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Abstract

Mobile communications systems have proven to be very popular in the consumer market,
allowing ubiquitous communications and data transfer. New technologies and techniques are
being developed for deployment in future generation cellular networks to provide new and
higher quality services. Of particular importance in future generation networks is actively
combating fast-fading which causes random fluctuations in the power of a received signal over
short times and distances. This leads to a property know as spatial diversity where independent
fading signals can be received by antenna elements separated by a small distance. Combining
of the received signals can lead to an increase in the information data rate and reliability of
communications over the wireless channel.

Spatial diversity can be achieved in a cellular network by sharing information between Mobile
Terminals (MTs) where one MT acts as a relay supporting the data transmitted from the source
by forwarding information to the destination. Due to the cooperation between MTs this is
termed cooperative diversity. Initially this thesis considers the effect of cooperative diversity in
an environment where MTs are equipped with two antenna elements, effectively combining the
fast-fading combating techniques of cooperative diversity and multiple-antennas.

Cooperative diversity transmission can be performed by a number of different protocols, which
are termed Protocols I-V. Imposing system constraints on the network in order to make a fair
comparison between the protocols, and in-particular the traditional single-hop channel, allows -
the benefits of cooperative diversity to fully be established. An information theory approach is
taken using multiple antenna techniques to develop a framework for cooperative diversity. It is
shown that cooperative diversity can offer significant improvements in terms of probability of
outage and capacity. In-particular, an adaptive cooperative diversity protocol is developed to
select the optimal protocol dependant on channel conditions which shows a 4.25dB increase in
capacity, at the 5% outage level, for a single user.
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Chapter 1
Introduction

1.1 Introduction

The twentieth century has been one of unparalleled technological achievement and this is
continuing unabated at the start of the twenty-first century. Technology is a fundamental
building block to a modern sustainable society and is heavily relied upon for day-to-day life.
This concept is exemplified by the role of telecommunications in contemporary modern society,
which are almost ubiquitous in their deployment. At any location around the world a person
can now expect high quality personal communications, leading to a society which is heavily
dependant on telecommunications and the wide range of services it can provide. Increased user
mobility has necessitated the development of radio telecommunications that can provide access
to these services for those on the move. As consumers demand new and higher quality services,

technology has had to progress and new avenues of research have opened.

The transfer of information by radio originated from the theoretical work carried out by
Maxwell in 1864 [1, p.1], three decades after Morse developed the telegraph. The equations
developed by Maxwell were confirmed experimentally by Hertz in 1888 [2, p.8], whose work
in combination with many other researchers in this area inspired Marconi to develop the
first commercial radio system, including life saving ship-to-shore wireless communications
equipment. Development of wireless communications gathered pace in the early 1900s once
it was realised that there was a commercial aspect to the technology, and was further helped
by DeForest’s invention of the triode vacuum tube which offered significant amplification of
an electrical signal. High Frequency (HF) communications became the standard signalling
frequency range due to the relative accessibility to the technology available and the discovery

of ionospheric propagation by Kennelly and Heaviside allowing long distance communications.

The first land based mobile telecommunications service was installed and operated by the
Detroit Police department in 1921 [2, p.25-26]. The police commissioner at the time believed
that automobiles had given criminals an advantage in speed and that being able to deploy police

cars using radio, which operated in the 2MHz band, countered this advantage. Several obstacles
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were encountered during this early deployment, including the sensitivity of the vacuum tubes
and the operational battery life. Broadcast radio began to grow in popularity and regular
programming became commonplace in the 1930’s. However, development of commercial
radio stalled during World War II, during which the military advantage of radio systems was

aggressively pursued by research and development teams.

Technological advances made during World War II allowed higher frequencies to be exploited
for radio communications, leading to the introduction of the Improved Mobile Telephone
Service (IMTS) by Bell Laboratories in 1969. This system, operating initially in the 150MHz
band with 11 channels, each with 30kHz bandwidth, offered considerable improvements over
the original Mobile Telephone Service (MTS) by providing full duplexing support, and full dial

access to and from the mobile station [3, p.3].

As the demand for wireless communications increased in the 1970’s the requirements for more
channels to be made available grew. In response to the fact that the electrorﬁagnetic spectrum is
a finite resource, network designers have sought wireless deployment methods which utilise
the fixed frequenC).l allocations made by the radio spectrum licensing bodies in individual
countries as efficiently as possible. First generation (1G) cellular networks were developed
in response to this concern and were deployed in the early 1980’s, where frequency reuse is
employed to achieve much greater spectral efficiency’ [4, p.12]. 1G cellular networks typically
operated in the 800MHz-900MHz band, allowing a considerably higher number of channels
to be made available, while still allowing 25kHz-30kHz of bandwidth per-channel, and were
based on analogue techniques. There was little co-ordination between the development of
1G networks, with several companies promoting their own implementation, making roaming

between networks deployed in different countries a practical impossibility.

The first generation of cellular networks quickly became very popular and demand for greater
user capacity was again met by the wireless research and development community. The Groupe
Spécial Mobile (GSM)? was formed to address the problems with 1G networks, and develop a
specification for second generation (2G) cellular networks [5]. After several years of discussion
and technical demonstrations a digital system was decided upon and the first signing of the
GSM Memorandum of Understanding (MoU) was made in 1987 [6]. This was a key moment
as GSM sought to create a pan-European cellular standard. Using digital techniques GSM

!Cellular networks are discussed in more detail in chapter 2.
2L ater known as the Global System for Mobile communications
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ensures that the frequency spectrum available was employed more efficiently than that used
by 1G networks, in-particular cell sizes were much smaller allowing for greater frequency
reuse and the communications data could be compressed using digital techniques. Although
other 2G networks were deployed (particularly in North America) GSM quickly became a
global standard due to its popularity in Europe and its scalability. The success of mobile
communications and GSM is illustrated by the fact that as of June 2006 worldwide GSM

subscriptions stood at two thousand million subscribers [7].

Although 2G networks are well equipped to cope with the subscriber number demands
placed on the system due to their scalability, consumer demand for higher quality voice
communication, faster data transfers and new multimedia services has spurred development
of third generation (3G) cellular networks. Based upon modern Digital Signal Processing
(DSP) and manufacturing techniques 3G developers attempted to recreate the success of the
GSM global standard through the creation of the International Mobile Telecommunications
(IMT) family of standards [8,9]. While generally successful, IMT describes a wide-range
of standards as patent holders pushed for their techniques and technologies to be adopted.
3G networks typically operate in the 2GHz band and require a licence to operate. The initial
exf)ense of this licence was illustrated in the UK where the net revenue for the five available
licences was £22 thousand million [10]. 3G network cell sizes are reduced, compared to their
2G counterparts, due to the increased free space loss at higher frequencies as the transmit
power of the base stations is limited, leading to a large required deployment of 3G base
stations to meet the required coverage standards expected by consumers. This has lead network
operators to introduce 2G fall-back from 3G ‘islands’ where a 3G equipped mobile unit will

use a 2G network if 3G coverage is not available.

3G networks introduced new services such as video conferencing and internet connectivity due
to the higher data transfer rates available, however consumer demand has continued to grow
for high data rate connectivity. The introduction of the IEEE 802.11 wireless specification as a
short range communications protocol in 1997 and its rapid development thereafter has spurred
this demand. This has lead research and development teams to consider future generation
cellular networks, often called fourth generation (4G) cellular networks [11-13] or *Beyond
3G’.

To provide higher data rates to mobile devices future generation networks will see a step up in

standard carrier frequency, as observed in previous generation networks. It is typically expected
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that the unlicensed SGHz band will be used, although use of the unlicensed 60GHz band has
also been proposed. This step up in frequency will reduce the cell size further from the 3G cells
due to propagation laws of radio waves, and this problem will be particularly acute at 60GHz.
Therefore, 60GHz is not likely to be supported by the network operators due to the increased
number of base stations that would be required for such a deployment. Global standardisation of
the frequency bands used is an important part of the development of future generation networks
in order to ensure roaming is possible and to reduce handset manufacturing costs. A meeting
of the World Radio Congress (WRC) in 2007 will attempt to address the issue of spectrum

allocation for future generation cellular networks [14].

Data transfer rates of up to 100Mbps for moving terminals and 1Gbps for low mobility terminals
have been suggested for future generation networks [15]. Although these targets may be met
by researchers they are not likely to translate directly into real world application, as observed
with the 2Mbps promise of 3G networks [16, p.11]. However, increased data transfer rates are
a primary goal of future generation networks and significant research is currently being carried

out in this area.

As the cell size is expected to decrease with the move to a highér frequency band in future
generation networks, the cost of deploying the network infrastructure becomes a significant
concern, particularly in areas of low population density. To address this problem two different
network architectures have been proposed, both of which are significantly different from current

generation networks:

e Relaying

e High Altitude Platforms (HAPs)

In a relaying network, multi-hop communications links can occur between a base station and
mobile devices, thereby increasing the coverage area of a single cell [17-19]. In such a
network ad-hoc communications without the aid of a base station between terminals becomes .
a possibility, possibly reducing the demands on the base station and also allowing intra-cell
communications between devices which are geographically close although not in the same cell.

This is termed fuzzy edge cells. Such a relaying architecture is shown in Figure 1.1(a).

~ An alternative architecture to relaying is that of employing HAPs to create very large cells to

give complete coverage over the area of interest, and deploying hot-spot islands with a more
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(b) Core network

Figure 1.1: Two possible architectures of future generation cellular networks: (a) Relaying
based architecture to increase coverage area, (b) HAPs based network where wide
area coverage is provided by a high altitude platform.

traditional cellular architecture in areas of high population density [20-22]. In such a system an
unmanned platform would fly at altitudes of 17km-22km, which reduces the latency problems
that would be encountered in trying to employ Low Earth Orbit (LEO) satellite communications
systems as a solution. A broadband link such as a microwave communications channel would

provide the HAP with a connection to the core network, Figure 1.1(b).

Both of the considered architectures are likely to use an Internet Protocol (IP) core to provide
the backbone infrastructure for the network [23]. This is highly advantageous to the deployment
of future generation networks as fast and reliable IP networks are already in place in many
countries and it can be used as a gateway protocol to many other services and networks. This

is illustrated in Figure 1.2.

1.2 Thesis structure

This chapter is a brief introduction to the background of wireless communications, highlighting
the path to future generation cellular networks. The demands that are being placed on
next generation networks were explored and network architectures which are currently in

development, were introduced.

Chapter 2 continues the introduction into wireless communication networks by initially

exploring the fundamental properties of the wireless channel. In-particular, the issues faced by
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Source: ITU-R Radio Assembly, Geneva 2-6 June 2003
Figure 1.2: IP core at the centre of future generations of mobile communications.

designers of wireless networks, such as fast-fading, are characterised. Several of the available
methods that can be employed to provide multi-user duplex access are then introduced.
Following this, methods to combat fast-fading using the unique properties of the wireless
channel are presented, including multiple antenna techniques. These techniques are then
expanded to consider the situation where the number of antennas in a mobile device are limited
and relaying is explored to combat fast-fading in such a situation. Specifically, cooperative
diversity is considered. Orthogonal Frequency Division Multiplexing (OFDM) techniques are
introduced as an alternative technique, which can also be employed to combat fast-fading.
Finally, the aims of this thesis are presented against the background of research currently

available.

Chapter 3 initially considers the Shannon capacity benefits of utilising cooperative diversity in
a network, expanding on the body of work currently available. Cooperative diversity techniques
in the situation where mobile terminals in an ad-hoc network are each equipped with two
antenna elements are then explored. Constraints are placed on the network model such that
the time, power and bandwidth of the transmitted signal are limited to be the same as the
traditional single-hop transmission. This is done in order to make a fair and direct comparison
between the techniques used in current generation networks and cooperative diversity networks.

Several multiple antenna techniques are utilised to explore completely the benefits which can
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be obtained.

Chapter 4 is dedicated to developing an information theory framework for the situation where
mobile terminals are equipped with only one antenna element and introduces the complete
family of cooperative protocols, extending the system constraints in the previous chapter to
this framework. Multiple antenna element techniques are employed to explore the different
relaying methods available and develop an information theory approach to characterise this
network. Of particular importance in this chapter is the power constraint on the system. An
analytical approach is taken to optimise the transmit power levels for relaying protocols where
this constraint is a strong limitation. Finally, a performance comparison between the relaying

protocols is made.

Chapter 5 considers two methods to optimise further the performance of the cooperative
diversity protocols. Initially, the effect of using cooperative diversity over OFDM tones and,
in particular, the effect of collision in the second phase is explored. This is considered in
a frequency-selective fading environment and the performance of the cooperative diversity
protocols in such an environment are considered. Finally, an adaptive protocol is considered

where the optimal protocol, dependant on channel conditions, is selected for transmission.

The objective of the final chapter is to summarise the work presented in this thesis and highlight
its limitations. Future work based upon the information theory framework presented and
the implications of the results obtained on the development of relaying techniques for future

generation networks are also discussed.

1.3 Contributions of this thesis

The benefits of relaying for future generation cellular networks have not yet been fully
characterised. Developing a framework which enabled such an assessment to be carried out is
the primary goal of this thesis, under conditions which make a fair and direct comparison with
the traditional single-hop channel. The system constraints which enable this comparison to be

made are central to this thesis and are fully introduced in the following chapter.

In the following chapter the possibility of using a relay network where each terminal is equipped
with multiple antenna elements is considered. Such a system offers the joint benefits of spatial

diversity from multiple antenna elements, but also from the cooperative diversity protocol.
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A single information theory framework is very important to be able to fully characterise the
relay channel and the cooperative diversity protocols which it makes possible. This is one of
the primary contributions of this thesis and is presented in chapter 4. Multi-carrier techniques
are considered in a cooperative diversity context, in the first half of chapter 5, which offers the
benefits from both methods and this is optimised by using the framework previously developed.
Finally, an adaptive protocol is developed and presented, utilising the optimal transmission

protocol based on instantaneous channel conditions.



~ Chapter 2
Spatial diversity for ad-hoc wireless
networks

2.1 Introduction

In the previous chapter the need to increase the reliability of communications and the data
capacity of wireless networks, particularly in cellular systems, was identified. In response to

this need, it is proposed to

e Develop techniques to combat the challenges presented by the wireless channel to data

communications (which is the main goal of this thesis), and subsequently

e Optimise the developed techniques to maximise the throughput achievable in a practical

implementation of the proposed techniques.

The feasibility of this approach can be assessed by developing an information theory framework
for the proposed techniques, which make use of one of the traditional pitfalls in wireless
communications, fast-fading [24,25]. Results from this framework are then compared and
contrasted with traditional wireless communications techniques, allowing conclusions to be

drawn on the effectiveness of the proposed framework.

This chapter initiates the development of the proposed technidues by considering the
fundamental properties of the wireless communications channel. In particular, the traditional
cellular network is described with a view as to how it could be modified for future generation
networks. The causes of signal degradation in a wireless network are explored and presented

with a mathematical description.

Following this, the next section examines the relatively recent field of multiple antenna element
transmission and reception systems which can offer considerable increases in the performance
of a wireless communications channel [26,27]. This method has received a lot of attention

recently as the benefits it offers come only at the cost of complexity, rather than additional
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power, time or bandwidth. These benefits come from a property which is unique to wireless
channels called spatial diversity [9, p.174] which is fully explored in that section. Spatial
diversity is the corner stone of the work presented in this thesis, as its properties can be used to

combat problems that fast-fading causes for wireless communications.

Spatial diversity techniques are then developed for application in a wireless network where
the number of antenna elements at a transmitter or receiver may be limited. This is done by
introducing a paradigm shift for mobile networks, away from communication data generated
by Mobile Terminals (MTs) being shared only with the network infra-structure (as is the case
in current generation networks), to sharing information directly between MTs. This leads to the

introduction of ad-hoc wireless networks, and in particular cooperative diversity [28-30].

This chapter is therefore structured as follows. Section 2.2 introduces the wireless
communications channel both for the cellular environment and more generally for an
ad-hoc communications situation. Spatial diversity and multiple antenna techniques are
then considered in section 2.3 which is then expanded in section 2.4 to consider cooperative
diversity techniques. Section 2.5 considers multi-carrier transmission as a different method to
increase the data capacity of the wireless channel and section 2.6 discusses the contributions

of this thesis. Finally, conclusions are drawn in section 2.7.

2.2 The wireless communications environment

The wireless channel is a much more hostile environment to communications than the wireline
channel. Factors which are beyond the control of the network designers affect the reliability
of the signal at the intended destination, including reflections from possibly moving objects
and large obstructions such as buildings. In this section the wireless environment is explored
through current generation wireless systems and fundamental properties of the wireless
channel. The groundwork is subsequently laid for the consideration later in this thesis of future

generation networks.

2.2.1 The cellular environment

Before considering a more analytical overview of the wireless channel, it is useful to have

a clear view of how such a system might be used and deployed. As noted in the previous
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(a)

Figure 2.1: Diagrammatic representation of wireless communication architectures. (a)
Broadcast architecture with a single high power transmitter and a wide coverage
area, (b) Cellular architecture with several low power transmitters each covering
a small area.

chapter, wireless communications have become ubiquitous over the last decade and reliable
digital communication is expected to be available at all times by the general population.
Traditionally, wireless systems were used for one way communications, such as television
or radio. Since these -networks transmit data common td all nodes in the network in a
simplex manner from only one point with a very large coverage area (usually to the horizon)
they are termed broadcast systems [5], Figure 2.1(a). Beyond the horizon another broadcast
transmitter will provide coverage, using a different frequency to ensure that the is little or no
interference between transmitters. This design requires the use of a high-power transmitter in
a prominent geographical location (such as a hill top) and is not naturally suited for the two
way communications required for data exchange. This is due to the low number of available

channels per unit coverage area, resulting in poor use of the frequency spectrum available.

To overcome this problem, the cellular architecture was proposed [2] in the late 1940,
although not deployed until the 1980’s with the advent of the first generation of cellular
communication networks. In a cellular network, a large number of relatively low-powered
transmitting base-stations (typically 20W [31]) are used with a much smaller coverage areal,
where each area is referred to as a cell. The carrier frequency of an individual cell can be
used by another cell if they cause negligible interference between each other, i.e. if they are
separated by at least one cell of a different carrier frequency. This is termed frequency reuse and
leads to the traditional honey-comb pattern associated with cellular networks, Figure 2.1(b).

The cellular network allows for a low frequency reuse distance? making them attractive for

"Typically several kilometres in diameter
pically
2The frequency reuse distance is the metric used to measure the distance between cells which make use of the
same carrier frequency. :
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/

Figure 2.2: Signal degradation mechanisms in the mobile wireless environment: (a)
diffraction, (b) and (c) reflection, and (d) long time delays.

deployment as they are much more efficient in their use of the frequency spectrum, due to the
increased ratio of the available channels per unit coverage area, than broadcast infrastructure
networks. Furthermore, cells can be of variable size, so in high population density areas (a city
centre) the cell size would be smaller than that found in areas of low population density (the
countryside). This technique is commonly known as cell splitting [32] and shows how flexible

the cellular architecture can be.

As previously mentioned, the mobile radio environment is particularly hostile to reliable
communications. There are many reasons for this, several of which are illustrated in Figure
2.2 which shows a conceptualised cell in a wireless network [33]. The difficulties that can be

expected in wireless communications include
e Diffraction, (a), occurs typically when the radio wave passes over the edge of a building
or through a small gap. Diffraction can occur multiple times for a single path.

e Reflection, (b) and (c), is the mechanism of the signal being reflected off surfaces such

as buildings, buses or trees.

e Long time delays, (d), leading to a situation where signals can arrive at the receiver
significantly out of phase causing Inter-Symbol Interference (ISI) as information from
the previous data transmission may arrive at the receiver when it is expecting information

about the next data transmission.

The received signal at the destination terminal is the phasor superposition of all signals received

12
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from the scattering paths listed above. This effect is known as multi-path propagation.

2.2.2 Mobile radio propagation

Using wireless signals for data communications means utilising certain frequencies in the
electromagnetic spectrum to perform the intended function. The laws of electromagnetic wave
propagation are well understood due in part to the pioneering experiments of Michael Faraday
and the all-encompassing theory of electromagnetism developed by James Clerk Maxwell [34].
As a mobile terminal moves around in the wireless environment the received signal varies
significantly. The changes in the environment which cause these variations can be broken into
four distinct sections which are grouped by the distance of movement that the mobile terminal

must undergo to observe the effect:

o Fast-fading is the observed effect over short distances and leads to independent fading
signals being observed over half a wavelength in a high scattering environment, caused

by the addition and subtraction of in- and out-of-phase signals at the receiver, Figure 2.3.

¢ Frequency-selective fading occurs when the bandwidth of the transmitted signal is
greater than the coherence bandwidth of the channel or the delay spread is greater than

the symbol period giving rise to noticeable time delays in the received multipath signal.

e Shadowing (slow-fading) is the effect on the received signal caused by large obstructions
such as buildings in the urban environment or hills in the rural environment. This is a

medium term variation (noticed over distances of hundreds of wavelengths).

o Path-loss is caused by the dissipation of energy as the distance for the transmitter
increases, and as such is observable over large distances (several hundreds of

wavelengths).
A number of deterministic and empirical models have been developed to provide tools for

simulation of the wireless environment. The following sections describe, mathematically, the

above causes of signal degradation at the receiver.

13



Spatial diversity for ad-hoc wireless networks

01 -

Received signal magnitude (dB)

0'01 1 1 i 1 1 1 F.ﬁ (W’ 'wp
(] 1 2 3 4 5 6 7 8 9 10
Distance normalised to signal wavelength

Figure 2.3: Typical observed signal power at a receiving terminal showing the effect of
fast-fading.

2221 A mathematical description of fast-fading (quasi-static fading)

As previously considered, fast-fading is caused by the super-position of the received signal
which has taken different paths (rays) between the transmitter and receiver. Fast-fading can be
considered to be quasi-static fading (i.e., constant over the time period of a single symbol) when
the bandwidth of the transmitted signal is less than the coherence bandwidth of the channel or
the delay spread is less than the symbol period. A mathematical model was proposed for this
super-position of N complex (phase difference) waves at the receiver, where the received signal

is given by

N
7= ZAie—jkvtcosa,- 2.1)
i

where A; is the complex amplitude of the ith multipath component, k = 2n/) is the
wavenumber, v is the velocity of the receiving mobile terminal and ¢ is the angle between the
direction of movement and the azimuthal arrival angle of the ith multipath component. The

received signal can be expressed as a Fourier series by using the substitution A; = R; + jS; as
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= X+jY 2.2)
N

where X = Z(R‘ coseg; + Sising;) (2.3)
N

Y = Z(S,- cose; — R;sing;) (2.4)

€i = kvtcosay 2.5)

where the real and imaginary parts of A; (R; and S; respectively) are random variables.

The magnitude of the received signal (2.2) is therefore

1Z| = VX2 +Y? (26

As a consequence of the central limit theorem [35] for large N the two components X and YV’
can be considered to be Gaussian random processes [36]. Therefore the Probability Density
Function (PDF) of the magnitude of the received signal (2.6) as the joint PDF of X and Y is
given by the Rayleigh distribution function as

2

=

Ie 202

flz) =

= 2.7
That fast-fading can be effectively modelled by the Rayleigh distribution has several empirical
studies to back this claim up [37,38]. Other fast-fading models also exist including Rician
fading [39], which is similar to Rayleigh fading but has a strongA Line-Of-Sight (LOS)
component and Nakagami fading [40], of which Rayleigh fading is a special case. Nakagami
fading is a useful model as it can fit a wide variety of fading statistics, such as multipath
scattering with relatively large delay-time spreads, however it is harder to justify physically
than Rayleigh or Rician fading. The primary aim of this thesis is to combat fast-fading and
therefore an accurate model is required. Due to the supporting empirical evidence and relative

simplicity of the Rayleigh fading model, this is the model that this thesis will consider.
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2.2.2.2 A mathematical description of frequency-selective fading

Frequency-selective fading occurs when multi-path signals are spread significantly over time
as well as space such that strong component signals with a significant time delay are recorded
at the receiver after their transmit symbol period has passed, which gives rise to ISI. Wireless
communication protocols are designed with this effect in mind and typically the symbol period
of the network is designed to be longer than the expected delay spread of the transmitted signal.
Therefore the received signals caused by time spreading have insignificant power and their
interference effect can be discarded for the next symbol. However, this is not always the case,
particularly in environments where large delay spreads can be expected and a short symbol

period is used.

Frequency selective fading can be modelled by summing the received signals from all paths
taken between the transmitter and receiver. This is the same as integrating over the power delay
p;oﬁle at the receiver, models for which are given in COST-207 [41, p. 137]. For example
COST-207 gives the power delay profile for the typical rural (non-hilly) area as

e 927 for0< T <07
P(r) = 2.8) -

0 elsewhere

where 7 denotes the time delay.

- To reduce the computational complexity of simulating a frequency-selective fading channel,
a Finite Impulse Response (FIR) filter can be used with a set number of taps to simulate the

recorded time delays, and tap weights to reflect the strength of the recorded signal, such that

I +
P(r) =Y Pb(rie1 % AT) 2.9)
i=1

where P(7) is the total received power, T is the delay, I is the number of taps, A7 is the
time spacing of the taps, P; is the ith tap weight and § is the Dirac-delta function. It should
also be noted that each path in the multi-path propagation environment will undergo individual

quasi-static Rayleigh fading.

More complex models have also been developed, as well as more environment specific models,
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such as indoor models at particular frequencies [42].

2.2.2.3 A mathematical description of shadowing

Medium term variation in the power of the received signal at a mobile terminal is termed
shadowing due to the effects that cause it. Shadowing arises due to obstacles in the path
of the radio signal’s propagation such as hills, buildings and trees. Shadowing is also often
referred to as slow-fading in literature due to the similarities to fast-fading, but is observed over
longer distances. At 900MHz the effect of shadowing can be seen over distances of around
25-100m [43]. The effect of shadowing on a received signal depends heavily on the frequency
of the carrier wave. For example, a communications signal using a low carrier frequency might
diffract around a building giving the receiver a strong signal, however a signal using a much

higher carrier frequency would not diffract around the building giving a poor received signal.

Empirical results have shown that the mean received power at the mobile terminal, m(t),
follows a lognormal distribution, i.e., R = logm(t) is normally distributed with a standard
deviation of approximately 6-8dB for an urban environment [9,24, p.121]. The PDF of the

lognormal distribution can be expressed as

1
Heimo) = ——=e—(Inz - p)?/20* (2.10)

where 1 and o denote the mean and the standard deviation respectively.

2.2.2.4 A mathematical description of path-loss

Long term variation in the received signal power from the transmitter can be attributed to
path-loss, which is caused by the dissipation of the transmitted signal as it radiates out from

the transmitter in free-space. The free-space path loss is well known to be [43]

A 2
Lr = (m) 9T9R (2.11)

where gr and gg are the antenna gains of the transmitting and receiving antennas respectively,

A is the wave-length and d is the distance from the source. Expressing this in logarithmic terms
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gives the path-loss (Pr — Pp) as

Lr = —10log g7 — 10log gr + 201log f + 20logd — 20log i (2.12)

where Pr and Pp are the transmitted power and received power respectively and c is the speed

of light.

There are mény combinations of the above phenomenon, and multiple models for each. Due to
the complexity of the wireless environment it is not possible to simulate every possible path
in the muli-path scenario, leaving statistical analysis as presented above as a requirement
to develop simple simulation models. This provides a very accurate method of ensuring

simulations are realistic, assuming correct models for the environment are chosen.

2.2.3 Signal duplexing

To facilitate two way communications, wireless networks can either employ Frequency
Division Duplexing (FDD) methods or Time Division Duplexing (TDD) methods. In FDD
the channel is split into two distinct sub-bands, where one is assigned to be the uplink band,
and the other is the downlink. This assignment does not necessarily have to be symmetrical,
and often this is not in the case where data communications suggest that more data would be
transmitted in one direction. An example of this is the viewing of web-pages. In this case
a request for the web-page is made by the client to a server, which requires very little data
transfer. The requested data is then sent from the server to the client, requiring large amounts

of data transfer relative to the original request.

