
COOPERATIVE COMMUNICATION :
EFFICIENT SCHEMES AND PRACTICAL ASPECTS

Ernest Kurniawan
School of Computer Engineering

2009

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



COOPERATIVE COMMUNICATION :
EFFICIENT SCHEMES AND PRACTICAL ASPECTS

ERNEST KURNIAWAN

School of Computer Engineering

A thesis submitted to the Nanyang Technological University
in fulfillment of the requirement for the degree of

Doctor of Philosophy

2009

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Abstract

Cooperation has been considered as a key strategy to cater for the ever increasing demand

for high data rate wireless communication. Over the past few years, researches in this area

have seen a tremendous growth and advancement, where various cooperation strategies were

proposed for different communication scenarios. The aim of this thesis is to illustrate the sig-

nificance of cooperation in improving transmission quality, in which both cooperative broad-

casting as well as cooperative relaying context are taken into consideration. An emphasis on

the efficiency and practical aspects of different schemes are then given, and novel techniques

to improve on both aspects are proposed.

In cooperative broadcast communication where each node is equipped with multiple anten-

nas, it is shown that antenna selection can provide an effective solution for hardware complexity

and space limitation issues inherent to multi antenna systems. A novel selection scheme for

cooperative broadcast communication is then proposed. The scheme takes advantage of uplink-

downlink duality to reduce computational requirement while still achieving most of the gain

available. Starting from the single user system, a sub optimal selection strategy is proposed

for multicarrier systems as well. Combining with the earlier method developed for cooperative

broadcast scenario, effective antenna selection scheme for multicarrier broadcast systems is

obtained. Complexity analysis is given to justify its practical aspect, and its performance when

applied to Broadband Wireless Access system based on IEEE 802.16 is studied.

In cooperative relay communication, different issues are addressed. Starting from the sim-

plest three node scenario, the fundamental question on whether the existence of relay node

can improve end-to-end performance is addressed. The importance of power control is demon-

strated, and it is shown that in some cases the problem of finding the optimal power distribution

can be translated into finding the roots of polynomial equation; which can be solved using any

available root finding algorithm. When message transmission to the destination node involves
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multiple hops (relay stages), bandwidth efficiency penalty severely degrade the overall perfor-

mance. A novel strategy to overcome this issue is proposed, which makes use of dirty paper

concept of transmission in the presence of known interference. In practice, all nodes in the

network have their own information to transmit and at the same time they are also potential

destination. As such, network performance should be evaluated considering all possible source

destination pairs, while the rest of the nodes act as potential helpers. In regular network where

node locations are fixed, it is shown that a closed form outage probability expression can be

derived. The effect of traffic pattern including traffic origins and locality is then studied. In

random network where nodes can be located at any point in the network, an expression for the

distance distribution is developed. By integrating the conditional performance with respect to

the obtained distribution, network performance under different cooperative schemes are stud-

ied. Analysis on different types of gain achievable using different schemes and discussion on

geometry specific issues including edge effects are presented. This serves as a framework for

network analysis in generic cooperative communication systems.
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Chapter 1

Introduction

1.1 Background

Cooperative communication describes a situation where transmission involving several users’

data, each affecting one another’s performance, considered collectively to achieve mutual ben-

efit for all users. The term cooperation was first introduced by Cover and Bergmans in 1974

[1] mainly for broadcast communication. In their paper, two co-located radio transmitters

(sharing total power and total bandwidth constraint) communicate with two spatially separated

receivers, and cooperation represents the strategy to simultaneously transmit messages to both

receivers in order to enlarge the overall rate region.

Without cooperation, data for different users are considered individually. Transmission is

then performed via multiplexing, either through time or frequency. In time multiplexing, trans-

mission is directed to only one user at any one time (using all available power and bandwidth).

Whereby in frequency multiplexing, transmission to both users is performed simultaneously,

with a certain portion of the bandwidth and power allocated to one user, while the remaining

portion is allocated to the other. It is shown that in this scenario, cooperation can improve the

overall performance by considering data from both users collectively instead of individually.

With cooperation, encoding is performed in two stages. At the first stage, data for the first user

1
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Figure 1.1: Cooperative Communication in Cellular Downlink Scenario

is encoded as usual. At the second stage, data for the second user is encoded using the knowl-

edge of the encoded data for the first user. The resulting codewords are then added together

and transmitted over the channel.

At the receiver, conventional decoding process is used. It can be seen that the first user

experiences interference from the second user’s codeword. However, due to the result in [2],

transmission to the second user is as good as that in interference free channel. The resulting

rate region using cooperation is shown to dominate both time as well as frequency multiplexing

scheme, irrespective to the resource allocation method used. This simple example shows the

role of cooperation in improving the performance of broadcast communication.

In practice, broadcast communication scenario fits well into cellular downlink communi-

cation as illustrated in Figure 1.1, where one base station with multiple information sources

broadcasts messages to multiple users. Here, cooperation represents base station encoding

strategy to consider messages for all users collectively in order to achieve the best possible

outcome, such as increasing the overall throughput or improving transmission quality of ser-

vice (QoS). Following the result of [1] for the two users case, this can potentially improve the

current strategy which adopt Code Division Multiple Access (CDMA) technique to separate

different channels and perform individual encoding of data for different users.

Together with the development of multiple antenna systems [3]-[4], a study on Multiple

Input Multiple Output (MIMO) Broadcast Channel (BC) has attracted a lot of attention over the

2
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past few years. The cooperative scenario in MIMO-BC is more complex with the introduction

of multiple antennas, as new dimensions are added in the optimisation problem. As opposed

to single antenna BC, MIMO-BC is in general non-degraded; hence the expression of capacity

region is more complex. The capacity region for MIMO-BC is addressed using duality of

broadcast and multiple-access channel (MAC) in [5], and it is shown to be equal to the capacity

region achieved by dirty paper coding scheme (also known as dirty paper region). Despite

its superiority compared to single antenna BC, as with conventional MIMO systems, there

are several practical difficulties in implementing MIMO-BC. This includes channel condition

(fading correlation between antenna pairs), hardware cost, as well as space limitation; each of

which has to be addressed before the real implementation can be practically justified.

Recently, cooperative communication is proposed in different context known as cooperative

relaying, where cooperation represents multiple users helping each other to transmit to their

destinations [6]-[7]. The idea behind this technique is to make use of partner’s antenna as

a relay or virtual antenna, such that the effective channel to the destination emulates MIMO

channel. By doing so, benefits of multi antenna systems can be exploited in distributed manner.

For this reason, this type of cooperation is sometimes referred to as distributed MIMO.

In practice, this technique is applicable to ad-hoc network as well as cellular uplink commu-

nication. In ad-hoc network, there is no centralised controller. When a node wants to transmit

a message to the destination which is located further away from its transmission range, co-

operation with other nodes is necessary. Transmission is then performed via multiple hops

transmission, as illustrated in Figure 1.2a. The number of hops or relay stages (RS) depends on

the distance between source and destination, and cooperation here represents the forwarding

strategy used at different nodes in every RS, which includes any space time processing tech-

niques available for point to point MIMO systems. The main challenge associated with this

relaying transmission, however, is the reduction in bandwidth efficiency. Since more trans-

mission slots are required to transmit a message from source to destination, the end to end

3
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(b) Cellular Uplink

Figure 1.2: Different Cooperative Relaying Scenarios

throughput decreases as the number of hops increases. Efficient cooperation scheme must en-

sure that the drawback caused by bandwidth efficiency penalty does not outweigh the benefit

of cooperation.

In cellular uplink communication, the scenario is slightly different. Nodes which are rel-

atively close to one another form a virtual antenna array (VAA) as illustrated in Figure 1.2b.

All nodes in the same VAA group then cooperate with one another to communicate with base

station. Here, cooperation represents the strategy on how different nodes in VAA group assist

one another to improve transmission quality to the base station. The advantage of this kind

of distributed cooperation is two-fold. First of all, since different antennas belong to different

users, the channels are uncorrelated as the antennas are spatially well separated. Secondly,

only one antenna is required for each user, therefore hardware cost and space limitation in user

terminal is not an issue. Despite these advantages, the challenges associated with this coop-

erative scenario is in deciding the cooperation strategy. This includes deciding which node to

cooperate with, what kind of cooperative transmission technique to use, and how to allocate

resources among different nodes.

When cooperation is applied to ad-hoc network whereby every node has its own message

to transmit and every other node is a potential destination, it is necessary to include all possi-

ble source destination pair into consideration when evaluating network performance. Due to

4
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path loss, transmission quality is inversely proportional to the source destination distance. In

addition, the number of nodes in the vicinity of source node also plays an important role in the

overall performance. The difficulty here lies in determining the distance distribution between

any two given nodes. Moreover, some geometry specific considerations such as proximity

of source node towards network edge must be integrated in performance calculation, since it

affects the number of helper nodes in its vicinity.

1.2 Motivation and Objectives

Given the potential of cooperative communication in providing high spectral efficiency for

wireless transmission, it is deemed necessary to study its performance under different coopera-

tive schemes. Additionally, limitations and practical considerations in implementing the system

need to be identified and solutions to the problems to be proposed. This work is motivated to

study cooperative communication strategies under both cooperative broadcast communication

as well as cooperative relaying scenario. In particular, several issues discussed in the previous

section for different cooperative scenarios are addressed.

In multiple antenna systems, antenna selection has been recognised as an effective method

to overcome the problem of hardware cost and space limitation. By having less number of RF

chains (consisting of amplifiers, analog to digital converters, etc.) compared to the number of

available antennas, hardware cost can be reduced significantly. Moreover, when channel state

information (CSI) is available, antenna subset which has the best gain and smallest mutual

correlation can be selected to improve the overall performance. The motivation of this work is

to extend the antenna selection concept into cooperative MIMO-BC scenario, with the objec-

tive of developing a selection algorithm which maximise the sum rate capacity of the system.

Extension to multiple carrier case is also taken into consideration.

In multiple hop cooperative relay transmission, the simplest scenario is a three node line

network, where one relay node is positioned in a straight line between source and destination

5
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node. This work aims to answer a fundamental question on whether the existence of relay node

can indeed improve the performance. In other words, given the same amount of total power

and total bandwidth, the influence of relay node towards end to end performance is studied.

The optimality conditions regarding relay position and power allocation are also addressed. In

general, bandwidth efficiency penalty is incurred whenever a message requires more than one

hop to reach destination. Although deploying more antennas can compensate this penalty to

some extend, it is not always a viable alternative, especially when space and node’s resources

are limited. As such, in order to eliminate this penalty, the network should allow a new message

to be transmitted at every transmission slot. However, this will introduce mutual interference

between messages, which might bring down the overall performance. The motivation of this

work in this area is to propose a novel strategy to allow simultaneous transmission of messages

as it travels through different hops. The scheme is to cater for the interference cancellation

property required so that it does not severely degrade the existing transmission in the network.

As far as cooperation in ad-hoc network is concerned, this work is motivated to quantify the

amount of improvement different cooperation schemes can bring. Starting with an idealistic

scenario where source and destination node locations are known a priori while all other relay

node positions are fixed, the end to end performance is studied. Extending this further, when

destination node is not known a priori, every other node can be the destination; while the

remaining nodes are potential relay nodes. A network with fixed structure whereby nodes are

placed at lattice points is considered. The motivation of this work is to analyse the average

performance considering all possible destination node locations. The effect of traffic pattern

towards average performance is also considered.

Finally, in the most generic case when the network does not have any particular structure

(termed as random network), where every node in the network are potential source as well as

destination node, the goal is to come out with a framework to analyse the average network

performance. To do this, a distance distribution between any given two nodes is developed.

6
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Then, a method to approximate the number as well as position of relay nodes that are needed

is proposed, which consider different scenarios including the presence of source nodes near

network edges. Different gains available using different cooperative scheme can then be quan-

tified using the proposed framework, and the average performances under different network

parameters are compared.

1.3 Thesis Organisation

The remaining part of this report is organised as follows:

Chapter 2 provides literature review on some of the existing cooperative transmission strate-

gies, both in cooperative broadcasting as well as cooperative relaying scenario. In cooperative

broadcast scenario, single antenna case and multiple antenna case are discussed separately, and

optimal strategy known for each of the cases are explained. In cooperative relaying scenario,

the single relay case and multiple relay case are discussed separately, and different forwarding

strategies as well as their performances are highlighted. Discussion on some of the challenges

and open problems in the area are also given.

Chapter 3 addresses the issues pertaining to cooperative broadcasting in MIMO-BC, in

which an antenna selection scheme is proposed. The single carrier case is first considered, and

the selection algorithm which maximises the sum rate capacity is given. Then, a sub optimal

antenna selection scheme for multicarrier point to point MIMO system is developed as the

basis to extend the earlier result into multiple carrier case. Combining the two algorithms

together, a selection scheme for multi carrier MIMO-BC is proposed. Performance of antenna

selection when applied to Broadband Wireless Access (BWA) systems based on IEEE 802.16

is analysed.

Chapter 4 focuses on cooperative relaying scenario, in which the significance of power

control and interference cancellation in multi hop transmission is described. Considering three

node line network, an optimal power control scheme is proposed based on the knowledge of

7
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second order statistics of the channel. Then, a novel interference cancellation strategy for multi

hop transmission to allow for new message transmission at each relay stage is proposed. The

underlying theory behind this technique is explained, and its performance compared to the

other cooperative relaying strategies is presented.

In Chapter 5, the analysis of cooperative relaying is extended for multiple relay case. First,

an ideal scenario is considered, with all relay nodes located equidistant from source and des-

tination. Derivation of closed form expression for the average outage probability is presented,

and the gain achieved in relation to the number of relay nodes is quantified. Using similar tech-

nique, the analysis is extended for regular network where nodes are placed in lattice points.

The effects of traffic pattern including traffic origins and traffic locality towards overall perfor-

mance are also analysed.

The most generic case without any particular network structure is considered in Chapter 6.

As highlighted earlier, since source and destination nodes can be located anywhere within the

network boundaries, all possible distances need to be considered. For this purpose, a distance

distribution of any given two nodes is developed. Similarly, since the network is random,

the number of potential helper nodes is also random. A systematic method to approximate

the number and position of relay nodes is then proposed, and average outage performance of

random network under different cooperative schemes are analysed.

Finally, conclusions and contributions of this work are summarised in Chapter 7. In addi-

tion, some possible research areas which serve as future directions are also presented.

8
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Chapter 2

Literature Review

2.1 Introduction

The use of cooperation in wireless communication context has been considered since more

than three decades ago. Initially proposed for point to multi-point broadcast communication,

it was shown that cooperation is capable of improving the overall rate region of the system.

Cooperation in broadcast communication represents the encoding strategy, which requires a

collective consideration of data streams from different users, and simultaneously transmit the

information to all users. Along with the development of MIMO systems, research on cooper-

ative broadcast communication has also been extended into multiple antenna case. However,

the implementation of multi-antenna cooperative broadcast systems is faced with the problem

of hardware cost and computational complexity. In point-to-point MIMO systems, antenna

selection has been recognised as an effective solution to alleviate this problem. One of the

motivations of this work is to extend the idea of antenna selection into cooperative MIMO

broadcast communication.

In some cases, deploying multiple antennas into a single terminal is not a viable solution.

To exploit the gain similar to those available in MIMO systems in such scenario, a concept

of virtual antenna array (also known as VAA) is introduced. By establishing some form of

9
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cooperation into several single-antenna terminals, it was shown that VAA systems can improve

the overall system performance. This adds a new meaning into cooperative communication,

whereby the term cooperation is used to represent the collective effort of several single-antenna

terminals to improve transmission quality. Furthermore, due to the causality of message trans-

mission, it is apparent that relaying forms an integral part of this type of cooperation. As such,

it is sometimes referred to as cooperative relaying. In this work, several aspects of cooperative

relay communication is studied. Starting from single relay case, the optimality condition per-

taining to the resource allocation problem is studied. Extension to the case of multiple relay

nodes is then considered, and the end to end performance is evaluated for different cooperative

schemes. Applying cooperative relay communication into ad-hoc network, whereby nodes are

located at a fixed regular pattern, the overall system performance is analysed in terms of net-

work outage probability. The analysis is extended to the case when the network is random with

no particular structure.

In this chapter, an overview of different types of cooperative communication is presented.

Section 2.2 discusses in detail the cooperative broadcast communication. An overview on mul-

tiple antenna systems and the types of gain available are also given. The concept of antenna

selection and several schemes available for point to point MIMO systems are then presented.

Combining multiple antenna concept with cooperative broadcast communication, the system

model for cooperative MIMO-BC is given, which is used for further analysis in this area. Dis-

cussion on cooperative relay network is presented in Section 2.3. Both single relay and mul-

tiple relay configuration are described, and various challenges associated with their practical

implementations are explained. Finally, Section 2.4 ends this chapter with a summary.

2.2 Cooperative Broadcast Communication

A study on BC was first initiated by Cover in [8], where broadcast transmission in discrete

memoryless channel is considered. In the paper, transmission is performed from one sender

10
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Figure 2.1: Broadcast Channel Block Diagram

to two separate receivers, and the idea of superimposing information intended to one receiver

on top of those intended to the other is introduced. It is shown that such approach is better

than time sharing scheme, which divides the transmission time into two slots (one slot for

transmitting simultaneously to both receivers at the capacity equal to the minimum capacity

between the two receivers, and the other slot for transmitting to only one receiver having the

higher capacity). This technique is then named as superposition coding, and the proof of its

optimality is presented in the ensuing work by Cover and Bergmans [1], in which it is shown

that superposition coding not only outperforms time sharing scheme, but also any type of time

and frequency multiplexing irrespective to the power allocation scheme used. Correspondingly,

the transmission scenario is termed as cooperative broadcasting, to emphasise the encoding

process which takes a collective consideration of information intended for different users.

Broadcast communication is a subset of multi user information theory [9], where one sender

wanted to transmit information to multiple users. The block diagram of two user BC is depicted

in Figure 2.1. To send a messagei ∈ {1...I} to the first user and messagej ∈ {1...J} to the

second user, an encoding function takes bothi andj to construct a length-n codewordx ∈ X n

from input alphabetX , and transmit it through the channel. The first and second receiver,

upon receiving the transmitted codeword asy1 ∈ Yn
1 andy2 ∈ Yn

2 , makes an estimate to

their respective messagesî and ĵ. The channel transition probabilityp(y1,y2|x) determines

the relationship between the transmitted and received codewords. For discrete memoryless

channel, the transition probability can be written as:

p(y1,y2|x) =
n∏

i=1

p(y
(i)
1 , y

(i)
2 |x(i)) (2.1)
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A rate pair(R1, R2) = (n−1log2(I), n
−1log2(J)) is said to be achievable if there exist a coding

scheme of the form((2nR1, 2nR2), n) which maps a message pair(i, j) into codewordx such

that the decoding error probabilityPe = Pr
[
î �= i

]
+ Pr

[
ĵ �= j

]
goes to0 as the block size

n goes to infinity. The capacity region of BC is then defined as the convex closure of the set of

achievable rates.

For several years, many efforts have been given for deriving the capacity region of BC.

Solution for the capacity region of BC has been found for some special cases. For the case

of degraded BC, superposition coding proposed in [1] and [8] is optimal, and achieves BC

capacity. The proof of achievability is presented by Bergmans in [10], and its converse was

established by Bergmans [11] and Gallager [12]. A broadcast channel is said to be degraded

if one user’s output ismore capable than the other, such that the channel transition probability

can be decomposed intop(y1, y2|x) = p(y1|x)p(y2|y1). The capacity region of a degraded BC

is given as [13, Theorem 1]:

(R1, R2) : R2 ≤ I(U ;Y2)

R1 ≤ I(X;Y1|U) (2.2)

for some joint distributionp(u)p(x|u)p(y1, y2|x). The outline of the proof goes as follows.

First, determine theless capable user, and construct an auxiliary random variableU which will

be used to transmit a message to it at rateR2. In order to do this,U has to be designed in such

a way that it is distinguishable by theless capable user. Without loss of generality, let receiver

2 be theless capable user. Here,U serves as a cloud center, and since it is distinguishable by

the less capable user, it is also distinguishable by the other user. Then for each cloud center,

construct2nR1 codewords onX n. Decoding at receiver 2 is performed by looking at the closest

cloud center to the received codewordy2, which can be done at negligible error rate as long

asR2 ≤ I(U ;Y2). At receiver 1, the same process is done. However, once the closest cloud

center is found, decoding is performed by looking at the corresponding point within the cloud

12
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Figure 2.2: Illustration of Gaussian Broadcast Communication Scenario

center that is closest to the received codewordy1. This can be done at negligible error rate as

long asR1 ≤ I(X;Y1|U). Combining the constraints for both users, the capacity region as

expressed in equation (2.2) is obtained. The more formal proof of the theorem is given in [13].

Another special case of broadcast channel is Gaussian BC (Figure 2.2a), where the received

symbol at receiver 1 and 2 can be expressed as:

y1 = x+ z1

y2 = x+ z2 (2.3)

Here, x is the transmitted symbol and satisfies the power constraintE[|x|2] ≤ P , z1 andz2

are Additive White Gaussian Noise (AWGN) distributed according toN (0, N1) andN (0, N2)

respectively. It is apparent that Gaussian BC is always degraded. Without loss of generality, let

the noise variance of receiver 1 be smaller than receiver 2 (N1 < N2). As illustrated in Figure

2.2b, the received signal in equation (2.3) can be rewritten into:

y1 = x+ z1

y2 = y1 + z′2 (2.4)

with z′2 distributed according toN (0, N2 −N1). In other words, the signal received at receiver

13
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2 is a degraded version of that in receiver 1. As such, the capacity region can be found using

the earlier result on degraded BC, and is given as [13, Theorem 2]:

(R1, R2) : R2 ≤ I(U ;Y2) =
1

2
log2

(
1 +

(1 − α)P

αP +N2

)

R1 ≤ I(X;Y1|U) =
1

2
log2

(
1 +

αP

N1

)
(2.5)

whereα indicates the portion of power used for user 1. The above capacity region is achieved

using two Gaussian codebooks (one for each receiver). The encoding process is similar to

that in degraded BC. First, generate2nR2 Gaussian codewords independent and identically

distributed (i.i.d.) according toN (0, (1 − α)P ). For each codeword, generate2nR1 satellite

Gaussian codewords according toN (0, αP ). To transmit messagei andj to the first and sec-

ond receiver, thejth codeword from the first codebook and theith codeword from the second

codebook is added and transmitted over the channel. Decoding at the second user is performed

as usual, considering the codeword intended for the first user as additive interference. Mean-

while, decoding at the first user is performed by first detecting the second user’s codeword

(which is possible since the first user’s channel is better), subtracting out the codeword from

the received sequence, and continue decoding the desired message. Using the above scheme,

decoding error probability can be made arbitrarily small as long as condition (2.5) is satisfied.

For the case when BC is deterministic (the channel transition probability matrix contains

only ones and zeros), the capacity region has been fully characterised. Capacity region of

Blackwell channel (one example of deterministic BC) is solved by Gelfand in [14]. Generali-

sation to the capacity region of any deterministic BC is then given by Marton [15] and Pinsker

[16]. In deterministic BC, the channel output received by different user can be expressed as:

y1 = g1(x)

y2 = g2(x) (2.6)
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In other words, the channel outputs are just a deterministic function of the channel input. It

turns out that the capacity region of this kind of channel is very closely related to the problem

of sending correlated information over noiseless channel, which was addressed by Slepian

and Wolf in [17]. The result in [17] gives a minimum data rate required to send arbitrarily

correlated information sources to a destination. Their scheme involves the idea of random

binning, in which all codewords are randomly grouped into bins, and the bin index (instead of

the actual codeword index) is used for message transmission. When this technique is applied

to deterministic BC, the resulting capacity region can be shown to be [15], [16]:

(R1, R2) : R1 ≤ H(Y1)

R2 ≤ H(Y2)

R1 +R2 ≤ H(Y1, Y2) (2.7)

Although the capacity region of BC is known for the above special cases, the capacity

region for the general BC is only known in terms of inner bound [13]. Attempts to characterise

the general BC capacity inner bound include the work by van der Meulen [18] and Cover [19].

To date, the largest known achievable region for general BC is Marton’s region [20], and it is

expressed as follows:

(R1, R2) : R1 ≤ I(U ;Y1)

R2 ≤ I(V ;Y2)

R1 +R2 ≤ I(U ;Y1) + I(V ;Y2) − I(U ;V ) (2.8)

for some joint distributionp(u, v, x).

With the introduction of MIMO systems by Teletar and Foschini in [3]-[4], the incorpora-

tion of multiple antennas into cooperative broadcast communication is inevitable. Given the

ability of MIMO systems to achieve very high spectral efficiency, it is expected that the capacity
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region of MIMO-BC is significantly larger than its single antenna counterpart. The analysis

of MIMO-BC, however, is more difficult since MIMO-BC is generally non-degraded (even for

the Gaussian channel case). Before proceeding further into MIMO-BC capacity analysis, a

brief overview on MIMO system is given in the following subsection.

2.2.1 Multiple Input Multiple Output Overview

The underlying idea of MIMO systems is to deploy more than one antenna at the transmitter

or receiver or both, with the objective to create multiple spatial data streams between the two.

An illustration of typical MIMO system is shown in Figure 2.3. The discrete time signal model

can be expressed as:

y = H x + n (2.9)

wherex andy are the transmitted and received symbol vector of sizeNt × 1 andNr × 1

respectively (Nr being the number of receive antennas andNt being the number of transmit

antennas),H is the channel matrix of sizeNr × Nt, andn is the noise vector of sizeNr × 1

at the receiver. As long as sufficient scatterers exist around transmitter as well as receivers and

sufficient antenna spacings is provided, the channel gain between different transmit-receive

antenna pairs can be assumed to be mutually independent. Depending on how this channel

independence is exploited, there are different types of gain associated with MIMO systems,
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namely array gain, diversity gain, and multiplexing gain. The next subsections discuss these

different types of gain in detail.

Array Gain

Array gain is characterised by the increase in average received signal to noise ratio (SNR) due

to coherent combining effect of the transmitted symbol. To exploit this type of gain, channel

state information (CSI) is required either at the transmitter or at the receiver, depending on

where the scheme is applied. One technique that fully exploits array gain is known as maxi-

mum ratio combining (MRC). The idea of MRC originates from [21], where linear diversity

combining is studied. Its application into MIMO context is then proposed by [22]. Array gain

can be exploited either at the transmitter, or at the receiver, or both. In Single Input Multiple

Output (SIMO) systems, the channel matrixH is a column matrix of sizeNr × 1. By mul-

tiplying the received symbol vectory with HH (the superscript[.]H denotes a Hermitian or

conjugate transpose operation), the average received signal SNR is enhanced by a factor of

E
[
‖H‖2

F

]
, where‖.‖2

F denotes the squared Frobeius norm operation. Similarly, in Multiple

Input Single Output (MISO) systems, where the channel matrixH is a row vector, the trans-

mitted symbol vector can be constructed asx = HH x. The average received signal SNR

in this case is enhanced by the same factor ofE
[
‖H‖2

F

]
. For the case of MIMO systems,

the array gain can be achieved by a technique called Eigen Beamforming [23]-[24], where the

transmit and receive symbol vectors are multiplied by the right and left channel eigenvector

respectively corresponding to the largest eigenvalue. The increase in average receive SNR is

then proportional to the largest eigenvalue of the channel matrix.

Diversity Gain

Diversity gain characterises the rate of decrease in average error probability with respect to an

increase in SNR. It is achieved by transmitting the same symbol over several independently
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faded channel, such that the receiver has multiple copies of the same message. In this way,

since the possibility of all channels in deep fade at the same time is much smaller compared to

the probability of only one channel in deep fade, the overall channel quality is improved and

better decoding reliability is achieved. Mathematically, diversity gain is quantified as [25]:

GD = limρ→∞
−logPe(ρ)

log ρ
(2.10)

whereρ is the operating SNR andPe(ρ) is the corresponding average error probability. Several

schemes have been proposed to exploit diversity gain in MIMO systems. One prominent exam-

ple is Alamouti scheme [26], which is designed for2 × 1 MIMO systems. In order to transmit

two symbols (denoted ass1 ands2) over two periods, Alamouti scheme transmitss1 ands2

through the first and second antennas at the first time slot, followed by−s∗2 ands∗1 through the

first and second antennas at the second time slot. This symbol structure makes it possible to

exploit full diversity gain (of order 2) at the receiver without requiring any CSI at the trans-

mitter. Other examples of transmission scheme that exploits diversity gain were developed by

Tarokh, Javarkhani, Seshadari, and Calderbank, known as Space Time Block Codes (STBC)

[27], as well as a more general Space Time Trellis Coding (STTC) [28]-[30]. These techniques

can be applied for MIMO systems with larger number of antennas.

Multiplexing Gain

To enhance the transmission throughput over MIMO channel, a technique called spatial multi-

plexing is used. The idea of this technique is to transmit independent messages over all spatial

data streams available in MIMO channel. The resulting gain is called multiplexing gain, which

is characterised by a linear increase in the transmission throughput [25]:

GM = limρ→∞
R(ρ)

log ρ
(2.11)
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whereR(ρ) is the transmission rate atρ operating SNR. In any MIMO systems, the multiplex-

ing gainGM is upper bounded byGM ≤ min(Nt, Nr). Different schemes have been proposed

to exploit multiplexing gain in point to point MIMO systems, including a well known Layered

Space Time (LST) architecture by Foschini [31] (also known as Diagonal Bell Labs Layered

Space Time Architecture or D-BLAST). This scheme breaks each message block into sub

blocks, and transmit them through different transmit antennas in a sequential manner. Sub

blocks from different message blocks are transmitted concurrently using all available transmit

antennas, hence the effective throughput is increased. A modification of D-BLAST scheme is

proposed by the same author in [32], which allows all sub blocks from each message block to

be transmitted in parallel (instead of sequentially) using all available transmit antennas. This

scheme improves on the original D-BLAST scheme by removing the necessity of empty blocks

in the initial transmission, and it is called V-BLAST respectively. However, its performance

is slightly worse compared to the original D-BLAST due to the absence of time diversity.

Subsequent modification on V-BLAST scheme is proposed in [33], which uses successive in-

terference cancellation (SIC) technique to perform equalisation of different data streams at the

receiver. Extending it further, the work in [34] proposed an iterative method to combine SIC

technique and closed loop feedback, which uses the initial symbol estimate to subtract off its

contribution as interference from the currently decoded data stream at every iteration. It is

shown that this method is able to extract full diversity as well as multiplexing gain.

To date, the subject of point to point MIMO communication has been well understood,

and a substantial amount of work can be found in the literature (see [35]-[38] and the refer-

ences therein for an extensive summary on the subject). When perfect CSI is available at the

transmitter, transmission can be performed at the channel capacity, which is quantified as [3]:

C = max
Rxx ≥ 0, T r(Rxx) ≤ Ptot

log2

(∣∣INr + HRxxH
H
∣∣) (2.12)

where|.| is a determinant operation,INr is identity matrix of sizeNr × Nr, andRxx is the
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covariance matrix of the transmitted symbol vectorx. This can be done by multiplying the

transmit and receive symbol vector with the right and left singular matrix ofH respectively,

followed by waterfilling power allocation strategy according to [39]. Let the singular value

decomposition (SVD) of the channel matrix be expressed as follows:

H = U λ V H (2.13)

whereU andV are the left and right singular matrix ofH respectively, and the diagonal matrix

λ= diag{λ1, λ2, · · · , λK} represents channel singular values (Kbeing the rank or available

spatial data stream of the channel matrix, which has a maximum of min(Nt, Nr)). Multiplying

the transmit symbol vector withV results in the following covariance matrix:

Rxx = V P V H (2.14)

whereP= diag{P1, P2, · · · , PNt} is the diagonal matrix representing power allocation across

different transmit antennas. Using equations (2.13) and (2.14), given that the channel rank

is K = Nt (full rank channel matrix andNr ≥ Nt), the maximisation argument in equation

(2.12) can be simplified as:

log2

(∣∣INr + HRxxH
H
∣∣) = log2

(∣∣INr + UλV H V PV H V λUH
∣∣)

= log2

(∣∣INr + UλPλUH
∣∣)

= log2 (|INr + λPλ|)

=
K∑

i=1

log2

(
1 + λ2

i Pi

)
(2.15)

and the maximisation condition can be translated into:

Pi ≥ 0 ∀i,
∑

i

Pi ≤ Ptot (2.16)
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According to [39], the solution for the above power allocation can be expressed asPi =
(
ψ − λ−2

i

)+
; whereψ is the water level chosen in such a way that the total power constraint is

satisfied, and(s)+ = max(0, s) is to make sure that all powers have positive values.

In practice, perfect CSI at the transmitter is either difficult to obtain or requires a large

amount of feedback. Moreover, the algorithm for finding the optimal power allocation can be

too complex for the receiver. As an alternative solution, a sub optimal approach can be used by

distributing the total power equally across favourable substreams [40] (which is in general less

than the total number of transmit antennas). It is shown that the threshold used in conventional

waterfilling is good enough to determine the set of favourable substreams, and the capacity

penalty incurred by this approach is only minimal.

As far as MIMO equalisation is concerned, different techniques have been proposed, and

their performances have been evaluated. The optimal MIMO equalisation scheme is Maxi-

mum Likelihood (ML) detector, which makes symbol decision based on maximum likelihood

probabilityx̂ = arg maxp(y|x̂). Equivalently, this criterion can be translated into a minimum

distance detector, which makes symbol decision based on minimum euclidean distance accord-

ing to x̂ = arg min‖y − Hx̂‖. Performance of MIMO systems using ML receiver is analysed

in [41]-[44].

Despite its optimality, ML receiver is not practical to implement due to its computational

complexity (which grows exponentially with respect to the number of antennas and constella-

tion size). A more practical MIMO equalisation scheme is to use linear receiver, such as Zero

Forcing (ZF) and Minimum Mean Square Error (MMSE) method. Using ZF receiver, channel

effect is completely eliminated, hence Inter-Symbol Interference (ISI) at the receive antenna

is zero. This is done by multiplying the received symbol vectory with (H H H)−1 HH,

a Moore-Penrose pseudo-inverse of the channel matrix [45, Section 5.5.4]. Although ISI is

completely eliminated, the drawback of ZF receiver is noise enhancement during the channel

inversion process. A better choice of linear receiver is to adopt MMSE technique. Instead
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of eliminating ISI, MMSE receiver combines the effect of ISI and additive noise to minimise

the mean squared error of the estimated symbol vector. This is achieved by multiplying the

received symbol vectory with (HH H+ρ−1 INt)
−1 HH, and it outperforms ZF receiver. In

high SNR regime (ρ→ ∞), MMSE equaliser reduces to ZF, and both schemes result in the

same performance. The error probability of ZF and MMSE receiver are analysed in [44].

The study on MIMO systems have also been extended to broadband frequency selective

channel scenario, in which Orthogonal Frequency Division Multiplexing (OFDM) is used in

conjunction with MIMO techniques [46]-[49]. Several issues pertaining to MIMO-OFDM

systems have also been addressed. Reference [47] considers differential encoding strategy for

MIMO-OFDM systems to eliminate the need of CSI. Transmit power allocation and subcarrier

assignment are proposed in [48] and [49] respectively. The problem of Inter-Carrier Interfer-

ence (ICI) inherent to OFDM systems when applied to highly mobile environment is addressed

in [50], which extends the result of [51] into MIMO scenario.

Besides OFDM, there are also other techniques which can be used for MIMO communi-

cation over broadband frequency selective channel. For instance, [52] proposes a space time

transmit diversity technique for wideband CDMA systems, while the work in [53] uses De-

cision Feedback Equalisation (DFE) technique at the transmitter to achieve diversity gain in

frequency selective channel.

In general, the performance of MIMO systems largely depends on the channel condition.

When the number of scatterers is insufficient or when the antenna is placed in high altitude,

fading across different antenna pairs might be correlated. Since fading correlation reduces the

rank (equivalently the number of spatial data stream) of MIMO channel, performance degra-

dation is inevitable. The detrimental effect of fading correlation towards MIMO capacity and

error performance is studied in [54] and [55] respectively. One simple strategy to effectively

overcome this issue is to use only a subset of available antennas which has low mutual corre-

lation. The advantage of this antenna selection strategy is two-fold. Firstly, since only part of

22

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 2

Binary

Input stream

Space-Time 

Encoder

Switching 

Circuit

&

Transmit 

Selection

. 

.

.

RF Chain 1

RF Chain Nt

1

. 

.

.

Mt

1

Mr

Switching 

Circuit

&

Receive 

Selection

. 

.

.

. 

.

.

RF Chain 1

RF Chain Nr

H

Space-Time 

Decoder

Received

Binary Stream

Feedback Channel

Figure 2.4: Block Diagram of Point to Point MIMO System with Antenna Selection

the available antennas are used at any one time, the number of RF-chain (a series of Radio Fre-

quency devices consisting of amplifier, analog to digital converter, and filter banks) required

is reduced. Using a low cost switching circuitry to connect the selected antenna subset to the

available RF-chain, the overall hardware cost can be reduced. Secondly, using an appropriate

selection scheme based on the information obtained through feedback, optimal antenna subset

can be selected, hence the overall performance can be improved. The block diagram of typi-

cal MIMO systems with antenna selection is depicted in Figure 2.4. An overview on antenna

selection schemes is given in the following subsection.

2.2.2 Overview on Antenna Selection

There are various selection schemes available in the literature, each catered for different MIMO

settings such as the transmission method used (spatial multiplexing or space time coded trans-

mission), location where the selection is performed (at the transmitter, receiver, or both), the

available information (full CSI or only statistical CSI), receiver equalisation method used (ML,

ZF, MMSE, or SIC), as well as the selection objectives (maximise the throughput capacity,

minimise the instantaneous/average error probability, or maximise the effective SNR). A con-

siderable amount of work has been done in the field of antenna selection, out of which one

of the most notable contribution is by Paulraj together with his team and collaborators (Gore,

Nabar, Heath, and Gorokhov) [56]-[62]. Below is a list of various selection criteria that have

been proposed for different MIMO settings.
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1. Maximise Frobenius norm of effective channel matrix or the determinant of correla-

tion matrix: Antenna selection in space-time coded MIMO systems which minimises

instantaneous and average error probability is proposed in [56]. When full CSI is avail-

able at the transmitter, it is shown that selecting antenna subset which maximises the

effective channel’s Frobenius norm is optimal. The argument follows from the fact that

the effective SNR is proportional to the Frobenius norm of the effective channel matrix.

Since instantaneous error probability is inversely proportional to the SNR, the selection

condition is to choose a subset with the largest norm. When only statistical channel in-

formation is available, it is shown that selecting antenna subset which maximises the de-

terminant of the effective correlation matrix is optimal. This follows from the derivation

of average pairwise error probability, which is inversely proportional to the determinant

of the covariance of vectorised effective channel matrix. Analysis on the performance

of selection scheme (based on antenna subset which maximises the channel Frobenius

norm) in terms of outage probability is presented in [57].

2. Maximise determinant or product of minimum singular values of transmit and receive

correlation matrices: Antenna selection in spatial multiplexing MIMO systems which

minimises average error probability is proposed in [58]. When ML receiver is used, it

is shown that optimal receive antenna combination is the one that maximises the deter-

minant of effective receive correlation matrix. Meanwhile, unlike the space-time coded

MIMO systems, optimal transmit antenna combination can not be obtained directly by

maximising the determinant of transmit correlation matrix. Instead, optimal transmit an-

tenna combination is dependent on the characteristics of the error vectors, and should be

searched by minimising the average pairwise error probability expression. It is shown

that the optimal transmit and receive antenna subset are the ones that maximise the prod-

uct of minimum singular values of effective transmit and receive channel correlation

matrices for a ZF receiver.
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3. Maximise the minimum column norm of effective channel matrix or the actual ca-

pacity expression: Capacity based receive antenna selection scheme for spatial multi-

plexing MIMO systems is proposed in [59]. When ordered SIC scheme is used at the

receiver, the capacity is upper bounded by the number of transmit antenna multiplied by

a monotonically increasing function of channel matrix column norm. Therefore, the re-

ceive selection criterion is to choose the antenna subset which maximises the minimum

column norm of the effective channel matrix. On the other hand, the theoretical capacity

can be expressed in a closed form for an MMSE receiver. For both cases, receive an-

tenna selection can be performed by choosing the antenna subset which maximises the

capacity expression.

4. Maximise the rank of right singular channel matrix with the largest determinant:

Transmit antenna selection scheme for spatial multiplexing MIMO systems which max-

imises capacity using only statistical CSI at the transmitter is proposed in [60]. The

work is motivated by the fact that end to end capacity is largely dependent on the ef-

fective channel rank. Therefore, selecting transmit antenna subset which has a full rank

right singular matrix is optimal. Furthermore, when more than one combination satis-

fies this criterion, choosing the one that maximises the determinant of the right singular

matrix is optimal, as it provides additional coding gain.

