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ABSTRACT

Relay Selection and Resource Allocation in One-Way and

Two-Way Cognitive Relay Networks

Ahmad Mustafa Alsharoa

In this work, the problem of relay selection and resource power allocation in one-

way and two-way cognitive relay networks using half duplex channels with di↵erent

relaying protocols is investigated. Optimization problems for both single and mul-

tiple relay selection that maximize the sum rate of the secondary network without

degrading the quality of service of the primary network by respecting a tolerated

interference threshold were formulated. Single relay selection and optimal power al-

location for two-way relaying cognitive radio networks using decode-and-forward and

amplify-and-forward protocols were studied. Dual decomposition and subgradient

methods were used to find the optimal power allocation. The transmission process

to exchange two di↵erent messages between two transceivers for two-way relaying

technique takes place in two time slots. In the first slot, the transceivers transmit

their signals simultaneously to the relay. Then, during the second slot the relay

broadcasts its signal to the terminals. Moreover, improvement of both spectral and

energy e�ciency can be achieved compared with the one-way relaying technique. As

an extension, a multiple relay selection for both one-way and two-way relaying under

cognitive radio scenario using amplify-and-forward were discussed. A strong opti-

mization tool based on genetic and iterative algorithms was employed to solve the
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formulated optimization problems for both single and multiple relay selection, where

discrete relay power levels were considered. Simulation results show that the practical

and low-complexity heuristic approaches achieve almost the same performance of the

optimal relay selection schemes either with discrete or continuous power distributions

while providing a considerable saving in terms of computational complexity.
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Chapter 1

Introduction

1.1 Cognitive Radio and Cooperative Communi-

cation

1.1.1 Cognitive Radio

Cognitive Radio (CR) was introduced as one of the promising solutions for more

e�cient spectrum utilization in wireless communication. CR can be grouped into

two main categories; spectrum sharing and spectrum sensing. CR spectrum sharing

allows Secondary Users (SUs) known also as unlicensed users to access the frequency

band allocated by Primary Users (PUs) known also as licensed users simultaneously.

As such and in order to protect the PUs, several works suggest that the sum of the

interference power due to the Secondary Network (SN) should be kept below a certain

tolerance called the interference temperature limit. Conversely, CR spectrum sensing

tries to detect unused spectrum and utilizing it. More specifically, the SUs carry out

their data if Primary Network (PN) is idle, otherwise they choose to remain silent.

This thesis focuses on CR spectrum sharing.
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1.1.2 Cooperative Communication

Relay transmission can be seen as a cooperative communication in which a relay

helps to exchange information between terminals. The performance of cooperative

communication is greatly a↵ected by the relaying strategies, which include the relay

protocols and relay types. Two widely relay protocols are used in practice; namely

Amplify-and-Forward (AF) protocol, which amplifies the received signal first, then

broadcast it to the destination and Decode-and-Forward (DF) protocol, which decodes

the received signal to remove the noise before transmitting a clean copy of the original

signal to the destination.

Cooperative communication has recently attracted the attention in wireless com-

munication network community. Improvements in both the data rate and the reli-

ability of wireless networks can be achieved by having communication nodes in the

network help each others in communication tasks. Exchanging di↵erent messages

between two terminals in cooperative communication may be grouped into two main

categories, unidirectional transmission and bidirectional transmission. For instance,

unidirectional transmission known also as One-Way Relaying (OWR) takes place in

four time slots to accomplish the transmission of di↵erent messages. In first phase,

the first terminal transmits its message to the relay. Then, in the second phase, the

relay transmits the message to the second terminal. Therefore, the second terminal

tries to decode the message of the first terminal. Similarly, the first terminal extracts

the second message within additional two time slots. While, in conventional bidi-

rectional transmission known also as Two-Way Relaying (TWR), the transmission

process takes place in two time slots only. In the first time slot, the terminals trans-

mit their di↵erent messages simultaneously to the relay. Then, in the second slot,

the relay broadcasts a combined message to the terminals. Each terminal can extract

the other message by employing the side information principle at the terminals. The

transmission process for OWR and TWR is described in Fig.1.1.
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Figure 1.1 Cooperative communication schemes for, (a) OWR, (b) TWR

1.2 Motivation of the Study

During the last decade, a light on improving both the spectrum usage and the data

rate has been shed by wireless communications researchers in both academic cen-

ters and industrial companies. Several smart schemes have been discussed recently

as multi-input multi-output, cognitive radio, cooperative communication, etc. The

researcher ideas have centered around incorporating two or more of these schemes

together to solve the spectral limitation and high data rate demand problems.

Indeed, CR and cooperative communication provide smart solutions towards a

more e�cient usage of the frequency band and data rate which combine the bene-

fits of the CR systems with the relay techniques. It is expected to o↵er significant

performance improvements of the system performance. However, using all relays in

cooperative communication CR systems may not be a viable because the sum of in-

terferences due the SN may a↵ect the Quality of Service (QoS) of the PN. This thesis

discusses the problem of maximizing the secondary sum rate for single and multiple

relay selection using both OWR and TWR transmission under CR scenario.
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1.3 Thesis Scope and Contributions

TWR schemes facilitate many advantages compared with OWR schemes in terms of

achieving sum rate performance and low energy consumptions. In the last few years,

few papers have tackled the cooperative communication CR networks using TWR

transmission technique. This work aims to investigate the single and multiple relay

selection in TWR-CR networks in order to maximize the secondary sum rate without

degrading the QoS of the PN. In addition, a comparison between TWR-CR technique

and OWR-CR technique is discussed.

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

Single Relay Selection

Formulate a new relay selection scheme in TWR-CR system which selects be-

tween the AF and DF protocols depending on the higher sum rate achieved by

the SN without a↵ecting the QoS of the PN. For that reason, additional inter-

ference constraints are considered in the optimization problem for both time

slots.

Derive of the optimal transmits power and relay power that maximize the sec-

ondary sum rate of the system.

Employ dual decomposition and subgradient methods for both AF and DF

protocols in order to solve the sum rate maximization problem and select the

best relay with the best technique.

Design a practical low-complexity suboptimal approach to solve the formulated

optimization problem, and compare it with the optimal and Exhaustive Search

(ES) solutions.

Multiple Relay Selection
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Formulate of an optimization problem to maximize the secondary sum rate of a

TWR-CR and OWR-CR network with AF protocol by taking into account the

power budget of the system and the interference level tolerated by the PN.

Design practical low-complexity with heuristic approaches based on Iterative

Algorithm (IA) and Genetic Algorithm (GA) to solve the formulated optimiza-

tion problem.

Analyze the impact of some IA and GA parameters on the system performance

and compare the performance of the proposed IA with GA.

Compare the performance of the proposed algorithms with the performance of

the optimal and ES solutions in addition to the performance of the single relay

selection scheme.

1.4 Literature Review

The first idea of CR was proposed by Joseph Mitola and Gerald Q. Maguire Jr in in

late 1990s [1,2]. This novel approach of using an intelligent wireless system paved the

way for future research in wireless communication towards a more e�cient usage of

the radio spectrum [3,4]. In [5], the authors derived the optimal power allocation for

SN under spectrum sharing scenario as illustrated in Fig.1.2. The interference and

transmit power constraints were considered for either a peak or an average constraint.

CR has broad impact on various application sectors such as military, public safety,

and commercial communications [6–8]

Relay techniques increase the overall system throughput and extend the coverage

area of the networks. Also, with relays there is a considerable reduction in trans-

mission powers which reduce the interference to neighbor networks. In addition to

that, in some cases, there is no direct link between terminals, therefore, using relays
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Figure 1.2 Cognitive radio spectrum sharing scheme

is considered one of the e�cient ways to maintain the communication link between

the terminals [9]. Furthermore, cooperative communication has been actively con-

sidered in the standardization process of new generation mobile systems, such as

IEEE 802.16j Worldwide Interoperability for Microwave Access (WiMAX) and LTE-

Advanced [10–12]. In order to improve the spectral e�ciency, there has been recently

a great deal of interest in TWR transmission [13]. The authors in [14] proposed

a useful framework to solve the optimal power allocation problem for TWR trans-

mission. Their work showed that the TWR provides an improvement of spectral

e�ciency compared with OWR transmission. While in [15], the authors show analyt-

ically and via simulation that TWR transmission outperforms OWR transmission in

terms of energy e�ciency. Moreover, the work presented by Chen et. al in [16] deals

with multi access TWR transmission case for di↵erent relaying protocols. As a hot

research topic with great application potential, TWR transmission has been stud-

ied in many applications including, satellite communications, WiMAX, and mobile

communications,etc [17, 18].