In the case of TDD all sub-bands will be assigned for uplink data at one time instance, and then
downlink the next. This requires high precision timing synchronisation between the BS and all

mobiles in the network. Like FDD, TDD can also be assigned to be asymmetric.

2.2.4 Multiple access methods

Mobile radio networks must provide services for multiple users to be able to simultaneously
connect to the network for data exchange, either between mobile users in the same cell, or to an

external cell or network (such as the Public Switched Telephone Network (PSTN). There are
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three fundamental methods which can be used to provide Multiple Access (MA) to the network
[44]:

Frequency Division Multiple Access (FDMA)

Time Division Multiple Access (TDMA)

o Code Division Multiple Access (CDMA)

Space Division Multiple Access (SDMA)

2.2.4.1 Frequency Division Multiple Access

In FDMA systems the available frequency spectrum is sub-divided into contiguous frequency
bands which are then allocated to the mobile users as required. A small gap, called the guard
band, is left between frequency bands such that they do not interfere with one another. FDMA
is illustrated in Figure 2.4(a) [5].

2.2.4.2 Time Division Multiple Access

A TDMA system assigns the entire frequency spectrum available to a single mobile at any one
time and rotates access between the mobiles in the network by allowing each terminal to access
the network for only a limited time, Figure 2.4(b). Similar to FDMA, TDMA systems require

a gap between the multiple access data carriers, in this case called a guard time.

2.2.4.3 Code Division Multiple Access

The CDMA system is significantly different from FDMA and TDMA as it allows multiple
"users to utilise the same carrier frequéncy at the same time, Figure 2.4(c). Although this
appears initially counter intuitive, by modulating the transmitted signal using a high speed
‘chip-code’ to spread the signal over a wide frequency range?, as shown in Figure 2.5, it is
possible to use the inverse of the chip-code to recover the signal of interest at the receiver,
with limited interference. This provides limited inherent security, since the original code is

required to receive a single signal. For this reason CDMA initially found application in military

3This gives rise to the term spread spectrum.
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Figure 2.4: Multiple access strategies for M users: (a) FDMA, ( b) TDMA, (c) CDMA.

communications, particularly missile/torpedo control [45]. There are a number of methods

which can be employed to accomplish CDMA including, but not limited to:

e Direct Sequence (DS) spread spectrum - A data signal is spread over a wide frequency
range by modulating it onto a carrier frequency with a Pseudo-Random (PR) high speed
chip-code.

e Frequency Hopping (FH) spread spectrum - The available bandwidth is sub-divided into a
large number of contiguous frequency bands similar to FDMA techniques, and the carrier

frequency for a single data signal is changed rapidly between different frequencies in a
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Figure 2.5: Direct Sequence Code Division Multiple Access spread spectrum method to
combine the high speed chip-code with user binary data resulting in a coded high
rate data signal.

PR fashion.

e Time Hopping (TH) spread spectrum - A short data pulse is transmitted having either a
PR pulse duration or the data pulse is transmitted in a random time position relative to

the input bit period.

2.2.4.4 Space Division Multiple Access

SDMA systems exploit the fact that transmitted signals have a limited range by assigning the
entire frequency band that is available to a single node, which is separated by a large enough
distance that its signal will not interfere significantly with other nodes. In practice this means
that only one transmitting terminal can be located in an area, typically several kilometres
in the case of GSM transmission. Despite this SDMA is a natural phenomenon in wireless

communications, and allows frequency reuse, as discussed in the previous chapter.

2.2.4.5 Practical implementation

In practical deployment no single one of the above systems is suitable on its own, rather an
appropriate combination must be developed into a standard protocol for deployment. GSM is
an excellent example of such a system which has been very well received in the market place.

In a GSM network FDD is used to provide two way communications, where approximately
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25MHz in total is dedicated to both the uplink and the downlink separately® [31]. The link in
each direction is then divided into channels of 200kHz in an FDMA fashion, each of which is
then further divided into eight TDMA slots, each of which is 0.577mS long. This allows GSM
to provide data-rates of up-to 13kbps for voice data. There is also considerable overhead used

in the GSM system for timing synchronisation and resource allocation.

Newer networks such as 3G systems employ FDMA and TDMA techniques similar to the 2G
GSM system, however they also provide access protocols for CDMA techniques, due to the
flexibility it provides for the network operators, and the potentially increased efficiency of the

use of the radio spectrum available.

2.3 Spatial diversity

As the previous section showed, one of the pitfalls of wireless communications is fast-fading,
where the characteristics of a received signal can change dramatically over short distances and
short time intervals. Although this effect can cause considerable problems for the designers of
wireless communications systems and their protocols, it can also be leveraged to the advantage
of communications as the signals that are received are separated in both space and time.
This leads to independent signals which can be received by use of multiple receive antennas.
Similarly multiple transmit antennas can be used to help mitigate the multi-path fast-fading
effect and the two methods can also be combined in space [26, 27, 46] and space-time [47, 48]
techniques. The use of multiple antennas at either the transmitter or receiver if often referred
_to as smart antennas due to their ability to use diversity and also potentially use interference

cancellation techniques [49]. This phenomenon is termed spatial diversity.

The use of multiple antennas to achievé diversity dates back to Marconi and the early radio
pioneers, however it was World War II which, as an engine of change, drove considerable
research into the area of using antenna arrays for radar systems to exploit spatial diversity
[50, p.1-8]. The 1970’s saw a further interest in multiple antenna systems with the advent of
DSP technologies, which helped to dramatically improve diversity and interference cancellation
techniques [51]. The deployment of GSM in Europe in the 1990’s and then around the world

saw a large scale deployment of smart antennas where two transmit antenna elements are often

“This discussion assumes that the 800MHz GSM band is being used. 900MHz and 1900MHz bands are also
available for use in GSM networks.
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used at the base-station to achieve spatial diversity. At the time, the extra cost and complexity
was considered to be more affordable at the base-station than on a small mobile phone handset
[49]. Recent advances in both the field of DSP and manufacturing mean that this is no longer a

necessary constraint.

Importantly, to achieve spatial diversity and take advantage of the benefits offered by multiple
element antenna arrays, the antenna elements must be separated by a large enough distance to
ensure that the signal received by each element has no correlation with that received by the
other elements. To ensure this independence of the received signals it is typical to space the
antenna elements by several wave-lengths [28], although this independence can be obtained
over half a wave-length in a high scattering environment. Therefore the required distance
of separation changes with frequency. For the expected carrier frequency of SGHz for next
generation networks, this translates to a required separation of 2.5-10cm for 0.5-2 wave-length

spacing for the MT antenna elements’.

2.3.1 Exploiting multiple antenna systems

There are multiple configurations which can be used in multi-antenna element systems.
Single-In Single-Out (SISO) is the traditional wiréless link between a single transmit antenna
and a single receive antenna. In the literature the Single-In refers to the transmitted signal
which is injected into the wireless channel, and the Single-Out refers to the received signal
coming out of the wireless channel. This is often referred to as a 1x1 channel to reflect the
number of antenna elements. The capacity of the. SISO channel was found in the landmark

paper by Shannon in 1948 [52] as

I =log,(1 + plhspl?) b/s/Hz (2.13)

where hgp is the normalised complex channel gain between the transmitter and receiver, and
p is the Signal to Noise Ratio (SNR) at the receive antenna element. Note that under the
assumptions made in this thesis, the capacity of a communications channel can be termed

either Shannon capacity or bandwidth efficiency, and both terms are regularly used in the

5The MT can be assumed to be in a high scattering environment while in an urban location, however a
base-station is usually located at the top of a building or spire, leading to reduced scattering at the base-station.
In such a case the required separation will be on the order of 5-10 wave-lengths (25-50cm)
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literature. Therefore, since the terms are mathematically identical in this thesis the terms are

used interchangeably.

A Single-In Multiple-Out (SIMO) system has multiple receive antennas (Mg) and a single

transmit antenna and is referred to as a Mg x 1 channel. A SIMO channel has a capacity of

Mp
I=1logy(14p ) |hspil*) b/s/Hz (2.14)

i=1

where hgp, is the channel gain for antenna 4. In this case increasing Mg results in only a

logarithmic increase in capacity.

A Multiple-In Single-Out (MISO) system has a single receive antenna and multiple transmit

antennas (M) in a 1 x M7 system. The capacity of this configuration is given by [26] as

My
P 2
I=1 14— hsp, b/s/H 2.15
0gs +MT;| soil?) z @15)
where the normalisation by M7 ensures a fixed total transmitter power. As can be observed,
(2.14) and (2.15) are very similar, with the addition of the transmit power constraint in the
MISO case. This constraint ensures that additional transmit power at the transmitter is not

used, when compared with the single antenna case.

The Multiple-In Multiple-Out (MIMO) system has multiple receive and transmit antenna
elements in a Mp x M7 configuration. The MIMO capacity equation is found [26, 53] to
be

Igp = log, (det <IMR + MP-HH*>> b/s/Hz (2.16)
T

where * denotes the transpose-conjugate and H is the Mg x M7 channel matrix. Igp denotes
that in (2.16) Equal Power (EP) is used at each transmit antenna element. Note also that the
assumption is made such that the covariance matrix of the transmitted signal matrix x, Rxx =
e{xx} must satisfy Tr(Rxx) in order to constrain the total average energy transmitted over
a symbol period. Foschini [26] and Telatar [27] demonstrated that the capacity of the MIMO

channel (2.16) grows linearly with min(Mg,Mr) as shown in Figure 2.6. Figure 2.6‘also shows
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Figure 2.6: MIMO bandwidth efficiency for various SNRs against the number of antenna
elements in the transmitting and receiving arrays (Mp = Mr).

the very large capacities which can be achieved with Mr = Mr. Part of the challenge now
facing the wireless communications community is how these capacity benefits can be realised

for mobile communications.
In summary all four antenna configurations are shown in Figure 2.7.

The benefits offered by the use of multiple antenna elements are due to

e Array gain
e Diversity gain
e Spatial Multiplexing Gain

e Interference Reduction

These four topics are now discussed in more detail.
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Figure 2.7: Multiple antenna transmit and receiver configurations, with a maximum of two
transmit or receive antennas. :

2.3.1.1 Array gain

Array gain refers to the gain that can be made available in SNR at the receiver due to signal
processing at both the transmitter and receiver due to a coherent combining effect. For example
in the SIMO channel, signals arriving at the receive antenna array have different amplitudes and
phases. The signals can then be combined coherently so that the resultant signal is enhanced.
For system architectures with multiple transmit antennas, knowledge of the channel is required

to exploit the array gain, which implies feedback from the receiver in the transmission protocol.

2.3.1.2 Diversity gain

As has been previously discussed in this chapter, signal power at the receiver in a wireless
system fluctuates randomly (Rayleigh fading). By using multiple antennas, information can be
transmitted over Mr x My independent fading channels. The probability of all channels being
poor decreases as the number of antenna elements considered increases, leading to improved
commur;ications reliability. Assuming that the Mp x M7 channels can be suitably combined
at the receiver, the variability of the received signal’s amplitude is greatly reduced, leading to a
Mpg x Mrth order diversity gain. Extracting spatial diversity using multiple transmit antenna
elements, with the absence of channel knowledge at the transmitter, is possible using suitably
designed transmit signals known as Space-Time Codes (STC). Due to the potential benefits

from realising such codes, STCs have attracted a lot of interest from the research community
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[54-57].

2.3.1.3 Spatial Multiplexing gain

As demonstrated previously in the discussion of the capacity of the multi-antenna element
configurations, the MIMO system can offer a linear increase in capacity as the number of
transmit and receive antenna elements increase. This is termed the spatial multiplexing gain and
can be realised in the MIMO channel, with no increase in transmit time, bandwidth or power.
This is one of the main reasons why multi-antenna systems have attracted intense interest in

previous years, due to the extremely high capacities that can be achieved (2.16).

In systems which empioy Spatial Multiplexing, the bit stream to be transmitted is demultiplexed
into M half-rate information streams (assuming M7 transmit antenna elements), and then
modulated and transmitted simultaneously from each transmit antenna. The receiver can then
extract both signals, and with knowledge of the channel conditions fully separate them and

reconstruct the original information stream [51].

2.3.1.4 Interference reduction

Co-channel interference exists in wireless systems due to frequency reuse. Using multiple
antenna techniques the receiver is able to differentiate between the spatial signatures of the
desired signal and the co-channel signals using knowledge of the desired signal. Subsequently

the receiver is able to reduce the interference from other users of the wireless network [58].

2.3.2 Practical implementation considerations

It is important to note that it is not possible to exploit all four of the above mentioned benefits
of MIMO transmission at the same time due to conflicting demands on the degrees of freedom
that are available (M7 x Mpg). The designers of a wireless network must select an appropriate

combination of techniques based on the requirements of each individual network.
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2.4 Cooperative diversity

In the wireless communications market, device size is an important constraint to be considered
since the consumer must carry their device with them. Therefore a maximum of two antenna
elements might be used on a device the size of a mobile phone at the target carrier frequencies
(5GHz) for future generation cellular networks. A laptop computer or similar sized mdbile
device might be equipped with up to eight antenna elements. The challenge presented to
designers of mobile networks is how to translate the advantages offered by multiple element
antenna arrays into practical benefits of a deployed network where the number of antenna

elements are limited.

Mobile terminals situdted in different geographical locations are each able to receive the same
signal and process it independentlyS. Although each terminal receives a different independent
fading signal they have no method by which to make use of the diversity that exists between
each terminal. By sharing information about the received signal between terminals, the benefits
of spatial diversity can be utilised. For example, one MT might be in a deep fade in the signal
sent by the original transmitter, and another might not, therefore enabling the second MT to
forward the information on to the first. This effectively creates a Virtual Antenna Array (VAA)
[59, 60]. The sharing of information represents a paradigm shift in cellular communications,
since MTs can currently only communicate with the local base-station. Due to the sharing of
information between MTs to benefit from diversity, this technique has been termed cooperative

diversity [28,29].

The sharing of information between MTs cannot be readily implemented in a cellular network
for several reasons which need to be addressed by the research community. In-particular the
benefits of deploying a cooperative diversity network in a situation similar to a cellular network
must be fully quantified, which is a primary goal of this thesis. Battery life issues must also be
considered since MTs acting as relays for other MTs will be required to transmit extra data, as
well as their own, which is a battery intensive process. The extra transmission of shared data
between MTs will also create extra interference which is an important consideration. Finally,
the sharing of information between MTs implies that security must be an important factor in

any cooperative diversity network.

SCurrent generation wireless protocol inhibit this ability due to obvious security concerns
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Figure 2.8: Three terminal fading relay channel.

2.4.1 Cooperative relay channels

The basic relay channel, and its extension into multiple supporting relays, is central to the
study of cooperative diversity. The relay channel was originally introduced by van der Meulen
[61, 62] has subsequently been studied by several other authors and is shown schematically in
Figure 2.8. In the general relay channel the relay supports the source by recording the signal
sent from the source, processing that signal, and thén, possibly, sending some information
to the destination. By necessity, cooperative diversity is split into distinct two transmission
phases, each of which occurs at a different time giving rise to the term time split in cooperative
diversity literature. This is required as the relay initially does not have information to share with
the destination. In the first phase of transmission the source communicates with the relay and
potentially with the destination. Following this in the second phase the relay will support the
source in one of several configurations, while the source may potentially communicate with the
destination’. Although it is possible to develop transmission protocols with higher numbers. of
transmission phases, the work in this thesis is generally restricted to two transmission phases,

although this restraint is relaxed for discussion in chapter 6.
Cover and El Gamal [63] consider three configurations in which the relay can support the
source:

e Facilitation: The relay assists the source by minimising the interference it creates in the

received signal at the destination.

e Cooperation: The relay fully decodes the transmission from the source and re-transmits

"Note that this gives rise to several possible transmission protocols which are described fully in Chapter 4.
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some information about that signal to the destination. Specifically, the relay encodes the
bin index of the previous source message, from a random binning of the source messages.
The destination then suitably combines the two sets of information, coherently combining

the received identical bin indexes.

e Observation [64]: The relay transmits a quantised version of its received signal and
forwards it to the destination, which then averages its two received signals to reduce

the noise of the received signal.

These three relaying techniques are fundamental to all methods which are used in the present
literature. In the facilitation case the relay does not actively transmit to the destination, therefore
this is effectively the traditional single-hop channel previously considered in this chapter. In the
cooperation method the relay will decode the source message, potentially process the data and
then transmit information on to the destination. This information may simply !Je a re-encoded
version of the original source signal which would effectively remove the noise in the received
signal®. Alternatively the relay could transmit parity bits on to the destination [63]. This type of
relaying is broadly referred to as Decode-and-Forward (DF). The final method of observation,
as termed by Laneman [64], comprises of the relay simply conveying a representation of its
received signal on to the destination. This might take the form of quantising the received signal,
amplification and then forwarding the signal [65], or possibly compressing the received signal
before retransmitting it [63]. Of the observation methods, amplification is the most popular for

implementation due to its simplicity, and is therefore known as Amplify-and-Forward (AF).

Each of the DF and AF methods has its own advantages and disadvantages. DF is popular as
it removes the noise from the relay’s received signal, ensuring that each signal the destination
receives will only have noise induced by a single-hop channel (source to destination and relay
to destination). However this gain comes at the cost of processing power at the relay as it is

required to fully decode and then re-encode the signal.

The AF relaying method does not have this disadvantage, as it simply amplifies the received
signal, which can readily be done. However, it does imply that any noise in the received signal
at the destination is amplified and then forwarded to the destination. If the channel noise of the

source to relay channel is very low compared to the relay to destination this is an insignificant

81t should also be noted that while removing noise, it could also be enhancing noise if data corruption has
occurred between the source and relay
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factor and AF might be the preferred method. However, this is not a suitable assumption to be
applied to the study of a wireless network where a relay may potentially move geographically

as much as the destination terminal.

As DSP tools and processors become more effective and cheaper to install, the disadvantages of
the DF method decrease. Furthermore, there has been some work on the relative merits of AF
aﬁd DF relaying modes [30, 66] and combinations and adaptive protocols of such [30, 67]. DF is
generally shown to offer a small advantage over AF, depending on the environment considered.

Therefore, this thesis will concentrate primarily on DF methods.

2.4.2 Decode and forward

The information transmitted from the relay to the destination does not have to be exactly the
same message as was decoded from the source, as previously mentioned. Hannerstroem et al.
[68] considered Alamouti’s Space-Time Block Code (STBC) [56], which has proven to be a
popular avenue of research for cooperative diversity. Differential modulation techniques were
considered by Tarasak et ai. '[69], and Chu et al. [70] developed relaying techniques based
upon sending parity bits to the destination. One of the most promising areas of research stems
from the land-mark paper by Berrou et al. [71] which introduced error correcting codes called
Turbo Codes (TC) which could achieve near Shannon capacities in a communications channel.
Due to the time split between the source and relay transmitting in cooperative diversity, TCs
are a natural application to the encoded data the relay sends, and this has been the subject of

extensive research [72-74].

In this thesis no assumption is made about the data which is transmitted by the relay, instead
focusing on the Shannon capacity limit of the channel, to fully characterise the possible gains
from utilising cooperative diversity. Not only are there different methods for which information
the relay is to transmit but there are also two different methods by which the relay can be

selected to actively support the source:

e Laneman et al. [30, 75, 76] which requires a particular information rate to be received at

the relay.

e Nabar et al. [77,78] which uses the relay at all times, limiting the initial rate to be the

poorest of the source to relay link or the source to destination link.
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2.4.2.1 Laneman et al. - Required Rate DF

The DF scheme proposed by Laneman et al. and used extensively in literature, requires that the
relay (or set of relays) be able to decode the signal from the source in the first phase in order to
repeat the information to the destination in the second phase. If a relay cannot fully decode the
source’s signal (i.e. the source to relay link is poor) the relay does not actively transmit in the
second phase. In this thesis this method of DF is termed Required Rate DF (RRDF).

The basic cooperative diversity protocol which was considered by Laneman et al. [30,76] is
where the source communicates with both the relay and destination in the first phase, and then
remains silent in the second phase. The relay transmits in the second phase. This is only one
protocol of the complete family of cooperative diversity protocofs presented by Nabar et al.
[77], however it is the most popular in literature due to the fundamental work carried out by
Laneman et al. The complete family of cooperative diversity protocols is considered further

and extended in Chapter 4.

For this discussion of DF type relaying methods it is assumed that there is only one relay
available to support the source. Furthermore it is assumed that all channels are quasi-static
Rayleigh fading channels with fading coefficients being circularly symmetric zero mean
complex Gaussian random variables. Finally, perfect timing synchronisation is assumed
between transmissions and that the two transmission phases are equally split. Under these
conditions the Shannon capacity of the source to relay link in the first phase is given by

Laneman et al. [76] as

1
s = > log, (1 + Pﬁmm?) bis/Hz @17

where Ixy is.the mutual information exchanged between the transmitter X and the receiver Y,
Exvy is the average signal energy over one symbol period and the scalar hxy is the random,
complex-valued, unit-power channel gain between the source and destination terminals. In this
case X = S (the source) and Y = R (the relay). The factor of 1/2 arises from the two equal
duration time phases employed in cooperative diversity, since the source can only transmit

information for exactly 1/2 of the total time available.

Rearranging (2.17) to give the condition of the relay being able to decode the first phase

transmission, and substituting the mutual information Isg for the required rate, R, gives
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2R _1

h 2

(2.18)

where Egr/Np = SNR. In the remainder of this chapter it is assumed that all network channel
links have the same SNR, specifically Exy/No = SNR to simplify presentation. The case
where the relay is able to support the source in the second phase is denoted J, while the opposite

scenario is denoted 6.

1logy (SNR|hsp|? + SNR|hrp|* +1), §

IrrpF = (2.19)

3 logy (SNRlhsp|* + 1), 6

where D denotes the destination terminal.

2.4.2.2 Nabar et al. - Minimum Rate DF

Nabar et al. [77,78] consider a different approach to DF relaying, where the relay is always
active in the second phase. In this case, the source to relay link quality becomes a second
limiiing factor, as the transmission rate from the source cannot be higher than that which is
supported by the source to relay link. The source to destination link quality in the first phase
is the first limﬁing factor where the source cannot transmit at a rate higher than the source
to destination link can support. For this reason the Nabar method of DF relaying is termed
Minimum Rate DF (MRDF).

The Minimum Rate DF scheme can readily be shown to have a Shannon capacity of

(1 1
IyRpF = min {5 log, (SNR|hSD|2 + SNR|hgp|? +1), 5 logy (1 + SNR|hSR|2)
(2.20)

2.4.2.3 Comparison of DF techniques

As this thesis considers DF as the priméry relaying technique it is important to consider the
advantages and disadvantages of both the RRDF and MRDF schemes. This has not been

covered in literature to date, therefore results are presented for the bandwidth efficiency of each
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Figure 2.9: Simulation results for the bandwidth efficiency of RRDF and MRDF relaying
methods where SNR is equal at all receivers. The traditional single-hop channel is
also shown for comparison.

DF relaying technique for various SNR. As previously noted, the SNR for all channel links are
assumed to be the same, and only Rayleigh fading is considered. The results are presented in
Figure 2.9 where the required rate for the RRDF method is 1b/s/Hz.

From Figure 2.9 it can be seen that at low SNR both RRDF and MRDF give similar performance
results, due to the poor relay channel. However at higher SNR, where the relay in the RRDF
scheme starts to actively support the source as the source to relay link is strong enough
to support the required rate, RRDF offers a higher capacity than the MRDF method. It is
interesting to note from Figure 2.9 that the bandwidth efficiency of the single-hop channel is
constantly greater than either cooperative diversity method. This is in part due to the factor of
1/2 required for cooperative diversity in (2.17) and (2.20). Furthermore the single-hop channel
outperforms the cooperative diversity methods as the bandwidth efficiency curve does not show
the effect that the diversity offered by cooperative diversity has on the capacity of the link. This
is fully explored in subsequent chapters.

In terms of practical deployment of each scheme the RRDF method is simpler to employ in a
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Figure 2.10: Cooperative diversity methods shown in space/time with J available relays: (a)
Repetition based cooperative diversity, (b) STC based cooperative diversity. Each
block represents a transmitting terminal.

networking protocol as the source does not require forward knowledge of the source to relay
link as it does in the MRDF case, reducing the required information overhead of the protocol.

In light of these results, RRDF is the DF method considered in this thesis.

2.4.3 Active research topics in cooperative diversity

As cooperative diversity offers the potential to combat Rayleigh fading in the wireless
environment it has attracted considerable research and development interest since the work of
Sendonaris et al. [28,29] and Laneman [64]. One particular area of research interest lies in
using multiple relays to support the source’s communication with the destination. This was
considered by Laneman et al. [76] where two methods were proposed for multiple relays.
The first is termed repetition cooperative diversity where the transmission time is split equally
between all transmitting terminals, Figure 2.10(a), and each terminal transmits only once in a

designated time slot when no other terminals transmit.
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In such a situation, if there are J transmitting terminals, the source is able to transmit for only
1/J of the available time, limiting the amount of information the source can transmit. To
overcome this [76] also proposed an STC based cooperative diversity where the entire set of
supporting relays would support the source at the same time and in the frequency band, Figure
2.10(b). The properties of STCs would then allow the receiver to fully separate the received
signals and process them accordingly. This method allows both the source and relays to transmit

for exactly half the available time over the two time slots.

Due to this advantage that the source can transmit information for exactly half of the available
time STC cooperative diversity has been the main avenue for research and considerable
effort has been expended in developing suitable STCs for the distributed environment of a
cooperative network [78-81]. Furthermore, only STC cooperative diversity is considered
in this thesis, although the single relay case can potentially be considered to be repetition

cooperative diversity.

A research topic which is closely related to cooperative diversity is MIMO relay networks
[82-84]. A MIMO relay network is a two-hop network (i.e. similar to a cooperative channel
where the source has no direct communication link with the destination) where transmitting

and receiving MTs have multiple antenna elements. This is important to cooperative diversity
as the information theory frameworks introduced for MIMO relay networks can potentially
be developed to include support for cooperative diversity networks with multiple transmit and

receive antenna elements.

2.5 Orthogonal Frequency Division Multiplexing

As Rayleigh fading has such a significant impact on communications in the wireless
environment it attracts a lot of attention from the research community. Relaying and multiple
antenna element arrays are just two of the methods which have been proposed to combat this
problem. Another method is to transmit data over multiple independent carrier frequencies.
The concept behind this is very similar to the cooperative diversity method such that if the
signal carried by one of the carrier frequencies is in a deep fade at the receiver, others might
not be due to the frequency selective nature of the channel. Modulating data onto several
carriers was used 60 years ago in the Collins Kineplex [85] system which used four-phase

differential modulation for parallel data transmission over 20 sub-channels and achieved a data
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Figure 2.11: OFDM multi-tone carriers (a) Individual tones, (b) Resultant frequency spectrum.

rate of 3 kb/s.

Until recently multi-carrier transmission has only been of peripheral interest due to the
guard-bands which were required to ensure Inter Channel Interference (ICI) did not occur.
These guard bands were effectively wasted bandwidth which could ﬁot be used effectively
[86]. Recent research has proposed a multi-carrier OFDM transmission system whereby the
carrier frequencies are narrowly spaced such that the modulated data overlaps in frequency as
shown in Figure 2.11. The carrier frequencies are selected to be orthogonal, such that, despite
the overlapping of the spectra, detection of the signal in a single sub-channel gives no output

from any other sub-channel, therefore achieving full separation [47, 87, 88].

As well as effectively combating Rayleigh fading, another attraction of OFDM is that it
is possible to modulate each carrier with different data, giving a multiplexing gain. Due
to its similarities to the MIMO system, OFDM in the context of spatial multiplexing has
been proposed in [47,87,89,90]. An extensive study of the capacity of the OFDM spatial
multiplexing system was carried out by Bolcskei et al in [48] which showed benefits from both

diversity and multiplexing gains.

2.6 Summary

This chapter has introduced the wireless communications environment and shown how this
hostile envifonment causes problems for designers of wireless networks. In-particular, Rayleigh

fading was considered as the result of multi-path fading, which is a problem inherent in wireless
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communications. Recently, spatial diversity techniques have been introduced to combat this
problem and have lead information theory to show that dramatic increases in the available data

transfer rate between terminals can be achieved using multiple antenna systems such as MIMO.