5. Minimise the trace or maximum diagonal value of inverse transmit correlation matrix:

Another transmit antenna selection scheme for spatial multiplexing MIMO systems using

only statistical CSI is proposed in [61]. Using ZF receiver, the statistics of effective SNR

is derived and subsequently applied to find the expression of average error probability

and average capacity. When the objective is to maximise the average throughput, the

selection criterion is shown to be equivalent to selecting transmit antenna subset which

minimises the trace of the inverse transmit correlation matrix. On the other hand, when

the objective is to minimise the average error probability, it is shown that the selection
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criterion is to choose transmit antenna subset which minimises the maximum diagonal

value of inverse transmit correlation matrix.

6. Maximise minimum SNR, minimum singular values of effective channel matrix, and

capacity expression: A slightly different variant of transmit antenna selection for spa-

tial multiplexing MIMO systems is proposed in [62]. Here, instead of performing the

selection at the transmitter using CSI available, selection is performed at the receiver

using full CSI (which can be obtained by good channel estimation algorithm), and then

the optimal antenna subset is sent back to the transmitter via low rate feedback. The

selection objective considered is to maximise effective SNR. MMSE and ZF receiver are

considered whereby the expression of effective SNR at different spatial data streams are

obtained. Three schemes are proposed, choosing transmit antenna subset which directly

maximise the minimum SNR across all data stream, choosing the one which maximises

the minimum singular values, and choosing the one which result in largest capacity.

7. Maximise capacity through successive addition or removal of channel row/column:

An information theoretic approach of joint antenna selection which maximises the ca-

pacity of spatial multiplexing MIMO systems is presented in [63]. It studies the effect

of mutual information and channel power towards MIMO capacity and exploit them as

antenna selection criteria. It also analyses the algorithm complexity. Another informa-

tion theoretic approach of capacity maximising antenna selection scheme is proposed in

[64]-[66], whereby iterative algorithm to successively add/remove channel row/column

is developed. It is shown that this approach can significantly reduce the selection com-

plexity. The performance of the scheme when applied to MIMO systems with MMSE

and ordered SIC receiver is analysed. The capacity of MIMO systems with receive an-

tenna selection is studied in [67]. It is shown that as long as the number of selected

receive antennas is as large as the number of transmit antennas, a capacity close to a

full complexity system can be achieved. An upper bound on capacity is developed for
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the cases when receive antennas is less than and greater than the number of transmit

antennas, and their performances are evaluated via simulation studies.

Similar to MIMO systems, the study on antenna selection has been applied to broadband

frequency selective channel scenario as well [68]-[72]. Since channel conditions at different

subcarriers are generally different, the selection process in this scenario has to take into con-

sideration of all subcarriers jointly. The optimal antenna subset is the one that results into the

best performance at all or most of the subcarriers. Receive antenna selection in MIMO-OFDM

systems which minimises the error probability averaged over all subcarriers is considered in

[68]. A similar technique is also used in [69] for transmit antenna selection case. Although

efficient schemes have been developed for selecting optimal antenna subset in broadband fre-

quency selective channel, the complexity of these schemes are often very high, especially when

the number of subcarriers is large. Motivated by this fact, the work in [71] and [72] proposed

a sub-optimal antenna selection strategy for MIMO-OFDM systems.

A different approach on antenna selection for broadband frequency selective channel is

proposed in [73]-[76], where the problem of allocating subcarrier to the best antenna is con-

sidered. In terms of hardware cost, this scheme requires the same number of RF-chains as the

total available antennas, hence no cost reduction is achieved. The advantage of this scheme,

however, is the extra flexibility for resource allocation. Since each subcarrier is transmitted

through only one antenna, power allocation and bit loading (using adaptive modulation and

coding scheme) can be readily applied.

2.2.3 Multi-antenna Cooperative Broadcast Communication

Having seen the superiority of MIMO systems and its extensive study in point to point com-

munication, it is natural that the application of multi antenna configuration is also considered

in cooperative broadcast scenario. As pointed out earlier, the analysis of MIMO-BC is more

challenging compared to single antenna BC due to its non-degraded nature. The capacity re-
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gion of MIMO-BC is still an open problem to date. Attempt to characterise the achievable rate

region of Gaussian MIMO-BC was made by Caire and Shamai in [77], in which the theorems

from Costa’s Dirty Paper Coding [2], Marton’s region for generic scalar BC [20], and Sato’s

capacity outer bound [78] were used to find the achievable region of two user MIMO-BC (one

transmitter with two antennas and two single antenna users). In their work, the MIMO-BC is

first decomposed into a set of interference channel, after which Dirty Paper Coding scheme

is applied at the transmitter, followed by successive encoding of different user’s data. The

resulting achievable region is then known as Dirty Paper region.

Capacity outer bound of MIMO-BC is obtained by assuming that all receivers fully co-

operate with one another, such that the overall throughput/sum rate is equal to point to point

MIMO capacity, in which the number of transmit antenna is equal to the number of broadcast

transmitter’s antenna, and the number of receive antennas is equal to the sum of all receivers’

antennas [78]. However, since different receivers are disjoint, noise between different user’s

antenna can be arbitrarily correlated, and the capacity outer bound must consider the worst

case noise correlation. Using conventional technique of MIMO capacity, the sum-rate capa-

city outer bound of MIMO-BC can be calculated. Dirty Paper region found in [77] is shown

to achieve the same sum rate as this capacity outer bound, therefore it is said to achieve the

sum-rate capacity of MIMO-BC.

The more general case of MIMO-BC with arbitrary number of users, transmit antennas,

and receive antennas was considered by Yu and Cioffi. It is shown that the achievable rate

region can be expressed as [79, Theorem 1]:

(R1, · · · , RK) : Ri ≤
1

2
log2

∣∣∣
∑K

k=i H iSkH
H
i + Szizi

∣∣∣
∣∣∣
∑K

k=i+1 H iSkH
H
i + Szizi

∣∣∣
(2.17)

whereK is the total number of receivers,Szizi
is the noise covariance matrix at receiveri,

andSk is a set of positive semi-definite matrices satisfying the total power constraint. It is
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also shown that the above rate can be achieved using precoding strategy through Generalised

Decision Feedback Equalisation at the transmitter. As far as sum capacity of MIMO-BC is

concerned, [79] provides rigorous proof to show that sum capacity is a saddle point of the

mutual information game in the form of min max operation, where maximisation is performed

with respect to all transmit covariance matrices satisfying the total power constraint, while the

minimisation is performed with respect to the least favorable noise covariances.

Using the duality theorem of BC and MAC proposed in [80], Vishwanath, Jindal, and

Goldsmith gives an alternative expression for MIMO-BC sum rate capacity in [81] and [5]. The

outline of the derivation is as follows. First, duality between Dirty Paper region and MIMO-

MAC capacity region is proved by showing that for a given set of covariance matrices in Dirty

Paper region, it is possible to obtain another set of covariance matrices in MIMO-MAC region

having the same total power and resulting in the same sum rate. Then, it is shown that the

maximum sum-rate in the dual MIMO-MAC capacity region intersects with Sato cooperative

capacity outer bound for MIMO-BC. Hence, it is concluded that the sum capacity of MIMO-

BC can be computed through the dual MIMO-MAC having the same total power constraint as

follows:

Csum = max
Sk ≥ 0,

P
k Tr(Sk) ≤ Ptot

1

2
log2

∣∣∣∣∣I +
K∑

k=1

HH
k SkHk

∣∣∣∣∣ (2.18)

which is much simpler and easier to analyse compared to the original expression of MIMO-BC

sum capacity obtained through Dirty Paper region as follows [79]:

Csum = max
Qϕ(i) ≥ 0,

P
i Tr(Qϕ(i)) ≤ Ptot

K∑

j=1

1

2
log2

∣∣∣I +
∑K

i=jHϕ(j)Qϕ(i)H
H
ϕ(j)

∣∣∣
∣∣∣I +

∑K
i=j+1 Hϕ(j)Qϕ(i)H

H
ϕ(j)

∣∣∣
(2.19)

where the maximisation has to be done over all possible encoding orderϕ and all positive

semi-definite transmit covariancesQϕ(i) that satisfy total power constraint. The relationship

between MIMO-BC, MIMO-MAC, and Sato upper bound has also been pointed out through

independent work by Viswanath and Tse in [82].
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The analysis on MIMO-BC so far assumed that perfect CSI is available at the transmitter

and all receivers. In practice, this requires a large amount of feedback from all receivers. A

sub optimal approach to overcome this issue was proposed in [83], whereby the concept of

one-shot scalable feedback for MIMO-BC is introduced. For the case when perfect CSI is not

available, an alternative transmission scheme for MIMO-BC with only partial CSI is proposed

in [84]. By sending a probe message to random directions following isotropic distribution, each

receiver can measure the best beam having the largest Signal to Interference plus Noise Ratio

(SINR) and send that information back to the transmitter via feedback channel. Transmission is

then performed only to a subset of receiver having the best SINR. It is shown that this strategy

can achieve sum rate throughput that scales as fast as the optimal MIMO-BC strategy.

Other sub-optimal broadcast transmission strategies have also been proposed in [85] and

[86], in which TDMA and block diagonalisation scheme are considered, and their performance

are compared to the optimal Dirty Paper strategy. In TDMA, only one user is served at any one

time. While TDMA is sum rate optimal for single antenna BC, it is not the case for MIMO-

BC. It is shown in [85] that the sum rate capacity achieved using Dirty Paper strategy is several

times larger than TDMA sum rate, and the ratio can be up to the minimum between number of

transmit antenna and total number of users. As for the block diagonalisation scheme, a precod-

ing matrix is applied to different message vectors intended for different users. The objective

here is to eliminate interuser interference so that receiver equalisation can be simplified. It is

shown in [86] that under idealistic case where user’s channel are mutually orthogonal, block

diagonalisation scheme can achieve Dirty Paper performance. Otherwise the performance is

somewhere in between TDMA sum rate and the optimal Dirty Paper sum rate capacity.

Since MIMO-BC is a multiple antenna system in nature, the problems inherent to MIMO

systems (such as hardware cost, space limitation, channel correlation) persist in this system as

well. Before the practical application of MIMO-BC can be justified, these problems need to be

addressed. In the previous subsection, the role of antenna selection in providing an effective
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Figure 2.5: Block Diagram of MIMO-BC System with Antenna Selection

solution to these problems for point to point MIMO case has been demonstrated. One of the

objectives of this work is to extend the antenna selection concept into MIMO-BC scenario.

Block diagram of a typical MIMO-BC system with antenna selection is depicted in Figure

2.5. The subscript index of the channel matrices above indicates the user index. As opposed

to point to point MIMO system, applying antenna selection in MIMO-BC is more challenging.

Selecting a particular antenna subset at the transmitter would affect the performance of all re-

ceivers, hence transmit antenna selection strategy must take into consideration of the collective

effect to all users. At the same time, the selection algorithm complexity must be kept as low as

possible. Antenna selection strategy for MIMO-BC is a subject of analysis in this thesis, and

its detailed discussion is presented in Chapter 3.
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2.3 Cooperative Relay Network

The cooperative scenario in relay network is fundamentally different from cooperative broad-

cast communication. As opposed to broadcast communication where messages are co-located

in central location, each node in relay network carries their own information to transmit. Coop-

eration in this scenario represents joint effort of different nodes to improve decoding reliability

at the destination. The underlying concept of cooperative relay network is to make use of part-

ner’s antenna in order to create multiple spatial data streams towards destination, hence any

benefit of MIMO systems can be exploited, even though each node is equipped with only one

antenna. In this regard, cooperative relaying can be viewed as a synergic fusion of relaying

(where message must travel through several hops to reach destination) and multi antenna sys-

tems (where multiple spatial data streams are created, hence improving transmission quality).

Some of the pioneering works in cooperative relay network include the contribution by

Sendonaris, Erkip, and Aazhang; in which cooperation is applied to two user system com-

municating with a common destination [6]-[7]. In that work, an achievable rate region of the

system is developed, whereby an idea to split each user’s message into three portions is intro-

duced (one portion intended to send directly to destination, one portion for the partner node,

and another portion to send cooperative message containing both its own and partner’s message

to destination). As far as practical implementation is concerned, a CDMA scheme is used to

separate different portions of the message, and the resulting throughput and error performance

are analysed.

Following [6] and [7], research on cooperative relay network has been extended into many

directions, and several aspects of the subject have been considered. Different forwarding strate-

gies have been proposed, including Amplify and Forward (AnF), Decode and Forward (DnF),

Coded Cooperation, and many others. In the following two subsections, two different classes

of cooperative relay networks (namely single relay configuration and multiple relay configura-

tion) are addressed.

32

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 2

Relay

R

Source

S

Destination

D

hSR

hSD

hRD

Figure 2.6: Illustration of a Three Node Network

2.3.1 Single Relay Configuration

The simplest configuration of cooperative relay network is a three node network (Figure 2.6),

where one source node communicates to the destination node with the help of a single relay

node located between the two. Interestingly, even in this most simplistic configuration, the

number of possible cooperation strategies is seemingly infinite, and a plethora of works can be

found in the literature discussing this particular cooperative setting ([87]-[107]).

Here, transmission of a message from source to destination involves two time slots. On the

first slot, source node broadcasts the message to both source and destination, and the received

signal can be expressed using the following discrete time signal model:

yr = hsr x+ nr (2.20)

y(1) = hsd x+ n(1) (2.21)

wherehsr andhsd are the channel gain from source to relay and source to destination node

respectively,x is the transmitted symbol satisfying power constraintE[|x|2] ≤ P , whilenr and

n(1) are AWGN at relay and destination node during the first time slot respectively, and they are

distributed with equal variance according to complex normal distributionCN (0, N0). At the

second time slot, relay node forwards the received information to destination. Depending on
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how relay node process the signal prior to forwarding it to the destination, and how destination

node makes use of that extra information from relay node to make better decoding reliability,

various cooperative relaying schemes are defined.

Reference [87] provides a tutorial overview of three cooperative relaying strategies in three

node network, namely AnF, DnF, and Coded Cooperation. In AnF scheme, relay node simply

forwards a scaled version of whatever it received at the first time slot, and the received signal

at the destination can be expressed as:

y(2) = hrd A yr + n(2) (2.22)

wherehrd is the channel gain from relay to destination node,A is the scaling factor chosen

to satisfy the power constraint at the relay,yr is as expressed in equation (2.20), andn(2) is

the AWGN at the destination during the second time slot. The destination, upon receiving the

signal at both time slots, will then usey (1) andy(2) to decode the original message. It is apparent

that extra diversity gain is available at the destination, hence better decoding reliability can be

achieved.

In DnF scheme, the scenario is slightly different. Here, instead of just scaling the received

signal, relay node tries to decode the message before forwarding it to the destination. The

received signal at destination in this case can be expressed as:

y(2) = hrd x̂+ n(2) (2.23)

where x̂ is the message estimate at the relay node. The advantage of such an approach is

the non-propagation of channel distortion and additive noise to the subsequent stages, which

results in the relaying of clean message to the destination. The drawback in such approach,

however, is the additional complexity required at the relay node to perform message decoding.

Error propagation is also a problem inherent to DnF scheme. When the decoded message at
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Figure 2.7: Illustration of Selection Cooperation in Three Node Network

relay node is incorrect, the forwarded message would be erroneous, which will in turn degrade

the decoding reliability at the destination.

Coded cooperation is another type of cooperative scheme in three node network [88]-[91].

The main difference between this scheme and the previous two is that coded cooperation is

always used in conjunction with channel coding. The idea is to let relay node transmit a certain

portion of parity information to destination node. Hence, in the first time slot, the channel

coded message is appropriately punctured at the source node and subsequently sent to both

relay and destination. At the relay, message decoding is performed and different puncturing

pattern is used to generate enhancement parity which is sent to destination at the second time

slot. Code combining technique is then used at the destination to decode the original message

with better reliability.

On top of the above three cooperative techniques, several variants of the scheme have been

considered. In [92], Laneman, Tse, and Wornell introduced an adaptive scheme called selection

relaying and incremental relaying for three node networks; and their performances in terms

of outage probability are shown to outperform fixed relaying with either AnF or DnF. The

underlying idea of these proposed schemes are described in the following two paragraphs.

In selection relaying (see Figure 2.7 for illustration), relay node measures the channel qual-

ity from the source node. If the channel gain is above a certain threshold, it will continue
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Figure 2.8: Illustration of Incremental Relaying in Three Node Network

to forward the message to destination node. Otherwise, it remain silent at the second time

slot, and let the source node transmit instead (using repetition coding or other more powerful

codes). The intuition behind this scheme is as follows. When the channel gain between source

and relay is not sufficiently high, it is likely that the relay node receives an erroneous message.

Therefore, letting the relay node forward the message under this condition will bring down the

performance. This scheme tries to avoid this situation by having the source node retransmit

instead. As far as the threshold is concerned, an outage condition can be used. In other words,

given a target rate, the minimum channel gain required to achieve a certain outage probability

can be calculated. Using that gain as the threshold is equivalent to letting relay node forward

the message only when the source relay channel is not in outage as desired.

Incremental relaying provides an extension of hybrid-ARQ (Automatic Repeat Request)

into relay scenario (see Figure 2.8 for illustration). Upon receiving a message at the first slot,

the destination node tries to decode it. If the destination is able to decode the message correctly

(as indicated by an error detection mechanism), then positive acknowledgement (ACK) is sent,

and source node continues to transmit at the following time slot. Otherwise, negative acknow-

ledgement (NACK) is sent, and relay node will forward the message it received during the first

time slot to destination. The advantage of this scheme is that extra time slot is required only

when destination is unable to decode the message from source node; as such, higher bandwidth
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efficiency is attained. The drawback of this scheme is the necessity of feedback channel for

the destination to send acknowledgement; however, this penalty is minimal compared to the

bandwidth efficiency savings it provides.

The performance of cooperative communication in three node networks using AnF and DnF

are analysed by the same authors using average error probability [93] and outage probability

[94] as the performance metric, and it is demonstrated that cooperation outperforms direct

transmission. In [95], Nabar, Bolcskei, and Kneubuhler presented an information theoretic

analysis of AnF and DnF scheme in three node network. The technique used in the analysis is to

arrange the received symbol at the destination into vector form, such that the effective channel

can be represented by a matrix. Then, conventional mutual information calculation for MIMO

systems can be applied directly. Three different scenarios are considered. In the first scenario,

source node broadcasts its message at the first time slot to both relay and destination. Then,

both source and relay transmit to the destination at the second time slot. In the second scenario,

source node again broadcasts to both relay and destination at the first time slot. However, at the

second time slot, only relay node forwards the message to destination. This scenario captures a

situation where the source node is engaged in data reception from other terminal during second

time slot. Finally, in the third scenario, source node transmits solely to the relay node at the

first time slot (as destination node is engaged in data transmission to other node). While both

source and relay node transmit to destination node at the second time slot.

In [96], Vishwanath, Jafar, and Sandhu analysed the achievable region of three node net-

work, and subsequently gave the corresponding outer bound. It first breaks the transmission

into two periods. In the first period, source node broadcasts to both relay and destination node,

hence the transmission is limited by BC communication. At the second period, both source and

relay transmit to destination, hence the transmission is limited by MAC communication. Max-

imum flow minimum cut theorem [97] is then applied to obtain the achievable region. Another

constraint in three node network is that the information from relay node could not exceed the
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information it received from the source. Incorporating this constraint into the earlier achievable

region, the corresponding outer bound is developed, and a Gaussian channel example is given.

When conducting performance evaluation in cooperative three node networks, it is often

necessary to characterise the effective SNR at the destination. When MRC technique is adopted

to combine the signal from the first and second time slot, the effective SNR is simply the

addition of the individual SNR at both slots (ρeff = ρ(1) + ρ(2)). The SNR characterisation

at the first time slot is straightforward, as it is just a conventional point to point transmission.

From equation (2.21), this SNR can be expressed as:

ρ(1) =
P

N0

|hsd|2 (2.24)

The SNR characterisation at the second time slot, however, is more difficult, as the message

undergoes fading twice before reaching destination. Assuming AnF, this SNR can be expressed

as:

ρ(2) =
P

N0

(
|hsr|2|hrd|2

|hsr|2 + |hrd|2 + N0

P

)
(2.25)

In [98], a high-SNR characterisation for the second slot transmission is derived using the Prob-

ability Density Function (PDF) of a harmonic mean of two exponential random variables.

Meanwhile, the Cumulative Distribution Function (CDF) ofρeff which is useful in analysing

the outage probability of the system is derived in [99]-[100].

When applied to broadband frequency selective channel, ISI complicates the analysis. Ref-

erence [101] extends the analysis of cooperative three node network in frequency selective

channel, in which three equalisation schemes are proposed. The first scheme applies Lindskog-

Paulraj STBC technique [102] in distributed scenario, while the other two schemes use OFDM

based equalisation to eliminate ISI.

Despite all the analysis that have been provided for cooperative three node network, most

of them focused on the performance analysis in terms of capacity, average SNR, and average
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probability of error at the destination. While it is true that the additional relay node can im-

prove the overall performance, it does so with an additional time slot. In order to make a fair

comparison with direct transmission, equal end to end throughput must be considered; hence

modulation order (the number of bits per symbol) has to be doubled for the relay scenario,

which will in turn bring down the performance.

Motivated by this fact, this thesis tried to address the above issue by answering a fundamen-

tal question on whether adding relay node can indeed improve the end to end performance. In

other words, given the same amount of total power, total bandwidth constraint, and equal end to

end throughput, the role of relay node in improving direct transmission performance is studied.

The condition of optimality is also considered, which provides a connection to the subject of

resource allocation. The significance of resource allocation in cooperative three node network

has been recognised in the past. For example, reference [103] presented a power allocation

scheme to minimise outage probability and to maximise the average SNR. Ergodic capacity

maximising power allocation scheme is presented in [104], while reference [105] considered

delay limited capacity as a criteria. Other ergodic capacity based power allocation scheme can

be found in [106]-[107]. Considering the practical aspect of power allocation algorithm, the

selection parameters must depend on relatively static values such as channel variance instead

of its instantaneous values. A detailed discussion on the proposed power control strategy for

cooperative relay network is given in the first half of Chapter 4.

2.3.2 Multiple Relay Configuration

A natural extension of cooperative three node network is to consider the case when there are

more than one relay node present to help message transmission. Different schemes have been

considered in this cooperative scenario, including repetition coding and distributed space time

coding (sometimes referred to as space time coded cooperative diversity) which was intro-

duced by Laneman and Wornell in [108] and [109]. A typical system setup of multiple relay
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cooperative network is depicted in Figure 2.9. Just as the three node network case, transmis-

sion is divided into two phases. On the first phase, source node broadcasts its message to all

other nodes (including the destination node). Subsequently, on the second phase, some or all

of the relay nodes forward the message they received to the destination. Depending on the

cooperative scheme adopted, the way different relay nodes transmit are also different.

In repetition coding, all relay nodes who overheard message transmission during the first

time slot will join the relay group. In the second phase, these nodes will take turns to repeat

the message it received to destination node. Using this scheme, destination node would have

multiple copies of the same message, providing extra diversity hence improving decoding reli-

ability. However, the major drawback of this scheme is the extra time slot required for different

relay nodes to repeat the message. The larger the number of nodes in the relay group, the more

is the time slots required to transmit the message to destination, resulting in a severe bandwidth

efficiency penalty.

In distributed space time coding, all nodes in relay group construct the corresponding space

time code (STC) matrix based on the message it received during the first phase. Once they have

the necessary information, each node will then transmit their respective row of the code matrix

simultaneously to the destination. Since all relay nodes transmit at the same time, bandwidth

efficiency penalty is not as severe as in the repetition coding. Meanwhile, the same diversity

40

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 2

benefit is still available due to the STC structure used.

In reference [110], performance comparison of repetition coding with AnF and DnF scheme

are presented. In AnF scheme, all other nodes except the source and destination node are

joined into the relay group; while in DnF scheme, only those nodes who are able to decode

the message correctly are joined into the relay group. Both schemes are shown to achieve

the same diversity, which is in the order of the number of nodes in the relay group. Therefore,

given that all available relay nodes can decode correctly, the diversity order of both schemes are

identical. When there are decoding errors at the relay nodes, DnF scheme generally has smaller

diversity order than AnF scheme. This result is pointed out in [111], whereby a piecewise linear

combining receiver is used to derive a closed form expression of average bit error rate (BER) in

dual-hop relay transmission using coherent and non-coherent DnF scheme as well as coherent

AnF scheme. Diversity analysis is then performed by taking a high SNR approximation to the

average BER, which shows that there is a factor of 2 loss in diversity order when DnF scheme

is used. Another difference between AnF and DnF scheme lies in the achieved coding gain,

which are characterised in [110]. The same author also provides an outage probability analysis

for repetition coding and parallel channel coding in [112].

Many other performance analysis in multiple relay cooperative networks can be found in

the literature. Reference [113] introduces the concept of degradation factor to analyse BER

in cooperative network, where relay nodes are equipped with multiple antennas. It is shown

that channel correlation across different antennas at relay nodes contributes to the degradation

factor, and potentially bring the performance down. Reference [114] also studied the BER

performance of cooperative network where source and destination has single antenna, while

multiple relay nodes with multiple antennas are deployed in the fixed location between source

and destination. Symbol error probability (SEP) for general cooperative links with multiple

relay and multiple hops is developed in [115]. First, it developed a theorem to characterise the

SEP in single relay dual hop system. The general case of arbitrary number of relay nodes and
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arbitrary number of hops is then obtained by applying the theorem several times as necessary,

and it is demonstrated that the obtained SEP expression is very close to the experimental results.

A slightly different multi-hop configuration is considered in [116], whereby relay node at each

relay stage considers the transmission of nodes from all relay stages prior to itself. As opposed

to the conventional setup where relay node only considers transmission from the relay stage

just before itself, the BER and SEP analysis is more complicated. It is also highlighted that at

high SNR regime, the resulting performance is independent to the number of preceding relay

stages considered for message forwarding.

Cooperative communication using multiple relay nodes has also been termed differently.

In his thesis [117], Dohler introduced a new term called Virtual Antenna Array (VAA), which

is used to emphasise the connection with multi antenna systems. The term VAA was first used

in [118] and [119], in which Dohler, Lefranc, and Aghvami studied a scenario where base

station with two antennas communicates with a single antenna node using two single antenna

relays. Alamouti code is used as the space time code, and two scenarios are considered; namely

when the two relays are within a CDMA chip range and when they are separated more than

one chip duration. Generalisation to the case of more than two relay nodes is also given, and

their BER performances are analysed. The capacity analysis of VAA systems is provided in

[120], whereby it is shown that the optimal configuration is to have relay nodes possess equal

number of antenna as the base station. Space time code design for VAA systems is studied

in [121]. It turns out that the rank and determinant criterion used for conventional MIMO

systems (as proposed by Tarokh in [28]) is also applicable for VAA systems. Reference [122]

presented various relaying scenarios possible in VAA system, while [123] analysed the BER

performance of various VAA configuration using different modulation orders. Influence of

channel distribution is studied in [124], where the effect of Rayleigh, Nakagami, and Rician

fading towards BER performance in VAA systems is analysed.

An information theoretic analysis of multiple relay cooperative network in terms of diver-
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sity multiplexing tradeoff (DMT), a framework developed by Zheng and Tse [25], is presented

in [125], where repetition coding using AnF is considered. A DMT analysis for the case where

nodes are equipped with multiple antennas and for the case when there are multiple source

destination pairs are considered in [126]. As far as outage probability performance of multiple

relay cooperative network is concerned, reference [127] and [128] gave an outage analysis for

AnF and DnF scheme respectively.

As in single relay configuration, the analysis of multiple relay cooperative network has

also been extended into broadband frequency selective case in [129]. In the following, several

issues pertaining to multiple relay cooperative network are discussed, and the existing solution

is explained.

Resource allocation

The discussion so far assumed equal power allocation across different relay nodes. When the

system allows flexibility to allocate different power to different relay nodes, it is possible to op-

timise the allocation strategy to achieve better performance. Furthermore, when different relay

nodes are allowed to use different fractional bandwidth to forward during the second phase,

both power and bandwidth allocation can be optimised jointly. In [130], Dohler, Aghvami,

Li, and Vucetic developed power and bandwidth allocation strategy to maximise the end to

end throughput of cooperative relay network. Subsequently, joint optimisation is proposed in

[131]-[133] using capacity as the criterion. It was shown that in order to maximise the end to

end capacity, the fractional power and bandwidth should be allocated such that the capacity on

each hop are equal. Extension to the analysis for non ergodic channel is given in [134], where

outage throughput maximisation is used as the allocation criteria. When instantaneous CSI is

not available, resource allocation algorithm must rely on the statistical CSI. Reference [135]

proposed a power allocation strategy using only statistical CSI for AnF, DnF, and distributed

space time coded systems; whereby outage minimisation is used as the criteria.
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Relay node selection

In some cases, it is more beneficial to use only a subset of available relay nodes to forward the

message to destination; such as to minimise total transmit power, to reduce the amount of inter-

ference towards other transmissions in the network, or to better utilise the available relay nodes

so that the remaining relay node can serve other transmissions. When location information of

the nodes are available (which can be obtained via global positioning system/GPS devices),

the relay node that is closest to both source and destination can be selected as the best can-

didate [136]. However, location information it hardly available in practice. Without location

information, relay nodes must use other metric such as receive signal strength to find the best

candidate. In reference [137], three different relay selection methods are proposed, namely

best average SNR, best instantaneous SNR, and random selection; and their performances are

compared.

When applied to multi-hop relaying systems, reference [138] proposed to select a relay

node having the largest geometric average of the mean channel gain to the nodes at the fol-

lowing relay stage as the best candidate. It is shown that such approach has a good end to

end outage performance. A somewhat different approach of relay selection is considered in

[139], where the problem of node pairing in a network with common destination is consid-

ered. Different schemes including maximum weight-matching, greedy matching, worst link

first matching, and random matching are considered, and their performances are compared. As

far as DMT performance, reference [140] shows that using only one best relay node achieves

the same DMT performance as using all available relay nodes. Similar conclusion is also ob-

tained in an independent work on opportunistic relaying with AnF and DnF schemes [141].

A scenario with multiple source nodes is considered in [142], in which relay selection prob-

lem translates into choosing an optimal set of source nodes for every relay. The tradeoff here

lies on the fact that each relay node is power limited. When only one source is transmitting

through a particular relay node, it can use all its power for forwarding. However, when there

44

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 2

are more than one source transmitting through it, the total power must be divided accordingly.

The overall performance are then analysed in terms of outage probability.

Variable number of relay nodes issue

In repetition coding, the relay nodes repeat the source message to the destination. Message

combining is then performed at the destination before the original message is decoded. Al-

though the number of relay nodes is not known a-priori, this does not impose any practical

issue, as message combining works for any number of relay nodes. In distributed space time

coding, however, variable number of relay nodes imposes an implementation problem, as each

relay node needs to know the actual number of relay nodes a-priori before constructing an

appropriate STC matrix. This problem is considered in [143]-[145], where the concept of ran-

domising the STC matrix is introduced. The outline of the scheme is as follows. During the

first phase, relay nodes receive a message block from source node and decode it accordingly.

Subsequently, relay nodes who are able to decode the message block correctly will construct

the STC matrix based on the decoded message. At the second phase, instead of transmitting a

certain row of the STC matrix (as in the conventional distributed space time coding systems),

a relay node transmits a random linear combination of different rows in STC matrix. This is

achieved by multiplying the STC matrix with a randomisation matrix. Doing so would ensure

that the received message at destination node contains a linear combination of the entire orig-

inal STC matrix, hence better decoding reliability can be achieved. Other techniques dealing

with variable number of relay nodes issue is proposed in [146] and [147].

Synchronisation issue

In MIMO systems, transmission of space time codes from different transmit antennas are as-

sumed to be synchronous. This is a reasonable assumption as different antennas are co-located

at the same terminal. In distributed communication systems, different virtual transmit antennas
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are represented by different relay nodes’ antenna. As such, transmission towards destination

are not necessarily synchronised. Conventional space time codes for point to point MIMO

systems are designed for synchronous systems, hence it is inappropriate for distributed co-

operative systems. Reference [148] provides a space time code construction to cater for the

asynchronism issue. It is shown that as long as the amount of time lag between different trans-

mit antennas are known at the destination, simple decoding is possible, and a performance

close to the synchronous case can be achieved.

Multiplexing gain in cooperative network

When the objective is to increase the effective data rate, multiplexing gain is considered, and

it has been shown that it is possible to achieve such gain in a distributed manner. In [149], a

scenario where single antenna source node communicates to a multi-antenna base station with

the help of several relay nodes is considered. The concept of cooperative spatial multiplexing

is introduced, in which source node uses high order modulation to send a message to all relay

nodes within its vicinity. Following that, each relay node is responsible to decode different

portions of the message bits, and then forward them simultaneously to the destination at the

second slot. Decoding at the destination is possible as multiple antennas are available to sep-

arate different data streams from all relay nodes. Different decoding schemes have also been

proposed in [150], whereby SIC ordering based on substream SNR and log likelihood ratio

metric is used to improve decoding performance. In reference [151], the study of cooperative

spatial multiplexing is extended into multiple hops case. The analysis in this case is similar to

the two-hop scenario, except that the message must travel through several relay stages (with

multiple relay nodes at each stage) before it is finally decoded at the multi-antenna destination.

46

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 2

2.3.3 Generalisation of Cooperative Networks

As pointed out in the earlier sections, research on cooperative communication has been gen-

eralised to consider multiple hops case. However, the focus so far has been to improve end to

end performance. In other words, given a fixed source and destination node, the objective is

to decide what kind of forwarding strategy should relay nodes adopt in order to facilitate the

transmission. Practically, every node in the network is identical, and each has its own message

to transmit. Hence, no distinction should be made between source, relay, and destination node,

as every node can take any role depending on the scenario. Due to half duplex constraint, when

a node acts as a relay to facilitate message transmission, it must refrain from transmitting its

own message. Therefore, as more relay nodes are required as the number of hops increases, the

effective throughput of the network decreases. In order to alleviate this problem, relay node

should be allowed to transmit its own information at every transmission slot, allowing new

information to be infused through the network. However, doing so will introduce interference

to any existing message transmission, hence an appropriate interference cancellation strategy

must be employed. In this thesis, a new strategy to allow new message transmission on every

slot while keeping the interference minimal is developed, and its detailed discussion is given

in the second half of Chapter 4.

Cooperative communication is inherently a network solution. In order to generalise per-

formance evaluation at network level, all possible source destination node pairs need to be

considered. Most of the works found in the literature considered fixed source and destination

node. Extending the result to consider all possible source destination pairs is one of the main

topic addressed in this thesis. In Chapter 5, cooperative network with fixed regular structure

is considered. Starting with the ideal case whereby all relay nodes are located in the middle

between source and destination, a closed form solution for the average outage probability is

developed. Generalising the result into planar network, a case where each node is located in

lattice points is considered. The network outage probability is then analysed, considering all
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other nodes are potential destination. The effect of traffic pattern such as traffic locality and

source node location is studied. In the most general case of random network, where nodes can

be located anywhere within the network boundaries are considered in Chapter 6. Three differ-

ent cooperative schemes are considered, namely Distributed Amplify and Forward (D-AnF),

Distributed Transmitter Maximum Ratio Combining (D-TxMRC), and Distributed Space Time

Block Coding (D-STBC); each of which has different challenges or difficulties in evaluating its

performance. In D-AnF scheme, the difficulty lies in determining the location of relay node. As

the network is random, the number of node within a given area is also random. In addition, the

performance analysis must consider all possible relay node locations as well. Meanwhile, for

D-TxMRC and D-STBC scheme, the difficulty lies in characterising the pattern of relay nodes

in the vicinity of the source node. Moreover, the bounded nature of the network complicates

the analysis, as edge effect would change the shape and pattern of these relay nodes. A detailed

analysis of the above problems and the proposed workarounds are the topic of discussion in

Chapter 6.

2.4 Summary

In this chapter, a literature review on cooperative communication is presented. Starting with

the cooperative broadcast communication, some special cases together with their respective

capacity regions are discussed. The achievable rate region for a general cooperative broadcast

channel is then given. An overview of multiple antenna systems and the inherent gain available

are presented. This provides a motivation to the study on multi antenna cooperative broadcast

communication. Several techniques and practical limitations of multiple antenna systems are

then discussed, and overview on antenna selection techniques for point to point MIMO systems

are presented. The system model of multi antenna cooperative broadcast communication and

the respective achievable rate region, which provides a foundation for the subsequent analysis,

is then given.
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A scenario where each node is only equipped with single antenna is also considered. In

this case, VAA concept is considered as a distributed way to exploit the gains available in

MIMO systems through cooperation. An overview on cooperative relay communication is then

given, and several schemes available for both single relay and multiple relay configurations

are discussed. Some practical implementation challenges as well as their existing solutions

are explained, and generalisation into cooperative ad-hoc network is presented. Several open

problems associated with cooperative relay communication in generic ad-hoc network, which

serves as the motivation to the subsequent development of this thesis, are explained.
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Chapter 3

Antenna Selection for Cooperative

Broadcast Communication

3.1 Introduction

This chapter focuses on cooperative broadcast communication scenario, where one multi-

antenna BS communicates with several user terminals (UTs), each having multiple antennas.

As single user MIMO systems are able to achieve higher bandwidth efficiency in point to point

systems, the capacity of MIMO-BC is also larger than its single antenna counterpart, both in

capacity region as well as in sum rate point of view. Together with the advantages, however,

all the drawbacks associated with MIMO systems such as hardware cost, space limitation, and

receiver complexity also persist in MIMO-BC. All these problems need to be addressed before

any implementation of MIMO-BC can be practically justified.

The antenna selection algorithm for multiuser MIMO-BC is discussed in Section 3.2 of

this chapter. It provides an extension of antenna selection concept, which has been recognised

as a simple but effective strategy to overcome the inherent problems in MIMO systems men-

tioned above, into broadcast scenario. Its application to the case where MIMO-BC is used

in broadband frequency selective channel is then considered in Section 3.3. Practical exam-
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Figure 3.1: Transmitter Structure of MIMO-BC with Antenna Selection

ple of antenna selection in IEEE broadband wireless access 802.16 d/e standard for wireless

metropolitan area network is also analysed as the case study of antenna selection in MIMO

OFDM with STBC. Finally, Section 3.4 ends this chapter with a summary on the results and

conclusions obtained throughout the exercise for MIMO-BC antenna selection.

3.2 Antenna Selection Scheme for Multiuser MIMO-BC

As explained earlier in Section 2.2.3 of Chapter 2, the sum rate capacity of MIMO-BC is

achieved by dirty paper coding. The encoding process is as follows. First, a codeword for user

1 is selected. Then, the transmitter selects a codeword for user 2 with non-causal knowledge

of user 1’s codeword, such that user 2 will not get any interference from user 1. This can be

done without increasing user 2’s transmit power requirement [2]. This process continues for all

users, therefore userk is interference free with respect to any preceding users (1..k− 1). Once

the encoding for allK users are done, their codewords are added together, serial-to-parallel

converted, and transmitted through multiple antennas.

Transmitter structure of MIMO-BC that achieves sum rate capacity is depicted in Figure

3.1. It can be seen that there are three main portions constructing the transmitter, namely
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precoder, scheduler, and dirty paper encoder; whereas the last portion (selection module) is

optional. When the total number of RF chains is equal to the number of available antennas,

there is no antenna selection capability, and the selection module simply connects the output of

each RF chain to its corresponding antenna. Meanwhile, the role of the three main portions of

the transmitter can be described as follows. First, data streams intended for different users are

processed in the precoder block. By multiplying each stream with its corresponding precoder
√

Qk (whereQk is the desired transmit covariance matrix of userk), the transmit covariance

of each user’s data can be steered to achieve the best performance. The output of precoder

module is then passed to the scheduler, which selects the best encoding orderϕ for dirty paper

coding. Once the encoding order is determined, the dirty paper encoder block performs the

actual encoding, and the resulting codewords are added together; to be then serial to parallel

converted and passed to the RF chains.

3.2.1 System Model

Let us consider a broadcast system where BS withMt antennas communicates withK user

terminals (UTs) each havingMr antennas. Although uniform setting where all users have the

same number of antennas is assumed in this analysis, generalisation into cases where different

UTs has different number of antennas is straightforward. LetNt andNr be the number of

available RF-chains in BS and each UT respectively. Assuming that BS has the full knowledge

of the channel (which can be obtained by permuting training symbols over all transmit/receive

antennas using the available RF-chains and appropriate feedback), a selection algorithm de-

termines which antenna subset is used in order to maximise certain objective function. When

brute force method is used, BS needs to check all possible selections ofNt out ofMt antennas.

Meanwhile, each of the UT needs to check all possible selections ofNr out ofMr antennas.

