i.d and i.n.d Rayleigh fading channels. Also, its performance is better than SLS
performance over these channels. Since our proposed scheme uses N-out-of-K rule, it also

help to reduce bandwidth consumption.

Another new cooperative energy detection scheme, named selective-cooperation, is
proposed in this thesis. The expressions of energy detection of selective cooperation are
derived over both i.i.d and i.n.d Rayleigh fading condition. Selective-cooperation theoretical
performance is analyzed and shown to be in good agreement with simulations. Compared
with SLC, SLS and SC, our proposed scheme has three advantages: 1) better energy detection
performance in low signal-noise-radio (SNR); 2) requiring few cooperative relays to achieve

accurate spectrum sensing; 3) saving bandwidth for sharing the spectrum sensing data.

To best of our knowledge, it is the first time to adopt order-statistics for relay’s condition

comparison in the cooperative spectrum over i.n.d fading channels.



1.3 Thesis Outline

Other remaining chapters of this thesis are organized as follows:
Chapter 2

This chapter introduces the capabilities and tasks of cognitive radios. Then, some
traditional spectrum sensing schemes and classification method of cooperative spectrum

sensing schemes from literatures are presented.
Chapter 3

This chapter introduces the structure of energy detection and its performance over
Rayleigh, Nakagami, Rician and shadowedd fading channels, respectively. The probability
expressions of false alarm and detection of some current cooperative schemes, i.e. SC,
SLC and SLS, over both i.i.d and i.n.d Rayleigh fading channels are then introduced. The

detection performance of these cooperative schemes is analyzed over both i.i.d and i.n.d.
Chapter 4

This chapter proposes our multi-selective scheme. The proposed scheme’s mechanism is
presented and the probability expressions of false alarm and detection of multi-selective
scheme will then be derived over both i.i.d and in.d Rayleigh fading channels. The
comparison between multi-selective scheme and other current schemes is presented and
analyzed later. For the detection performance improvement, the optimization of the multi-

selective scheme are discussed over i.i.d and i.n.d Rayleigh fading channels.
Chapter 5

This chapter proposes a second selective-cooperation scheme. The schemes mechanism is
presented and the probability expressions of false alarm and detection of the multi-selective
scheme will then be derived over both i.i.d and i.n.d Rayleigh fading channels. The detection

performance comparison between SC, SLC, SLS and selective-cooperation is presented.



Chapter 2

Literature Review

Cognitive radio technology offers opportunistic access to a PU’s spectrum band that is unused
temporarily, and avoids interference to PU when PU reuses the spectrum [1, 3, 4, 10, 33-36].
In this chapter, we present the background of cognitive radio to see how it works in detail
firstly. Since spectrum sensing is a crucial portion in its network, the local spectrum sensing
techniques’ introduction will be presented later. Due to the severe effects of multi-path fading
and shadowing, sensing results from local secondary user are not precise anymore. Therefore,

cooperative spectrum sensing techniques are introduced for robust detection [21, 23, 24].

In this chapter, Section 2.1 presents the capabilities and tasks of cognitive radios. Section
2.2 presents a review the development of spectrum sensing schemes. This section first
introduces single spectrum sensing techniques, and then generally presents the classification

method of cooperative spectrum sensing schemes.

2.1 Cognitive Radio

Cognitive radio is proposed by J.Mitola III in [10] firstly, and later officially defined as [37]:

A 7Cognitive Radio” is a radio that can change its transmitter parameters based on

interaction with environment in which it operates.



Two major features in cognitive radio are extracted according to the definition above:

Cognitive capability and reconfigurability [1].

e Cognitive capability: One cognitive radio senses an unused spectrum in the surround-
ings, then smartly selects optimal spectrum and appropriate parameters to access this
spectrum via cognitive capability. This process can be described as a cycle with three
main operations: spectrum sensing, spectrum analysis and spectrum decision [1], as

Fig.2.1 shows.

Spectrum sensing: In cognitive network, one cognitive radio captures some information
from spectrum bands seeking for available spectrum holes. Also, the cognitive radio
should keep monitoring spectrum bands and retreat from these holes when primary

users want to reuse their spectrum.

Spectrum analysis: The surrounding spectrum bands’ characteristics are extracted and

estimated from the information captured via spectrum sensing.

Radio Environment

Transmitted
Signal
RF
Spectral bands Stimuli
Information Spectrum
Sensing
Spectrum
Decision
Spectral
bands
Channel Information
Capacity
Spectrum
Analysis

Figure 2.1: The process of cognitive radio described as a cognitive cycle [1]



Spectrum decision: An optimal spectrum hole is chosen for SU transmission according
to the results from the spectrum analysis operation. Meanwhile, the cognitive radio
will also intelligently choose suitable parameters, e.g., transmission mode , data rate,
and bandwidth needed in transmission, for transmission in current communication

environment.

e Reconfigurability: reconfigurability is another characteristic of cognitive radio enabling
cognitive radio changes its parameters to adapt to a dynamic communication envi-
ronment [1]. Some parameters introduced in the following are considered mostly in

cognitive network.

Operating frequency: It is available for cognitive radio to change the operating
frequency for optimal transmission in a dynamic environment and protecting PU

activity.

Modulation: In order to adapt to SU’s transmission requirements and channel

conditions, a cognitive radio is available to adjust its modulation scheme.

Transmission power: For the mitigation of interference and power efficiency enhance-
ment, cognitive radio allows power reconfiguration based on power constraint or limit

required in the networks.

Communication technology: In heterogeneous networks, cognitive radio will adjust

itself and be used in different types of communication systems with its interoperability

2.2 Spectrum Sensing Techniques

In this section, we focus on the spectrum sensing techniques introduction because most
of the functions in the cognitive radio are relied on spectrum sensing. Currently, spectrum
sensing schemes are divided into two categories: narrowband spectrum sensing and wideband
spectrum sensing. Since this thesis focuses on narrowband spectrum sensing schemes, these

schemes are introduced in detail in the following. Narrowband spectrum sensing schemes are



classified as shown in Fig.2.2. Most of the spectrum sensing schemes are aimed to detecting a
active PU transmitter nearby the cognitive radio [33]. Among transmitter detection schemes,
three classical schemes are introduced: matched filtering detection [38] [39], energy detection

[13, 35, 40, 41] and cyclostationary feature detection [12].

Because of multipath fading, shadowing and the hidden terminal problem [1], detection in
spectrum sensing may be significantly affected. Thus, researchers have proposed cooperative

spectrum sensing techniques to weaken these effects [3] [4].

2.2.1 Classical Spectrum Sensing

In this section, three classical spectrum sensing schemes are introduced. Generally, the

performances of these three schemes depend largely on communication surroundings.
Matched Filter Detection

The optimal detection about additive noise’s status is matched filter detection if cognitive
radio has PU signal’s information because this detection maximises signal-to-noise ratio
(SNR)[38] [39]. Also, matched filter detection reduces observation time by coherent
detection. The structure of a matched filter detection is present in Fig.2.3. But coherent
detection requires a prior information about the PU signal, e.g. pulse shape, packet format

and modulation type, as a template for correlating with received signal and also needs carrier

Narrowband
Spectrum

Sensing

Transmitter
Detection

Cooperative
Detection

Matched Energy Cyclostationary Decision Data
Filtering Detection Feature Fusion Fusion
Detection Detection

Figure 2.2: The classification of narrowband spectrum sensing schemes [3]
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synchronisation and timing devices for signal processing. Thus, matched filter detection is
more complexity compared with other classical detection schemes and it performs poorly

when coherent detection knows few prior information obtained from PU’s signal.
Energy Detection

Energy detection will be optimal detection schemes when secondary user does not have
the information of PU signal [42]. Since energy detection adopts non-coherent detection
method, it does not require the complicated processing as matched filter detection requires.
Fig.2.4 presents the structure of energy detection. Bandpass filter (BPF) first selects a
centre frequency to receive signal from interested bandwidth [3] [43] [44] and then, the
received signal is measured by a magnitude squaring device. Integrator, which controls
the observation time, sums up all the received signals after squaring device measure during
the observation time. Then the receiver compares the sum with predetermined threshold to
estimate PU activity. Although energy detection can be performed without prior information
obtained from PU’s signal, and requires low implementation complexity, it performs poorly
under low SNR conditions and cannot distinguish between signal of PU from signal of other
secondary user. Also, noise level uncertainty results in energy detection poor performance

since energy detection requires the knowledge of noise power.

Cyclostationary Feature Detection

Decide PU

y Sampling
S(t) ! . State

Matched Threshold
Filter Decision

Figure 2.3: Spectrum sensing of matched filter [4]

Decide PU
S(t) V State
. Noise Pre— N Squaring F Integrator || Threshold |
filter Device Decision

Figure 2.4: Spectrum sensing of energy detection [4]
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Cyclostationary feature detection is proposed to overcome energy detection disadvantage
where it cannot distinguish between different types of signals. Cyclostationary detection
receiver detects the signal of PU via exploiting the cyclostationary features in the PU signal
[38] [45]. A block diagram of cyclostationary feature detection is present in Fig.2.5. Mostly,
PU transmitted signals are modulated signals, which are modulated by pulse train, cyclic
prefixes, or repeating spreading. Because of these modulated signals’ autocorrelation, they
are regarded as cyclostationary. Cyclostationary feature detection adopts cyclic correlation
function for detecting PU signal with a certain modulation type with additive noise. After
obtaining partial information of the PU signal, cyclic correlation function can distinguish
certain modulated PU signals from other modulated signals and noise because different types
of modulated signals exploit different cyclic characteristics and wide-sense stationary additive
noise has no correlation. However, there are two disadvantages in this detection technique.
First, this detection technique requires partial information of the PU signal. Second, high

cost of computation because of the introduction of cyclic correlation function.

2.2.2 Cooperative Spectrum Sensing

Since relays help networks increase spatial diversity [46] [47], cooperative spectrum sensing
mitigates shadowing and hidden terminal problem effects. For example, in a distributed
network as shown Fig.2.6, each SU observes PU activity independently, and forwards its
received data or local decision to the SU, also regarded as destination. The destination is
the SU who wants to utilize PU spectrum through report channel. Then the destination
combines all the data or local decisions from other secondary users (relays) and its own
received data or local decision to final decide on PU’s activity. Up to now, researchers

have designed several types of cooperative spectrum sensing schemes, i.e. N-out-of-K rule,

Sampling S(1) S(f, a) Decide PU
State
S(t) _ }:Fast Correlation Threshold
‘ olClet X(f+a)X*(f-a) Decision
Transform

Figure 2.5: Spectrum sensing of cyclostationary feature detection [4]
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maximal ratio combining (MRC) [48], square-law combining (SLC) [7], square-law selection
(SLS) [7], and selection combining (SC) [6]. Based on the type of information transmitted
in report channels, cooperative spectrum sensing schemes are classified into data fusion and
decision fusion. Based on the methods to achieve cooperative sensing, cooperative spectrum

sensing schemes have two models: parallel fusion model and game theoretical model.
Cooperation Fusion

Data Fusion: When secondary user relays received signal directly to destination without
any further processing, the destination will receive these signal as reference when making
final decision on PU status. If the destination knows well about the channel state information
(CSI) between PU and the secondary users, MRC is the optimal scheme for spectrum sensing
[49]. If the destination has partial CSI, which mostly considered as SNR in spectrum

sensing case, between PU and the secondary users, selection combining is the best choice.

SU 4
Destination
PU
___—7 ___SU Sensing SU Report
— B~ hannels Channels

Figure 2.6: An example of distributed cognitive network. Destination makes final decision
by combining other SUs’ observed data or local decisions through report channels and its
own observed data or local decision through sensing channel.
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In practice, it is difficult to have perfect CSI at the destination, which makes MRC non-
practical. When energy detection is employed in selection combining, each secondary user
requires independently to send SNR and energy vectors to destination. This requires much
bandwidth for report channels. Thus, SLC and SLS [6] [7] are proposed for bandwidth saving.
In SLC and SLS schemes, secondary user only needs to send energy vector to destination,

which saves nearly half of the bandwidth compared with the case of selection combining.