“Antenna elements in a multiple antenna element array must be spaced by several wavelengths,
leading to the fact that only two antenna elements could be used on a_devicé the size of a mobile
phone. This has lead researchers to develop cooperative diversity relaying techniques where a
number of relays are able to support the source’s transmission to the destination. There are a
number of ways in which the relays can do this, and in this thesis Decode-and-Forward using
the RRDF method will be used due to the relative benefits these techniques offer over the other

methods as shown in the literature and in this chapter.

The.beneﬁts of a cooperative diversity network are explored in detail in the following chapter
to characterise the potential benefits of cooperative diversity to a network where all terminals
are equipped with two antenna elements. In the following chapters an information theory
framework is developed, under the required system constraints, to fully explore all methods

of cooperative diversity where multiple relays are available.
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| Chapter 3
Multiple-antenna cooperative diversity

3.1 Introduction

The pfevious chapter introduced cooperative diversity in a relay network. As was noted,
cooperative diversity is based in the theory of spatial diversity and it therefore makes sense to
apply other spatial diversity techniques to cooperative diversity to maximise the performance
of the system. This chapter develops cooperative diversity strategies for the relay network with

multiple antenna elements at each transmitting and receiving MT.

The first part of this chapter is devoted to expanding the work presented in [75] on MTs
equipped with single antennas to include capacity measurement metrics. The main contribution,
in the second part, is to introduce two methods for performing cooperative diversity in an
environment where all mobile terminals are equipped with two antenna elements. These two
methods are then analysed and compared to the basic direct transmission method, using the
_ extended metrics, culminating in a method which can offer both reduced probability of outage

and higher Shannon capacities.

This chapter is structured as follows: section 3.2 introduces the system model, the constraints
placed upon it and the direct transmission method. Section 3.3 then presents single antenna STC
based cooperative diversity, which will be used as the basis for comparison between the single
antenna and dual antenna cases. Section 3.4 introduces two different dual antenna techniques
which can be used for transmission in an STC cooperative network. Section 3.6 presents results
and draws comparisons between the different cooperative diversity and transmission schemes

and finally conclusions are drawn in section 3.7.

3.2 System model

To analyse the different relaying techniques, consider a wireless network with a set of

transmitting terminals denoted J = {1,2,...,5}. A source terminal, S € J has information
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Figure 3.1: lllustration of the two phase cooperative diversity method. In the first phase (a)
the source transmits information in an omnidirectional manner to all terminals. In
phase two (b), those terminals which can decode the signal then relay the signal
on to the destination.

to transmit to a single destination terminal D ¢ 7, potentially using terminals | 7| — {S} as
relays to perform cooperative diversity, where | 7| is the cardinality of the set 7. Therefore
| 7| — 1 terminals may co-operate to support the source. The subset of J — {S} which can
decode the signal according to thé RRDF method is defined as 8(J), with cardinality |8(J)|.

The method described here of implementing cooperative diversity consists of two transmission
phases, shown in Figure 3.1. During the first phase the source will transmit information to
all available mobile terminals in the network. Those terminals will then attempt to decode
the signal, and if successful they will take part as the decoding set in phase two, transmitting

information to D.

In the system model below, (equations (3.2)-(3.4)) hxy denotes the effects of multi-path
fading between transmitter X and receiver Y. Statistically, Axy is modelled as a iero-mean,
independent, circularly-symmetric complex Gaussian random variable with variance Axy,
so that the magnitudes |hxy| are Rayleigh distributed and the phases Zhxy are uniformly
distributed on [0,27)!. Furthermore, the coefficients ny[n] are modelled as zero-mean
mutually independent, circularly-symmetric, complex Gaussian random sequences with
variance Ny. The scalar ny[n| captures the effects of receiver noise and other forms of -
interference in the system. Also note that n denotes the time index. In this chapter it is assumed
that quasi-static fading occurs where the fading coefficients are constant over the considered

time and frequency. The scenario presented in this chapter assumes the fading coefficients are

"Note that this notation indicates that 0 is inclusive in the set of random numbers, while 27 is not, ensuring
uniform circular symmetry
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known to the appropriate receivers but not known, or exploited, by the transmitters.

To make a fair comparison between the network models using cooperative diversity and the
direct transmission between source and destination MTs, several constraints are placed upon

the cooperative diversity model:

e The time used must not exceed that used by the direct transmission case (1 unit)

e The total of transmit power of the complete system (power used by source and the power

used by the relays) must not exceed that used by the direct transmission case (1 unit)

e The bandwidth used must not exceed that used by the direct transmission case (1 unit)
The effect of the time and bandwidth constraints is that the transmission of the two phase
cooperative diversity must take place in the same amount of time as the single-hop transmission.
As noted in the previous chapter this usually involves a factor of 1/2 when considering the
capacity of the system?. An important point that arises from this constraint is that the Rayleigh
block-fading that is considered is now assumed to be quasi-static over the two time phases i.e.,
the fading coefficient is simply hgp with no phase index. This is a reasonable assumption
since the time constraint divides the transmit time of the original signal into two, which would

otherwise be considered as quasi-static fading.

The power constraint, in the situation where this is a single relay supporting the source, has little
impact on the transmit power levels of the source and relay. This is due to that fact that both the
source and relay transmit for exactly half of the available time, ensuring only one transmitting
antenna active at any one time. The transmitter can therefore transmit at full power (unity)
during its allotted time slot. In the case where there is more than one supporting relay, the
transmit power is shared equally among the relays in the second phase. Therefore each relay
transmits with a power factor of 1/(]J| — 1), since the source is not a part of the second phase

of transmission?.

2The capacity of the system refers to the system Shannon capacity (also termed bandwidth efficiency as noted in
the previous chapter) rather than another measure of capacity such as number of supported users. This qualification
is carried though this thesis unless stated otherwise.

31deally the power constraint would be 1/(|8.7| — 1), however this is not possible as it would require the relays
taking part in the second phase to know how many other relays are also taken part in the second phase, which cannot
be known instantaneously. Rather a higher level protocol will govern how many relays may transmit in the second
phase.
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3.2.1 Channel model

The data signal transmitted by the source during the first and then by fhe individual relays
during the second phases are denoted as zs[n] and :}:RJ. [n], respectively. In the remainder
of this chapter, symbol-by-symbol transmission is considered, subsequently the time index n
of the transmitted symbols can be dropped, and are simply denoted zs and zg;. The signal

received at a destination terminal is given by the general expression

yy =V Exyhxyz +ny, (3.1)

where Exy is the average signal energy received at the destination terminal, Y, over one
symbol period from the transmitting source, X, having accounted for path-loss and shadowing,
hxy is the random, complex-valued, unit power channel gain as discussed in the previoﬁs
section and ny;, ~ CN(0, Np) is additive Gaussian white noise at the receiver Y during

transmission phase .

Specifically, during the first phase, each potential relay R; € J — S receives

Yr; = \/Esr;hsr; s + 1Ry ; (3.2)

where yg; is the received signal at R; during the first phase and np, ; is additive Gaussian
white noise at the receiver at relay R; in the first phase. If the relay can then decode the source

transmission, R will support the source in the second phase, such that R € (7).

The destination MT receives signals during both transmission phases. During the first phase,

the received signal is modelled at D as

yp, = V Esphspzs +np, (3.3)

in the appropriate channel, where yp, denotes the received signal by the destination in the
first phase. During the second phase, the equivalent channel models are different for repetition
based cooperative diversity and space-time coded schemes. For space-time coded cooperative
diversity, all relay tranénﬂssions occur in the same channel and are combined at the destination,

such that

42



Multiple-antenna cooperative diversity

YD, = Z \/ ErD;jhRD;TR; + 1D, (3.4
Rj 63(;7)

in the appropriate channel, where yp, denotes the received signal by the destination in the

second phase.

Two important parameters of the system are the received signal-to-noise ratio, SNR (dB) and
the bandwidth efficiency, R (b/s/Hz). It is natural to define these parameters in terms of the
continuous-time channel with non-cooperative diversity as a baseline. In this chapter, the
simplistic ideal of normalising the attempted rate to 1 b/s/Hz, and assuming that all mobile
terminals are equidistant from one another is assumed. This of course is unrealistic, but it serves
as a baseline for comparing the results. All transmission schemes are constrained to.transmit at
a maximum power of unity, and transmit period T" in line with the system constraints introduced

in the previous section.

3.2.2 Direct transmission

In direct transmission, no extra mobile terminals are available to relay the signal in the second
phase. This is termed the classical scheme, where the source transmits information at full
power for all of the available time slot, Figure 3.2. The classical case is included to act
as a baseline reference, for comparison of the advantages and disadvantages offered by the
cooperative diversity schemes, with and without relays being able to support the source. The

Shannon capacity of the direct transmission case is given as [52]

Iy = logy(1+ E7\5[2|hsp|2) b/s/Hz (3.5)
0

3.3 Cooperative diversity - single antenna

To be able to add additional MTs to the network to act as relays for a particular target MT
there is a need for a method which allows this addition to the network without sacrificing the
amount of information which can be sent, while also meeting the time constraint. Figure 3.3
shows a network with three relay terminals contributing to the signal received at the intended

destination, D. As introduced in the previous chapter STCs can exploit spatial diversity, which
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Figure 3.2: Classical single-hop direct transmission between a source and destination
terminal, each utilising a single antenna element.

enables information from several sources to be transmitted to a single destination. The receiver
can then combine the received signals to retrieve the original information. Since STCs use
spatial diversity, all transmitters can transmit on the same frequency with the same modulation

scheme at the same time.

It is not essential for STCs to be utilised for the destination to receive information from all
of the relays. However, in order to fully exploit the spatial dimension cooperative diversity
makes available and to facilitate the following analysis, it will be assumed thought out the
remainder of this thesis that STCs will be employed in the second phase where more than two
terminals transmit at the same time. Furthermore, note that rate 1 STCs do not exist for complex
modulation schemes where more than two antenna elements are used. This leads to practical
implementation issues in a network where more than two terminals transmit at the same time

in the second phase, and must be considered in future work.

Using STCs for transmission during the second phase the relays transmit for T /2, however they
are limited to transmit at 1/(|.7| — 1) of full power due to the power constraint. The relays only
retransmit the information that they received from the source, if they are able to decode the
signal as required by the RRDF method. The mutual information for the STC signal antenna

element case was derived by Laneman et al. [75].

With these constraints imposed on the STC case, STCs allow the power, time and bandwidth
system constraints to all be met, while also allowing information from the source to be
transmitted for half of the available time. Each transmission scheme is termed either full-time
or half-time depending on how much of the information the source can transmit compared to

the direct transmission case. For example, if the source can only transmit half the information
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Figure 3.3: Cooperative diversity model where multiple relays are available to support the
source’s transmission to the destination by transmitting information in the second
phase, each utilising a single antenna element.

the direct case would for a particular scheme, it will be termed half-time.

3.4 Cooperative diversity - dual antenna methods

It is likely that in future wireless systems it will be possible for mobile terminals the size of
current hand held mobile phones to have two antenna elements, each of which will receive an
independent signal from the transmitter in a high scattering environment. In the following two
cooperative diversity schemes it is assumed that all MTs have two antenna elements available
for transmission and reception, including the source. With MTs which are equipped with
two antenna elements, transmission between MTs and between a base-station and MTs can
use spatial diversity transmission techniques to help improve performance. Two different
space-time transmit schemes are evaluated in this chapter for the dual antenna cooperative

diversity case:

e Space-Time Transmit Diversity (STTD) [56].

e Vertical-Bell Laboratories Layered Space-Time Architecture (V-BLAST) Spatial
Multiplexing (SM) [91].
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In the proposed cooperative diversity schemes the same transmission technique is used in
both phases, i.e. -the STTD scheme uses STTD to transmit from the source to the relays and
destination during phase one, and also from the relays to the destination during phase two.
During phase two, STCs are used in a similar way as in the single antenna case to allow all

relays to transmit at the same time, in the same channel.

3.4.1 STTD Half-time STC cooperative diversity

STTD is a multiple antenna transmission and reception technique which is used to provide
robust communications channels. The information to be transmitted is split into two streams
which are initially identical fo the original information stream, each of which is then encoded
to make them mutually orthogonal. In the two antenna STTD transmission case, the receiver

will record

y1 = hizi+hozo +m : (3.6)
Yy = hll‘; - hg:l,"{ + no 3.7

in both phases at each antenna (y; and y2). Here h; is defined as the channel coefficients, z;
the data symbol and n; the additive noise. Note that as previously stated, symbol-by-symbol

transmission is considered, subsequently a time index 7 is not shown in (3.6) or (3.7).

Each relay can then attempt to decode the STTD signal for retransmission. If it cannot decode
either signal it will not take part in the second phase. In retransmitting, a relay will use STTD
to transmit the two orthogonally separated information streams on to the intended destination,
in combination with using its own STC to allow it to transmit at the same time as the other

relays, Figure 3.4.

The mutual information for the channel is given by an extension of the mutual information

equation derived by Laneman et al. [75] as

1 Esp 1 Erp, )
I =51 1+ + > : 3.8
sttd-ste = 5 082 < No T IT-D) R;€8() No .
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Figure 3.4: Cooperative diversity model with multiple supporting relays, where each terminal
is equipped with two antenna elements, using half-time STTD multiple antenna
element transmission techniques.

where

2

_ ey el
Qh = ZZ 2
z=1y

=1

The scalar h,,, defines the channel coefficients between the xth transmit antenna element and
the yth receive antenna element. In this case both z and y are limited to 2 since only two

transmit/receiver antenna pairs elements are used in each MT.

In this scheme, the information between S and R for independent and identically distributed
(i.i.d.) complex Gaussian code-books for each space-time coded information stream is given
by

1 Esr,
51032 (1 = No ap

Under this rule the probability of a relay being able to decode the information stream as

decod. =l
Prldecode] =Pr |ap, > ————— 3.9
[ ] [ ¥ ESDJ/NO] it
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Phase 1 Phase 2

Figure 3.5: Cooperative diversity model with multiple supporting relays, where each terminal
is equipped with two antenna elements, using full-time SM transmission techniques
to allow different information to be sent from each antenna element.

3.4.2 SM Full-time STC cooperative diversity

Although STTD cooperative diversity, using two transmit antennas, can dramatically reduce the
outage probability at the destination due to the increased SNR, it suffers from the fact that the
source can only transmit information for a limited amount of the time. This leaves the direct
transmission scheme with a distinct advantage, because it can always transmit new information,
unless it needs to retransmit due to data-loss. In order to transmit all of the information that
can be transmitted in the direct case, during phase one, it is possible to employ SM, Figure 3.5.
Utilising SM in a MIMO relaying network has attracted considerable interest by the academic
community [83, 84, 92]. In the following the current body of work is expended to consider the

cooperative diversity scenario considered in this chapter.

Using SM, the original source data stream is demultiplexed into two data streams, which are
each half the rate of the original. Each stream is then transmitted from a single antenna element,
and received via the two antenna elements at the receiver. This transmission technique is known
as V-BLAST. The mutual information channel average of a V-BLAST system, at the receiver,

is given by [93] as

IT = 2*mjn(Il,I2) (3.10)
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where min(Iy, I3) is the minimum mutual information of the two information streams, I is

the mutual information of the V-BLAST channel and

Esgr;1

I = log,(1+ 2 \hsp. 112

1 gZ( NO I SR]yll ) )
Esr;2

I, = logy(1+ —2=|hsr;2|%)

where —%”—k denotes the SNR recorded from source S at destination R; for each spatial
multiplexing data stream k (k = 1,2, ..., N). N is the number of transmit and receive antenna
elements used, in this case N = 2. The notation for the channel fading is similarly extended,

hxy k. for spatial multiplexing.

The destination will receive both information streams during the first phase, as will all relays.
The sum capacity of each source to relay link is not calculated by the individual relays?, rather
the relays simply decode the received spatial multiplexing data streams, if it is possible to do
so, and transmit the two separate spatially multiplexed information streams on with as high a
rate as possible. Limited feedback is required to allow the relay to make the decision of which
data stream should be transmitted from which antenna. In keeping with the RRDF protocol, if
a relay cannot decode the transmission from the source in the first phase, it will not take part in
the second phase transmission. This is done on a per stream basis (for example a relay might

transmit both information streams received from the source, just one, or none).

It should be noted that the channel rate measurements would be made during a link set-up phase
and this simplification was made for capacity calculation simulations. It is also noted that using
min(/;, I5) of V-BLAST channel capacity reduces the feed-back required to the source from
the destination, as the same modulation and coding is used for both antennas. This also reduces
complexity in the relays since 'the same decoding and re-encoding is used for both information
streams. However, using this V-BLAST algorithm reduces the link capacity as described in
[94].

During the second phase, assume that the destination monitors the channel strength received

from each transmit antenna and periodically uses limited feedback to the source and relays to

4Calculating the sum capacity of the source to relay information streams would make it possible to recombine the
information at the relay and then distribute it optimally between the antenna elements for second phase transmission.
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allow them to choose which information stream to transmit from each antenna element. The
relay will transmit the highest capacity stream it receives on the highest capacity link it has to
the destination. The lower capacity stream will be transmitted on the slower link. If a stream
cannot be decoded, like all the other cooperative diversity networks discussed in this chapter,
it will not be transmitted on to the destination. In this case, to keep the scenario simple, no
information is transmitted from the antenna element that would have been used if decoding was

successful.

In a similar manner to tﬁe second phase in the half-time schemes, here MTs participating in the
second phase will only be able to transmit at 1/|(|.7| — 1) of full power. Again the source does

not take part in the second phase.

For the SM full-time case the information capacity is given by

Ism_ste = 2 % mjn(Ism_la Ism_2> (3.11)

E 1 Erp;, 2
Ism1 = log, <1 + =224 |hgpal? + 7T=D > T;‘|hRDj,1|2> (3.12)

No R;€8(J)
E 1 ERrp; 2
Isma = log, (1 + =22 hspal? + e D ’ |hRD]-,2|2) (3.13)
No (71-1) R;€d(T) - 4

The probability of each information stream being decoded is an extension of the direct
transmission method. Since the realised mutual information between S and R; for i.i.d.

complex Gaussian code-books is given by

1 ESR]-,2 2
5 10g2(1 + NO thle )

Under this rule the probability of a relay being R; € 9(J) is given by

2% 1

Pr[Rj € 6(])] =Pr |h5le2 > m
B

3.14)
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3.4.3 Extensions to the proposed schemes

It is possible for the full-time scheme to be extended so that the source transmits different
information to every relay in the network. This would allow the MIMO capacity limits to be
approached, and will subsequently be termed mak—time. However this would require that the
both the source and destination have a number of antenna elements equal to the number of
potential relays in the network, |7 |. As previously discussed this is not possible due to the size
constraints of mobile terminals, and the requirements that antenna elements must be at least

half a wavelength apart to maintain independent fading channels.

The max-time scheme would be applicable to mobile terminal where more than two antenna

elements could be deployed, for example laptop computers or a remote fixed relay.

One possible extension of all the cooperative diversity schemes discussed above, instead of the
relays simply decoding the information and then retransmitting it to the intended destination,
is that the relays could transmit different information such as parity bits calculated from
the received signal. Turbo coding [95] is also an option due to the parallel nature of the
relaying signals. This could potentially dramatically decrease the probability of outage at the

destination, however it is beyond the scope of this thesis.

3.5 Results and analysis

In order to discover the performance properties and practical suitability of the different
cooperative diversity relaying techniques, Monte-Carlo simulations are presented, based on
the capacity equations for each relaying scheme. The capacity of each is analysed in three

different ways:

e Outage probability against SNR (required bandwidth efficiency fixed at 1 b/s/Hz)

o Bandwidth efficiency against SNR (outage fixed at 5%) ‘
e Outage probability against bandwidth efficiency (SNR fixed at -5 dB).
Each combination of the three communication link characteristics has been included since

analysing them all leads to a deeper insight. For example, the outage probability is expected

to drop significantly for the repetition scheme when compared to the classic case. However,
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it would also be expected that the bandwidth efficiency of the link would drop significantly
since redundant information is bei.ng transmitted. To readily present numerical results, in the
remainder of this chapter it is assumed that all network channel links have the same SNR,
specifically Esp/No = Erp/No = Esp/No = SNR.

For each relaying scheme, the results are compared directly to the single-hop single antenna
direct transmission case, and then indirectly between each other. For the case where the
bandwidth efficiency is fixed, 1 b/s/Hz has been chosen in order to make the calculations
simpler, since it is a reasonable practical value. Note that this value is simply the threshold
for outage in these results. Where the outage level is fixed, the 5% level has been chosen since
this is likewise a practical value in a wireless communications network. Although a number of
values for the case where the SNR at each receiver is fixed could have been selected, -5 dB was
chosen since it is in the middle region of signal quality. Results for networks with up-to four
relays in it (| J| = 5) are presented. Note that where each terminal is equipped with a single
antenna element | 7| = 1 is the equivalent of the classical link as no relays are able to support

the source in the second phase.

3.5.1 Single antenna STC cooperative diversity

In single antenna STC based cooperative diversity, as the number of relays in the network is
increased, although the transmit power for each relay is reduced to meet the power constraint,
another spatial degree of freedom is added. It is clear that as the diversity degrees of freedom
increase with |7, the probability of outage will reduce, Figure 3.6. This is clearly seen in
Figure 3.6 where the SNR required to achieve a probability of outage of 0.01 changes from
15.4dB for a single relay to 10.8dB for four available relays. Due to the deceased transmit
power as |J| increases, dinﬁnishing returns can be observed as more relays are added into the
network. Note that at low SNRs Figure 3.6 shows that the classical scheme performs better.
This is due to a combination of the time constraint, the power constraint and potentially poor
source to relay link in the first phase’. If the source to relay link is poor then the relay will not
be able to decode and transmit the information in the second phase, therefore the power of the
transmission that would have been used by the relay in phase two is not used at any point in the

transmission.

SNote that this is equally likely as a poor source to destination link and a poor relay to destination link since it is
assumed that all MTs are equally spaced.
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Figure 3.6: Simulation results for single antenna STC based cooperative diversity scheme
where the spectral efficiency is fixed at 1 b/s/Hz. SNR and outage probability are
compared for |J| =1,2...5.

Figure 3.7 shows that the single antenna STC based cooperative diversity scheme offers
improvements in outage probability when dealing with low Shannon capacities, corﬁpared
to the classical case. This is due to the fact that redundant information is transmitted, and
therefore is more likely to be received successfully. However, at higher capacities the classical

transmission case begins to outperform the STC based scheme.

This effect is clearly seen in Figure 3.8 where at low SNRs the single antenna STC based
scheme offers improvements in capacity over the classical case. However, at higher SNRs

again, the classical case offers improved capacity.

3.5.2 Dual antenna STTD cooperative diversity

The dual antenna STTD half-time case builds on the single antenna cooperative diversity by
adding another opportunity to use spatial diversity for transmission. The effect of using STTD
on the probability of outage is clearly shown in Figure 3.9 where it cén be seen that dual antenna
STTD transmission greatly decreases the probability of outage at higher SNRs. Again there is

a region at low SNRs where direct transmission is preferable.
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Figure 3.6: Simulation results for single antenna STC based cooperative diversity scheme
where the spectral efficiency is fixed at 1 b/s/Hz. SNR and outage probability are
compared for | J| = 1,2...5.

Figure 3.7 shows that the single antenna STC based cooperative diversity scheme offers
improvements in outage probability when dealing with low Shannon capacities, compared
to the classical case. This is due to the fact that redundant information is transmitted, and
therefore is more likely to be received successfully. However, at higher capacities the classical

transmission case begins to outperform the STC based scheme.

This effect is clearly seen in Figure 3.8 where at low SNRs the single antenna STC based
scheme offers improvements in capacity over the classical case. However, at higher SNRs

again, the classical case offers improved capacity.

3.5.2 Dual antenna STTD cooperative diversity

The dual antenna STTD half-time case builds on the single antenna cooperative diversity by
adding another opportunity to use spatial diversity for transmission. The effect of using STTD
on the probability of outage is clearly shown in Figure 3.9 where it can be seen that dual antenna
STTD transmission greatly decreases the probability of outage at higher SNRs. Again there is

a region at low SNRs where direct transmission is preferable.
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Figure 3.7: Simulation results for the single antenna STC cooperative diversity scheme where
the SNR is fixed at -5dB. Outage probability and bandwidth efficiency are
compared for |J| = 1,2...5.

The much lower probability of outage that dual antenna STTD can offer translates into being
able to handle higher data rates than the classical and single antenna cases at a given outage
probability, Figure 3.10. Figure 3.11 shows that the capacity of a cooperative diversity network
with dual antenna STTD transmission also benefits. It is interesting to note that Figure 3.11
shows that using direct STTD transmission from the source to the destination is preferable
over using one relay at low SNR. However, adding more than one relay into the network gives
performance benefits over the direct STTD transmission case. This does not hold true at high
SNR where the direct STTD transmission case out-performs the relay configurations, due to

the split time phases required for cooperative diversity.

3.5.3 Dual antenna SM cooperative diversity

The dual antenna STTD half-time scheme suffers from not being able to transmit the same
amount of original information over the same limited amount of time as the classical case.
Full-time SM cooperative diversity attempts to overcome this problem by using SM from the
source in the first phase as well as from the relays in the second phase. Two co-operating

sub-sets are then created to perform the phase two transmission. This is done at the cost of
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Figure 3.8: Simulation results for single antenna STC cooperative diversity scheme where the
outage level is fixed at 5%. Bandwidth efficiency and SNR are compared for | J| =
1,2..55.

splitting the available transmit power at the source between two antenna elements.

Figure 3.12 clearly shows the huge benefit to the probability of outage offered by the full-time
scheme. There is still a small region at low SNRs (lower than 5dB) where classical transmission
would be preferred. This is due to the full power transmission that the source uses in the
classical case. Again the diminishing returns for higher number of relays, due to the relay

power transmission being constrained by 1/(|.7| — 1), can be observed.

When the outage probability against the bandwidth efficiency of STTD, shown in Figure 3.10,
is compared with with the results obtained for SM, Figure 3.13, it can be seen that the half-time
dual antenna STTD scheme offers large improvements when compared with the SM dual
antenna case. However, when attempting higher capacities, direct transmission using SM would

be preferred. This is again due to the split transmission power at the source.

Despite this, when the capacity is compared with the SNR in Figure 3.14, it can been seen that
the full-time cooperative diversity scheme matches or betters the classical transmission case,

and offers large improvements at SNRs lower than 15dB.

The results presented in this chapter confirm the results of [96] where it was found that STTD

55



Multiple-antenna cooperative diversity

01 F

001

-]
£
g 0.001
0.0001 | i
K ¢
No e 2 W7i=8 "! ".‘ \‘ 4
Relays (1-4) ----= TR \
1e-05 i i R A i
-20 10 0 10 20 30
SNR (dB)

Figure 3.9: Simulation results for dual antenna STTD STC based cooperative diversity scheme
where the spectral efficiency is fixed at 1 b/s/Hz, with the single-hop single antenna
classical link included for comparison. SNR and outage probability are compared
for|J| =1,2..5.

transmission can be preferred to SM transmission under certain circumstances.

3.5.4 Degrees of freedom

One result that can be observed from the calculated results is that the largest performance gain
does not necessarily come from the addition of the first relay in the next work, rather it comes
from the first additional degree of freedom introduced to the network. The degrees of freedom
considered in this chapter, due to the three constraints imposed on the system, come from
spatial diversity. This can be spatial diversity introduced by using multiple antenna elements
at the transmitter and receiver or it could stem from using other MTs as spatially separated
relays for cooperative diversity. The results presented show that additional degrees of freedom
that are introduced to the network give diminishing returns in performance, as previously noted
for additional relays. This can be observed from all of the results of the scenarios presented,
however, it can be seen particularly well in Figure 3.9, Figure 3.10 and Figure 3.11 where the
first degree of freedom (using STTD transmission instead of the classical scenario) provides

the biggest performance increase. Using cooperative diversity to add additional degrees of
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Figure 3.10: Simulation results for dual antenna STTD STC based cooperative diversity
scheme where the SNR is fixed at -5dB, with the single-hop single antenna
classical link included for comparison. Outage probability and bandwidth
efficiency are compared for |J| = 1,2...5.

freedom, although it increases the performance of the network, does not provide significant
additional performance. This would explain why STTD provides the best results, as it has the

highest degrees of freedom of the scenarios considered in this chapter.