The complexity of such approach is then in the order ofCMt
Nt

(
CMr

Nr

)K
, which very quickly

becomes impractical asMt, Mr, or K grows. The termCm
n here is used to represent the com-
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bination operation of choosingn out ofm. Denoting the effective channel gain between BS and

ith UT after antenna selection aŝH i, the received symbol vector atith user can be expressed

as follows:

yi = Ĥ i x + ni (3.1)

whereni is theNr × 1 unit variance additive white Gaussian noise (AWGN) vector,Ĥ i ∈

CNr×Nt with its [Ĥ i]j,k element represents channel gain betweenkth selected transmit antenna

to jth selected receive antenna ofith UT which is modeled as i.i.d. Rayleigh fading, and the

transmit vectorx ∈ CNt×1 satisfies total power constraintTr
[
E
[
xxH

]]
≤ Ptot (with Tr [.] as

the trace operation, which is the sum of diagonal elements of its argument).

Here, instead of using capacity region which has not been fully characterised, sum rate

capacity is considered as the performance criterion. The optimal antenna subset combination

is the one that results in the largest sum rate capacity. Finding the optimal antenna subset in

MIMO-BC configuration is difficult due to the broadcast nature of the transmission. From

the sum-rate equation (2.19) shown in the previous chapter, it is apparent that the search for

optimal transmit and receive antenna combination has to be done jointly considering all UTs.

Meanwhile, in designing the selection algorithm for MIMO-BC, practical implementation is

an important aspect to consider, and selection complexity must be kept as low as possible.

Expanding the sum-rate capacity in equation (2.19), the maximisation term can be ex-

pressed as:

CBC
sum =

1

2
log

∣∣∣I + Hϕ(1)

∑K
i=1 Qϕ(i)H

H
ϕ(1)

∣∣∣
∣∣∣I + Hϕ(1)

∑K
i=2 Qϕ(i)H

H
ϕ(1)

∣∣∣
+

1

2
log

∣∣∣I + Hϕ(2)

∑K
i=2 Qϕ(i)H

H
ϕ(2)

∣∣∣
∣∣∣I + Hϕ(2)

∑K
i=3 Qϕ(i)H

H
ϕ(2)

∣∣∣
+

... +
1

2
log

∣∣I + Hϕ(K)Qϕ(K)H
H
ϕ(K)

∣∣ (3.2)

The optimal encoding order is to set the best user to be encoded last, since it is free from

interference and therefore capable of achieving high throughput.
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The difficulty in finding antenna subset which maximises the above sum rate capacity lies

in its dependence on the transmit covariance matrices. From equation (3.2), it appears that the

dominating term is the last term, which is the best user capacity1
2
log

∣∣I + Hϕ(K)Qϕ(K)H
H
ϕ(K)

∣∣.

Hence by maximising this term over all possible antenna subsets, the total sum-rate is expected

to be maximised. Unfortunately, this is not the case, because maximising best user’s capacity

involves selecting the right transmit covariance matrixQϕ(K), and choosingQϕ(K) solely to

maximise best user’s capacity will bring adverse effect to total sum-rate, as the termQϕ(K)

affects the interference of all other users.

3.2.2 Proposed Antenna Selection Method

To simplify the selection process, the proposed algorithm breaks the transmit and receive selec-

tion procedure into two disjoint processes. First, assuming that all receive antennas are used,

transmit selection is performed by solving:

Ĥ
Tx

opt = argmax
Ĥ



 max
Rxx ≥ 0, T r(Rxx) ≤ Ptot

1

2
log

∣∣∣I + ĤRxxĤ
H
∣∣∣



 (3.3)

whereH = [HT
1 HT

2 ...H
T
K ]T is the compound channel of all users (with superscript[.]T de-

notes transposition), and̂H is the subset ofH after removingMt − Nt columns (withĤ
Tx

opt

as the optimal subset corresponding to the selected transmit antennas), andRxx is any positive

semidefinite transmit covariance matrix satisfying total power constraint. The above max-

imisation problem is equivalent to selecting a transmit antenna subset which maximises the

capacity upper bound of the MIMO-BC [78]. This involves a search overCMt
Nt

combinations.

In each combination, the complexity required involves finding the optimal transmit covariance

matrix Rxx. In general,Rxx is expressed as the multiplication of the right singular matrix

of the compound channel and the power allocation obtained via water-filling strategy accord-

ing to equation (2.14). Therefore, the complexity is equivalent to that of performing singular
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value decomposition to the compound channel matrixĤ, followed by water filling operation

across the available substreams. Noting that the dimension of the compound channel matrix is

KMr ×Nt, the complexity of findingRxx is in the order of min(K2M2
rNt, KMrN

2
t ).

For receive antenna selection, following BC-MAC duality principle, the receive antenna

combination which maximises MIMO-MAC and MIMO-BC sum-rate capacity are identical.

From equation (2.18), it is observed that given the transmit antenna combination obtained from

the previous step, optimum receive antenna combination of userk can be found by solving:

Ĥ
Rx

k,opt = argmax
Ĥk



 max
Ŝi ≥ 0,

P
i Tr(Ŝi) ≤ Ptot

1

2
log

∣∣∣∣∣I +
K∑

i=1

Ĥ i
H

ŜiĤ i

∣∣∣∣∣



 (3.4)

Similarly, Ĥ
Rx

k,opt is the optimal channel sub matrix corresponding to selected receive antenna

at userk. Expanding the summation term in the maximisation argument, equation (3.4) can be

written as:

Ĥ
Rx

k,opt = argmax
Ĥk



 max
Ŝi ≥ 0,

P
i Tr(Ŝi) ≤ Ptot

1

2
log

∣∣∣∣∣I + Ĥk
H

ŜkĤk +

K∑

i=1,i�=k

Ĥ i
H

ŜiĤ i

∣∣∣∣∣



 (3.5)

whereĤk

H
ŜkĤk represents userk signal component, and

∑K
i=1,i�=k Ĥ i

H
ŜiĤ i represents

the interference from all other users with respect tok. Note that the interference component is

constant from the point of view of userk, and it does not affect userk’s receive selection. How-

ever, the functional constraint
∑

i Tr(Ŝi) ≤ Ptot of the inner maximisation prevents us from

using argmax
Ĥk



 max
Ŝk ≥ 0

1
2
log

∣∣∣I + Ĥk
H

ŜkĤk

∣∣∣



 to solve for optimal receive antenna subset.

To overcome this, two-step maximisation is proposed. First, using the obtained transmit

antenna subset, optimal covariance matrices for alli are found using method in [152] by as-

suming no receive selection. Denote these matrices asT i for i ∈ {1..K}. SubstitutingS i

with T i for all i in equation (3.5), it is clear that the inner maximisation is satisfied, sinceT i is

the solution of MIMO-MAC sum-rate capacity with power constraintPtot. Furthermore, since
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∑K
i=1,i�=k Ĥ i

H
ŜiĤ i does not affect userk’s receive selection, optimal receive antenna subset

can be obtained by searching overCMr
Nr

possible combinations to solve:

Ĥ
Rx

k,opt = argmax
Ĥk

[
1

2
log

∣∣∣I + Ĥk
H

T̂ kĤk

∣∣∣
]

(3.6)

Once optimal transmit and receive antenna subsets for allk are found, optimal covariance

matricesŜk which satisfy total power constraint is re-calculated. Transformation into optimal

transmit covariance matriceŝQk for MIMO-BC is then performed following the steps in [5,

Sec. IV.B]. In summary, the proposed antenna selection algorithm can be described as follows:

1. Transmit antenna subset is obtained by solving equation (3.3).

2. With the obtained transmit antenna subset, calculate optimal covariance matrices of dual

MIMO-MAC assuming no receive selection by following method in [152].

3. For eachk, search for the best receive antenna subset using the obtained covariance

matrices according to equation (3.6).

4. Recalculate transmit covariance matrices using the resulting transmit and receive antenna

subset (which maximises the dual MIMO-MAC sum-capacity), followed by MAC to BC

transformation according to [5].

The complexity of the above algorithm is in the order ofCMt
Nt

+KCMr
Nr

, which is significantly

smaller than the brute force complexityCMt
Nt

(
CMr

Nr

)K
.

3.2.3 Sum Rate Capacity Upper Bound

It is not difficult to see that the cooperative upper bound of the system considered is equal to

the capacity of point-to-point MIMO system withMt transmit andKMr receive antennas, out

of which onlyNt andKNr subset are used for transmission and reception respectively (a well

established body of work can be found in this field [56], [67]).
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Let Ho be the overallKMr × Mt matrix, andĤo be the submatrix ofHo obtained by

removingMt −Nt columns andK (Mr −Nr) rows corresponding to the unselected antennas.

The capacity of this system can be calculated as:

CUB
sum = min

R̂zz

max
Ĥo ∈ Ho, R̂xx ≥ 0, T r(R̂xx) ≤ Ptot

1

2
log

∣∣∣R̂zz + ĤoR̂xxĤo
H
∣∣∣

∣∣∣R̂zz

∣∣∣
(3.7)

whereHo is the set containing all possibleKNr ×Nt submatrices ofHo, andR̂zz is the noise

covariance matrix having sub-unit diagonal value. Using minimax duality, it has been proven

in [153, Sec. III.B] that the above calculation can be translated into a single maximisation

problem as follows:

CUB
sum = max

Ĥo ∈ Ho, Σ̂ ∈ Bd, Σ̂ ≥ 0, T r(Σ̂) ≤ Ptot

1

2
log

∣∣∣I + Ĥo
H
Σ̂Ĥo

∣∣∣ (3.8)

whereBd is a family of block diagonal matrices, and̂Σ is the transmit covariance matrix of the

flipped channelĤo

H
. Denoting the sum capacity upper bound asCUB

sum, the following series

of inequality are obtained:

CUB
sum ≤ max

Ĥo ∈ Ho, Σ̂ ≥ 0, T r(Σ̂) ≤ Ptot

1

2
log

∣∣∣I + Ĥo
H
Σ̂Ĥo

∣∣∣ (3.9)

≤ max
Ĥo ∈ Ho

1

2
log

(
Nt∏

i=1

(1 + Pi λ
2
i )

)
(3.10)

≤ max
Ĥo ∈ Ho

1

2
log




(∑Nt

i=1(1 + Pi λ
2
i )

Nt

)Nt


 (3.11)

≤ max
Ĥo ∈ Ho

Nt

2
log

(
1 +

∑Nt

i=1 Pi

Nt

λ2
max

)
(3.12)

≤ Nt

2
log



1 +
Pt

Nt

max
j, Ĥo ∈ Ho

[
ĤoĤo

H
]

jj



 (3.13)
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where inequality in equation (3.9) is due to the optimisation domain expansion, equation (3.10)

follows from traditional MIMO waterfilling technique and full rank̂Ho assumption (Pi andλi

denotes theith substream power allocation and theith singular value ofĤo respectively),

equation (3.11) is because the product of a sequence is always less than the product of their

average, equation (3.12) is due to replacingλi with its maximum value, and finally equation

(3.13) is because the highest eigenvalue ofĤoĤo
H

majorises its highest diagonal term, which

holds for any square hermitian matrix [154].

Given the selected submatrix̂Ho, each diagonal elements of
[
ĤoĤo

H
]

is random and

distributed according to chi-squared distribution with2Nt degree of freedom. The capacity

upper bound can then be written as:

CUB
sum ≤ Nt

2
log

(
1 +

Pt

Nt
χ

)
(3.14)

whereχ is the maximum element of a set ofKMrC
Mt
Nt

independent and identically distributed

random variables following chi-squared distribution with2Nt degree of freedom. The proba-

bility density functionfχ(χ) can be expressed as [155]:

fχ(χ) = KMrC
Mt
Nt

×
(∫ χ

0
tNt−1e−tdt

(Nt − 1)!

)KMrC
Mt
Nt

−1

× χ(Nt−1)e−χ

(Nt − 1)!
(3.15)

Finally, the ergodic capacity upper bound can be calculated by integrating equation (3.14) with

respect to equation (3.15) as follows:

E
[
CUB

sum

]
=

∫ ∞

0

CUB
sumfχ(χ)dχ (3.16)
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Figure 3.2: Antenna Selection Performance in MIMO-BC Systems with Different Number of
Users

3.2.4 Numerical Results

The selection performance is analysed forNt = Nr = 2. The channel from BS to UTs are

modelled as Rayleigh i.i.d. flat fading which remains constant for one block, and changes to an

independent realisation on the following block. The block duration is assumed to be sufficiently

long that the notion of Shannon’s definition of reliable communication over large block code

can be used, and the number of blocks is sufficiently large such that the use of ergodic capacity

as performance metric can be justified. In this work, the simulation is performed over 1000

Monte Carlo realisations at 10 dB operating SNR, and the sum rate capacity is calculated and

averaged over all realisations to obtain the ergodic capacity.

Figure 3.2 shows the ergodic sum-rate capacity of the system under different configura-

tions, which is calculated using equation (3.2) (with transmit and receive antenna subset found
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according to (3.3) and (3.6) respectively). As a baseline comparison, the performance of the

system without antenna selection (whereby the number of RF-chains is the same as the number

of available antennas) is shown for2 antennas and3 antennas cases, and their performance

curves are labeled as ”No Selection, 2 antennas” and ”No Selection, 3 antennas” in Figure 3.2

respectively.

From the figure, it is observed that there is a large gap of approximately2 b/s/Hz between

the capacity of ”No Selection” with three available antennas and that of using antenna selection

(three antennas and two RF chains). The main reason of this gap is due to the difference in the

number of spatial data streams available. In ’No Selection’ with three antennas, the number of

available data streams is equal to three, as all of the antennas are always active. Meanwhile, in

the system using antenna selection (three antennas and two RF chains), although the number

of antennas is the same, the number of spatial data streams available is two; as only two of the

antennas are active at any one time.

Figure 3.2 also shows that as the number of userK increases, the sum-rate capacity in-

creases. This is due to the inherent multiuser diversity gain in MIMO-BC. It is also observed

that the gain diminishes asK becomes too large, since the growth rate of the capacity (as

shown in Figure 3.2) follows alog log K scaling behaviour. Similar observation has also been

reported in [156], whereby the capacity gain of transmit antenna selection is studied on the

limit of large number of antennas. When there are 3 available antennas, selection gain up to

0.75 b/s/Hz in the sum rate capacity is achievable, and the proposed selection algorithm is

able to attain85 − 90% of the gain. This is achieved at a complexity that is much lower than

full-complexity scheme. Figure 3.2 also shows the increase in selection gain as the number

of available antennas is increased from4 to 8. This demonstrates the extra selection diversity

of the system, which also has diminishing return as total number of antennas is too large. Fi-

nally, the capacity upper bound calculated using equation (3.16) via numerical integration is

depicted for 3 available antennas case. It can be seen from the figure that the upper bound is

60

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 3

tight, especially when the number of users is large.

3.3 Extension to Multiple Carriers Case

As the data rate increases, the amount of bandwidth occupied by the signal will also be larger,

and the channel behaves as a frequency selective channel, in which different frequency bands

experience different amount of fading. In such channel, one transmitted symbol will arrive

at the destination several times, each with different delay and attenuation depending on the

multipath propagation profile. As such, the ISI issue will complicate the receiver equalisation

process and degrade the decoding performance. OFDM has been recognised as an effective

solution to overcome this problem. By using IFFT (Inverse Fast Fourier Transform) and FFT

(Fast Fourier Transform) block at the transmitter and receiver respectively, the frequency se-

lective channel can be converted into a series of frequency flat channels (called subcarriers),

after which a single tap equalisation can be used.

In high rate MIMO-BC systems, the channel between different transmit-receive antenna

pairs from different users exhibit frequency selective fading with different delay profiles. Al-

though OFDM can be applied in this scenario, the fact that different subcarriers experience

different fading complicates the antenna selection process. In this section, an antenna selection

scheme for multicarrier MIMO-BC systems is developed. Starting with the single user case,

the following subsection proposed a low complexity sub-optimal antenna selection scheme for

MIMO-OFDM systems under frequency selective fading channel. The multiple user MIMO-

BC scenario is then addressed by combining the MIMO-BC selection technique developed

earlier with the antenna selection scheme for MIMO-OFDM. The selection performance and

its complexity analysis for both single user and multi-user settings are also given to demon-

strate the amount of gain achievable.
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3.3.1 Antenna Selection for Single User MIMO-OFDM Systems

Using earlier convention, denoteMt andMr the number of available antennas at the transmitter

and receiver respectively. Due to the limitation on the available RF-chain, onlyNt andNr

of those antennas are active at any one time. In frequency selective fading, the propagation

channel between any transmit-receive antenna link is represented by l-ray model with impulse

response:

hn,m(t, τ) =

L−1∑

l=0

γl
n,m(t) δ(τ − τl) (3.17)

whereγl
n,m(t) is the time varying complex path gain coefficient of thelth path betweennth

receive andmth transmit antenna, andτl is the corresponding path delay.γ l
n,m(t) is modelled

as random process whose sample is i.i.d. zero mean circularly symmetric complex Gaussian

(ZMCSCG) random variable with no correlation between different paths and spaces. The fre-

quency response of the channel is given by:

Hn,m(t, f) =

∫ +∞

−∞
hn,m(t, τ) e−j2πfτ dτ (3.18)

Assuming that the cyclic prefix is longer than the maximum path delay of the channel response

in any transmit-receive pair, the channel frequency response can be written as [157]:

Hn,m[p, q] = Hn,m(pTf , q∆f) =
L−1∑

l=0

hn,m[p, l] F ql
N (3.19)

whereN is the total number of FFT points,FN = e−j2π/N , hn,m[p, l] = hn,m(pTf , lTs/N), Tf

is the block length,∆f is the subcarrier spacing, andTs is the symbol duration.

At the receiver side, signal observed atnth antenna after cyclic prefix removal, serial to

parallel conversion, and FFT operation, can be expressed as:

Yn[p, q] =
Nt∑

m=1

Hn,m[p, q]Xm[p, q] + ηn[p, q] (3.20)
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whereXm[p, q] is the modulated transmit signal atmth antenna, overpth OFDM symbol and

qth subcarrier.η is the additive white Gaussian noise (AWGN).

Analysing the system using frequency domain model in equation (3.20), MIMO-OFDM

system can be interpreted as a parallel group ofN frequency flat MIMO system [158]. It is

necessary to note that although there are(N ×Mt) × (N ×Mr) frequency flat channels, the

switching circuit is only able to perform selection for a group ofN antennas in bulk. Therefore,

effectively, there are only a total ofCMt
Nt
CMr

Nr
possible transmit receive antenna combinations.

This is due to the fact that all data fromN subcarriers in one RF chain have to be transmitted

through their corresponding antenna once it is selected. Now let:

xm[p] = (Xm[p, 1] .. Xm[p,N ])T , m = 1, . . . , Nt (3.21)

yn[p] = (Yn[p, 1] .. Yn[p,N ])T , n = 1, . . . , Nr (3.22)

ηn[p] = (ηn[p, 1] .. ηn[p,N ])T , n = 1, . . . , Nr (3.23)

beN×1 vectors representing the transmitted symbols, received symbols, and additive noise on

N subcarriers duringpth OFDM symbol atmth transmit antenna andnth receive antenna re-

spectively. StackingNt transmit symbols andNr receive symbols and noise arrays for different

transmit and receive antennas, the following tall column matrices are defined:

x[p] = (x1[p]
T .. xNt [p]

T )T (3.24)

y[p] = (y1[p]
T .. yNr

[p]T )T (3.25)

n[p] = (η1[p]
T .. ηNr

[p]T )T (3.26)

Assuming that the channel is quasi-static overP OFDM symbol periods, an(N×Nt) × P

matrix X = (x[1] .. x[P ]) is defined. Similarly for the receive symbols and noise vector,Y

= (y[1] .. y[P ]) andN = (n[1] .. n[P ]). Now, channel matrix is rearranged accordingly by
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defining a diagonal matrix:

Hn,m = diag(Hn,m[1, 1], Hn,m[1, 2], .. , Hn,m[1, N ]) (3.27)

The overall full system response can then be represented as:

H =





H1,1 H1,2 · · · H1,Mt

H2,1 H2,2 · · · ...
...

...
...

...

HMr,1 · · · · · · HMr,Mt





(3.28)

Effective channel response after antenna selection will be the sub-matrix ofH having(N×Nt)

columns and(N×Nr) rows corresponding to the selected transmit and receive antennas. De-

noting the selected sub matrix channel response asĤ, frequency domain system response can

be simplified into the following expression:

Y = Ĥ X + N (3.29)

The central problem of antenna selection is to choose the best sub-matrixĤ such that transmit-

ted messageX can be recovered fromY with minimum probability of error (or such that the

rate is maximised from the capacity point of view).

Before discussing the proposed algorithm, let’s first consider a brute force approach of

antenna selection. This method basically checks every possible transmit-receive antenna com-

bination, and selects the best out of them. Although optimality is guaranteed to be achieved

using this method, computational load that it requires render it unsuitable for real system imple-

mentation. A detailed complexity analysis of brute force scheme and the proposed sub optimal

algorithm will be discussed in Section 3.3.2.
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Brute Force Selection Method

As opposed to single carrier case, the selection process needs to be conducted on each and

every subcarrier separately. The best combination is the one thatcollectively optimise system

performance, for this reason, the overall full system response in equation (3.28) needs to be

broken down into individual subcarrier. Let:

H[q] =





H1,1[q] H1,2[q] · · · H1,Mt [q]

H2,1[q] H2,2[q] · · · ...
...

...
...

...

HMr,1[q] · · · · · · HMr,Mt [q]





(3.30)

be the channel response for subcarrierq. Here, block indexp has been removed for ease of

representation. Defining three column matrices:

x[q] = (X1[q] .. XNt [q])
T (3.31)

y[q] = (Y1[q] .. YNr [q])
T (3.32)

η[q] = (η1[q] .. ηNr [q])
T (3.33)

to be the transmitted symbol, received symbol, and AWGN at subcarrierq respectively, and

Ĥ[q] to be the effective channel matrix forqth subcarrier after antenna selection, the received

signal at subcarrierq can then be expressed as:

y[q] = Ĥ[q] x[q] + η[q] (3.34)

When MMSE linear receiver is used, the received symbol is multiplied by an equaliser matrix

as follows:

G[q] =
[
Ĥ[q]H Ĥ[q] + N0/Es INt

]−1

Ĥ[q]H (3.35)
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whereĤ[q] is defined as the estimated channel response at the receiver. The equaliser output

x[q] is expressed as:

x[q] = G[q] y[q] = G[q]Ĥ[q]x[q] + G[q]η[q] (3.36)

It has been shown in [62] and [69] that the best antenna subset is the one resulting in maximum

of minimum sub-stream SNR. Denoting thesth row of G[q] asgs[q], and thesth column of

Ĥ[q] asĥs[q], the SNR at streams of subcarrierq can be calculated as follows:

SNRs[q] =
Es

∣∣∣gs[q] ĥs[q]
∣∣∣
2

Nt N0 ‖gs[q]‖2 + Es

∑
j �=s

∣∣∣gs[q]ĥj[q]
∣∣∣
2 (3.37)

whereEs andN0 are as defined earlier which represent the average input signal energy and

noise spectral density respectively.

Brute force algorithm will need to compute

max min
s
SNRs[q], ∀q (3.38)

and the maximisation has to be performed over all possible transmit receive antenna combina-

tion, whose cardinality isCMt
Nt
CMr

Nr
.

In single carrier case, once the maximum of minimum sub-stream SNR is found, the opti-

mal transmit receive antennas is obtained. However, this is not the case for multicarrier case,

since each subcarrier has their own optimal transmit receive combination which might be dif-

ferent from the other subcarriers. In order to allow reduction in the number of transmit and

receive antennas, additional step needs to be performed as explained in the following.

To make the concept clearer, a table withN columns and the number of rows equaling to

the total cardinality ofCMt
Nt
CMr

Nr
is defined. This table is to store the minimum sub-stream SNR

value found in equation (3.38). The problem is now translated into finding the row with the
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Figure 3.3: Flow Diagram of Brute Force Selection Approach

best metric. Two different metrics are evaluated, namely:

• Global minimum sub-stream SNR

For each row, find the minimum entry and assign it as the score of that particular row.

Optimum antenna combination is the one corresponding to the row with the largest score.

• Average minimum sub-stream SNR

For each row, calculate the average value and use it as the score of that particular row.

Optimum antenna combination is the one corresponding to the row with the largest score.

Once all the scores have been computed, the row with the largest score is selected, and it

corresponds to the optimum transmit receive antenna configuration. The flow diagram of this

selection process is depicted in Figure 3.3. The proposed selection algorithm is mainly to

reduce the computational load of brute force approach, as described in the following.

Method I: By separating transmit and receive selection

Here, the basic idea to reduce complexity is to decouple selection process into transmit and

receive selection. It serves as an extension to the method proposed in [159] into multicarrier

case. In this method, table construction is broken into two steps. On the first step, only transmit

selection is considered; therefore the table will haveN columns and onlyCMt
Nt

rows. Then, the
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Figure 3.4: Flow Diagram of Selection Method I

metric calculation is performed as per normal, and a row with the best metric is selected. This

selected row corresponds to transmit antenna combination. On the second step, the table will

haveN columns and onlyCMr
Nr

rows, each representing different receive antenna combination

(with the selected transmit antenna combination obtained from the first step). Again, the metric

calculation is then performed to obtain the final transmit/receive antennas combination. The

flow diagram of this selection process is depicted in Figure 3.4.

Method II: By exploiting frequency correlation

The second method exploits frequency correlation to reduce the overall complexity. By con-

sidering those subcarriers that are sufficiently far apart, less computation is required to find the

optimum transmit/receive antenna combination. One way to do this is to consider only subcar-

riers that are multiple ofNs > 1, such that the total number of columns in the constructed table

is reduced toN/Ns. The flow diagram of this selection process is depicted in Figure 3.5.

Although this method is very effective in reducing the computational complexity, choice
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of Ns has to be carefully performed. Ideal value ofNs would be proportional to the coherent

bandwidth of the channel. If it is too large, the receiver performance will degrade. On the other

hand, if it is too small, the complexity reduction it contributes will be compromised.

3.3.2 Complexity and Selection Performance Analysis

The complexity of the proposed algorithms are evaluated in terms of number of additions,

multiplications, and comparisons. First, let’s begin with SNR calculation expressed in equation

(3.37). It can be shown that computing SNR requires(Nt×Nr) complex multiplications,(Nt×

(Nr − 1)) complex additions,(2Nt + 2Nr + 5) real multiplications, and(2Nt + 2Nr − 2) real

additions. Using the fact that one complex multiplication is equal to four real multiplications

and two real additions, and that one complex addition is equal to two real additions, the SNR

calculation requires(4NtNr + 2Nt + 2Nr + 5) real multiplications, and(2NtNr + 2Nr − 2)

real additions.

The minimum sub-stream SNR is found by calculating the SNR forNt different streams,

and find their minimum. Therefore, to find one minimum sub-stream SNR, the complexity is:

CminSNR = [Nt × (4NtNr + 2Nt + 2Nr + 5) real multiplications]

+ [Nt × (2NtNr + 2Nr − 2) real additions] + [(Nt − 1) comparisons] (3.39)
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Now, let’s consider the brute force approach. The decision table constructed in this approach

has a total ofNCMt
Nt
CMr

Nr
elements, hence the complexity required isNCMt

Nt
CMr

Nr
CminSNR

operations, where the complexity ofCminSNR is as expressed in equation (3.39). Then, on

each one ofCMt
Nt
CMr

Nr
rows, metric computation is performed. Assuming that ”Global minimum

sub-stream SNR” criterion is used, one metric computation requiresN −1 comparisons. Once

all the metrics are found, the search for the maximum metric requires another[CMt
Nt
CMr

Nr
] − 1

comparisons. Therefore, the overall complexity for brute force approach is:

CBF = NCMt
Nt
CMr

Nr
CminSNR operations

+CMt
Nt
CMr

Nr
(N − 1) comparisons

+[CMt
Nt
CMr

Nr
] − 1 comparisons

≈ NCMt
Nt
CMr

Nr
(CminSNR operations+1 comparison) (3.40)

whereCminSNR is as expressed in equation (3.39). Using the selection method I, the first

table constructed will haveNCMt
Nt

elements. Therefore complexity for constructing the first

table isNCMt
Nt
CminSNR operations. Then, assuming that ”Global minimum sub-stream SNR”

criterion is used,CMt
Nt

(N − 1) comparisons is required to compute the metrics. Finally, search

for the first maximum metric requires anotherCMt
Nt

− 1 comparisons. Similarly, complexity

for constructing the second table isNCMr
Nr
CminSNR operations. Metric calculation will require

CMr
Nr

(N−1) comparisons. And finally the search for second maximum metric requires another

CMr
Nr

− 1 comparisons. In total, the complexity for the selection method I is:

CM1 = N [CMt
Nt

+ CMr
Nr

]CminSNR operations

+[CMt
Nt

+ CMr
Nr

](N − 1) comparisons

+[CMt
Nt

+ CMr
Nr

] − 2 comparisons

≈ N [CMt
Nt

+ CMr
Nr

](CminSNR operations+ 1 comparison) (3.41)
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For the second selection method, the table only contains
(

N
Ns

)
CMt

Nt
CMr

Nr
elements. Therefore

complexity for constructing the table is
(

N
Ns

)
CMt

Nt
CMr

Nr
CminSNR operations. Then, assuming

that ”Global minimum sub-stream SNR” criterion is used,CMt
Nt
CMr

Nr

((
N
Ns

)
− 1

)
comparisons

are required to compute the metrics. Finally, the search for maximum metric requireCMt
Nt
CMr

Nr
−

1 comparisons. In total, the complexity for the selection method II is:

CM2 =

(
N

Ns

)
CMt

Nt
CMr

Nr
CminSNR operations

+CMt
Nt
CMr

Nr
(

(
N

Ns

)
− 1) comparisons

+CMt
Nt
CMr

Nr
− 1 comparisons

≈
(
N

Ns

)
CMt

Nt
CMr

Nr
(CminSNR operations+1 comparison) (3.42)

Comparing equation (3.40), (3.41), and (3.42), it can be seen that selection method I cuts down

computational complexity by transformingCMt
Nt
CMr

Nr
intoCMt

Nt
+CMr

Nr
; while selection method II

cuts down computational complexity by a factor ofNs. Figure 3.6 shows the differences in the
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Figure 3.7: Brute Force selection performance

number of operations required under brute force method and the two sub optimal algorithms.

Here, FFT points used is 256 and the number of RF chains available in both transmitter and

receiver end is fixed to 2. Different settings of total available antenna ranging from 3 to 8 are

evaluated.

As for the performance, the simulation system used in this study employs 256 points

OFDM with 20 MHz signal bandwidth operating at2.6 GHz carrier frequency, resulting in

78.125KHz subcarrier spacing and12.8µsec OFDM symbol duration. Cyclic prefix used is

1/16th of total FFT points, which is equal to16 samples. The propagation channel in every

transmit/receive pair is modeled using exponential power delay profile withL = 5 taps. These

taps are generated as i.i.d. correlated in time with a correlation function according to Jakes’

fading model [160]. Mobile speed assumed in this model is125Km/hr, which translate into

maximum Doppler frequency of300Hz.
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Figure 3.8: Method 1 selection performance

6.25% of subcarriers (16uniformly spaced subcarriers) are dedicated for pilot symbols.

These pilots are used during training period for channel estimation purpose. The receiver em-

ploys comb-type least square channel estimation with second order interpolation as described

in [161]. This estimated channel is used as the base for antenna selection as well as equalisation

purpose. 4 antennas and 2 RF chains are assumed available on both transmitter and receiver.

The system is simulated under QPSK and 16QAM signaling, and the performance is measured

in terms of BER.

Figure 3.7 shows the brute force selection performance which uses (3.38) to search for op-

timal antenna combination. It can be seen that the scheme can significantly improve system

performance, and it is superior to the reduced complexity algorithm (both method 1 and 2 as de-

picted in Figure 3.8 and 3.9 respectively). It is also observed that the use of ”Global minimum

sub-stream SNR” (metric 1) as the selection metric delivers better performance compared to
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Figure 3.9: Method 2 selection performance

”Average minimum sub-stream SNR” (metric 2), especially in high SNR regime. However, the

difference between the two becomes negligible when 16QAM modulation is used (as compared

to the QPSK case). This signifies the role of minimum sub-stream SNR to system performance

as highlighted in [62]. Under 16QAM modulation, receiver becomes more susceptible to noise

as the distances between signal constellations are closer than that in QPSK modulation. This

effect lowers the influence of antenna selection to system performance, hence decrease in the

performance difference between metric 1 and metric 2 is evident.

Comparing method 1 and method 2 with respect to the brute force selection scheme using

both QPSK and 16QAM modulation (as depicted in Figure 3.10), it is observed that selection

method 1 suffers more penalty in the performance due to complexity reduction. It is worth

noting that in this simulated environment, method 2 delivers more complexity reduction as

compared to method 1, which does not agree with the intuition that larger complexity reduction
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Figure 3.10: Performance comparisons between Method 1, Method 2, and Brute Force selec-
tion

will cause more severe performance penalty. This can be explained using the fact that method 2

exploit coherence frequency property of the channel, and in this simulation, it is designed that

the reduction factor is equal to channel coherence bandwidth. Therefore, the information lost

in method 2 is less significant than those in method 1. In real environment, it is not necessarily

the case, because there is likely to be a mismatch between the reduction factor employed and

channel coherence bandwidth.

Another interesting observation is that in all the performance curves presented, as the SNR

increases, the BER does not continuously decrease; but instead, there are changes toward pos-

itive direction on the BER curve gradient in high SNR regime, creating an irreducible error

floor. This is the effect caused by channel estimation error, which put a limit on the equaliser

performance, regardless on how good the SNR is.
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3.3.3 Antenna Selection for Multi-User MIMO-OFDM Systems

Comparing the selection Method I developed for single user MIMO-OFDM systems with the

MIMO-BC antenna selection scheme developed earlier in Section 3.2, it is observed that they

both adopt similar technique. First, transmit antenna combination is searched assuming no

receive selection. Then, receive antenna selection is performed using the obtained transmit

antenna combination. This suggests that it is possible to combine both schemes to arrive at the

antenna selection strategy for multi-user MIMO-OFDMA systems. However, some modifica-

tions are required as more than one receiver is involved, and the selection algorithm needs to

find the antenna combination that is jointly optimal for all users.

In multi-user MIMO-OFDM systems, the channel from one transmit antenna to one receive

antenna at any one user is modelled as multipath l-ray frequency selective channel. Given one

particular user, the derivation of channel model after appropriate IFFT and FFT operation is

identical to that in single user MIMO-OFDM system presented in Section 3.3. Denoting the

Mr ×Mt channel matrix from the transmitter to userk at subcarrierq asH(k)[q], the following

relation is obtained:

H(k)[q] =





H(k)
1,1[q] H(k)

1,2[q] · · · H(k)
1,Mt

[q]

H(k)
2,1[q] H(k)

2,2[q] · · · ...
...

...
...

...

H(k)
Mr ,1[q] · · · · · · H(k)

Mr,Mt
[q]





(3.43)

whereH(k)
i,j [q] denotes the frequency domain channel fromj th transmit antenna toith receive

antenna of userk at subcarrierq. Here, since one transmitter communicates with several re-

ceivers simultaneously, it is inherently a broadcast system, hence sum-rate capacity is used as

the selection criteria. The central problem of antenna selection in this kind of system is to select

the transmit antenna combination which is jointly optimal for all users in most or all subcarri-

ers, as well as to select the receive antenna combination at each receiver such that the sum rate
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capacity across all subcarriers are maximised. Using brute force method, this search involves

checking all possibleCMt
Nt

(CMr
Nr

)K antenna combinations, each of which would require a cal-

culation ofN sum rate capacities at different subcarriers. In order to reduce the computational

complexity, a sub optimal selection method is proposed, which combines the selection method

in single carrier MIMO-BC systems and the selection method in single user MIMO-OFDM

systems. Detailed discussion on the selection process is given in the next paragraph.

First, the selection process is broken into two parts, one for transmit antenna selection and

another for receive antenna selection. For transmit antenna selection, the same strategy as in

the single user MIMO-OFDM antenna selection can be used, whereby a table havingCMt
Nt

rows

and number of columns equals to the total number of subcarriersN is constructed. However,

since sum rate capacity maximasation is used as the criteria, the values stored in the table have

to be modified. Here, similar technique as in the single carrier MIMO-BC antenna selection

is used. First, denote the(KMr) ×Mt compound frequency domain channel of all users at

subcarrierq asHc[q] = [H(1)[q]T H(2)[q]T ... H(K)[q]T ]T . Depending on the transmit antenna

combination used (which is denoted by the row index of the decision table), the following value

is computed:

max
Rxx[q] ≥ 0,

P
q Tr(Rxx[q]) ≤ Ptot

1

2
log

∣∣∣I + Ĥc[q]Rxx[q]Ĥc[q]
H
∣∣∣ (3.44)

whereĤc[q] is the subset ofHc[q] after removingMt −Nt columns corresponding to the uns-

elected transmit antennas. Note that the above value corresponds to the capacity upper bound

of the broadcast communication at subcarrierq, and it is used to populate theq th column of the

decision table. The next step is a metric computation to decide which row (transmit antenna

combination) to be used. Since the selection objective is to maximise sum rate capacity, it is

natural to use the sum of capacity upper bound across all subcarriers as the selection metric.

In other words, for each row of the decision table, calculate the sum across all columns, and
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use it as the score of that particular row. Optimum transmit antenna combination is the one

corresponding to the row with the largest score.

Using the selected transmit antenna combination, the optimal transmit covariance matrices

which achieves sum rate capacity at each subcarrier is calculated. The same technique proposed

for single carrier system in [152] can be used on individual subcarrier. Denote the optimal

transmit covariance matrix for userk at qth subcarrier asT k[q]. The next step is to determine

the optimal receive antenna combination for each receiver. In single carrier MIMO-BC antenna

selection, it has been shown that using BC-MAC duality, the sum rate maximising receive

antenna selection process can be performed independently at different receiver. This property

also holds for multi user MIMO-OFDM systems, as the channel can be viewed as a series of

single carrier MIMO-BC systems. In the following, receive antenna selection for userk is

described. Note that the same technique is to be applied to all receivers.

First, as in the MIMO-OFDM antenna selection technique, another decision table is con-

structed havingCMr
Nr

rows andN columns. Given the receive antenna combination correspond-

ing to a particular row of the table, itsqth column is populated with the following value:

1

2
log

∣∣∣I + Ĥ
(k)

[q]HT̂ k[q]Ĥ
(k)

[q]
∣∣∣ (3.45)

whereĤ
(k)

[q] is the frequency domain channel response of userk at subcarrierq after selection,

andT̂ k[q] is the subset of transmit covariance matrix of userk at subcarrierq after removing

Mr − Nr columns and rows corresponding to the the unselected antennas. Once the decision

table has been fully populated, the final step is to decide which row (receive antenna combina-

tion) is to be used. Similarly, since the objective is to maximise the sum rate capacity, the same

metric is used as in the transmit antenna selection. Hence, for each row of the decision table,

calculate the sum across all columns, and assign it as a score of that particular row. Optimum

receive antenna combination for userk is the one corresponding to the row with the largest

score.
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Figure 3.11: Flow Diagram of Multi User MIMO-OFDM Selection

The flow diagram of the selection process is depicted in Figure 3.11. To summarise, the

selection algorithm can be described as follows:

1. Construct the first decision table havingCMt
Nt

rows andN columns, and populate them

with the capacity upper bound calculated according to equation (3.44).

2. Compute the metric for the first decision table and select the row with the best metric.

The selected row corresponds to the selected transmit antenna combination.

3. With the obtained transmit antenna subset, calculate optimal covariance matrices of dual

MIMO-MAC for each subcarrier assuming no receive selection using the method pro-

posed in [152].

4. For each userk, construct the second decision table havingCMr
Nr

rows andN columns,
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and populate them with the single user capacity calculated using equation (3.45).

5. Compute the metric for the second decision table and select the row with the best met-

ric. The selected row corresponds to the selected receive antenna combination for that

particular userk.

6. Finally, the optimal sum rate maximising antenna subset is obtained by combining the

transmit combination and the receive combination for all userk ∈ {1..K}.

3.3.4 Complexity and Selection Performance Analysis

In this subsection, the algorithm complexity and selection performance are analysed. As a

baseline of comparison, the complexity of brute force approach is first studied. Then, the

complexity of the proposed algorithm are analysed and compared to the brute force approach

in order to signify the complexity reduction. Due to the non static behaviour of some of the

functions involved (such as threshold based waterfilling process), the study on algorithm com-

plexity is given in terms of its limiting behaviour using big-ohO(.) notation.