The work presented by Xu et. al in [19] proposes to employ GA [20] for relay

selection problem in OWR using AF protocol in order to maximize the Signal-to-

Noise Ratio (SNR) at the receiver. This work deals with non cognitive case and
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considers only peak power constraints. Several studies have been proposed to analyze

CR with relay selection which combine the benefits of CR and the relay selection

techniques to improve the spectrum usage and provide high secondary data rate

[21–25]. For instance, the work presented by Li et. al in [21] investigates the joint

single relay selection problem to find the optimal power allocation. It also proposes

a low-complexity approach to maximize the system throughput. In [23–25], heuristic

multiple relay selection algorithms for OWR-CR network are investigated. More

specifically, the works in [23] and [24] investigate the single PU case while in [25] the

authors deal with multiple PUs case.

In [26], the work deals with joint single relay selection TWR-CR network using

AF protocol in the high SNR regime. The best relay selection in TWR-CR networks

depends essentially on two factors, end to end channel conditions, and the presence of

the PN according to the interference constraints. Few papers investigate the problem

of relay selection in TWR-CR networks. It is believed that we can do more in this

area of research.

With all of the above mentioned research to improve spectrum e�ciency and data

rate, there are major drawbacks in the literature. Most of the reported works in

cooperative communication selection under CR scenario deal with OWR transmis-

sion. In order to achieve better secondary sum rate, this thesis focuses on TWR

transmission under CR scenario. In addition, the multiple relay selection problem

in TWR-CR networks has not been discussed so far as it is the case for OWR-CR

networks. Furthermore, instead of using AF for single relay selection in TWR-CR,

one idea is study the selection between relaying protocols which allows the switching

between AF and DF protocols depending on the better performance without a↵ected

the QoS of the PN. This gives more flexibility to achieve a high data rate. Moreover,

the optimal solution for cooperative communication under CR scenario sometimes

is di�cult to solve due to its high computational complexity. Therefore, in order to
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solve the problem e�ciently, this thesis proposes low-complexity suboptimal solutions

for both single and multiple relay selection. Finally, in all published low-complexity

approaches, instead of activating the relay with full power or keep silent (i.e., ON-

OFF mode, where a node can either cooperates with its maximum power or does

not cooperate at all), one approach is introducing discrete power levels to o↵er more

degrees of freedom to the system. In fact, each cognitive node is assumed to operate

with one of the available power levels (i.e., from zero to the maximum available power

budget).

1.5 Thesis Organization

Chapter 2 investigates the system model and system notations used in this thesis.

Chapter 3 of the thesis studies the problem of optimal resource power allocation and

single relay selection for TWR-CR networks using half duplex AF and DF protocols.

A suboptimal approach based on the GA is also presented to solve the problem.

Chapter 4 studies the multiple relay selection scheme for OWR-CR and TWR-CR

networks. Due to a high complexity to find the optimal solution, practical low-

complexity heuristic approaches are proposed to solve our formulated optimization

problem. These proposed approaches deal with a discrete number of power levels

from zero to the peak relay power. This method is considered as a generalization of

the ON-OFF mode where relays can either transmit or keep silent. This chapter can

be divided into two main parts using IA and GA.

Chapter 5 concludes this thesis and discusses potential future work.
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Chapter 2

System Model

This chapter introduces the channel models which will be discussed in the thesis.

These models include the OWR-CR channels and TWR-CR channels for single and

multiple relay selection problem. Moreover, we introduce the notations used in this

thesis. We also discuss the interference constraint imposed on the SN to keep good

QoS for the PN.

We consider a cognitive system consisting of one PU and a SN. The SN is consti-

tuted of two cognitive transceiver terminals T1 and T2 and L single antenna cognitive

relays. A Non-Line of Sight (NLOS) link between T1 and T2 is considered. Also, Half

duplex channel case is considered. It is assumed that the PU and SU’s utilize the

spectrum at the same time. As such and in order to protect the PU, the received

interference power due the secondary nodes should be below a specific interference

threshold denoted Ith. Without loss of generality, all the noise variances are assumed

to be equal to �2
n.

Let us define R, P̄1, P̄2, P̄r, h1ri , h2ri , hrip, h1p, and h2p as achievable secondary sum

rate, peak power at the first transceiver, peak power at the second transceiver, peak

power at each relay, the channel gain between T1 and the ith relay, the channel gain

between T2 and the ith relay, the channel gain between the ith relay and the PU,

the channel gain between T1 and the PU, and the channel gain between T2 and the
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PU, respectively. All channel gains adopted in our framework are assumed to be

Rayleigh fading channel gains and over the coherence time. All channel gains for

the network can be adopted by assuming channel reciprocity and classical channel

estimation approaches [27]. We denote x1 and x2 as the signals transmitted by T1

and T2, respectively. It is assumed that E (|x1|2) = E (|x2|2) = 1, where E (·) denotes

the expectation operator.

Exchanging di↵erent signals (i.e., x1 and x2) between two transceivers T1 and

T2 in cooperative communication under CR scenario may be grouped into two main

categories; OWR-CR and TWR-CR networks.

2.1 One-Way Relaying Cognitive Radio Networks

Fig.2.1 illustrates a system model of relay selection for OWR-CR networks. During

the first time slot, T1 transmits x1 to the relays with a power denoted P1. Then, in

the second time slot, the selected relays broadcast their signals to T2 with a power

denoted Pri , 8i = 1, .., L. Hence, T2 tries to extract x1. During the third time slot,

T2 transmits x2 to the relays with a power denoted P2. Finally, in the fourth time

slot, the selected relays broadcast their signals to T2 with the same power Pri used in

the second time slot. Hence, T2 tries to extract x1.

In this type of relaying, the interference constraints in the first time slot to the

fourth time slot can be given as

P1|h1p|2  Ith, (2.1)

L
X

i=1

✏iPri |hrip|2  Ith, (2.2)

P2|h2p|2  Ith, (2.3)
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L
X

i=1

✏iPri |hrip|2  Ith, (2.4)

respectively, where ✏i is a binary variable denoting whether the ith relay is active or

not and it is given by

✏i =

8

>

<

>

:

1, if the ith relay is selected.

0, otherwise.
(2.5)

R1

RL

Ri

PUh1p

h1r1 h2r1

h1ri h2ri

h1rL
h2rL

h2p

hrip

T1 T2

First time slot
Second time slot
Interference to PU from terminals

Third time slot
Fourth time slot
Interference to PU from relays

Figure 2.1 System model of the cooperative OWR-CR networks.

2.2 Two-Way Relaying Cognitive Radio Networks

Fig.2.2 illustrates a system model of relay selection for TWR-CR networks. During

the first time slot, known also as the Multiple Access Channel (MAC) phase, T1 and

T2 transmit their signals to the relays simultaneously, with a power denoted P1, and

P2, respectively. In the second time slot, known also as the Broadcast Channel (BC)
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phase, the selected relay i transmits its signal to the terminals, with a power denoted

Pri .

In this type of relaying, the interference constraints in the first and second time

slot can be given as

P1|h1p|2 + P2|h2p|2  Ith, (2.6)

L
X

i=1

✏iPri |hrip|2  Ith, (2.7)

respectively.

R1

RL

Ri

PUh1p

h1r1 h2r1

h1ri h2ri

h1rL
h2rL

h2p

hrip

T1 T2

Multiple Access Channel phase (MAC)
Broadcast Channel phase (BC)

Interference to PU from terminals
Interference to PU from relays

Figure 2.2 System model of the cooperative TWR-CR networks.