3.6 Conclusions

This chapter has introduced dual antenna elements for MTs in a cooperative diversity network
and presented two different schemes for using the antenna elements to benefit wireless
communications. Through Monte Carlo simulation utilising the derived capacity equations for
each scheme it was observed that, as expected, the use of two antenna elements in MTs can

add considerable capacity and outage benefits over the single antenna case.

Cooperative diversity is intrinsically limited by the need to have two transmission phases, and
the limit of two antenna elements in any hand sized mobile terminal. Using the two antenna
STTD or SM techniques presented in this chapter it is possible to overcome these problems

and increase the capacity of the network. It has been shown that both in terms of probability
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Figure 3.11: Simulation results for dual antenna STTD STC based cooperative diversity
scheme where the outage level is fixed at 5%, with the single-hop single antenna
classical link included for comparison. Bandwidth efficiency and SNR are
compared for | J| = 1,2...5.

of outage and potential spectral efficiency STTD based cooperative diversity is preferred over
SM. It is also noted that the largest gains come from the first supplementary degree of freedom,

and diminishing returns are observed for additional degrees of freedom.
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Figure 3.12: Simulation results for dual antenna SM STC based cooperative diversity scheme
where the spectral efficiency is fixed at 1 b/s/Hz, with the single-hop single

antenna classical link included for comparison. SNR and outage probability are

compared for | J| = 1,2...5.
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Figure 3.13: Simulation results for dual antenna SM STC cooperative diversity scheme where
the SNR is fixed at -5dB, with the single-hop single antenna classical link included

for comparison. Outage probability and bandwidth efficiency are compared for

|7 =1,2..5.
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Chapter 4
Relay network frameworks

4.1 Introduction

The previous chapter made use of a single relaying protocol to perform cooperative diversity.
Clearly other relaying protocols are possible in the three terminal ad-hoc network, consequently
Nabar et al. [77,78] introduced two additional relaying protocols to complete the family of

cooperative diversity protocols where one supporting relay is considered.

This chapter develops a framework for three available cooperative diversity protocols using
principles and techniques from MIMO and introduces two new protocols to the relay network
to be used as performance comparisons; the two-hop relay channel and the single-hop channel.
The two additional relaying protocols are important as they can show whether the cooperative
diversity protocols offer performance benefits over the current paradigm of non-cooperative
communications. It can then be determined if the cooperative protocols are suitable for

inclusion in future generation wireless specifications.

All relaying protocols in this chapter are subject to the system constraints introduced in
the previous chapter to ensure that a fair comparison is made between each protocol, and
specifically the single-hop link, although the power constraint is relaxed for discussion in
section 4.2.1. Furthermore RRDF is employed as the relay forwarding method. Each protocol
is considered in terms of MIMO (where possible) and MISO based transmission techniques and
the developed framework is able to support both transmission types. The developed framework
includes multiple cooperative relays which can assist the source in its communication with -
the destination, expanding on previous work in this field to consider multiple relays for all

cooperative protocols.

To develop fully the relaying framework, section 4.2 introduces the signal and channel models
alongside the cooperative diversity relaying protocols. Section 4.3 expands the analysis
to consider the DF relaying method and investigates optimal transmit power levels for the

probability of outage of the communications channel. Section 4.4 completes the framework by
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Figure 4.1: Three terminal fading relay channel.

analysing the performance of the various protocols in terms of outage, bandwidth efficiency

and diversity. Finally section 4.5 draws conclusions for the work presented in this chapter.

4.2 Cooperative diversity relaying protocols

The dual antenna techniques developed in chapter 3 focused on a single cooperative diversity
protocol which was originally proposed by Laneman et al. [76]. Two additional protocols were
proposed by Nabar et al. [78] to complete the cooperative diversity family. In the following we
extend this family to a generic relaying framework, with several potential relays and impose

system constraints to provide consistency with single-hop links.

4.2.1 Protocol descriptions

Consider initially the fading relay channel shown in Figure 4.1 with three mobile terminals.
Data is transmitted from the source terminal, S, to the destination terminal, D, potentially with
the assistance of the relay, R. All terminals in this chapter are considered to have a single
transmit and a single receive antenna element. Also a terminal cannot simultaneously transmit

and receive information.

In each relay assist mode, it is possible to describe five different transmit protocols, each of
which implements varying degrees of broadcast and receive collision in the relay network. The
broadcast degree is given by the number of terminals listening to a single transmission at the
same time (i.e., in the same phase), for example, one if only the destination listens to the source

in the first phase, or two if both the destination and relay listen. Similarly the receive collision
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is given by the number of terminals transmitting at the same time. The full family of relay
transmission protocols is now described using the same protocol naming terminology as [78]

and extending it with two final protocols to complete the family.

Protocol I: In the first phase the source terminal signals to both the relay and destination. In
the second phase both the source and relay communicate with the destination. This is the only

protocol to utilise the maximum degrees of broadcast and receive collision.

Protocol II: This was the original cooperative diversity protocol proposed by Laneman et al.
[76], and was used extensively in the previous chapter. The source communicates with both the
relay and destination in the first phase, but remains silent in the second phase, where only the

relay signals to the destination.

Protocol I1I: The final cooperative diversity protocol to utilise both the single-hop link and the
two-hop link. Here the source transmits to the relay in the first phase but not to the destination.

Both the source and relay then communicate with the destination in the second phase.

Protocol 1V / relay channel: The source never communicates directly with the destination,
instead transmitting only to the relay in the first phase. In the second phase the relay then

communicates with the destination.

Protocol V/direct channel: For completeness of the family of relaying protocols, the single-hop
channel is included here. The source communicates directly with the destination in both phases

never utilising the relay as an extra transmitter.

The protocols described above are summarised in Table 4.1 and are shown diagrammatically
with further information in Appendix A. Protocol’s I, I aﬁd III are termed cooperative diversity
protocols, in keeping with earlier publications in this field, since both source and relay can
potentially communicate directly with the destination. Protocol IV is termed the two-hop relay

channel and Protocol V is the classical single-hop channel.

It is possible to see that each relaying protocol may be preferred under certain channel and
system conditions. For the following discussion it is assumed that each transmitting terminal
transmits with the maximum power available to it (for example Protocol I would use 1.5 times
more power than Protocol V). A tighter constraint is made on transmit power allocation later in

this chapter. , -
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Protocol
Transmission phase
I II I v \Y
1 S—R,D S—R,D S—R S—-R|S—D
2 S-DR—-D| R-D |S—-D,R-D|R—-D|S—D

Table 4.1: Relay channel transmission protocols. The Source, Relay and Destination terminals
are denoted by S, R and D respectively. Communication between terminals is
signified by X — Y.

As was previously noted, Protocol 1 utilises the full degrees of.broadcast and receive collision
and would be the preferred transmission protocol if all channels are available at all times.
Protocol II makes use of the source transmission in only the first phase and therefore the source
would be free in the second phase to transmit to a different destination terminal in the wider
network. The converse of this is seen in Protocol III where by the destination terminal might
use the first phase to transmit to another terminal, which would be useful if it were acting as a
relay for another cooperative diversity channel, or in a multi-hop network. If the direct source
to destination channel is particularly poor then Protocol IV might offer the best performance,
and likewise if either the source to relay or relay to destination links are poor Protocol V might
be preferred. Focussing on transmission power, it is possible to see that Protocols II, IV and V
make use of only one transmitting terminal during each transmission phase, however Protocols
I and III potentially use more than one transmitting terminal in each phase. This suggests that
Protocols I and III are less power efficient. Note that although Proto.co]s I and III potentially
use more power than the other protocols, the capacity benefits of such a strategy may outweigh
the cost in terms of power. However, as previously stated in the system constrains, the transmit
power of all protocols in this thesis is limited to that of the single-hop case, and a relaxation of

this constraint is left open for future research.

4.2.2 Channel and signal models

For the remainder of this chapter the channel fading model is assumed to be quasi-static
Rayleigh fading channels with fading coefficients being circularly symmetric zero mean
complex Gaussian random variables. No channel knowledge is assumed at the transmitters,
however perfect channel knowledge is known to the receivers for the reverse channel. Perfect

timing synchronisation is assumed, which is particularly important in the two phase network.
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The complete signal model for the relay channel depends on the type of relaying used (AF or
DF), therefore only general notes of the channel model are made here and the full DF mode
channel is developed later in this chapter!. As in the previous chapter, symbol-by-symbol
transmission is considered for the data signal transmitted during the first and second phases and
is denoted 11 and z2, respectively. The signal received at a destination terminal during phase 4

is given by

rB; = V Exv;hxy,Ti + ny, “4.1)

where Exy, is the average signal energy received at the destination terminal over one symbol
period through the X — Y link in the i*h phase, having accounted for path-loss and shadowing,
hxy; is the random, complex-valued, unit power channel gain between terminals X and Y and

ny, ~ CN(0, No) is additive Gaussian white noise at the receiver Y.

Statistically, hxy, is modelled as a set of zero-mean, independent, circularly-symmetric
complex Gaussian random variable with variance Axy, so that the magnitudes |hxy;| are
Rayleigh distributed and the phases Zhxy; are uniformly distributed on [0, 27). Furthermore,
the additive noise ny; is modelled as zero-mean mutually independent, circularly-symmetric,
complex Gaussian random sequences with variance No. The scalar zy; is assumed to capture
the effects of receiver noise and other forms of interference in the system. Finally note that for -

the data symbols transmitted is it assumed that £{z;} = 0 and £{|z;|?} = 1.

When considering the complete relay channel signal model, it can be seen that it resembles a
MIMO system with two antenna elements at both the transmitter and receiver. The fading relay
channel from Figure 4.1 is redrawn in Figure 4.2 to highlight the MIMO characteristics by
splitting the destination into the two time phases, and adding an extra subscript to the channel
notation to denote the phase of transmission. This is a schematic presentation only and the
destination terminal actually uses only one antenna element. However, its access of the channel

is split over the two time phases.

The relay channel, when considered in a MIMO fashion, can be seen to have a similar matrix

structure of channel coefficients as a 2 x 2 MIMO channel. The primary difference is that the

1t should be noted that it is possible using the material presented here to construct a similar framework for AF
mode relaying.
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Figure 4.2: Relay fading channel shown as a MIMO channel.

relay cannot transmit in the first phase since it doesn’t have any information to repeat. This
leads to the MIMO channel fnatrix having a zero in it for the channel coefficient that represents
fhe relay transmission in the first phase. The MIMO channel matrix considers one column for
each transmitting antenna element, and one row for each receiving antenna element. This is
extended in this analysis to one column for each transmitting terminal, and one row for each

transmission time phase, in the case considered this leads to the following 2 x 2 channel matrix

S — D1 0
H, = (4.2)

R—-Dy S— D,

where X — Y, denotes transmission from terminal X to Y in phase 4, and H, is the
generic channel matrix at the destination for the family of relaying protocols. Furthermore the
transmitted data is given by the data transmitted in the first phase, 1, and the data transmitted

in the second phase, z92, as

1
X = 4.3)

2

It follows from (4.2) and (4.3) that the input-output relation of the relay channel can be

summarised as

2Note that when no information is transmitted in the second phase from the source 2 = 0
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_ Protocol
I II
S — D1 0 S — D] 0
H1 = ’ H2 =
R— Dy S§S-— Dy R—Dy 0
Protocol
III v \Y%
0 0 0 0 S — D 0
H; = H, = Hs =
R— Dy S— Dy R—Dy 0 0 S — Dy

Table 4.2: Channel matrices for the five relay channel transmission protocols. The Source,
Relay and Destination terminals are denoted by S, R and D respectively.
Communication between terminals is signified by X — Y, and H, denotes the
channel matrix for channel p. These are the channel matrices that give the received
signal at the destination terminal.

y=Hy,x+n 4.4)

where y is the received vector by the destination and n is additive white Gaussian noise. Table

4.2 shows Hy, forp =1,2...5.

Of note in the above discussion is that the channel matrix does not consider the source to relay
link in the first phase and therefore ‘assumes that the relay is available in the second phase.
While this assumption is made here, it does not hold true for all scenarios, and is discussed
fully later in this chapter. Also of note is that the transmission of the source is not represented
solely in the first column, rather it resides on the matrix diagonal. This is required due to
the breakdown of the transmission from the source into two time phases, such that H x H*
gives the same channel matrix as the single-hop channel when only the source is considered.
Furthermore, due to the transmission of information over two phases, when considering the

capacity’ of the relay network in a MIMO manner, a factor of 1/2 must be considered.

3 As in the previous chapter the capacity refers to the Shannon capacity (also termed bandwidth efficiency) unless
stated otherwise.
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4.2.3 Part-time and full-time cooperative transmission

In the previous chapter, the concept of part-time and full-time cooperative diversity was
introduced. In part-time transmission, only part of signal that could be transmitted in a
single-hop case (i.e., exactly one-half due to the equal split of the two transmission time
phases) is actually transmitted. Similarly, full-time transmission was considered whereby all
information that could be transmitted in the single-hop case could also be transmitted in the
cooperative diversity case. The following introduces a similar notion for the single antenna

case considered here.

Protocol I and Protocol III offer the opportunity to introduce full-time cooperative diversity
since the source transmits in both the first and second phase. Rather than having the source
simply repeating the same data as it transmitted in the first phase in the second phase, it is
possible to have it transmit different information, thus completing the requirement set out in

the previous chapter to be considered full-time cooperative diversity.

When transmitting in full-time mode, Protocol I and Protocol III are termed MIMO cooperative
diversity due to their similarity to the complete MIMO system. Their counterparts whereby the
source repeats its first phase information are termed MISO, where by spatial diversity is offered
by the relay*. Note that Profocol I11 can operate only in the MISO mode since it does not use

source transmission in the second phase.

Although full-time transmission through MIMO techniques can potentially offer increased
benefits over MISO transmission in terms of capacity, it also has higher complexity,
particularly at the destination. It is possible that for the MIMO system with different
'information being transmitted in the second phase from the source, the destination will require
two antenna elements to successfully decode both signals. Alternatively, if the destination
receives information from the source in the first phase (Protocols I, II and V) it might be
possible to successfully decode the signals in the second phase by using V-BLAST style
subtraction. Although this is beyond the scope of this thesis, it would be an interesting avenue

of future research.

This completes the family of cooperative diversity protocols and their transmission modes.

4The MISO term comes from considering a perfect source to relay link, leading to two spatially separated signals
in the second phase to the signal antenna of the destination
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-

4.2.4 Relaying system constraints

One of the aims of this work is to research the impact of using one or more of the cooperative
~ diversity protocols in place of a single-hop channel. To make a fair comparison between
the network models using cooperative diversity and the single-hop case several constraints
are placed upon the set of relay channel models. These constraints were introduced in the
previous chapter and ensure that the cooperative network cannot exceed the transmit time,
power or bandwidth of the single-hop channel. As previously discussed the time and bandwidth

constraints lead to a factor of 1/2 when considering the capacity of the channel.

The effect of the transmit power constraint is particularly important when considering Protocol
I and Protocol III since they use three transmissions (the source in both phases and the relay in
the second phase) and must therefore have limited power factors introduced. In order to do this,
denote the transmit power factor from the source in the first phase, the second phase and the
relay in the second phase by A,, B, and C, respectively, where p denotes the protocol being

used. This leads to the illustrative channel matrix below

Ap * (S - Dl) 0 .
H, = 4.5)

Cp* (R— D) Bp*(S— Do)

To constrain the transmit power to be the same as the single-hop case, first recall that the

transmission in the relaying network has been split into two phases, therefore it follows that

A+ B+ Cp<2 (4.6)

A transmit power constraint is also placed upon each transmitting terminal such that it cannot

broadcast with more power than the single-hop case would (unity), i.e.,

A, <1
B, < 1 @.7)
C, <1
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Figure 4.3: Relay fading channel with three supporting relays.

This gives a optimisation problem for what the optimal values of A, B, and Cp, are, which is

considered later in this chapter.

4.2.5 Multiple supporting relay terminals

As noted in the previous chapter, work by Laneman et. al. [76] has shown that using more than
one relaying terminal can be beneficial as it provides additional spatial diversity. The following
extends the channel model framework introduced in this chapter to include multiple supporting

relays, and also Laneman’s analysis to the full family of cooperative diversity protocols.

In keeping with the MIMO channel model techniques previously used, note that additional
relaying terminals simply add extra strength to the relay signal in the second phase, Figure 4.3.
The addition of more than one relay terminal in the network does not alter the relay channel
family of protocols as all relays have only the same signal to retransmit, thus there are two main

types of transmitting terminals, the source and the relays.

As in the previous chapter, consider a relay channel with a set of transmitting terminals denoted

J = {1,2,...,5}. The source terminal, S € J, transmits to the destination terminal D ¢ 7,
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potentially using |7 | relays to support the signal®. The channel coefficients for the relays are
given an additional subscript h xy; to indicate which relay is being addressed, which can be seen
in Figure 4.3. The subset of J which can decode the signal according to the RRDF method is
defined as 8(7), with cardinality |8(J)|.

The channel matrix can now be considered as a three dimensional structure; the source and
relays (one column each), number of transmit phases (rows) and number of supporting relays
(depth). Consider the relay channel shown in Figure 4.3 with |0(J)| relays (in this case 3), the

channel matrix is given by the 2 x 2 X 3 matrix

A(S—-D;) 0
H,1: =
0 B(S — Dy)
0 0
H,, =
Ci(Ri— Dy) O
i - (4.8)
0 0
H,z =
Co(Ry — D3) 0
0 0
H,, = -
Cg(Rg — Dz) 0

where H), ; indicates the generic channel matrix for protocol p and relay j, R; denotes relay j
and Cj, ; denotes the relay power allocation for relay j operating in protocol p with the power
constraint®. The channel matrix .presented in (4.8) is specifically the Protocol I matrix, however
the channel matrices for the other protocols can be obtained by zeroing different terms where no
information is transmitted. Specifically, the Protocol II channel matrix is obtained by zeroing
the second phase source to destination term (B(S — Dy)), the Protocol III channel matrix
is obtained by zeroing the first phase source to destination term (A(S — Dj)), the Protocol
IV channel matrix is obtained by zeroing both source to destination terms, and the Protocol V

channel matrix is obtained by zeroing all relay to destination terms.

5In this chapter it is possible for the source to transmit in the second phase, unlike the previous chapter.
SNote that to meet the power constraint (4.6) expandedto A+ B+ Y Cp,j; < 2andalso Cp,; <1
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To be able to exploit the maximum order of diversity offered by the multiple relay channel,
each transmitting terminal in the second phase must transmit a different signal so they can be
separated at the destination. Since multiple terminals are (potentially) communicating with
the destination in the second phase at the same time there could be significant co-channel
interference. Therefore STCs are used to separate (ideally) fully the received signals at the
destination, similar to the multiple relay case in [76]. Each relay transmits using the signal
zj+1 since the source must use the two initial data signals, z; and z2, therefore giving
a multi-dimensional structure similar to (4.8). Again consider the relay channel shown in
Figure 4.3 with |8(7)| transmitters (in this case four), the data vector for each transmitting

terminal is given by

T
Xy =
T2
3
X2 =
0
. (4.9)
T4
X3 =
0
s
X4 =
0
L .

Subsequently from (4.8) and (4.9) the input-output relation of the relay channel with |0(J)|

relays can be summarised as

y = Z H,;x; +n (4.10)
T;€8(7)

4.2.6 Relay channel capacity

In the following, an ergodic block-fading channel model with independent blocks is employed,
and i.i.d. Gaussian codebook with covariance matrix Rgz = £ {a::l:H } = I is assumed. Also,

note again that the destination is considered to have perfect channel knowledge of all channels
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in the network. The mutual information for the relay channel in MIMO mode is therefore

obtained from (4.10) and (4.8) as

1 1 | ’
I}J)\/!IMO=§log2det L+ S (Hy;) Y. (Hf) | bis/Hz, p=1,2..5

0 gi€0(7) J;€0(J)

4.11)
where I;’,“ IMO genotes the MIMO mutual information for protocol p. It is important to note
that although (4.11) can apply to all five relaying protocols, only Protocols I, IIl and V can take
full advantage of the MIMO nature of the channel, since those protocols are able to transmit
different information from the source in the second phase. This is not possible in Protocols II
and IV and when (4.11) is used with the corresponding channel matrix for these protocols the
vector x becomes the scalar z; indicating only first phase information can be successfully
transmitted. This distinction is also made clear in Appendix A which shows the relaying
protocols graphically. The time and bandwidth system const;aints applied are accounted for .
by the factor of 1/2 and the power constraint by the power allocation factors introduced to the

channel matrix (4.5).

Similar to the MIMO mutual information, the MISO mutual information for the relay channel
protocols can be defined by the sum of the transmitting terminals, which is given by taking the

Frobenius Norm of the channel matrix such that

1, 1
I;,WSO=§1og2det L + 5|l > (Hy )l | bisiHe, p=1,2.5 (412
Jjea(_J)

As previously noted, all protocols can transmit in MISO mode, which is shown in (4.12). Once
more, note that (4.11) and (4: 12) assume a perfect source to relay link. This constraint is relaxed
and fully explored in the following sections of this chapter where the full mutual information
expressions are explored for each protocol. Finally, it is also important to note that when
operating in MISO mode, those protocols which transmit information from the source in the
second phase must use STCs to enable the destination to separate the signals from the relays

and that from the source.
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In order to make a direct comparison with the single-hop channel, Protocol V is assumed to
operate in MIMO mode in the remainder of this chapter, as this is equivalent of the single-hop

channel. Protocol V in MISO mode is only included here for completeness.

4.3 Decode and Forward framework

Following the previous section introduction of a general relay channel framework, this section
considers RRDF mode relaying. This section initially completes channel model for the DF
model and then explores the optimal transmit power levels to meet the power constraint for

Protocol.I and Protocol III.

4.3.1 Channel model

"The DF mode channel model is now completed based on the general channel model introduced
in previous sections of this chapter. Consider initially Protocol I as the other protocols can be
considered to be derivatives of Protocol I. The signal received by the destination during the first

phase is given by (4.1) as

yp, = VA1Esphspzi +np, 4.13)

Similarly the signal received by each relay terminal in the first phase is given by

YR;, = \/ A1Esr;hsr;T1 + nR; (4.14)

where yg;, denotes the signal received by relay R; in the first phase. In the second phase the
destination terminal receives a superposition of the signal transmitted by the source and from
all relays in the network which can fully decode the received first phase signal which is given
by

yp, = V B1Esphspzs + Z \/Ci1ErD;hrD;Zj+1 + ND, .(4.15)
J;j€8(J)
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where 9(.J) denotes the subset of relay terminals which can fully decode the first phase signal
and are therefore available to support the source in the second phase. In terms of the three
dimensional channel matrix (4.8), wherever a relay is not able to decode the source’s first phase

information a zero is inserted.

The general channel matrix for Protocol I with a single supporting relay is then given by

VAi1Esphsp 0
VCi1Erp;hrp; VB1Esphsp

=
I

(4.16)

Moreover, as noted in section 4.2.5, the channel matrix for Protocol II is obtained by zeroing
* the /B Esphgp term since no information is transmitted from the source to destination in the
second phase. A similar procedure is followed to obtain the channel matrices for the remaining

protocols.

4.3.2 Information theoretic analysis

Since the channel mutual information, I, is a function of the random fading coefficients, the
mutual information is also a random variable. The event I, < R is defined as the channel
being in outage and therefore Pr[I, < R| is referred to as the outage probability of the channel.
Moreover, as () is a random set of relays, the probability of outage conditioned on each
possible relay set can be summed to give the total probability of outage for the channel. The

total probability law can be employed to write

Pr{I, <R = Y _ Pr(d(J)IPr[I, < RI&(T)] (4.17)
()

This condition for inclusion in the relaying set satisfies the channel matrix and mutual
information formulas (4.11) and (4.12). Note also that if there are no relays with a suitably
strong signal to decode the information and then retransmit it to the destination in the second

phase, the channel matrix takes the form of the single-hop channel (Protocol V).

In the following section Protocol I is the primary protocol to be considered since all other
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protocols can be considered to be derivatives of it. From the channel matrix for Protocol I given
in Table 4.2 and equations (4.8) and (4.11) the mutual information for Protocol I operating in

MIMO mode and conditioned on the relay set 9(7) can be derived for a single relay by

L, loggdet I”F > Hy) Y. Hf] (4.18)
R;€8(J) R; ()
1 10
=5log2det
01
H
N VA1, Esphsp 0 VA1, Esphsp 0 )
VCinuErDhrD +/B1yEsphsp VCiyErphrD /B1,, Esphsp
4.19)
1 A1y Esph?p+1 VA1, C1yEspErphsphrp
log, det
VA1,,C1y EspErphsphrp  Biy Esphyp + Crpy ErDhSp + 1
(4.20)
2
— 5 logy ((ZeDLTED gt 4. SIS
2 Ny
+-————BlMESD|h pl? + -—CIA;VORDIhRDlz'Fl) (4.21)

where the power transmit levels are denoted A;,,, B1,, and C},, to indicate that they are used

for Protocol I MIMO transmission.

More generally for multiple relays, the mutual information for Protocol I in MIMO mode can

be written as

1 Ay, BE2 Ay Esp
I,, =§log2 <—‘1—M—W‘SQ|hSDl —lMN‘—“W pl?
By,,Esp 2 CJ,lMERD 2
+ ___N |};, | + Z _—N |h D| +1 b/s/Hz (4.22)
0

J;€8(T)
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Equally the MISO mutual information for Protocol I conditioned on the relay set 9() can be
found from (4.12) as

1 A E By, E CianE
Ly = logy [ 225D pgp2 4 D1 25D o2y §™ ZBRWRD o 1210 Yb/s/He
2 No No sy Mo
J
(4.23)

where the power transmit levels are denoted A; ¢, B14; and Ci to indicate that they are using

for Protocol I MISO transmission.

From (4.22) and (4.23) by inspection the MIMO case will always outperform the MISO case
under identical channel and power constraint conditions due to the extra |hSD|4 term in the
equation. However, this gain comes at the expense of extra decoding complexity and, as was

previously noted, this is a prime topic for future research.

The mutual information equations for the remaining protocols can be found from the individual
channel matrices in Table 4.2 and are shown in Appendix A along side the channel matrices

and a diagrammatic view of the protocol’s relay channel.

4.3.3 Optimal transmit power allocation
4.3.3.1 Protocol I MISO analysis

To optimise the transmit power levels A4, Big and Ci4 so the probability of outage is
minimised at a particular SNR while meetiné the power constraint on the network, initially
consider the Protocol I MISO transmission case with one potential relay. Using a single relay
in the network ensures that the results can be visualised in two dimensions and potentially
extended to the full 7 set of relays in future. Furthermore, the MISO transmission case is
considered prior to the MIMO case as it can readily be described analytically. In the remainder
of this chapter it is assumed that all network channel links have the same SNR, specifically
Esr/No = Erp/No = Esp/No = SNR.

~ Since Ajq,B1, and Cig are limited by (4.6), by varying A1, and Big between 0 and 1

independently, the entire range of results are explored. Expanding (4.17) for the single relay
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case gives

Pr[IlMISO < R] = Pr[a(jO)]Pr[Ils < Rla(jO)] 4.24)

+ Pr[8(J1)]Pr[I15 < RIO(T1)]

where 8(J,) denotes the decoding set that has ¢ relays in it. Substituting the required mutual
information equations into (4.24) and rearranging so the random variables are on the Left Hand

Side (LHS) of each individual probability inequality gives

. 2R 2 2% —1
Pril,, <R| =Pr||h < ———|Prilh <
rihs <B) r[l skl AISSNR] r[l sol (A15+B15)SNR]
b [|hsal > 2= L] b (v, + Buy)hsnl? + Cralhrol? < et
SR A]SSNR lg 1g SD 1s5|"*RD SNR

(4.25)

The probability inequalities with a single channel coefficient on the LHS can be solved
analytically as they are single Rayleigh random variables for which the Cumulative Distribution
Function (CDF) is well known as [1 — exp(—x)] when the standard deviation is 1 (as it is in
this case). Moreover z for the Rayleigh CDF is given by the Right Hand Side (RHS) for each
probability inequality.