In brute force approach, the selection algorithm simply iterates through all possible antenna

subset combinations in transmitter as well as all receivers. This involvesCMt
Nt

(CMr
Nr

)K number

of possibilities. For each possibility, the algorithm needs to compute the sum rate capacity for

each ofN subcarriers. Calculating sum rate capacity involves a search for optimal covariance

matrix. Using the algorithm proposed in [152], this process requires(K 2 −K) matrix multi-

plication of sizeNt × Nr andNr × Nr, (K2 −K) matrix multiplication of sizeNt × Nr and

Nr ×Nt, and a single Singular Value Decomposition (SVD) on a matrix of sizeKNr ×Nt. To

simplify the notations, define the following two functions:

Kmult(A,B,C) = O (A C [B multiplications+ (B − 1) additions]) (3.46)

KSV D(A,B) = O
(
min(A2 B,A B2) [multiplications+ additions]

)
(3.47)
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whereKmult(A,B,C) represents the complexity required to perform multiplication of a matrix

of sizeA×B with another matrix of sizeB×C, whileKSV D(A,B) represents the complexity

required to perform SVD operation on aA× B matrix. Using these notations, the complexity

of finding the optimal covariance matrix according to [152] can be expressed as:

Kcov = (K2−K)Kmult(Nt, Nr, Nr) + (K2−K)Kmult(Nt, Nr, Nt) +KSV D(KNr, Nt)(3.48)

Once the optimal covariance is obtained, sum rate capacity for a particular subcarrier can be

calculated accordingly. This computation involvesK matrix multiplication of sizeN t×Nr and

Nr ×Nr,K matrix multiplication of sizeNt ×Nr andNr ×Nt, and determinant computation

of a matrix of sizeNt ×Nt. Note that the complexity of computing a determinant of anA×A

matrix is in the order ofO(A3 [multiplications+additions]). Using the same notation as above,

the complexity of calculating the sum rate capacity given the optimal covariance matrix can be

calculated as:

Ksum=K(Kmult(Nt, Nr, Nr)+Kmult(Nt, Nr, Nt))+O(N3
t [multiplications+additions])(3.49)

To find the best antenna combination, sum rate capacity at different subcarriers are added,

and the antenna combination which results in the largest sum is selected as the solution. This

process requiresCMt
Nt

(CMr
Nr

)K (N − 1) additions andCMt
Nt

(CMr
Nr

)K − 1 comparisons. In overall,

it can be shown that the total complexity of brute force method is expressed as:

KBF
tot = CMt

Nt
(CMr

Nr
)KN [(K2)(Kmult(Nt, Nr, Nr)+Kmult(Nt, Nr, Nt)) +KSV D(KNr, Nt) +

O(N3
t [multiplications+ additions])] + (CMt

Nt
(CMr

Nr
)K (N − 1)) additions+

(CMt
Nt

(CMr
Nr

)K − 1) comparisons (3.50)

Now, consider the proposed selection algorithm. The first step is to construct a decision
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table withCMt
Nt

rows andN columns, and fill it with the capacity upper bound. Calculating

the capacity upper bound is equivalent to calculating MIMO capacity whose channel matrix

hasK Mr rows andNt columns. This involves calculating the SVD of channel matrix (which

require a complexity ofKSV D(KMr, Nt)) and a determinant computation of aNt ×Nt matrix

(which require a complexity ofO(N 3
t [multiplications+ additions])). Therefore, the overall

complexity of constructing the first decision table is equal to:

K(1) = CMt
Nt

N (KSV D(K Mr, Nt) + O(N3
t [multiplications+ additions])) (3.51)

Then, the metric is computed for the first decision table, and the best metric is selected

which determine the optimal transmit antenna combination. The complexity required in this

computation can be shown to be:

K
(1)
met = (CMt

Nt
(N − 1)) additions+ (CMt

Nt
− 1) comparisons (3.52)

With the selected transmit antenna combination, optimal covariance matrix is calculated for

each subcarrier assuming all receiver’s antennas are used. This requires(K2 − K) N matrix

multiplication of sizeNt×Mr andMr×Mr, (K2−K)N matrix multiplication of sizeNt×Mr

andMr×Nt, andN SVD computation on a matrix of sizeKMr×Nt; the complexity of which

can be calculated as:

K(1)
cov = (K2−K)N(Kmult(Nt,Mr,Mr)+Kmult(Nt,Mr, Nt))+NKSV D(KMr, Nt) (3.53)

Using the obtained covariance matrix, each userk constructs the second decision table with

CMr
Nr

rows andN columns, and fill it with the theoretical single user capacity. Calculating the

theoretical capacity involves a single matrix multiplication of sizeNt × Nr andNr × Nr, a

single matrix multiplication of sizeNt×Nr andNr ×Nt, and a matrix determinant calculation
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of sizeNt × Nt. The complexity for constructing the second decision table in all users can be

expressed as:

K(2) = KCMr
Nr
N(Kmult(Nt, Nr, Nr)+Kmult(Nt, Nr, Nt)+O(N3

t [multiplications+additions]))

(3.54)

Once the second decision table is constructed, each user compute the corresponding metric

and select the best metric to arrive at the optimal receive antenna combination. For each user,

this would requireCMr
Nr

(N − 1) additions and(CMr
Nr

− 1) comparisons. Hence, the total

complexity for this process is:

K
(2)
met = K (CMr

Nr
(N − 1) additions+ (CMr

Nr
− 1) comparisons) (3.55)

Therefore, the overall complexity of the proposed algorithm can be calculated by adding

the terms in equation (3.51), (3.52), (3.53), (3.54), and (3.55), which results in the following:

K
(sub)
tot =(K2−K)N(Kmult(Nt,Mr,Mr)+Kmult(Nt,Mr, Nt))+KC

Mr
Nr
N(Kmult(Nt, Nr, Nr)+

Kmult(Nt, Nr, Nt)) + (CMt
Nt

+KCMr
Nr

)(N O(N3
t ) + (N − 1) additions+ 1 comparisons) +

(CMt
Nt

+ 1)N KSV D(KMr, Nt) − (K + 1) comparisons (3.56)

To signify the complexity reduction of the proposed selection algorithm with respect to the

brute force approach, the overall complexity of the two schemes are compared, and expressed

as a parameter called complexity ratio, defined as the ratio of the overall complexity of the brute

force scheme (given in equation (3.50)) to the overall complexity of the proposed selection

(given in equation (3.56)). The larger the ratio, the larger the complexity reduction achieved by

the proposed selection method. The complexity ratios of different types of operations (namely

multiplications, additions, and comparisons) for the case when there are different number of

available antennas and different total number of users, while the number of selected antennas
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Figure 3.12: Complexity Ratio of Brute Force Scheme with respect to the Proposed Selection
(Number of selected antennas or available RF chain is 2)

is fixed to 2, are depicted in Figure 3.12. The simulation system employs 256 FFT points, and

each terminal is only equipped with 2 RF chains. It can be seen from the figure that the amount

of complexity reduction is very significant, especially when the the number of users and/or the

number of available antennas is large.

For the performance analysis, the same system parameters as in single user MIMO-OFDM

are used; which is a 256 points OFDM system with 20MHz signal bandwidth operating at 2.6

GHz carrier frequency. All users adopt the same cyclic prefix size, which is set to be1/16th

of total FFT points (equivalent to 16 samples). As far as the channel model is concerned, multi

tap power delay profile with number of taps equal to 5 is used. The profile of each individual

tap varies in time according to Jake’s fading model [160] with 300Hz Doppler frequency.

Here, sum rate capacity is used as the performance metric, and error free feedback channel

is assumed available for each receiver to tell transmitter the receive antenna combination used.

At the receiver, the channel matrix is estimated using pilot symbols which are spread uniformly
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Figure 3.13: Multiuser MIMO-OFDM Selection Performance

across subcarriers. A total of 16 pilot subcarriers are used for this purpose, and comb-type least

square channel estimation with second order interpolation is adopted at the receivers. Figure

3.13 shows the gain in sum rate capacity for varying number of available antennas at 10 dB

operating SNR, which is calculated using equation (3.2) for all subcarriers with the selected

antenna combination. As expected, the extra available antenna is able to increase the overall

sum capacity even though the number of RF chains is fixed.

An approximately 0.5 b/s/Hz is attained for 3 available antennas with 2 RF chains, and the

proposed selection algorithm is capable of achieving80% − 90% of the gain. As the num-

ber of antennas increases, the gain increases. Similarly, due to multiuser diversity gain, the

overall sum rate capacity increases with the number of users. Note that the same behaviour

is observed in single carrier MIMO-BC systems. Therefore, it is apparent that multicarrier

broadcast channel can be viewed as a series of single carrier MIMO-BC, in which the charac-

teriscitcs of MIMO-BC is applicable on each subcarrier independently. However, the amount

of gain achieved is lower than the single carrier case, due to averaging effect across subcarriers.
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3.3.5 A Case Study of Antenna Selection for MIMO OFDM with STBC

Having shown the potential of antenna selection in improving system capacity, it is now time to

see how antenna selection performs in a typical IEEE 802.16 based system. More details for a

typical 802.16 based system parameters are given at appendix A, and the detailed specifications

are given in [162]. In the standard, antenna selection is included as part of the optional feature.

When base station has more than one antenna, spatial diversity can be used in conjunction with

the antenna selection. Configurations for two, three, or four antennas are defined. The present

work focuses on the rate-1 four antennas configuration, in which the standard defines three

transmit diversity matrices for antenna selection process as shown in Figure 3.14:
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Figure 3.14: Rate-1 four antenna transmit matrices

These transmit diversity matrices defines which subset of antennas to be used first at any one

time. For example, when matrixA1 is selected, four symbols are transmitted over four time

slots as follows. At the first time slot, symbolS1 andS2 are transmitted through the first and

second antenna respectively. At the second time slot, symbol−S ∗
2 andS∗

1 are transmitted

through the same set of antennas. Following that, at the third time slot, symbolS3 andS4 are

transmitted through the third and fourth antenna respectively. Finally, at the fourth time slot,

symbol−S∗
4 andS∗

3 are again transmitted through the third and fourth antenna respectively.

There are two different ways to select which transmit diversity matrix to be used. Firstly,

base station can use the logical data subcarrier number of the first tone using the following

formula:

km = mod(subcarriernumberof first tone, 3) + 1

wherekm is the index of the transmit matrix to be used. Note that in this way, base station
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does not take channel condition into consideration in choosing transmit matrix. This method is

termedPure STBC.

Secondly, base station can request the mobile station to feedback the best transmit matrix

index to be used. In this case, mobile station is required to perform Carrier to Interference plus

Noise Ratio (CINR) calculation using the available pilots on the received symbol. Transmit

matrix index which maximise the CINR is then reported to the base station via Channel Quality

Information Channel (CQICH), a data region in uplink allocated by base station. The transmit

diversity matrix used is always updated every time the CQICH is received. This method is

termed asEnhanced STBC consequently (section 8.4.8.3.5 of reference [163]).

Looking at the transmit diversity matrices in Figure 3.14, it is observed that all four trans-

mit antennas are involved in the transmission, regardless of which matrix is used. The only

difference is just the sequence of which antennas are being used. This prevents the scheme to

fully capture the selection gain.

In order to illustrate this, consider a condition when the first and third antennas have very

good channel gain, while the second and fourth antennas experience deep fading. In this case,

regardless of transmit diversity matrix selected, some of the symbols will be allocated to sec-

ond and fourth antenna, resulting in a performance degradation. Based on this observation,

a modified enhanced transmit diversity scheme is proposed (termed asModified Enhanced

STBC).

The idea behind this scheme is to exploit selection diversity gain by assigning user symbols

to only two antennas for the entire duration of the frame. The available transmit diversity

matrices under this scheme is shown in Figure 3.15. Considering the same scenario as in the

earlier example, when the first and third antennas have very good channel gain while the second

and fourth antennas experience deep fading, this scheme will select transmit diversity matrix

A2. This will improve the performance, since only antennas with good channel gain are used,

while the other two are left unused.
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Figure 3.15: Rate-1 four antenna modified transmit matrices

It is worth noting that the decision on transmit diversity matrix is taken independently on

per user basis. Therefore, since one frame contains data from multiple users, it is very likely

that all base station antennas will be used. This is true even though each user’s symbols are

transmitted exclusively through two antennas during the transmission of a frame.

Despite the performance improvements by using the proposed scheme, it adds computa-

tional burden to the mobile station, since they need to find the maximum SINR out of six

different configurations rather than three. Moreover, the number of bits required to indicate

which matrix to use is increased by one. It is necessary to consider these aspects for the prac-

tical implementation of the system.

In the following, the performance of different antenna selection techniques are evaluated

under different channel condition according to Stanford University Interim (SUI) standard

[164]. There are six channel models defined within the reference, namely SUI type-1 to SUI

type-6. Parameters related to each of these channel models are shown in Appendix B.

The signal bandwidth used in this simulation is20MHz, which is equal to22, 856KHz

after factoring in the sampling frequency rate of8/7. This corresponds to11.16KHz subcar-

rier spacing, and approximately89.6µsec of OFDMA symbol duration. QPSK modulation is

considered, and the performance are evaluated under SNR range of -10dB to 10dB. The sys-

tem is simulated for pedestrian speed of5Km/hr, which corresponds to a maximum Doppler

value of12Hz at2.6GHz operating frequency.
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Figure 3.16: Bit error performance of different transmit diversity schemes under different chan-
nel conditions

Figure 3.16a to 3.16f shows bit error rate (BER) performances under SUI type-1 to SUI

type-6 channel models obtained via simulation. From the figure, it is observed that transmit

diversity ofPure STBC scheme are capable of achieving significant performance gain. At10−3

BER level, improvement of up to6.5dB is observed under SUI type-3 model. Furthermore,

Enhanced STBC scheme can bring additional0.5dB to 2dB gain with respect toPure STBC

schemes by making use of feedback information; while the proposedModified Enhanced STBC

scheme can bring additional1dB to2.5dB gain due to the extra selection gain exploited by the
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Table 3.1: Achievable Gain of Different Transmit Diversity Schemes
 Pure 

STBC 
Enhanced 

STBC 
Modified 

Enhanced STBC 
SUI type-1 6 dB 6.5 dB 7 dB 
SUI type-2 4 dB 6 dB 6.5 dB 
SUI type-3 6.5 dB 7.5 dB 8.5 dB 
SUI type-4 2.5 dB 4.5 dB 5 dB 
SUI type-5 4 dB 4.5 dB 5.5 dB 
SUI type-6 0.5 dB 1.5 dB 2 dB 

 

scheme (at the expense of one additional bit in the feedback information).

The improvement that transmit diversity brings to the system performance varies for dif-

ferent channel models used. This is due to different path loss magnitudes and the number of

multipaths (which relates directly to the terrain types and tree densities) that the channel model

simulates. It is evident from the figure that the proposed scheme outperforms other transmit

diversity schemes in all six different channel models.

The amount of gain achieved by different transmit diversity schemes with respect to the

single antenna (no selection) configuration under six different channel models are summarised

in table 3.1. All measurements are taken at10−3 BER level.

3.4 Summary

In this chapter, antenna selection scheme in cooperative broadcast systems is discussed. Moti-

vated to address the practical issues of MIMO-BC systems, which promises large capacity at

the expense of extra hardware cost, a sub optimal antenna selection strategy is proposed. By

having less number of RF chains compared to the available antennas, hardware cost can be re-

duced significantly while still maintaining a certain amount of gain achievable. Moreover, the

sub optimal selection algorithm is able to bring the computational complexity down into prac-

tical level, as compared to the otherwise unrealisable brute force method. Extra caution needs

to be given when multiple carriers system is considered, however, as the selection complexity

can be very high, especially when the number of subcarriers is large.
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A sub optimal antenna selection algorithm for single carrier MIMO-BC system is pro-

posed. The transmit antenna selection is performed using capacity upper bound maximisation

of MIMO-BC, while BC-MAC duality is used for receive antenna selection. When there are

3 available antennas and only 2 RF chains, it is shown that approximately0.75 b/s/Hz gain is

available via brute force method. The proposed algorithm is then shown to be able to reduce

the overall complexity from the order ofCMt
Nt

(CMr
Nr

)K into the order ofCMt
Nt

+ KCMr
Nr

while

maintaining up to90% of the capacity gain.

The analysis is also extended for the case of broadband frequency selective channel. First, a

sub optimal antenna selection for single user MIMO-OFDM systems is proposed. The concept

of using decision table in performing antenna selection is introduced, whereby two perfor-

mance metrics (namely global minimum sub-stream SNR and average minimum sub-stream

SNR across subcarriers) are used. Two sub optimal selection methods are then proposed; one

of which segregates the transmit and receive antenna selection into two disjoint processes, and

the other one exploits the frequency correlation of the channel. It is demonstrated that both se-

lection methods are able to bring performance improvement. The global minimum sub-stream

SNR metric also achieves better performance. As for the complexity, the sub optimal method

that segregates the transmit and receive selection process is able to reduce the overall com-

plexity from the order ofCMt
Nt
CMr

Nr
into the order ofCMt

Nt
+ CMr

Nr
. Meanwhile, a complexity

reduction by a factor ofNs (the number of subcarriers to be assumed correlated) is achieved

by the second selection method.

Combining the selection algorithm proposed for single carrier MIMO-BC systems with the

one for single user MIMO-OFDM systems, it is possible to develop a sub optimal antenna

selection algorithm for multicarrier MIMO-BC system. By using the decision table concept

together with the selection metrics for MIMO-BC systems, up to0.45 b/s/Hz gain is attainable.

This is achieved at the complexity that is considerably lower than the brute force method, which

can only achieve up to0.5 b/s/Hz gain. Complexity reduction of the proposed scheme is also
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studied, and it is shown that as the number of users and/or available antennas is increased, the

gain becomes more significant. The reduction in complexity is more prominent than in the

single carrier case, as the improvement is achieved on all subcarriers compared to just on a

single carrier.

Finally, the application of antenna selection in practical system is also analysed, whereby

multiuser OFDMA based IEEE 802.16 standard for broadband wireless access systems is con-

sidered. It is shown that the incorporation of antenna selection can potentially improve the

overall performance. An additional2.5 dB gain can be achieved compared to the traditional

STBC scheme without selection. Even when the channel condition is unfavourable, the selec-

tion scheme can still bring approximately1 dB of SNR gain.
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Chapter 4

Power Control and Interference

Cancellation in Cooperative Ad-hoc

Network

4.1 Introduction

In the previous chapter, the discussion mainly focuses on the cooperative broadcast scenario.

Here, another class of cooperation known as cooperative relaying is considered, whereby mul-

tiple single antenna nodes cooperate with one another to improve transmission quality towards

destination. In particular, this chapter tackles two most fundamental issues in cooperative relay

network. Firstly, the basic question whether adding relay node can indeed improve transmis-

sion quality as compared to direct transmission is addressed. For this, the most basic setup of

three node line network is used in the analysis. Although many works have been devoted to

study this class of cooperative network as summarised in Section 2.3.1, none of them has con-

sidered this very basic albeit important question. Hence, this work complements the present re-

sults on three node cooperative network. Secondly, it has been well recognised that bandwidth
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r d

hSR hRD

(1-r) d

d

hSD

SN RN DN

Figure 4.1: System Diagram of Three Node Line Network

efficiency is the major concern in multi-hop relay communication. As the message needs to

go through several stages before reaching its destination, the end to end throughput is severely

compromised as the number of hops increases. In this work, a novel interference cancellation

technique is proposed to allow transmission of new message in every hop. With this scheme, it

is demonstrated that the bandwidth efficiency penalty can be kept low even for networks with

large number of hops. Detailed analysis on the above two issues are provided in Section 4.2

and Section 4.3 respectively, and the results are summarised in Section 4.4

4.2 Role of Relay and Power Allocation in 3-Node Network

With the increasing popularity of cooperative relay network, it is becoming more and more

important to understand the role of relay node in terms of how much performance improvement

it can provide. This section is motivated to shed light on this problem. It addresses the question

whether relaying can indeed improve link performance; and if it does, to what extend and what

is the criteria of optimality. It is in this context that this section discusses different systems

including simple decode-and-forward system, and a more complex Distributed Space Time

Block Coding (DSTBC) cooperative system.

4.2.1 System Model

A three-node network consisting of a Source Node (SN), Destination Node (DN), and Relay

Node (RN) as depicted in Figure 4.1 is considered. The SN and DN are separated by distance
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d, and one RN is located between them. Although three node line network is considered, where

RN is assumed to be located in the straight line between SN and DN, the results and discussions

presented here are also valid for a more general case where RN is located at any point in the

area between SN and DN. Normalised distancer is defined as a ratio between the distance

from SN to RN and the distance from SN to DN.

The scalar multiplicative channel between SN to RN, SN to DN, and RN to DN are denoted

ashSR, hSD, andhRD respectively. Here, a discrete time memoryless channel is assumed,

where for all node pair,h represents combined response of transmit pulse shaping filter, channel

transfer function, and receiving filter (sampled optimally at Nyquist rate). Thereforeh can be

modeled as random process whose samples are distributed according toCN (0, 1
λ
), a complex

normal distribution with variance1
λ
. Equivalently, the channel powerx = |h|2 is distributed

according to exponential distribution with parameterλ, whose probability density function

(PDF) can be expressed as:

fx(x) = λ exp (−λ x) (4.1)

In the above equations, corresponding subscripts forh andλ can be similarly applied depend-

ing on which pair of nodes are being considered. Parameterλ is determined by the distance

between the two nodes under consideration, as well as path loss exponentα. For example, in

the case of channel between SN and DN, the channel parameterλSD can be calculated through

the path loss equation as follows [165, Ch. 15.2.1]:

Lp = 10 log(λSD) = C1 + 10 α log(d) + χ (4.2)

whereLp is the path loss measured in decibel,α andd are the path loss exponent (typically

ranges from3 to 5 depending on the propagation condition) and source destination distance

separation measured in kilometre respectively. ConstantC1 determines path loss at reference

distance (normally measured at 1 km for outdoor channels or 1 m for indoor channels [165]),
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andχ is the log-normal random value which depends on system parameters including trans-

mitter and receiver antenna height, carrier frequency, and terrain type. ParameterλSR andλRD

can be found by replacingd with rd and(1 − r)d respectively. For simplicity of exposition,

the effect of shadow fading is integrated into the path loss formula, and the channel is mainly

governed by large scale path loss and small scale Rayleigh fast fading effect. Here, a path loss

constant of−32.45dB (typical urban terrain [165]) is used throughout the analysis.

It is assumed that the receiver can accurately measure the realised fading coefficient in their

received signals, while transmitter either does not posses or does not exploit knowledge of

the realised fading coefficient. For a fair comparison, all systems under consideration employ

BPSK (Binary Phase Shift Keying) signaling with coherent detection, and total power available

in the system is normalised to unity. Here,ρ denotes the SNR, which is defined as the ratio

between system total power and noise varianceN0. Since the total power is unity, SNR is

related to noise variance asρ = 1
N0

.

4.2.2 Transmission Protocol and Numerical Results

Four different transmission protocols are considered in the following subsections. Throughout

the simulation, the source destination distanced is set to 10 km (typical cell radius), while the

path loss exponentα is set to3.

Direct Transmission

In this protocol, SN transmits its message to DN without any help of RN. The instantaneous

probability of error for this transmission can be calculated as [165]:

Pe = Q
(√

2ρ |hSD|2
)

(4.3)
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Here,Q(x) is the right tail probability of unit normal distribution:

Q(x) =

∫ ∞

x

1√
2π
exp

(
−t

2

2

)
dt (4.4)

By integratingPe in equation (4.3) over the distribution of channel realisation, and applying

Chernoff standard approximation of Q-function [166] to the integration, the average error prob-

ability (Pe) can be calculated as follows:

Pe ≤
∫ ∞

0

1

2
exp (−ρ s)λSD exp (−λSD s) ds

≈ 1

2
(
1 + 1

λSD
ρ
) (4.5)

Note that in the above calculation, parameter|hSD|2 is substituted withs for better readability.

The average error probability curve for this protocol as calculated using equation (4.5) is shown

in the straight (—) line curves in Figure 4.2, 4.4, and 4.6 and acts as a reference.

Decode and Forward Relaying

Transmission of a message using this protocol takes two time slots. Within the first time slot,

SN transmits its message to RN. After decoding the message, RN will then re-encode and

transmit it on the following time slot to DN. Here, to satisfy the total power constraint, power

has to be distributed among SN and RN. Denoteγ as the portion of total power used by SN.

The instantaneous probability of decoding error at SN-RN link and RN-DN link can then be

calculated as follows [165]:

P (1)
e = Q

(√
2γρ |hSR|2

)

P (2)
e = Q

(√
2(1 − γ)ρ |hRD|2

)
(4.6)
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(c) r = 0.9

Figure 4.2: Decode and Forward Relaying Performances for Three Different Relay Locations
(Normalised Distances)

Considering that the message will be received correctly at DN when transmission of both slots

are correct, the end to end error probability can be found using:

P e−e
e = 1 − ((1 − P (1)

e ) × (1 − P (2)
e )) (4.7)

Note that the above equation neglects the fact that error in both first and second time slot may

result in double bit flipping, which end up with correct decision at DN. However, for simplicity,

this work only considers condition as used in equation (4.7) as the correct decoding criteria at

DN.
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By integrating equation (4.7) with respect to the distribution of its random terms, the aver-

age probability of error can be calculated as:

P e−e
e ≈ 1

2
(
1 + γρ

λSR

) +
1

2
(
1 + (1−γ)ρ

λRD

) − 1

4
(
1 + γρ

λSR

)(
1 + (1−γ)ρ

λRD

)

(4.8)

The average probability of error curve for the above formula assuming equal power distribution

between SN and RN (i.e.γ = 0.5) is depicted in the circled (-o-) line curves in Figure 4.2 for

three different relay locations.

It can be seen that the average error performance is very much dependent on the normalised

distancer (the location of RN). When RN is too close or too far from SN, the performance of

Decode and Forward system with equal power allocation is actually worse than direct trans-

mission (as shown in Figure 4.2a and c). With optimum power allocation, however, this can

be prevented. From equation (4.8), optimum power allocation can be found by taking the

first derivation and equate it to zero. This will result in polynomial degree 2 in the form of

aγ2 + bγ + c = 0, where:

a = (λRD − λSR) ρ2

b = 3λSRλRDρ + 2λSRρ
2

c = 0.5λSRλRD (λSR − λRD) − 1.5λSRλRDρ − λSRρ
2 (4.9)

Solving the above second degree polynomial, optimum power allocation is obtained as the

positive real root which lies between zero and one. Average BER performance of decode and

forward using optimal power control is shown as the crossed (-*-) line curves of Figure 4.2

for three differentr settings. Unlike equal power distribution, optimal power control scheme

allows this protocol to perform strictly better than direct link, regardless of RN position.
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Figure 4.3: Performance Comparisons of Decode and Forward Relaying with and without
Optimum Power Allocation for Different Relay Locations

Figure 4.3 shows the difference in BER value of Decode and Forward system with and

without optimum power control evaluated atSNR = 20dB, andr varies from0.01 to 0.99.

It is observed that Decode and Forward can improve the performance, especially when RN

is located in the middle between SN and DN. However, when RN is away from center point,

performance will degrade.

Ideal DSTBC

DSTBC protocol considered in this work uses Alamouti codes [26] for transmission. The word

Ideal here means that the channel quality from SN to RN is very good, and perfect channel

estimation is available at RN such that it is able to decode the message perfectly. Similarly,

since in this protocol both SN and RN are involved in message transmission, power needs to

be allocated among them to maintain the total power constraint. Denotingγ as the portion of

total power used by SN, instantaneous probability of error can be expressed as follows [36]:

Pe = Q
(√

2ρ(γ |hSD|2 + (1 − γ) |hRD|2)
)

(4.10)

Average probability of error can then be calculated by integrating (4.10) with respect to the
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(b) r = 0.5
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(c) r = 0.9

Figure 4.4: Cooperative Distributed Space Time Block Coding Performances for Three Differ-
ent Relay Locations (Normalised Distances)

distribution of random terms, which will give the following expression:

Pe ≈
1

2
(
1 + ργ

λSD

)(
1 + ρ(1−γ)

λRD

) (4.11)

Without power control, the total power would be equally distributed among SN and RN (i.e.

γ = 0.5). The circled (-o-) line curves in Figure 4.4 shows the performance of ideal DSTBC

under equal power allocation as calculated using equation (4.11) above, with three different

values ofr (RN locations). It can be seen that this method outperforms direct transmission in

all cases, and diversity gain is observed from the steeper slope at high SNR regime.
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Another interesting observation from Figure 4.4 is that as the value ofr increases (RN is

moving closer toward DN), the BER curve is moving toward lower value. This is a consequence

of the Ideal assumption, where the channel from SN to RN is very good, and perfect channel

estimation is available at RN such that perfect decoding is possible. By assigning non zero

power to RN, and putting RN arbitrarily close to DN, the BER can be made arbitrarily low, as

the superior channel quality between RN and DN dominates the overall system performance.

Optimum power allocation in this protocol can be performed by taking the first derivation

of equation (4.11) and equate it to zero. Again, the solution of optimumγ has to lie between

zero and one, and it can be expressed by the following equation:

γopt = 0.5 ×
(
λSD − λRD

ρ
+ 1

)
(4.12)

Substituting the value ofγopt back into equation (4.11), optimum average probability of

error is obtained as follows:

P opt
e ≈ 2λSDλRD

(λSD + λRD + ρ)2 (4.13)

The BER corresponding to the above optimum average probability of error is depicted by the

crossed (-*-) line curves in Figure 4.4. It is observed that optimum power allocation for Ideal

DSTBC protocol is only effective in low SNR regime. Moreover, as the RN moves further away

from DN (smaller value ofr), the curves with and without power allocation coincides. Figure

4.5 shows the difference in BER performance between equal and optimum power allocation,

evaluated atSNR = 5dB with r from 0.01 to 0.99.

Practical DSTBC

In practical implementation of DSTBC, instead of assuming that RN has perfect knowledge

on what SN wants to transmit, SN has to convey the information, and hence two time slots

are allocated for message transmission. In the first time slot, SN transmits its message to RN.
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Figure 4.5: Performance Comparisons of Distributed Space Time Block Coding with and with-
out Optimum Power Allocation for Different Relay Locations

After decoding the message, both SN and RN cooperate to perform DSTBC transmission in

the subsequent time slot.

Power allocation problem here consists of two parts. The first part is to distribute total

power among first slot and second slot transmission, while the second part is to distribute

power between SN and RN for DSTBC transmission. It can be seen that the power allocation

problem for these two parts can be completely decoupled. Therefore, the solution found in the

previous subsection (equation (4.12)) can be directly applied for second part, leaving us with

only first part of the problem.

Denotingη as the portion of total power used in the first slot, instantaneous probability of

error for the first and second slot transmission can be expressed as follows [36], [165]:

P (1)
e =Q

(√
2ρη |hSR|2

)

P (2)
e =Q

(√
2ρ(1−η)

(
γopt |hSD|2+(1−γopt) |hRD|2

))
(4.14)

whereγopt is the solution of optimum power allocation in the second slot, and it is expressed

as in equation (4.12). The end-to-end error probability can be calculated by substitutingP
(1)
e
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(b) r = 0.5
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(c) r = 0.9

Figure 4.6: Practical DSTBC Performances for Three Different Relay Locations

andP (2)
e above into equation (4.7). By integrating end-to-end error probability expression with

respect to the distribution of random terms, average end-to-end probability of error is obtained,

which is expressed as follows:

P e−e
e ≈ 1

2
(
1+ ηρ

λSR

) +
2(

3 + (1−η)ρ
λSD

− λRD

λSD

)(
3+ (1−η)ρ

λRD
− λSD

λRD

)

− 1(
1 + ηρ

λSR

)(
3 + (1−η)ρ

λSD
− λRD

λSD

)(
3 + (1−η)ρ

λRD
− λSD

λRD

) (4.15)

Without power allocation strategy, the total power will be equally distributed among first

and second slot transmission (η= 0.5). The circled (-o-) line curves in Figure 4.6 shows the
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BER performance of the system under equal power allocation as calculated using equation

(4.15) for three different values ofr. It can be seen that when RN is close to SN (r= 0.1), this

system performs very good, especially at high SNR range due to diversity gain at the second

slot transmission. However, as RN moves away from SN, the performance degrades up to the

point where it is worse than direct transmission (as shown in Figure 4.6c when r = 0.9).

By using the same technique, optimum power allocation can be found from equation (4.15).

Taking the first derivation and equate it to zero, the optimisation problem translates into solving

quartic polynomialaη4+bη3+cη2+dη+e = 0, where the coefficients are expressed as follows:

a =
ρ4

λ2
SDλ

2
RD

b =
8ρ3

λSRλSDλRD

− 4ρ3

λSDλ
2
RD

− 4ρ3

λ2
SDλRD

− 4ρ4

λ2
SDλ

2
RD

c =
38ρ2

λSDλRD

− 8ρ2

λSRλSD

− 8ρ2

λSRλRD

− 2ρ2

λ2
SD

− 2ρ2

λ2
RD

+
12ρ3

λSDλ
2
RD

+
12ρ3

λ2
SDλRD

−

8ρ3

λSRλSDλRD

+
6ρ4

λ2
SDλ

2
RD

d =
4ρλSR

λSDλRD
+

12ρλSD

λ2
RD

+
12ρλRD

λ2
SD

− 36ρ

λRD
− 36ρ

λSD
+

4ρ2

λ2
SD

+
4ρ2

λ2
RD

− 64ρ2

λSDλRD

− 12ρ3

λSDλ2
RD

− 12ρ3

λ2
SDλRD

− 4ρ4

λ2
SDλ

2
RD

e = 98 − 54λSD

λRD
− 54λRD

λSD
− 4λSR

λSD
− 4λSR

λRD
+

9λ2
SD

λ2
RD

+
9λ2

RD

λ2
SD

+
24ρ

λSD
+

24ρ

λRD
− 12ρλSD

λ2
RD

−12ρλRD

λ2
SD

− 4ρλSR

λSDλRD
− 2ρ2

λ2
SD

− 2ρ2

λ2
RD

+
26ρ2

λSDλRD
+

4ρ3

λSDλ2
RD

+
4ρ3

λ2
SDλRD

+
ρ4

λ2
SDλ

2
RD

(4.16)

Optimumη value is chosen as the positive real root which falls between zero and one. BER

performance of this scheme is shown by the crossed (-*-) line curves in Figure 4.6.

It is interesting to see that even with optimum power allocation, degradation in performance

is still observed asr increases. This signifies the importance of SN-RN link quality (hence the

correctness of message at RN) in cooperative DSTBC system. Difference in BER performance
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Figure 4.7: Performance Comparisons of Practical DSTBC for Different SNR values and the
optimal relay node locations

of this system under low, medium, and high SNR, asr changes from0.01 to 0.99 is shown in

Figure 4.7a, 4.7b, and 4.7c respectively. With optimum power allocation, the lowest BER is

achieved whenr ≈ 0.1; whereas with equal power allocation, optimumr changes from0.6 at

low SNR to0.2 at high SNR. Figure 4.7d shows the value of optimalr as SNR changes. When

RN is located far away from SN, direct transmission is preferred, especially at low SNR.

From the numerical results obtained for different cooperative schemes in three node line

network, it is apparent that the addition of relay node can indeed improve the overall system

performance. However, it has to be used in conjunction with a proper power allocation strategy.

Otherwise, adding relay node could even bring an adverse effect to system performance.
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4.3 Inter-node Interference in Multi-hop Transmission

In some cases, when the source and destination are separated by long distances, message trans-

mission needs to go through several hops before reaching its destination. One major drawback

of multi hop relaying is the requirement of orthogonal channel during relay slots, which can

significantly affect the overall bandwidth efficiency. Different approaches have been discussed

to alleviate this, such as using space-time coding techniques across relay terminals [108]-[109],

or combining TDMA (Time Division Multiple Access) with consolidation of relay slots [167].

However, none of these approaches is able to completely eliminate the penalty on bandwidth

efficiency, since they still require (although a shorter period of) relay slot.

Dirty paper coding (DPC) [2] is an exciting transmission technique which allows transmit-

ter to send information in the presence of known interference at the rate equal to capacity of

interference free channel. By applying this property on each stage of the relay transmission

(thus the name Successive Dirty Paper Coding/SDPC), it will be shown that it is possible to

achieve higher bandwidth efficiency in relay network.

The potential of DPC scheme to improve transmission rate in single-hop transmission has

been studied in [85], and its application in relay networks has been considered in [96]. How-

ever, they only consider dual hop case, where DPC technique is used on the first relaying phase.

In this chapter, performances of different cooperative relay networks are analysed for multi-

hop scenario. The proposed SDPC scheme is then studied, and its underlying concept to apply

dirty paper coding scheme on each relay stage is explained. Its performance is then analysed

and compared to the existing relay schemes in terms of network outage probability.

4.3.1 System Model

A uniformly distributed ad-hoc network is considered. Each node can transmit its message to

any other node in the network either through direct transmission or via relaying, depending on

the distance of the destination node. If the distance is within a certain radiusr, direct transmis-
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Figure 4.8: Multiple Hops Cooperative Relay Network

sion is used; otherwise relaying has to be employed. Figure 4.8 shows the illustration of relay

grouping for a network with 4 relay stages (RSs). Here, nodes are grouped into different RSs.

RS 1 consists of nodes which are within radiusr from the source node, RS 2 consists of those

which are of radiusr to 2r apart from the source node. Subsequent RSs are similarly defined.

Note that only nodes which are located between the source and destination (within an angleφ

denoted by dashed line in Figure 4.8) are joined into the RS group. In the actual system, the

maximum allowable number of RSs to reach the furthest node is defined asgmax, and its value

is set according to the desired coverage of the network.

Here, the area of circle with radiusr is normalized to unity. A system parameter called

normalized density T is then defined as the total number of nodes contained within a unit area.

It is important to note that as the RS gets further away from the source, the area (hence the

number of relay nodes) becomes larger.

To simplify the analysis, system bandwidth is set to1Hz, and each node has equal transmit

power constraint ofPtot. Moreover, it is assumed that each node has only one antenna; hence
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no broadcasting strategy can be employed (since there is only a single communication stream).

Nodes are assumed to operate in half-duplex mode, where no simultaneous transmission and

reception is allowed at the same channel. In any RSi, the received signal observed by a

particular node due to transmission of a single node from the previous RS, can be expressed

as:

yi[n] = hi−1,i xi−1[n] + zi[n] (4.17)

wherexi−1[n] is the transmitted symbol (x0[n] being the symbol transmitted by the source

node),hi−1,i is the complex channel gain between the node at RSi − 1 and the node at RS

i, andzi[n] is the additive noise. Here,hi−1,i captures the effects of path loss, shadowing,

and frequency non-selective fading. Statistically,hi−1,i is modelled as zero-mean, indepen-

dent, circularly symmetric complex Gaussian random variables with unit variance, so that the

magnitudes|hi−1,i| are Rayleigh distributed (|hi−1,i|2 are exponentially distributed, or equiva-

lently Chi-square distributed with 2 degree of freedom [168, Page 42]) and the phases∠hi−1,i

are uniformly distributed in[0, 2π). Furthermore,zi[n] is modelled as zero-mean mutually

independent, circularly symmetric complex Gaussian random sequences with varianceN0.

In a relay transmission, message has to traverse through RSs to reach its destination. There-

fore, the end-to-end capacity of such channel is equal to the minimum capacity of each RSs

involved:

C(g) = min
i = 1..g

[
1

g
× C<.> i

]
(4.18)

Here,g is the RS where the ultimate destination is located, andC<.> i is the capacity of the

link between RSi−1 andi (RS0 being the source node), and its value depends on the relaying

strategy used. The subscript<.> is used to differentiate link capacities between RSi − 1 and

i under different relaying schemes. The division byg in equation (4.18) is due to the fact that

g time slots are required for the message to reach its destination. A largeg would bring down

the end-to-end capacity, which signifies the bandwidth efficiency penalty of relay process.
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Assuming that each node in the network is equally probable to be the ultimate destination,

and using the fact that different RS contains different number of nodes proportional to its area,

the overall capacity of the network can be expressed as:

C =

gmax∑

g=1

Pr(Destination Stage= g) × C(g) =

gmax∑

g=1

Area of RSg
Area of the network

× C(g)

=

gmax∑

g=1

π (g r)2 − π ((g − 1) r)2

π (gmax r)
2 × C(g) =

gmax∑

g=1

(2g − 1)

g2
max

× C(g) (4.19)

Here, the simplification is valid for the system model used, where RSs have constant linear

increase in the radius, such that the ratio of their areas forms an odd-number series (Area of

RS1 : RS2 : ... : RSg =πr2 : (π(2r)2 - πr2) : ... : (π(gr)2 - π(gr− r)2) = 1 : 3 : ... : (2g− 1)).

In the following subsections, three different relaying strategies are analysed. Namely Pure

Relaying, Repetition Coding Decode and Forward, and Space Time Coded Relaying. Most

of the derivations shown here provide extension to the work presented in [108] into multi-hop

case.

4.3.2 No Cooperation, Pure Relaying

This is the simplest scenario where only one node in each RS is involved in the relay process.