In the case of single relay selection for both OWR-CR and TWR-CR networks, if

the kth relay is selected. Then, ✏k = 1, where 1  k  L, otherwise ✏i = 0, for i 6= k,

8i = 1, ..., L.
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Chapter 3

Single Relay Selection

3.1 Introduction

In this chapter, the best relay selection scheme for TWR-CR networks with half

duplex case and channel reciprocity is investigated. Moreover, switching between AF

and DF protocols depending on higher sum rate is presented. The simulation results

in this chapter show that in our TWR-CR scheme at high SNR the DF protocol

becomes as a bottleneck in the first phase, so higher sum rate can be achieved by

using the AF protocol. On the other hand, for low SNR, the relay with the DF

protocol achieves higher sum rate. Finally, a suboptimal approach based on GA is

designed to solve the single relay selection problem. Selected simulation results show

that the proposed suboptimal approach o↵ers a performance close to the performance

of the optimal solution with a considerable complexity saving.
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3.2 Single Relay Selection and Problem Formula-

tion

The secondary sum rate maximization optimization problem of TWR-CR single relay

selection can be formulated as1

i⇤ = argmax
i2{1:L}

max
P1,P2,Pri

R, (3.1)

s.t 0  P1  P̄1, (3.2)

0  P2  P̄2, (3.3)

0  Pri  P̄r, 8i = 1, ..., L, (3.4)

h

f3P1 + f4P2

i

 Ith, (3.5)

f5Pri  Ith, 8i = 1, ..., L, (3.6)

R 2 RDF , RAF (3.7)

where RDF and RAF denote as the achievable secondary sum rate for the DF protocol

and the achievable secondary sum rate for the AF protocol, respectively. All the

channels coe�cients are given in Table 3.1. In the first time slot, the received signal

at the ith relay is given by

yri =
p

P1h1rix1 +
p

P2h2rix2 + nri , (3.8)

where nri is the additive Gaussian noise at the ith relay.

1For simplicity and uniformity we use the mathematical notations depicted in Table 3.1.
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Table 3.1: Channels Symbol Notations

Symbol Notation Complex Channel Gain between

f1 |h1ri |2 T1 and ith relay
f2 |h2ri |2 T2 and ith relay
f3 |h1p|2 T1 and PU
f4 |h2p|2 T2 and PU
f5 |hrip|2 ith relay and PU

3.2.1 Amplify and Forward Protocol

In this protocol, the relay amplifies the received signal by wi. Then, broadcasts it to

the terminals. Therefore, the received signals at the terminals can be expressed as

y1 = h1riwiyri + n1 = wi

p

P1h1rih1rix1
| {z }

Self Interference

+wi

p

P2h2rih1rix2 + wih1rinri + n1, (3.9)

y2 = h2riwiyrin2 = wi

p

P1h1rih2rix1 + wi

p

P2h2rih2rix2
| {z }

Self Interference

+wih2rinri + n2, (3.10)

where n1 and n2 are the additive Gaussian noise at the terminals. By using the

perfect knowledge of the Channel State Information (CSI) and channel reciprocity,

the terminals can remove the self interference by eliminating their own signals. Thus,

the SNR at the first and second terminal are given by

�1 =
P2|wi|2f1f2

�2
n(|wi|2f1 + 1)

, (3.11)

�2 =
P1|wi|2f1f2

�2
n(|wi|2f2 + 1)

, (3.12)

respectively. The relay power of the ith relay node can be expressed as

Pri = E(|wiyri |2) = (P1f1 + P2f2 + �2
n)|wi|2. (3.13)
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From equation (3.13), the value of |wi|2 can be expressed as

|wi|2 =
Pri

Pf1 + Pf2 + �2
n

· (3.14)

By substituting the value of |wi|2 into (3.11) and (3.12), the SNRs become

�1 =
P2Prif1f2

�2
n(Prif2 + P1f1 + P2f2 + �2

n)
, (3.15)

�2 =
P1Prif1f2

�2
n(Prif1 + P1f1 + P2f2 + �2

n)
. (3.16)

The achieved sum rate for AF protocol of TWR can be written as

RAF =
1

2
log2(1 + �1) +

1

2
log2(1 + �2). (3.17)

Due to the non-convexity of the formula in AF protocol, a convex approximation

when the system operates at high SNR region is presented [26]:

RAF ⇡ 1

2
log2(�1) +

1

2
log2(�2). (3.18)

The sum rate maximization optimization problem of TWR-CR single relay selection

using AF protocol can now be formulated as

i⇤ = argmax
i2{1:L}

max
P1,P2,Pri

RAF , (3.19)

s.t (3.2), (3.3), (3.4), (3.5), (3.6). (3.20)

In order to simplify the formulated optimization problem, we solve it time slot

per time slot. During the BC phase, the power allocation at the ith relay depends

essentially on two constraints: the peak power constraint (3.4) and the interference



29

constraint (3.6). For this reason, the optimal relay power can be expressed as

P ⇤
ri = min

✓

P̄r,
Ith
f5

◆

, 8i = 1, ..., L. (3.21)

The optimization problem during the MAC phase is therefore given by

i⇤ = argmax
i2{1:L}

max
P1,P2

RAF (P
⇤
ri), (3.22)

s.t (3.2), (3.3), (3.5). (3.23)

Due the fact that the logarithmic function is a monotonically increasing function of

its arguments, the Lagrangian of the optimization problem in the MAC phase can be

written as

LAF = �1.�2 � �T1(P1 � P̄1)� �T2(P2 � P̄2)� �1(f3P1 + f4P2 � Ith), (3.24)

where �T1 ,�T2 , and �1 represent the Lagrangian multipliers related to the peak power

at the first terminal, peak power at the second terminal, and interference constraint

in the first time slot, respectively. By applying the Karush-Kuhn-Tucker (KKT)

optimality conditions [28], we obtain

@LAF

P1
= 0 and

@LAF

P2
= 0. (3.25)

Direct calculation yields

P ⇤
1 =

s

✓

�4
nA

�4
nf

2
2 +

�

�T1 + �1f3
�

P2P ⇤2
ri f

2
1 f

2
2

◆+

(3.26)
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P ⇤
2 =

s

✓

�4
nB

�4
nf

2
1 +

�

�T2 + �1f4
�

P1P ⇤2
ri f

2
1 f

2
2

◆+

(3.27)

where A = P ⇤2
R,mf2f1+P ⇤

R,m(f2�
2
n+f1�

2
n)+P 2

CBf
2
1+PCB(2f1�2

n)+P ⇤
R,mPCB(f2f1+f 2

1 )+

�4
n, B = P ⇤2

R,mf2f1+P ⇤
R,m(f2�

2
n+ f1�

2
n)+P 2

Sf
2
2 +PS(2f2�2

n)+P ⇤
R,mPS(f2f1+ f 2

2 )+�4
n,

and (x)+ denotes the maximum between x and zero.

3.2.2 Decode and Forward Protocol

Prior works in the literature have studied the sum rate for TWR with DF protocol

[14, 29, 30]. The max sum rate of the DF protocol can be expressed as

RDF =
1

2
min

h

min{R1, R3}+min{R2, R4}, R5

i

, (3.28)

where R1 = log2

⇣

1 + P1f1
�2
n

⌘

and R2 = log2

⇣

1 + P2f2
�2
n

⌘

denote the rate from T1 and

T2 to the relay in the first time slot, respectively. While R3 = log2

⇣

1 + PRf2
�2
n

⌘

and

R4 = log2

⇣

1 + PRf1
�2
n

⌘

denote the rate from the relay to T1 and to T2 in the second

time slot, respectively. In (3.28), R5 = log2

⇣

1+ P2f2+P1f1
�2
n

⌘

denotes the max sum rate

can be achieved in both time slots.

The sum rate maximization optimization problem of TWR-CR single relay selec-

tion using AF protocol can now be formulated as

i⇤ = argmax
i2{1:L}

max
P1,P2,Pri

RDF , (3.29)

s.t (3.2), (3.3), (3.4), (3.5, (3.6). (3.30)

Similarly, the power allocation at the ith relay depends essentially on two con-

straints: the peak power constraint (3.4) and the interference constraint (3.6). For
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this reason, the optimal relay power can be expressed as

P ⇤
ri = min

✓

P̄r,
Ith
f5

◆

, 8i = 1, ..., L. (3.31)

The optimization problem during the MAC phase is therefore given by

i⇤ = argmax
i2{1:L}

max
P1,P2

RDF (P
⇤
ri), (3.32)

s.t (3.2), (3.3), (3.5). (3.33)

It is assumed that the relay node decodes the high SNR signal (T2 signal) first, then

decodes the other signal (T1 signal) after subtracting the decoded signal. For this

reason additional Lagrangian multipliers are considered �c1 and �c2 . Therefore, the

Lagrangian of the optimization problem in the MAC phase can be written as [14,30]

LDF = (1� �c1 � 1 + �c2)
1
2 log2(1 +

P1f1
�2
n
)(1� �c2)

1
2 log2(1 +

P2f2+P1f1
�2
n

)� �T1(P1 � P̄1)�

�T2(P2 � P̄2)� �1(f3P1 + f4P2 � Ith).