The CDF of the more complex joint distribution of the two random variables
(Ar1g + B1s)|hSD|2 + Ciglhrp|?® is not so well known. To find an analytical
expression for the probability of outage conditioned on a single relay an expression for the
* CDF of the joint random variables must be found. This is done by convolving the PDF of each
random variable to obtain the joint PDF, which is then integrated to obtain the required CDF.

To start this process note that the PDF of (A;¢ + Bi)|hspl|? is given by

1

B S rve v 4.26
Als + Bls ( )

The PDF of Ci¢|hgp|? is found in a similar fashion. Convolving these PDFs leads to
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(fxg)(z) = / L e LT
o Ais + Big Cis
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Cls(Als + Bls) 0 .
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- 1 1
Cus(Ais + Bis) o7 — m48r; 0

1 =z —x —z Al +B1o+Cy
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Finally integrating the resulting PDF (4.27) to give the CDF

A1 +B1+C1

=z —r _IZ_S_S_S_S_ .
. s —_eA1sTBlg | g T(A15FB15)C1g
/0 A1+ Big — Cig

Als (1 _ eA15+B1s ) + Bls(l _ eA15+B1s) _ Cls(l + e-cﬁ)
Als +Bls _Cls

(4.28)

It can been seen that (4.28) does not apply if Aig + Big = Ci, due to the zero term in the
denominator. This special case, due to the power constraints placed on the system, is only
possible when A;; + By = Cig = 1. Under these conditions the combination of the fading
coefficients becomes hgp + hrp which is a Chi-Squared random variable with four degrees
of freedom. Therefore from the Chi-Squared law it can be shown that the CDF for this special

case is given by

1-— e—z(m+1), Ayg + Big = Cis- 4.29)

From the Rayleigh CDF functions and (4.28), and also letting x = (2% — 1)/SNR, an analytical

expression can now be written for (4.24) such that
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4 =z ek 4 -z
(1 - e"IS> (1 - e"15+313) + (e"IS) )

Als(l _ eA1S+Bls ) + Bls(l _ eA1S+B1S ) _ Cls(l _I_e?f;)
Aig + Big — Cig

(1 —‘eﬁ) (1 - e"ls—fBls>

+(J?)u—e*u+1», Arg + By, = Cig
\
(4.30)

Pr{l1. < R = {4
ths <H A1, + By # Cig

4.3.3.2 Numerical results _

To conclude the discussion of optimal transmit power levels for MISO Protocol I, results are
presented from numerical calculation of the outage probability (4.30) derived in the previous
section. This is done by calculating the probability of outage for a high accuracy range of
possible combinations of Ay, Bi4 and Cig, specifically varying A1, and By, between 0 and
1 with an incremental step of 0.001, to find the lowest outage level for specific vz;lues of SNR at
a particular spectral efficiency. Figure 4.4 and Figure 4.5 show the probability of outage surface
obtained at 0dB and 10dB for an RRDF required spectral efficiency of 1b/s/Hz, respectively.

Contours are displayed with the surface to easily identify the surface gradient.

Optimal power levels for A;g, By and Ci ¢ results are presented in Figure 4.6 for a required

spectral efficiency of 1b/s/Hz.

As the results show the initial transmit power level from the source in the first phase, Ay,
is always preferred to utilise full transmit power and therefore the remaining power is
split between the two second phase transmitting terminals. Figure 4.6 shows that below
approximately 5dB SNR it is preferred that the relay not transmit and all of the available power
is used by the source in both transmission phases. This is due to the fact that at low SNR the
required spectral efficiency is less likely to be met by the relay link than the single-hop link.
At higher SNR it can be seen that the transmit power levels By and Cp tend towards an

asymptote.

Between 5dB and 6dB at 1b/s/Hz spectral efficiency there is a sharp change away from only the
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Figure 4.4: Probability of outage surface for Protocol I MISO mode DF relaying with power
control levels A, ; and B ; for 0dB SNR and an RRDF required spectral efficiency
of 1b/s/Hz, with contours shown for clarity of the surface shape.

source transmitting in both phases to high power levels used by the source. At this point is can
be seen that the relay link starts to offer the required spectral efficiency and the protocol starts

to make use of the extra diversity offered by the cooperative relay.

Due to the fact that at all SNRs, A, is preferred to transmit at the full power available, the
optimal transmit levels can be characterised by either B; ; or Cy 4. Figure 4.7 presents a general
overview of the optimal power level for B4 where the spectral efficiency constraint is relaxed.
Therefore Figure 4.6 can be seen as a cross section of Figure 4.7. As can been seen in Figure
4.7 at lower capacities the sharp change between use only of single-hop transmission and use

of the available relay moves to lower SNRs, while the opposite is true at high SNRs.

4.3.3.3 Protocol I MIMO analysis

Following the previous section, now consider Protocol I operating in MIMO transmission mode.
Similar to the expanded probability equation for MISO mode relaying, (4.24) is now expanded
for MIMO transmission such that
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Figure 4.5: Probability of outage surface for Protocol I MISO mode DF relaying with power
control levels Ay, and By for 10dB SNR and an RRDF required spectral
efficiency of 1b/s/Hz, with contours shown for clarity of the surface shape.

Pr [IlM < R]
2 22R - 1 2 22R — T
= Pr |hSR| 74 m Pr AIMB]MSNR‘h,SD| + (AIM -+ Blm)“”SD' < SNR
5 22R oy
Pr ||lhgr!|® > ————
+Fr [| isr|” > AlMSNR]

I 22R =7
Pr [AIMBlMSNR|h'SD‘4 + (A1, + Biy)|hspl? + Ciylhro? < SNR }

(4.31)

As can be seen (4.31) is considerably more complex than (4.25) due to the additional |h,3D|4
term for the probability of outage whether there is a relay available or not. Due to its complexity
an analytical expression is fully explored in Appendix B. As is shown in Appendix B.l1 a
closed form solution cannot be found for the probability of outage (the CDF) when one relay is
available to support the source. However, the closed form solution for the PDF where one relay
is available can be evaluated using numerical integration methods to find the optimal transmit

power levels. This expression is available in Appendix B.1.

Results from the numerical evaluation are shown in Figure 4.8 for a required spectral efficiency
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Figure 4.6: MISO Protocol I optimal power control levels A g, By ; and Cy 4 against SNR for
an RRDF required spectral efficiency of 1b/s/Hz.

of 1b/s/Hz and show a similar trend to the MISO mode transmit power levels. Below
approximately 6dB SNR only the source is preferred to transmit since the relay cannot support
the required spectral efficiency and all of the available power is dedicated to the source’s
transmission over both time phases. Above the 6dB point the relay power allocation increases
sharply while the second phase source transmission power level falls off proportionally and
both approach an asymptote at high SNRs. Note that the transmit power levels for B;,, are
lower than that used in the MISO mode for a comparable SNR, which is due to the |hspl*

term being dependant on By, .

It is important to consider that the numerical integration used to calculate the optimal transmit
power levels for Protocol I operating in MIMO mode is very computationally intensive. For this
reason a similar graph to Figure 4.7 for Protocol I in MIMO mode is is not presented, although
from Figure 4.8 it is possible to say that Bj,, will be very similar to the surface for B in
Figure 4.7, but slightly shifted to the left due to the slightly higher SNR fall off seen in Figure
4.8.
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Figure 4.7: MISO Protocol I optimal power control level By against SNR and bandwidth
efficiency.

4.3.3.4 Protocol III analysis

The final protocol to be considered for the optimal transmit power levels is Protocol III. From
Appendix A it can be seen that while Protocol III can transmit in both MISO and MIMO
modes, the mutual information for the two modes is exactly the same. This suggests that
the optimal power level for Protocol III transmission is the same for both MISO and MIMO
transmission. Furthermore, in this scenario MISO would generally be preferred as the decoding

at the destination would be simpler.

As for Protocol I (4.24) is expanded to give the probability of outage for Protocol III such that

2R _ 2R __
Pr(I3 <R] =Pr []hsg|2 < : 1] Pr [|h3D|2 < < 1]

A3zSNR B3SNR
22:; 1 : 22R 1 (432)
2 = 2 2 =

Similar to the analytical approach for Protocol I MISO transmission, the variables Bs|hsp |2 +
C3|hrp|? can be combined through convolution of the respective PDFs to obtain the combined
PDF and then integration to give the CDF. Due to similarity of the analysis previously presented
the full working of this approach is not reproduced here but is available in Appendix B.3. The

combined CDF conditioned on one relay being available can be written as
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Figure 4.8: MIMO Protocol I optimal power control levels Ay, B1,, and C1,, against SNR
for an RRDF required spectral efficiency of 1b/s/Hz.
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Pr[I3 < R|(9(j1)] = B3 # Cs
l—e%(Bla-i—l), Ba=03433
(4.33)

Following this the full analytical approach can be found by combining (4.32) and (4.33) to give

e =8 I R el

(-B'_l_c (e_zBB:EC; (B3 - C3) - Baca% + C3e.§5> e—zsﬁi;%c3 ) ’
3 — L3

Pr(I3 <R|= ¢ B3 # C3
(1 —e:‘—;) (1 —e;_;)
[T >

(4.34)
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Figure 4.9: Protocol 11l optimal power control levels Az, B3 and C3 against SNR for an RRDF
required spectral efficiency of 1b/s/Hz.

Numerical results for the optimal transmit power levels for Protocol III at a required spectral
efficiency of 1b/s/Hz are shown in Figure 4.9. The trends shown in Figure 4.9 are significantly
different to those observed for both MISO and MIMO Protocol I, the most striking of which
is that the first phase source transmit power level is not constant at 1. Rather the second phase
source transmit level is constant using the full transmit power available. This is due to the fact
that in Protocol III the source only communicated directly with the destination in the second

phase. This emphasises the importance of the single-hop link in cooperative diversity channels.

Furthermore, there is no sharp charge in the values of the transmit power levels as previously
observed for Protocol I, but a smooth transmission between the low SNR regime where the
source is primarily used, and the high SNR regime where the relay and source share the
available transmit power in the second phase. Note also that unlike the Protocol I power levels
for the relay in the second phase, C3 for Protocol III is less that Bs. Finally, is can also be seen
that at both high and low SNR the transmit power levels A3 and Cj tend towards asymptotes.

The characteristics noted above can also be observed over several capacities as shown in Figure
4.10. The surface shown in Figure 4.10 is the value of A3 since, as was previously noted, Bs is

preferred to always use the maximum power available.
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Figure 4.10: Protocol 11l optimal power control level Az against SNR and bandwidth
efficiency.

4.4 Performance results

In the following section the performance of the complete set of relaying transmission modes are
analysed in terms of outage, diversity and bandwidth efficiency. Initially, the performance is
evaluated by inspection of the information theoretic framework developed earlier in this chapter.

Numerical results are then presented and discussed as the conclusion of this work.

4.4.1 Information theoretic performance

The system constraints placed on the system were made to ensure that all relaying protocols can
be directly compared to the single-hop (Protocol V) case. For this reason we take the single-hop
scenario as the base line for analysing the performance of the other protocols. In the following
discussion of the bandwidth efficiency of the protocols, the optimal transmit power levels for
1b/s/Hz as previously presented are used. Moreover, it is important to note that the ordering
of the protocols in terms of bandwidth efficiency does not consider the diversity offered by the

cooperative diversity protocols. Rather, this situation is considered later in this chapter.

Protocol 1 operating in MIMO mode would generally be expected to outperform Protocol 1
operating in MISO mode as it transmits different information in the second phase, and this
would be expected to be particularly noticeable at high SNR. At low SNR note that Protocol

I operating in MIMO mode would be expected to match the single-hop case to approximately
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7dB SNR since the source transmits at full power during both phases (A1 = B1; = 1) and the
relay is not utilised. Above 7dB SNR due to the split of power between the source and relay,
the single-hop case will outperform the Protocol I MIMO case. Similarly Protocol I in MISO
mode will benefit from the additional diversity and subsequently is expected to outperform the

other cooperative diversity protocols, but not the single-hop link.

Next Protocol II is considered. Protocol I will always outperform Protocol II due to the
additional transmission from the source in the second phase. However, Protocol II will
outperform Protocol III due to the power constraint on Protocol III, which does not apply to
Protocol II due to the destination listening to the source in the first phase rather than the second.
Protocol IV is always outperformed by the cooperative diversity family of protocols since
Protocol IV has no single-hop link from the source to destination in either phase. Finally, note
the single-hop link is expected to outperforﬁ all other protocols since the source not required to
share power with any available relays and is available to transmit different information in each

phase. This can be summarised as

I5 Z I]-MIMO 2 IlMISO 2 12 Z I3 2 I4 » (4'35)

4.4.2 Comparison from a diversity point of view

Considering the relaying protocols from a diversity point of view, the simplification that the
S — R link is very good (i.e. the link supports the required rate R) is made. Defining B2 =
min{Egsp/No, Erp/No} it is a simple matter to verify that for large 32 the outage probability
for Protocol II can be upper-bounded by

N
2 1) (4.36)

Pr[I; <R] < (

which demonstrates that Protocol II extracts full diversity in the effective SNR ;. In this
context, full diversity refers to the fact that the outage probability decays proportional to
1/ SNRIB(DI+L 5¢ high SNR. It is likewise straightforward to verify that Protocol I and Protocol
III also extract full diversity. Protocol IV however extracts diversity of order |9(J)| since
there is no single-hop link between the source and destination. Finally, it is well known that a

single-hop link extracts only first order diversity.
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Figure 4.11: Simulation results for cooperative diversity where the spectral efficiency is fixed
at 1 b/s/Hz. SNR (fixed for all links) and outage probability are compared for
all relaying protocols including both MISO and MIMO based transmission for
Protocol L.

4.4.3 Numerical results

To conclude the discussion of the performance of the complete family of relaying protocols,
numerical results are presented for the probability of outage, the bandwidth efficiency and
the capacity at a fixed level of outage for each individual protocol. The assumption that all
terminal links have the same SNR is continued here, as is the assumption that there is only one
relay potentially available. These assumptions are made for simplicity of presenting the results

graphically, but can be readily relaxed using the framework developed earlier in this chapter.

Consider initially the probability of outage metric for comparison of each relaying protocol.
Figure 4.11 shows the probability of outage against SNR, where the SNR for all links is the
same, for all five protocols at a fixed required rate of 1b/s/Hz. As was previously noted,
the optimal power levels which were obtained earlier in this chapter are optimal in terms of
outage (rather than capacity), which can be seen by the ordering in Figure 4.11. Protocol 1
while operating in MIMO mode matches the performance of the single-hop link in terms of
probability of outage at low SNR but, due to the additional diversity offered by the relay in

the second phase, it outperforms the single-hop case at high SNR. Since Protocol I utilises
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Figure 4.12: Simulation results for bandwidth efficiency of cooperative diversity. SNR and
bandwidth efficiency are compared for all relaying protocols including both MISO
and MIMO based transmission for Protocol L.

full transmit and receive collision its it outperforms all other protocols in outage terms at high
SNR and therefore is the preferred protocol to be implemented in a wireless network where the

smallest possible probability of outage is critical.

Figure 4.11 also clearly shows the diversity benefit offered by the cooperative diversity
protocols over the single-hop and two-hop links. At high SNR all cooperative diversity
protocols outperform the non-cooperative links due to the extra diversity offered by the relays.
This shows again how using cooperative diversity in a Rayleigh fading wireless environment
can be beneficial to the quality of the communications available. Also note that Protocol II
outperforms Protocol III at all times due to the power level transmit constraint of Protocol III,
even although the two protocols are similar. This suggests that Protocol III would only ever
be used in a situation where the destination is not available to receive information in the first

phase.

In terms of bandwidth efficiency performance, the ordering of (4.35) can be observed in Figure
4.12. Since the transmit power levels are optimised in terms of probability of outage, they

can’t necessarily be directly applied to the bandwidth efficiency performance metric. However,
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Figure 4.13: Simulation results for bandwidth efficiency of cooperative diversity at the 5%
outage level. SNR and bandwidth efficiency are compared for all relaying
protocols including both MISO and MIMO based transmission for Protocol 1.

it is illustrative to consider the ordering of the results, and as such the bandwidth efficiency
is measured using the optimal transmit power levels as calculated for 1b/s/Hz. In-particular
Protocol I (in both MIMO and MISO modes) matches the capacity of the single-hop link at
low SNR” as was suggested by the fact that only the source transmits in both phases due to the

power constraint.

Figure 4.13 is of particular interest for consideration in a practical wireless communication
network where a certain level of signal outage is tolerated, as it shows the achievable capacity
for a set SNR at the 5% outage level. This simulation was made by calculating the optimal
transmit power levels for each protocol, at each SNR and attempted capacity, on the fly. This
is an ideologically similar method to pre-computing a range of optimal power levels and
using a ‘look-up table’ type approach to finding the correct power levels for certain channel
characteristics. In terms of practical implementation this is the most likely approach due to the

computational complexity of computing the optimal transmit power levels on the fly.

As can be seen from Figure 4.13 the cooperative diversity protocols offer a considerable

"Note that MIMO converges to the single-hop link at higher SNR than the MISO mode
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increase in the capacity of a link, with the extra diversity offered by the relay effectively
combating the Rayleigh fading at low SNR. A significant gain of 3.4dB can be observed when
comparing the achievable capacities of Protocol I (MIMO mode) with the single-hop link at
low SNR. Protocol I (MISO mode) offers a similar increase in capacity at low SNR, however
cannot match Protocol I (MIMO mode) or the single-hop link at high SNR due to the lack
of new information in the second phase of transmission. Protocol II can obtain an increase
in capacity of 3dB at low SNR over the single-hop case. Protocol III can only offer a 1.7dB
increase in capacity over the single-hop case, which is due to the power constraint placed on
the protocol, despite its similarity to Protocol II. It can therefore be concluded that Protocol
I (MIMO mode) it preferred over the other available protocols, where the SNR between all

terminals is equal.

From this discussion it can be seen that there is a trade-off between optimising for probability
of outage as has been pursued in this chapter and optimising for capacity at a specific outage
level. The following chapter explores the possibility of combining the protocols optimised for
probability of outage as derived in this chapter, in such a way that the protocol that is optimal

for the instantaneous channel conditions is the one that is employed.

4.5 Conclusions

In this chapter a general framework for the complete family of relaying protocols was
introduced for an ad-hoc network which consists of a single source, a destination terminal
and | 7| potential supporting relays under three basic system constraints: time, bandwidth
and power. The proposed framework was then specialised for decode-and-forward relaying
and the complete set of mutual information equations were presented. Further to this, an
analytical approach was taken to derive the optimal transmit power levels for Protocol I
(MISO mode) and Protocol III and a numerical approach was used to find the optimal transmit
power levels for Protocol I (MIMO mode). Finally, the complete family of relaying protocols
were compared in terms of bandwidth efficiency, outage performance, capacity and diversity.
Protocol I (MIMO mode) was found to be the optimal protocol in terms of outage, where the
SNR between all terminals is equal, when averaged over a large number of independent fading

samples as found by Monte Carlo simulation.
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~Chapter 5
Optimisation strategies for relay

networks

5.1 Introduction

This chapter considers two optimisation strategies for the family of relay networks introduced
in the previous chapter, which maximise the potential benefits offered by relaying. This
optimisation is performed by expanding the framework previously developed, initially to
frequency selective fading channels and then to consider adaptive protocol selection based on

limited feedback from the receiver.

Multi-carrier transmission methods were introduced in chapter 2 as a method for combating
the adverse effect Rayleigh fading has on wireless communications by transmitting data over
multiple channels separated in frequency. This is made efficient in terms of spectrum use by
utilising orthogonal transmission methods which ensure that the carriers can be closed spaced
.and is consequently termed OFDM. Methods which combine the diversity offered by relaying
methods and OFDM have attracted considerable interest as this can lead to much more reliable
communications [83,97,98]. This has also lead to _research involving cooperative diversity

methods and OFDM transmission [99, 100].

In the first part of this chapter, the framework previously developed for the relay network
is used to answer the question of what effect a frequency-selective fading environment has
on the performance of the cooperative diversity protocols. This is done by modelling the
fading channel as a set of OFDM tones, each of which is subjected to appropriate signal
fading to simulate the effect of frequency-selective fading. Since the signal received by the
destination, for each tone, may have arrived by several paths the received signal is modelled
by a finite-impulse response filter with an appropriate set of tap weights to model a suitably
correlated signal. In this chapter the COST-207 channel model is considered with the
corresponding tap weights. Furthermore, each path modelled for each OFDM tone is subjected
to independent Rayleigh fading, as would be expected from the properties of the wireless

channel.
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Before the question of how the cooperative diversity protocols perform in the
frequency-selective channel can be answered, another important question must be
posed and answered first. As was noted in the previous chapter Protocol I and Protocol III
make use of full receive collision (in frequency) at the destination in the second phase and it
is not known if this is optimal for the OFDM case. Other scenarios which are fully explored
later in this chapter include no-collision in the second phase and partial collision. As in the
previous chapter, Protocol I (MIMO mode) is the primary relaying protocol considered since
all others are effectively derivatives of it and it was shown to have the best performance of
the cooperative diversity protocols in a quasi-static fading environment when averaged over a
large number of independent fading samples. The three system constraints of time, bandwidth
and power are also continued in this -chapter to make a comparison with the single-hop case
fair and therefore the optimal power level methods derived in the previous chapter are used

through the remainder of this work for Protocols I and III.

The second part of this chapter considers an adaptive method to select the optimal protocol,
in terms of capacity, based on the instantaneous channel conditions. As was noted in the
previous chapter, the transmit power levels considered were optimal in terms of outage rather
than capacity, so to see the full benefit of using cooperative diversity to combat Rayleigh fading,
now consider optimising the relay channel in terms of capacity. This is done by using limited
feedback from the destination terminal, which has knowledge of all reverse channels, to the
source. This approach is already used in practical wireless communication systems to make
the best possible use of the channel based on instantaneous channel conditions, such as the

High-Speed Downlink Packet Access (HSDPA) system.

This chapter is structured as follows: section 5.2 expands the channel models and framework
cieveloped in the previous chapter to consider the frequency-selective fading environment. In
section 5.3 the effect of collision in frequency (signal) space is examined. The effect of the
frequency-selective environment on the cooperative diversity protocols is then considered in
section 5.4. Section 5.5 considers an adaptive method to select the optimal relaying protocol to

use based on current channel conditions and finally conclusions are drawn in section 5.6.
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5.2 Frequency selective cooperative diversity strategies

5.2.1 Channel model

In this section the quasi-static fading channel model used in the previous chapter is extended to
consider a frequency-selective fading model. To take account of the frequency-selective fading,
the channel transfer coefficient for the kth tone is given by the Discrete Fourier Transform
(DFT) [101, p.243] as

=2nlk

L-1
hxy(k) =Y hxyie ® k=0,1,...,N —1 carriers 5.1
=0

where the subscript hxy denotes the channel between source X and destination Y, and
hxy, is the time-domain channel impulse response coefficient recorded at discrete delay
l. The frequenéy-selective fading model considered is restricted to quasi-static Rayleigh
fading channels with fading coefficients hxy,; being circularly symmetric zero mean
complex Gaussian random variables. Furthermore, the channel coefficients are assumed to be

uncorrelated across taps.

Each phase of transmission employs OFDM with N tones and the length of the Cyclic Prefix
(CP) satisfies L, > L, which guarantees that each of the frequency-selective fading channels

de-couples into a set of parallel quasi-static fading channels.

) From the_ previous assumptions (4.13), (4.14) and (4.15) can be rewritten for the kth tone as

yp, (k) = \/A1Esp, hsp(k)z1x + np, (5.2)

YR, (k) =/ AlESRj,k hSRj (k)xl,k + nR, (53)

YD, (k) = \/B1Esp;  hsp(k)zax + , eZa%J) \/Ci1ErD;  hrD;(K)Zjs16 + 1D, (54)
3

where (5.2)is the recejved signal by the destination in the first phase for the kth tone, (5.3) is the
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signal received by the relay j in the first phase for the kth tone and (5.4) is the signal received by
the destination in the second phase from the source and all available transmitting relays for the
kth tone. Furthermore Exy, is the average signal energy received by the destination terminal
over one symbol period through the X — Y link on the kth tone. Similarly, Exy;, denotes
the average signal energy received by the destination Y as transmitted by the jth relay, and z; x

denotes the information symbol transmitted in the jth transmitting terminal on the kth tone.

Moreover, the Protocol I channel model can now be summarised in matrix notation similar to

(4.16) as

VA1, Esphsp(k) 0

H, (k) = (5.5)

vV CIM,jERDj hRDj (k) \/BIMESDhSD(k)

5.2.2 Multiple access scheme

To fully analyse the effect that signal collision in the second phase has on the performance of
the cooperative relaying protocols, consider a MA scheme similar to the MIMO MA scheme
used inl [97]. The MA channel is simplified significantly in this work since each terminal is
assumed to have only one transmit/receive antenna. Furthermore, both the source and the set
of relays are assumed to make up the MA channel, so the number of terminals communicating
with the destination is |8(J)|. The information rates that the MA channel can support are
split into two; R; denotes the information transmitted in the first phase (x1) and Ry denotes the
information transmitted in the second phase (x2). The sum of the information transmitted over

the two phases of transmission is called the sum rate and denoted Rsyrm.

The family of MA schemes used is obtained by assigning each OFDM tone k = 0,1, ..., N —1
to a subset of the transmitting terminals, Uy, in the second phase. During the first phase all tones
are assigned to the source and none to the relay, hence there can be no collision in frequency
in the first phase. The full collision-based MA scheme where all tones are assigned to both
the source and the relay during the second phase (i.e., Uy = {S,R} for k = 0,1,..., N — 1).
Conversely, the no collision case is defined by the tone assignment pattern such that each tone
has one or less (zero) transmitting terminals assigned to it, which satisfies |Ug| < 1 for k =
0,1,..., N — 1. The variable amount of collision employed in the second phase transmission

is shown graphically in Figure 5.1. It should be noted that unlike most cooperative diversity
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N
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Figure 5.1: Variable amount of transmission collision in individual OFDM tones in the second
phase, in frequency where (a) shows the no collision case, (b) shows the part
collision case and (c) shows the full collision case.

figures in literature, time is on the vertical axis in Figure 5.1, to clearly show the OFDM tones

on the horizontal axis.

By considering the terminals transmitting on each tone over the two transmission phases in
Figure 5.1 it can be seen that each tone can be split into one of the five relaying protocols

introduced in the previous chapter. In particular
e Tones where there is no collision in the second phase and the relay transmits information
in the second phase can be considered to be Protocol II.

e Tones where there is no collision in the second phase but only the source transmits can be

considered to be two single-hop transmissions from source to destination (Protocol V).

e Tones where there is collision can be considered to be Protocol I as the full degree of

receive collision is used.
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/
S - m 77 L

Figure 5.2: Variable amount of collision in the second phase (Figure 5.1(b)) split into the
component rates using the collision detailed 5.1( b). (a) shows the component Ry,
(b) shows the component Ry and (c) shows the full sum rate, Rsym. The type of
relaying for each pair of tones is also shown at the top of the figure.

The information rate R; is obtained from all tones in the first phase and the tones in the
second phase where the relay transmits, including the collision tones. Similarly, the rate R
is obtained from only the tones in the second phase where the source transmits, including the
collision tones, and the sum rate, Rgum. is obtained from all tones regardless of the transmission
type. This is shown graphically in Figure 5.2 which considers the part collision case shown in
Figure 5.1(b), and it can therefore be seen that each MA channel consists of (possibly) multiple

relaying protocols.