As emphasized earlier, the relay process has to be performed in an orthogonal channel, there-

fore during this period, no other node may transmit their message on the same channel. Under

this scheme, capacity of the link between RS(i− 1) andi is expressed as:

CNC i = log2 (1 + SNRi)

= log2

(
1 + |hi−1,i|2

Ptot

N0

)
(4.20)

which is just a basic expression for point-to-point Shannon’s capacity in the presence of channel

fading.
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Figure 4.9: Pure Relaying System Diagram

Figure 4.9 shows the system diagram of three-hops relay network with Pure Relaying

scheme. As shown in the figure, although there might be more than one relay nodes which

are able to decode the message from the previous RS, only one of them is allowed to relay the

message to the next RS on the following time slot.

4.3.3 Repetition Coding Decode and Forward

This scheme can be described as follows. Initially, the source node transmits its message to the

RS 1. Then, using the same notation as in [108], a decoding setD1(s) is defined, containing

all nodes in RS1 that can successfully decode the message.

Within the following time slot, each of these nodes in theD1(s) will sequentially repeat

their decoded message to the next RS. Then, similarly on the RS 2, a decoding setD2(s) is

defined, containing all nodes in RS 2 that can successfully decode the message from RS 1.

This process is continued until finally the message reaches its ultimate destination. The system

diagram of Repetition Coded relay network is illustrated in Figure 4.10.

Since capacity of the link between RSi − 1 and i depends on the decoding setDi−1(s), on
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Figure 4.10: Repetition Coded Relaying System Diagram

average, this capacity can be expressed as:

CRC i =
∑

Di−1(s)

PrRC [Di−1(s)] × CRC i(Di−1(s)) (4.21)

where the summation is performed over all possible values ofDi−1(s). Here,PrRC [Di−1(s)]

andCRC i(Di−1(s)) are the probability of decoding setDi−1(s) and link capacity between RS

i− 1 to i given the decoding setDi−1(s), respectively.

For this particular relaying scheme, the conditional link capacity between RSi− 1 andi is:

CRC i(Di−1(s)) =
1

|Di−1(s)|
× log2



1 +
∑

m∈Di−1(s)

SNRi(m)





=
1

|Di−1(s)|
× log2



1 +
Ptot

N0

∑

m∈Di−1(s)

|hi−1,i(m)|2


 (4.22)

The division by|Di−1(s)| is due to the number of time slots required to relay the message, as

each relay node sequentially repeats to the subsequent relay stage. Except forD0(s), in which

case the set contains only source node, the decoding setDi(s) is a random set, whose elements

depend on the transmission between RSi − 1 and i. For any noden in RS i, the capacity
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between RSi− 1 andi is given as:

C
(n)
i−1,i =

1

|Di−1(s)|
× log2



1 +
Ptot

N0

∑

m∈Di−1(s)

|hi−1,i(m,n)|2




The probability that noden in RS i is included to the decoding setDi(s), is equal to the

probability that the capacity exceeds a certain rateR.

PrRC [n ∈ Di(s)] = Pr




∑

m∈Di−1(s)

|hi−1,i(m,n)|2 > 2R|Di−1(s)| − 1

Ptot/N0





=




γ
(
|Di−1(s)| , 2R|Di−1(s)|−1

2Ptot/N0

)

Γ(|Di−1(s)|)



 (4.23)

whereγ(.) andΓ(.) are the incomplete and complete Gamma functions respectively [169].

The above equation is derived using the fact that the sum ofK squared magnitude of complex

Gaussian random variables is a Gamma distributed random variable (which in this case can

also be represented as Chi-squared distribution with2K degree of freedom, whereK is the

total number of elements being added [168, page 42]).

Since different nodes are independent to each other, and the fading coefficients are drawn

from independent distribution, the probability of decoding setD i(s) can be expressed as fol-

lows:

PrRC [Di(s)] =
∏

n∈Di(s)

γ
(
|Di−1(s)| , 2R|Di−1(s)|−1

2Ptot/N0

)

Γ(|Di−1(s)|)

×
∏

n/∈Di(s)



1 −
γ
(
|Di−1(s)| , 2R|Di−1(s)|−1

2Ptot/N0

)

Γ(|Di−1(s)|)



 (4.24)

Substituting equations (4.24) and (4.22) into equation (4.21), the link capacity between RS

i− 1 andi is obtained.
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Figure 4.11: Space Time Coded Relay Network System Diagram

4.3.4 Space Time Coded Relaying

This scheme is very similar to the repetition coding decode and forward, where a decoding

setDi(s) is defined for each RS containing all nodes which can successfully decode the trans-

mitted message from the previous RS. However, instead of sequentially repeating the decoded

message, all nodes in the decoding set cooperate with each other, and simultaneously transmit

the space-time-coded version of the message to the subsequent RS. Figure 4.11 illustrates the

system diagram of three-hop Space Time Coded relay network.

Here, RS 1 waited for two consecutive messages transmitted during the first and second time

slot in order to perform space time coding on the following two time slots. In a real system

implementation, the number of messages that RS has to wait depends on the number of nodes

in the decoding set. Using the same argument as the one used in equation (4.21), average link

capacity is expressed as:

CSTC i =
∑

Di−1(s)

PrSTC [Di−1(s)] × CSTC i(Di−1(s)) (4.25)

Note that the only difference is on the subscript, whereSTC is used to indicate space time

coded relaying scheme.
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In this case, the link capacity between RSi− 1 andi given decoding setDi−1(s) is:

CSTC i(Di−1(s)) = log2



1 +
1

|Di−1(s)|
∑

m∈Di−1(s)

SNRi(m)





= log2



1 +
Ptot

N0 |Di−1(s)|
∑

m∈Di−1(s)

|hi−1,i(m)|2


 (4.26)

As compared to equation (4.22), the division by|Di−1(s)| is moved into the logarithmic ar-

gument. This division is necessary to maintain equal total energy consumption on each time

slot, so that fair comparisons across different schemes can be made. It shows that this scheme

uses one time slot to relay message from one RS to the next RS, where the use of orthogonal

space-time code design (with sum power constraint ofP ) is assumed. Similarly,Di(s) is a

random set, and the probability that noden in RSi is joined toDi(s) can be calculated as:

PrSTC[n ∈ Di(s)] = Pr




∑

m∈Di−1(s)

|gi−1,i(m,n)|2 > 2R − 1

Ptot/N0
|Di−1(s)|





=




γ
(
|Di−1(s)| , 2R−1

2Ptot/N0
|Di−1(s)|

)

Γ(|Di−1(s)|)



 (4.27)

and the probability of decoding setDi(s) is:

PrSTC [Di(s)] =
∏

n∈Di(s)

γ
(
|Di−1(s)| , 2R−1

2Ptot/N0
|Di−1(s)|

)

Γ(|Di−1(s)|)

×
∏

n/∈Di(s)



1 −
γ
(
|Di−1(s)| , 2R−1

2Ptot/N0
|Di−1(s)|

)

Γ(|Di−1(s)|)



 (4.28)

The link capacity between RSi− 1 andi can be obtained by substituting equations (4.28) and

(4.26) into equation (4.25).
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Figure 4.12: Successive Dirty Paper Coded Relay Network System Diagram

4.3.5 A Novel Strategy for Cooperative Relaying

It was shown that the presence of interference can be prevented from reducing channel capacity,

as long as the interference (and the global channel knowledge for the case of fading channel) is

fully known at the transmitter. This concept is known as Dirty Paper Coding and was initially

proposed by Costa [2]. Exploiting this property into relay transmission case, a Successive Dirty

Paper Coding scheme is proposed as a part of the present work.

The scheme can be described as follows. Initially, source node transmits its message to the

first RS, and decoding setD1(s) is defined, containing all nodes in RS 1 that can decode the

message. Among these nodes inD1(s), one node is allowed to opt from relaying the message,

and transmit its own information instead.

On the next time slot, this node acts as a new source node, and transmits its message to the

next RS. During this time slot, other nodes inD1(s) also relay their decoded message to the

subsequent RS as per normal. However, since the new source node knows exactly the message

that the other nodes are going to transmit as well as the global channel state information, this

scenario reduces to the case of transmitting message in a channel with known interference, and

it has been proven that using dirty paper coding scheme, the capacity is equal to the capacity

when the interference is not present [2]. This relaying process is illustrated in Figure 4.12.
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It is important to note that this process has a consequence to the other relaying nodes in the

decoding set. Firstly, the number of relaying nodes is reduced by one at each stage. Secondly,

since the other relaying nodes does not have the knowledge of the information transmitted by

the new source node, interference will be introduced.

From the above argument, one new source node can transmit its message in every RS, hence

creating a new relay stream. Since each node is equally probable to be the ultimate destination,

the average number of independent messages being relayed can be calculated as:

M =

gmax∑

g=1

g × (2g − 1)

(gmax)2
=

4 (gmax)
2 + 3 gmax − 1

6 gmax

wheregmax is the maximum number of relay stages a message can go through to reach destina-

tion. Moreover, since the capacity between RSi−1 andi depends on the decoding setDi−1(s),

using the same argument as the one used in equations (4.21) and (4.25), and considering the

average number of independent relayed messages calculated earlier, the link capacity can be

expressed as:

CSDPC i = M ×
∑

Di−1(s)

(PrSDPC [Di−1(s)] × CSDPC i(Di−1(s))) (4.29)

where subscript SDPC is used to indicate Successive Dirty Paper Coding scheme.

Under this scheme, the capacity between RSi− 1 andi given decoding setDi−1(s) is:

CSDPC i(Di−1(s)) = log2



1 +

Ptot ×
∑

m∈Di−1(s)

m�=s′
|hi−1,i(m)|2

N0 (|Di−1(s)| − 1) + Ptot |hi−1,i(s′)|2



 (4.30)

The above expression is a direct consequence that one node from the decoding setDi−1(s)

(denoted ass′) transmits its own message, hence introduces interference rather than relays the

previously decoded message. Again, the use of orthogonal space-time code design is assumed

in this case.

117

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 4

The derivation of the probability that a noden in RS i is joined toDi(s) is not straight-

forward in this scenario, due to the existence of two random variables in the numerator and

denominator of the logarithmic argument. However, it can be shown (Appendix C) that the

probability is expressed as:

PrSDPC[n ∈ Di(s)] =






γ
(
1, 2R−1

2Ptot/N0

)
, i = 1

1 −
(2R−1)×

“
exp

h
(|Di−1(s)|−1)

2Ptot/N0

i
−1

”
“
2+ 1

(2R−1)

”|Di−1(s)|−1 , i > 1
(4.31)

Here, wheni = 1, the probability is identical to equation (4.27) with only one node in the

decoding set (the original source node itself); whereas fori > 1, interference from the new

source node in the decoding set is introduced, therefore the capacity is different. It is worth

noting that for the case wheni = 1, there may be other message being relayed to its destination.

However, since that message is known by the source node, using DPC property, its capacity

expression is identical to the interference free case given in equation (4.27).

The probability of decoding setDi(s) can then be expressed as:

PrSDPC [Di(s)] =
∏

n∈Di(s)

Pr[n ∈ Di(s)]

×
∏

n/∈Di(s)

(1 − Pr[n ∈ Di(s)]) (4.32)

wherePr[n ∈ Di(s)] is as defined in equation (4.31). Finally, link capacity between RSi− 1

andi is obtained by substituting equations (4.32) and (4.30) into equation (4.29).

4.3.6 Performance Comparisons

In this section, the performance of different relaying schemes is compared. For simplicity of

exposition, the system is considered forR = 1 bit/sec/Hz transmission rate, and density of 2

nodes per unit area. More generally, the results can be readily updated to incorporate different
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(a) Pure Relaying
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(b) Repetition Coding
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(c) Space Time Coded Relaying
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(d) Successive Dirty Paper Coding

Figure 4.13: Outage probabilities of different relaying schemes

network conditions. Figure 4.13 shows the outage probability curves of different schemes

described earlier. In order to analyse the outage probability, the capacity of different relaying

schemes are calculated according to equation (4.19), with the link capacity from RSi − 1 to

i calculated using equation (4.20), (4.21), (4.25), or (4.29), depending whether Pure Relaying,

Repetition Coding Decode and Forward Relaying, Space Time Coded Relaying, or Successive

Dirty Paper Coded Relaying is used respectively. By calculating the capacity for different

random channel realisations, and analysing the percentage of times that the capacity is less

than the target rate (which in this case is equal to 1 bit/sec/Hz), the outage probability can be

obtained accordingly. Different maximum relaying stages ranging from 2 to 7 are considered,

and the performance is evaluated fromSNR = 0 to 30dB.
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As a baseline of comparison, let’s first consider the pure relaying case depicted in Figure

4.13(a). It is evident that as the relay stage increases, higher SNR is required for reliable

transmission, which is observed from the right-shift in outage curve as the number of maximum

relay stage is increased. This is due to bandwidth efficiency penalty of relaying, as more time

slots are required for a message to reach its destination.

Under repetition code relaying, a number of nodes in the decoding set on each RS sequen-

tially repeat the message to the next RS. On one hand, this will provide better signal quality for

the subsequent RS as a form of diversity, where multiple copies of the same message is received

at different time slots. On the other hand, this process further reduces bandwidth efficiency as

more time slots are required to relay message from one RS to the next RS. From Figure 4.13(b),

it is observed that the penalty outweighs the diversity advantage, which is depicted by a larger

right-shift in outage curve as the maximum relay stage is increased.

Space time coded relaying exploits spatial diversity across different relay nodes to gain

advantage while eliminating the need for multiple relay slots. This is achieved via cooperation

and joint decoding among relay nodes in the decoding set. As shown in Figure 4.13(c), this

scheme is able to reduce bandwidth efficiency penalty as compared to the non-cooperation

case. However, the shift on the outage curve is still observed as the maximum relay stage is

increased.

Figure 4.13(d) shows the outage probabilities of the SDPC scheme. In contrast to Figure

4.13(a-c), the curves are far less sensitive to the maximum relay stage parameter. This signifies

the robustness of the scheme to be implemented in a network with large relay stages/coverage.

However, the complexity of SDPC is much higher than that of the other three schemes. Figure

4.14 shows different outage probability performances evaluated at15dB SNR level, and it is

observed that for relay stage larger than 4, successive dirty paper coding outperforms the other

relaying schemes.

Despite the advantage, Figure 4.13(d) shows that the gradient/slope of the outage probabil-
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Figure 4.14: Outage probabilities at 15dB SNR

ity curve is not as good as the others. This is due to interference introduced by the new source

node on every RS, which prevent the capacity from increasing with respect to SNR. Therefore,

although equation (4.29) seems to be superior due to the multiplication factorM , the resultant

capacity is not as good due to the interference term in equation (4.30).

4.4 Summary

In this chapter, two issues pertaining to cooperative relay networks are addressed. First, the role

of relay node in improving end to end performance is studied. It is shown that adding relay

node alone does not guarantee better performance. Appropriate power allocation method has

to be used in conjunction to the additional relay node, and it is a necessary condition to ensure

end to end performance improvement. Optimal power allocation method is then proposed,

which minimises average probability of error at the destination. The scheme makes use of
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a relatively slow varying second order statistics of the channel, hence its implementation in

practical systems can be justified.

By using simple decode and forward relaying with optimal power allocation, one can obtain

up to2.5 dB performance gain. The ideal RN location using this scheme is at the middle point

between SN and DN. When RN is moved away from middle point between SN and DN, the

gain diminishes to approximately1 dB. Forideal DSTBC scheme, up to6 dB gain is observed

at10−2 BER level. This is mainly contributed from higher diversity order achieved. Moreover,

BER can be made arbitrarily low by moving RN closer to DN, which is possible due toideal

assumption that the channel quality from SN to RN is very good, and perfect channel estimation

is available at RN such that it is able to decode the message perfectly. In practical DSTBC

scheme, significant performance gain is only available when RN is close to SN, in which case

the same diversity order as the ideal scenario is achieved. Here, optimum power allocation

can bring about additional2 dB gain. However, as RN moves away from SN, the SN-RN link

quality degrades, and therefore bring the overall performance down.

The second issue addressed in this chapter is the inherent problem of interference in multi

hop transmission. To eliminate interference, only one message is allowed to be transmitted

at every time slot, which severely degrade the bandwidth efficiency of the system. A novel

relaying scheme called Successive Dirty Paper Coding is proposed to address this issue, and its

performance is evaluated. For comparison, the study of other existing schemes including pure

relaying, repetition coding decode and forward, and space time coded relaying are extended

into multiple hops scenario. The average end to end capacities of different schemes are derived

and compared. It is shown that significant improvement in outage behavior can be achieved

with the proposed scheme, especially when the maximum relay stage (which affects the total

number of relay stages required for message transmission) is large.
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Chapter 5

Extending Cooperative Communication

for Multiple Relays

5.1 Introduction

The discussion on cooperative relaying so far considers the case where source and destination

node are fixed and known a priori. Although it is useful in giving a figure on how much

performance improvement can be expected out of cooperation in point to point transmission,

it does not capture the overall gain when network performance is the metric of interest. In

practice, every node in the network is a potential relay as well as a destination node. Moreover,

the number of nodes that are able to act as relays is likely to be greater than one. Therefore, even

though the network is static and nodes are not mobile, the distances between source, relay, and

destination are not fixed. Since different distances would incur different path losses, average

performance calculation needs to consider all possible relay and destination node locations in

the network.

In this chapter, a generalisation of cooperative relay network is considered. Section 5.2

discusses a scenario of multiple relay nodes to help transmission together with the performance

analysis in terms of average outage probability. Then, the situation where the destination node
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is not known a priori while the remaining nodes are potential relays is considered in Section

5.3. In the analysis, the network is assumed to be fixed and take a particular structure (the most

general case when the network is random and every node can be either the source, relay, or

destination node is a subject of discussion in Chapter 6). It can be seen that when a certain

traffic pattern is imposed, for example when each node is restricted to communicate only with

its immediate neighbour, the average path loss is expected to be smaller. As such, it is apparent

that there is a relation between traffic pattern and overall system performance. In addition,

the number of potential relay nodes is also affected by the source location, hence traffic origin

also plays a significant role in the transmission quality. Performance analysis of cooperative

networks in the presence of the above mentioned factors will be studied in Section 5.3. Finally,

Section 5.4 ends this chapter with a summary on the results and concluding remarks.

5.2 Outage Probability Analysis of Multiple Relay Coopera-

tive Networks

The existence of relay node can help to improve transmission quality by providing extra di-

versity gain at the destination. Therefore, as the number of available relay nodes increases, it

is expected that the end to end performance also improves. However, compared to the diver-

sity gain in MISO and MIMO systems, the number of diversity branches in cooperative relay

network depends largely on the channel quality. This is due to the fact that only relay nodes

which can reliably decode the source message are able to forward it further to destination. In

this section, the relationship between the number of available relay nodes, channel quality, and

the overall performance is characterised. For this purpose, exact outage probability expression

of the system is derived, and the corresponding numerical results are presented.
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S T

R{1..K}

dSRk

dRkT

Figure 5.1: Point To Point Network

5.2.1 System Model

Here, source nodeS and destination nodeT are assumed to be fixed.K relay nodes (denoted

asRk, k ∈ {1..K}) are then positioned betweenS andT , such thatdSRk
= dSR, dRkT =

dRT , ∀k. Figure 5.1 shows one possible relay configuration that satisfies this. The purpose of

this idealistic setting is to show that even in this simplified scenario, the statistical situation

can be quite complex as the number of relay nodes who actually help transmission is random.

Moreover, the technique used to derive average outage expression under this setting can be

viewed as the basis for deriving the average outage expression of other types of network.

In point to point network, transmission fromS to T is performed in two time slots. In

the first time slot,S broadcasts its message to all other nodes. At the following slot, relay

nodes which are successful in decoding the message (denoted as decoding setD) transmit the

decoded message toT . At the destination, message from both slots are combined and passed

through decision device to recover the message fromS.

Channel gain betweenS toRk and betweenRk toT are denoted ashSRk
andhRkT ; and they

are modelled as flat Rayleigh fading with varianceσ2
SR ≤ 1 andσ2

RT ≤ 1 respectively. This

constraint on channel variance implies that the channel could not introduce additional energy,

which is true in practice as path loss phenomena would cause the received signal’s power to
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be always less than the transmitted power. The actual value of fading variance is determined

by the separation distance through the path loss equation as expressed in equation (4.2) and

reproduced in the following for clarity:

Lp = 10 log
(
1/σ2

)
= C1 + 10 α log(d) + χ (5.1)

whereC1, α, d, andχ are the path loss at reference distance, path loss exponent, separation

distance, and shadow fading as defined in the previous chapter.

5.2.2 Outage Probability Calculation

According to Shannon’s theorem of reliable communication, transmission fromS to Rk is

successful if the transmission rate satisfies2R = R′ < log(1 + ρ|hSRk
|2). Here,ρ is the

transmitter Signal to Noise Ratio (SNR),R denotes effective end-to-end rate, whileR′ is the

required per-hop rate to maintainR. The factor of two multiplication above is to ensure a fair

comparison with direct transmission case. Since the transmission scheme under consideration

is performed in two stages, the per-hop rate has to be twice as large to achieve the same level of

end-to-end rate as that in direct transmission. Using the same approach as in [108], the number

of relay nodes that are able to decode successfully is random and follows binomial distribution.

The probability that there are preciselyk relay nodes in the correctly decoding set is expressed

as:

Pr(|D| = k) = CK
k

[
e

„
− 22R−1

σ2
SR

ρ

«]k [
1 − e

„
− 22R−1

σ2
SR

ρ

«]K−k

(5.2)

where|.| andCK
k denotes cardinality (not to be confused with the absolute operation used in

channel gain) and combination operation respectively. The above expression follows directly

from the fact that|hSRk
|2 is exponentially distributed with varianceσ2

SR.

At the second slot,T combines the signal fromS and all nodes inD. Using match filter
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bound, the maximum channel capacity is:

C(D) ≤ log

(
1 + ρ

(
|hST |2 +

∑

Rk∈D
|hRkT |2

))
(5.3)

and the point to point (p2p) outage probabilityP (p2p)
out (D) atT is:

P
(p2p)
out (D) = Pr

(
|hST |2 +

∑

Rk∈D
|hRkT |2 ≤ (22R − 1)/ρ

)
(5.4)

From the above, it can be seen that the first term|hST |2 is exponentially distributed with vari-

anceσ2
ST . Assuming that channel variances of all relay nodes are identical, the second term

∑
Rk∈D |hRkT |2 is chi square distributed with2|D| degree of freedom and varianceσ2

RT /2,

whose cumulative distribution function (CDF) is in the form of regularised gamma function

γ(x/σ2
RT , |D|)/Γ(|D|).

Since|D| always takes integer value, the CDF can be rewritten as:

Pr

(
∑

Rk∈D
|hRkT |2 ≤ x

)
= 1 −

|D|−1∑

i=0

xi

i!(σ2
RT )i

e−x/σ2
RT (5.5)

The joint CDF of the first and second term can then be found using standard procedure by

integrating conditional CDF of the second term with respect to the distribution of the first over

a valid range. DenotingU = (22R−1)
ρ

andV =
(σ2

RT −σ2
ST )

(σ2
ST σ2

RT )
, equation (5.4) reduces to:

P
(p2p)
out (D) = 1 − e−U/σ2

ST

−
|D|−1∑

i=0

e−U/σ2
RT

i!σ2
ST (σ2

RT )i

i∑

l=0

Ci
l (−1)lU i−ll!

V l+1

[
1 −

l∑

m=0

e−UV (UV )m/m!

]
(5.6)

The above formula has an interesting interpretation. The first two terms1− e−U/σ2
ST is nothing

but the outage probability of the direct link, while the third one is the improvement that relay
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nodes contribute. Finally, the unconditional outage probability is:

P
(p2p)
out =

K∑

k=0

Pr(|D| = k)P
(p2p)
out (D) (5.7)

which can be calculated using equations (5.2) and (5.6).

5.2.3 Numerical Results

Throughout the analysis, the largest channel variance between any given two nodes is nor-

malised to unity. Following the system model considered for the analysis, the relay nodes

are located at the middle section between source and destination, such that source destination

distance is twice as large as the source-relay or relay-destination distance. As far as the path

loss model is concerned, path loss exponent of3 is assumed, and the path loss measured at

reference distance is set to−32.45dB, which is a typical value for urban terrain [165]. The log

normal shadow fading variance is set to3dB, and the target end-to-end spectral efficiency is1

b/s/Hz. Equivalently, the required per-hop spectral efficiency is2 b/s/Hz.

Figure 5.2 shows the outage performance in point to point network calculated using equa-

tion (5.7) for total number of relay nodesK = 0 toK = 30 with 5 increment. As expected, the

outage performance improves as the number of relay nodes increases due to higher diversity

order. Similar to MIMO systems, diversity gain diminishes as the number of relay nodes be-

comes too large. This suggests that deploying too many relay nodes may not be required since

most of the improvement is achieved by the first few increments on available relay nodes.

From the figure, significant improvement is observed when the number of relay nodes is

increased from0 (direct transmission) to5. Further improvement is still observed when the

number of relay nodes is increased to10, and any further addition only gives marginal im-

provements. Hence, in practical scenario, deploying not more than10 relay nodes is more

likely to find acceptance.
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No of relay = 0
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Figure 5.2: Outage Performance of Cooperative Relay Network with Multiple Relays

5.3 Generalisation when Destination Node is Not Known A

Priori

In a more realistic scenario, different nodes are located in a planar area. Therefore the assump-

tion that all relays are located at equal distance with respect to either source or destination node

can no longer be used. Moreover, every other node except the source has equal probability to be

the destination of any transmission. Hence performance evaluation must be averaged across all

possible destination locations. In the present analysis, a network with regular structure whereby

nodes are located at lattice points is considered. This will simplify the distance calculation be-

tween any given two nodes, which is necessary to characterise the path loss attenuation. At

the same time, the relationship between lattice parameters and the overall performance can be

analysed.
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i=0, j=0

Coordinate = (0, 0)

           i=2, j=1

Coordinate = ((i x1 + j x2), (i y1 + j y2))

     = ((2x1 + 1x0), (2x0 + 1x1))

     = (2, 1)

Figure 5.3: Example of (1,0), (0,1), 5 Lattice Network

5.3.1 System Model

A lattice is characterised by three parameters, namely(x1, y1), (x2, y2), andN . Any point

location in the lattice can be decomposed into((i x1 + j x2), (i y1 + j y2)), where integer

i, j ∈ 0..N − 1. An example of lattice network with(x1, y1) = (1, 0), (x2, y2) = (0, 1),

andN = 5 is shown in Figure 5.3.

There are two reasons why lattice is used in the present analysis to model a planar network.

Firstly, there are situations in practical scenarios where lattice comes as a natural model that

best approximate node placements in the network, such as cooperative robotics in the factory

sites that are placed in a regular grid, or sensor nodes that are deployed in the field to monitor

soil condition in different patches of a farm. Secondly, the regular structure of lattice greatly

simplifies the calculation of path loss, since the distancedPQ between any given two points

(denoted asP andQ) in a lattice, which is located at((Pi x1 + Pj x2), (Pi y1 + Pj y2)) and

((Qi x1 +Qj x2), (Qi y1 +Qj y2)) respectively, can be easily calculated as follows:

dPQ =

√(
δPQ
i x1 + δPQ

j x2

)2

+
(
δPQ
i y1 + δPQ

j y2

)2

(5.8)

whereδPQ
i = (Qi − Pi) and δPQ

j = (Qj − Pj). The corresponding variance can then be

calculated using path loss equation in (5.1).

Without loss of generality, it is assumed that the variance of channel gain between two

130

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 5

closest lattice points is normalised to unity, therefore the constraintσ 2
PQ ≤ 1 is valid for allP

andQ. This is due to the fact that path loss will degrade signal power, such that the received

power is always less than the transmitted power (as a consequence, the channel variance is

always less than unity).

5.3.2 Outage Probability Calculation

As argued earlier, the point to point model considers fixed source and destination, therefore

traffic pattern is irrelevant in such setting. Moreover, due to the idealistic assumption that

all relay nodes are located equidistance with respect to both source and destination node, the

channel variances are identical. As such, the conditional outage probability only depends on

the size ofD rather than its composition.

A more practical and realistic model is a planar network with nodes placed in regular lattice

points. Let nodes be indexed asP (k) (wherek ∈ 1..N2) with arbitrary ordering, and let the

union beP. Given sourceS, there areN 2 − 2 potential relay nodes in the network (all except

S andT ). The probability that a subsetD ⊂ P−{S, T} are able to decode the source message

is given by:

Pr(D) =
∏

P (k)∈D
e
− 22R−1

σ2

SP (k)
ρ ×

∏

P (k)∈P−{D,S,T}
1 − e

− 22R−1

σ2

SP (k)
ρ

(5.9)

whereσ2
SP (k) is determined by path loss pertaining to the distance fromP (k) to S, which can

be calculated by equations (5.1) and (5.8).

Generally, destinationT can be located anywhere in the network. However, in some cases

such as very large networks, it might be desirable to impose certain constraint where source

nodeS is allowed to send message only to those nodes which are within its vicinity. This type

of constraint is better known as traffic locality. In mathematical terms, it can be stated thatS is

only allowed to send message toT wheremax(δST
i , δST

j ) ≤ l, and1 ≤ l ≤ N .

It can be seen thatl = N means that there is no traffic locality imposed, as all other nodes
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in the network can become the destination. On the other extreme, whenl = 1, source node

can only send message to its immediate neighbour. It has been previously shown in [170] that

in interference limited network where several nodes simultaneously transmitting, the optimal

strategy is for each node to transmit to only its immediate neighbour. However, no cooperation

strategy is considered in their work. This work is motivated to analyse whether the same trend

is observed in planar lattice network with cooperation between nodes.

Using the same approach as in point to point case, after two slot transmissions,T combines

the message fromS andD. The resulting channel capacity and outage probability is then

similar to that in equations (5.3) and (5.4) respectively, with an exception that channel variance

σ2
P (k)T

are distinct for differentk (due to different distances and considering log normal shadow

fading).

The governing conditional outage probability is then characterised by CDF of a sum of

exponential random variables with distinct variances. Denoting againU = (22R − 1)/ρ , it can

be shown that the outage probabilityP (Lat)
out (D, T ) is expressed as:

P
(Lat)
out (D, T ) =

∑

k:P (k)∈{D,S}
(1 − e

−U/σ2

P (k)T )
∏

j : P (j) ∈ {D, S}
j �= k

σ2
P (k)T

(σ2
P (k)T

− σ2
P (j)T

)
(5.10)

It can be seen from the above that given empty setD, conditional outage probability reduces

to 1 − e−U/σ2
ST , which is the performance of direct transmission.

Defining Bl = {T : max(δST
i , δST

j ) ≤ l} as a set of nodes to whichS is allowed to

communicate, the unconditional outage probability can be expressed as:

P
(Lat)
out =

∑

T∈Bl

1

|Bl|
∑

D
Pr(D)P

(Lat)
out (D, T ) (5.11)

which can be calculated using equations (5.9) and (5.10).
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N=3, l=1, Center source
N=5, l=1, Center source
N=5, l=2, Center source
N=15, l=1, Center source
N=15, l=7, Center source

Figure 5.4: Effect of traffic locality in Lattice Networks (N=lattice size, l=traffic locality)

5.3.3 Numerical Results

In lattice network, there are more degrees of freedom which influence system performance.

Figure 5.4 shows the average outage probability of lattice network calculated using equation

(5.11) for different lattice sizes when source is located at the centre. It is observed that increas-

ing network size (number of nodes) can be beneficial, especially whenN is small. However,

this quickly saturates asN grows, which again attributed from diversity behaviour. It can be

seen from the figure that approximately5dB improvement at10−6 outage level is attained when

network size is increased fromN = 3 toN = 5; and further increasing the network size does

not bring any improvement.

Comparing Figure 5.4 and Figure 5.2, it is interesting to see that the performance of lattice

network forN = 3 is close to that in point to point network forK = 5, even though the
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Figure 5.5: Effect of traffic origins in Lattice Networks

number of potential relay nodes in lattice network is larger (N2 − 2 = 7 nodes). This is due

to the structure of lattice network, such that some of the relay nodes are further away from

destination; hence their contribution towards overall performance is limited. Similar result is

observed for larger lattice networks withN ≥ 5, which exhibit the same performance as point

to point network withK = 10. This signifies the fact that only certain portion of potential

relay nodes is important in improving the overall performance, and this number converges to a

constant value as network size grows.

Figure 5.4 also shows the influence of traffic locality, wherebyl = 1 andl = 2 is considered

for N = 5; while l = 1 andl = 7 is considered forN = 15 (l denotes the maximum hops

away a destination is allowed from the source). As opposed to the interference limited networks

considered in [170], traffic locality does not have any influence towards system performance in

cooperative lattice network.
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Another traffic pattern considered in this study is traffic origins. Since the network is co-

operative network, the number of nodes in the vicinity of source node plays significant role

in determining the number of potential helper nodes. Hence, it is expected that traffic origins

affect the overall performance.

Figure 5.5 shows the average outage probability for different network sizes. Two extreme

scenarios of traffic origins are considered, namely when the source node is located at the lattice

centre, and when it is located at the lattice corner. Approximately3dB degradation for lattice

size ofN = 3 is observed when traffic origin is set to lattice corner as compared to the case

when it is located at the centre. Larger degradation (up to5dB) is observed for larger lattice

sizes (N≥ 5), which conforms to the earlier analysis that the number of potential helper nodes

surrounding source node plays an important role in the overall performance.

5.4 Summary

In this chapter, a closed form expression of average outage probability in cooperative network

is derived for point to point network and planar lattice network. In point to point scenario,

it is demonstrated that the performance is solely determined by the number of relay nodes,

whereby more relay nodes results in better performance. It is also shown that performance

improvement diminishes as the number of relay increases, whereby no further improvement

is observed whenN is increased beyond 5. This is due to the saturated diversity gain as the

number of diversity branches (contributed from different relay nodes) increases.

For planar lattice network, the effect of traffic pattern, namely traffic locality and traffic

origins, are studied. It is demonstrated that traffic locality does not have any significant im-

pact towards overall performance. Meanwhile, traffic origins play an important role, in which

source nodes at the network edge exhibit worse performance. This shows that the diversity gain

is more influential than path loss in average outage probability. Since less nodes are available

when the source is located at the edges, the performance degradation is inevitable.
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Chapter 6

Cooperative Communication in Random

Networks

6.1 Introduction

In the most general case where cooperative network is not bound to have any particular struc-

ture, each node can be randomly placed within the network. This scenario is found in typical

sensor networks, where multiple sensor nodes are randomly placed in a certain area to col-

lect site specific data. Another possible application where the network is best modelled as

random network is ad-hoc network. In certain cases of ad-hoc networks, it is necessary to im-

pose mission-specific constraints on node design. For example, in ad-hoc networks for disaster

recovery purposes or military applications, low power consumption and small form factor is

a desirable feature. In such cases, deploying multiple antennas in a single node introduces

many practical constraints, and single-antenna node is a more preferable choice. Cooperative

communication is attractive in such networks, as it allows the network to exploit the available

diversity gain despite the resource limitation on their individual nodes.

Practically, every node in the network is identical, and they have equal probability to be the

source, relay, or destination of any transmission. This, together with the fact that each node

136

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 6

Figure 6.1: Example for Network Topology of a square network withL = 10 kmM = 1000
nodes

can be located anywhere within the network, makes performance analysis difficult. The per-

formance analysis has to be averaged across all possible source, relay, and destination location

within the network. In this chapter, a scheme to analyse the average performance of cooper-

ative random network is developed. Different transmission schemes are considered, and their

performances are compared. The influence of network parameters towards overall performance

are also studied.

6.2 System Description

A wireless ad-hoc network covering a rectangular geographic area of sizeL byL is considered.

The total number ofM single-antenna half-duplex nodes are randomly distributed within the

area as shown in Figure 6.1. The network topology in Figure 6.1 leads to the formation of a

random network, which is defined as a set of nodes uniformly and randomly distributed in a
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Figure 6.2: Medium Access Control Structure

planar region of given area. The transmission between two nodes is modelled using discrete

time signal modely = hx+z, wherex andy are the transmitted symbol from source node and

the received symbol at destination node respectively.z is the Additive White Gaussian Noise

(AWGN) with zero mean and varianceN0, andh is the Rayleigh flat fading gain distributed ac-

cording toCN (0, 1
λ
), a complex normal distribution with variance1

λ
. The parameterλ captures

the path loss effect and macroscopic fading, and it is calculated through the path loss equation

as defined earlier.

In the present system, at any one time only one message is allowed to be transmitted. Before

transmitting a message, a node should sense the network to check the presence of transmission.

This can be done by using collision avoidance technique such as CSMA-CA (Carrier Sense

Multiple Access - Collision Avoidance). A node can transmit its message only when there is

no transmission taking place, otherwise it will back off and retry after a certain time out. More

details on this collision avoidance algorithm is available at [171]. For simplicity, it is assumed

that all nodes in the network are able to listen to any transmission going on in the network.

Meanwhile, to guarantee that any message transmission will last for two time slots, one bit

indicator is used to differentiate between the first and second slot transmission. This indica-

tor is included in the Medium Access Control header together with the destination address as

illustrated in Figure 6.2. When the source transmit a message, bit indicator is set to zero. When-

ever a node received a message, the destination address of the message is checked whether it

matches with its own address. If it matches, the message is kept for future combining with

different copies from potential relay nodes. Otherwise, the receiving node will check the value

of bit indicator. If the bit indicator is equal to 0 (which indicates that the message comes di-

rectly from the source node), it will try to decode the message. Otherwise the message will
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Figure 6.3: Nodes Behaviour Flowchart

be simply discarded. When the decoding process is successful, the receiving node will set the

bit indicator to 1, and then join the decoding set which will then forward the message on the

next slot. The flowchart illustrating the node behaviour as it receives a message is depicted in

Figure 6.3.

6.3 Cooperative Transmission Protocols

Different cooperative schemes considered in the analysis are described in the following sub-

sections.
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6.3.1 Direct Transmission

As a baseline of comparison, direct transmission is considered, whereby source node transmits

its message to its corresponding destination without any help from other nodes. Under direct

transmission, destination node employs coherent detection based on the message it received

from source node. The instantaneous error probability in this case can then be expressed as:

Pe = Q
(√

R Es

N0
|hsd|2

)
, where constantR is determined by the euclidean distance between

constellation points, which depends on the modulation order used [171] (R= 2 for BPSK,

R = 1 for QPSK,R ≈ 0.2 for 16QAM, and so on). SinceQ(x) is a monotonically decreasing

function ofx, there exists one and only value of|hsd|2 = ϕ to achieve a certain threshold value

of P (thld)
e . Throughout this work, finite alphabet symbol constellation is used, hence the outage

probability is defined as the probability thatPe ≥ P
(thld)
e , which is equal to:

P
(direct)
out = 1 − e−λsdϕ (6.1)

whereλsd is the path loss parameter of source-destination channel. The same approach of

outage probability analysis has also been adopted in [172], whereby the distribution of effective

received SNR is derived and used to characterise the average error probability (and its upper

bound).

6.3.2 Amplify-and-Forward

For amplify-and-forward relaying, the transmission of one message requires two time slots.

On the first time slot, source node broadcasts its message, and both relay and destination nodes

listen. The received symbol at relay and destination node can be expressed as follows:

yr = hsr xs + zr

y
(1)
d = hsd xs + z

(1)
d (6.2)
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Here,hsr andhsd are the channel gain from source to relay and from source to destination

respectively, and they are distributed according to parameterλsr andλsd, which are in turn

determined by source, relay, and destination separation. Upon receiving a message from the

source, relay node will forward whatever it received to the destination. In order to satisfy the

power constraint, normalisation is performed as follows:

xr =
yr

√
Es√

E
[
|yr|2

] =
yr√

|hsr|2 + N0

Es

(6.3)

On the second time slot, relay node forward the scaled messagexr to the destination, and the

received symbol at destination can be expressed as:

y
(2)
d = hrd xr + z

(2)
d = hrd

yr√
|hsr|2 + N0

Es

+ z
(2)
d

=
hsr hrd xs√
|hsr|2 + N0

Es

+
hrd zr√

|hsr|2 + N0

Es

+ z
(2)
d (6.4)

Upon receiving bothy(1)
d andy(2)

d , destination node performs Maximum Receive Ratio Com-

bining (MRRC) and decodes the message. It can be shown that the effective SNR after MRRC

is given as:

ρ(AnF)
eff =

Es

N0

(
|hsd|2 +

|hsr|2 |hrd|2

|hsr|2 + |hrd|2 + N0

Es

)
(6.5)

Coherent detection is then performed on the combined message. The probability of error at the

destination can be calculated asPe = Q
(√

R ρ(AnF)
eff

)
. Note that error probability analysis

of two-hop AnF transmission with multiple relay nodes has been done in the past, both under

Nakagami-mfading [173] as well as Gaussian fading channel [174].