(3.34)

Letting ↵ = 2. ln 2 and applying the KKT optimality conditions, we obtain

@LDF

P1
= 0 and

@LDF

P2
= 0. (3.35)

Direct calculation yields

P ⇤
2 =

✓

(1� �c2)

↵(�1f4 + �T2)
� P1f1 + �2

n

f2

◆+

(3.36)

1P
⇤2
1 + 2P

⇤
1 + 3 = 0, (3.37)

where 1 = (�1f3 + �T1)f
2
2 ,2 = f1(2�2

n + P2f2)(�1f3 + �T1) �
(1��c1 )f1

↵
, and 3 =

(1��c2)P2f2
f1
↵
+(�2

n(�1f3+�T1)�(1��c1)
f1
↵
)(�2

n+P2f2). By substituting (3.36) into
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(3.37) and after simplification, we obtain the optimal power at T1 as the following

P ⇤
1 =

 (�c2��c1 )f1f2(1��c2 )

↵(�1f4+�T2 )
� �2

n(1��c2 )(�1f3+�T1 )f2
�1f4+�T2

� f1
(1��c2 )f1f2(�1f3+�T1 )

(�1f4+�T2 )
+ (�c2 � �c1)f

2
1 � (1� �c1)f1

!+

. (3.38)

3.2.3 Dual Problem Solution

We can decompose the optimization problem into parallel subproblems using single

relay principle (i.e., each independently solvable for a di↵erent relay and can be solved

by applying dual decomposition method [28]). Then, we select the relay that o↵ers

maximum sum rate. The last step is to apply selection strategy between the AF and

DF protocols in order to achieve the maximum secondary sum rate of without a↵ecting

the QoS of the PU measured by Ith. Therefore, the dual subproblem associated with

MAC phase can be written as

min
��0

g(�), (3.39)

where � is a lagrangian vector contains the Lagrangian multipliers in the system.

The dual function g(�) is defined as follows

g(�) = max
P1�0,P2�0

L(�, P1, P2). (3.40)

The dual problem of the optimization problem in MAC phase can be solved by us-

ing the subgradient method [31]. Therefore, to obtain the solution, we can start with

any initial values for the di↵erent Lagrangian multipliers and evaluate the optimal

powers. Then, update the Lagrangian multipliers at the next iteration as

�t+1
T1

=
⇣

�t
T1

� �(t)
h

P̄1 � P ⇤
1

i⌘+
, (3.41)
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�t+1
T2

=
⇣

�t
T2

� �(t)
h

P̄2 � P ⇤
2

i⌘+
, (3.42)

�t+1
1 =

⇣

�t
1 � �(t)

h

Ith �
⇣

f3P
⇤
1 + f4P

⇤
2

⌘i⌘+
, (3.43)

�t+1
c1

=

✓

�t
c1
� �(t)

h1

2
log2

⇣

1 +
P ⇤
rif2
�2
n

⌘

� 1

2
log2

⇣

1 +
P ⇤
1 f1
�2
n

⌘i

◆+

, (3.44)

�t+1
c2

=

✓

�t
c2
� �(t)

h1

2
log2

⇣

1 +
P ⇤
rif1
�2
n

⌘

+
1

2
log2

⇣

1 +
P ⇤
1 f1
�2
n

⌘

� 1

2
log2

⇣

1 +
P ⇤
1 f1 + P ⇤

2 f2
�2
n

⌘i

◆+

,

(3.45)

where �(t) is the step size updated according to the nonsummable diminishing step

lengths policy [31]. Using the subgradient method, the updated values of the op-

timal powers and the Lagrangian multipliers are repeated until convergence. The

implementation procedures to solve the power allocation of single relay selection is

described in Algorithm 1.

3.3 Suboptimal Algorithm

The optimal solution for our non linear optimization problem in the first time slot

sometimes is di�cult to solve due to its high computational complexity [28]. There-

fore, in order to solve the problem e�ciently, we propose a GA based approach to

find suboptimal solution to the problem. This approach relies essentially on a ran-

dom natural evolution. At the beginning, it generates a random initial population

consisted by a certain number of strings. During each generation, GA survives the

strong strings, while the weak strings die out. Then, from the survival strings, GA
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Algorithm 1 Optimal Power Allocation and Relay Selection

- Input: Ith, P̄1, P̄2, P̄r,M, f2, f1, f3, f4, f5.
- R

max

= Ø.
for i = 1 : L do

- P ⇤
ri = min

⇣

P̄r,
Ith
f5

⌘

.

- Initialize the Lagrangian multipliers �, and P2.
Case 1: AF protocol

- Solve problem (3.26) to obtain P ⇤
1 , P1 = P ⇤

1 .
- Solve problem (3.27) to obtain P ⇤

2 , P2 = P ⇤
2 .

- Update � using subgradient method based on (3.41) - (3.43).
- Until Required precision is satisfied or reach maximum iteration.
- Find RAF using (3.18).
- Initialize the Lagrangian multipliers �.
Case 2: DF protocol

- Solve problem (3.38) to obtain P ⇤
1 , P1 = P ⇤

1 .
- Solve problem (3.36) to obtain P ⇤

2 .
- Update � using subgradient method based on (3.41) - (3.45).
- Until Required precision is satisfied or reach maximum iteration.
- Find RDF using (3.28).

- R(i)
max = max(RAF , RDF ).

end for

- Find i⇤ s.t Ropt = max
i

R
max

.

generates new strings using genetic operators such as survivor selection, reproduction,

crossover, and mutation [20].

In the MAC phase, we need to find the optimal power allocation over the terminals

(i.e., P1 and P2 ) in order to maximize the secondary sum rate without interfering with

the PU. In order to employ the GA, we propose a heuristic approach with discrete

number of power levels from zero to the peak power budget. In fact, each terminal can

transmit its signal using one of the power levels between 0 and peak power budget,

i.e.,
⇣

P1 2
n

0, P̄1
N�1 ,

2P̄1
N�1 , ...,

(N�2)P̄1

N�1 , P̄1

o⌘

, and
⇣

P2 2
n

0, P̄2
N�1 ,

2P̄2
N�1 , ...,

(N�2)P̄2

N�1 , P̄2

o⌘

where N is the number of quantization levels. In this way, the transmitters have more

flexibility to allocate their powers in the case where continuous power distribution

is not available. The GA tries to find the optimal binary string that maximizes

the secondary sum rate. At the beginning, we generate randomly T binary strings

each concatenates two binary words corresponding to P1 and P2 to produce an initial
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population set S each with dlog2(N)e bits where d.e denotes the integer round towards

+1. The first dlog2(N)e bits represent the equivalent binary string for P1 and the last

dlog2(N)e bits represent the equivalent binary string for P2. For instance, if N = 4,

two bits are su�cient to encode these levels. If N = 11, four bits are used to encode

the code levels. In the last case, the number of required words is not a power of 2,

some binary words are redundant and they correspond to any valid word. Several

solutions were proposed to solve this problem by discarding these words as illegal,

assigning them a low utility or mapping them to a valid word with fixed, random or

probabilistic remapping [32].

Initially, the GA computes the sum rate of all elements in S. Then, it maintains

the best ⌧ strings 2 S to the next population that verifies the interference constraint

(3.5), and from them generates new T � ⌧ strings by applying crossovers technique to

form a new population S. Crossovers consist of cutting two selected random parent

strings at a correspond point which is chosen randomly between 1 and 2dlog2(N)e.

The obtained fragments are then swapped and recombined to produce two new strings.

This procedure is repeated until reaching convergence (i.e., sum rate remains constant

for several successive iterations) or until reaching the maximum generation number

I. Details of the proposed GA are given in Algorithm 2.

The formulated optimization problem in the MAC phase can be, of course, solved

via an ES algorithm by investigating all possible combinations of the transmitters

power and select the best combinations that satisfied the interference constraint.