Decision Fusion: Different from data fusion model, in decision fusion model, each
secondary user estimates received PU signal and takes local decision on the status of PU,
independently. Then the destination combines local decisions from secondary users and its
own local decision making a binary decision on PU’s status. The decision fusion also known
as N-out-of-K rule [14], including OR, AND and Majority rules. Suppose k represents the
number of secondary users and destination, the destination with N-out-of-K rule makes final

decision that PU is present when n or more local decisions show that PU is present.
Cooperation Models

Cooperation structure, also called cooperation model [50], should consider how to group
secondary users, how to combine local observations for making final decisions on PU activity
are made. Currently, there exists two common cooperation models: parallel fusion (PF)

model and game theoretical model.

Parallel Fusion Model: Each SU has the same priority and should sense PU signal,
report its received signal to the other SU. Thus, distributed cognitive network is a special
case of parallel fusion model. For example, as Fig.2.6 shown, SU4 makes its final binary
decision based on its local sensing and sensing data from other SUs via report channels.
Thus, parallel fusion model requires SUs to be synchronized. Due to parallel fusion model’s

simple structure, data fusion and decision fusion are derived from this model.

Game Theoretical Model: In game theoretical model, secondary users are regarded
as a set of players. Depending on the rules of the game, secondary users may have different
performance. Based on game theoretical model, many game rules are developed [51] [5].

For example, in a coalitional game [5], secondary users are divided into groups freely, called
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coalitions, based on their estimation about the communication surroundings. As Fig.2.7
shows, SU1, SU2 and SU3, belong to the same coalition 1, will sense the same specified PU1
spectrum. Then SU1 and SU2 will sense local data to SU3, which temporarily works as a local
fusion center in coalition in this coalition, to make final decision. However, these coalitions
are self-organized and not fixed, each secondary user joins or leaves freely depending on its
utility value, which accounts for the tradeoff between receiving high probability of detection
and energy cost incurred. Thus, cognitive networks achieve high probability of spectrum

detection and spectrum management by introducing game coalitional.

/ ' /SU 5
\ oalition
SU\‘ ’ i "~ Fusion
Loc.a\l / Point (AP) C o
Fusion | ¢ enter
Center
- SU Report
—=" Channels

Figure 2.7: Cooperative spectrum sensing via hedonic coalition formation [5].

15



Chapter 3

Cooperative Spectrum Sensing

Energy detection is the main focus in this thesis since it has simple structure and low
implementation complexity. Due to different types of fading channels, energy detection has
different performance. On the other hand, cooperative energy detection schemes are designed
to combat shadowing effect and hidden terminal problem. Many cooperative energy detection
schemes, such as MRC, SC, SLC, SLS and N-out-of-K rule, are derived. Since MRC is
required to know well about CSI, which maybe not be practical in real channels, this thesis

focuses on the introduction of SC, SLC and SLS.

This chapter will present basic energy detection system at first, and then simulate, analyze
its performance over several varieties of fading channels, i.e. Nakagami-m fading channels,
Rician fading channels, shadowing fading channels. Later, the detection expressions of
SLS, SLC, SC and N-out-of-K rule over both i.i.d and i.n.d Rayleigh fading channels are
introduced. Then we simulate SLS, SLC, SC, N-out-of-K rule over both i.i.d and i.n.d

channels. The analysis and conclusions will be presented after the simulation.

3.1 Basic Energy Detection System

The basic energy detection system is shown in Fig.2.4 consisting of bandpass filter (BPF),

squaring device, integrator and threshold comparison device. BPF is introduced for filtering

16



noise in order to switch noise from limitless band to band-limited, flat spectral density. The
received signal, d(t), is limited bandwidth by BPF, passes squaring device for measuring
its energy and followed by integrator which in charge of observation interval time T for

measuring calculated energy during time 7'.

The primary signal, s(t), is transmitted between PU and SU over a wireless fading
channel. This fading channel has channel gain, represented as (. At the energy detection
system, received signal, d(t), is considered as a binary hypothesis that follows: Hj
(representing the absence of PU) and H; (representing the presence of PU) and is expressed
as [14]

a(t), Hy,

d(t) = (3.1)
¢s(t) + alt), Hip.

where a(t) represents the additive white Gaussian noise (AWGN).
When the PU is absent (Hy), d(t) only has a(t), where a(t) will be expressed as
a(t) = Z agsinc(2Wt — g), (3.2)
g=—00

where a;, ~ N(0, NyW) with one-sided power spectral density Np;. Since noise at the
detector passes through BPF, whose bandwidth is W, the noise variance is expressed as

Ny W.

After integration as Fig.2.4 shows, the test, also called decision statistic, V' is written as

7]
Ty 1 2
V= /O a*(t)dt = o Zag, (3.3)
where ¢ = TW. In order to normalize V|, we define

Qg

by = —2—.
9 /Ny W

(3.4)
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The normalized decision statistic V' is expressed as
2q
Vi=>"b (3.5)
i=1

Because energy detector is non-coherent, V' can be viewed as the sum of 2¢ variables, which
following Gaussian distribution independently with normalized, unit variance and zero mean.

Thus, V' is described as a central chi-square (x?) distribution with 2¢ degrees of freedom
[6].
The similar process and expression of energy detection are given when PU is present

(Hy). The received signal d(t) includes received signal s(t) and AWGN a(t).

s(t) = Z sgsinc(2Wt — g), (3.6)

g=—o0

We define the signal energy and instantaneous SNR as Ej, v respectively.

B - / QIR (3.7)

Noy

v (3.8)

Thus, similar expression can be derived from (3.4) and (3.5) with the replacement of n, by

. . . . . .
ng + s4. The normalized decision statistic V' is expressed as

2q
/ ag + S
V=) (=%) 3.9

The decision statistic V' follows a noncentral x? distribution with 2¢ degrees of freedom and

a non centrality parameter 27 [6]. Hence, the decision statistic will be described as [6]

2
7 X2q7 H07

v = (3.10)
X%q(27)7 Hl'
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The probability density function (PDF) of V' is described as [7]

1 u—1,—4%
sar(g) Y €z, H07
fV/ (y) = (%)—1 2v+y

(3.11)
%%76_ > Iy (V2yy), Hi.

In (3.11), I'(.) represents the gamma function [52, Section 8.31], I,(.) is described as vy,-
order modified Bessel function of the first kind [52, Section 8.43]. The decision statistic V'
then compares with a threshold value A in threshold comparison device making a binary
decision on PU: PU is present ( V' > )); PU is absent (V' < \) [6]. The energy detector’s
probabilities of false alarm (Pf) and detection (P;) are expressed by [6]

szPr(v’>A‘H1>, (3.12)

Pr=P (V> |H ). (3.13)

The (3.13) can be derived by (3.11) [7]

(3.14)

where T'(.) represents gamma function, and I'(.,.) is regarded as the incomplete gamma

function.[6]

The (3.12) can be obtained from (3.11) by using the cumulative distribution function
(CDF) of V',
Py=1=Fy(y) = Qy(v27, V) (3.15)

where F,(y) represents the CDF of V', Q,(.,.) represents the gy, order generalized Marcum-
Q function given by [53]

1 % g e
Qq(\/27,A) = = ), tle™ 2 I, 1(y/2vt)dt. (3.16)
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According to [54], (3.15) can be simplified and rewritten as

=1 /x\i 0 A\n n—q L
G -G N
Qqy(\/27, VX) = 6220: j! +te2y 2! I=e) ) (3.17)
= n=q k=0

3.2 Energy Detection Performance

3.2.1 Rayleigh Fading Channels

The channel between PU and SU is modeled as Rayleigh fading channels, the SNR’s ()

PDF is following an exponential distribution given as [6]

f(7) = %exm—%), (3.18)

where 7 represents the average SNR in local channels. The average P, over Rayleigh fading

channels is derived by averaging (3.15) over (3.18),

7= [ @B VAzemn-1ia (3.19)

By using [53, Eq(30)], (3.19) can be expressed as [6]

q—2

B = ) 1+7. .0 - .81 N
P, = ()2 q-1 20 — - 2
1= G+ =) {e e zzon!2(1+7)] (320

3
é

S

=2

3.2.2 Nakagami Fading Channels

The channel between PU and SU is modeled as Nakagami fading channels, the SNR’s ()

PDF is following an exponential distribution given as [6]

f7) = —<%>w1exp<—%>, >0, (3.21)

where 7 represents the Nakagami parameter.
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The average P, over Nakagami fading channels is derived by averaging (3.17) over (3.21)

a=1 A\ % (A\n 0o Ly k-1

P =2 (2) -3 (5) o e 7 T dy

Pi=ely 2o ety 2 ) ( ) § . (3.22)
=0 n=q

By using [52, Eq(3.351-3)], (3.22) can be rewritten as [55]

A=y Gt S O (- ()Y () ). e

i=0 n=q n+y/ g \n+7

When 7 = 1, the Nakagami fading channel becomes to Rayleigh fading channel and (3.23)
is reduced to (3.20). In other words, Rayleigh fading is one condition of Nakagami fading
given 1 = 1.

3.2.3 Rician Fading Channels

Over Rician fading channels, the SNR’s (y) PDF is following an exponential distribution

given as [6]

f(v)zgglexp(—@—@ﬁo(z @), v >0, (3.24)

where o represents the Rician parameter. The average P; over Rician fading channels is

derived by averaging (3.17) over (3.24) written as

_ (et14+7)y
a1 /Avi o0 A\n n—q 5 “Io(2 M)d
Q) L&) (et ee iy e vl ) dry
Pim A3 S 2n§:qj - §C:0: - ). (3.25)

3.2.4 Shadowed Fading Channels

Since shadowed fading always attach to other fading channels mentioned above, this thesis

focuses on one special case that channels are combined by Rayleigh fading and shadowed
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fading. Based on (3.15), the probability of miss detection over AWGN is written as
Pp=1—-PF=1-Q,/27,V\). (3.26)

where P, is the probability of miss detection rewritten as [56], [57]

Pat) =3 S et (3.27)

c!

with

)2% (3.28)

_T
2

A

() =55

(

The shadowed fading channels follow lognormal distribution and the PDF is given by [49],

10l0g1 gw)?
€0 (_( 0295120 ) )

fshadowed(w) - \/%5(,4} € 5

w>0 (3.29)

where gy = %, d(dB) is the standard deviation of 10logiow [58]. As the PDF of Rayleigh
fading channels, frqy, is given in (3.18), the PDF of SNR in shadowed-Rayleigh fading

channel is given as [49]

f(’}/) = /OOO éfRay(%)fShadowed(w)dw Y > 0 (330)

Thus, the average probability of miss detection, P,,, over shadowed fading Rayleigh fading
is derived by averaging (3.15) over (3.29)

Pou= [ Pat) () (331)
0
In high SNR scenario, the average probability of miss detection, P,,, is written as [58]

— 1
P.,(7) = = (5 +1—a+®), (3.32)

where
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(q—1=X/2)0(q—1,1/2) + (1/2)7 Te-/2)
I'(g—1) '

®y = (3.33)

3.2.5 Simulation Results

This section focuses on simulation of energy detection performance over various fading
channels mentioned above where the receiver operating characteristic (ROC) curves are given
[52]. Without loss of generality, for simulation convenient, we suppose that the one-sided
bandwidth W is 1000Hz, the observation time 7" is 0.005s, the time bandwidth product ¢ is
5, the average SNR 7 is 10dB over both Nakagami and Rician fading channels, respectively.
Since Rayleigh fading is one condition of Nakagami fading given n = 1, we will consider the
simulation of energy detection over Rayleigh fading. We will simulate energy detection over
shadowed-Rayleigh fading channels versus the average SNR 7 since the probability of energy
detection over shadowed-Rayleigh fading channels is only effective under high average SNR

scenario.