Finding the outage probability under AnF scheme is not straightforward, due to the diffi-

culty in finding CDF ofρ(AnF)
eff . The probability that instantaneousPe is greater thanP (thld)

e is

equal to the probability thatρ(AnF)
eff falls below a certain valueϕ, whereϕ is the exact value
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of ρ(AnF)
eff which make instantaneousPe equal toP (thld)

e . Letting ρ∗ =
ρ(AnF)

eff
Es/N0

, its CDF can be

expressed as follows (See Appendix D for detailed derivation):

Fρ∗(v) =
∫ v

0

(
1 − e−(λsr+λrd)(v−q)2

√
λsrλrd(v−q)(v−q+

N0

Es
)K1

(
2

√
λsrλrd(v−q)(v−q +

N0

Es
)

))

λsde
−λsdqdq (6.6)

Using the above expression, outage probability can be calculated as:

P (AnF)
out = Pr

[
ρ(AnF)

eff ≤ ϕ
]

= Fρ∗(ϕ
∗) (6.7)

whereϕ∗ = ϕ
Es/N0

, andϕ is as defined earlier.

It is important to note that under this scheme, the effective throughput is half as much as

direct transmission case. DenotingA as the constellation alphabet, the effective throughput

can be expressed aslog2(|A|)
2

bits/symbol duration (i.e. 1 for QPSK and 2 for 16QAM). As a fair

comparison between transmission methods, equal throughput or2 b/s/Hz is always considered.

Hence, QPSK is used for direct transmission and 16QAM for all other 2-hop relaying schemes

(AnF, D-TxMRC, and DSTBC) is assumed for comparisons, unless otherwise mentioned.

6.3.3 Distributed Transmitter Maximum Ratio Combining (D-TxMRC)

This scheme applies Maximum Ratio Transmission technique [175] for point to point MIMO

system into distributed scenario. Since channel powers relative to the destination now vary

across different cooperating nodes, modification to the analysis in [175] is needed.

When source node broadcasts its message on the first time slot, received signal at nodek

can be expressed as:

yk = hskxs + zk k ∈ {1..M}, k �= s (6.8)
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Figure 6.4: 16QAM constellation

wherehsk is the channel gain from sources to node indexedk, whilexs andzk are transmitted

symbol from sources with E[|xs|2] = Es, and AWGN at nodek respectively. Out of these

nodes, some of them would be able to decode the message with high reliability; and for such

nodes, the average probability of error is less than a pre-specified threshold valueP
(thld)
e . All

such nodes together form a decoding setD. Note that the same concept of decoding set has

been used in [108] to indicate potential relay nodes.

The average bit error probability at nodek when using 16QAM can then be calculated as:

Pe =
3

8

[
1 −

√
ρ

ρ+ (10λsk)

]
+

1

4

[
1 −

√
ρ

ρ+ (10
9
λsk)

]
− 1

8

[
1 −

√
ρ

ρ+ (2
5
λsk)

]
(6.9)

whereρ is defined as SNR without fading measured at transmitter (ρ= Es/N0). The derivation

of equation (6.9) can be explained as follows. 16QAM modulation as depicted in Figure 6.4 is

used in the transmission (2b/s/Hz effective spectral efficiency), and coherent detection is used

at the receiver. Since the average symbol energy satisfiesE[|xs|2] = Es, the received signal

energy can be represented as [171]:

E[|yk|2] = |hsk|2 Es + N0 (6.10)
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Note that in order to maintain an average symbol energy ofEs, each symbol in 16QAM con-

stellation has to use an average amplitude of
√

Es/10. From Figure 6.4, it is apparent that bit

b3 andb2 are only affected by the real part of the noise term, while bitb1 andb0 are affected by

the imaginary part of the noise for a coherent detection. Moreover, since the real and imaginary

parts of the noise are identically distributed, the bit error probability of bitb3 andb1 are equal,

and they can be expressed as:

P b1
e =P b3

e =
1

2
Q




√

9 Es |hsk|2
5N0



 +
1

2
Q




√

Es |hsk|2
5N0



 (6.11)

Similarly, the bit error probability of bitb2 andb0 are equal, and they can be expressed as:

P b0
e =P b2

e =
1

2



Q




√

Es|hsk|2
5N0



−Q




√

5Es|hsk|2
N0







+
1

2



Q




√

Es|hsk|2
5N0



+Q




√

9Es|hsk|2
5N0









(6.12)

The above two equations are direct implication of AWGN noise, in which the probability that

the particular bit is in error is equal to the probability that the noise (in a particular dimension)

is larger than the distance of the constellation to the decision boundary. Since the noise is

normally distributed, this probability can be calculated using right tail probability integral as

follows:

Pr[z ≥ c] =

∫ ∞

c

1√
π N0

e
−t2

N0 dt = Q
(

c√
N0/2

)
(6.13)

The instantaneous bit error probability can then be calculated by averaging the error probability

for bit b3, b2, b1, andb0, resulting in the following expression:

Pe =
3

4
Q




√

Es |hsk|2
5N0



 +
1

2
Q




√

9 Es |hsk|2
5N0



− 1

4
Q




√

5 Es |hsk|2
N0



 (6.14)

Now, the remaining task is to integrate the above expression with respect to the distribution of

the channel gain. For simplicity, consider integrating a Q-function as follows (note that|hsk|2
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is exponentially distributed, and its distribution function can be expressed asλsk e
−λsk |hsk|2):

∫ ∞

0

Q
(√

A Es |hsk|2
N0/2

)
λsk e

−λsk |hsk|2 d
(
|hsk|2

)
(6.15)

The constantA can be varied according to the requirement. Denoting and expanding the Q-

function, the integration can be performed as follows:

Pe =

∫ ∞

0

∫ ∞

√
A Es

√
s

π N0
e

− t2 s
N0 λ e−λ s dt ds (6.16)

=

∫ ∞

√
A Es

λ√
π N0

∫ ∞

0

√
s e

−
“
λ+ t2

N0

”
s
ds dt (6.17)

=
0.5√
N0 λ

∫ ∞

√
A Es

1

(1 + t2

N0 λ
)3/2

dt (6.18)

= 0.5

[
1 −

√
1

1 + N0 λ
Es A

]
(6.19)

= 0.5

[
1 −

√
ρ

ρ+ λ/A

]
(6.20)

where substitutionρ = Es/N0 has been used. Using the same technique for all the three terms

in the instantaneous bit error probability of equation (6.14), the average bit error probability as

expressed in equation (6.9) is obtained.

The condition that average bit error probability is smaller thanP
(thld)
e can be found by cal-

culating equation (6.9) for different path loss valuesλsk. Denoteλ∗ as the value of path loss

which satisfiesPe = P
(thld)
e . Since equation (6.9) is an increasing function ofλsk, all nodes

in D would haveλsk ≤ λ∗. However, since path loss is random (due to macroscopic fading),

it is necessary to associate a probabilistic measure to the above condition. The decoding set

is then defined as a set of nodes having path lossλsk ≤ λ∗ with sufficiently high probability.

Throughout this work,99% probability is used as the threshold. It can be seen that this defini-

tion would ensure the setD contains all nodes who can reliably decode the message satisfying

Pe ≤ P
(thld)
e with near certainty. The remaining task is now to translate this condition into
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the geometric structure ofD. DefineL∗
p = 10 log(λ∗) as the path loss threshold measured

in logarithmic scale. Since path loss is distributed according toN (C1 + 10 α log(l), σ2
s), the

following relation holds:

Pr
[
Lp ≤ L∗

p

]
= 1 −Q

(
L∗

p − (C1 + 10 α log(lsk))√
σ2

s

)
(6.21)

Using Chernoff standard approximation for Q-function, it can be shown that the above relation

translates to the conditionlsk ≤ l∗, wherel∗ =
α
√

100.1(L∗
p−C1−2.797 σs) is the maximum distance

from the source node to any relay node inD.

In the second time slot, all nodes inD simultaneously transmit a weighted version of the

decoded message, and destinationd receives a superposition from all the nodes as follows:

yd =
∑

k∈D
hkdwkxs + zd (6.22)

The weightwk depends on the channel realisation as well as the total number of nodes inD, and

it is chosen to maximise received SNR at destination. As a fair comparison, the total transmit

energy used by all nodes inD is constrained to be
∑

k∈D E[|wkxs|2] = Es. Using the same

derivation as in [175], it can be shown that the optimalwk which maximises the received SNR

is wk =
h∗

kd√P
j∈D |hjd|2

. This implies that the global CSI is required for every node inD, which

causes considerable complexity for practical implementation. However, their analysis assumes

the existence of an effective method to disseminate CSI. With optimalwk, received SNR in the

second time slot can be calculated asEs

N0

∑
k∈D |hkd|2. Combining the received signal at the

first and second time slot following MRRC technique, the overall SNR is expressed as:

ρ(D-TxMRC)
eff =

Es

N0

(
|hsd|2 +

∑

k∈D
|hkd|2

)
(6.23)

The exact instantaneous bit error probability can then be calculated by substitutingEs |hsk|2
N0

146

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 6

terms in equation (6.14) with the above effective SNR value as follows:

Pe =
3

4
Q





√
ρ(D-TxMRC)

eff

5



 +
1

2
Q





√
9 ρ(D-TxMRC)

eff

5



 − 1

4
Q
(√

5 ρ(D-TxMRC)
eff

)
(6.24)

Denoteϕ to be the value ofρ(D-TxMRC)
eff which makePe = P (thld)

e . Following earlier definition,

the outage probability can then be calculated asP (D-TxMRC)
out = Pr

[
ρ(D-TxMRC)

eff ≤ ϕ
]
. Removing

the constant terms and defining normalisedρ∗ = ϕ
Es/N0

, outage probability expression can be

rewritten as:

P
(D−TxMRC)
out = Pr

[(
|hsd|2 +

∑

k∈D
|hkd|2

)
≤ ρ∗

]
(6.25)

In the following, different types of gain available in D-TxMRC scheme are analysed,

namely array gain and diversity gain. No analysis is given on multiplexing gain, as constant

spectral efficiency of2 b/s/Hz is assumed as stated earlier.

Array/Antenna Gain

Array gain is defined as the increase in average received SNR due to coherent combining at the

destination. From equation (6.23), it can be seen that effective SNR is a function of channel

gain froms to d, as well as channel gain from all nodes in decoding setD to d. Calculating

the average received SNR requires an averaging with respect to all squared channel gain, each

of which are distributed according to exponential distribution with different parameters. Since

these parameters depend on the distances between each node with respect to destination, the

average SNR is determined by the exact location of nodes inD, which lies within a circular

region of radiusl∗ from source node. The average SNR can then be calculated as:

E
[
ρ(D-TxMRC)

eff

]
=

Es

N0

(
E
[
|hsd|2

]
+

∑

k∈D
E
[
|hkd|2

]
)

=
Es

N0

(
1

λsd

+
∑

k∈D

1

λkd

)

=
Es

N0 100.1 C1

(
1

(lsd)α 100.1 χsd
+
∑

k∈D

1

(lkd)α 100.1 χkd

)
(6.26)
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where substitution with the path loss equation has been used. To further simplify the anal-

ysis, the upper and lower bound of the performance is used. Using the fact that the lower

distance with respect to destination will result in better average SNR, the upper bound on

the performance occurs when all nodes inD are located at the circle boundary of distance

l∗ from source node in the direction of destination node. On the contrary, lower bound on

the performance occurs when all nodes are located at the circle boundary away from des-

tination node. Additionally, due to macroscopic fading variablesχkd for all k which are

independent and identically distributed according toN (0, σ2
S), the upper bound is obtained

by settingχkd = χ = min
k ∈ D

χkd. Correspondingly, the lower bound is obtained by setting

χkd = χ = max
k ∈ D

χkd. Therefore, the average SNR can be bounded as follows:

Es

N0 100.1 C1

(
1

(lsd)α 100.1 χsd
+
∑

k∈D

1

(lsd + l∗)α 100.1 χ

)
≤ E

[
ρ(D-TxMRC)

eff

]
≤

Es

N0 100.1 C1

(
1

(lsd)α 100.1 χsd
+
∑

k∈D

1

(lsd − l∗)α 100.1 χ

)
(6.27)

Defining direct link average SNR asE
[
ρ(direct)

eff

]
= Es

N0 100.1 C1

1
(lsd)α 100.1 χsd

, the bound reduces to:

E
[
ρ(direct)

eff

](
1 + |D| l

α
sd100.1(χsd−χ)

(lsd + l∗)α

)
≤ E

[
ρ(D-TxMRC)

eff

]
≤

E
[
ρ(direct)

eff

](
1 + |D| l

α
sd100.1(χsd−χ)

(lsd − l∗)α

)
(6.28)

Hence, the array gainγarr can be bounded as follows:

1 + |D| 100.1(χsd−χ)

(
1 + l∗

lsd

)α ≤ γarr ≤ 1 + |D| 100.1(χsd−χ)

(
1 − l∗

lsd

)α (6.29)

The actual value of the array gain achieved is dependent on system parameters as well as the

values of shadow fading from all relay nodes with respect to destination node. The distribution

148

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 6

0 5 10 15 20 25 30
0

0.05

0.1

0.15

0.2

0.25

0.3

Array Gain (γ
arr

)

P
D

F
D−TxMRC Scheme (SNR = 10dB)

 

 
Lower bound
Upper bound

|D| = 5

|D| = 10

Figure 6.5: Probability Density Function of achievable array gain in typical D-TxMRC setting
(ρ = 10dB,σ2

s = 3dB, lsd = 6 km,P (thld)
e = 10−6, α = 3)

of this gain under typical system settings are shown in Figure 6.5.

Diversity Gain

Diversity gain is characterised by the gradient of average symbol error probability curve or

outage probability curve at high SNR regime. Using the effective SNR derived earlier in equa-

tion (6.23), the symbol error probability assuming maximum likelihood (ML) detection at the

receiver can be approximated as [36, Ch. 5.2]:

Pe ≈ Ne Q





√
ρ(D-TxMRC)

eff d2
min

2



 (6.30)

whereNe is the average number of nearest neighbours in the constellation, andd2
min is the

minimum Euclidean distance separation between two constellation points. For 16QAM con-
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stellation, the parameterNe andd2
min are equal to3 and0.4 respectively. Applying Chernoff

bound,Q(x) ≤ e−
x2

2 and substitutingρ(D-TxMRC)
eff expression in equation (6.23), the symbol

error probability expression can be written as:

Pe ≤ Ne e
− Es d2

min
4 N0

(|hsd|2 +
P

k∈D |hkd|2) (6.31)

When channel gains from different cooperating nodes are independent, the average symbol

error probability can be calculated accordingly. Denoting|hsd|2 and|hkd|2 asx andxk respec-

tively, and lettingEs d2
min

4 N0
= A, the calculation can be performed as follows:

Pe =

∫ ∞

0

∫ ∞

0

· · ·
∫ ∞

0

Pe f(x) dx
∏

k∈D
f(xk) dxk (6.32)

≤ Ne

∫ ∞

0

∫ ∞

0

· · ·
∫ ∞

0

e−A x f(x) dx e−A
P

k∈D xk

∏

k∈D
f(xk) dxk (6.33)

= Ne λsd

∫ ∞

0

e−(A+λsd) x dx
∏

k∈D
λkd

∫ ∞

0

e−(A+λkd)xk dxk (6.34)

= Ne
1

1 +
Es d2

min

4 N0 λsd

∏

k∈D

1

1 +
Es d2

min

4 N0 λkd

(6.35)

In the high SNR regime,Es

N0
>> 1, the average error probability expression can be further

simplified as:

Pe ≤ Ne
4 N0 λsd

Es d
2
min

∏

k∈D

4 N0 λkd

Es d
2
min

≈ Ne

(
Es d

2
min

4N0

)−(|D|+1) ∏

k∈{s,D}
λkd (6.36)

which shows that D-TxMRC is able to achieve diversity in the order of total number of coop-

erating nodes.

When different cooperating nodes are located closely to each other (which is likely to occur

when|D| is large), the independent fading assumption can no longer be used. In this case, it
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is necessary to consider the channel correlation from different cooperating nodes. To perform

the analysis, letki be theith node inD, andh̃ = [hsd, hk1d, hk2d, ..., hk|D|d]
T be the channel

vector between all cooperating nodes (including the source) to destination. Here,[.]T denotes

transpose operation. Correlation matrix is then defined asR = E
[
h̃ h̃

H
]
, where[.]H denotes

Hermitian (conjugate transpose) operation.R is a symmetric matrix whose diagonal elements

are composed of the channel powersdiag{ 1
λsd
, 1

λk1d
, 1

λk2d
, ..., 1

λk|D|d
}, and its off-diagonal ele-

ments are composed of the correlation measure between two channels indicated by its row and

column position. Using this notation, the symbol error probability in equation (6.31) can be

rewritten as [36, Ch. 5.2]:

Pe ≤ Ne e
− Es d2

min‖h̃‖2
F

4 N0 (6.37)

where
∥∥∥h̃

∥∥∥
2

F
is the squared Frobenius norm ofh̃. Sinceh̃ is a column matrix, this norm is

equal toh̃
H

h̃, which is random with Moment Generating Function (MGF) expressed as:

Ψ‖h̃‖2

F

(v) =

|D|+1∏

i=1

1

1 + v θi(R)
(6.38)

Here,θi(R) is theith eigenvalue ofR. Using similar technique as [36, Ch. 5.6.1] to average

symbol error probability in equation (6.37) with the above MGF, the following expression is

obtained:

Pe ≤ Ne

|D|+1∏

i=1

1

1 +
Es d2

min

4 N0
θi(R)

(6.39)

Denotingr(R) to be the rank of correlation matrixR (the total number of its non-zero eigen-

values), in high SNR regime (Es

N0
>> 1) the average error probability can be further simplified

as:

Pe ≤ Ne

(
Es d

2
min

4N0

)−r(R) r(R)∏

i=1

(θi(R))−1 (6.40)

It is apparent from the above equation that the diversity order is limited by the rank of correla-
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tion matrix. As opposed to the independent case, the achievable diversity order in the presence

of correlation is smaller.

6.3.4 Distributed Space Time Block Coding (DSTBC)

This scheme also requires two time slots for message transmission. The first slot of DSTBC

is identical to that of D-TxMRC case. The main difference lies in the way cooperating nodes

forward the message. In DSTBC, instead of symbol-by-symbol forwarding, cooperating nodes

operate on a sequence of symbols. This requirement is due to the underlying space-time cod-

ing (STC) matrix used. In this case, each node in the decoding set is required to transmit a

certain row in STC matrix, which contains a transformed and re-ordered version of the symbol

sequence. The number of symbols in the sequence is therefore determined by the size of STC

matrix used, which is an important design parameter.

Unlike D-TxMRC, DSTBC scheme does not require global CSI on cooperating nodes, and

this makes DSTBC more appealing for practical use. However, unlike D-TxMRC scheme

which can operate optimally on any number of cooperating nodes, DSTBC performance is

dependent on the STC matrix used. Designing an efficient STC matrix is a major research

topic in itself, and there are many challenges associated with it. Further details on these issues

are not covered within the scope of the present analysis. Interested readers are referred to

[143]-[147], [176], and the reference therein for solutions dealing with the above problems.

Let W(xs) denote theN × N STC matrix corresponding to the received symbol sequence in

the first slot[xs(1) xs(2) ... xs(N)]T = xs, and[W]k,n denotes an element inkth row andnth

column of the matrixW. In the second slot, thek th node inD transmits the symbol sequence

in thekth row of W. The received signal at destination node during second slot transmission

can be expressed as:

yd(n) =
∑

k∈D
hkd [W(xs)]k,n + zd(n) for n = 1..N (6.41)

152

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 6

Note that this is equivalent as what the receiver would have received when the message is

transmitted from multiple-antenna transmitter, therefore conventional MIMO equalisation can

be performed. Again, as a fair comparison, the total power consumed during one symbol

duration is normalised toEs. Therefore, each column in STC matrix is normalised such that
∑N

k=1E

[∣∣∣[W(xs)]k,n

∣∣∣
2
]

= Es for all n.

Upon receiving the whole message sequence on the second slot and performing equalisa-

tion, destination will recover the individual message. As long as the underlying STC matrix

adopts orthogonal design principle [27], it can be shown that the signal to noise ratio in the

second slot is given as:

ρ′′ =
Es

N0

1

min(N, |D|)
∑

k∈DN
1

|hkd|2 (6.42)

whereDN
1 is used to denote the firstN elements of setD. After combining the received signal

from the first and second time slots, the effective SNR is expressed as:

ρ(DSTBC)
eff =

Es

N0



|hsd|2 +
1

min(N, |D|)
∑

k∈DN
1

|hkd|2


 (6.43)

Given that the STC matrix size is large (N >>1), the effective SNR can be simplified as

follows:

ρ(DSTBC)
eff =

Es

N0

(
|hsd|2 +

1

|D|
∑

k∈D
|hkd|2

)
(6.44)

The analysis on the overall performance with DSTBC scheme is identical to those in D-TxMRC

case. The only difference is the effective SNR, in which equation (6.44) is used instead of

(6.23). Therefore, the outage probability expression can be written as:

P
(DSTBC)
out = Pr

[(
|hsd|2 +

1

|D|
∑

k∈D
|hkd|2

)
≤ ρ∗

]
(6.45)

Note that for complex constellation, full rate STC matrix only exists when the sizeN ≤ 2. For
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STC matrix with larger dimension, the rate is strictly less than one. This rate loss needs to be

taken into consideration when calculating the thresholdρ∗, which is defined as the normalised

SNR required to achieve transmission at target rate such that the error probability is less than

P (thld)
e . The array and diversity gain of DSTBC scheme can then be analysed as follows.

Array/Antenna Gain

Using the same technique as the one in D-TxMRC, the average received SNR can be calculated

as follows:

E
[
ρ(DSTBC)

eff

]
=

Es

N0

(
E
[
|hsd|2

]
+

1

|D|
∑

k∈D
E
[
|hkd|2

]
)

=
Es

N0

(
1

λsd

+
1

|D|
∑

k∈D

1

λkd

)

=
Es

N0 100.1 C1

(
1

(lsd)α 100.1 χsd
+

1

|D|
∑

k∈D

1

(lkd)α 100.1 χkd

)
(6.46)

Bounding above and below the average SNR, the following inequality is obtained:

Es

N0 100.1 C1

(
1

(lsd)α 100.1 χsd
+

1

|D|
∑

k∈D

1

(lsd + l∗)α 100.1 χ

)
≤ E

[
ρ(DSTBC)

eff

]
≤

Es

N0 100.1 C1

(
1

(lsd)α 100.1 χsd
+

1

|D|
∑

k∈D

1

(lsd − l∗)α 100.1 χ

)
(6.47)

Correspondingly, the array gainγarr can be bounded as follows:

1 +
100.1(χsd−χ)

(
1 + l∗

lsd

)α ≤ γarr ≤ 1 +
100.1(χsd−χ)

(
1 − l∗

lsd

)α (6.48)

which again depends on the system parameters and shadow fading values. The distribution of

this gain under typical system settings are shown in Figure 6.6. It is observed that the array

gain in DSTBC is generally smaller than D-TxMRC. Moreover, increasing decoding set size

does not increase array gain, as opposed to D-TxMRC case which shows larger right shift on

the distribution for larger value of|D|.
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Figure 6.6: Probability Density Function of achievable array gain in typical DSTBC setting
(ρ = 10dB,σ2

s = 3dB, lsd = 6 km,P (thld)
e = 10−6, α = 3)

Diversity Gain

Here, the same approximation on symbol error probability is used:

Pe ≈ Ne Q





√
ρ(DSTBC)

eff d2
min

2



 (6.49)

After applying Chernoff bound and substitutingSNReff with the value in equation (6.44):

Pe ≤ Ne e
− Es d2

min
4 N0

(|hsd|2 + 1
|D|

P
k∈D |hkd|2) (6.50)

When different channel gains are independent,Pe can be simplified for high SNR regime into:

Pe ≤ Ne |D||D|
(
Es d

2
min

4N0

)−(|D|+1) ∏

k∈{s,D}
λkd (6.51)
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Hence, under uncorrelated fading, like D-TxMRC, DSTBC scheme achieves|D| + 1 diversity

order. When independent assumption between channel gains is not applicable, it is necessary to

incorporate channel correlation into the analysis. Defineh̃ = [
√
|D|hsd, hk1d, hk2d, ..., hk|D|d]

T

as the scaled channel vector between cooperating nodes to destination. Similarly, correlation

matrix is defined asR = E
[
h̃ h̃

H
]
. The symbol error probability in equation (6.50) can then

be rewritten as:

Pe ≤ Ne e
− Es d2

min‖h̃‖2
F

4 N0 |D| (6.52)

Using MGF of scaled channel vector Frobenius norm, average symbol error probability can be

calculated, which exhibits the following characteristic at high SNR regime:

Pe ≤ Ne

(
Es d

2
min

4N0 |D|

)−r(R) r(R)∏

i=1

(θi(R))−1 (6.53)

It can be seen from the above equation that the same trend is observed as in D-TxMRC,

whereby diversity order is limited to the rank of correlation matrix (which is≤ |D| + 1) in

the presence of channel correlation.

6.4 Geometry Specific Issue in Random Network

The analysis so far provides a method to calculate the performance of different cooperative

transmission schemes given a particular node position. As highlighted earlier, in random net-

work, nodes can be located anywhere; therefore performance evaluation must take into consid-

eration all possible node locations. However, doing so would impose some geometry specific

issues. This section describes some of these issues pertaining to different cooperative scheme

used. An efficient technique to handle the corresponding issue is then developed and used for

network performance analysis, which is described in the next section.
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6.4.1 Distance Distribution Function

The immediate impact of randomness in node locations is the randomness in source destination

distance. Regardless of the cooperative scheme used, network performance must be averaged

across all possible source destination node locations. For this purpose, given any two arbitrary

nodes, the distance distribution is required.

Using the fact that the network considered is a rectangular network of sizeL × L, and all

nodes are uniformly distributed within the region, the PDF of the squared distance between

two nodes selected randomly from the network can be expressed as (See Appendix E):

fl2sd
(z) =






π
L2 − 4

√
z

L3 + z
L4 if 0 ≤ z < L2

4
L2 arcSin

(
L√
z

)
− (π+2)

L2 + 4
√

z−L2

L3 − z
L4 if L2 ≤ z < 2L2

0 elsewhere

(6.54)

Note that the above distribution is for the squared distance instead of the conventional distance.

The advantage of using squared distance is two folds. Firstly, the distribution function is easier

to derive and can be expressed in a closed form. Secondly, it can be applied directly when

evaluating network performance, since path loss is just a polynomial function of distance.

6.4.2 Relay Node Position in Amplify-and-Forward

Calculating network performance under AnF relaying scheme is more complicated than for

direct transmission, due to the dependence of relay node position. It can be seen that the ef-

fective SNR expression in equation (6.5) is a function of three channel parameters namelyhsr,

hrd, as well ashsd, and therefore averaging across distribution of source-destination distance

alone is not sufficient. In order to average across all three channels, a new dimension has to be

introduced, which is termed as relay node position.

A region of interest (RoI), illustrated in Figure 6.7, is defined as a collection of points

157

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 6

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18

20

Relay node X−position

R
el

ay
 n

od
e 

Y
−

po
si

tio
n

Region of Interest for Decode and Forward Relaying

Source node

Destination node

Eccentricity = 0.5

Eccentricity = 1

Figure 6.7: Region of Interest for Relay Node Position: An illustration

which is not further away from source-destination distance (measured from both source and

destination). The intuition behind this definition of RoI is that when relay node is further away

(either from source or destination) than source destination distance, then direct transmission is

preferred. Ideally, outage calculation must consider all possible relay node position within the

RoI. To simplify the averaging process, ellipses are drawn with source and destination nodes

as their foci. Theeccentricity (ratio of source-destination distance and the major axis) ranges

from 1 to 0.5, and anything beyond that does not contain any RoI (see Figure 6.7). Furthermore,

parts of the ellipse which haveratio (distance from one of the foci over the sum distance

to both foci) ranging from (1 - eccentricity) to eccentricity of the ellipse are well contained

within the RoI. Two parametersδe and δr are then defined as the step sizes of eccentricity

and ratio respectively. Given a particular value of eccentricity and ratio, the source-relay and

relay-destination distances can be found. The channel variances and outage probability can

then be calculated accordingly. Network performance evaluation can now be approximated by

averaging with respect to all values within the valid range of eccentricity and ratio with step
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sizeδe andδr. It can be seen that in the infinitesimal of the step sizes, this approach converges

into integration within RoI, which is equal to the exact calculation considering all possible

relay node position within the RoI.

It is noted that the above process is equivalent to breaking the RoI into cells, each of which

is centered along the line of the ellipses which is within the region of interest. Since nodes

are uniformly distributed, the number of nodes in any given regionΘ follows Poisson Point

Process [177]. Defining|Θ| as the area ofΘ, the probability of exactlyn nodes inΘ (denoted

asΦ (|Θ|)) is:

Pr [Φ (|Θ|) = n] = e−
M
L2 |Θ|

(
M
L2 |Θ|

)n

n!
(6.55)

The averaging process can then be performed via weighted sum operation with the above prob-

ability as the scaling factor.

6.4.3 Relay Nodes Cardinality and Positions in D-TxMRC and DSTBC

Due to the nature of how D-TxMRC and DSTBC transmission works, there are two challenges

in evaluating overall performance of cooperative network under such schemes. Firstly, the

shape of decoding set area given a source node location has to be found. When the network

is unbounded (infinite in size), the decoding set area can be assumed to be in circular shape.

However, this is unrealistic, and intersection with network boundary (known asedge effect) has

to be considered. Secondly, given decoding set area, the number and position of cooperating

nodes need to be approximated. Here, a novel technique to handle these two problems is

proposed. The present analysis in this direction assumes the following conventions:

1. The angular measurements are taken in a counter clockwise direction.

2. Every point in the circle is identified by its relative angular measurement (in radians)

from positive x axis centered at circle center. Upper case letter are used to denote a

point, while the respective lower case letter represents its measurement. For example,
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Φ

β

Figure 6.8: Notational convention for points in a circle and their corresponding measurements

in Figure 6.8, pointQ lies in the positive x axis, therefore its valueq = 0. Similarly,

pointB andA have their values ofb = φ anda = β respectively, indicating that they are

located atφ andβ radians in counter clockwise direction relative to positive x axis.

3. A location in the network is measured relative to the bottom left corner as(0, 0) coordi-

nate. Therefore, any point in the network can be identified by its position which ranges

from (0, 0) to (L,L).

4. The network sizeL is assumed to be greater than the diameter of decoding set areaD,

therefore, intersection with network boundary can only happen with at most two sides of

the network.

From the first two conventions, given two pointsA andB in a circle, it is possible to check

if another pointC is inside the arc spanning fromA toB (in positive direction). Normalising

all points with respect to the starting pointA, this is equivalent as checking whether or not

(c− a)2π < (b− a)2π, where(.)2π represents circular modulo operation of its argument (e.g.

(3π)2π = π and
(
−π

2

)
2π

= 3π
2

).

Due to edge effect, special measure needs to be taken when source node is located near

network edge, in which case the decoding set area is no longer a complete circle. As illustrated

in Figure 6.9, depending on which network edge the source node is located, different truncation
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Figure 6.9: Illustration of different possible cases of decoding set area based on different loca-
tion of source node

region is formed as part of the circle which lies outside networkABCD. When calculating

decoding set area, this truncation has to be deducted from the circle area. In general, the

truncation region forms a segment (or overlapping segments) inside the circular area. Since the

size of this truncation region is inversely proportional to the distance of source node to network

edge (which can be derived from its position), it is possible to find a closed form solution to

calculate decoding set area given the source node location.

Given two pointsA andB on the circumference of radiusr, the area of segment enclosed

in an arc spanning fromA toB (shaded region in Figure 6.10) can be calculated as:

2

(∫ ∫

BOQ

−
∫ ∫

BOP

)
discr(x, y) dxdy = 2

(∠BOQ
2π

πr2 − (r − l) 0.5 r sin(∠BOQ)

)

=
r2

2
(b− a)2π − r2

2
sin((b− a)2π) (6.56)
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Figure 6.10: Calculation of segment area of distance l from circle circumference (the shaded
region)

Noting the relationship betweena, b, and the distancel of a line creating the segment with

respect to circle interior, the area of a segment created from a line of distancel from circle

interior with radiusr can be calculated as:

S2(l, r) = r2 acos
r − l

r
− (r − l)

√
r2 − (r − l)2 (6.57)

which can be obtained by substitution ofl = r
(
1 − cos(b−a)2π

2

)
into equation (6.56).

In some cases, when calculating decoding set area, the overlapping region of two segments

needs to be found. Given two segments enclosed in an arc spanning fromA1 to A2 and from

B1 toB2 within a circle of radiusr (shaded region in Figure 6.11), the overlapping region of

the two can be calculated as:

S3(a1, a2, b1, b2, r) = 0.5

[
r2 (a2 − a1)2π

2
− r

2
sin((a2 − a1)2π)

]
−

0.5

[
r2

(
a1+a2

2
− b2

)
− r

2
sin(a1+a2−2b2)

]
−

0.5

[
r

(
cos

(
a1+a2

2
− b2

)
− cos

(
(a2−a1)2π

2

))]
×

r

(
cos

(
a1+a2

2
− b2

)
− cos

(
(a2−a1)2π

2

))
tan

(
π

2
− a1+a2

2
+
b1+b2

2

)
+

2r sin

(
a1+a2

2
− b2

)
(6.58)
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Figure 6.11: Calculation of intersection area between two segments spanning from pointA1 to
A2 and from pointB1 toB2

The derivation of the above is made clearer by observing Figure 6.11b, where it is apparent

that the area of shaded region can be decomposed as follows:

∫ ∫

A1GB2

discr(x, y) dxdy =

(∫ ∫

A1CE

−
∫ ∫

B2CEG

)
discr(x, y) dxdy

=

(∫ ∫

A1CE

−
∫ ∫

B2CD

−
∫ ∫

B2DEG

)
discr(x, y) dxdy (6.59)

Noting that pointC andH are in the middle ofA1, A2 andB1, B2; their values can be

calculated asc = a1+a2
2

andh = b1+b2
2

respectively. DenotinglAB to be the length of a line

fromA toB, the following lengths can be calculated:

lCD = r (1 − cos∠B2OC) = r

(
1 − cos

(
a1 + a2

2
− b2

))
(6.60)

lDE = lCE − lCD = r

(
1 − cos

a2 − a1

2

)
− r

(
1 − cos

(
a1 + a2

2
− b2

))
(6.61)

lDB2 = r sin∠B2OC = r sin

(
a1 + a2

2
− b2

)
(6.62)

lFG = lDE tan∠IOH = lDE tan
(π

2
− (c− h)

)

= r

[
cos

(
a1 + a2

2
− b2

)
− cos

a2 − a1

2

]
tan

(
π

2
− a1 + a2

2
+
b1 + b2

2

)
(6.63)
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Each component of (6.59) can now be calculated individually. First,
∫ ∫

A1CE
discr(x, y) dxdy

is equal to half of segment area enclosed in an arc spanning pointA1 andA2, therefore it can

be calculated as0.5 S1(a1, a2, r) using equation (6.56). Similarly,
∫ ∫

B2CD
discr(x, y) dxdy

is equal to half of segment area created by a line of distancelCD from circle interior, therefore

it can be calculated asS2(lCD, r) according to equation (6.57), wherelCD is given in equation

(6.60). Finally, the last term
∫ ∫

B2DEG
discr(x, y) dxdy is an area of a trapezium, and it can be

calculated as0.5 (2 lDB2 + lFG) lDE. Substituting all the values oflDE, lDB2, andlFG obtained

from the expressions given in equations (6.61), (6.62), and (6.63) respectively, the overlapping

region can be calculated using equation (6.58). Using equations (6.56) and (6.58) above, let

ABCD be a square network of sizeL byL, andDiscr(x, y) be a circle of radiusr centered at

(x, y). The circle area which overlaps withABCD (decoding set area) can be expressed as:

Z Z
ABCD

Discr(x, y) dx dy =

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

πr2 if r ≤ x ≤ L − r andr ≤ y ≤ L − r,

πr2 − S2 (r − (L − y), r) if r ≤ x ≤ L − r andy > L − r

πr2 − S2 (r − x, r) if x < r andr ≤ y ≤ L − r

πr2 − S2 (r − y, r) if r ≤ x ≤ L − r andy < r

πr2 − S2 (r − (L − x), r) if x > L − r andr ≤ y ≤ L − r

πr2 − S2 (r − x, r) − S2 (r − (L − y), r) if x < r, y > L − r, and
p

x2 + (L − y)2 ≥ r

πr2 − S2 (r − x, r) − S2 (r − y, r) if x < r, y < r, and
p

x2 + y2 ≥ r

πr2 − S2 (r − (L − x), r) − S2 (r − y, r) if x > L − r, y < r, and
p

(L − x)2 + y2 ≥ r

πr2 − S2 (r − (L − x), r) − S2 (r − (L − y), r) if x > L − r, y > L − r, and
p

(L − x)2 + (L − y)2 ≥ r

πr2 − S2 (r − x, r) − S2 (r − (L − y), r)

+S3 (l1, l2, t1, t2, r) if x < r, y > L − r, and
p

x2 + (L − y)2 < r

πr2 − S2 (r − x, r) − S2 (r − y, r)

+S3 (b1, b2, l1, l2, r) if x < r, y < r, and
p

x2 + y2 < r

πr2 − S2 (r − (L − x), r) − S2 (r − y, r)

+S3 (r1, r2, b1, b2, r) if x > L − r, y < r, and
p

(L − x)2 + y2 < r

πr2 − S2 (r − (L − x), r) − S2 (r − (L − y), r)

+S3 (t1, t2, r1, r2, r) if x > L − r, y > L − r, and
p

(L − x)2 + (L − y)2 < r

(6.64)
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whereS2(.) andS3(.) are given in equations (6.57) and (6.58); andT1, T2, L1, L2, B1, B2, R1,

andR2 are the intersection points ofDiscr(x, y) with top, left, bottom and right side ofABCD

respectively, whose values are calculated as:

t1 = π/2 − acos((L− y)/r) t2 = π/2 + acos((L− y)/r) (6.65)

l1 = π − acos(x/r) l2 = π + acos(x/r) (6.66)

b1 = 3π/2 − acos(y/r) b2 = 3π/2 + acos(y/r) (6.67)

r1 = 2π − acos((L− x)/r) r2 = acos((L− x)/r) (6.68)

The proof of the above calculation requires consideration of different cases individually.

Equation (6.64) consists of 13 different cases of area calculation denoted as case 0 to case 12

in the order of appearance in the equation. Each of these cases corresponds to different shape

of overlapping region ofDiscr(x, y) andABCD as shown in Figure 6.9. Whenr ≤ x ≤

L − r andr ≤ y ≤ L − r (case 0), theDiscr(x, y) is contained insideABCD, therefore the

overlapping area is equal to the area ofDiscr(x, y), and is given asπr2.

The proofs of case 1, 2, 3 and 4 are identical. For these cases, theDiscr(x, y) intersects

with only one side ofABCD. Consider case 1 where the intersection is with the top side

of ABCD. It is apparent that the overlapping region equals the area ofDiscr(x, y) minus

the part that is outsideABCD (which is equal to segment area created from a line of distance

r−(L−y) from circle interior). Using equation (6.57), the overlapping region can be calculated

asπr2 − S2 (r − (L− y), r).

The proofs of case 5, 6, 7, and 8 are also identical. For these cases, theDiscr(x, y) inter-

sects with two sides ofABCD, and the segments created by these intersections do not overlap

each other. Consider case 5 where the intersection is with the top and left side ofABCD. Fol-

lowing the proof for case 1, the overlapping region can be calculated asπr2 − S2 (r − x, r) −

S2 (r − (L− y), r).
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Finally, the proof of case 9, 10, 11, and 12 are also identical. These cases are equivalent to

the earlier cases, with the exception that the two segments created by the intersection overlaps

one another. To prevent double reduction when subtracting with both segment areas, the region

of overlapping segments need to be computed. Assuming case 9, the four points (T1, T2, and

L1, L2) corresponding to the intersection points with the top and left side ofABCD can be

calculated using equations (6.65) and (6.66) respectively. Using equation (6.58), the region

of overlapping segments can be calculated asS3 (l1, l2, t1, t2, r). Adding this term into area

calculation, the final expression is obtained.

Combining all the above cases for all possible source node locations, equation (6.64) is

obtained. Once the decoding set area is obtained through equation (6.64), its cardinality can be

obtained using Poisson point process [177] as expressed in equation (6.55).

At this point, decoding set area and its cardinality given source node location is available,

hence the problem is left with estimating the location of these nodes withinD. Denote the

distance between noded ∈ D and target nodet asldt. In order to simplify the analysis,ldt is

broken into two parts, namely the distance in the direction of a straight line froms to t (denoted

asl‖dt), and the distance perpendicular to the direction froms to t (denoted asl⊥dt). These three

parameters are related through trigonometry relationldt =

√(
l
‖
dt

)2

+
(
l⊥dt

)2
. The following

two subsections discuss each of these distance components separately.