This algorithm requires L
2
P

z=0

�

2
z

�

(N � 1)z = O(LN2) operations [33]. However, our

proposed GA requires LTI operations to reach a suboptimal solution.

In the proposed algorithm, our goal is to maximize the secondary sum rate with-

out interfering with the PU. The last step in our proposed algorithm is selecting

between the AF and DF protocols depends on the higher achieved sum rate. Hence,

our proposed algorithm is able to reach a suboptimal solution with a considerable
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Algorithm 2 Proposed Genetic Algorithm

- Input: Ith, P̄1, P̄2, P̄r, L, f1, f2, f3, f4, f5, I.
- Rmax = Ø.
for i = 1 : L do

- P ⇤
ri = min

⇣

P̄r,
Ith
f5

⌘

.

- k = 1, RI = Ø, and generate an initial population set S.
while (k  I or not converge) do

for t = 1 : T do

if (interference constraint is satisfied) then
- R(t) = Compute the secondary sum rate.

else

- R(t) = 0.
end if

end for

- R(k)
I = max(R).

- Maintain the best ⌧ strings 2 S to the next population and from them, generate
T � ⌧ new strings by applying crossovers to form a new population S.
- k = k + 1.

end while

- R(i)
max = max(RI).

end for

- Find i⇤ s.t Ropt = max
i

Rmax.

complexity saving. In addition to that, simulation results in Section 3.4 show that by

increasing N , our proposed GA achieves almost the same performance as the optimal

solution.

3.4 Simulation Results

In this section, some selected simulation results are performed to show the benefits

of our system. We assume a single cell subject to a small scale Rayleigh fading,

consisting of one PU and a SN constituted by T1, and T2, and L = 4 relays. The

variance �2
n is assumed to be equal to 10�4. Set the initial population length T to N .

We also assume that the peak power constraint of T1, T2, and each relay are equal

to Pbar. The crossover point is chosen randomly between 1 and 2dlog2(N)e for each

binary string with ⌧ = 0.5T and we run the GA at most 10 times.
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The advantage of relaying selection strategy is depicted in Fig.3.1. The selection

strategy can switch between the AF and DF protocols according to the best perfor-

mance. Fig.3.1(a) plots the sum rate versus peak power Pbar, while Fig.3.1(b) plots

the sum rate versus interference threshold, for di↵erent values of Ith = {20, 5} dBm

and Pbar = {25, 10} dBm, respectively. In general, the results suggest the usage of

the AF protocol when both Pbar and Ith are large. This can be justified by noticing

that the sum rate value of the DF protocol becomes as a bottleneck for the first phase

in the high SNR regime.
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Figure 3.1 Achieved sum rate for the AF and DF protocols versus (a) Pbar, (b) Ith.

A comparison between the performance of the OWR-CR networks described in [21]
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and TWR-CR networks is illustrated in Fig.3.2. We plot the achieved sum rate versus

peak power Pbar for di↵erent values of Ith. For instant, for using AF protocol for

Ith = 20 dBm and Pbar = 30 dBm, we were able to double the achievable sum rate by

going from less than 5 bit/s/Hz to around 9.5 bit/s/Hz by having TWR transmission

instead of OWR transmission.

10 15 20 25 30 35 40
2

3

4

5

6

7

8

9

10

11

Peak Power Constraint Pbar [dBm]

Su
m

 R
at

e 
(B

its
/s

/H
z)

 

 
Optimal AF Two Way Relaying
Optimal DF Two Way Relaying
Optimal AF One Way Relaying
Optimal DF One Way Relaying

Ith=5 dBm

Ith=20 dBm

Figure 3.2 Achieved sum rate for one way and two way AF and DF networks versus Pbar.

Fig.3.3 shows a comparison between the performance of the proposed GA with

the optimal and ES solutions. We plot the achieved secondary sum rate versus Pbar

for di↵erent values of Ith and di↵erent relaying protocols. We can notice that, in

the low Pbar region, the proposed GA, the optimal solution, and the ES have almost

the same sum rate, while in the high Pbar region, a gap between these methods is

observed. This gap is increasing with higher Pbar values. This is justified by the fact

that starting from a certain value of Pbar the GA can not supply the selected relay

with the full power budget. In fact, with high values of Pbar, the constraint (3.5) can

be a↵ected. For this reason, we introduce the discretization set to get more degrees

of freedom by increasing N and as such enhance the sum rate. Indeed, thanks to GA
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random evolution process, it provides more chance to find a close combination to ES

combination. For instance, Fig.3.3(a) and Fig.3.3(b) plot the secondary sum rate for

Ith = 20 dBm for DF protocol and AF protocol, respectively. It is shown that the

GA achieves almost the same sum rate reached by the optimal solution. However,

when Ith is reduced, we notice a degradation of the GA performance at large values

of Pbar as shown in Fig.3.3(c) and Fig.3.3(d).
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Figure 3.3 The achieved sum rate of the proposed GA, the ES algorithm, and the optimal solution
with di↵erent values of Ith, and N versus Pbar, for (a,c) DF protocol, (b,d) AF protocol.

The same interpretation is applied on Fig.3.4 in which the achieved secondary

sum rate is plotted versus the interference threshold for both relaying protocols. In

this figure, for fixed Pbar the performance of the GA is close to the optimal solution

for large Ith. One can see that, a gap between the methods is noticed in the low Ith

region. This can be justified by the fact that in this region the GA can not reach the

maximum power budget due the small value of Ith. Hence, the GA tries to transmit
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Figure 3.4 The achieved sum rate of the proposed GA, the ES algorithm, and the optimal solution
with di↵erent values of Pbar, and N versus Ith, for (a,c) DF protocol, (b,d) AF protocol.

with one of the quantized power levels. However, It can be shown that when N ! 1,

the proposed GA achieves the performance of the optimal solution.
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Chapter 4

Multiple Relay Selection

In this chapter, the multiple relay selection problem for OWR-CR and TWR-CR

networks using AF protocol is discussed. Moreover, two di↵erent heuristic low-

complexity approaches based on IA and GA with discrete power levels are designed

to solve the formulated optimization problem. Also, a comparison between the per-

formance of the proposed algorithms with the performance of the optimal and ES

solutions is investigated. In our heuristic approaches, we assume that each cognitive

relay can operate with one of the available power levels instead of the ON-OFF modes

only. This will contribute to the maximization of the rate by o↵ering more degrees

of freedom to the system.

4.1 Multiple Relay Selection and Problem Formu-

lation

For simplicity and without loss of generality, we assume that P1 = P2 = P , where P

is the transmitted power allocated for the cognitive transceivers. It is assumed that

the same relays are selected during the whole transmission process. Also, channel

reciprocity is considered during the whole transmission process.
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4.1.1 One-Way Relaying Multiple Relay Selection

In the first time slot, the received signal at the ith relay is given by

yri =
p
Ph1rix1 + nri , (4.1)

During the second time slot, each active relay amplifies yri by multiplying it by wi

and broadcasts it to the terminal T2. The received signal at T2 in the second phase

are given by

y2 =
L
X

i=1

✏iwi

⇣p
Ph2rih1rix1 + h2rinri

⌘

+ n2, (4.2)

Thus, the SNR at T2 is given by

�
(OWR)
2 =

P

✓

L
P

i=1
✏i|wih1rih2ri |

◆2

�2
n

✓

1 +
L
P

i=1
✏i|wih2ri |2

◆ · (4.3)

The relay power of the ith relay node can be expressed as

Pri = E
�

|wiyri |2
�

=
�

P |h1ri |2 + �2
n

�

|wi|2. (4.4)

From equation (4.4), the value of |wi| can be expressed as

|wi| =
p

Pri
p

P |h1ri |2 + �2
n

· (4.5)

By substituting the value of |wi| into (4.3), the SNR at T2 becomes

�
(OWR)
2 =

P

✓

L
P

i=1
✏i

p
Pri |h1rih2ri |p
P |h1ri |2+�2

n

◆2

�2
n

✓

1 +
L
P

i=1
✏i

Pri |h2ri |2
P |h1ri |2+�2

n

◆ · (4.6)
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Similarly, the SNR at T1 is given by