The performance of energy detection over Nakagami fading channels is shown in Fig.3.1
under different Nakagami parameters. If n = 1, Nakagami fading reduces to Rayleigh fading.
As Fig.3.1 shows, energy detection performance is improved when Rician parameter K
increases since the ratio of signal dominant power, represented by K, is increased. Compared
with the performance over Nakagami fading and Rician fading, as Fig.3.3 shown, shadowed

fading largely affects energy detection performance.

3.3 Cooperative Spectrum Sensing

This section focuses on the introduction of SLS, SLC, SC and N-out-of-K rule over i.i.d
Rayleigh fading channels. Later, the probability of detection of SLS, SLC, SC and N-out-of-
K rule will be introduced or derived over i.n.d Rayleigh fading channels. Simulation results

and conclusions will then be followed.
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3.3.1 N-out-of-K Rule

N-out-of-K rule includes OR rule, Majority rule, and AND rule [14]. OR rule is presented

when N = 1, AND rule is presented when N = K, and Majority rule is presented when

09
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Figure 3.2: ROC curves over Rician fading channel with various ¢, ¥ = 10dB, ¢ = 5.
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N = [K/2]. The probability of false alarm and detection are given by [14]

Q= (K) (Py)i(1— Ppy<, (3.34)

£ 1
i=N

Qa = i (Ij) (Pa)'(1— Py (3.35)

i=N
where Py, P; represent the probability of false alarm and detection in the single secondary
user or destination, respectively, ()¢, ()4 represent the total probability of false alarm and

detection in cognitive networks.

3.3.2 Square-Law Selection

In this scheme, the relay having maximum decision statistic Vg, ¢ = maz(y;, ..., y;) will be
selected [59]. When cognitive networks over i.i.d Rayleigh fading channels, SLS corresponding
P, and P; are given as 7]

FfSLszl_il_

(3.36)

0'3[ TR s Average SNR=12dB

0.2 I L A R —&— Average SNR=15dB | |
’ : : : i ; —#— Average SNR=18dB
0.1 i i I i i i i i i

01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09

Figure 3.3: ROC curves over shadowed fading channel with various average SNR 7, ¢ = 5.
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Pisrs =1— H(l — Pur(i, q)) (3.37)

i=1
where Pyg(7i, q) represents the iy, channel’s probability of detection in (3.20), 7; represents

the average SNR in 4y, channel.

Under i.n.d Rayleigh fading channels condition, SLS corresponding expressions of P; and

Ff have the same formation in the case of i.i.d.

3.3.3 Square-Law Combining

SLC’s thoery is based on combining the outputs from the square-law devices (doing the
operation of square-and-integrate in relay), denoted as {V; }% | to yield a decision statistic
Vere = Sor Vi [7]. Over i.i.d Rayleigh fading channels, the PDF of SNR, v, under square-
law combining is equate to the PDF expression over single Nakagami fading channels (3.21)

while replacing 1 by L and replacing 7 by L7 as

/() = ﬁ(%)%blem—%), ) >0, (3.38)

Thus, P; under square-law combining is derived by averaging (3.15) over (3.46). Therefore,

the corresponding P, and Ff over i.i.d Rayleigh fading channels are expressed as [7]

. T(Lg.2
Prspe = E‘(Lq_q)) (3.39)
2 A= B), (3.40)

- a :
Pyspe = Ay + e > XZﬁlFl(L;Z"{'l; 5
i=1

where 8 = (2L)/(2L + 2L7), 1F1(.;.;.) is the confluent hypergeometric function [52], and

A=t (5L-1LL_1 (U= 1 a-p) LX_) B, (M)) (3.41)

with L;(.) being the Laguerre polynomial of degree i [52].
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When cognitive networks over i.n.d Rayleigh fading channels, the PDF of SNR ~ under

square-law combining is written as [60]

_ L, LY 4
f() F(L)(%Lc) v eap( %LC% v >0, (3.42)

where V¢, = ZiLZI 7, is regarded as sum of all channels’ average SNR. Thus, the P; over
i.n.d Rayleigh fading channels is similar to (3.23) with m replaced by L, 7 replaced by F¢; ¢,
and q replaced by Lq, yielding

Lg—1 i 0 n n—L _
Py Wty ON (1 () Y (e et
‘ — n=Lq nl L+7sre/ = \L+7sie I'(L)c! '

(3.43)
Since fading channel does not affect the occurrence of false alarm, P; over i.n.d Rayleigh

fading channels is as the same as (3.39).

3.3.4 Selection Combining

Selection combining is a special cooperative sensing technique as the destination selects the
relay with highest SNR (P-R channels). Over i.i.d Rayleigh fading channels, the PDF of
SNR, ~, under selection combining is given by [6]

fly) =z —eMtten (3.44)

The probability of detection P, is expressed via integrating (3.15) over (3.52) as [53],

1

= LZ —_ (L - 1)% (7/+1) (3.45)

where Pyp <7/(i + 1)) is obtained in (3.20) by replacing v with «/(i + 1). The probability

of false alarm, P, is as the same as (3.14) because it is independent from Rayleigh fading.
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Over i.n.d Rayleigh fading channels, the PDF of SNR ~ is expressed as

FN =D Fu ) D T Fe () (3.46)

z1=1 Rp 1,2y =2

where Ry 1., is the set including total possible combinations of L — 1 members chosen from
the difference set {1,2,...L} —{x1}, fs,(7) represents the PDF of the SNR in 1, link given
by (3.18) and F;,(7) represents the cumulative distribution function (CDF) of 7 in z;,, link

given as

F(y,,) =1—e /75, (3.47)
For Hf:z Fy, (), it will be further simplified as
L -1 N

[ =>_ v > J]e ™. (3.48)

j=2 =0 2<b; <ba<...<by <L p=1

Therefore, the PDF of SNR, ~, will be written as [61]

L L-1

1 - " _
= => > >, et (3.49)
z=1 171 Sp,z; w=0 2<b1 <bg<...<bw<L
with
L1 1
fw = ) +—. (3.50)
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Thus, P; under selection combining is derived by averaging (3.15) over (3.57) by the usage
of [53] yielding

7 - Z%Z (—1)"x

r1=1 1,21

w=
1 A
Z —exp(——=)X
w 2
2<by <ba<...<byw<L

(3.51)

q—2

{<“z:1>q*{e aos) - i) ]

t=0
21 A,

Over i.n.d Rayleigh fading channels, the probability of false alarm P; is equate to (3.14).

3.3.5 Simulations and Conclusions

Without loss of generality, for simulation convenient, we assume that the one-sided
bandwidth W is 1000Hz, the observation time 7" is 0.005s, the time bandwidth product
q is 5, the number of SU, L, is 6. In i.i.d Rayleigh fading case, the average SNR 7 is 5dB.
In the i.n.d case, the average SNR 7 among L SUs range from 3dB to 8dB .

As Figs.3.4, 3.5 shown, SLC performs better than other cooperative schemes due to its
high diversity advantage combining the information from all the cooperative SUs. Since SLS
probability of detection in (3.45) is the same as the OR probability of detection in (3.43),
SLS performs as well as OR does. The difference between OR and SLS is only in their
operation mechanism: cooperative SUs send 1-bit local decision to destination in OR rule
while cooperative SUs sending obtained data to destination. Considering bandwidth usage,
OR rule is more bandwidth efficient than SLS. Although SC is based on data fusion from
the SU with highest SNR for final decision, SC still performs a little bit worse than SLS

because SC lacks high diversity.

In order to allow SC high diversity gain and improve its detection performance, we

propose an improved cooperative scheme, named multi-selective cooperation in the next
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chapter, where the proposed scheme requires SUs to send 1bit local decision for improved

bandwidth efficiency.
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Figure 3.4: Complementary ROC curves for SC, SLC, SLS, Or, And, and Majority over
i.i.d Rayleigh fading channels,¥ = 5dB,L = 6.
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Figure 3.5: Complementary ROC curves for SC, SLC, SLS, Or, And, and Majority over
i.n.d Rayleigh fading channels, L = 6 7 varies from 3dB to 8dB.
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Chapter 4

Multi-Selective Cooperation

This chapter focuses on the improvement of selection combining scheme. Instead of selecting
one node with highest SNR as final decision node, multi-selective cooperation suggests
cognitive networks accept several nodes represented by K with high SNR to make final
decision on whether PU exists or not. The comparison between multi-selective scheme and
some cooperative energy detection schemes over i.i.d Rayleigh fading channels and i.n.d
Rayleigh fading channels respectively is presented. In order to find the optimum number
of selected node K that achieve the maximum probability of detection in the cognitive
network, optimization analysis over both i.i.d Rayleigh fading channels and i.n.d Rayleigh

fading channels are proposed later in this chapter.

The multi-selective cooperation is based on distributed cognitive networks as shown in
Fig.4.1. We consider a cooperative cognitive network where at any time a secondary user
(SU) can be a source, relay, or destination. The number of links including the P-R (primary
to relay) and P-D (primary to destination) is denoted by L. Also to simplify the analysis,
we first consider the R-D (relay to destination) links are error-free. Then we relax this
assumption by modeling the R-D links as AWGN channels. This assumption can be justified
in scenarios where the destination and relays are in the vicinity of each other forming a

cluster.
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4.1 Bandwidth Usage for Sharing the Spectrum Sens-
ing Data

For SLS and SLC, relays send their decision statistic y; to destination for sharing the
spectrum sensing data while SC scheme requires relays send both local SNR,, status
information and y; to destination. Thus, SC require more bandwidth for sharing the spectrum
sensing data compared with SLC and SLS. On the other hand, multi-selective-cooperation
scheme requires relays send local SNR,, status information and 1-bit local decision to
destination. In comparison with SLS and SLC, selective-cooperation requires nearly the

same bandwidth as SLS and SLC do for sharing the spectrum sensing data.

To assess the performance of our detection scheme, in what follows, we derive this

scheme’s expressions and analyze the overall probabilities of false alarm and detection.

SU 4

R-D Link

Relay 1

Figure 4.1: The cognitive network model of multi-selective cooperation.
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4.2 Probability of False Alarm and Detection

4.2.1 Probability of False Alarm

Under the multi-selective cooperation scheme, the destination selects K links with the highest
SNRs for final decision. However, in the case of Hy in (3.1), the detector receives decision
statistic from noise alone. Therefore, under Hj, the destination picks K links randomly
irrespective of the SNRs. The overall probability of false alarm incorporating the N-out-of-
K rule over i.i.d and i.n.d Rayleigh fading channels is given by

K

=3 (%) pra -y (1)

j=N
4.2.2 i.i.d Rayleigh Fading Channels

Over i.i.d Rayleigh fading channels, the probability density function (PDF) and cumulative
distribution function (CDF) of the SNR #, are given by [49]

- le*v/ﬁ
f) = = (4.2)

F(y)=1—e1, (4.3)

The destination first orders the R-D and P-D links in-terms of their SNRs to form the set
U={yV, 4@ .~} considered strictly decreasing set. The destination then selects the
K (1 < K < L) links corresponding to the K highest SNRs as reporting links from set U to
form the sub-set Si = {7, ~v? ..., v} as the one that represents these reporting links.
In what follows, the PDF of v*) (1 < k < K) in the set U and the joint PDF of the elements

in the set Sk are first evaluated and then used to derive the probability of detection.