Direct Distance l‖dt Estimation

To find l‖dt for all d ∈ D, a straight line froms to t is drawn. Then, another line perpendicular

to it is drawn and slided across the decoding set area as depicted in Figure 6.12a. Assuming

that the decoding set area is a full circle, the shaded area created as the line is swept across

the circle is shown in Figure 6.12b. It can be seen that the area of shaded region forms a

cumulative-distribution-like curve, starting from 0 (when the line is still outside the circle) and

reaches maximum at the whole decoding set area (when the line has completely swept through
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Figure 6.12: Quantisation process of decoding set area to estimate the location of|D| nodes
within the region

the circle).

In the figure, the horizontal axis represents the distance of the sweeper line from circle

interior. Using continuous approximation theorem, the probable area within which the presence

of exactly one node is equal to the inverse of node density withinD, which is given asρ−1 = A
n

.

Here,A is the area ofD calculated using (6.64), andn is the total number of nodes currently

considered inD. In line with this assumption, the curve is then quantised atρ−1 step size.

The abscissas of resulting quantisation points will then give the estimate distances (from circle

interior) of decoding set nodes. Correspondingly,l
‖
dt for all d ∈ D can be calculated by adding

the obtained values with the distance of target nodet to the circle circumference, which is

equal to
√

(xt − xs)
2 + (yt − ys)

2 − r. Note that this way of estimation would give a worse

case scenario, in which direct distance is measured from the furthest line of an area containing

each decoding set node, hence the performance obtained would serve as lower bound.

The analysis so far considers the case when there is no intersection between decoding set

area with network boundaries, hence the shape ofD is a full circle. In order to apply this

technique for arbitrary source node location, a formula to calculate portion of decoding set
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area which overlap with a segment of distancel from circle interior (in the direction fromt to

s) has to be derived.

Let different sides of network be indexed asi = {1, 2, 3, 4}; representing the Top, Left,

Bottom, and Right side respectively. Denotefi(x, y) to be the overlapping area between a

segment created by a line of distancel from circle interior (in the direction fromt to s) with

the segment created by intersection ofDiscr(x, y) with the corresponding side of network

boundaries. Then,

∫ ∫
fi(x, y)dxdy =






S3

(
z1(i), z2(i), atanyt−ys

xt−xs
− acosr−l

r
, atanyt−ys

xt−xs
+ acosr−l

r
, r
)

if overlap

0 if disjoint

(6.69)

whereS3(.) can be calculated using equation (6.58). Here,z1 = {t1, l1, b1, r1} and z2 =

{t2, l2, b2, r2} denotes two different sets, where the indexi represents theith element of the

corresponding set whose values can be calculated using equations (6.65), (6.66), (6.67), and

(6.68) respectively. Note that the range of integration in equation (6.69) is understood from the

context, and therefore not stated explicitly.

The derivation of the above equation is identical for different cases ofi. Without loss of

generality, leti = 1 and the decoding set area intersects with top side of network bound-

ary. Given source and target node location, the direction oft relative tos can be calculated

asatan yt−ys

xt−xs
. A segment created by a line of distancel from circle interior in the direction

from t to s would be enclosed in an arc spanning from pointatan yt−ys

xt−xs
− acos r−l

r
to point

atan yt−ys

xt−xs
+ acos r−l

r
. To calculate the overlapping area of this segment with the one created

from intersection with top side of network boundary, one must identify whether or not they

are disjoint. From equation (6.65), two points (T1 andT2) representing the segment at network

boundary can be calculated. Recall from earlier conventions that given two points in a circle, it
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is possible to check if a third point is inside the arc spanning across the two. By checking the

relative position of the two points representing a segment with respect to an arc spanning from

T1 to T2, one can determine whether or not they overlap each other. If they are disjoint, there

will be no overlap and the area is0. Otherwise, the area of overlapping region can be found fol-

lowing equation (6.58) asS3

(
t1, t2, atan

yt−ys

xt−xs
− acos r−l

r
, atan yt−ys

xt−xs
+ acos r−l

r
, r
)

. Com-

bining the discussions for all cases ofi results in equation (6.69).

In certain cases when there are intersection with two sides of network boundaries (in which

the two created segments overlap one another), a common area covered by both segments and

another segment of distancel from circle interior (in the direction fromt to s) needs to be

calculated.

Let i = {1, 2, 3, 4} be an index representing the Top, Left, Bottom, and Right side of

network respectively. Denotegi(x, y) to be the common area between a segment created by a

line of distancel from circle interior (in the direction fromt to s) with the overlapping area of

two segments created by intersection ofDiscr(x, y) with sidei and side(i)4 + 1 of network

boundaries. Then,

∫ ∫
gi(x, y)dxdy = S3 (z1(i), z2(i), z1 ((i)4 + 1) , z2 ((i)4 + 1) , r)

⋂

S1

(
atan

yt − ys

xt − xs
− acos

r − l

r
, atan

yt − ys

xt − xs
+ acos

r − l

r
, r

)
(6.70)

whereS1(.) andS3(.) can be calculated using equations (6.56) and (6.58) respectively, and

z1 andz2 are the sets similarly defined in equation (6.69). Again, the derivation of the above

equation is identical for different cases ofi, therefore without loss of generality,i = 1 is con-

sidered. Following the derivation of equation (6.69), the direction of target nodet relative tos

can be calculated asatan yt−ys

xt−xs
. Two points representing a segment created by a line of distance

l from circle interior in the direction fromt to s can then be calculated asatan yt−ys

xt−xs
− acos r−l

r

andatan yt−ys

xt−xs
+ acos r−l

r
. Using equation (6.56), the area of a segment within an arc spanning
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from both points can be calculated asS1

(
atan yt−ys

xt−xs
− acos r−l

r
, atan yt−ys

xt−xs
+ acos r−l

r
, r
)

.

Then, four points representing two segments created by intersection with top and left

side of network boundaries can be calculated using equations (6.65) and (6.66) respectively.

Using equation (6.58), the overlapping area between the two segments can be calculated as

S3 (l1, l2, t1, t2, r). Finally, the common area between a segment created by a line of distancel

from circle interior (in the direction fromt to s) with the overlapping area of two segments cre-

ated by intersection ofDiscr(x, y) with network boundaries can be calculated by performing

cut set operation to the two areas obtained, resulting in equation (6.70).

Using equations (6.69) and (6.70), the segment calculation taking into consideration all

cases of edge effects can be performed. LetABCD be a square network of sizeL by L, and

Discr(x, y) be a circle of radiusr centered at(x, y). DenoteSegmentl(x, y) to be a segment

in Discr(x, y) created from a line of distancel from disc interior (in the direction from nodes

to t). Then:

∫ ∫

ABCD

Segmentl(x, y) dxdy = S2(l, r)−
4∑

i=1

∫ ∫
fi(x, y) dxdy+

4∑

i=1

∫ ∫
gi(x, y) dxdy

(6.71)

whereS2(.) is given in equation (6.57), and functionfi(x, y) andgi(x, y) are as defined in

equations (6.69) and (6.70) respectively.

To proof the correctness of equation (6.71), different cases are considered. Denote these

cases as case 0 to case 12 following definition in equation (6.64). When decoding set area

are enclosed inABCD (case 0), there will be no intersection with any of network boundaries,

therefore bothfi(x, y) and gi(x, y) are zero. The area ofSegmentl(x, y) is then equal to

S2(l, r), which is in line with equation (6.57).

When decoding set area intersects with one side or two sides ofABCD with no overlap

(case 1 to 8), the functiongi(x, y) would return zero. Meanwhile, the second term of equa-

tion (6.71) calculates the area of portion of the segment that is outside the four boundaries of
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ABCD. Hence, by subtracting this value fromS2(l, r), the area ofSegmentl(x, y) that lies

insideABCD is obtained as desired.

When decoding set area intersects with two sides ofABCD and the segments are over-

lapping (case 9 to 12), the area calculation is similar as the earlier case. However, since the

segments created with network boundaries overlap, there will be double reduction on the com-

mon area between the overlapping region andSegmentl(x, y). Adding all the common areas

at four corners ofABCD (which is calculated usinggi(x, y) according to equation (6.70)), the

last term of equation (6.71) is obtained. Hence, equation (6.71) is valid for all possible cases

of source node location (with different shapes of decoding set area).

Using equation (6.71), the proposed technique to findl
‖
dt for all d ∈ D by quantising the

curve representing sub area ofD as explained earlier can be applied for all possible source

node locations. Therefore, given an arbitrary decoding set and location ofs andt, the direct

distancel‖dt for all d ∈ D can be obtained.

Perpendicular Distance l⊥dt Estimation

In Figure 6.12a, it can be seen that knowingl‖dt alone is not sufficient to describe a location

of decoding set node, as the node can be anywhere along the dashed line. Since nodes are

uniformly distributed in the network, it can be assumed that the decoding set node is positioned

in the dashed line with uniform probability.

Denoteul andur to be the left and right range of possible decoding set node location. Then

l⊥dt can be approximated asU(ul, ur). It is also noted that the values oful andur depends on

the shape of decoding set area. Moreover, the distancel from circle interior from which the

decoding set node is located also determines the values oful andur. The following derivations

are required to estimate perpendicular distancesl⊥dt of decoding set nodesd for all d ∈ D.

Given four pointsA1,A2,B1, andB2 in a circle of radiusr, let (xp, yp) be the coordinates

(relative to circle center) of intersection point between a line passing through pointsA1, A2,
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and another line passing through pointsB1,B2. Then, it can be shown that the coordinates of

intersection point can be calculated using the following formula:

xp(a1, a2, b1, b2, r)=
r

Ma −Mb
[sin(b1) − sin(a1) +Ma cos(a1) −Mb cos(b1)] (6.72)

yp(a1, a2, b1, b2, r)=
r

M−1
a −M−1

b

[
cos(b1) − cos(a1) +M−1

a sin(a1) −M−1
b sin(b1)

]
(6.73)

whereMa = sin(a2)−sin(a1)
cos(a2)−cos(a1)

andMb = sin(b2)−sin(b1)
cos(b2)−cos(b1)

, representing the gradient of a line passing

throughA1, A2, and a line passing throughB1,B2 respectively.

Now, given two coordinates(x1, y1) and(x2, y2) relative to circle center, denotevl and

vr as the distance from a point of intersection (between a line passing through both coordi-

nates with a perpendicular line passing through circle center) to point(x1, y1) and (x2, y2)

respectively. Then:

vl(x1, y1, x2, y2)=

[(
x1 − M2

o x1

M2
o + 1

+
Mo y1

M2
o + 1

)2

+

(
y1 − y1

M2
o + 1

+
Mo x1

M2
o + 1

)2
]0.5

(6.74)

vr(x1, y1, x2, y2)=

[(
x2 − M2

o x1

M2
o + 1

+
Mo y1

M2
o + 1

)2

+

(
y2 − y1

M2
o + 1

+
Mo x1

M2
o + 1

)2
]0.5

(6.75)

whereMo = y2−y1
x2−x1

represents the gradient of a straight line passing through(x1, y1) and

(x2, y2).

Using equations (6.72), (6.73) and (6.74), (6.75), the range of perpendicular distance can

be calculated. LetABCD be a square network of sizeL by L, andDiscr(x, y) be a circle of

radiusr centered at(x, y). Indexi = 1, 2, 3, 4 represents the Top, Left, Bottom, and Right side

of ABCD respectively. Given a line of distancel from disc interior (in the direction froms to

t), an arc is created spanning from pointP1 to P2, where:

p1 = atan
yt − ys

xt − xs
− acos

r − l

r

p2 = atan
yt − ys

xt − xs
+ acos

r − l

r
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Let ul andur be the length of left and right portion of the line measured from its intersection

point (with a straight line froms to t). Then, the parametersul andur are dependent on three

basic scenarios, namely:

a. The line does not cross any of network boundaries

b. The line crosses sidei of the network, and pointp2 is insideABCD

c. The line crosses two sides of network denoted as sidei and side(i)4 + 1

where notation(.)4 is used to indicate circular modulo 4 operation. Based on the above scenar-

ios, the values oful andur can be calculated as:

ul=






−
√
r2 − (r − l)2 case a

vl [r cos(p2), r sin(p2), xp(z1(i), z2(i), p1, p2, r), yp(z1(i), z2(i), p1, p2, r))] case b

vl[xp(z1(i), z2(i), p1, p2, r), yp(z1(i), z2(i), p1, p2, r), xp(z1 ((i)4 + 1) ,

z2 ((i)4 + 1) , p1, p2, r), yp (z1 ((i)4 + 1) , z2 ((i)4 + 1) , p1, p2, r)] case c

(6.76)

ur=






√
r2 − (r − l)2 case a

vr [r cos(p2), r sin(p2), xp(z1(i), z2(i), p1, p2, r), yp(z1(i), z2(i), p1, p2, r))] case b

vr[xp(z1(i), z2(i), p1, p2, r), yp(z1(i), z2(i), p1, p2, r), xp(z1 ((i)4 + 1) ,

z2 ((i)4 + 1) , p1, p2, r), yp (z1 ((i)4 + 1) , z2 ((i)4 + 1) , p1, p2, r)] case c

(6.77)

Here,xp(.), yp(.) are as defined in equations (6.72) and (6.73),vl[.], vr[.] are as defined in

equations (6.74) and (6.75), whilez1 andz2 are the sets defined in equation (6.69).

The derivation of the above for different cases will be handled separately. First, when the

line does not cross any of network boundaries, bothP1 andP2 are located at circle circumfer-

ence insideABCD, therefore the intersection point with a straight line froms to t will divide
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the line equally. The length of a line of distancel from circle interior of radiusr can be calcu-

lated as2 r sin
(
acosr−l

r

)
. Since the intersection point divide the line equally,ul andur would

have opposite sign but the same magnitude, given asr sin
(
acosr−l

r

)
. After some modifications

using trigonometric identity, the expression in the first case of equations (6.76) and (6.77) are

obtained.

When the line crosses one side of network boundary, eitherP1 or P2 are not located at

circle circumference, but at the boundary itself. Without loss of generality, let the intersec-

tion be with the top side ofABCD, and letP2 be the one insideABCD. The coordinate

of P2 relative to circle center can be calculated as(xp2, yp2) = (r cos(p2), r sin(p2)). Simi-

larly, the coordinate ofP1 can be calculated using equations (6.72) and (6.73) as(xp1, yp1) =

(xp(t1, t2, p1, p2, r), yp(t1, t2, p1, p2, r)). Then, the parametersul andur can be calculated us-

ing equations (6.74) and (6.75) asvl(xp2, yp2, xp1, yp1) andvr(xp2, yp2, xp1, yp1) respectively,

which gives the expression in the second case of equations (6.76) and (6.77).

The last case corresponds to scenario when the line crosses two sides of network bound-

aries. Due to the assumption that network sizeL is greater than the diameter of decoding set

D, the line can only cross two sides that is adjacent to each other. Without loss of general-

ity, let P1 andP2 be the points at the left and top side ofABCD respectively. The coor-

dinate ofP1 can be calculated as(xp1, yp1) = (xp(l1, l2, p1, p2, r), yp(l1, l2, p1, p2, r)) using

equations (6.72) and (6.73). With the same approach,P2 can be calculated as(xp2, yp2) =

(xp(t1, t2, p1, p2, r), yp(t1, t2, p1, p2, r)). The values oful andur can then be calculated using

equations (6.74) and (6.75) asvl(xp2, yp2, xp1, yp1) andvr(xp2, yp2, xp1, yp1) respectively, which

gives the expression in the last case of equations (6.76) and (6.77).

Using the above systematic method to calculate the decoding set area, its cardinality, and

to approximate the locations of relay nodes within the decoding set, average network perfor-

mance under D-TxMRC and DSTBC scheme can be found via numerical integration. Detailed

discussion on network performance analysis is given in the next section.
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6.5 Performance Analysis and Effect of Network Parame-

ters

As explained earlier, in random networks, performance analysis needs to consider all possible

node locations. Throughout this work, network outage probability is used as the performance

metric. The word ’network’ is used to emphasise that outage is measured from network per-

spective considering all possible source destination pairs as well as relay locations; in contrast

to the conventional outage probability used for point to point communication link. The sys-

tem parameters as described in Section 6.2 is used for the simulation model, and the system is

evaluated for2 b/s/Hz bandwidth efficiency at10−6 error rate. Different network parameters

including total number of nodes, network size, path loss exponent, edge effect, and how those

parameters affect the overall performance are studied.

6.5.1 Direct Transmission

In direct transmission, the randomness of point to point outage probability in equation (6.1)

is solely determined by the randomness of parameterλsd. Therefore, to calculate the network

outage probability, equation (6.1) is averaged across the distribution ofλsd. And sinceλsd is

related to source destination distance through path loss equation, this averaging process can be

done via integration with respect to distance distribution as given in equation (6.54).

It is apparent that total number of nodes does not have any impact to the network outage

probability when direct transmission is used. Moreover, since no relay node is involved in

the transmission, edge effect is irrelevant to the performance evaluation. Figure 6.13 shows

the network outage probability of direct transmission, and how network size as well as path

loss exponent affect the overall performance. The figure shows an approximate performance

loss of9 − 10dB when the network size is increased by a factor of 4 while fixing the path

loss exponent to3. The same amount of performance degradation is observed when path loss
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Direct Transmission, Area = 25, Alpha = 3
Direct Transmission, Area = 100, Alpha = 3
Direct Transmission, Area = 400, Alpha = 3
Direct Transmission, Area = 100, Alpha = 4
Direct Transmission, Area = 100, Alpha = 5

Figure 6.13: Effect of Total Number of Nodes and Edge Effect in Direct Transmission

exponent is varied from3 to 5 while keeping the network area unchanged.

6.5.2 Amplify and Forward

The situation is more complex when Amplify and Forward (AnF) is used as the transmission

protocol. From the point to point outage probability expressed in equation (6.7), it can be

seen that allλsd, λsr, andλrd (which is related to source-destination, source-relay, and relay-

destination distance respectively) affect the performance. As such, calculating network outage

probability involves integrating the point to point performance with respect to the distribution

of all the three factors. Following the argument in Subsection 6.4.2, the source-relay and relay-

destination distance must include all possible relay locations within the Region of Interest

(RoI), while the source-destination distance must consider all possible node placements in the

network. In that subsection, a method to break down RoI into cells was also discussed as an
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efficient method to simplify the integration process. The process can be explained as follows.

First, let the cells be numbered, and letΘcx denotes cellx (x ∈ (1..T ), whereT is the

total number of cells in the region of interest).|Θcx| is the area ofΘcx, andΦ (|Θcx|) denotes

the number of nodes insideΘcx. The network outage probability can be calculated by adding

conditional outage probabilities for all possible relay node locations and the outage probabil-

ity when the region of interest is empty (in which the transmission has to fall back to direct

transmission) as follows:

Pout =
T∑

t=1

(
t−1∏

s=1

Pr [Φ (|Θcs|) = 0]

)
(1 − Pr [Φ (|Θct|) = 0]) P (AnF)

out (ct)

+

T∏

s=1

Pr [Φ (|Θcs|) = 0] P (direct)
out (6.78)

whereP (AnF)
out (ct) is the outage probability of AnF relaying with relay node located at the center

of tth cell, which is calculated through equation (6.7), andP (direct)
out is the outage probability of

direct transmission as given in equation (6.1).

It is evident that the outage probability is affected by how the cells are numbered. From

equation (6.78), it can be seen that the optimum numbering is to allocate the smallest number

to the cell which result in the lowest outage probability. In practical implementation, this opti-

mum numbering corresponds to relay node selection, in which the best relay node always gets

selected first. The network outage probability is then calculated by averaging equation (6.78)

with respect to the distribution of source-destination distance according to equation (6.54).

In the following, network outage probability under AnF transmission scheme is analysed for

different network settings.

Total Number of Nodes

In AnF scheme, the total number of nodes affects the likeliness of relay node existence. Fig-

ure 6.14 shows network outage probability when the number of nodes in the networkM is
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Figure 6.14: Effect of Total Number of Nodes and Edge Effect in AnF Relaying

varied from 3 to 100000 (where optimum selection between relay nodes is adopted). Several

conclusions can be deduced from Figure 6.14.

First of all, the number of nodes affects the performance by providing different diversity

gains. When the number of nodes is too small, for example whenM = 3, there is only one

potential relay node in the network apart from source and destination. And the probability that

this node is located within the region of interest is also small. Therefore the performance of

AnF relaying collapses to direct transmission case.

Secondly, it is also observed that as the number of nodes increases, the performance is

improved. However, it is important to note that the gap between outage probability curves for

different number of nodes differs at different SNR ranges. For example, it is noted that the

performance forM = 20 and above are very close when SNR≤ 20dB. As the SNR increases,

the gap betweenM = 20 andM = 30 is widening, and then the gap remains constant for
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SNR≥ 40dB. The same trend is true for otherM values but with different SNR ranges. This

shows that operating SNR has a significant role in deciding optimum number of nodes to be

deployed in the network.

Finally, it is observed that as the number of nodes in the network gets very large (M= 1000

or more), the performance converges to the best case scenario, in which the relay node is lo-

cated right in the middle of source and destination. This again gives an insight that deploying

too many nodes would be a waste of resources, because no performance improvement can

be achieved out of it. However, this is valid only for AnF scheme with single relay. When a

more complex technique is adopted (such as distributed space-time coding [108] or cooperative

spatial multiplexing [178]), and more than one relay nodes are deployed for message transmis-

sion, the network outage performance is expected to improve. This is achieved by exploiting

multi-antenna technique with different relay nodes acting as virtual antenna. Since capacity of

multiple antenna systems is higher in point-to-point link ([3]-[4]), the same trend is expected

in networked scenario.

Edge Effect

When both source and destination nodes are located near the same side of network boundary,

the region of interest would be truncated and the number of potential relay nodes would be

decreased. Edge Effect happened due to truncation of region of interest. The worst case Edge

Effect happens when both source and destination nodes are located right in the same side of

network edge. In this case, the region of interest is half the size of the normal case. Since

the probability of relay node existence is proportional to the area of this region, the number of

potential relay nodes would be decreased.

To completely analyse this effect, one needs to consider all possible shapes of region of

interest for the given position of source and destination. The network outage probability has

to be calculated considering different possible areas of this region. This task is too complex
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Amplify and Forward, Area = 25, Alpha = 3
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Figure 6.15: Effect of Network Size and Path Loss Explonent in AnF Relaying

to evaluate, and therefore the present analysis resorts to consider the worst case scenario, re-

gardless of the source and destination location. Although this approach does not result in exact

performance, it is useful in giving the lower bound of network outage probability.

Figure 6.14 shows the network outage probability performance without edge effect and

with worst case edge effect for different total number of nodes. It is observed that regardless

of the number of nodes, edge effect does not cause any significant degradation in performance

(both the crossed solid curves and the circled dashed curves in Figure 6.14 coincide with one

another).

Network Size

The average distance between source and destination increases with the network size, resulting

in poorer performance. Figure 6.15 signifies this effect by showing network outage perfor-
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mance under AnF scheme with different network sizes. It is observed that under AnF scheme,

approximately8−9dB performance loss occurs when the network size is increased by a factor

of 4, which is slightly better than direct transmission scheme whereby a larger loss of9−10dB

is observed for the same scaling factor.

Path Loss Exponent

Figure 6.15 also shows the network outage probability under AnF scheme for three different

path loss exponent values (ranging from 3 to 5). It is observed that8dB loss in outage perfor-

mance occurs in AnF scheme when path loss exponent is increased by 1 point, which again

smaller than direct transmission, where the performance loss is around10dB.

6.5.3 Distributed Transmitter Maximum Ratio Combining (D-TxMRC)

Looking at the point to point outage probability expression for D-TxMRC scheme in equation

(6.25), it is observed that the outage probability itself is a random variable, and is dependent

on the source destination distance, as well as the number of cooperative nodes inD.

For the source destination distance, the squared distance distribution derived earlier in equa-

tion (6.54) can be readily used. As for the size ofD, it is first assumed that the area of radius

l∗ from source node is contained within the network. A discussion on the edge effect and how

it affects the performance will be given in later part of this subsection. Since all nodes are

uniformly distributed in the network, the number of nodes within a circle of radiusr = l∗ from

sources obeys Binomial Distribution [179], hence the probability that there arei nodes inD

is:

Pr[|D| = i] =




M − 1

i




(
πr2

L2

)i (
1 − πr2

L2

)M−i−1

(6.79)

Finally, considering all factors of randomness, the network outage probability under D-
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TxMRC scheme can be calculated as:

P
(D−TxMRC)
out =

∫ L2

0

[
M−2∑

i=0

Pr[|D| = i] Pr

[(
|hsd|2 +

∑

k∈D
|hkd|2

)
≤ ρ∗

]
PDFl2sd

(z)

]
dz

(6.80)

Note that the upper limit of the summation above is set toM − 2, which is the number of

all nodes except the source and destination node. It is apparent that there are two main terms

affecting the network outage probability, namelyPr[|D| = i] (the probability that the decoding

set containsi nodes) andPr

[(
|hsd|2 +

∑
k∈D |hkd|2

)
≤ ρ∗

]
(the probability that the combined

channel effect is less than a given threshold). These two terms are affected by the relay nodes

cardinality and positions as discussed in Subsection 6.4.3. Firstly, the decoding set area is

dependent to the source node location, which is given by the relation in equation (6.64). Then,

given that the decoding set area is equal toA, the probability mass function of the relay nodes

cardinalityPr[|D| = i] is given by equation (6.79), with the termπr2 replaced byA as follows:

Pr[|D| = i] =




M − 1

i




(
A

L2

)i (
1 − A

L2

)M−i−1

(6.81)

Secondly, given a source (and destination) node location and the corresponding area of the de-

coding set, the position of the relay nodes has to be estimated. The direct distancel
‖
dt needs to

be obtained by quantising the function given in equation (6.71). This is followed by the perpen-

dicular distancel⊥dt calculation, which can be approximated as uniform distributionU(u l, ur),

with both parameters calculated according to equation (6.76) and (6.77) respectively. Then, the

distances from each relay to destination can be calculated as

√(
l
‖
dt

)2

+
(
l⊥dt

)2
. The distance

from the relay to destination affects the distribution of the respective channel gain|hkd|2 (in

particular its mean and variance), which is attributed from the amount of path loss (as governed

by the path loss model in equation (4.2)). This in turn affects the outage probability through

the value ofPr

[(
|hsd|2 +

∑
k∈D |hkd|2

)
≤ ρ∗

]
.
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In order to find the network outage probability, all possible placements of nodes withinD

have to be taken into consideration. To simplify the analysis, upper and lower bound on the

performance are considered instead. Noting that the decoding set is contained in a circle of

radiusl∗ from source node, for allk ∈ D, λkd are bounded as:

100.1C1 (lsd + l∗)α 100.1χ

︸ ︷︷ ︸
λ(l)

≥ λkd ≥ 100.1C1 (lsd − l∗)α 100.1χ

︸ ︷︷ ︸
λ(u)

(6.82)

whereχ andχ are the largest and smallest values of macroscopic fading respectively. Using

the above approximations, the termPr

[(
|hsd|2 +

∑
k∈D |hkd|2

)
≤ ρ∗

]
in equation (6.80) can

be calculated as follows. First, note that the distribution of different channel gains may be

dependent to one another. In this case, it is difficult to analyse the outage probability as it

involves the derivation of CDF of a sum of correlated random variables. To deal with this

scenario, the present analysis resorts to Monte Carlo simulation. On the other hand, when

different channel gains are independent, closed form solution can be obtained. First, note

that
∑

k∈D |hkd|2 now becomes a chi-squared distributed random variable with2|D| degree

of freedom with parameterλ(.) (the superscriptλ(u) or λ(l) is used depending whether upper

or lower bound is considered). Its CDF can be expressed as
γ(xλ(.),|D|)

Γ(|D|) , whereγ(.) andΓ(.)

represent incomplete and complete gamma function respectively. By conditioning the CDF

with respect to|hsd|2 and integrating it within a range of interest, the following relation is

obtained:

Pr

[(
|hsd|2 +

∑

k∈D
|hkd|2

)
≤ ρ∗

]
=

∫ ρ∗

0

γ
(
(ρ∗ − t)λ(.), |D|

)

Γ(|D|) λsd e
−λsdt dt (6.83)

Substituting equations (6.54), (6.79), and (6.83) into equation (6.80), the network outage prob-

ability can be calculated numerically.

183

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 6

0 5 10 15 20 25 30
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Effect of Total Number of Nodes in D−TxMRC

E
s
/N

0

A
ve

ra
ge

 O
ut

ag
e 

P
ro

ba
bi

lit
y 

at
 2

 b
/s

/H
z

 

 

D−TxMRC Uncorrelated Channel (Lower Bound)
D−TxMRC Uncorrelated Channel (Upper Bound)
D−TxMRC Correlated Channel (Lower Bound)
D−TxMRC Correlated Channel (Upper Bound)

M = 100

M = 200

M = 400

M = 1000

Figure 6.16: Effect of Total Number of Nodes in D-TxMRC Scheme (L= 10 km, α = 3,
σ2

s = 3dB)

Total Number of Nodes

Total number of nodes in the network will affect the size of decoding setD. In probabilistic

terms, this corresponds to the right shift on the mode of|D| (according to equation (6.79)).

Therefore, large values ofi in Pr [|D| = i] will dominate the network outage calculation in

equation (6.80). Since the achievable gain is linearly related to|D|, the overall performance

will improve as the number of nodes increases. The network outage probability of the system

for different total number of nodes is shown in Figure 6.16.

In the figure, when lower bound performance is considered, macroscopic fadingχ is taken

to be the largest value among all relay nodes, while all nodes are assumed to be located in the

distance (lsd + l∗) away from destination node. An interesting observation from Figure 6.16

is that the bound on network outage probability is tighter for lower values ofM . This can
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be explained by analysing equation (6.83), which computes cumulative distribution function

of normalised SNR. The upper and lower bound is obtained by substitutingλ(.) with λ(u) and

λ(l) respectively. It is noted that the gradient of incomplete gamma functionγ(., .) is inversely

proportional to the parameter in the second argument. Hence, as the value of|D| increases,

changes in the first argument (caused by the difference betweenλ(u) andλ(l)) will result in

negligible variation, which explain why the bound is tighter in higher values ofM .

As far as the effect of channel correlation is concerned, the dashed curves in Figure 6.16

shows the network outage probability for differentM . Throughout the simulation, all relay

nodes in decoding set are assumed to be mutually correlated to each other with correlation

coefficient0.9. From the figure, it is apparent that the presence of channel correlation generally

degrades overall performance, especially for large values ofM . Since larger|D| (which is

likely to occur when total number of nodes is large) implies more channels are correlated,

performance degradation is more severe for largeM .

Edge Effect

In a geometrically bounded network, edge effect is known to have significant impact in network

performance. In D-TxMRC scheme, edge effect happens when source node is located near to

the network boundary. When this happens, the area ofD will be in the form of truncated

circle, which will then affect the probability of total number of helper nodesPr [|D| = i].

The truncation ofD will also change the lower bound analysis, since a point of distancel∗

from source node (in the opposite direction of destination node) may not be in the network.

In order to do an exact analysis on edge effect, the equation (6.80) has to be modified to

include the truncation phenomena. This means that the integration can not be performed solely

with respect to separation distance, but rather on the location of source and destination node.

Correspondingly, the calculation of the CDF has to be replaced with the conditional CDF, in

which the conditioning variable is the source node location. Only then the truncation ofD can
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be incorporated into the network outage calculation.

Here, the edge effect is analysed as the lower bound of the performance. Note that the lower

bound due to edge effect consideration is different from the bounding due to node location in

decoding set. For a square network, it is not difficult to see that the worst case edge effect

occurs when the source node is located at the corner of the network. In this case, the decoding

set area is in the form of quarter of a circle, reducing the area ofD by a factor of4. As such, the

probability that there arei nodes in the decoding set can be calculated using equation (6.79),

with πr2 replaced withπr2/4 as follows:

Pr[|D| = i] =




M − 1

i




(
πr2

4 L2

)i (
1 − πr2

4 L2

)M−i−1

(6.84)

Additionally, since the decoding set area is only a quarter of a circle, the largest relay destina-

tion distance can be shown to be equal to
√
l2sd + r2, which happens when the destination is

located at the network edge. This would result in the worse case scenario, as the channel gain

would have the smallest variance and mean value.

By assuming that the decoding set area is always one quarter of a circle area regardless of

the source node position, and that all relay destination distances always take the largest possible

value, a worst case edge effect can be analysed.

Figure 6.17 shows the performance of both D-TxMRC scheme with and without worst case

edge effect. It can be observed that edge effect has the potential to severely degrade overall

performance. Approximately8dB degradation at10−5 outage probability is observed. In the

presence of channel correlation, further degradation is observed as shown by the dashed curves

in Figure 6.17. Under worst case edge effect, the extra degradation is not as severe. This again

follows from the mutual correlation assumption. Since edge effect reduces the size ofD (and

therefore the number of relay nodes), the effect of channel correlation is also reduced.
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Figure 6.17: Influence of Edge Effect in D-TxMRC Scheme (M= 1000 nodes,L = 10 km,α
= 3,σ2

s = 3dB)

Network Size

Network size affects the overall performance in two ways. Firstly, for the same total number

of nodes, larger network size implies lower node density, which decreases the likely number of

nodes in decoding set through equation (6.79). Since the overall performance is directly related

to the number of nodes in decoding set, larger network size (and correspondingly lower node

density) will degrade the overall performance.

Secondly, larger network size will increase the separation distance between source and

destination. Due to larger path loss, this will also degrade overall performance (as reflected by

the larger integration range in equation (6.80)). However, it is not yet clear which one of these

two factors is the major contributor to the performance loss. Figure 6.18 shows the network

outage probability performance for different network sizes.
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D−TxMRC Uncorrelated Channel (Lower Bound)

D−TxMRC Uncorrelated Channel (Upper Bound)

D−TxMRC Correlated Channel (Lower Bound)

D−TxMRC Correlated Channel (Upper Bound)

Area = 400 Km2

Area = 25 Km2

Area = 100 Km2

Figure 6.18: Effect of Network Size in D-TxMRC Scheme (M= 1000 nodes,α = 3, σ2
s =

3dB)

It is observed that a loss of approximately8dB at 10−5 outage rate for every factor-of-

four increase in the network area is incurred. It is also observed that increasing network size

does not change the diversity order achieved, which can be seen from equal gradient on all the

curves in Figure 6.18. This signifies the dominance of the second factor as the main cause in

performance degradation. In other words, the performance loss caused by a decrease in the

number of nodes in decoding set is negligible compared to the one caused by the increase in

path loss effect.

For completeness, the overall performance in the presence of channel correlation is also

analysed for different network sizes. It is observed that irrespective of channel correlation, the

same degradation occurs in the overall network outage performance.
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α = 3 Uncorrelated Channel (Lower Bound)
α = 3 Uncorrelated Channel (Upper Bound)
α = 5 Uncorrelated Channel (Lower Bound)
α = 5 Uncorrelated Channel (Upper Bound)
α = 3 Correlated Channel (Lower Bound)
α = 3 Correlated Channel (Upper Bound)
α = 5 Correlated Channel (Lower Bound)
α = 5 Correlated Channel (Upper Bound)

Figure 6.19: Effect of Path Loss Exponent in D-TxMRC Scheme (M= 1000 nodes,L = 10
km, σ2

s = 3dB)

Path Loss Exponent

The effect of path loss exponent is reflected through the path loss given in equation (4.2).

Higher path loss exponent results in largerλ, which in turn affects the distribution of the chan-

nel gain. Since channel gain is exponentially distributed, its CDF can be expressed as1−e−λx.

Therefore, higher value ofλ will increase the likelihood of smaller channel gain. Similarly,

higherλ will increase the gradient of the compound channel CDF, hence reducing the overall

system performance.

Figure 6.19 shows the network outage probability for different values ofα. It can be seen

that increasing path loss exponent parameter will greatly degrade system performance. Ap-

proximately12dB loss at10−2 outage rate is observed whenα is increased from3 to 5.
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Another interesting observation from Figure 6.19 is that higherα will increase the gap be-

tween upper and lower bound of the performance. This can be observed directly from equation

(6.82), in which higherα will increase the difference betweenλ(l) andλ(u). Hence, when ap-

plied to equation (6.83), the difference between upper bound and lower bound network outage

probability (as calculated in equation (6.80)) will also be larger.

Similar trend is observed when channel correlation is taken into consideration. From the

dashed curves in the Figure 6.19, it is apparent that channel correlation causes larger degra-

dation when path loss exponent is higher. This is because larger path loss exponent induces

smaller eigenvalues in the channel correlation matrix, such that the average probability of error

as expressed in equation (6.40) is higher. As such, the overall performance in the presence of

channel correlation is worse off when path loss exponent is large.

6.5.4 Distributed Space Time Block Coding (DSTBC)

The analysis in DSTBC scheme is very much similar to that in D-TxMRC scheme. This can

also be observed through the point to point outage probability expression in equation (6.45)

which resemblance the one for D-TxMRC scheme in equation (6.25). Under independence

assumption, it can be shown that1|D|
∑

k∈D |hkd|2 is also a chi-squared distributed random

variable with2|D| degree of freedom. However, the parameter of the chi-squared random vari-

able will now becomeλ(.)|D|, resulting in a CDF of the form
γ(x|D|λ(.),|D|)

Γ(|D|) . After conditioning

the CDF with respect to variable|hsd|2 and integrating it in the range of interest, the following

relation is obtained.

Pr

[(
|hsd|2 +

1

|D|
∑

k∈D
|hkd|2

)
≤ ρ∗

]
=

∫ ρ∗

0

γ
(
(ρ∗ − t)|D|λ(.), |D|

)

Γ(|D|) λsd e
−λsdt dt

(6.85)
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Finally, the network outage probability can be found using the same equation as that in D-

TxMRC scheme, as follows:

P
(DSTBC)
out =

∫ L2

0

[
M−2∑

i=0

Pr[|D| = i] Pr

[(
|hsd|2 +

1

|D|
∑

k∈D
|hkd|2

)
≤ ρ∗

]
PDFl2sd

(z)

]
dz

(6.86)

Substituting equations (6.54), (6.79), and (6.85) into the above equation, the overall perfor-

mance of the scheme can be numerically calculated.

The same argument as that in D-TxMRC also applies in this case, whereby the network

outage probability is affected by two main terms; namely the probability that the decoding set

containsi nodesPr[|D| = i], and the probability that the combined channel effect is less than a

certain thresholdPr

[(
|hsd|2 + 1

|D|
∑

k∈D |hkd|2
)
≤ ρ∗

]
. Similarly, the first term depends on

the decoding set area through equation (6.81) and (6.64), while the second one depends on the

channel gain distribution (which indirectly depends on the relay node locations through path

loss equation (4.2) and relay destination distances calculated using equation (6.71), (6.76), and

(6.77)).

Total Number of Nodes

As explained eariler, total number of nodes in the network will affect the size of decoding set

D. Larger number of nodes in the network would increase the size of|D|, which will in turn

improve the overall performance. The network outage probability of the system for different

total number of nodes (both in the presence and absence of channel correlation case) is shown

in Figure 6.20.

Comparing Figure 6.20 with Figure 6.16 for D-TxMRC scheme, it is observed that for

largeM , D-TxMRC outperforms DSTBC scheme, while the performances of the two schemes

are comparable for low values ofM . It is also observed that the performance degradation of

DSTBC is more prominent in the lower bound case, whereby up to4dB difference is observed
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D−STBC Uncorrelated Channel (Lower Bound)
D−STBC Uncorrelated Channel (Upper Bound)
D−STBC Correlated Channel (Lower Bound)
D−STBC Correlated Channel (Upper Bound)

M = 100

M = 200

M = 1000

M = 400

Figure 6.20: Effect of Total Number of Nodes in DSTBC Scheme (L= 10 km, α = 3, σ2
s =

3dB)

at 10−5 outage rate. This is related to the behaviour of the array gain distribution in equations

(6.29) and (6.48) for D-TxMRC and DSTBC scheme respectively. When lower bound per-

formance is considered, macroscopic fadingχ is taken to be the largest value among all relay

nodes, while all nodes are assumed to be located in the distance (lsd+l∗) away from destination

node. This causes larger increase in the mean array gain for D-TxMRC compared to DSTBC

scheme, hence larger gap between the two performances are evident. WhenM is small, the

value of|D| is also likely to be small. Since array gain is proportional to|D|, the performance

gap between the two schemes will also decrease.

From Figure 6.20, it is observed that the bound on network outage probability is tighter

for lower values ofM . The same behaviour is also observed in D-TxMRC scheme, which

demonstrates the influence of|D| to the value of gamma functionγ(., .) in equations (6.83)
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and (6.85). As larger|D| would reduce the sensitivity of gamma function with respect to

changes inλ, the tighter bound is evident.