5.2.3 Bandwidth efficiency

To analyse the bandwidth efficiency region of the fading relay channel, the case where all

available OFDM tones are used and assigned to either the source, relay or to both terminals
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is investigated. Both the source and relay have the same number of tones N, > % S
N(u = {S,R}) out of which bN tones with b = %,i € {0,1,..., N/2} are assigned to both
transmitting terminals in the second phase. Consequently, the case of b = 0 corresponds to full
collision and b = 1 describes no collision in the second phase. The transmit power used by
the terminals is unity in the non-collision tones, and uses the Protocol I (MIMO mode) power
control factors, as found in the previous chapter, in collisions tones. Under these assumptions,
bN tones are assigned to both the source terminal and the set of relaying terminals, leading to
collision in signal space. Subsequently these tones are termed collisions tones. Both the source
and the set of relays and are assigned 1—'2‘9 tones independently, where no collision occurs

(termed non-collision tones). Subsequently both the source and set of relaying terminals are

each assigned 1t tones.
g 2

Subsequently the following MA rates are obtained

A FE Ci.. B
Ry < blog, [ 1+ 1u SDIh ol + Z —IMTOIEI/ZRDP)

i J5€0(7)
1=0 E .
gy (1 + —SD |hs |2) o8
1=b E E
+ —— logy (1 + i’-m ol* + Ni(f]hs,)]?)

E
Ry < blog, (1 e Bl_M_§2|hSD|2)
No

—b E
log, (1 + —NSEMSDF)
0

1 (5.7)
+
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Ay, B, E% A, E
Ri+Ry < blog, 1+__1L_.1M_SQ|hSD| 1nm SD|h I
No N
B_IMESB“,, b2+ Z Cin i E EDi | hrp y >
Mo J;€0(7) No

5.8)

1 - b 2 ERD 2
+— log, | 1+ ——Ih pl* + E N |hrD|
. J;€a(T)

+ (1 —b)log, <1 + —|hs |2)

where R; is the maximum information rate that can be transmitted by the source in the first
phase, Figure 5.2(a), Ry is the maximum information rate that can be transmitted by the source
in the second phase, Figure 5.2(b) and Ry, is the maximum information that can be obtained
from the MIMO channel that is formed, Figure 5.2(c). Furthermore Ay,,, By,, and C1,, are

the Protocol I (MIMO mode) transmit power levels as found in the previous chapter.

Channel rates (5.6), (5.7) and (5.8) are presented in a fully expanded form (rather than in
channel matrix form) to avoid ambiguity between tones which have the power control factors -

A1,,, B1,, and Cy,,, and those that do not.

5.3 Effect of second phase collision

To conclude the discussion of the effect of second phase collision on the capacity regions of the
cooperative relay network in an OFDM framework, numerical results are presented as recorded
from a Monte Carlo simulation. It is assumed in the simulation that there is a maximum of
one relay terminal potentially available to support the source’s transmission. Furthermore
it is assumed that all terminal links have the same SNR. As in the previous chapter, these
assumptions are made for the simplicity of presenting the results, but can readily be relaxed to

the more general case used in the developed framework.

As the achievable channel capacity is bound by (5.6), (5.7) and (5.8) the capacity results are
presented as an envelope of the achievable rates. Specifically the envelope boundary between
admissible and impossible rate combinations is found by numerical simulation. Furthermore,

note that higher envelope boundary values are preferable, as this indicates that higher channel
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Figure 5.3: Multiple-Access bandwidth efficiency regions for no, half and full collision (b=0,
b=0.5 and b=1 respectively) at -10dB SNR. The rate achievable in the first phase,
Ry, is shown plotted against the rate achievable in the second phase, Ra.

capacities can be achieved.

Figure 5.3 and Figure 5.4 show the MA channel rates for -10dB and 10dB SNR respectively.
As can be readily seen from both figures, full collision in the second phase is the preferred
method of MA in order to maximise the bandwidth efficiency. Moreover, this is true not only
for the sum rate, but also for R; and Ry. It is interesting to note from Figure 5.3 that the effect

of collision in the second phase has very little impact on R at low SNR.

The benefit of using full signal collision in the second phase is also seen in Figure 5.5 which
shows the capacity region for the sum capacity region at various SNR and collision levels. It
is clear that full collision is always preferred in the second phase in an OFDM environment for

the relay channel.
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Figure 5.4: Multiple-Access bandwidth efficiency regions for no, half and full collision ( b=0,
b=0.5 and b=1 respectively) at 10dB SNR. The rate achievable in the first phase,
R1, is shown plotted against the rate achievable in the second phase, Ra.

5.4 Frequency-selective fading relay network analysis

In the previous section, the frequency-selective channel model was introduced, (5.1), and it
was shown that full collision is the preferred method of cooperative transmission in the second
phase over the OFDM channel. This is now used to explore the effect that frequency-selective

fading has on the performance of the cooperative relay protocols.

To model the effects of the frequency-selective channel the COST 207 model is employed [41]
which states the channel tap weights that should be used to simulate several environments,
including the typical rural environment (RA) and the typical urban (non-hilly) environment
(TU). The tap weights for these two environments are given in Appendix C. COST 207 does
provide other tap weight specifications for several other environments, however only the RA
and TU scenarios are considered in this chapter as these are two common environments where
wireless communications are used, and also to reduce the complexity of presenting several other

frequency-selective environments.

Note that the performance ordering of the cooperative relay protocols does not change in
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Figure 5.5: Simulation results for the bandwidth efficiency region for the sum capacity region
of the MA channel with one potential relay, for no, half and full collision (b=0,
b=0.5 and b=1 respectively).

the frequency-selective environment from the quasi-static fading case derived in the previous
chapter, for both bandwidth efficiency (4.35) and diversity (4.36). Rather, what is of particular
interest is the numerical results of the protocols. Furthermore, although the ordering of the
protocol’s diversity performance does not change, the order of diversity is now not only
dependent on the number of available relays, but also on the inverse of the normalised coherence
bandwidth, which is modelled by multiple taps in the COST 207 model.

5.4.1 Numerical results

To fully investigate the effect of a frequency-selective environment on the relay protocols,
numerical results from a Monte Carlo simulation are presented. A channel with 64 OFDM
tones is considered and the DF decision as to whether a relay can take part in the second phase
or not is made on a per-tone basis. Both COST 207 RA and TU environments are considered
and the bandwidth efficiency results as a function of SNR are presented in Figure 5.6 and Figure
5.7 respectively.
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Figure 5.6: Simulation results for bandwidth efficiency of cooperative diversity in a
frequency-selective environment using the COST 207 RA model. SNR and capacity
are compared for all relaying protocols including both MISO and MIMO based
transmission for Protocol L.

Figure 5.6 and Figure 5.7 show that the ordering of the capacity does not change due to the
frequency-selective fading, although a large decrease in the achievable capacity is noticeable
when compared to the non-frequency selective case. At low SNR for Protocol I (MIMO mode)
the decrease in the achievable capacity is 3.3dB for the RA case, and 9.1dB for the TU case
compared to the non-frequency selective fading case considered in the previous chapter in
Figure 4.12. As would be expected, all available protocols perform considerably worse in

terms of capacity in the TU scenario.

Similarly, the outage results as a function of SNR for a required spectral efﬁcienéy of 1b/s/Hz
are presented in Figure 5.8 and Figure 5.9 respectively.

The effect of the additional diversity offered by the multi-path frequency-selective fading is
particularly apparent in Figure 5.8 and Figure 5.9. The additional diversity offered by the
supporting relay can be observed clearly in the RA case, but it is not so clear in the TU case,

which already has 12th order diversity for the single-hop case due to the number of paths
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Figure 5.7: Simulation results for bandwidth efficiency of cooperative diversity in a
frequency-selective environment using the COST 207 TU model. SNR and capacity
are compared for all relaying protocols including both MISO and MIMO based
transmission for Protocol 1.

modelled. The diversity ordering derived in (4.36) can also be observed here.

5.5 Adaptive optimal relaying protocol selection

When selecting which relaying protocol to utilise it is important to consider the trade-off
between the complexity of the system and the advantages that each protocol can offer. In
a situation where it is desired to get the maximum possible data transfer rates that can be
achieved, the system designer might be willing to use Protocol I (MIMO mode) despite its
complexity. However, in a situation where the wireless communication devices must be kept as
simple as possible (for example for battery life reasons), Protocol Il might be sufficient. In both
of these scenarios the relay transmission protocol is fixed from design to implementation, and
the transmission type based on wide-ranging general assumptions about the channel conditions

that will be encountered during the network’s operation.

In the previous chapter it was noted that under certain channel conditions one protocol might
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Figure 5.8: Simulation results of cooperative diversity outage in a frequency-selective
environment using the COST 207 RA model where the spectral efficiency is 1
b/s/Hz. SNR and outage probability are compared for all relaying protocols
including both MISO and MIMO based transmission for Protocol 1.

be preferred over another, for example if the source to relay signal is very poor in comparison
to the source to destination signal, it would be wise to transmit using the single-hop (Protocol
V) method only. Due to the fact that the relay network has 2|7| + 1 random fading channels
for | 7| relays, an adaptive method to select the optimal protocol based on the current channel
conditions can be envisaged. Such a method would require feedback from the destination to the
source, containing information about the current state of the channel links which lead from
the source to the destination. This information would be contained in a control or header
packet sent from the destination to the source which is used to maintain the communication
between the two terminals, for example a TCP packet [102]. Such a method for selecting
the optimal transmission technique is already used in HSDPA [103] and certain 801.11 [104]
communication systems, which change the modulation used to carry data based on available

channel measurements.

For the purposes of the development of this adaptive relaying protocol, consider only a Rayleigh

fading channel, since this chapter has previously shown that full collision is preferred in the
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Figure 5.9: Simulation results of cooperative diversity outage in a frequency-selective
environment using the COST 207 TU model where the spectral efficiency is 1
b/s/Hz. SNR and outage probability are compared for all relaying protocols
including both MISO and MIMO based transmission for Protocol 1.

second phase, which is the same as a narrowband system which uses full receive collision in
the second phase. Furthermore, the system constraints previously placed on the relay network

are continued in this section.

5.5.1 Protocol selection

Before developing an analytical solution to the selection of which protocol should be used at
any one time, consider which protocols might be preferred under certain channel conditions.
Protocol 11 will always outperform Protocol III due to the power limitation on Protocol III.
Protocol 11 will also always outperform Protocol IV as it has the advantage of utilising the
single-hop source to destination link in the first phase as well as the two-hop relay link, which
Protocol IV is limited to. Similarly the relay link (Protocol IV) will always be outperformed by
Protocol 1I due to the additional single-hop transmission in Protocol II. Furthermore, although
Protocol Iin both MIMO and MISO modes would generally be expected to outperform Protocol

11, this generalisation cannot be made here due to the system transmit power constraint as this
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prevents Protocol I (in either MIMO or MISO mode) from transmitting at full power, therefore
reducing the achievable rate. Equally, Protocol I (MIMO mode) would generally be expected
to outperform Protocol I (MISO mode), however again this generalisation cannot be made.
Finally, the single-hop link (Protocol V) would be expected to be the optimal protocol if either
the source to relay or relay to destination link is poor. In summary the four protocols which can

be considered in the selection of the optimal protocol for adaptive relaying are:

Protocol I - MIMO mode

e Protocol I - MISO mode

Protocol 11

Protocol V (single-hop)

The analysis of which protocol is optimal under certain channel conditions is complicated
considerably by the fact that the optimal power levels are not fixed, but depend on the current
link’s SNR and the attempted spectral efficiency. Due to this, the analysis is implemented by a
simulation similar to those carried out in section 4.4.3. Specifically the simulation considers the
capacity achievable at the 5% outage level. Consider a relay channel with one relay potentially
available to assist the source. For each set of channel conditions it is possible to calculate the
capacity that each of the four candidate adaptive protocols can achieve. The percentage of time
that each protocol is used can then be analysed for each SNR, the results of which are shown in
Figure 5.10.

The results shown in Figure 5.10 are particularly interesting, although not necessarily
surprising. It is shown that Protocol I in either MIMO or MISO mode is never the optimal
protocol to be considered. Although it might be expected that Protocol I'in MIMO mode would
outperform the other protocols, due to the power constraint on the system this situation never
arises. This would not be the case if the power constraint was not in place, as shown in [78].
It can also be seen that generally single-hop transmission is the preferred option, although
Protocol 11 is used a significant amount of the time, particularly at low SNRs. This is due to
the extra diversity offered by the relay, and the roughly 1/3 to 2/3 split that can be observed
between Protocols II and V might be expected as there are three randomly fading channels.
However, as the signal quality improves the single-hop case becomes dominant due to that fact

that it utilises full-time transmission, while Protocol II can use only half-time transmission.
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Figure 5.10: Simulation results of the percentage of time each of the four candidate bandwidth
efficiency optimal adaptive protocols are used for 5% outage level.

An important issue which arises from the fact that only Protocol II and Protocol V are used
in the adaptive optimal protocol is that the overall complexity of the system in considerably
reduced when compared to a system which employs Protocol I in either MISO or MIMO mode.
This is due to the fact that neither Protocol II or V utilise receive collision at the destination
(unless there is more than one supporting relay), therefore making the decoding at the receiver

easier.

5.5.2 Analytical selection

Due to that fact that only Protocols II and V are used in the adaptive transmission protocol, an
analytical selection algorithm can readily be obtained, and used in a practical implementation.
Initially it can be said that if the mutual information achievable by Protocol V is greater than that
which can be achieved by Protocol II, then Protocol V should be used. Likewise the converse
is true. Therefore the inequality Is > I can be written. This can be expanded and simplified

as follows
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Is > I (5.9

log, (1 + SNR|hsp|?) > %mg2 (1+ SNR|Asp|? + SNR|hgp|?) (5.10)

(1+ SNR|hsp|?)® > 1+ SNRlhsp|? + SNR|hrp[? (5.11)

1+ 2SNR|hsp|?> + SNR?|hsp|? > 1+ SNR|ﬁSD|2 + SNR|hgp|? (5.12)
l'hspl2 (1+ SNR|hspl?) > |hrol® (5.13)

Furthermore, it is important to note that (5.13) assumes that the relay can successfully decode
the signal transmitted at the attempted spectral efficiency from the source in the first phase,
which is not always true. This decision bound comes directly from the RRDF framework that

the considered relaying network employs, and is given by

logy (1 + SNR|hsg|?) < R (5.14)
1+ SNR|hsg|? < 2% (5.15)

, 2% _1
hsrl® < —=m (5.16)

If either inequality, (5.13) and (5.16), is true, then Protocol V is the optimal protocol to use.
However, if both inequalities are false, Protocol II should be used. These inequalities are
relatively trivial in complexity, and can be readily implemented and calculated on-the-fly,
by the processors of a mobile terminals, which receive feedback from the destination. In
this way it can switch into and out of cooperative mode when it is attractive to do so. It
is also important to note that using the adaptive protocol pnlesents interference issues which
are synomonous with cooperative diversity relaying networks and must be considered before

practical implementation, although this is beyond the scope of this thesis.

5.5.3 Numerical results

To conclude the discussion of an adaptive protocol which makes use of both Protocol II and
Protocol V, depending on the instantaneous channel conditions, results are presented which

compare the adaptive protocol to several other relaying protocols. The performance of the
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Figure 5.11: Simulation results for cooperative diversity protocols, including the adaptive
protocol, where the spectral efficiency is fixed at 1 b/s/Hz. SNR and outage
probability are compared for all four candidate protocols.

adaptive protocol is measured for the probability of outage and the capacity at a fixed level of

outage.

Although it was shown in the previous chapter that Protocol I (MIMO mode) is preferred if only
a single transmission protocol is used in the relaying network, it would be expected that the
adaptive protocol would outperform all other protocols, including Protocol I (MIMO mode).
This is clearly shown in Figure 5.11 which directly compares the adaptive protocol with the
four candidate protocols, where the attempted spectral efficiency is fixed at 1 b/s/Hz. At high
SNR the adaptive protocol outperforms Protocol I (MIMO mode) by 1.92dB, making it very
attractive for high reliability wireless communications. The diversity offered by the supporting
relay is also clearly observable, which allows the adaptive protocol to considerably outperform

the traditional single-hop link, particularly at high SNR.

As in the previous chapter, the results where the achievable capacity, where a certain level of
outage is tolerated, are of particular interest from the point of view of how the adaptive protocol
might perform in a practical wireless network. These results are presented in Figure 5.12. As
can be seen, the adaptive protocol offers a significant increase in capacity at low SNR over all

other considered relaying protocols. Most noticeable is that the adaptive protocol offers a gain
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Figure 5.12: Simulation results for the bandwidth efficiency of the cooperative diversity
protocols, including the adaptive protocol, at the 5% outage level. SNR and
bandwidth efficiency are compared for all four candidate protocols.

of 4.25dB over the traditional single-hop case at low SNRs, compared to the 3.4dB offered by
Protocol T (MIMO mode). At high SNR, due to the fact that the single-hop case is usually
preferred as shown in Figure 5.10, the capacity approaches that of the single-hop case.

The results presented here show that an adaptive cooperative diversity protocol which can
switch between Protocol II and Protocol V dependant on instantaneous channel conditions can

offer a significant increase in the performance of the channel.

5.6 Conclusions

This chapter has considered two methods to optimise the family of relaying protocols
introduced in the previous chapter. Initially a frequency-selective fading environment
was considered and then an adaptive protocol which uses the optimal protocol based on

instantaneous channel conditions was developed.

Initially the channel model previously used was extended to consider an OFDM channel with

N tones and L taps at the receiver to model the multi-path channel. The effect of second
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phase collision upon the bandwidth efficiency was then considered by varying the amount of
signal collision in the OFDM tones at the receiver through a control parameter b. It was shown
that the different combinations of collision types on each tone across the two time phases
could be considered as either Protocol I (MIMO mode), Protocol II or Protocol V. Protocol
I (MIMO mode) was the main protdcol considered as it was previously shown to offer the
greatest benefits in both terms of capacity and outage. The conclusion drawn here is that full

collision is preferred to maximise the bandwidth efficiency at all SNRs.

The effect of frequency-selective fading on the full family of relaying protocols was then
considered by using the COST 207 multi-path model. It was shown that the capacity and
outage ordering derived in the previous chapter holds for the frequency-selective scenario and

numerical results were presented for two COST 207 channel models.

The second part of this chapter considered choosing a protocol to maximise the capacity of the
network by using information from the receiver fed-back from the destination to the source,
about the status of each individual channel in the network. Four relaying protocols were
considered as candidate protocols which might be preferred under certain channel conditions,
however it was shown that only Protocol II and Protocol V (single-hop) were ever preferred.
An analytical approach was then introduced to select the optimal protocol on-the-fly, using a
method which could be readily implemented in a practical wireless system. Finally, numerical
results were presented showing that the adaptive protocol can offer significant benefits over the

other relaying protocols, in-particular over the traditional single-hop link.
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Chapter 6
Conclusions

This final chapter summarises the work that has been conducted in each of the previous chapters
and draws conclusions from the results and contributions presented. The limitations of this

work and several avenues for future research are also considered.

6.1 Summary

Chapter 1 gave an introduction to the history of wireless communications and an overview of
the currently deployed cellular networks. It was shown that as wireless telecommunications
technology has progressed there have always been demands for increased capacity of the
network. Inearly development and until the deployment of second generation cellular networks
this demand was for increased user capacity of the networks, primarily due to poor frequency
reuse. This concern has been addressed in 2G networks as seen by the large numbers of
subscribers to the GSM protocol. The demand for capacity has now turned to demand for
increased data capacity for higher quality. communications and new services such as music
and video downloads and full internet access. Although this has been met to some extent by
the development and deployment of 3G networks, consumers have continued to require higher
data rates as services evolve. Meeting this demand is highlighted as a key goal for future
bgeneration networks and is subject to several avenues of research, inéluding relaying, which

was considered in this thesis.

To continue a more rigorous discussion of technologies, which harness the wireless channel,
and methods to offer increased capacities, chapter 2 initially presented the properties and effects
observed in the wireless channel. It was shown that the signal received by a mobile terminal
is the superposition of all the paths (rays) that the transmitted signal will take between the
transmitter and receiver due to scattering. In a high scattering environment, such as a city
centre, this superposition can be modelled accurately by the Rayleigh distribution probability
density function, and gives rise to a phenomenon known as fast-fading. Fast-fading makes the

wireless channel uniquely hostile for communications, but also offers diversity in the channel.
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By utilising this diversity using multiple antenna element techniques, each antenna element can
receive an independent fading signal, which has been shown to offer considerable potential for

increasing data capacities.

As the number of antenna elements in a mobile device is limited, several authors have proposed
that MTs could co-operate to form a VAA, effectively combating fast-fading through sharing
information in a cooperative diversity protocol. In an ad-hoc cooperative diversity scenario
the source’s transmission will be supported by at least one potential relay, which will forward
information about the signal from the source to the destination. By necessity, transmission in
a cooperative network is split into two time phases whereby the relay will receive information
from the source in the first phase, before transmitting it to the destination in the second phase.
Several methods have been proposed for how the relay can support the source, and research
has primarily focused on the RRDF method. MRDF has been prdposed as an alternative and
a comparison of bandwidth efficiency showed that RRDF offers greater benefits in terms of

capacity, and was used throughout the remainder of this thesis.

Chapter 3 initially expanded the work available from cooperative diversity literature, where
a single antenna is used, to consider the effect on the capacity of the network as well as
the probability of outage. Following this, the advantages of cooperative diversity where
‘each MT is equipped with two antenna elements, which is the maximum number that is
suitable for application in a device the size of a mobile phohe, were characterised. This
approach effectively combines the diversity advantage of multiple antenna elements with that
of cooperative diversity relaying. The protocol used involved the source transmitting in the
first phase but not the second, while the relay listens in the first and transmits information to
the destination in the second assuming the RRDF criterion is met. Three system constraints
were introduced to enable a fair and direct comparison with the traditional single-hop channel
to be made; transmit time, power and bandwidth must not exceed that of the single-hop case.
The concept of full-time and part-time cooperative diversity was also introduced and explored.
In part-time transmission the amount of information the source can transmit, compared to the
single-hop case is limited to 1/2 due to the system constraints, while in full-time transmission
the source is able to transmit the full amount of information that it would be able to in the
single-hop case. Spatial-Multiplexing methods were considered, in particular V-BLAST, as a
method of achieving full-time transmission, effectively allowing the source to transmit twice

the information in the first phase as the single antenna case, recovering the 1/2 constraint factor.
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STTD was also considered as a transmission method, and is typically more suited to improving

the reliability of the communications channel.

The numerical results presented in chapter 3 show that although cooperative diversity is limited
by the necessity of having two transmission phases, it can offer considerable benefits in terms
of capacity in a Rayleigh fading environment. Using the techniques presented it is possible to
counter the effects of the Rayleigh fading channel effectively, by employing a combination of
the diversity offered by the relays and that which is offered by the multiple antenna elements.
It was shown that although SM can achieve full-time transmission, the half-time STTD method

is preferred due to its use of data redundancy in the Rayleigh fading environment.

Chapter 4 focused on developing an information theory framework which could be used
to fully characterise the cooperative diversity channel. The entire family of cooperative
diversity protocols, initially presented by Nabar et al., was introduced and an information
theory framework suitable for RRDF relaying was developed. This framework also supports
the single-hop and two-hop channels as special cases, and allows multiple relays to support
the source. Furthermore, the three system constraints placed on the system in chapter 3 were
continued in this chapter and throughout the remainder of this thesis. The introduction of the
additiongl cooperative diversity protocols presented the opportunity to apply MIMO techniques
to the cooperative channel, in particular where the source transmits to the destination in the
second phase. In this case the source could send extra information rather than repeating the first
phase information similar to the relay’s transmission. Subsequently, Protocol I and Protocol
III, where this condition was met, could be considered to be full-time cooperative diversity,
termed MIMO cooperative diversity in this chapter for clarity of transmission technique. The
remaining protocols, including Protocol II, which was also considered in chapter 3, are only
able to transmit using half-time cooperétive diversity techniques, and therefore termed MISO

cooperative diversity.

The effect of the power constraint on the system was noted to be particularly important for those
protocols, which transmit information from the source in both time phases. In order to ensure
that the power constraint is met, the transmitting terminals must reduce their transmit power
in a manner which is optimal in terms of probability of outage (the channel not being able to
support the required rate). An analytical approach was taken where possible to find the optimal
transmit power values, and numerical results were presented. It was found that a closed form

expression could not be derived for Protocol I in MIMO mode and a numerical approach was
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taken to find the optimal transmit power levels for this case. Capacity and probability of outage
simulations were presented, which show that Protocol I in MIMO mode offers 3.4dB gain in

capacity over the single-hop case at low SNR, while also offering full diversity.

Chapter 5 considered two approaches to further optimise the cooperative diversity channel.
Initially OFDM transmission is considered to analyse the effect of second phase collision on
the capacity of the channel. As Protocol I in MIMO mode out-performed the others in chapter
4, and also utilises the full degrees of collision in the second phase, this was the main protocol to
be considered. The framework developed in chapter 4 was extended to consider the frequency
selective OFDM channel, whereby the amount of collision in the second phase was controlled
by the parameter b. That full collision is preferred to maximise the capacity of the channel was

shown by numerical results.

The second approach that was taken in chapter 5 was to develop an adaptive cooperative
diversity protocol, which uses the optimal protocol in terms of capacity based on instantaneous
channel conditions. Four protocols wer'e considered from the family of relaying protocols,
including Protocol I MIMO, Protocol I MISO, Protocol II and Protocol V (single-hop). Initially
" a numerical approach was taken to analyse the frequency of which each protocol was used.
This showed that only Protocol II and Protocol V were ever used, the proportion of which
is dependant on the SNR modelled. An analytical method was then derived to select which
protocol should be used. The capacity and probability of outage results for the individual
protocols from chapter 4 were compared with the adaptive protocol, which shows that the
adaptive protocol, as would be expected, offers improved performance 6ver the other protocols.
Significantly, at the 5% outage level the adaptive protocol gives a 4.25dB irhprovement in

performance over the single-hop case.

6.2 Conclusions

A number of conclusions can be drawn from the work presented in this thesis. Most importantly
is that it has been shown that under the constraints imposed upon the network to make a direct
comparison with the single-hop case, the cooperative diversity protocols can offer benefits in
terms of both probability of outage and capacity. This is particularly evident in chapter 3 where
each MT is equipped with two antenna elements. The combination of the diversity offered

by the multiple antenna elements and the VAA show clear advantages of using STTD based
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half-time cooperative diversity.

The cumulative effect of work in chapter 4 and chapter 5 is particularly interesting as it shows
that although Protocol I in MIMO offers the greatest benefits in terms of a single protocol,
an adaptive protocol consisting of Protocol II and Protocol V would be preferre&. This is
important as Protocol I in MIMO mode is comparatively complex both in terms of decoding
the signal at the receiver in the second phase and also the transmit power allocation. As a
numerical approach cannot be taken to calculate the Protocol I MIMO mode transmit power
levels they would have to be pre-calculated in a quantised manner and stored in a look up table
at each transmitter. The advantage of the protocols, which make up the adaptive protocol, is
that they only have a single terminal transmitting at any one time (assuming that there is only
one supporting relay). This means that each transmitting terminal can traﬁsmit at the full power
available to it, thereby reducing the complexity of the protocol. Also there is no collision at the

destination during the second phase making decoding of the second phase signal much simpler.

As the adaptive protocol gives a gain of 4.25dB over the single-hop case in the scenario
considered in this thesis, the assumption that relays would be provided in a cellular environment
by subscriber units would have to be closely considered. If two subscriber units co-operate
together to support the transmission from the source, any gain greater than 3dB would represent
an increase in capacity which is shared between each user. In this case, a gain in capacity of
1.23dB would be recognised by each user. Due to the extra signalling overhead required by
the cooperative diversity protocol it is unclear as to whether this benefit is enough to see an
increased capacity in a deployed product. Note also that cooperative diversity can effectively
be used to increase the coverage area of a cell as the capacity that is achievable at any particular
SNR for all links would require a much higher SNR for the source to destination link in the

single-hop case.