Since the multi-selective scheme selects K links from set U as report links, we need to
derive the PDF of the 'y(k) (1 <k < K)intheset U. As the SNRs of the L links are i.i.d, the
probability of any link being in the 4*) in the set U is equal to (1/L) and the corresponding
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PDF of the SNR is given by [62]

f(k) (’Y(k)) = L(L : 1) FL—k<fy(k))[1 _ F(”y(k))]kflfm/(k))
k Ll' (4.4)
= = 1)!('[/ — k)!FL_k(W(k))[l _ F(V(k))]k_lf(y(k))

where F(y*)) and f(y®) are given respectively by (4.2) and (4.3) with F(y*)) representing
the CDF of any link’s SNR smaller than v in the set U. Since the multi-selective
scheme adopts N-out-of-K rule in the set Sk, we derive the joint PDF of any N elements,
regarded as zi, 29, ..., 2y, in the set Sk. According to (4.4), this joint PDF, represented
by {7, 4Z2) A& (1< 2 < 29,.,< 2y < K31 < N < K) for v > 0 > 468
flrzezn) (y(E) A EN)Y s given by [63]

L!
(21 — D22 — 21 — DL.(L — zn)!
x [1 = F(y®) =t (7)) x
[F(y#)) = Py 2t f(53)

o X PPN (4 E0) f (5 ))

f(z1,22...,z1\1) _

Considering the probability of detection of ¥, from (3.15) and (4.4), and by making
the change of variable x = 1/2v, one can show that

" = / Fer " Qq (V27 ™), VX)dy ™)

L—k

L! 1) (L—k\— [ 7
:(k—1)!(L—k)!;(kj>z‘( i )PdR<k1¢>

where Py is given by (3.20) with replacing 7 by kiﬂ

(4.6)
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Now, the joint probability of detection corresponding to f(*1:22++*N) in the set U is given

by (3.15) and (4.5) as

_(21 22..,2N 7o ) (
/ / {f(m 222N ( (21) Yy ZN)) %
o) (4.7)

(VI VR Q (VB VR | o))

Finally, the total probability of detection is evaluated using (4.6) and (4.7).

Since the multi-selective scheme selects K links with highest SNRs as final reporting links
from the set U, the probability of detection is equal to the overall probability of detection
in the set Sx. Now adopting the N-out-of-K rule for the overall probability of detection in
the set Sk (i.e., signal is present when at least any N of the reporting links from () to (%)
having detected the PU signal), the joint probability of any N elements in the set Sk has
been derived in (4.7). Note that after ordering, the elements in Sy are dependent on each
other. Therefore, the overall probability of detection of N elements in Sk is given by

(S ) < 3 <

common

Qa = 2y zmzn) (4.8)
Py itN=K

where Sk n is the set including total possible combinations of N members chosen from the

set Sk. For example, when K = 3 and N = 2, Sy = {(7(1),7(2)), (v, 3)), (7(2),7(3))}.

Fd(zl’ZQ """ “) represents the joint probability of any NV elements, regarded as {(*1), y(2) (8]

5 (21,22,...,2N)

in the Sk y set. Also Py is calculated using (4.7) when N > 1. For the case of

is calculated using (4.6). In (4.8), PY

common

(21,22,5.-,2N)

N =1 corresponding to the OR rule, P,
represents the joint probability of detection of the N + ¢ (1 < g < K — N) elements in the
Sk set for the N-out-of-K rule with N < N+ ¢g < K. For instance, when K =3 and N =1,

Pl on = Fd(m) —|—Fd(1’3) —1—?(1(2’3) —Fd(m’ ) In general, the expression of P s written
as
N 5 S e e e o
common = SENS [(N]i;gl) B 1] Pl s N :
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where Sk w44 is the set including total possible combinations of N 4+ g members chosen
from the set Sk, and E(ZI’ZZ """ N o) represents the joint probability of any N + ¢ elements,
regarded as {y*1) y(32)  ~GN+0)in Sg set and is also evaluated using (4.7).

4.2.3 i.n.d Rayleigh Fading Channels

Given that the SNR of the PU signal follows exponential distribution for all P-R and P-D
links, for any 7 link (1 < i < L), the corresponding PDF and CDF are written as [49]

fity) = =° 7 (4.10)

Fi(y)=1-¢% (4.11)

where 7; represents the average SNR of the ¢th link. Similar to the i.i.d. case, the
destination first orders the R-D and P-D links in-terms of their SNRs to form the set
U= {71, ~® .~V in a descending manner. By combining (4.10) and (4.11), the PDF
of the v®) (1 < k < K) in the set U is expressed as [64]

L L—k+1 L
6 =310 (1 a6 TT 0-F6®))
z1=1 Rp k,2q v=L—k+2
L 1 L—k+1 L (k) (4'12>
Y Lew y T e [T %
=1 = Rppe m=2 v=L—k+2

where Rp ., is the set including total possible combinations of L — & members chosen
from the difference set {1,2,...L} — {x1}. For instance, when L = 4, k = 2 and z; = 1,
Rrka, ={(2,3),(2,4),(3,4)}. fu, is given by (4.10). Since all L links have a chance to be
in the set U, 1 < 27 < L and F,,, and F,, are given by (4.11). It is to be noted that the
term HL MUE, (%) in (4.12) can be expressed as [64]

L—k+1 L—k w4k
IT F. ™) => (1" > [Ie ™ (4.13)
m=2 w=0 2<by <bo<...<by<L—k+1 p=1
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Therefore, the PDF of f*) (7)) in (4.12) is simplified as

YLy Ser oy ewt

z1=1 Yar RL k2 w=0 2<by <be<...<by<L—k+1

with
L

ai1+z

1 Tzop v=L—k+2 7’3”

1
7:- (4.15)

The joint PDF of any N elements in the set Sk, regarded as {y(*1) &2 ~GN1 (1

2 < 29,.,< 2y < K;1 < N <K) for y#) > . > 4V s given by [65]

1
(z1— DN ze — 21 — Dlooc(zy — 2y 1)UL — zn)!

X Z {(1 - F,, (v(zl))>...(1 — F,ﬂ(qfl)(v(ﬁ)))
P

X szl (V(Zl)) <FT(z1+1) (W(ZI)) F <21+1) (")/(22))> (416)

(21) _ ZQ

<FT(Z2_1) (7 ) FT(Z2 1) )frzz

fer (’V(ZN))FT(zN-H)( ) FTL (V(ZN )}

f(Zl,ZQ..A,ZN) _

where the set P includes all L! permutations (rq,7s,...,r) of (1,2,...,L). For example,
when =3, P = {(1, 2,3),(1,3,2),(2,1,3),(2,3,1), (3,2, 1), (3, 1,2)} and (71,72, ..., 73) can

be any element in P.

Now, the probability of detection of 7*) in the set U can be obtained by averaging (3.15)
over (4.14) while changing the variable z = /2y and using [66, Eq.(30)] to yield

Lk

“yly ) “eap( - 7)
—exp| — < )X
Yar Ow 2
r1=1 RLk11w 0 2<b; <be<...<by<L—k+1
q—2

{(5105;}% 1>q1 {exp(zdj+ 2> B ;%<25j+ 2>t] + g%(g)t}

Finally, the overall probability of detection using the joint PDF f{*1:#2-+2N) can be obtained

(4.17)

by averaging (3.15) over (4.16). The structure of the overall probability of detection over
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i.n.d channels is the same as (4.8) and (4.9) while replacing the probability of detection of
~*) in the set U by (4.7) and the joint probability of detection of any n elements in the set
Sk by the expression (3.15) averaged over (4.16).

4.3 Performance Results

In this section, we compare the proposed multi-selective scheme with some current schemes
(SC [6], SLS [7] and general N-out-of-K rule [14]) via receiver operating characteristics
(ROC) over i.i.d and i.n.d Rayleigh fading channels scenarios. Without loss of generality, for
simulation convenient, we assume that the one-sided bandwidth W is 1000Hz, the observation
time 7" is 0.005s, the time bandwidth product ¢ is 5, the number of SUs L = 6, multi-selective
cooperation scheme selects K =3 reporting links for cooperation where it adopts an OR rule
for final decision on PU activity. For the homogenous (i.i.d) case, the average SNR 7 is set
to 5 dB while the average SNR 7 in all links ranges from 3dB to 8dB for the heterogeneous
(in.d) case. We first consider the case of error-free R-D links and then present results for

the case of AWGN channel.

In Fig. 4.2, the ROC of the multi-selective cooperation scheme is compared to other
combining schemes where it is shown that it outperforms all schemes. This advantage comes
from the reason that the proposed scheme selects links with high SNRs where the final
decision of the other schemes are based on all links. The same remarks can be drawn for the

case of i.n.d Rayleigh fading channels as evident from Fig. 4.3.

To relax the error-free assumption on the R-D links, we consider the case where the
links between the relays and destination suffer from AWGN. Since the R-D links are not
error-free more, selection combining and the proposed multi-selective scheme consider each
relay channel condition consisting of the P-R and R-D links. In this case the multi-selective
cooperation requirement is modified to SNR,,_.q > SN R4 while selection combining picks
out the link with the largest SNR among SNR,,_,4 and SNR,;. Without loss of generality,

for simulation convenient, we assume that L = 6, Py = 0.3, the average SNR (7pp = 7pp =
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Figure 4.2: ROC curves for SC, SLS, general N-out-of-K rule and multi-selective over i.i.d
Rayleigh fading channels, ¥ = 5dB, L =6, K =3, N = 1.
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Figure 4.3: ROC curves for SC, SLS, general N-out-of-K rule and multi-selective over i.n.d
Rayleigh fading channels, L = 6, K = 3, N = 1 and the 7 in L links are arranging from 3dB
to 8dB.
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5dB) for the i.i.d scenario. These results are shown in Fig. 4.4 where the proposed scheme

still offers the best performance compared to other detection schemes.

— — - Selection Combining
—&— Square-Law Selection

—— Proposed Simulated Multi-Selective
—F— OR Rule (K=L, N=1)

: : —#— Majority Rule (K=L, N=L/2)

i | — AND Rule (K=L, N=L)

-1 0 1 2 3 4 5

T-'f\' bl

Figure 4.4: Multi-selective and current schemes (SC, general N-out-of-K rule, SLS) under
the variation of ¥pp, Ypr = VYpp = 9dB, L =6, Py =03, K =3, N = 1.

4.4 Optimization of Multi-Selective Scheme over i.i.d

and 1.n.d Channels

Since the proposed scheme selects K reporting links to form the final decision on the PU
activity by using N-out-of-K rule, there exists optimal values for N and K that allow for
optimum performance results. In this section, we consider such an investigation and find the

optimal N and K.

When the threshold A and N from the N-out-of-K rule are given, the performance of
detection Qg and false alarm (); increase as the number of selected links K goes high
according to (4.1) and (4.8). Thus, the total probability of miss detection @,, = 1 — Qq
decreases as K goes high. In this case, a performance metric that can be used to assess the

performance of the receiver is the total error rate Q¢+ Q),,, proposed in [24]. In what follows,
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we use the total error rate as the performance metric to find the optimal K that achieves

target error bound Q¢ + @, < p for the multi-selective scheme.

Given the detection threshold A, according to (4.1) and (4.8), the number of selected
links K directly affects the total error rate. However when K is fixed, the performance of
the multi-selective scheme is dominated by the N-out-of-K rule chosen according to (4.8).
Therefore, we first solve for the optimal N for a given K. Then we evaluate the optimal
number of selected links K that achieves a target error bound Q¢ + @,,, < p for a given

optimal N.