�
(OWR)
1 =

P

✓

L
P

i=1
✏i

p
Pri |h1rih2ri |p
P |h2ri |2+�2

n

◆2

�2
n

✓

1 +
L
P

i=1
✏i

Pri |h1ri |2
P |h2ri |2+�2

n

◆ · (4.7)

Thus, the sum rate of the OWR transmission to exchange information between two

terminals can be written as

R(OWR) =
1

4

⇣

log2

⇣

1 + �
(OWR)
1

⌘

+ log2

⇣

1 + �
(OWR)
2

⌘⌘

. (4.8)

The sum rate maximization optimization problem of OWR-CR multiple relay

selection can now be formulated as

max
P,Pr,✏

R(OWR) (4.9)

s.t 0  P  P̄ , (4.10)

0  Pri  P̄r, 8i = 1, ..., L, (4.11)

P |h1p|2  Ith, (4.12)

P |h2p|2  Ith, (4.13)

L
X

i=1

✏iPri |hrip|2  Ith, (4.14)

✏i 2 {0, 1}, 8i = 1, ..., L, (4.15)

where ✏ = [✏1, ..., ✏L] and P
r

= [Pr1 , ..., PrL ] are the decision variables of our formulated

optimization problem that contain the state and the transmit power of each relay,

respectively. The constraints (4.10) and (4.11) represent the peak power constraint

at the terminals, and at each cognitive relay, respectively. While the constraints
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(4.12, 4.13) and (4.14) represent the interference constraints from T1, T2, and from

the relays, respectively.

In order to simplify the formulated optimization problem for OWR-CR networks,

we solve it time slot per time slot. During the first and third phases, the power al-

location of both terminals depends essentially on three constraints: the peak power

constraint (4.10), the interference constraint at first time slot (4.12), and the inter-

ference constraint at third time slot (4.13). For this reason, the optimal power at the

terminals P ⇤ can be expressed as

P ⇤ = min

✓

min

✓

Ith
|h1p|2

, P̄

◆

,min

✓

Ith
|h2p|2

, P̄

◆◆

. (4.16)

The optimization problem during for the OWR-CR networks is therefore becomes as

max
Pr,✏

R(OWR)(P ⇤) (4.17)

s.t (4.11), (4.14), (4.15).

4.1.2 Two-Way Relaying Multiple Relay Selection

In the first time slot, the received signal at the ith relay is given by

yri =
p
Ph1rix1 +

p
Ph2rix2 + nri , (4.18)

During the second time slot, each active relay amplifies yri by multiplying it by wi

and broadcasts it to the terminals T1 and T2. The received signals in the BC phase
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are given by

y1 =
L
X

i=1

✏iwi

⇣p
P ( h1rih1rix1

| {z }

Self Interference

+h1rih2rix2) + h1rinri

⌘

+ n1, (4.19)

y2 =
L
X

i=1

✏iwi

⇣p
P (h2rih1rix1 + h2rih2rix2

| {z }

Self Interference

) + h2rinri

⌘

+ n2, (4.20)

By using the knowledge of the CSI and channel reciprocity, the terminals can

remove the self interference by eliminating their own signal (i.e., x1 for T1 and x2 for

T2). After the self interference cancelation, the SNR at T1 and T2 are given by

�
(TWR)
1 =

P

✓

L
P

i=1
✏i|wih1rih2ri |

◆2

�2
n

✓

1 +
L
P

i=1
✏i|wih1ri |2

◆ , (4.21)

�
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P

✓

L
P

i=1
✏i|wih1rih2ri |

◆2

�2
n

✓

1 +
L
P

i=1
✏i|wih2ri |2

◆ , (4.22)

respectively. The relay power of the ith relay node can be expressed as

Pri = E
�

|wiyri |2
�

=
�

P |h1ri |2 + P |h2ri |2 + �2
n

�

|wi|2. (4.23)

From equation (4.23), the value of |wi| can be expressed as

|wi| =
p

Pri
p

P |h1ri |2 + P |h2ri |2 + �2
n

· (4.24)

By substituting the value of |wi| into (4.21) and (4.22), the SNRs become



46

�
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Thus, the sum rate of the TWR can be written as

R(TWR) =
1

2
log2

⇣⇣

1 + �
(TWR)
1

⌘

+ log2

⇣

1 + �
(TWR)
2

⌘⌘

. (4.27)

The sum rate maximization optimization problem of TWR-CR multiple relay

selection can now be formulated as

max
P,Pr,✏

R(TWR) (4.28)

s.t 0  P  P̄ , (4.29)

0  Pri  P̄r, 8i = 1, ..., L, (4.30)

P (|h1p|2 + |h2p|2)  Ith, (4.31)

L
X

i=1

✏iPri |hrip|2  Ith, (4.32)

✏i 2 {0, 1}, 8i = 1, ..., L, (4.33)

The constraints (4.29) and (4.30) represent the peak power constraint at the terminals,

and at each cognitive relay, respectively. While the constraints (4.31) and (4.32)

represent the interference constraint in the first time slot, and in the second time

slot, respectively.
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In order to simplify the formulated optimization problem, we solve this problem

in a time slot per time slot fashion. During the MAC phase, the power allocation

of both terminals depends essentially on two constraints: the peak power constraint

(4.29) and the interference constraint (4.31). For this reason, the optimal power at

the terminals P ⇤ can be expressed as

P ⇤ = min

✓

Ith
|h1p|2 + |h2p|2

, P̄

◆

. (4.34)

Indeed, if the power at the terminals P̄ a↵ects the performance of the PU, then the

power is reduced to Ith
|h1p|2+|h2p|2 . In the BC phase, we need to find the optimal power

allocation over relays (i.e., P ⇤
r

) in order to maximize the secondary sum rate without

a↵ecting the QoS of PU. The optimization problem during the second time slot is

therefore given by

max
Pr,✏

R(TWR)(P ⇤) (4.35)

s.t (4.30), (4.32), (4.33).

The optimal solution for our non linear optimization problems formulated in (4.17)

and (4.35) are di�cult to find due the existence of binary variables ✏i, i = 1, ..., L [28].

Therefore, we deal with heuristic approaches to find suboptimal solutions to the

problem.

In the next two sections, heuristic approaches with discrete number of power

levels from zero to the peak relay power are proposed. In fact, each relay can trans-

mit the amplified signal using an amount of power between 0 and P̄r. In our ap-

proaches, we propose to divide the interval of power into N power levels as follows
⇣

Pri 2
n

0, P̄r
N�1 ,

2P̄r
N�1 , ...,

(N�2)P̄r

N�1 , P̄r

o⌘

and the relay can transmit its signal using one

of these power levels between 0 and P̄r. Consequently, cognitive relays have more

flexibility to allocate their powers in the case where continuous power distribution is
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not available and they become not limited to the ON-OFF mode where relays can

either transmit or keep silent.

4.2 Proposed Iteration Algorithm with Discrete

Power Levels

In the first part of this chapter, we propose the IA to solve the multiple relay selection

problem iteratively. At the beginning, it selects the relay and its maximum possible

power that o↵er the highest sum rate and satisfy the interference constraint simulta-

neously. Then, it tries to add the maximum number of relays that can contribute in

maximizing the sum rate. If, during this process, interference constraint is a↵ected,

then the new active relays have to be supplied with the next lower power existing in

the discrete quantization set.

4.2.1 Iteration-Quantization Algorithm

We assume that each relay has N power levels from zero to the maximum power,

i.e., a relay cooperates with one of the quantized power without interfering with the

PU. In the proposed algorithm, we aim to maximize the sum rate by transmitting

the signals with the maximum number of relays powered with the maximum possible

power without a↵ecting the PU QoS. At the beginning, the transmit powers of all

relays are fixed to P̄r (i.e., the highest power level in the discrete quantization set).

The algorithm selects the relay that o↵ers the highest sum rate and satisfies the

interference constraint at the same time. Then, it tries to add the maximum number

of relays that can contribute in maximizing the sum rate. If, during this process, the

interference constraint is not satisfied, then the new active relays have to be powered

with the next lower power existing in the discrete quantized power set. At the end,
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the algorithm converges when Pr reaches 0 (i.e., no more relay can be selected even

with the lowest non-zero power). The proposed algorithm is given in Algorithm 3.

Algorithm 3 Proposed Algorithm

Input: N, Ith, �
2
n, P̄ , P̄r, L, h1ri , h2ri , hrip, h1p, and h2p.