One possibility for cooperative diversity deployment is to use fixed relays, which are installed
and managed by the network operators, in hotspot areas, such as city centre offices or cafes, and
support a number of MTs in a limited geographical location. This would effectively increase
the coverage area.of the cell and remove the security concern of sharing information with other
users. Furthermore, this method could increase the battery life of an MT as, under certain
channel conditions, during the uplink transmission from the subscriber unit to the base station
the MT would only transmit for half of the time slot, while the fixed position relay would

transmit for the second half. The benefit to users of the network would be a considerable
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increase in the network capacity due to the abilities of the adaptive cooperative diversity method
to combat Rayleigh fading and the benefit to network operators would be the increased coverage

of the cell.

6.3 Future work

Although the benefits of using cooperative diversity are significant, there are a number of
areas that future research can pursue using the information theory framework developed in this
thesis. In particular, the numerical results in this paper have generally assumed that the SNR
of all channel links in the network are identical. This is impractical in any realistic wireless
environment (particularly where there is more than one relay) and a full study where the relay
is mobile in the ad-hoc environment is needed. It is interesting to note that the method used in
this thesis, where links have the same SNR, is non-optimal and therefore the capacity benefits
of the adaptive cooperative diversity protocol may be considerably higher than reported here.
An example of this is if the relay is positioned exactly between the source and destination
terminals, then Esr/Ny and Egrp /Ny are likely to be much higher than Egp/Np. Under the
conditions of which transmission method the adaptive protocol must use, (5.16) and (5.13), the
probability of the relay being actively used becomes much greater, thereby offering the benefits

of the additional diversity to the communications channel.

The analysis of the case where Esr/Ny, Erp/Np and Esp/Ny are not all equal can readily
be carried out using the information theory framework developed in this thesis. The assumption
Esp/No = Erp/No = Esp/Np = SNR made in section 4.3.3.1 must simply be dropped.
Also note that when this constraint is relaxed, the relative merits of each protocol may change

31gn1ﬁcantly and is an interesting avenue for future research.

Similarly, it was assumed that the rolays available to support the source were able to transmit
with up to the same transmit power as the source. Although this might be true in the uplink
channel where the source and relays are both mobile terminals, it is not a reasonable assumption
for the downlink where a mobile terminal may be acting as a relay, or even if the fixed relay
deployment method presented in the previous section is utilised, to support the transmission
from a base-station. In a cellular network it would be expected that a base-station would be
able to transmit at much higher power than the relays. This is a further power constraint on the

system which must be considered in future work.

119



Conclusions

Further to the consideration of the constraints placed on relay transmit power, as stated in
chapter 3, throughout this thesis it was assumed that all relays transmit with 1/(|7| — 1) of
the full power available. In the case where the link quality is known, such as is required for
the adaptive protocol, power could be allocated in a manner which would maximise the signal
power at the receiver. One possible method which could be used is the well known water filling

power allocation technique [105].

It has been assumed during the discussion of the adaptive cooperative diversity protocol that
the source’s knowledge of the forward channels in the network is perfect and that it will always
make the optimal decision. Relaxing this constraint and exploring the effect of the level
of channel knowledge required is an important consideration for deployment of an adaptive
cooperative diversity network. As previously noted HSDPA makes use of such a system already,
mddifying the modulation used depending on channel conditions, and use of the techniques
used by HSDPA may prove fruitful for a cooperétive diversity study. Furthermore, another

important constraint placed on the system is that all networks are perfectly synchronised. Again
4 this is not a practical assumption in a deployed wireless network, and the effect of relaxing
this constraint to include timing synchronisation data in the protocol must be fully explored.
A suitable signalling protocol must also be developed for the cooperative diversity protocols,
with particular emphasis on developing suitable STCs. An evaluation of the signalling overhead
that the cooperative diversity protocols require in order to perform effectively, is also required,

considering the impact on the gain in capacity that can be achieved.

Furthermore, Protocols I-V describe the full range of possible transmit protocols in a two
phase transmission system. However, note that the number of possible protocols increases
dramatically as the number of transmit phases increases. As an example consider a protocol
under a three phase transmission, in phase one and two the source transmits to both relay and
destination, in the third phase the relay repeats a combination of the two signals it received
previously (sending only parity bits is one possibility to reduce the data requirements for
the third phase).' Along with the increased complexity of such a system, previous work has
shown that repetition based cooperative diversity, which splits the available transmit phases
time between each transmitting terminal in the network, is spectrally inefficient due to the
limited information that can be transmitted in such a network [76]. However the benefit of extra
diversity in a high scattering environment is significant for high reliability communications and

this is an area where future research may prove useful, particularly in an ad-hoc environment
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where many relays are available such as in a military theatre. Note that the information theory
framework developed in this thesis can readily be expanded to include multiple transmission

phases by increasing the number of rows in the channel matrix (4.8).

As well as the possibility of increasing the number of transmission phases in a cooperative
diversity network, it is also possible to consider a situation where the duration of each
transmission phase is unequal. Throughout this thesis it was assumed that the two transmission
phases utilised were always of equal duration, however unequal transmission phases may
prove to provide additional benefits. An example of this is the situation where the source
and relay have a very good link, while neither the source nor relay have a good link with the
destination. In such a situation, a short transmission from the source to the relay, followed by a

longer second phase might prove advantageous.

It is clear that cooperative diversity and, in particular, an adaptive protocol, which uses
cooperative diversity techniques, offer the possibility of significant enhancements to wireless
networks. This is done by using the properties of the wireless channel to the advantage
of communications through spatial diversity techniques. There is considerable research and
development interest in this area and with further development it can be concluded that
cooperative diversity is a suitable candidate, in parallel with several other techniques, for

supplying the required high data capacities in future generation cellular networks.
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Appendix A
Relaying protocols

This appendix presents the full family of relaying protocols used in Chapter 4, in both channel
matrix and diagrammatic form. The capacity equations for both MIMO and MISO modes are
also presented where one relay is available. Note that the sﬁbscript to identify which protocol
each power control level (A, B and C) applies to is not shown in this appendix as the the tabular

structure makes these subscripts irrelevant.
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Table A.1: Mutual information equations and channel descriptions for Protocols I and II relay channel cooperative diversity and DF mode for
both MIMO and MISO realisations conditioned on the relay set 8(J ).
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Table A.2: Mutual information equations and channel descriptions for Protocols IIl and IV relay channel cooperative diversity and DF mode for
both MIMO and MISO realisations conditioned on the relay set O(J ).

sj020301d uike[oy



st

Protocol

\Y

Channel model

O ©
O——0 O—=—0

Channel matrix

VAEsphsp 0
0 vBEsphsp

MIMO capacity (b/s/Hz)

ABE? AE
tog, (222 sl + 45 sl

+B85D|hgp|? + 1

MISO capacity (b/s/Hz)

g, (g2 hsol + Zfglhsol? +1)
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Appendix B
Joint distribution functions

This appendix presents the derivation of the PDF for the channel fading random variable for

Protocol I in MIMO mode, and the CDF of the channel fading random variable for Protocol III.

B.1 Derivation of joint PDF for Protocol I (MIMO mode)

As was discussed in Chapter 4, the derivation of the PDF, and subsequently the CDF, is
considerably more complex in the Protocol I MIMO case than for either Protocol I in MISO
mode or Protocol III. This is due to the additional hf*g p term in the capacity equation. The

probability for outage of the relay channel, operating with a single relay available, is given by

2R _1
SNR

Pr | A1, B1,,SNR|hsp|* + (A1,, + B1,,)lhsp|? + Ciyylhrp|? < (B.1)

Before a PDF can be derived for the joint hgp and hgp terms of (B.1) a single equation must

be found for the hgp term. Begin by defining

Y = A1,,B1,,SNR|hsp|* + (A1,, + Bi1,,)|hsp|? (B.2)
which shows that Y is a function of the single random variable hgp. To find the PDF of a

function of a random variable employ (5-15) and (5-16) as presented by Papolius and Pillai

[106] where the equation Y = g(X) is solved. Denoting the real roots by X,,

y=g(X1) =...= g(Xn) (B.3)

Papolius and Pillai show that the PDF of a single random variable is given by
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x| fx(2 fx(n)
YO =1gea e T T )] (B4)

where fx(X) is the function of the single random variable in question, and g'(X}) is the

derivative of g(X). For the case in question let X = |hgsp|? to give

g(X) = Ay,,B1,,SNRX? + (A1, + B1,,)X - Y (B.5)

To find the roots of (B.5) use the standard quadratic equation where a = A;,,B1,,SNR, b =
A1M + BIM andc = -Y.

— b=+ Vb? - 4dac
0= (B.6)
2a
— (A1, + B1,,) £ /(A+ B)2 +44;,,B1,,YSNR 5
241, By, SNR (B.7)
\/C‘llM + BlM)2 + 4A1MB1MYSNR - (A1M + BIM) B.8
3A:,, B1,,SNR (B.8)

where in (B.8) discard the negative term since the interest lies only in probabilities (i.e. between

0 and 1 inclusive) leaving only one root. Furthermore the derivative g(z) is found as

¢ (z) = A1,,B1,,SNRX + A;,, + B1,, (B.9)

By combining (B.4), (B.8) and (B.9) the general PDF is given by

Pr \/(AIM+BIM)2+4A1MBXMYSNR—(A1M+BIM)
2A1M31MSNR

fY) =

(A1 +B1.)°+4A1, B1 YSNR—(A1,,+B1y, )\ . ,
2A1MB1MSNR<\/ MM 2AIZJBIEJSNR M 1M)WL(J‘hAmLBlM)

(B.10)
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p \/(AIM+BIM)2+4A1MBIMYSNR_(A1M+BIM)
' 241, B1,,SNR

= (B.11)
\/(AIM + BlM)2 +4A1MB1MYSNR

Since h% p is a Rayleigh distributed random variable, the PDF of which is given by Pr[x] = 77,
the PDF of the joint hgp term is given by

V(A1 + B1,,)? +44,1,,B1,,2SNR — (Ay,, + Bi1,,)
24,,,B1,,SNR

exp

(B.12)

V/(41,, + B1,,)? + 4A,,,B1,,2SNR
where the value of interest is denoted .

Before deriving the final combined PDF, note that the PDF of Ci,, |hsp|? is given by the RHS
of (B.1) as

1 —-z
a—ecw (B.13)
M .
Under the above conditions z is given by
22k 1
SNR (B.14)
Therefore the joint PDF is found by convolving the two PDFs according to
\/(AIM + BlM)2 + 4A1MBlesNR - (AlM + BlM)
exp
2A1,,B1,,SNR 1 = ,,d
* T = . € M 1Y
(f g)( ) \/(AlM +BlM)2+4A1MBlM£L'SNR CIM
(B.15)

As can be seen by inspection of (B.15) this is a non-trivial integration. However, symbolic

computer algebra can be employed to find a suitable integral which is given as
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4z A

2
10 By SNR+A1, 24241, Bi, +B1 2-2Cy,, A1), —2C1,, B1,,+C1

M M
4A1,, Bl Cipy SR

1
2A1MB1M01MSNR\/— A BraCioSNR

<erf(039n (Arp + Biy) A1y + csgn (A + Biy) Biy — CIM)

; (-\/4:3A1MB1MSNR + Ay, 2+ 241, B1,, + B, + CIM>>
+ er,

2A1MB1M01MSNR\/—Z——1M BriCi SR

(F+ 9)(a) =L

(B.16)

where er f(z) is the Error Function and csgn(z) is the sign function is used to determine in

which half-plane (left or right) the complex-valued number 2 lies. It is defined by

1 if Re(z) > 0 or Re(z) =0 and Im(z) > 0
csgn(z) = (B.17)

-1 if Re(z) < 0Oor Re(z) =0 and Im(z) < 0

It can be seen that the derived PDF for the joint distribution (B.16) is very complex. To find the
CDF of the joint distribution it is necessary to integrate this expression again, however it is not
" of a standard form and a closed for solution can not be readily found. Due to this, Runge-Kutta

numerical integration methods are used to approximate the integral.

B.2 Derivation of CDF for Protocol 1 (MIMO mode) with no

available relays

To be able to fully calculate the probability of outage for Protocol I operating in MIMO mode,
consideration must also be made for the situation where no relays are available to support the
source in the second phase, for example when the source to relay signal is itself in outage. The
previous section of this appendix has aiready derived the PDF of the hgp term as (B.12). To
find the CDF (B.12) simply needs to be integrated. Again using symbolic computer algebra
the CDF of the probability of outage where there are no relays available for Protocol I (MIMO

mode) is shown to be
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' 9%k _ 1
Pr [AlMBlMSNR|hSD|4 + (A1 + BIM)thD|2 < ] =

SNR
1 el VYRl VY e
e 241 Bl SR
csgn(AlM+31“ !!All {+31M)
e AIMBlMSNR

ZA1,, By, SRR Al Bl

_\/A1M2+2A1MBIM+BIM2+4:cA1MBlMSNR+A1M+BlM\/ csgn(A1M+BlM)(A1_M+31M)>
— ¢ N [

(B.18)

The necessary components to fully construct (4.31) are now available using numerical

integration of (B.16) and the closed form solution (B.18).

B.3 Derivation of joint CDF for Protocol III

This section presents the derivation of the CDF used for the Protocol I1I probability of outage

where one relay is available to support the source.

. 22R -1
Pr | Bs|hsp|? 2 B.19
r | Bs|hsp|® + Calhrp|” < SNR ] (B.19)
Start by noting that the PDF of Bs|hgp|? is given by
L (B.20)
Bs

The PDF of Cs|hrp|? is found in a similar fashion. Convolving these PDFs gives the joint
PDF as-

(Fro)a) = [ =e Bt LeFian
o Bs Cs
; - e B.21)
=§———C7- (036_075- — B3CB_3) e—x B3C3 s B3 76 03
3 — C3
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Finally integrating the resulting PDF (B.21) to give the CDF as

x 1 x x _ B3 +C.
| o (Ose® — Boe®) e B =
1 _.Ba+C3 = =\ _.,.B3+C3
BoCh (e *"B3C3 (B3 — C3) — B3eTs + Ccha) e “BsCs | B3 #Cs. (B.22)
3 —C3

It can been seen that (B.22) does not apply if B3 = Cj3 due to the zero term in the denominator.
This special case, due to the power constraints placed on the system in Chapter 4, is only

possible when C3 = 1. In this case the probability of outage is given by

2R __ 1
B3SNR

Pr ||hsp|? + |hrD|? < (B.23)

As was shown in Chapter 4, the combination of the two independent rayleigh fading variables,
hsp + hgrp, are Chi-Squared randomly distributed with four degrees of freedom. Therefore
from the Chi-Squared law it can be shown that the CDF for this special case is given by

1—e55 (—1— + 1) , Bs = Cs ' (B.24)
Bs
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COST 207 tap weights

Tap Number | Tap weight | Power (dB)
1 0.575 0
2 0.362 -2
3 0.057 -10
4 0.006 -20

Table C.1: COST 207 tap weights for the typical rural environment (RA).

Tap Number | Tap weight | Power (dB)
1 0.090 -4
2 0.113 -3
3 0.226 0
4 0.142 -2.6
5 0.113 -3
6 0.072 -5
7 0.045 -7
8 0.072 -5
9 0.056 -6.5
10 0.029 -8.5
11 0.018 -11
12 0.023 -10

Table C.2: COST 207 tap weights for the typical urban (non-hilly) environment (TU).
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Abstract—In this paper a number of techniques which can
be used for performing cooperative diversity in a cellular based
network are presented. Initially the idea of cooperative diversity,
and the constraints on the system are introduced. Two differ-
ent implementations using space-time techniques are suggested
and compared with the non-cooperative case. It is shown that
cooperative diversity can dramatically improve performance of
a network in terms of outage probability.

I. INTRODUCTION

One of the biggest problems faced by designers of mobile
telecommunication systems is the multi-path nature of the
communications channel. The very multi-path that creates
difficulties also offers us diversity [1]. This can help mitigate
the problem as a result of the transmission of redundant
information over independent fading channels in conjunction
with a suitable receiver. There are three types of diversity
which can be used in cellular communications systems [2]:

. Time diversity - Due to multi-path fading the communi-
cation channel will change its characteristics over time,
therefore transmitting at different times leads to diversity.

. Frequency diversity - Channels at different frequencies
have different characteristics due to frequency selective
fading, hence transmitting at different frequencies leads
to diversity.

. Space diversity - Channels used from different points
in space have their own unique fading characteristics,
leading to diversity if transmission occurs from several
different points.

In recent years space diversity has been suggested as a route
to improve capacity of cellular systems through the use of
multiple antennas. Multiple Input Multiple Output (MIMO)
communication systems have the transmitter and intended
destination equipped with antenna arrays [3]. Through this
method information can be sent through more than one inde-
pendent fading channel, if the antenna elements are separated
by a suitable distance and sufficient multi-path diversity exists
in the channel. This can potentially result in either very
high spectral efficiencies or a low probability of incorrectly
decoding any data.

Although the equipment at the base station in a cell can
readily be equipped with a multi-element antenna array, physi-

cal size limitations of cellular mobile terminals preclude fitting
more than two antenna elements. In general it would be
preferable to use only one element at the mobile terminal
to keep the complexity and hence cost to a minimum. The
challenge that is now presented to wireless network designers
is how to achieve the high capacities offered by MIMO in a
cellular or ad-hoc environment.

One proposal for this was made by Laneman and Wornell
[4), where they proposed a scheme using available mobile
terminals as relays; forwarding the original message from
the source to the intended destination. The relays co-operate
together to form a virtual antenna array, hence the name
cooperative diversity [5]. Where this method suffers is that
although it can decrease the outage probability considerably,
as it will be shown later, it does so at the expense of the
data transfer rate that can be achieved. In this paper two
methods for performing cooperative diversity are analysed and
compared to the basic direct transmission method. Section
I introduces cooperative diversity and the different relaying
schemes used in the paper. Section III then presents results
and draws comparisons between the different schemes. Finally
conclusions are drawn in section IV.

II. COOPERATIVE DIVERSITY - RELAYING TECHNIQUES

To analyse the different relaying techniques, consider a
wireless network with a set of transmitting terminals denoted
M = {1,2,...m}. A source terminal, s€ M has information
to transmit to a single destination terminal d{s) € M,
potentially using terminals M - {s} as relays. Thus there are
m co-operating terminals to d(s). All of our relaying schemes
require that the relay can fully decode the source signal if it
is to relay it on to the destination. The subset of M - {s} can
decode the signal is defined as d (s).

The method described here of implementing cooperative di-
versity consists of two transmission phases shown in Figure 1.
During the first phase the source will transmit information to
all available mobile terminals in the network. Those terminals
will then attempt to decode the signal, and if successful they
will take part as the decoding set in phase two, transmitting
information to d(s).
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Figure. 1. Illustration of the two phase cooperative diversity method. In the

first phase (a) the source transmits information in an omnidirectional manner
1o all terminals. In phase two (b), those terminals which can decode the signal
then relay the signal on to the destination.

In the system model below (equations (1)-(4)) a; ; can
capture the effects of path-loss, shadowing and multi-path
fading. However, only multi-path fading is considered in
this paper to keep calculations simple. Statistically, a; j is
modelled as a zero-mean, independent, circularly-symmetric
complex Gaussian random variable with variance A; 5 so that
the magnitudes fa; ;] are Rayleigh distributed and the phases
~aj; 5 are uniformly distributed on @,2w). Furthermore, z; )
is modelled as zero-mean mutually independent, circularly-
symmetric, complex Gaussian random sequences with variance
N o. The scalar z; ) captures the effects of receiver noise and
other forms of interference in the system. In this paper it is
assumed that quasi-static fading where the fading coefficients
are constant over the example time and frequency occurs. The
scenario considered here assumes the fading coefficients are
known to the appropriate receivers, but not known, or exploited
by the transmitters. )

During the first phase, each potential relay r € M - s
receives

8))

in the appropriate channel, where x5 flis the source transmit-
ted signal and y, [r]is the received signal at r. If the relay can
then decode the source transmission, r will serve as a relay
for the source, so that r& 9 (s).

The destination receives signals during both transmission
phases. During the first phase, the received signal is modelled
at d(s) as

vehl= asxshl+ z: )

03]

in the appropriate channel. During the second phase, the
equivalent channel models are different for repetition based
cooperative diversity and space-time coded schemes. For rep-
etition based, the destination receives separate re-transmissions
from each of the relays, where the received signal d(s) is

Yae 1= asam*s 1+ 236 0]

€)]

in the appropriate channel, and x, h]is the transmitted signal
of relay r. For space-time coded schemes, all relay trans-
missions occur in the same channel and are combined at the
destination, so that -

Yaisr 1= araeX: hl+ zae Nl

Power
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Figure. 2. Coop diversity relaying methods, with MACs and illustrative

transmission diagrams. (a) The direct transmission scenario (the classical case)
where there are no relays, (b) half-time space-time coded cooperative diversity
where the relays all transmit in the same sub-channel during phase two and
(c) full-time space-time coding where the source transmits using space-time
coding and two decoding sets are formed.

Yae 1= aras)Xr N1+ Z96) ) @

r€d (s)

in the appropriate channel.

Two important parameters of the system are the received
signal-to-noise.ratio, SN R (dB) and the bandwidth efficiency,
R (b/s/Hz). It is natural to define these parameters in terms of
the continuous-time channel with non-cooperative diversity as
a baseline. In this paper, the simplistic ideal of normalising the
attempted rate to 1b/s/Hz, and assuming that all mobile termi-
nals are equidistant from one another is assumed. Obviously
this is unrealistic, but it serves as a baseline for comparing the
results. All transmission schemes are constrained to transmit
at a maximum power of unity, and transmit period T.

There are a number of different methods which can be
employed to implement cooperative diversity. The Medium
Access Control (MAC) used in each method compared in this
paper is shown in Figure 2.

A. Direct transmission

In direct transmission, no extra mobile terminals are avail-
able to relay the signal in phase two. This is termed the
classical scheme where the source transmits information at
full power for all of the available time slot. The classical case
is included to act as a baseline reference, for comparison of
the advantages and disadvantages offered by the cooperative
diversity schemes. The mutual information equation for the
direct transmission case was found by Shannon [6] to be

Tair = g (1+ SN Rsa) Bs awm F)

B. Half-time space-time coded cooperative diversity

&)

Space-time coding allows the transmission of different in-
formation in the same sub-channel, at the same time. In the
case of half-time space-time coded cooperative diversity this
means that during the second phase, all of the participating
relays can transmit in the same sub-channel.

In this scheme, during phase one the source is able to
transmit at full power for T /2 of the time (hence half-time).
During the second phase the relays can also transmit for T /2
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to make up the full time slot, however they are limited to
transmit at 1/ fm - 1) of full power due to the power constraint.
Note that the fraction is one less than m because s does not
take part in the second phase. The relays do not add any
new information to d(s): they do however act to decrease the
probability of outage. The mutual information for this scheme
is given by

1
hesw = 5 g (1+ SN Rg a6 Bs a) P

1 .
— SNRrae Braw ) (6)
r€d (s)

+

The mutual information between s and r for i.i.d. complex
Gaussian code-books here is given by

1
5 g (1+ SNRschs )

under this rule the probability of a relay being r € 9 (s) is
given by

2% -1
P e = P _— 7
fre 8(s)} Bs.f > NRLL M
C. Full-time space-time coded cooperative diversity

Although half-time cooperative diversity can potentially
dramatically reduce the outage probability at d(s) due to
the added SNR, it suffers from the fact that the ‘source can
only transmit information for a limited amount of the time.
This leaves the direct transmission scheme with a distinct
advantage, because it can always transmit new information,

unless it needs to retransmit due to data-loss. In order to’

transmit all of the information that can be transmitted in the
direct case, during phase one, space-time coding techniques
can be used in a similar manner as used in phase two of the
half-time case.

Orthogonal Transmit Diversity (OTD) can be employed
to send information over two spatially orthogonal channels.
Through this method the source can transmit the full set of data
during phase one (hence full-time). However, it must transmit
at half power from each antenna element to meet the power
constraint.

The destination will then receive

a;x; hl+ axxz hl+ z hl ®)
a1x; hl+ axx; hl+ z hi 9)

n =
Y2 =

during phase one (7], as will each of the relays. Again a; is
defined as the channel coefficients, x; 1] the data symbol and
z; [ 1 the additive noise. Each relay can then attempt to decode
the two signals and pick which one to retransmit. If it cannot
decode either signal it will not take part in the second phase.
In retransmitting a relay will join similar relays to form one
of two decoding sets, 9; (s) and 9 (s). If a relay can decode
both signals it will pick which the stronger.

In a similar manner to phase two in the half-time scheme,in
this scheme mobiles participating in phase two will only be
able to transmit at 1/ m - 1) of full power.

For the OTD full-time case the mutual information is given
by

1
Lwsw= ;0% 1+ SNRsa6), Bsawa P

1

e SNRrawalbramaf

re d; (s)

1
+t 3P 1+ SN Rs a2 Bsam 2l
1

- SNR. g2 Brama2l
m - 1)
€ 33 (s)

+

10

The mutual information between s and r for i.i.d. complex
Gaussian code-books here is given by

1
2 P21+ SNRgfas )

and therefore the probability of a relay being able to reach
each of the two information streams is given by

B 2(3R - 1)
PPexde] = P lagn f> T an

_ 2(F -1)
Pdeccde;] = P s P> SNFoL (12)

ITI. RESULTS AND ANALYSIS

In order to discover the performance properties and practical
suitability of the two cooperative diversity relaying techniques,
Monte-Carlo simulations are presented, based on the capacity
equations for each of the relaying schemes. The capacity
equation of each is analysed in three different ways:

. Outage probability against SNR (bandwidth efficiency

fixed at 1b/s/Hz)

. Bandwidth efficiency against SNR (outage fixed at 5%)

» Outage probability against bandwidth efficiency (SNR

fixed at 10dB).

Each combination of the three communication link charac-
teristics has been included since analysing them all leads to a
deeper insight. For example, the outage probability is expected
to drop significantly for the half-time scheme when compared
to the classic case. However, it would also be expected that the
capacity of the link would drop significantly since redundant
information is being transmitted.

For each relaying scheme the results are compared directly
to the classical case of direct transmission, then indirectly
between each other. For the case where the bandwidth effi-
ciency is fixed, 1b/s/Hz has been chosen in order to make
the calculations simpler, and since it is a reasonably practical
value. Where the outage level is fixed, the 5% level has been
chosen since this is likewise a practical value in a wireless
communications network. Although a number of values for
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Figure. 3.  Simulation results for the half-time space-time coding based
cooperative diversity scheme where the outage level is fixed at 5%. Spectral
efficiency and SNR are compared form = 1,2. 5
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Figure. 4.  Simulation results for the half-time space-time coding based

cooperative diversity scheme where the SNR is fixed at 10dB. Outage
probability and spectral efficiency are compared form = 1,2. 5.

the case where the SNR at each receiver is fixed could have
been selected, 10dB was chosen since it is in the middle region
of signal quality. Results for networks with up-to four relays
(m = 5) are-presented.

A. Half-time space-time coded cooperative diversity

In half-time space-time coded cooperative diversity the
source will transmit information for exactly of half of the
available time, the impact of which can clearly been seen
in Figure 3. The half-time scheme offers improved spectral
efficiency over the classical case at low SNRs, but is out
performed at high SNRs. This is due to the fact that at high
SNRs the probability of outage in the classical transmission
is low enough to not suffer serious signal degradation and
subsequently the source can transmit more information over
the available time. At low SNRs the half-time scheme offers
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Figure. 5.  Simulation results for the half-time space-time coding based

cooperative diversity scheme where the spectral efficiency is fixed at 1 b/s/Hz.
SNR and outage probability are compared form = 1,2. 5

better performance since extra information is transmitted and
the probability of outage is much lower, Figure 4.

Figure 5 shows that it is advantageous to use as many relays
as possible to achieve a lower outage probability for a given
SNR. Low SNRs are an exception, where the classical case out
performs the half-time scheme. At higher SNRs diminishing
returns for each relay added is noted. This is due to the fact that
each relay’s transmission power is constrained by 1/m ~ 1)

B. OTD Full-time STC cooperative diversity

The half-time cooperative diversity scheme suffers from not
being able to transmit the same amount of original information
over the same limited amount of time as the classical single
transmit antenna case. Full-time space-time coded cooperative

-diversity attempts to overcome this problem by using OTD

transmission from the source in the first phase as well space-
time coded transmission from the relays in the second phase.
Two co-operating sub-sets are then created to perform the
phase two transmission. This is done at the cost of splitting the
available transmit power at the source between two antenna
elements.