4.4.1 Decision Rule

We first examine the performance of the multi-selective cooperation scheme under different
N-out-of-K rules, i.e., OR, majority, and AND rules. The results of this investigation are
presented in Fig. 4 showing the total error rate @)y + @, versus threshold with different
N-out-of-K rules varying from N = 1 to N = 6 when the multi-selective scheme selects
K = 6 reporting links among L = 10 SU links. As Fig. 4.5 shows, when the detection
threshold is small, i.e. A = 6, the OR rule (N = 1) outperforms all other rules. Meanwhile,
the AND rule (N = 6) offers the best performance when the threshold is large, i.e. A = 21.
Therefore, the optimal N in N-out-of-K rule, Ny, is different under different thresholds A

when K is fixed. We express the total error rate using the function H(N) as follows:
Qf+Qm=0Qr+1-Q4=1+H(N)

+Z( )Pf (1= Pp)*7—- (4.18)

ZPJ”Q """ W) _ pN when N < K

common

Sk,N
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Figure 4.5: Total error rate of multi-selective selected K=6 cooperative nodes in Rayleigh
channels: selected relays are N=1,2,3,4,5,6 of L=8, average SNR=5dB.

After some simplifications, the optimal N is reached when 31;_](\17\/) =0.

OH(N) _
N H(N + 1) H(N)
L K—N_ K
_ Z Pd(zl,zQ ,,,,, ZN) ) d(z1 22,52N+g) <N> PfN(l . Pf)K—N+
Sk,N g=1
K—-N

9=2 Sk Nig

when N =1
OH(N)

~HN+1) — H(N

1) & 1+ 1) = HQY)

—(21,22,...,2 N+1 —(21,22,..,ZN 41
:ZPd( N)_Z(N)Pd( N+1)
Sk.n Sk, N+1 (4.19)

N P (1= )N =
N

when K > N > 1
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5 (21,22,-.,2N)

Since the number of selected links K is fixed, P, varies with N. Now let us define
a function G(NV) to express the polynomial in (4.19). Thus, N, is obtained when it satisfies

the following function

K _
Gos) = () P11 = o (1.20)
op

z

According to (3.14),(3.15) and (4.7), E(ZMQ """ Y and Py decrease with the threshold A (this
was also proved in [6, Fig. 1]). Therefore, when the threshold is small enough, the right
hand side of (4.20) goes high with N. From (4.8), since the left hand side of (4.20) decreases

with IV, N, = 1 when the threshold is small and N,,; = K when the threshold is large.

4.4.2 Optimal Number of Selected Links (K)

In the multi-selective scheme, the local decisions of K selected links are used for final decision
at the destination. Our objective here is to find the optimal K,,(1 < K,,x < L) that achieves

a total error rate target bound, Qs + @, < p for a given detection threshold .

We first evaluate the corresponding optimal N-out-of-K rule for each K, Nf{pt, by using

(4.20). Then we define a new function 7°(.,.) in terms of the variable K as

T(E,NE) =Qp+Qm—p=1+Q; —Qa—p (4.21)

where K is the number of selected links used for final decision. Since the false alarm )¢ and
detection )y are varied with K, and Nlo{pt is given by (4.20), the optimal K is the one that

satisfies the following conditions

T(Kop, Nt ) <0 (4.22)
T(Kop — 1, N2 1) > 0. (4.23)

From (4.22) and (4.23), K, is the first crossing zero of the function T(K, N') plotted

against K. For example, consider L = 20 available links to the destination with average
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SNR v = 5dB over all links, and a target error rate bound Q; + @, < 0.1 with a given
detection threshold A\ = 18. Fig. 4.6 shows Q¢(K,N) + @, (K, N) versus K applied with
optimal N-out-of-K rule (N = N'). As the results in Fig. 4.6 show, Q; + Q,, < 0.1 is
achieved when K,,; = 4 under corresponding optimal rule Nfg:;t = 2 which is shown in Fig.

4.7.

Now, we explain the reason why N, increases as K increases. As shown in (4.21),
Qm = 1 — @4 decreases when K goes high while )y increases when K goes high under
the conditions that the threshold A, the average SNR 7, N and the total number of links
to destination L are fixed. These phenomenons match well with the simulations in Figs.
4.8,4.9. However, the rate of @, decrease (Q,, versus K) and the rate of Qs increase (Q;
versus K) are functions of N as evident from Figs. 4.8,4.9. For instance, when N = 2,
we notice that the rate of @, decrease (Q,, versus K) is much slower than the rate of @y
increase (Qf versus K) as K goes high. Furthermore, we notice that the rate of (); increase
(Qy versus K) becomes flat as IV increases which agrees well with the finding in [14]. Hence,
to achieve the optimal performance on the total error, N is increased as K goes high to slow
down the rate of @)y increase (evident from Fig. 4.7). This in-turns results in lower total

error rate as Fig. 4.6 shows.

As a final investigation, we consider the case of i.n.d Rayleigh fading channels. The
optimization analysis is similar to the i.i.d case where the probability of detection is given
by (4.17) for the i.n.d case. Let us consider the performance of the multi-selective scheme
over i.n.d Rayleigh fading channels with L = 14 where the SNR of the different P-R links
ranges from 2dB to 15dB, and the target error rate Q) + @, < 0.02 with a given threshold
A = 18. As Figs. 4.10, 4.11 show, the required total error rate is achieved when K,, = 2

with a corresponding optimal rule Nf(’;it = 2.

4.5 Conclusions

Multi-selective cooperation not only improves SC performance but also saves bandwidth

usage in sharing spectrum sensing data. After optimization analysis of total error rates, we
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Figure 4.6: Total error rate of multi-selective energy detection versus number of cooperative
selected nodes K in a network with L = 20 in Rayleigh fading with average SNR = 5dB,
optimal voting rule applied for each K, detection threshold A = 18.

Optimal N

Figure 4.7: Corresponding optimal voting rule for each K, detection threshold A = 18,
L = 20 and average SNR = 5dB.
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Figure 4.8: Total average probability of miss detection of multi-selective energy detection
versus number of cooperative selected nodes K and N in N-out-of-K rule in a network with
L = 20 in Rayleigh fading with average SN R = 5dB, detection threshold A\ = 18.

Figure 4.9: Total average probability of false alarm of multi-selective energy detection
versus number of cooperative selected nodes K and N in N-out-of-K rule in a network with
L = 20 in Rayleigh fading with average SN R = 5dB, detection threshold A\ = 18.
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Figure 4.10: Total error rate of multi-selective energy detection versus number of
cooperative selected nodes K in a network with L = 14 in Rayleigh fading with average
SNR for all links arranged from 2dB to 15dB respectively, optimal voting rule is applied for
each K and the detection threshold A = 18.
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Figure 4.11: Corresponding optimal voting rule for each K, detection threshold A = 18,
L = 14 and with average SNR for each link from 2dB to 15dB respectively.
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have noticed that optimal N in N-out-of-K rule is monotonous increase with threshold A and
found a method to approach optimal k, the number of selected SUs under total error rate
requirement. Simulation has shown that multi-selective scheme offers much improvement in
detection compared with SC over i.i.d Rayleigh fading channels and performs better than
SLC and SLS do in i.n.d Rayleigh fading channels. However, multi-selective cooperation
scheme requires complex optimization calculation to reach cognitive network’s requirement,
i.e. total error requirement. Thus, selective-cooperation scheme is proposed in the next

chapter.
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Chapter 5

Selective-Cooperation Scheme

Although multi-selective cooperation has much improved selection combining (SC) spectrum
sensing performance, it still performs a little bit worse than square-law combining (SLC).
Thus, this chapter proposes more efficient scheme, named selective-cooperation, which
performs better than SLC and other schemes mentioned above over both i.i.d Rayleigh
fading i.n.d Rayleigh fading. In this chapter, the probability of detection equation will be
derived over both i.i.d Rayleigh fading channels and i.n.d Rayleigh fading channels. Later,
the performance comparison between selective-cooperation scheme and other cooperative

spectrum sensing schemes mentioned above will be analyzed and the conclusions will follow.

Firstly, we introduce selective-cooperation scheme’s mechanism. We consider that the
SU which is waiting for using spectrum, as destination, other SUs as cooperative relays; the
number of links including P-R (from primary to relay) links and single P-D (from primary
to destination) link is represented by L. Also, R-D (from relay to destination) links are
assumed as free of error for deriving selective-cooperation detection expressions. Then we
relax this assumption by considering more realistic P-D links that suffer from AWGN, where
the destination and relays are in the vicinity of each other forming a cluster. Also, we assume
the link is block-fading, that is the instantaneous SNRs remain constant for the duration of
one observation time. Given this assumption, the destination accepts relays’ collaboration

only if the collaboration requirement SN R, > SN R, is achieved, i.e. when the destination
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finds out that the relay’s received signal is more reliable than destination’s received signal. If
all relays do not satisfy the requirement above, the destination will switch to noncooperation
mode. Each relay sends its own 1-bit local decision representing primary signal status, and
local SN R, to the destination. The destination accepts the relay local decision when its
local SNR,, is larger than SNR,;. Then the destination combines the decisions by using
OR rule since OR rule outperforms other rules in N-out-of-K [14]. Here, the concept of OR
rule is that the destination confirms primary user is absent if single or more local decisions

confirm(s) the absence of primary user.

In what follows, we introduce the advantages of selective-cooperation in-terms of the

bandwidth usage, probability of detection, and false alarm.

5.1 Bandwidth Usage for Sharing the Spectrum Sens-
ing Data

For SLS and SLC, relays send their decision statistic y; to destination for sharing the
spectrum sensing data while SC scheme requires relays send both local SNR,, status
information and y; to destination. Thus, SC requires more bandwidth for sharing the
spectrum sensing data compared with SLC and SLS. On the other hand, the selective-
cooperation scheme requires relays to send local SN R, status information and 1-bit local
decision to destination. In comparison with SLS and SLC, selective-cooperation requires

nearly the same bandwidth as SLS and SLC do for sharing the spectrum sensing data.

5.2 Probability of False Alarm

Under selective-cooperation scheme, the relay satisfying the requirement, SN R, > SNR,4,

a?E,

Nor Thus, the destination selects the relay with required a as

is selected where v =
(3.1) shows. However, the received signal under Hy only includes noise irrespective of the

destination relay selection. Hence the destination will switch to noncooperation model.

50



Thus, the average false alarm probability using selective-cooperation (Ff) is equate to the

(3.14).

5.3 Probability of Detection

In what follows, we will discuss and derive the probability of detection of selective-

cooperation over both i.i.d and i.n.d Rayleigh fading channels.

5.3.1 i.i.d Rayleigh Fading Channels

We assume that the order statistics of L links” SNRs are arranged as a non-increasing set,
U={y1,+@, . 4y} Since the probability of SNR,. = SNR,, is small, U is considered
as strictly decreasing set in the following expression deduction. Since selective-cooperation
scheme accepts relays’ collaboration only if the collaboration requirement SNR,, > SNR,q
is achieved, we assume that P-D link’s SNR is settled in 4® in the U set. That is the

scheme will accept links from v to v for collaboration, represented by the set S, =
{7y, 4@, 4}

We first present the general PDF of 4(7) (1 < 7 < L) in the U set. From the general
PDF, the PDF of P-D link’s SNR settled in v in the U set, the conditional PDF of ()
(j < h) in the Sy, set, and the conditional joint PDF of the v and 4V) (i < j < h) in the

S}, set are derived.