Compute P ⇤ using (4.16) for OWR or using (4.34) for TWR.
Initialization: Rmax = 0, Pr = P̄r, ✏ = [0, ..., 0],LV

opt

= ?.
while Pr = 0 do
l = 1.
while l  L and l 62 LV

opt

do

✏int = ✏
✏int(l) = 1.
R(l) = Compute Rate (Ith, �2

n, P
⇤,P

r

, L, h1ri , h2ri , hrip).
l = l + 1.

end while
Find lopt s.t Ropt = max

l
R(l).

if Ropt > Rmax then
✏(lopt) = 1.
Rmax = Ropt.
LV

opt

= LV

opt

[ {lopt}.
else
Pr = Pr � P̄r

N�1 .
end if

end while

Compute Rate function
if constraint (4.32) is satisfied then
Compute the sum rate using equation (4.8) for OWR.
Compute the sum rate using equation (4.27) for TWR.

else
R(l) = 0.

end if

4.2.2 Computational Analysis

The formulated optimization problem in (4.17) and (4.35) can be of course solved

via an ES by investigating all possible combinations. This depends on L (i.e., the

number of relays in SN) and N (i.e., the number of quantization levels). Therefore,

the ES algorithm requires
L
P

i=0

�

L
i

�

(N � 1)i = O(NL) operations to find the solution
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[33]. However, the proposed IA requires (N � 1)L2 operations to reach a suboptimal

solution. It is worth to notice that, the ES algorithm is not a practical choice due to its

high complexity especially for a large number of relays L and a high quantization level

N . Hence, the proposed IA is able to reach a suboptimal solution with a considerable

saving in terms of computational complexity. In addition to that, simulation results

in Section 4.4 show that our proposed IA achieves almost the same performance as

the ES method.

4.3 Proposed Genetic Algorithm with Discrete Power

Levels

As the second part of this chapter, we propose the GA to solve the multiple relay

selection problem. This approach relies essentially on a random natural evolution.

At the beginning, it generates a random initial population consisted by a certain

number of strings. During each generation, GA survives the strong strings, while the

weak strings die out. Then, from the survival strings, GA generates new strings using

genetic operators such as survivor selection, reproduction, crossover, and mutation

[20].

4.3.1 Coding Scheme

In order to employ the GA, we propose to encode these power levels into binary words

b(i), 8i = 1, · · · , L, such that each power levels is designed by a binary word. The

length of the binary words b(i) depends on N (i.e., the number of quantization levels)

as follows: length(b(i)) = dlog2 Ne where d.e denotes the integer round towards +1.

For instance, if N = 4, two bits are su�cient to encode these levels. If N = 11, four

bits are used to encode the code levels. In the last case, the number of required words
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is not a power of 2, some binary words are redundant and they correspond to any

valid word. Several solutions were proposed to solve this problem by discarding these

words as illegal, assigning them a low utility or mapping them to a valid word with

fixed, random or probabilistic remapping [32].

4.3.2 Genetic Algorithm

This approach generates randomly T binary strings to form the initial population

set where T denotes the population length. Each string St, 8t = 1, · · · , T , is built

by concatenating L binary words b(i) corresponding to a power level of each relay.

Thus, the length of a string is equal to L log2 N . Once the power level of each

relay in a string St is known and thus the values of ✏i, 8i = 1, · · · , L, (i.e., if b(i)

refers to a zero power level, then ✏i = 0, otherwise, ✏i = 1), the algorithm verifies

whether the interference constraint is satisfied or not. If it is the case, the algorithm

computes the corresponding data rate R(t) which plays the role of the fitness of the

string St. Otherwise, R(t) = 0. Then, the algorithm selects ⌧, 1  ⌧  T , strings

that provide the highest data rates and keeps them to the next population while

the T � ⌧ remaining strings are generated by applying crossovers and mutations to

the ⌧ survived parents. Crossovers consist of cutting two selected random parent

strings at a correspond point which is chosen randomly between 1 and L log2 N . The

obtained fragments are then swapped and recombined to produce two new strings.

After that, mutation (i.e., changing a bit value of the string randomly) is applied with

a probability p. This procedure is repeated until reaching convergence or maximum

generation number denoted I as shown in Fig.4.1 and Fig.4.2.

In some particular cases, most of randomly generated strings do not satisfy the

interference constraint and thus most of the corresponding data rates are zeros. In

fact, it is di�cult to obtain combinations that fits the interference constraint mainly

at high SNR. For this reason, we propose to select the best strings based on another



52

Generation a random 
initial population

Fitness evaluation 

Converge 
or 

reach maximum 
iteration? 

Done 

Crossover 

Mutation 

Yes 

No 

Figure 4.1 GA flow chart.

fitness D(t) which corresponds to the di↵erence between Ith and the PU interference

term, D(t) =k
L
P

i=1
✏iPri |hrip|2 � Ith k. Indeed, the best selected strings in this case, are

those who provide these lowest D(t). The proposed GA with discrete power levels is

detailed in Algorithm 4.

4.4 Simulation Results

In this section, simulation results are presented to show the performance of the pro-

posed algorithms for multiple relay selection problem. The variance �2
n is assumed

to be equal to 10�4. Also, we assume that all cognitive elements have the same peak

power, i.e., P̄r = P̄ and that all channels are assumed to be independent and iden-

tically distributed (i.i.d) Rayleigh fading channels. The simulations are performed
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Algorithm 4 Proposed Genetic Algorithm with Discrete Power Levels

- Input: N, Ith, �
2
n, P̄ , P̄r, L, I, h1ri , h2ri , hrip, h1p, and h2p.

- Compute P ⇤ using (4.16) for OWR or using (4.34) for TWR.
- Initialization: Rmax = 0.
- Generate a random initial population containing all St, 8t = 1, · · · , T .
- itr = 1.
while (itr  I or not converge) do
for t = 1 : T do
- Find Pri , 8i = 1, · · · , L corresponding to the string St.

- Compute D(t) =k
L
P

i=1
✏iPri |hrip|2 � Ith k.

if interference constraint is satisfied (4.32) then
Compute the sum rate using equation (4.8) for OWR.
Compute the sum rate using equation (4.27) for TWR.

else
- Set R(t) to 0.

end if
end for
- Save Rmax such that Rmax = max

t
R(t).

- Keep the best ⌧ strings providing the highest data rates to the next population
and o↵ering the lowest D(t).
- From the survived ⌧ strings, generate T � ⌧ new strings by applying crossovers
and mutations to generate a new population set.
- itr = itr + 1.

end while
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Figure 4.2 Genetic operators (a) Crossover technique, (b) Mutation technique.

under the scenario given in Fig.2.1 and Fig.2.2. The GA is executed using these

parameters: the mutation probability p is set to 0.5, ⌧ = 0.25T , and the maximum

generation number I = 35.

Fig.4.3 depicts the achieved sum rate of the optimal and proposed algorithms

versus the peak power constraint P̄ with L = 6, Ith = 20 dBm, and di↵erent subop-

timal algorithms (IA,GA with T = 32) for both OWR and TWR transmission. The

sum rate is compared with that when only one constraint is applied (peak power or

interference constraint). It can be shown that the optimal solution with interference

constraint only is an upper bound for that when both constraints are considered. We

can notice, in low SNR region, the proposed algorithm and the optimal solution have

almost the same sum rate, while in the high SNR region, a gap between both methods

is obtained. This gap is increasing with higher P̄r values due to the fact that starting

from a certain value of P̄r the system can no more supply all relays with their whole
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power budget because the system has to respect the interference constraint. Hence,

more relays are deactivated. To cope with this, we have introduced the discretization
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set to get more degrees of freedom. Indeed, by increasing N we enhance the sec-

ondary sum rate and reduce the gap with the optimal solution. It is noted that with

the proposed algorithm, when N ! 1, we achieve the performance of the optimal

solution. It can be seen that, we can almost double the secondary sum rate by using

TWR transmission instead of using OWR transmission. Fig.4.4 - Fig.4.8 focus on the

performance of the TWR transmission under CR scenario.