Similarly, the same trend is observed for channel correlation effect, whereby degradation

in overall performance is incurred (especially for largeM) as depicted in the dashed curves in

Figure 6.20. As compared to D-TxMRC scheme, it is observed that DSTBC scheme is more

sensitive to channel correlation. This is because DSTBC heavily relies on diversity gain, and

only limited array gain is available. Since channel correlation affects the diversity performance,

severe degradation in DSTBC is evident.

Edge Effect

Edge effect influences the performance of DSTBC scheme in very much the same way as in

D-TxMRC scheme. Edge effect happens when source node is located near to the network

boundary, reducing the size of decoding set area. Following the same argument as the edge

effect analysis in D-TxMRC, the worst case edge effect occurs when the source node is located

at the corner of the network, in which the decoding set area is in the form of quarter of a

circle. In this case, the probability mass function of the decoding set cardinalityPr[|D| = i]

is expressed as in equation (6.84). Additionally, as explained earlier, the largest possible relay

destination distance happens when the destination is located at network edge, in which the

distance can be calculated as
√
l2sd + r2. By assuming that the decoding set is always one

quarter of a circle, and the relay destination distance always takes its largest value, the worst

case edge effect can be analysed.

Figure 6.21 shows the performance of DSTBC scheme with and without worst case edge

effect. Similar to D-TxMRC scheme, edge effect has the potential to severely degrade overall

performance. Approximately4 − 7dB degradation at10−5 outage probability is observed in

DSTBC scheme (depending whether upper or lower bound performance is considered). As

compared to D-TxMRC performance in Figure 6.17, D-TxMRC scheme suffers more loss
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Worst Case Edge Effect Uncorrelated Channel (Lower Bound)
Worst Case Edge Effect Uncorrelated Channel (Upper Bound)
No Edge Effect Uncorrelated Channel (Lower Bound)
No Edge Effect Uncorrelated Channel (Upper Bound)
Worst Case Edge Effect Correlated Channel (Lower Bound)
Worst Case Edge Effect Correlated Channel (Upper Bound)
No Edge Effect Correlated Channel (Lower Bound)
No Edge Effect Correlated Channel (Upper Bound)

Figure 6.21: Influence of Edge Effect in DSTBC Scheme (M= 1000 nodes,L = 10 km,α =
3,σ2

s = 3dB)

compared to DSTBC. This is because in D-TxMRC scheme, both array and diversity gain are

degraded; while in DSTBC scheme, only diversity gain is degraded, and the array gain remain

constant. In the presence of channel correlation, further degradation is also observed as shown

by the dashed curves in Figure 6.21.

Network Size

Following the same argument used in D-TxMRC scheme, larger network size will generally

degrade overall performance due to larger path loss. Figure 6.22 shows the network outage

probability of DSTBC scheme for different network sizes.

An approximately8dB performance degradation is observed at10−5 outage rate for every

factor-of-four increase in the network area. It is also observed that the diversity order achieved
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D−STBC Uncorrelated Channel (Lower Bound)
D−STBC Uncorrelated Channel (Upper Bound)
D−STBC Correlated Channel (Lower Bound)
D−STBC Correlated Channel (Upper Bound)

Area = 400 Km2

Area = 100 Km2

Area = 25 Km2

Figure 6.22: Effect of Network Size (M= 1000 nodes,α = 3, σ2
s = 3dB)

is independent from network size. The overall performance in the presence of channel corre-

lation is also analysed for different network sizes. It is observed that irrespective to channel

correlation, the same degradation occurs in the network outage performance. The presence of

channel correlation, however, introduces more severe degradation. Comparing to the perfor-

mance of D-TxMRC in Figure 6.18, performance loss due to channel correlation is more severe

in DSTBC scheme, which is reflected by the larger gap relative to the uncorrelated case.

Path Loss Exponent

As higher path loss exponent causes largerλ, degradation in network outage probability is

expected. Figure 6.23 shows the network outage probability for different values ofα. It can

be seen that increasing path loss exponent parameter will greatly degrade system performance.

Up to 13dB loss at10−2 outage rate is observed in DSTBC scheme whenα is increased from
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α = 3 Uncorrelated Channel (Lower Bound)
α = 3 Uncorrelated Channel (Upper Bound)
α = 5 Uncorrelated Channel (Lower Bound)
α = 5 Uncorrelated Channel (Upper Bound)
α = 3 Correlated Channel (Lower Bound)
α = 3 Correlated Channel (Upper Bound)
α = 5 Correlated Channel (Lower Bound)
α = 5 Correlated Channel (Upper Bound)

Figure 6.23: Effect of Path Loss Exponent in DSTBC (M= 1000 nodes,L = 10 km, σ2
s =

3dB)

3 to 5, which is more severe than D-TxMRC scheme. The reason why DSTBC suffers larger

loss than D-TxMRC can be observed through equations (6.83) and (6.85). A multiplication

factor of|D| in the first argument of incomplete gamma function for equation (6.85) will cause

larger change in CDF for the same amount of change inλ, the path loss value. Since incomplete

gamma function is a monotonically increasing function of the first argument, larger degradation

in outage probability for DSTBC scheme is evident. This analysis also implies that the absence

of array gain causes DSTBC to be more vulnerable to the path loss exponent.

Other trends observed from Figure 6.23 are similar to the D-TxMRC case, whereby higher

α will increase the gap between upper and lower bound of the performance, and that channel

correlation causes larger degradation when path loss exponent is higher.
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6.6 Summary

In this chapter, the analysis of cooperative relay communication is generalised for random

networks. Different cooperative relaying schemes are studied, including direct transmission,

single relay AnF scheme, D-TxMRC scheme, and DSTBC schemes. Performance comparison

between different schemes are then conducted using average outage probability as the perfor-

mance criteria.

First, the outage probability of different cooperative schemes given a particular source, re-

lay, and destination locations are analysed. Under direct transmission, the conventional point

to point outage analysis can be readily applied. While for the other schemes, the expression of

effective received SNR is first developed. The outage probability is then found by calculating

the probability that the effective SNR falls below a certain threshold. In addition, the array

gain and diversity gain of D-TxMRC and DSTBC schemes are studied. It is shown that under

independent fading assumption, both schemes are able to extract full diversity gain in the order

of total number of cooperating nodes, which scales according to|D| + 1. However, when the

channel from different relay nodes to destination node are correlated to one another, the diver-

sity gain is limited by the rank of the correlation matrix. It is also shown that the D-TxMRC

scheme is superior as it is able to extract larger array gain compared to the D-STBC scheme.

This limitation of the D-STBC scheme is mainly due to the absence of global CSI in the coop-

erative nodes, hence preventing them to perform coherent combining. Although D-TxMRC is

better than D-STBC, this superiority comes at the price of higher complexity and global CSI

knowledge requirement, making it difficult to be implemented in practice. Furthermore, when

the large-scale/macroscopic fading is considered, the actual amount of array gain achieved by

the scheme is random, and it is characterised by its distribution.

Several geometry specific issues pertaining to different cooperative schemes, which are

necessary for network performance evaluation, are addressed. Distance distribution between

any given two nodes are derived. For AnF scheme, the location of potential relay nodes within
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the region of interest is estimated using ellipses with different eccentricity. The associated

probability mass function is then calculated using Poisson point process. As for the D-TxMRC

and DSTBC scheme, a systematic method to calculate the circular area from a given position

in the network is developed. This area is necessary to find the distribution of number of re-

lay nodes who join the decoding set. A technique to estimate the position of different relay

nodes within the decoding set area (considering all possible intersections with the network

boundaries) is then developed.

Finally, the network outage probability of different schemes when applied to cooperative

random network are analysed. By integrating the outage probability with respect to all possi-

ble source and destination locations as well as all possible number of cooperating nodes, the

network outage probability is obtained. The effects of network parameters (including total

number of nodes, network size, edge effect, and path loss exponent) toward system perfor-

mance are also analysed. For direct transmission scheme, the diversity gain is absent since

no relay node is involved in the transmission. The performance is also independent on node

density and edge effect. Using AnF scheme, diversity order of 2 can be achieved, provided

that the number of nodes in the network is sufficiently large. Effect of different network pa-

rameters on AnF performance is studied. As for the other two schemes, it is shown that in all

cases, D-TxMRC always performs better than D-STBC especially for large number of nodes,

confirming the earlier analysis on the available gain for each scheme. How the different fac-

tors such as an increase in network size, path loss exponent, and edge effect could degrade the

system performance are studied through analytical formulation and supported by simulation

results.
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Conclusions and Future Work

7.1 Contribution to Research

The present research addresses various aspects of cooperative communication, both in coop-

erative broadcasting and cooperative relaying scenario. The results and contributions of this

work to the research on cooperative communication are summarised in the following.

Under cooperative broadcast communication, antenna selection scheme is proposed for

multi antenna BC systems; which addresses the issue on hardware cost and space limitation

inherent to any multi antenna systems. The scheme segregates the selection process for the

transmit and receive antenna separately, and exploit the duality between BC and MAC in order

to bring down the overall complexity. It is demonstrated that the scheme is able to benefit from

most of the selection gain available, while using only a fraction of the complexity in brute force

scheme. The selection algorithm is also extended for frequency selective channel, where the

propagation is characterised by multipath fading, and optimal selection must consider different

subcarriers jointly. The applicability of antenna selection to broadband wireless access such as

IEEE 802.16 based system is also analysed.

The issue of power allocation in three-node cooperative network in the absence of direct

source to target link is addressed. It is shown that additional relay node does not necessarily
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result in better performance, and optimal power allocation is a necessary condition for per-

formance improvement. Using the information of the second order statistics of the channel,

power allocation scheme which minimises average error probability is proposed. It is shown

that for decode and forward relaying, the optimal power allocation can be found by solving

for the positive real root of a quadratic equation. For a more complex distributed space time

coded relaying, the optimal power allocation can be found by solving for the positive real root

of a quartic equation. The analysis provided maintains equal total power constraint and equal

end-to-end throughput for fair comparison, and it is shown that as long as appropriate power

allocation strategy is used, additional relay node will always result in better performance.

For multi-hop cooperative links, a novel relaying scheme called Successive Dirty Paper

Coding (SDPC) is proposed. The scheme applies dirty paper encoding strategy on each re-

lay stage, such that a new message can be transmitted at every relay slot while maintaining

the interference to the existing transmission low. The performance of this relay strategy is

then analysed and compared to other existing relay schemes. It is demonstrated that SDPC is

superior to the other schemes by providing higher bandwidth efficiency, especially when the

number of hops is large.

For multiple-relay cooperation case, exact expression for outage probability is developed.

First, an ideal case where all relay nodes are located equidistant from source and target nodes

is considered. In this scenario, the average outage probability is only affected by relay nodes

cardinality. Extending the analysis for cases where destination node is not known a priori, a

planar network where nodes are positioned in the lattice points is considered. It is shown that in

this scenario, traffic pattern has an influence towards average outage performance. In particular,

traffic locality and traffic origins are studied, and how they affect the overall performance are

analysed.

In the most general setting of random network, where every node can take any position

within the network boundary, a framework for performance evaluation is developed. Since
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node location is random, network performance evaluation must take into consideration all pos-

sible source, relay, and destination positions. In addition, several geometry specific issues

including distance distribution, edge effect, relay nodes cardinality and position estimation are

addressed. Four different transmission schemes, namely direct transmission, AnF relaying, D-

TxMRC, and DSTBC are studied. The conditional outage probability given a particular node

positions are derived. Squared distance distribution function is then developed and used to

integrate the conditional outage probability. For AnF relaying, a technique to consider differ-

ent relay node positions within the region of interest is developed; while for D-TxMRC and

DSTBC scheme, a systematic approach to calculate decoding set area and to approximate the

cardinality as well as position of relay nodes is developed. Finally, the average outage perfor-

mance of different cooperative schemes are analysed, in which different types of gain associ-

ated with different schemes are studied. The effect of network parameters and their influence

to the average outage probability are also evaluated.

7.2 Future Works

In the following, some of the possible extensions to the work presented so far, which serves as

future research direction are described.

7.2.1 Analysis of Feedback Delay and Inaccurate Feedback

The antenna selection algorithm proposed for MIMO-BC systems assumed that perfect feed-

back channel is available. In practice, the feedback channel might introduce error due to chan-

nel fading or excessive noise and interference. Since antenna selection performance relies on

the quality of feedback information from all users, it is apparent that feedback error will de-

grade the effectiveness of this scheme. Moreover, when the channel coherence time is not suf-

ficiently large (especially when the communicating terminal is mobile), the feedback received

201

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University Chapter 7

from the users might get outdated before it can be used by the antenna selection process. In

this case, it is also expected that performance degradation would occur. Therefore, the effect of

feedback delay and an effective method to overcome the problem need to be analysed further.

7.2.2 Precoder Design for Dirty Paper Encoder

The Successive Dirty Paper Coding (SDPC) scheme proposed for multiple hop relay communi-

cation makes use of the property of DPC, in which transmission in the presence of interference

can be performed as if the interference is not present, as long as it is known non-causally at the

transmitter. Although this property is very useful in allowing new message to be transmitted in

every relay slot, its practical realisation requires a complex encoder design. The current solu-

tion of DPC encoder makes use of nested lattice [180] and coset dilution strategy [181], which

involves large computational complexity. A sub optimal alternative of DPC encoder design is

to use low complexity Tomlinson-Harashima precoder [182]-[183]. However, some reductions

in the performance is expected from this scheme, due to imperfections such as modulo loss,

power loss, and shaping loss, which are inherent to any Tomlinson-Harashima precoder [184].

In order to implement SDPC scheme efficiently, a precoding strategy which provide close to

optimal DPC property, while requiring a relatively low computational complexity is required.

Further research on the development of this kind of precoder design is necessary.

7.2.3 Theoretical Analysis for Network Capacity with Cooperation

The network performance analysis conducted so far have shown that cooperation is able to

improve the overall performance. However, due to the unavailability of the definitive bound on

how far the performance can be improved, no conclusion can be made regarding the optimality

of different cooperative schemes. In point to point communication, Shannon’s capacity has

become a well accepted limit on the achievable transmission rate. Unfortunately, the same

limit is not directly applicable to multiuser communication channel. Attempts to characterise
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the capacity of wireless network have been made in the past, such as reference [170] for direct

transmission case and reference [185] for the relay case. Although it gives an idea on how fast

the network capacity can scale, their work does not consider node cooperation. When different

nodes are allowed to cooperate, the transmission quality can be improved, hence the network

capacity will also increase. Consideration of other factors such as mobility (which has been

shown to improve network capacity in [186]) and the use of different performance metric like

transport capacity as proposed in [187] also need to be included. Once the limiting capacity of

wireless network with cooperation is available, the development of a new cooperative strategy

which achieves or performs close to this limit will naturally follow.

7.2.4 Generalisation into Arbitrary Ad-hoc Networks

In a general ad-hoc network, the area covered by the network can take any shape. The dis-

tance distribution between nodes depends on the geometry of the network. Therefore, since the

network outage probability involves an integration with respect to the distance distribution of

the nodes, it is apparent that different network shapes would result in different performances.

Analysis on how network geometry affects the network outage probability is necessary, es-

pecially for networks that are not constrained to a particular shape. Furthermore, when the

network is large and the nodes are mobile, the distance between source and destination can

be very large. In such scenario, issues related to mobile multihop relaying will complicate the

analysis. Synchronisation between nodes in such highly time-varying channel will also emerge

as a challenge which requires special attention. On the other hand, when the network is very

large, nodes which are well separated can be considered as free from mutual interference and

can transmit at the same time. In that case, the spatial reuse of the network can potentially in-

crease the network capacity. However, the issue with their influence towards the other message

being relayed will also complicate the analysis. The method on how to control which set of

nodes are to be allowed to transmit at any one time, which has to be performed in a distributed
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manner as there is no centralised controller, must be carefully considered before any claim can

be made on their performance.

7.2.5 On-Chip Implementation and System Level Simulation

Having analysed the theoretical performance of cooperative communication in wireless net-

works, it is essential to apply them in real hardware. For this, system on-chip implementation

of cooperative nodes needs to be developed. Several challenges associated with this imple-

mentation must also be addressed, such as the cooperative Medium Access Control design to

support the adaptive nature of the transmission, cross layer communication, carrier frequency

offset estimation as well as phase noise cancellation. Apart from that, other issues pertaining

to the resource allocation such as scheduling, bandwidth allocation, and power control mech-

anism should be addressed. With the developed cooperative nodes, it is expected that system

level simulation can be performed to study the network performance. Comparative study with

their analytical results will then follow. Similar study can be found in [188], where ad-hoc

network using IEEE 802.11 wireless LAN (Local Area Network) devices is used to analyse

network capacity, and then compared to the theoretical result. The analysis of cooperative net-

work is more challenging as there is no commercially available cooperative node in the market

to date. Hence, the development of a prototype model for cooperative node must precede any

further analysis.
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Appendix A

WiMax Systems: An Overview of IEEE

802.16 Based Systems

The development of IEEE 802.16 standards was driven by the strong demand for broadband

services. This is coupled with user demand for wireless connectivity, and the high cost of

laying wired infrastructure to deliver broadband service to end users.

802.16 working group was formed in the early 1999 [189] with an attempt to standardise

the technology. Soon after it is formed, the first standard was published in April 2002 [190].

The initial standard focused on the 10 to 66 GHz band of operation using single carrier method

under Line of Sight (LOS) condition. Further amendment to the standard is to include the li-

censed and license-exempt band of 2 to 11 GHz operation under NLOS (Non-Line of Sight)

condition, which is standardised under 802.16a [191], and was published in April 2003. In

this standard, three additional physical specifications are defined, namely WirelessMAN-SCa

(Single Carrier based system), WirelessMAN-OFDM (Multi-carrier 256 points OFDM based

system), and WirelessMAN-OFDMA (Multi-carrier 2048 points OFDMA based system). The

most recently approved stand on Fixed Broadband Wireless Access Systems, which is a revi-

sion on the 802.16a standard, is called 802.16REVd. It was approved as 802.16-2004 [162] in

June 2004. This project focuses on the OFDMA mode of operation.
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All the above mentioned standards are for fixed BWA, which only support static and no-

madic users. The need to support mobile user moving at vehicular speed has led to the de-

velopment of 802.16e [163], which supports a combined fixed and mobile BWA operation.

Operating in mobile operation, 802.16e is faced with the challenges of some propagation im-

pairments, such as fast fading and Doppler effects. This necessitates better channel sounding

capability to keep track of the instantaneous channel response of each user. Multiple-antenna

configuration is also included as optional feature in 802.16 standards to maintain system per-

formance. The block diagram of 802.16 with two-antenna configuration is shown in Figure

A.1.

Data for
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Randomizer

for User n

Conv Encoder

for User n

Bit Interleaver

for User n

Const Map

for User n

User data

Subcarrier
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IFFT P/S
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Extraction 
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Subcarriers

Constellation 
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Bit De-
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Mobile Station

User n 

Data

Figure A.1: 802.16 transceiver block diagram

The following are brief description on each individual block:

• Randomizer

The main purpose of this module is to provide some form of security by translating a

series of bits into another form carrying the same message. This module consists of shift
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Figure A.2: Randomiser

registers and two exclusive-or gate as depicted in Figure A.2.

The content of the shift registers shall be initialised with 10 LSB (Least Significant Bit)

of OFDMA symbol offset and 5 LSB of Subchannel offset.

• Convolutional Encoder

The standard channel coding used is half-rate convolutional encoder with constraint

length = 7 and generator polynomial ofG1 = 171oct andG2 = 133oct respectively

(Figure A.3). Tail biting type is used where the shift registers are initialised with the

last 7 bits of the message block. Different coding rates are also supported by using the

appropriate puncturing mechanism.

Figure A.3: Convolutional Encoder

207

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University APPENDIX A

• Bit Interleaver

The main purpose of this module is to prevent burst error by relocating adjacent symbols

as far apart as possible. The following formula is used to translate bit location to its new

location.

mk = (Ncbps/16) × kmod(16) + floor(k/16)

Jk = s.f loor(mk/s) + (mk +Ncbps − floor(16 ×mk/Ncbps))mod(s)

WhereNcbps is the block size,k is the bit index within the block,Jk is the new bit index,

ands is a parameter related to the constellation used, which is set to half of the number

of bits per symbol.

• Constellation Mapper

Complex Quadrature Amplitude Modulation (QAM) is used, ranging from QPSK (Qua-

drature Phase Shift Keying), 16-QAM, and 64-QAM. Normalisation is performed on the

constellation points so that the average transmit power is equal to unity. Figure A.4 

Figure A.4: Constellation Diagram
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• User data Subcarrier Allocation

This module is used to allocate symbols to the appropriate subcarriers according to

their allocation scheme. There are different subcarrier allocation schemes defined in

the 802.16 standard, namely PUSC (Partial Use of Sub Channels), FUSC (Full Use of

Sub Channels), Optional FUSC, AMC (Adaptive Modulation and Coding) adjacent per-

mutation scheme, TUSC 1 (Tile Use of Sub Channels type 1), and TUSC 2 (Tile Use of

Sub Channels type 2). PUSC is defined as the mandatory subcarrier allocation method.

Every frame transmission shall start with PUSC permutation scheme, while others may

appear in the middle of the frame according to permutation zone information given in

the MAC messages. For this reason, this work focuses on PUSC permutation scheme.

Some parameters related to PUSC permutation are listed in Table A.1.

Table A.1: OFDMA PUSC allocation parameters
Parameter Value Comments 

No of DC subcarriers 1 Index 1024 
Guard subcarriers, Left 184  
Guard subcarriers, Right 183  
No of used subcarriers 1681 Number of all subcarriers used in a symbol, 

including pilots and DC carriers 
No of subcarriers per cluster 14  
No of clusters 120  
Renumbering sequence 1 6, 108, 37, 81, 31, 100, 42, 116, 32, 107, 30, 93, 54, 

78, 10, 75, 50, 111, 58, 106, 23, 105, 16, 117, 39, 
95, 7, 115, 25, 119, 53, 71, 22, 98, 28, 79, 17, 63, 
27, 72, 29, 86, 5, 101, 49, 104, 9, 68, 1, 73, 36, 74, 
43, 62, 20, 84, 52, 64, 34, 60, 66, 48, 97, 21, 91, 40, 
102, 56, 92, 47, 90, 33, 114, 18, 70, 15, 110, 51, 
118, 46, 83, 45, 76, 57, 99, 35, 67, 55, 85, 59, 113, 
11, 82, 38, 88, 19, 77, 3, 87, 12, 89, 26, 65, 41, 109, 
44, 69, 8, 61, 13, 96, 14, 103, 2,80, 24, 112, 4, 94, 0 

No of data subcarriers in each 
symbol per Subchannel 

24  

Number of subchannels 60  
 

In brief, the allocation of data into subcarriers can be described as follows. OFDMA

subcarriers are first divided into 120 physical clusters, each consisting of 14 adjacent

subcarriers. These clusters are then reordered with a specific renumbering sequence,

which will translate the physical cluster number to logical cluster number. From these

logical clusters, six groups are formed, each consisting of 24 clusters (for even numbered
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group) or 16 clusters (for odd numbered group) with continuous logical cluster number.

Finally, segments are assigned a set of cluster groups, which will then be used to allocate

data symbols. In PUSC, pilot symbols are first assigned in each cluster according to

Figure A.5, and then the remaining subcarriers are assigned with data symbols.

odd symbol

even symbol

data carrier

pilot carrier

Figure A.5: PUSC cluster structure

• Transmit Diversity Encoder

The space time encoding is implemented using Alamouti technique on a cluster base

(Figure A.6). In this setting, the placement of the pilot symbols needs to be modified in

order to perform channel estimation on all antennas.

*-

S1

S1

*
-S2

*

S2

Symbol

Time

Antenna

Index

Figure A.6: Cluster based Alamouti space time encoding

• Diversity Combiner

This module is used to combine the signal strength of redundant messages provided by

Transmit Diversity Encoder. Zero Forcing (ZF) base diversity combiner is employed for

its simplicity.

• User n data Extraction from Subcarriers

Here, the allocation message in MAC layer is used to determine which portion of the
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data to be extracted out. It makes sure that only data that is destined to the respective

user is further processed, while the rest are discarded.

• Constellation De-mapper

This is the reverse operation of Constellation Mapper, where symbols are translated back

to bit stream. Same constellation diagram is used as the one used in Constellation Mapper

module (Figure A.4).

• Bit De-Interleaver

This module performs the inverse operation of Bit Interleaver. The following formula is

used to relocate bit position back to its original place.

mj = s× floor(j/s) + (j + floor(16 × j/Ncbps))mod(s)

kj = 16 ×mj − (Ncbps − 1) × floor(16 ×mj/Ncbps)

WhereNcbps is the block size,j is the bit index within the block,kj is the original bit

index, ands is a parameter related to the constellation used, which is set to half of the

number of bits per symbol.

• Viterbi Decoder

This module is used to perform channel decoding to the received bit stream according to

the channel coding technique used at the transmitter.
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Standard Channel Model for WiMax

Systems

Table B.1: SUI type-1 channel parameters
 Tap 1 Tap 2 Tap 3 Units 

Delay 0 0.4 0.9 µs 
Power (omni) 0 -15 -20 dB 
K Factor (omni) 4 0 0 dB 
Doppler 0.4 0.3 0.5 Hz 
Gain Reduction Factor: 0 dB 
Normalization Factor: -0.1771 dB 

Terrain Type: C 
RMS delay: 0.111 µs 

 

Table B.2: SUI type-2 channel parameters
 Tap 1 Tap 2 Tap 3 Units 

Delay 0 0.4 1.1 µs 
Power (omni) 0 -12 -15 dB 
K Factor (omni) 2 0 0 dB 
Doppler 0.2 0.15 0.25 Hz 
Gain Reduction Factor: 2 dB 
Normalization Factor: -0.3930 dB 

Terrain Type: C 
RMS delay: 0.202 µs 
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Table B.3: SUI type-3 channel parameters
 Tap 1 Tap 2 Tap 3 Units 

Delay 0 0.4 0.9 µs 
Power (omni) 0 -5 -10 dB 
K Factor (omni) 1 0 0 dB 
Doppler 0.4 0.3 0.5 Hz 
Gain Reduction Factor: 3 dB 
Normalization Factor: -1.5113 dB 

Terrain Type: B 
RMS delay: 0.264 µs 

 

Table B.4: SUI type-4 channel parameters
 Tap 1 Tap 2 Tap 3 Units 

Delay 0 1.5 4 µs 
Power (omni) 0 -4 -8 dB 
K Factor (omni) 0 0 0 dB 
Doppler 0.2 0.15 0.25 Hz 
Gain Reduction Factor: 4 dB 
Normalization Factor: -1.9218 dB 

Terrain Type: B 
RMS delay: 1.257 µs 

 

Table B.5: SUI type-5 channel parameters
 Tap 1 Tap 2 Tap 3 Units 

Delay 0 4 10 µs 
Power (omni) 0 -5 -10 dB 
K Factor (omni) 0 0 0 dB 
Doppler 2 1.5 2.5 Hz 
Gain Reduction Factor: 4 dB 
Normalization Factor: -1.5113 dB 

Terrain Type: A 
RMS delay: 2.842 µs 

 

Table B.6: SUI type-6 channel parameters
 Tap 1 Tap 2 Tap 3 Units 

Delay 0 14 20 µs 
Power (omni) 0 -10 -14 dB 
K Factor (omni) 0 0 0 dB 
Doppler 0.4 0.3 0.5 Hz 
Gain Reduction Factor: 4 dB 
Normalization Factor: -0.5683 dB 

Terrain Type: A 
RMS delay: 5.240 µs 
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Appendix C

Probability Analysis for SDPC Relay

Nodes in Decoding Set

To calculate the probability that a noden in RS i is joined toDi−1, lets rewrite the following

capacity expression:

CSDPC i(Di−1(s)) = log2



1 +

Ptot ×
∑

m∈Di−1(s)

m�=s′
|ai−1,i(m)|2

N0 (|Di−1(s)| − 1) + Ptot |ai−1,i(s′)|2



 (C.1)

Any rateR less than the capacity can be achieved with arbitrarily small probability of error.

Hence, a noden is joined toDi−1 if the rate is smaller than the capacity.

R < log2



1 +

Ptot ×
∑

m∈Di−1(s)

m�=s′
|ai−1,i(m)|2

N0 (|Di−1(s)| − 1) + Ptot |ai−1,i(s′)|2



 (C.2)

∑

m∈Di−1(s)

m�=s′

|ai−1,i(m)|2 >
(
2R − 1

) N0

Ptot
(|Di−1(s)| − 1) +

(
2R − 1

)
|ai−1,i(s

′)|2 (C.3)

(
2R − 1

) N0

Ptot

(|Di−1(s)| − 1) <
∑

m∈Di−1(s)

m�=s′

|ai−1,i(m)|2

︸ ︷︷ ︸
let=x

−
(
2R − 1

)
|ai−1,i(s

′)|2
︸ ︷︷ ︸

let=y

(C.4)
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From the above equation, right hand side contains all the random variables, while left hand

side contains deterministic variables. It can be seen thatx is a chi-square distributed random

variables with2|Di−1(s)| − 2 degree of freedom, and each of its components has zero mean

and unit variance. It can also be seen thaty is chi-square distributed random variable with 2

degree of freedom, and each of its components has zero mean and variance equal to2R − 1.

Hence, we have the following probability density functions:

pdfx(x) =
x|Di−1(s)|−2exp(−x)

(|Di−1(s)| − 2)! × 2|Di−1(s)|−1
(C.5)

pdfy(y) =
exp(− y

2(2R−1)
)

2
(C.6)

Now, defining:

z = x− y (C.7)

a new random variable is obtained. The probability density function ofz can be calculated as

follows:

pdfz(z) =

∫ ∞

−∞
pdfx(z + y)pdfy(y)dy (C.8)

=

∫ ∞

−∞

(z + y)|Di−1(s)|−2 exp(−(z + y))

(|Di−1(s)| − 2)! 2|Di−1(s)|−1
×

exp(− y
2(2R−1)

)

2
dy (C.9)

letting:

k = z + y ; dk = dy ; y = k − z (C.10)
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the pdf of z can be written as:

pdfz(z) =

∫ ∞

−∞

k|Di−1(s)|−2 exp(−z) exp(−(1 + 1
2(2R−1)

)(k − z))

(|Di−1(s)| − 2)! 2|Di−1(s)| dk

=
exp(−z) exp((1 + 1

2(2R−1)
)z)

(|Di−1(s)| − 2)! 2|Di−1(s)|

∫ ∞

−∞
k|Di−1(s)|−2 exp

(
−(1 +

1

2(2R − 1)
)k

)
dk

=
exp(( 1

2(2R−1)
)z)

(|Di−1(s)| − 2)! 2|Di−1(s)|

∫ ∞

−∞
k|Di−1(s)|−2 exp

(
−(1 +

1

2(2R − 1)
)k

)
dk

︸ ︷︷ ︸
Integration term

(C.11)

Evaluating the integration term:

∫ ∞

−∞
k|Di−1(s)|−2 exp

(
−(1 +

1

2(2R − 1)
)k

)
dk

=

∫ ∞

−∞

(1 + 1
2(2R−1)

)

(1 + 1
2(2R−1)

)
k|Di−1(s)|−2 exp

(
−(1 +

1

2(2R − 1)
)k

)
dk

=
1

(1 + 1
2(2R−1)

)

∫ ∞

−∞
(1 +

1

2(2R − 1)
)k|Di−1(s)|−2 exp

(
−(1 +

1

2(2R − 1)
)k

)
dk

(C.12)

Using the property of exponential distribution:

∫ ∞

−∞
λexp(−λx)dx = 1 (C.13)

∫ ∞

−∞
xn λ exp(−λx)dx =

n!

λn
(C.14)
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Settingn = |Di−1(s)| − 2 andλ = (1 + 1
2(2R−1)

), the integration term C.12 can be solved as

the following:

∫ ∞

−∞
k|Di−1(s)|−2 exp

(
−(1 +

1

2(2R − 1)
)k

)
dk

=
1

(1 + 1
2(2R−1)

)|Di−1(s)|−2
× (|Di−1(s)| − 2)!

(1 + 1
2(2R−1)

)

=
(|Di−1(s)| − 2)!

(1 + 1
2(2R−1)

)|Di−1(s)|−1

(C.15)

Substituting the integration term back into equation (C.11):

pdfz(z) =
exp(( 1

2(2R−1)
)z)

(|Di−1(s)| − 2)! 2|Di−1(s)|
(|Di−1(s)| − 2)!

(1 + 1
2(2R−1)

)|Di−1(s)|−1
(C.16)

=
exp(( 1

2(2R−1)
)z)

2|Di−1(s)|
(
1 + 1

2(2R−1)

)|Di−1(s)|−1
(C.17)

The cumulative density function of random variablez can then be found by performing indefi-

nite integration to the above probability density function as follows:

cdfz(z) =

∫ z

0

pdfz(z)dz

=

∫ z

0

1

2|Di−1(s)|
(
1 + 1

2(2R−1)

)|Di−1(s)|−1
exp((

1

2(2R − 1)
)z)dz

=
(2(2R − 1))

2|Di−1(s)|
(
1 + 1

2(2R−1)

)|Di−1(s)|−1
×
(
exp((

1

2(2R − 1)
)z) − 1

)

(C.18)

Now, going back to equation (C.4), to calculate the probability that such condition occurs, the

concept of complementary cumulative distribution function can be readily used. Replacing the
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right hand side equation into a new variablez as derived earlier, the probability that:

(
2R − 1

) N0

Ptot
(|Di−1(s)| − 1) < z (C.19)

occurs is equal toccdfz

((
2R − 1

)
N0

Ptot
(|Di−1(s)| − 1)

)
, which can be calculated as follows:

ccdfz

((
2R − 1

) N0

Ptot

(|Di−1(s)| − 1)

)
= 1 − cdfz

((
2R − 1

) N0

Ptot

(|Di−1(s)| − 1)

)

= 1−




(2(2R − 1))

2|Di−1(s)|
(
1 + 1

2(2R−1)

)|Di−1(s)|−1

(
exp

(
(2R − 1) N0

Ptot
(|Di−1(s)| − 1)

2(2R − 1)

)
− 1

)



= 1 −




(2R − 1)

2|Di−1(s)|−1
(
1 + 1

2(2R−1)

)|Di−1(s)|−1

(
exp

(
(|Di−1(s)| − 1)

2Ptot/N0

)
− 1

)




= 1 −
(2R − 1) ×

(
exp

(
|Di−1(s)|−1
2Ptot/N0

)
− 1

)

(
2 + 1

(2R−1)

)|Di−1(s)|−1

(C.20)
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Derivation of Composite Channel CDF

The CDF ofρeff is required to find the outage probability of AnF scheme. Focusing only on

the random term, a normalised SNRρ∗ =
ρeff

Es/N0
can be expressed as follows:

ρ∗ = |hsd|2 +
|hsr|2 |hrd|2

|hsr|2 + |hrd|2 + N0

Es

(D.1)

where|hsd|2, |hsr|2, and|hrd|2 are independent exponential distributed random variables with

parameterλsd, λsr, andλrd respectively. To simplify the CDF derivation ofρ∗, the two terms

in the summation are considered separately. Lets first consider the second term by letting

X = |hsr|2 andY = |hrd|2. Now let:

Z =
X Y

X + Y + N0

Es

(D.2)

and its CDF can be written as follows:

Pr[Z ≤ z] = Pr

[
X Y

X + Y + N0

Es

≤ z

]

= Pr

[
X(Y − z) ≤ Y z +

N0

Es

z

]
(D.3)
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Fixing Y = y, the conditional CDF ofZ can be written as follows:

FZ|Y (z) =






Pr

[
X ≥ yz+

N0
Es

z

y−z

]
if y < z,

Pr

[
X ≤ yz+

N0
Es

z

y−z

]
if y ≥ z

(D.4)

Unconditioning with respect to variableY , the CDF ofZ can be obtained as follows:

FZ(z)

=

∫ ∞

−∞
FZ|Y (z) fY (y) dy

=

∫ z

0

Pr

[
X ≥

yz + N0

Es
z

y − z

]
fY (y) dy +

∫ ∞

z

Pr

[
X ≤

yz + N0

Es
z

y − z

]
fY (y) dy

=

∫ z

0

1 fY (y) dy +

∫ ∞

z

(
1 − exp

[
−λsr

yz + N0

Es
z

y − z

])
fY (y) dy

=

∫ z

0

λrde
−λrd ydy +

∫ ∞

z

λrde
−λrd ydy − λrd

∫ ∞

z

exp

[
−λsr

yz + N0

Es
z

y − z
− λrd y

]
dy

= 1 − e−λrd z + e−λrd z − λrde
−(λsr+λrd)z

∫ ∞

0

exp



−
λsr z

(
z + N0

Es

)

p
− λrdp



 dp

= 1 − e−(λsr+λrd) z 2

√

λsrλrd z

(
z +

N0

Es

)
K1

(
2

√

λsrλrd z

(
z +

N0

Es

))

(D.5)

where change of variablep = y−z is used. Here,K1(.) denotes the first order modified Bessel

function of the second kind. The above derivation makes use of the following integration

property [192]: ∫ ∞

0

exp
[
−a
x
− b x

]
dx = 2

√
a

b
K1

(
2
√
a b
)

(D.6)

Finally, denoting the first term of summation inρ∗ expression asQ = |hsd|2, the conditional

220

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Nanyang Technological University APPENDIX D

CDF ofρ∗ fixing Q = q can be written as follows:

Fρ∗|Q=q(v) = Pr [ρ∗ ≤ v|Q = q] = Pr [q + Z ≤ v] = Pr [Z ≤ v − q]

=






0 if q > v

FZ(v − q) if q ≤ v

(D.7)

Unconditioning with respect toQ (which is exponentially distributed with parameterλsd), the

CDF ofρ∗ can be calculated as:

Fρ∗(v) =

∫ v

0

FZ(v − q) fQ(q) dq

=

∫ v

0

(1 − exp [−(λsr + λrd)(v − q)] 2

√
λsrλrd(v − q)(v − q +

N0

Es

)

K1

(
2

√
λsrλrd(v − q)(v − q +

N0

Es
)

)
)λsdexp [−λsdq] dq (D.8)
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Appendix E

Derivation of squared distance density

function

DenoteL as the length of the network edge covering a rectangular area ofL2, and let(Sx, Sy),

(Dx, Dy) be the coordinate of the source and destination node (relative to the lower left corner

of the network) respectively. Since all nodes are uniformly distributed within the network,

Sx, Sy, Dx, andDy are i.i.d. with the following PDF and CDF:

fSx(l) = fSy(l) = fDx(l) = fDy(l) = U [0, 1/L] =






1
L

if 0 ≤ l < L

0 elsewhere

(E.1)

FSx(l) = FSy(l) = FDx(l) = FDy(l) =






0 if l < 0,

l
L

if 0 ≤ l < L

1 if l ≥ L

(E.2)
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Denoting the squared distance between source to destination asZ, the following relation fol-

lows from trigonometry property:

Z = (Dy − Sy)
2 + (Dx − Sx)

2 (E.3)

SinceSx, Sy, Dx, andDy are i.i.d.,(Dy−Sy) and(Dx−Sx) will also be i.i.d.; and their PDF can

be calculated by performing convolution on the PDF of its elements, resulting in the following

PDF:

f(Dx−Sx)(l) = f(Dy−Sy)(l) =






1
L

+ l
L2 if −L ≤ l < 0

1
L
− l

L2 if 0 ≤ l < L

0 elsewhere

(E.4)

By integration, the following CDF can be obtained:

F(Dx−Sx)(l) = F(Dy−Sy)(l) =






0 if l < −L,

1
2

(
1 + l

L

)2
if −L ≤ l < 0

1 − 1
2

(
1 − l

L

)2
if 0 ≤ l < L

1 if l ≥ L

(E.5)

The next step is to find the distribution of(Dy − Sy)
2 and(Dx − Sx)

2, which can be found

using the following technique of change of variables:

FX2(x) = Pr[X2 ≤ x] = Pr[X ≤
√
x] − Pr[X ≤ −

√
x] = FX(

√
x) − FX(−

√
x)
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which results in the following:

F(Dx−Sx)2(l) = F(Dy−Sy)2(l) =






0 if l < 0,

2
√

l
L
− l

L2 if 0 ≤ l < L2

1 if l ≥ L2

(E.6)

Taking the first derivation of the above CDF, the corresponding PDF is obtained as follows:

f(Dx−Sx)2(l) = f(Dy−Sy)2(l) =






1
L
√

l
− 1

L2 if 0 ≤ l < L2

0 elsewhere

(E.7)

Finally, the PDF of squared distanceZ can be calculated by performing convolution of two

PDFs:

fZ(z) =

∫ ∞

−∞
f(Dy−Sy)2(l)f(Dx−Sx)2(z − l)dl

=






0 if z < 0,

π
L2 − 4

√
z

L3 + z
L4 if 0 ≤ z < L2

4
L2 arcSin

(
L√
z

)
− (π+2)

L2 +
4
√

(z−L2)

L3 − z
L4 if L2 ≤ z < 2L2

0 if z ≥ 2L2

(E.8)
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