Since the SNR follows i.i.d. Rayleigh fading channels in P-D, P-R links, the SNR’s cor-
responding probability density function (PDF) of the SNR follows exponential distribution
[6]. Thus, the general PDF of the v(7) in the U set, f(7(y(7), is given by [62]

L Pt (O - PO ) 65.1)

(M (~(M) =
O = ==

where F(7™) =1 — 7/ is the cumulative distribution function (CDF) of the SNR over
Rayleigh fading channel, and f(7(")) is the corresponding PDF [49].
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Since the SNRs in all L links are i.i.d, any link has the same probability (1/L) being

settled in (7). Thus, we rewrite (5.1) as

17 = L S PTG - PG )
s (5.2)
— (LT )P PO 60

From (5.2), we notice that the PDF of the P-D link’s SNR settled in 4®) when 7 = h in
the U set is derived as

a6 = (2 1) FEHGIIL = PO ) (5.3

Since the selective-cooperation scheme adopts OR rule in the S, set for collaboration,
the overall probability of detection of S}, is calculated as the sum of element’s corresponding
probability of detection in this set. Thus, to derive the PDF of 4\ (1 < j < h) in the S
set under the condition that P-D link’s SNR in ). Since the P-D link’s SNR is in 4" and
other L — 1 links have the same probability (1/(L — 1)) to be settled in 7). we derive this
PDF of 4\ according to (5.1) as

(L —2)!

GoE— ot O =FQOPTGY) (54)

G (D) = (L —1)

and hence

) (40)) = (L Li ( ) 1 L) (55)
B _ ) ————e G, 5.5
Po=n U ) —3—1' i )3/G+i)

Therefore, the f gg:h corresponding average probability detection EEQ p=n), 18 evaluated

by averaging (3.15) over (5.5) yielding
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(5.6)

where ER(i) is from (3.20) by replacing 7 with - 7

I+ +z

Comparing (5.3) with (5.4), we notice that average probability detection EE}IL’)D:h) is

(L—1)! : (L-1)!
oo Vith oS

similar to EE‘Q p=n) by replacing i

:(h 'szl(hiz(L h) <h?—z>

However, elements in S are dependent from each other, the overall probability of
detection of S} should minus all possible joint probability of detection in S,. Thus, we
need to derive the joint PDF in the S, set under the condition that P-D link’s SNR in v
In this chapter, we derive the joint PDF of ) and v) (i < j < h) in the S}, set under the
condition that P-D link’s SNR in 7®. Since P-D link’s SNR is in 4®, one of the L — 1 links
has the probability (1/(L—1)) settled in ) and other L — 2 links have the same probability
(1/(L —2)) to be settled in v, this joint PDF is derived as

R ] G Rl G B

Jg—1—1 1—1
LGP (D) = FQOP- L= PO f(9) ()
(L—1)! (5.8)

TG iDL - D
FEIAINFEY) = FOOP L = FO) (D) f (/D)

for i<y and A0 5 ) > )
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The average joint probability of f }jg):h is evaluated by averaging (3.15) over (5.8) yielding

EEZDJD h) / / fpll%)h 94Uy x
(5.9)
Qq <\/2’Y_2, \/X> Qq <\/2fy—3’ \/X> dfy(j)d,y(i)

The joint probability of any two or more elements in the S; set can be derived from (5.8)

and (5.9).

Now, we start to evaluate the total probability of selective-cooperation over i.i.d Rayleigh
fading channels. Let P}, represents the overall probability of detection in the .S;, set. Since
P-D link can be settled in any place in the U set, h is varied from 1 to L. Therefore, the total

probability of detection of selective-cooperation is written as the sum of P, (h =1,2,3,..., L),

P, =

|
|

g

%“U

(5.10)

In S}, set, we adopt OR rule for P, calculation. In another words, signal is present when
at least one of the reporting links from v to v®) having detected the primary signal. Since

elements in S, are not independent according to (5), Py is expressed as

(S8 Bl - PL2E, =1

P, = (5.11)

1 )
PdEP)D 1) ifh=1

where EE?D:M is expressed by (5.6) when i < h and is expressed by (5.7) when i = h;

PPD h

e Tepresents the sum of joint probability of detection of elements in the S), set. For

- (13)

instance, when PD = h = 3, PPP=h "i5 expressed as PLP=h =~ — Pdg PD) _3) + Papps) +
—(2,3) —(1,2,3)

Pipp=3) — Papp=3) » where PdE P g:h), calculated by (12), represents the joint probability of

SNRs in iy, and jy, (v and ¥1)) in the Sy set under the condition that P-D link’s SNR in
PPD h

ommen 18 derived as

7" In general,

h
PED=h — %" Pairnin? (5.12)

9:2 Sh g
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where Egzpl

250032g)
=h)

represents the joint probability of (1), y(22),
can be derived from (5.8).

5.3.2

s '7(29) (1§21<ZQ<...<
2y < h) in the S}, set under the condition that P-D link’s SNR in Ay, in the U set. Py

(21,22,..,2g)
(PD=h)

i.n.d Rayleigh Fading Channels

as [6]

All L links’ SNRs are arranged in a decreasing order, denoted by U = {y(1), 4@~} for
short. Still, we assume that P-D link’s SNR is settled in v*) in the U set.

The SNR follows an exponential distribution in all the P-R and P-D links over Rayleigh

-

fily) = ée 7

fading channels. For any ¢ link (1 <4 < L), the corresponding PDF and CDF are written
Vi

~

(5.13)
F(y)=1-e ™

In U = {71, ~@ . ~E1 the PDF of v(7) is obtained from [64], which is expressed as
L
£ =

r1=1

(5.14)
L—7+1 L

Zfrl(’Y(T)) Z H me(’Y(T)> H
Rp 72y m=2

1-F600) 51
v=L—7+2
where Ry .., is the set including total possible combinations of L — 7 members chosen from

the difference set regarded as {1,2,...L} —{z;}. For instance, when L =4, 7 =2 and x; = 1,

Rire = {(2,3),(2,4),(3,4)}. fs, is given by (5.13). F,,, and F,, are given by (5.14).

The general PDF of v(7) over i.n.d channels is given above. We start to derive the PDF
of 7™ when 7 = h in the U set over i.n.d Rayleigh fading channels from (5.15). Using (5.13)
and (5.14) into (5.15), the PDF of f®(4®) in (5.15) is further simplified as
Loy L—h
RIS SR S ST
o=1 171 g w=0
1 L,h,zq

2

e Hwy™
2<n1<no<...<nyw <L—h+1

(5.16)
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with
w L

o =Y = > i+%. (5.17)

gy S L

Assume 77 i.e, 1 = 1, as the average SNR 7 of the P-D link. From Zﬁlzl for (Y") in
(5.15), we notice that each link’s SNR has a chance to be arranged in 4™ in the U set.
Therefore, the PDF of P-D link’s SNR settled in ") in the U set is derived from (5.16) by

replacing Zx . 7_ Wlth

IO ESACIDDY ( i_[ Fo.(™) [ - va(v(h))])

Ry, Ryl m=2 v=L—h+2

Ly x o ew)

Ry p,1 w=0 2<n1 <no<...<nyw<L—h+1

(5.18)

with
L

= zw: L. D 1.1 (5.19)

1 Joe oy pyo oo T

where Sy 51 is the set including total possible combinations of L — h members chosen from

the difference set {1,2,...L} — {1}.

On the other hand, each P-R link has a chance to be arranged in ) (j < h) under the
condition that P-D link settled in 4. Thus, this PDF of 49 is written as

=Y 56" ¥ (A6 I £.609 TT 0-F62)
21=2 Ri g1 m=2 —L—j+2
Z,% 3 (Z (1) (5.20)

x1=2 71711,1 w=0

ENNE)) UNE))
{ 3 I 3 e D

2<n1<n2<...<nyw<L—j 2<n1<na2<...<nyw<L—j

with
L

=Yt Y =

’-)/x'n,p v=L—j+2 ﬂyxv

(5.21)

1
’Y_'
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Hoy =

L

1

— + ) —+—= (5.22)
71 A

where Ry j ., 1 is the set including total possible combinations of L — j — 1 members chosen

from the difference set {1,2,...L} — {1} — {x1} (2 <2y < L).

The probability of detection of f](%:h is obtained by averaging (3.15) over (5.20) while
making use of [66, Eq.(30)]

i 1 A
PD R) ZV_ Z ( (_1)w( Z T%P(—E)X
z1=2 Tl RL jzq 1 =

2<n1<n2<...<nyw<L—j ,LLw

() () - S k) 1+ 20 |-

1 A 1 A 29
wt 1Yo
> (- ) -

2 2 2
2<ni<na<...<ny<L—j "W Fow +
q—2 q—

; 7511 <2M’”)\+ 2>t] * t:: 5(%)?))

For the P-D link, its corresponding probability of detection EE?D n(7) is obtained by
averaging (3.15) over (5.18) given as

Pilppny = = 30 > (-1)" 2 (1, (~3)~

R hzy w=0 2<n1<na<...<nyw<L—h+1

, 1 - - (5.24)
() () - S ]+ 200}

w

2u, + 2 t!

t=0

Under the condition that P-D link’ SNR in v (i < j < h) in the S}, set, each P-R link’s

SNR gets an opportunity to be ordered in iy, or ju. Therefore, this joint PDF of 4 and
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7 in the S, set is evaluated from (5.16) and (5.20),

L L L—j+1
G AN) =35 £ 60N () ST (RO ] Fen (09
Tr1=2 x9=2 R 21 ,29,1 m=3
w1722 (5.25)
L—1 L—1
[ F.0®) - Fu) [T [1—cm(7“’)])
v=L—j5+2 c=L—i+1

where Ry, ,, 4,1 1S the set including total possible combinations of L — 7 — 1 members chosen

from the difference set {1,2,..., L} — {z1} — {x2} — {1} (x1 # x9).

The joint probability of detection of f}gg):h('y(i),’y(j)) is given by averaging (3.15) over
(5.25) yielding expression same as (5.9). Finally, the total probability of detection over i.n.d
channels, Py, is the combination of (5.10), (5.11) and (5.12) replacing EE?D:M, EE?D:M

and f57) by (5.23), (5.24) and (5.25).

The performance comparison between selective-cooperation, SC (selection combination)
6], SLS (Square-Law Selection) [7] and SLC (Square-Law Combining) [7] is analyzed in the

next section.

5.4 Simulations Results

In this section, we compare selective-cooperation scheme with some current schemes
mentioned in section I via receiver operating characteristic (ROC) curves over both i.i.d
and in.d Rayleigh fading channels scenarios [6]. Besides, we also present the comparison
between selective-cooperation scheme with some current schemes over i.i.d Rayleigh fading

channels under the the condition that R-D link with AWGN at the end of this section.

Over i.i.d Rayleigh fading, without loss of generality, for simulation convenient, we assume
that the P-R link and the P-D link under AWGN channel with Rayleigh fading, the one-sided
bandwidth W is 1000Hz, the observation time 7" is 0.005s, the time bandwidth product q is
5, the number of links, including P-D and P-R, L is 6, the average SNR 7 of the P-R link,
pr, is 5dB and the average SNR 7 of the P-D link, 75, is 5dB. In the following figures, P,
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Py represent the probability of detection at the destination, the probability of false alarm at

the destination, respectively.

We first show the performance of SLS, SC, SLC and selective-cooperation schemes. Fig.
5.1 describes ROC curves (P, versus Py) for SC, SLC, SLS and selective-cooperation schemes
over i.i.d Rayleigh fading channels. For selective-cooperation scheme, the analytical results in
(5.10) matches well with the simulations, confirming the accuracy of the analysis. Selective-
cooperation performs much better than SLS, SLC, SC in low P; (from 0.05 to 0.5). For
SLC, it involves all relays in combination for destination final detection as its expression
shows ysrc = ZiLzl y; [7]. Thus, SLC may involve some relays with small received signals
y; affected severely by the fading channel. The weak received signals consequently affect the
destination final decision. On the other hand, selective-cooperation only involves relays with
high instantaneous SNR. For further comparison, we compare selective-cooperation with

SLS, SLC and SC under the variation of average SNR (¥pp, 7pp) and L, respectively.