Fig.4.4 shows a comparison between the performance of the IA and the optimal

solution with continuous power distributions. We plot the achieved secondary sum

rate versus P̄r for di↵erent values of Ith = {10, 20} dBm and di↵erent values of

L = {6, 10}. For instance, for L = 6 and Ith = 20 dBm, we were able to improve

the achievable data rate by more than 150% going from 3 bits/s/Hz to more than 7.5

bits/s/Hz by having N = 6 instead of N = 2 (i.e., ON-OFF mode) when P̄r = 30

dBm.

The performances of the ES algorithm, proposed algorithm, and the single relay

selection with discrete Pri are depicted in Fig.4.5. It is worth to mention that we can

achieve higher cognitive sum rate by increasing the relay power budget for a fixed

interference threshold up to a certain level. This can be justified by the fact that

increasing the relay power budget will amplify the interference power due unlicensed

users. For instance, Fig.4.5(a) and Fig.4.5(b) plot the cognitive sum rate and the

average number of active relays versus the peak relay power for L = 6 and N = 2. It

is shown that the proposed algorithm achieves almost the same secondary sum rate

of the ES algorithm by powering almost the same number of relays. However, by

increasing N , we notice a degradation of around 0.5 bits/s/Hz of the IA at the SN

sum rate peak comparing to the ES method while the same performance is reached

otherwise as shown in Fig.4.5(c) - Fig.4.5(d). Nevertheless, the performance of our

approach is less a↵ected at the secondary sum rate peak if we increase the number
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of relays L as it is shown in Fig.4.5(e) and Fig.4.5(f). Indeed, increasing L provides

more possibilities than increasing N according to the proposed algorithm complexity
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Figure 4.5 The performance of the ES algorithm, the proposed algorithm, and the single relay
selection with di↵erent values of Ith, L, and N versus P̄r, (a,c,e) achieved sum rate, (b,d,f) average
number of relays.

((N � 1)L2), and thus a better suboptimal solution can be reached.

In general, by increasing N and/or L, a degradation of the performance compar-

ing to the ES method at the peak of the cognitive sum rate is noticed. This can be

explained by the fact that the number of combinations that accommodate the inter-

ference constraint is very large in that region and optimal solutions can be reached

with ES which it is not the case with the proposed heuristic approach. In addition

to the performance achieved by the IA, an important complexity saving is obtained
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Table 4.1: COMPLEXITY COMPARISON

N,L ES Algorithm Proposed Algorithm

N = 2, L = 6 64 36
N = 2, L = 10 1024 100
N = 6, L = 6 46656 180
N = 2, L = 16 65536 256
N = 6, L = 10 6⇥ 107 500
N = 500, L = 6 16⇥ 1012 2994
N = 500, L = 10 10⇥ 1026 49900

comparing to the ES algorithm as summarized in Table 4.1.

In order to make a fair comparison with the single relay selection method, where

the relay o↵ering the highest sum rate and that does not deteriorate the QoS of the

PU is selected, we supply the selected relay with the same power used by all relays in

our proposed algorithm. We notice that our algorithm outperforms the single relay

selection scheme for all values of P̄r, L,N, and Ith. This prove that it is more beneficial

for TWR-CR network to employ multiple relays instead of using a single relay.

Fig.4.4 shows a comparison between the performance of the proposed GA and the

optimal solution with continuous power distributions. Starting by generating T = 32

random initial strings, we plot the achieved secondary sum rate versus P̄r for di↵erent

values of Ith = {10, 20} dBm and di↵erent values of L = {6, 10}. In the low SNR

region, we can notice that the proposed algorithm and the optimal solution have

almost the same sum rate, while in the high SNR region, a small gap between both

methods is observed. For instance, for L = 10 and Ith = 20 dBm, we were able to triple

the achievable sum rate by going from less than 2 bits/s/Hz to around 5.5 bits/s/Hz

by having N = 16 instead of N = 2 (i.e., ON-OFF mode) when P̄r = 35 dBm. In

Fig.4.5, we compare the performances of the ES algorithm, IA, and GA (with T = 32)

for discrete Pri . Fig.4.5(a) and Fig.4.5(b) plot the secondary sum rate and the average

number of active relays versus the peak relay power, respectively for L = 6 and N = 2.
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Figure 4.6 Achieved sum rate versus the peak power P̄r for the optimal and the proposed GA with
di↵erent values of Ith and N (a) L = 6, (b) L = 10.

It is shown that the GA and IA achieve the same performance of the ES algorithm

by powering the same number of relays. However, by increasing N and/or L, we

observe, in Fig.4.5(c)-Fig.4.5(f), a degradation of the performance of IA comparing
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Figure 4.7 The performance of the ES algorithm, the IA algorithm, and the GA algorithm with
di↵erent values of Ith, L, and N versus P̄r, (a,c,e) achieved sum rate, (b,d,f) average active relays.

to ES method. However, our proposed GA maintains the same performance as ES

method even for high values of L and N . Hence, it is more beneficial for TWR-

CR network to employ GA instead of IA since the former outperforms the latter for

all values of P̄r, L,N, and Ith. Indeed, thanks to its random evolution process, GA

provides more chance to find a better combination than IA. Furthermore, the added

fitness D(t) in GA can contribute in enhancing the sum rate mainly at the peak. In

terms of computational complexity, an important saving specially for large values of N
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and L is obtained comparing to the ES algorithm. Our proposed GA requires at most

TI times to compute the rate until reaching convergence, while ES algorithm and IA

need NL, (N � 1)L2 operations find the optimal or suboptimal solution, respectively.
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Figure 4.8 Achieved sum rate versus the peak power P̄r for the the GA with N = 64 and L = 6
with di↵erent values of Ith and T .

The impact of the initial population size T is investigated in Fig.4.8 where we plot

the achieved secondary sum rate of the proposed GA versus the peak power P̄r with

N = 64, L = 6, and di↵erent values of Ith. We can notice that, in low SNR region,

the proposed GA has almost the same achieved sum rate for any values of T , however,

in high SNR region, if we increase T , we obtain a small improvement which indicates

that, the proposed GA does not require a high population size T to reach acceptable

performance. Nevertheless, with high values of T , more random combinations are

involved by the GA and thus, it becomes able to find a better solution.
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Chapter 5

Summary

5.1 Conclusion

In this thesis, the problem of single and multiple relay selection under CR scenario

for both OWR and TWR transmission have been studied. The first part of this thesis

investigated the single relay selection problem, while the second part investigated the

multiple relay selection problem.

The first part presented an optimal power allocation and a relay selection scheme

using the dual decomposition and subgradient methods. The idea of this scheme is

to maximize the secondary sum rate taking into consideration protecting the PUs

from the interference caused by the SN. Due to the high computational complexity of

the optimal solution, a suboptimal heuristic algorithm is presented. The suboptimal

solution based on a GA is able to achieve the same performance of both the ES and

optimal solutions with a much less complexity. Furthermore, the performance of the

DF and AF schemes, and the impact of the power and interference constraints are

illustrated for di↵erent interference thresholds and peak power constraints. Moreover,

the advantage of switching between the DF and AF protocols is shown.

In the second part, practical low-complexity heuristic approaches based on IA and
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GA are designed to maximize the secondary achievable sum rate of a multiple relay

selection scheme for OWR-CR and TWR-CR networks with discrete power distribu-

tions. We have analyzed the performance of the proposed algorithms and compared

them with the ES method and the optimal solution with continuous power distri-

butions. The proposed algorithms is able to achieve almost the same performance

as both schemes with a considerable saving in terms of computational complexity.

In addition, we showed that thanks to GA random evolution, it provides a better

performance than our proposed IA.

5.2 Future Research Work

The work described in this thesis has been studied the single antenna case. The per-

formance of the network can be further improved by using multi-input multi-output

(MIMO) technique which provides extra spatial dimensions (i.e., provides extra de-

grees of freedom). Indeed, CR, cooperative communication, and MIMO provide smart

solutions towards a more e�cient usage of the frequency band and data rate which

combine the benefits of the CR systems with both the relay and MIMO techniques

which expected to o↵er significant performance improvements of the system perfor-

mance. However, using all the antenna as well as the relays in the MIMO cooperative

communication CR systems may not be a good idea because the sum of interferences

due the SN specially from the relays during the second time slot may a↵ect QoS of the

PN. In our ongoing task, we are working on applying our e�cient algorithms to the

generalized MIMO model and look into the multiple antenna-relay selection problem.
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