1

09
0.8
|5 07
06 =of----- oA — — - Selection Combining i
/ : —+— Square-Law Combining
/ : @ Square-Law Selection
05 Hovsans - Proposed Simulated Selective-Cooperation -
' *  Proposed Analytical Selective-Cooperation in (5.10)
- ’ T ! ; . ! T !
0.4 i i i i | i i i i
0 0.1 02 0.3 04 0.5 06 0.7 08 0.9 1

Py

Figure 5.1: ROC curves for current schemes (SC [6], SLC [7], SLS [7]) and selective-
cooperation schemes in Rayleigh fading channels,¥pp = ¥pp = 5dB

We assume L = 6, Py = 0.1 and vary the average SNR (7pp,7pp) in ii.d channels

from 1dB to 15dB. As Fig. 5.2 shows, selective-cooperation performance is much better
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than SLS and SC when the average SNR in the range of 1dB to 11dB. We also notice that
SC outperforms SLS in the low average SNR (from 1dB to 5dB) and then performs slightly
worse than SLS when the average SNR is larger than 5dB. This is because SC picks the relay
with highest instantaneous SNR among P-R and P-D links, hence assuring the destination
in good performance [66] while the performance of SLS depends mainly on relay’s average
SNR of the P-R links [59] resulting in the poor performance of destination. Meanwhile,
selective-cooperation selects several relays with high instantaneous SNR among P-R links.

As the average SNR increases, each relay’s performance is improved.

[ Bl oo
0.8 p--nmmmmnes R :
FOT ool boomseien T R .
0.6 frmmmmmmenfoepfghnenans T ERGLCICCERTELEPREERS GG CLEILEEs :
—+— Selection Combining
—=— Square-Law Selection
L A —#— Proposed Selective-Cooperation ||
: —8— Square-Law Combining
0.4 i i
0 5 10 15
SHR(dB)

Figure 5.2: Selective-cooperation and current schemes (SC [6], SLC [7], SLS [7]) under the
variation of Jpp and ¥pp from 1dB to 15dB, L =6, Py = 0.1.

Then, we assume average SNR 7pp = ¥pp = 5dB, Py = 0.1 and vary L from 4 to 16.
Our scheme always surpass SLS and SC as Fig. 5.3 shows.

Through comparisons, we notice that SC and SLS have their own advantages: 1) SC
outperforms SLS when L and average SNR are small; 2) SLS gets its space diversity
advantage when L or average SNR is large enough. For our proposed scheme, it offers

both advantages mentioned above.
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Figure 5.3: Selective-cooperation and current schemes (SC [6], SLC [7], SLS [7]) under the

Now, we start to analyze schemes over i.n.d Rayleigh fading channels. Before further
analysis, let us look at SLS, SLC, SC and selective-cooperation over i.n.d Rayleigh fading
channels. We assume that L =6, ¥pp = 2dB, Jpps from 3dB to 7dB. As shown in Fig. 5.4,
the performance of selective-cooperation is better than other schemes since it always select

relays with high instantaneous SNR for destination detection.

From selective-cooperation scheme mechanism, we know that instantaneous SNR in P-
D link is a crucial parameter for relay selection. Thus, we focus on the analysis of each
scheme performance under the variation of 7, and assume L and Py are fixed. In Fig. 5.5
, selective cooperation probability of detection decreases when 7, and 7pp are close, i.e.
when 7pp = 5dB. When 7pp is much larger than 7pp, selective cooperation performance
goes well because it avoids collaboration from relays with low instantaneous SNR. Thus,
selective cooperation always perform better in low SNR condition than other schemes under

the variation of 7pp.

We have compared selective-cooperation scheme with some current schemes (SC, SLS and

SLC) via receiver operating characteristic (ROC) curves over i.i.d and i.n.d Rayleigh fading
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Figure 5.4: ROC curves for current schemes (SC [6], SLC [7], SLS [7]) and selective-
cooperation schemes in Rayleigh fading channels,7pp = 2dB, L = 6, Jpps in the whole P-R
links are arranged from 3dB to 7dB.
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channels. Now, we start to consider a more realistic scenario: destination is surrounded by
relays forming a cluster and each R-D link suffers from AWGN. Since R-D link is not ideal any
more, SC and selective-cooperation should consider each relay’s cascaded links represented by
the P-R link and R-D links. Thus, selective-cooperation scheme’s collaboration requirement
changes to SNR,,_,q > SNR,; while SC picking out the link with largest SNR among
SNR,_.q and SNR,;. Without loss of generality, for simulation convenient, we assume
that L = 6, Py = 0.2, the average SNR (7pr = 7pp = 5dB) in i.i.d channels. As Fig. 5.6

shows, selective-cooperation still offers the best among other schemes.
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Figure 5.6: Selective-cooperation and current schemes (SC [6], SLC [7], SLS [7]) under the

5.5 Conclusions

We proposed a selective-cooperation scheme to improve the performance of cooperative
sensing using order-statistics over both i.i.d and i.n.d, Rayleigh fading channels. The
probability of detection and false alarm of selective-cooperation are derived over both i.i.d

and i.n.d Rayleigh fading channels. These expressions match well with the simulation results.
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Our numerical results also reveal that selective-cooperation outperforms SC, SLS and SC in
three dimensions: 1) our scheme has better performance when P-R links have low average
SNR; 2) our scheme provides a significant improvement in the probability of detection while
requiring few relays to join the destination detection; 3) The proposed scheme is bandwidth

efficient for sharing the spectrum sensing data.
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Chapter 6

Conclusions and Future Work

This thesis is contributed to the performance analysis of cooperative spectrum sensing
schemes over both i.i.d and i.n.d Rayleigh fading channels. Two new schemes, multi-selective
scheme and selective scheme, have been proposed to improve cooperative spectrum sensing
performance and save bandwidth usage. This chapter summarizes of the main contributions

introduced in this thesis and introduces future research directions.

6.1 Conclusions

In Chapter 3, we have introduced and simulated the performance of the energy detection
technique over different fading channels. Next, the expressions of SC, SLC, SLS and N-out-
of-K rule over i.n.d Rayleigh fading channels have been introduced. Through simulations, we
notice that SC performs as well as SLS but worse than SLC. Also, OR rule from N-out-of-K

performs as the same as SLS but saves much bandwidth compared with SLS.

In chapter 4, we proposed multi-selective scheme in order to maximize SC performance.
Also, for saving bandwidth usage, we suggested our new scheme adopt N-out-of-K rule in
final decision and send 1-bit local decision. The probability of detection and false alarm of
multi-selective scheme are derived over both i.i.d and i.n.d Rayleigh fading channels. For

optimization of multi-selective scheme performance, optimal N-out-of-K rule and optimal
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number of selected nodes k are derived under both i.i.d and in.d scenario. Through
simulation and comparison, we notice that multi-selective scheme offers much improvement

compared with SC, SLS with less bandwidth requirements.

In chapter 5, selective-cooperation scheme is proposed. The probability of detection and
false alarm of selective scheme are derived over both i.i.d and i.n.d Rayleigh fading channels.
Compared with SLC, the performance of our selective-cooperation is much better over i.i.d
Rayleigh fading channels in different SNR conditions, and it needs less cooperative SUs to

achieve required accuracy of spectrum sensing.

6.2 Future Work

In this section, we will present some possible future research directions.

In Chapter 4 and 5, both multi-selective and selective schemes adopt local decision instead
of decision statistics (soft information) being by relays to the destination to save bandwidth.
However, applying local decisions at relays will cost extra energy. It is of interest to compare
the performance of the proposed schemes using data fusion concept with the one adopted
here for decision fusion. This comparison should show the trade-off study of bandwidth and

accuracy of detection.

In real cognitive network scenario, spectrum access management is a major challenge
for SUs competing for the channel. Thus, another future work is to integrate the
proposed combining schemes with spectrum access management and investigate the optimal

performance of these schemes.

66



Bibliography

67



Bibliography

1]

I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty, “NeXt generation dynamic
spectrum access cognitive radio wireless networks: a survey,” Computer Networks,

vol. 50, no. 13, pp. 2127-2159, 2006.

——, “A survey on spectrum management in cognitive radio networks,” Communica-

tions Magazine, IEEE, vol. 46, no. 4, pp. 40-48, 2008.

K. Ben Letaief and W. Zhang, “Cooperative communications for cognitive radio

networks,” Proceedings of the IEEFE, vol. 97, no. 5, pp. 878-893, 2009.

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

2007.

X. Hao, M. Cheung, V. Wong, and V. Leung, “Hedonic Coalition Formation Game
for Cooperative Spectrum Sensing and Channel Access in Cognitive Radio Networks,”

2012.

F. F. Digham, M.-S. Alouini, and M. K. Simon, “On the energy detection of unknown
signals over fading channels,” in Communications, 2003. ICC ’03. IEEE International
Conference on, vol. 5, 2003, pp. 3575-3579 vol.5.

——, “On the energy detection of unknown signals over fading channels,”

Communications, IEEE Transactions on, vol. 55, no. 1, pp. 21-24, 2007.

G. Wu, S. Talwar, K. Johnsson, N. Himayat, and K. D. Johnson, “M2M: From mobile
to embedded internet,” Communications Magazine, IEEE, vol. 49, no. 4, pp. 3643,
2011.

68



[9]

[10]

[11]

[15]

[16]

[17]

[18]

M. A. McHenry, “NSF spectrum occupancy measurements project summary,” Shared

Spectrum Company, 2005.

J. Mitola, “Cognitive Radio—An Integrated Agent Architecture for Software Defined
Radio,” 2000.

N. Hoven, R. Tandra, and A. Sahai, “Some fundamental limits on cognitive radio,”

Wireless Foundations EECS, Univ. of California, Berkeley, 2005.

P. D. Sutton, K. E. Nolan, and L. E. Doyle, “Cyclostationary Signatures in
Practical Cognitive Radio Applications,” IFEE JOURNAL ON SELECTED ARFEAS
IN COMMUNICATIONS, vol. 26, no. 1, p. 13, 2008.

H. Urkowitz, “Energy detection of unknown deterministic signals,” Proceedings of the

IEEE, vol. 55, no. 4, pp. 523-531, 1967.

S. Atapattu, C. Tellambura, and H. Jiang, “Energy detection based cooperative
spectrum sensing in cognitive radio networks,” Wireless Communications, IEEE

Transactions on, vol. 10, no. 4, pp. 1232-1241, 2011.

F. Sun, E. De Carvalho, P. Popovski, and C. D. T. Thai, “Coordinated Direct and Relay

2

Transmission with Linear Non-Regenerative Relay Beamforming,” Signal Processing

Letters, IEEFE, vol. 19, no. 10, pp. 680-683, 2012.

F. Sun, P. Popovski, C. D. T. Thai, and E. De Carvalho, “Sum-rate maximization of
coordinated direct and relay systems,” in European Wireless, 2012. EW. 18th FEuropean
Wireless Conference. VDE, 2012, pp. 1-7.

W. Zhang and K. Letaief, “Cooperative spectrum sensing with transmit and relay
diversity in cognitive radio networks-[transaction letters],” Wireless Communications,

IEEFE Transactions on, vol. 7, no. 12, pp. 4761-4766, 2008.

B. Wang, K. J. R. Liu, and T. C. Clancy, “Evolutionary cooperative spectrum sensing
game: how to collaborate?” Communications, IEEE Transactions on, vol. 58, no. 3,

pp. 890-900, 2010.

69



[19]

[20]

22]

23]

[24]

[25]

D. Duan, L. Yang, and J. C. Principe, “Cooperative diversity of spectrum sensing for
cognitive radio systems,” Signal Processing, IEEE Transactions on, vol. 58, no. 6, pp.

3218-3227, 2010.

Z. Li, F. R. Yu, and M. Huang, “A distributed consensus-based cooperative spectrum-
sensing scheme in cognitive radios,” Vehicular Technology, IEEE Transactions on,

vol. 59, no. 1, pp. 383-393, 2010.

G. Ganesan and L. Ye, “Cooperative spectrum sensing in cognitive radio, part II:

2

Multiuser networks,

pp. 2214-2222. 2007.

Wireless Communications, IEEE Transactions on, vol. 6, no. 6,

J. Lundén, V. Koivunen, A. Huttunen, and H. V. Poor, “Collaborative cyclostationary
spectrum sensing for cognitive radio systems,” Signal Processing, IEEE Transactions

on, vol. 57, no. 11, pp. 4182-4195, 2009.

R. Fan and H. Jiang, “Optimal multi-channel cooperative sensing in cognitive radio

9

networks,” Wireless Communications, IEEE Transactions on, vol. 9, no. 3, pp. 1128—

1138, 2010.

W. Zhang, R. Mallik, and K. Letaief, “Optimization of cooperative spectrum sensing
with energy detection in cognitive radio networks,” Wireless Communications, IEEE

Transactions on, vol. 8 no. 12, pp. 5761-5766, 2009.

S. Nallagonda, S. Dhar Roy, S. Kundu, G. Ferrari, and R. Raheli, “Performance of
MRC fusion-based cooperative spectrum sensing with censoring of cognitive radios

in rayleigh fading channels,” in Wireless Communications and Mobile Computing

Conference (IWCMC), 2013 9th International, 2013, pp. 30-35.

O. Olabiyi and A. Annamalai, “Closed-form evaluation of area under the ROC of
cooperative relay-based energy detection in cognitive radio networks,” in Computing,
Networking and Communications (ICNC), 2012 International Conference on, 2012, pp.
1103-1107.

70



[27]

28]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

O. Olabiyi, S. Alam, O. Odejide, and A. Annamalai, “Further results on the
energy detection of unknown deterministic signals over generalized fading channel,”

in GLOBECOM Workshops (GC Wkshps), 2011 IEEE, 2011, pp. 908-912.

A. Rao and M.-S. Alouini, “Performance of Cooperative Spectrum Sensing over Non-

7

Identical Fading Environments,” Communications, IEEE Transactions on, vol. 59,

no. 12, pp. 3249-3253, 2011.

——, “Cooperative Spectrum Sensing over Non-Identical Nakagami Fading Channels,”

in Vehicular Technology Conference (VI'C Spring), 2011 IEEE 73rd, 2011, pp. 1-4.

S. Rostami, K. Arshad, and K. Moessner, “Order-Statistic Based Spectrum Sensing for
Cognitive Radio,” Communications Letters, IEEFE, vol. 16, no. 5, pp. 592-595, 2012.

A. W. Azim, S. S. Khalid, and S. Abrar, “Statistical Spectrum Sensing in Cognitive
Radio,” in Frontiers of Information Technology (FIT), 2012 10th International
Conference on, 2012, pp. 145-152.

H.-K. Chang, J.-C. Lin, and M.-L. Ku, “Sequential spectrum sensing based on higher-
order statistics for cognitive radios,” in Communications and Information Technology

(ICCIT), 2012 International Conference on, 2012, pp. 413-417.

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

i Communications, IEEE Journal on, vol. 23, no. 2, pp. 201-220, 2005.

E. Hossain, D. Niyato, and Z. Han, Dynamic spectrum access and management in

cognitive radio networks. Cambridge University Press, 2009.

D. Cabric, S. M. Mishra, and R. W. Brodersen, “Implementation issues in spectrum
sensing for cognitive radios,” in Signals, systems and computers, 2004. Conference record

of the thirty-eighth Asilomar conference on, vol. 1. ITEEE, 2004, pp. 772-776.

C.-X. Wang, X. Hong, H.-H. Chen, and J. Thompson, “On capacity of cognitive radio
networks with average interference power constraints,” Wireless Communications, IEEE

Transactions on, vol. 8, no. 4, pp. 1620-1625, 2009.

71



[37]

[38]

[41]

[42]

[43]

[44]

[45]

[46]

F. C. Commission and Others, “FCC, ET Docket No 03-222 Notice of proposed rule
making and order,” Tech. Rep., December, Tech. Rep., 2003.

T. Yucek and H. Arslan, “A survey of spectrum sensing algorithms for cognitive radio
applications,” Communications Surveys € Tutorials, IEEF, vol. 11, no. 1, pp. 116-130,
2009.

J. G. Proakis, “Digital Communications (ISE),” 2001.

A. A. D’Amico, U. Mengali, and E. Arias-de Reyna, “Energy-detection UWB receivers

7

with multiple energy measurements,” Wireless Communications, IEEE Transactions

on, vol. 6, no. 7, pp. 2652-2659, 2007.

V. 1. Kostylev, “Energy detection of a signal with random amplitude,” in
Communications, 2002. ICC 2002. IEEE International Conference on, vol. 3. IEEE,
2002, pp. 1606-1610.

S. Atapattu, C. Tellambura, and H. Jiang, “Analysis of area under the ROC curve of
energy detection,” Wireless Communications, IEEE Transactions on, vol. 9, no. 3, pp.

1216-1225, 2010.

A. Ghasemi and E. S. Sousa, “Collaborative spectrum sensing for opportunistic access
in fading environments,” in New Frontiers in Dynamic Spectrum Access Networks, 2005.
DySPAN 2005. 2005 First IEEE International Symposium on. TEEE, 2005, pp. 131—
136.

C.-X. Wang, H.-H. Chen, X. Hong, and M. Guizani, “Cognitive radio network
management,” Vehicular Technology Magazine, IEEFE, vol. 3, no. 1, pp. 28-35, 2008.

Y. Zeng, Y.-C. Liang, A. T. Hoang, and R. Zhang, “A review on spectrum sensing for
cognitive radio: challenges and solutions,” FURASIP Journal on Advances in Signal

Processing, vol. 2010, p. 2, 2010.

F. Sun and E. De Carvalho, “Degrees of freedom of asymmetrical multi-way relay
networks,” in Signal Processing Advances in Wireless Communications (SPAWC), 2011
IEEE 12th International Workshop on. ITEEE, 2011, pp. 531-535.

72



[47]

[49]

[50]

[51]

[52]

[53]

[54]

F. Sun, T. M. Kim, A. Paulraj, E. De Carvalho, and P. Popovski, “Cell-edge multi-user
relaying with overhearing,” IEEE Communications Letters, vol. 17, no. 6, pp. 1160—
1163, 2013.

S. Nallagonda, S. D. Roy, and S. Kundu, “Performance of cooperative spectrum sensing
with censoring of cognitive radios in Rayleigh fading channel,” in India Conference

(INDICON), 2011 Annual IEEE, 2011, pp. 1-5.

M. K. Simon and M.-S. Alouini, Digital communication over fading channels. Wiley.

com, 2005, vol. 95.

I. F. Akyildiz, B. F. Lo, and R. Balakrishnan, “Cooperative spectrum sensing in
cognitive radio networks: A survey,” Physical Communication, vol. 4, no. 1, pp. 40—

62, 2011.

W. Saad, Z. Han, M. Debbah, A. Hjorungnes, and T. Basar, “Coalitional games for
distributed collaborative spectrum sensing in cognitive radio networks,” in INFOCOM

2009, IEEE. 1EEE, 2009, pp. 2114-2122.

A. Jeffrey and D. Zwillinger, Table of integrals, series, and products. Access Online

via Elsevier, 2007.

A. Nuttall, “Some integrals involving the Q-function,” Information Theory, IEEE
Transactions on, vol. 21, no. 1, pp. 95-96, 1975.

D. Shnidman, “Efficient evaluation of probabilities of detection and the generalized Q-
function (Corresp.),” Information Theory, IEEE Transactions on, vol. 22, no. 6, pp.

746751, 1976.
H. Sun, “Collaborative spectrum sensing in cognitive radio networks,” 2011.

W. McGee, “Another recursive method of computing the Q function (Corresp.),”
Information Theory, IEEE Transactions on, vol. 16, no. 4, pp. 500-501, 1970.

P. Cantrell and A. Ojha, “Comparison of generalized Q-function algorithms (Corresp.),”
Information Theory, IEEE Transactions on, vol. 33, no. 4, pp. 591-596, 1987.

73



[58]

[59]

[60]

[61]

[65]

[66]

J. Zhou, Y. Shen, and Y. Tang, “Performance analysis of energy detection over
composite Rayleigh and shadowed fading channels,” FElectronics letters, vol. 48, no. 20,

pp. 1309-1311, 2012.

E. A. Neasmith and N. C. Beaulieu, “New results on selection diversity,”

Commumnications, IEEE Transactions on, vol. 46, no. 5, pp. 695-704, 1998.

Y. Liu, D. Yuan, M. Jiang, W. Fan, G. Jin, and F. Li, “Analysis of Square-Law
Combining for Cognitive Radios over Nakagami Chananels,” pp. 0-3, 2009.

R. Kwan and C. Leung, “General Order Selection Combining for Non-Identically
Distributed Nakagami and Weibull Fading Channels,” vol. 00, no. ¢, pp. 1509-1514,
2006.

A. Papoulis, “Probability, Random Variables, and Stochastic Processes,” 1991.
H. A. David and H. N. Nagaraja, Order statistics. Wiley Online Library, 1970.

R. Kwan and C. Leung, “General order selection combining for Nakagami and Weibull

7

fading channels,” Wireless Communications, IEEE Transactions on, vol. 6, no. 6, pp.

2027-2032, 2007.

N. Balakrishnan, “Permanents , Order Statistics , Outliers , and Robustness,” Reuvista

matemdtica complutense, vol. 20, no. 1, pp. 7-107, 2007.

A. H. Nuttall, “Some integrals involving the function (Corresp.),” Information Theory,

IEEFE Transactions on, vol. 21, no. 1, pp. 95-96, 1975.

74



	Front Matter
	Table of Contents
	List of Figures
	Nomenclature
	1 Introduction
	1.1 Motivation
	1.2 Objectives and Contributions
	1.2.1 Objectives
	1.2.2 Key Contributions

	1.3 Thesis Outline

	2 Literature Review
	2.1 Cognitive Radio
	2.2 Spectrum Sensing Techniques
	2.2.1 Classical Spectrum Sensing
	2.2.2 Cooperative Spectrum Sensing


	3 Cooperative Spectrum Sensing
	3.1 Basic Energy Detection System
	3.2 Energy Detection Performance
	3.2.1 Rayleigh Fading Channels
	3.2.2 Nakagami Fading Channels
	3.2.3 Rician Fading Channels
	3.2.4 Shadowed Fading Channels
	3.2.5 Simulation Results

	3.3 Cooperative Spectrum Sensing
	3.3.1 N-out-of-K Rule
	3.3.2 Square-Law Selection
	3.3.3 Square-Law Combining
	3.3.4 Selection Combining
	3.3.5 Simulations and Conclusions


	4 Multi-Selective Cooperation
	4.1 Bandwidth Usage for Sharing the Spectrum Sensing Data
	4.2 Probability of False Alarm and Detection
	4.2.1 Probability of False Alarm
	4.2.2 i.i.d Rayleigh Fading Channels
	4.2.3 i.n.d Rayleigh Fading Channels

	4.3 Performance Results
	4.4 Optimization of Multi-Selective Scheme over i.i.d and i.n.d Channels
	4.4.1 Decision Rule
	4.4.2 Optimal Number of Selected Links (K)

	4.5 Conclusions

	5 Selective-Cooperation Scheme
	5.1 Bandwidth Usage for Sharing the Spectrum Sensing Data
	5.2 Probability of False Alarm
	5.3 Probability of Detection
	5.3.1 i.i.d Rayleigh Fading Channels
	5.3.2 i.n.d Rayleigh Fading Channels

	5.4 Simulations Results
	5.5 Conclusions

	6 Conclusions and Future Work
	6.1 Conclusions
	6.2 Future Work

	Bibliography