Figure 6 clearly shows the benefit to the probability of
outage offered by the full-time OTD scheme. In the region
below 12dB it would be preferable to transmit using a direct
OTD link between the source and destination. This is because
with no relays the source is free to transmit at full power all
of the time. Again the diminishing returns for higher number
of relays, due to the relay transmission being constrained by
1/ - 1), can be observed.

When the outage probability is compared with the spectral
efficiency in Figure 7, it can be seen that the full-time scheme
offers large improvements when compared with the half-time
and repetition schemes. This again translates into improved
spectral efficiency over the direct transmission case as the SNR
varies Figure 8.
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Figure. 6. Simulation results for the OTD full-time space-time coding based
cooperative diversity scheme where the spectral efficiency is fixed at 1 b/s/Hz.
SNR and outage probability are compared form = 1,2. 5.
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Figure. 7.  Simulation results for the OTD full-time space-time coding
based cooperative diversity scheme where the SNR is fixed at 10dB. Outage
probability and spectral efficiency are compared form = 1,2. 5

1IV. FURTHER WORK

Full-time cooperative diversity cannot only be performed
using OTD, but also through Space Time Transmit Diversity
(STTD) and Spacial Multiplexing (SM). SM in particular is
likely to increase the capacity of the channel and this will be
the focus of future work in this area.

The simulation results presented in this paper were based
on a large number of simplifications, and were intended only
to characterise the cooperative diversity channel. The analysis
presented in this paper will is useful as a comparison for what
can be achieved under ideal conditions, therefore, taking this
work further will involve creating a more realistic simulation
through the use of a channel model incorporating shadowing
to compare with a realistic classical transmission scheme.

It is expected that expansion on this work to characterise
pools of multi-hop relays through an idea called Mobile Ad-

Spectral Giciecy (MAHE)

Figure. 8. Simulation results for the OTD full-time space-time coding based
cooperative diversity scheme where the outage level is fixed at 5%. Spectral
efficiency and SNR are compared form = 1,2. &

hoc Trunking (MAT) to extend the range of terrestrial cells,
or a purely ad-hoc network, will be possible.

V. CONCLUSION

This paper has introduced cooperative diversity and pre-
sented two different schemes for performing it in a commu-
nications network; half-time cooperative diversity and OTD
based full-time cooperative diversity. Through simulations of
the derived capacity equations for each scheme it was observed
that both methods offer advantages over the traditional direct
link method. In particular the OTD based full-time scheme
introduced in this paper, where space-time techniques are used
in both phases, can offer significant improvements. ’

Cooperative diversity is intrinsically limited by the need to
have two transmission phases, and the limit of two antenna
elements in any hand sized mobile terminal. Due to these
two factors the techniques fall short of achieving the capacity
offered by MIMO theory.
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Abstract— This paper presents a family of cooperative diversity
strategies for the fading relay channel in an initially frequency
flat fading environment. The relay channel used in this paper
operates in what is termed as MIMO cooperative diversity mode,
where the source transmits to both relay and destination termi-
nals in the first instance. Both the source and relay then transmit
to the desti in the di e. Initially the current
cooperative diversity frameworks are extended to consider system
constraints to make a direct and fair comparison with the
single-hop case. In-particular a power constraint is put on the
system and the optimal transmit power levels are presented.
The framework is then extended to consider the freq Y
selective channel by consider an Orthogonal Frequency Division
Multiplexing (OFDM) framework. The amount of collision in
frequency can be varied and then analysed. This paper shows
that full collision is the preferred transmission scheme.

1. INTRODUCTION

One of the biggest problems faced by designers of mobile
telecommunication systems is the multi-path nature of the
communications channel. The very multi-path that creates
difficulties also offers us diversity [1]. This can help miti-
gate the problem as a result of the transmission of redun-
dant information over (ideally) independent fading paths (in
time/frequency/space) in conjunction with a suitable receiver.
Spatial diversity techniques are particularly attractive as they
provide diversity gain while incurring no penalty of extra
transmission time or bandwidth. Spatial diversity techniques
such as Multiple-Input Multiple-Output (MIMO) wireless
systems [2] have been shown to significantly increase the
spectral efficiency of point-to-point wireless links, including
cooperative diversity relay channels [3].

Contributions and relation to previous work. The first part of
this paper is devoted to extending the framework developed in
[4] to consider the system constraints introduced in [5] to make
a fair and direct comparison between the cooperative diversity
relay channel and the single-hop channel. This section of
the paper develops an optimal power control based relaying
system. The second part of the paper extends the cooperative
diversity framework to a frequency selective environment. The
model used in this paper implements a variable amount of col-
lision in frequency between the source and relay by assigning
(potentially overlapping) subsets of the available Orthogonal
Frequency Division Multiplexing (OFDM) [6] tones to the

Relay terminal

D

Destination terminal

. . hsp
Source terminal

Figure. 1. Relay fading channel

two different transmitting terminals [7]. The ergodic capacity
region for variable amounts of collision in the framework is
then analysed and the results presented.

Notation. The superscripts 7 and ¥ stand for transposition
and conjugate transpose of a matrix, respectively and ¢ denotes
the expectation operator. The random variable Z is a circularly
symmetric complex Gaussian random variable where Z =
X + jY ~ CN(0,0%), where X and Y are independent
identically distributed (i.i.d.) A(0,02/2). Finally A — B
denotes transmission between terminal A and terminal B.

II. PROTOCOL DESCRIPTIONS AND SYSTEM CONSTRAINTS
A. Protocol Description

Consider the fading relay channel shown in Figure 1. Data
is transmitted from the source terminal, S, to the destination
terminal, D, potentially with the assistance of the relay, R. All
terminals in this paper are considered to have single transmit
and single receive antenna elements although this constraint
can potentially be relaxed. Additionally, a terminal cannot
simultaneously transmit and receive information. Although it
is possible for the relay to assist in either an Amplify-and-
Forward (AF) or Decode-and-Forward (DF) manner, only DF
is considered in this paper. In DF mode the relay demodulates
and decodes the signal before re-encoding the signal and
retransmission occurs.

Due to the constraint of terminals not being able to transmit
and receive information at the same time, the transmission of
information from the source to destination, in a cooperative
diversity network, is broken into two time slots, termed phase
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Protocol
T n phase T T i
T SSRD [SSKD SR
2 S—D,R—D R—-D S— D, R—>D

TABLE |
COOPERATIVE DIVERSITY PROTOCOLS. THE SOURCE, RELAY AND
DESTINATION TERMINALS ARE DENOTED BY S, R AND D RESPECTIVELY.

I and phase II [8]. This paper considers the scenario where
the source transmits different information to the destination in
the second phase than that which was transmitted during the
first phase. The destination can therefore potentially receive
two different information streams during the second phase
and this scenario is termed MIMO cooperative diversity due
to the similarity to MIMO wireless systems. Note that it
may be necessary for the destination terminal to have two
antenna elements to be able to fully decode the second phase
transmission, however this area is left open for future research
and it is assumed in this paper that the receiver can fully
separate the two information streams.

The relaying framework extended in this paper was derived
by Nabar et al [4] and considers three cooperative diversity
protocols, shown in Table I and are now described.

Protocol I In the first phase the source terminal signals to
both the relay and destination. Following this in the second
phase both the source and relay communicate with the desti-
nation. This is the only protocol available to utilise both the
maximum degrees of broadcast and receive collision.

Protocol II: The source communicates with both the relay
and destination in the first phase, but where only the relay
signals to the destination in the second phase [9].

Protocol III: Here the source transmits to the relay in the
first phase but not to the destination. Both the source and relay
then communicate with the destination in the second phase.

B. System constraints

To be able to fairly and directly compare the performance of
the cooperative diversity network with the single-hop channel,
several constraints are placed upon the channel model:

« The time used must not exceed that used by the single-

hop transmission case (1 unit)

o The bandwidth used must not exceed that used by the
single-hop transmission case (1 unit)

« The total transmit power of the complete system (power
used by the source and relay for transmission) must not
exceed that used by the single-hop case (1 unit)

The effect of the time and bandwidth constraints is that the
transmission of the two phase cooperative diversity must take
place in the same amount of time as the single-hop system.
This typically involves a factor of 1/2 when considering the
spectral efficiency of the system. An important point that arises
from this constraint is that the Rayleigh block-fading is now
considered to be flat over the two time phases due to the 1/2
factor.

The effect of the transmit power constraint is particularly
important when considering Protocols 1 and III since they use
three transmissions (the source in both the first and second
phase and the relay in the second phase only) and are therefore
must reduce their transmit power to the power constraint.
Protocol II however uses only one terminal transmitting in
each phase and is therefore free to transmit at the full power
available to it.

o A - first phase transmission from the source

« B - second phase transmission from the source

o C - second phase transmission from the relay

To constrain the transmit power to be the same as the single-
hop case, first recall that the transmission in the relaying
network has been split into two phases, it therefore follows
that

A+B+C=2 (1

A transmit power constraint is also placed upon each
transmitting terminal such that it cannot broadcast with more
power than the single-hop case would (1 unit), i.e.,

A<L1
C. Channel Model

Throughout this paper it is assumed that the receivers have
perfect channel state information of all the reverse channels
and that timing synchronisation in the network is ideal. It is
also assumed that there is limited feedback to the source and
relay from the destination of the average channel Signal to
Noise Ratio (SNR) which is required to perform power control
for Protocols I and III.

The signals transmitted by the source during the first
and second phases are denoted z1(n] and z[n] respectively.
Symbol-by-symbol transmission is considered so the time
index n can be dropped to simply give z; and x2. Note
also that for the data symbols transmitted is it assumed that
E{z;} = 0 and £{|z;]*} = 1 for i = 1,2. The signal received
at the destination terminal in the first phase is given by

B<1 C<lkL )

yp,1 = VAEsphspzi +np) 3)

where yy,; is the received signal at the destination (Y) in the
first phase, Exy is the average signal energy over one sym-
bol period. The scalar hxy is the random, complex-valued,
unit-power channel gain between the source and destination
terminals, and ny,; ~ N(0, Np) is the additive white noise
for transmitting terminal X and received terminal Y, in this
case S and D respectively. Note that Exy and hxy does
not have a phase subscript due to the earlier assumption of
flat fading across the two transmission phases. Similarly the
signal received at the relay in the first time slot is given by

Yr1 = VAEsrhsrz) + 1R [©)]
Finally assuming that the relay can fully decode the signal

from the first phase source transmission, the signal received
by the destination in the second phase is given by
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Yr2 = VBEsphspz2 + VCErphrpz2 + D2 (5)
The input-output relationship can now be summarised as
y=Hix+n ©6)

where y = [yp,lyp,g]"' is the received signal vector, H; is
the Protocol I 222 channel matrix

H, = VAEsphsp 0 ] @
VCErphro VBEsphsp

x = [z122]7 is the transmitted signal vector and n is additive
white Gaussian noise. The channel matrixes for Protocol 11
and Protocol 11l are denoted H, and Hj and can be found by
zeroing the second hgp term for Protocol Il and by zeroing
the first hgp term for Protocol III.

D. Information-Theoretic performance

In the following the transmission rates over the first and
second phases are denoted as R; and Ry respectively. For the
relay to be able to fully decode the signal from the source in
the first phase, R; must satisfy

AE
Ry < log, (1 + IhSR|2) ®

0
Further to this R; must also satisfy

AE CE
Ry <log, {1+ 2D | hop|? + AL \ppp)? ®
Ny Ny

as the achievable rate over the source to destination (first
phase) and relay to destination (second phase) links, assuming
that (8) is satisfied. The rate R, is then given by the achievable
rate over the source to destination (second phase) channel,
specifically

BE
Ry < log, (1 4+ =sB lhsp|2)
No

(10)

Finally the sum rate for Protocol I is given from the vector
notion as

R+ R; < log, (1 + iHIHIH) an
No
Note that the sum rate for Protocol II and Protocol III can be
derived using the channel matrixes Ho and Hj respectively.
Following the notation used in previous literature we denote
the right-hand side of (8), (9), (10) and (11) as RT4%.
Rpez RP%T and R7*%. Due to the double constraint of R
under certain channel conditions the sum rate R;{% is not
always achievable. Following this if the second phase source
to destination link cannot support the required rate to make up
the sum rate, the maximum achievable rate is limited by the
source to relay (first phase) and source to destination (second
phase) rates. This is given by

Figure. 3. Power control levels showing A against B for 30dB SNR.

maz mazx maez maz

R _ Rtotal’ relay 2 Rtotal - RZ
sum — Tmax mazx maz maz maz
relay + RP%, Rrelay < Rtotal - R2 .

12)

E. Power Control Analysis

Consider now the problem of maximising the channel rates
as functions of the power control levels A4, B and C. An ana-
lytical analysis of this maximisation problem is non-trivial, and
is the subject of current research. A Monte Carlo simulation,
however, provides interesting insight to the behaviour of the
three power controi variables and initial results.

Since A, B and C are limited by (1), by varying A and B
between 0 and 1 independently, the entire range of results are
explored. The results presented here are considered at the 5%
outage level and are found from a Monte Carlo simulation,
Figure 2 and Figure 3. For simplicity the SNR level between
all terminals is considered to be equal. Note that the key has
been omitted from these figures since the interest lies in the
maximum of the surface rather than the specific values. Results
for various levels of SNR are also shown in Table II.

From the results presented it can been seen that at high
SNR levels (> 30) it is preferable put all the available power
into the single-hop source to destination link. Also of interest
is that just below 30dB SNR the power levels move quickly
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SNR (dB) A B C
-30 07151 0875 ] 041
-20 0715 | 0875 | 041
-10 0715 | 0.875 | 04l

o 0.72 087 0.41
S 0.72 085 043
10 072 083 045
15 072 { 0815 | 046
20 0725 | 081 | 0465
25 0.745 | 0805 | 045

30 1 1 0
TABLE II

THE OPTIMAL POWER LEVELS FOR A, B AND C TO MEET THE UNITY
POWER SYSTEM CONSTRAINT AT VARIOUS SNR LEVELS WITH AN ERROR
OF 0.0025.

away from the single-hop case and settle towards the low
SNR levels. At SNR levels below 30dB it can been seen
that the gradient near the maxima is very low, so one can
therefore conclude that small changes in the power control
levels A, B and C' would result in only a very small decrease
in performance. Finally note that at low SNRs (< 10) the
power control levels stay constant, which is in line with the
capacity curve expected from such a network.

I11. FREQUENCY SELECTIVE COOPERATIVE DIVERSITY
STRATEGIES

A. Channel Model
In the remainder of this paper the flat fading channel model
is extended to consider a frequency selective fading model.

To take account of the frequency selective fading, the channel
transfer coefficient is modified according to

L-1
~2xlk

hxy(k) = z hxyie™ W
=0

k=0,1,...,N — 1 carriers

(13)
where hxy is the channel coefficient between source X and
destination Y, and hxy, is the channel coefficient recorded
at tap I. The frequency selective fading model considered is
restricted to Rayleigh block-fading channels with fading coef-
ficients hxy; being circularly symmetric zero mean complex
Gaussian random variables. Furthermore, the channel coeffi-
cients are assumed to be uncorrelated across taps. Although
it is trivial to rewrite the channel transfer equations (3) to (5)
they do not appear here due to space constraints.

Each phase of transmission employs OFDM with N tones
and the length of the Cyclic Prefix (CP) satisfies L¢p, > L,
which guarantees that each of the frequency-selective fading
channels de-couples into a set of parallel frequency-flat fading
channels.

B. Multiple Access Scheme

The family of MA schemes used is obtained by assigning
each OFDM tone k£ = 0,1,...,N — 1 to a subset of the
transmitting terminals, Uy, in the second phase. During the

Variable amount of collision

Time
Phase 2
Phase | i

Frequency

Tl\'o collision (FDMA)
prse 2 [ [ [ [ [ [ ]

Froquency

Full collision (CPMA)
Time
Phase 2
Phasc |

Frequency
s RTX

B s«rx

Figure. 4. Variable amount of collision in the second phase in frequency.

first phase all tones are assigned to the source and none to
the relay, hence there can be no collision in frequency in
the first phase. A fully collision-based MA scheme where all
tones are assigned to both the source and the relay during
the second phase (i.e., Uy = {S,R} for k =0,1,..,.N - 1)
is referred to as Code Division Multiple Access (CDMA).
Conversely, Frequency Division Multiple Access (FDMA) is
defined by the tone assignment pattern satisfying |Uy| < 1 for
k=0,1,.,N~-1

The variable amount of collision employed in the second
phase transmission is shown graphically in Figure 4. From
Figure 4 it can been seen that in the tones where there
is no collision in the second phase and the relay transmits
information in the second phase can be considered to be
Protocol II. Equally for the tones where there is no collision
in the second phase but only the source transmits can be
considered to be two single-hop transmissions from source
to destination. Finally the section where there is collision can
be considered to be Protocol I as the full degree of receive
collision is used.

C. Information theoretic performance

To analyse the ergodic capacity region of the fading relay
channel, the case where all OFDM tones available are used
and assigned to either the source, relay or to both terminals is
investigated. Both the source and relay have the same number
of tones Ny, > & € N(u = {S5,R}) out of which bN
tones with b = ,i € {0,1,..., N/2} are assigned to both
transmitting terminals in the second phase. Consequently, the
case of b = 0 corresponds to FDMA and b = 1 describes
CDMA in the second phase. The transmit power used by
the terminals is unity in the non-collision tones, and uses
the factors A,B and C as found previously in this paper
in collisions tones. Under these assumptions, b/N tones are
assigned to both transmitting terminals and each receives 1T_b

The notion of R; and R; being the rate transmitted in
the first and second phase respectively and R; + Rz being
the maximum sum rate achievable over the two phases is
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continued in this section. Subsequently the the following rates
are obtained

AE,
R, < blog, (l + salhsnla)
No

(14)
1-b Egsr 2
+ 5 log2(1+ Ny lhsr|
AE, CE
Rlsblog2( + S‘Dlh |+—£|h,w|2>
Ny
1-b Esp
+—2——10g2( +—|hSD|2)
+1;blog 1+—|h5 12+ SD|hSD|2
2 2 No
(15)
BE
R» < blog, (1+ NSDMSDP)
? (16)

1-b Esp
+— log2<l+—|hsplz)

Ry + R; < blog, (1 + HHYY)

1-b 2, Erp 2
+ 2 log, <1+ ghsol + —— Mo |hRD|) a7

+(1 - b)log, (1 + %[hsoﬁ)
0

Note that (14), (15), (16) and (17) are again denoted as
mez » R*%, R7*%T and R[74T and that (12) still applies.

relay®
D. Numerical Results

To analyse the performance of different levels of collision
in the second phase results are presented from Monte Carlo
simulations at the 5% outage level. Fuli collision, half collision
and no-collision is considered and the results are presented in
Figure 5 and Figure 6 for -20dB and 20dB SNR respectively
as a multiple access channel for R;, R; and Ry,,. From
the results it can be seen that full collision is the preferred
transmission technique.

tota

IV. CONCLUSION

This paper has presented a cooperative diversity framework
which is directly comparable with the direct transmission case.
In particular the power constraint was considered and values
for the optimal transmit power control values were found for
several SNR levels. The cooperative diversity framework was
then extended to the frequency selective fading channel to
consider the effect of signal collision in the second phase.
It was shown that full collision is the preferred method of
transmission.
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Figure. 5. Access rates for full, half and no collision (b=1, b=0.5 and b=0
respectively) at -20dB and 5% outage level.
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Figure. 6. * Access rates for full, half and no collision (b=I, b=0.5 and b=0
respectively) at 20dB and 5% outage level.
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M MO W RELESS AND MOBILE COMMUNITATDNS

Dualantenna cooperative dwversiy technigues

A J.Jardne,JS.Thom pson, S.M cLaughln and PM .Gmant

Abstract: This paper presents the applation of two spatil transn isson tedmigueswhich can be
usd 1 a coopeatie diversty w ireless netw ok, where each m obike term hal has two antama
elm ents. hidaly the cumentbody ofwork 1 sngk antenna coopeative diversity i expanded to
nchide the effect of cooperative diversity upon the capacty ofa Ink. Thi 5 to sarve asa baselne
m odel for aom parion w ith the dualantenna m ethods. This paper then htroduces two tedmiques
whih can be usad for cooperative diversty where m obike term hak are each equipped wih wo
antena elm ents. U shg the sam e metris as the shgk antema case, a conparikon s made
between the reauls frm sin ultions of each tedmique. It & shown that dual antenna ekbm ents
offr constleablk advantage over the shgk antarma elan ent case, and that two antenna elamnent
ace-tn e tranan it diersity STTD ) bassd cooperative diversity s prefered at w SNRs.

1  Jtroducton

One of the bigest problem s facad by designers of m obik
telecomm uniaton sygen s s the mulbdpath nature of the
camm uniatins chanmel The very muldpath that ceates
difficulties i a0 an advantage as i offes dversty [L).
D wersity can hep m iate the problm s causad by muli-
path as a rult of the tansnisbn of mdundant
nfom aton over ndependent fading channek i conjinc-
thn wih a aiisbke moeiver. Thae are three types of
diversity whih can be obsarved i w reess comm untations
systEm s R):

Tihe divesty - owhg t mulbdpath fading the
comm uniatin chamnelw il change its characterists over
tine, theefre tranam iting at difivent tines resuls i
dl}. m‘ -

Frequency divexsity — channek at different frequencies
have diffexent characteristis ow g © frequency sskctive
fading, hence tranan iting at different fequencies resuks n

Space divesty - darmek betwesn difftrent points
space have their own unique fading characteristts, kadng
to diversity ff transn Esion ocours fiom  several different
baatbns.

n recent years, space diversity has been suggested as a
mute t© mprove apacty of wirks communiation
networks thiugh the use of mulpk anternas. M ultple-
put mulpkoutput M M O) communiatbon sysEms
have both the tmnsniter and ntended desthation
equppad wih antema anays, an ara of ressaxch whih
was niatad by B-5]. Thmough this m ethod, nfom ation
cn be snt through more than one ndependent fading
channel), if the antema elam ents are ssparated by a suiabke
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ditznce and sufficent muldpath diversity edss n the
charmel. This can potentaly Eault h very high spectral
efficienciss 4],

Tn a cellbr netw ork, although the equinm entat thebase
gatbn can madiy be adapted w ih am ulielmn entantenna
anay, physial sze and complkxity ln tatons of mobike
tem hak n both cellilr and adhoc networks typialy
preclidefittng m ore than two antarma elen ents. In genexal,
itwoull be preferabk to useonly oneor two ekm ents n the
m obik tem nal to ke the com plkxity and hencecost to a
m iin um . The chalenge that s now presented to w iekess
network despners & how t© achive the high capacites
offtrad by M M O i a cellr or ad-hoc eviorm ent.

Sendonaris etal. b} htroducad cooperative diversity asa
method or naeasng the uplink capacty 1 a nework,
ushg a sngke ehy . Thisarsa hasbem the subjctofa great
deal of rsmarch and Sedonars et al. expanded on their
oxrighal proposal 1 [7, 8] for aellilar netw orks. Lanem an
et al h P-12] extended the proposal © nhcude mulkplke
rhys and found the outage ln its for repettionbased

" ooperative diversty and spacetine code STC ybasd

145

cocpaative diversity. Boyer et al extend the prevbusy
propossd cooperative diverstty sthemes to the multthop
as 03]

Coopaatie diversity makes use of avaibbk maobik
term nals as relys, pliting the avaiBbk tin e sbt nto two
phases. The source tranan is during the first phase, and the
rehy (6) tranan tdurhng the ssoond phase, sending a vexrsion
of the reived singke to the htended desthation. The rehys
w-operate together to form a virtualantema armay VAA)
141, henoe the nam e cooperative diversity . twas shown I
P] that full diversity can be achieved by both am plify-and-
forward and decode-and-forw ard cooperative tedmigues n
the relys. N abar et al com pE=E] the coopaative diversity
fam iy of protocos 1 [15]. R essarch on these protomks B
cumntly proving fruitfialas it s shown that the acapacity of
the network & hamasd if the source tranam is a different
sym bol 1 the sxond phase [16, 17).

W hen m ore than one rehy i usad, specialm odubtion
and enor mnecton tedmijues are rquirsd, namely
STC -based coopeative diversiy . Specifically co-oxdnation
am ong the rehys & required to Hm o-opeation gmoups
and tenan & smulEnecusy durnhg the sscond phase.
Space-tin e coding and m-oxdhnation for more than one

1
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rehy 5 sll an open topit of ressaxh (11, 18). Asmore
rehysare addad, thew ork presnted i thispaperand fiom
previbus sudiesshow thatdin nEhing rehimsare obsaved .
Subssquently node sekction i the subjxct of considerabk
ressarch {19, 20).

11 Contrbutions and relation to previous
work

The first part of this paper i devoted to expanding the
work presntad n B) on mobike tem hak equiped with
shgk antemas to hichide capacity m easuysn ent m etrxs.
Themah contrbution, i the second part, s to htroduce
two methods fbr perform g cooperatie dversty h an
avirmm ent where all mobike tam nalk are egquipped
wih o antama ekments. These wo methods are then
analysd and ampared to the basic direct transm isbn
method, usng the extended metrks, axlmihatng h a
m ethod whith an offer both reducsd probabilty of outage
and hiher capacites.

12 Omanisation ofthe paper-

Sectim 2 hbtmoduces the system model, the consants
phcd upon tand the dinct transm ission m ethod . Section
3 then prests sngke antenna space-tin e code STC )bassd
coopemtive diersity, whith willbe ussd as the basis br
cam paron between the singke antenna and dual antenna
cases. Section 4 htmoduces two different dual antama
tedmnijues whith can be used br tensn&bn © an
STC cocpemtie network . Section 5 presents reaults and
drews comparkons betwemn the different coopemative
diversity and tansm Bsbn shenes. Futwre resarh &
dmsﬁnsmnsandfman/wndmsamdwnn
Section 7.

2 System model
To analy= the diffrent mhying tedmijues, consider a
wicks newok wih a st of tanan iting texm halks
denoted M % f1;2;...;mg.A soure tamhal, s2 M has
nfbormation to tansn i © a sihgke destnation tam hal
désbB M , potentially using temm hakM  fsg asrehys to
perform coopeative diversity. Ifm i the caxdiality of the
=M ,theraem 1 tom inako-opeathgwih d&P.ATL
of the relayng schem es presented 1 this paper require that
the rehy can fully decode the soure spnalif s o rehy it
on to the desthation. The asbsst of M fsg whith can
dexde the stnal i ddfined as @&sb.

Them ethod descrbed here of in plm enthg cooperative
diversity ansists of wo tranam Esbn phasss, shown h
Fig.1l. Durnhg the first phase the soure will teman &

o/ o
.-
O

phase I

phase II

a b

Figl Istatin of the wophase cocperative diversity method
In the firt phase @) the soure tensnis nomaton h an
omnidiectonal m amer to all t=m naks. In phaee wo b), those
tam nakwhih can demde the sgnal then =hy the sgnalon to the
desthaton

2
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nfom aton to allavaibbkem obik tarm hak i thenetwork.
Those term nakw ill then attem pt to decode the sgnal, and
i sacoessfal they w ill take part as the decoding set in phase
two, tramsn itting form aton to déeb.

In the sysem modelbebw quations (1)-#4)) a;; can
apture the effacts of path-bss, shadow g and m ulipath
fading betwesn transm iter iand recewver j. H owever, only
mulipath fading & considersd 1n this paper to kesp the
caluhtbns sm pk. Statitialy, fa;;g Emodelld asa st
of zao-m ean, hdependent, cmulrly-symm exric complkx
G aussin rendom variblk wih varence 1, so that the
magnimdes jy4j are Raykgh ditrbuted and the phasss
ffayy are uniform y distrbuted on ¥8;2pP. Furthem ore, the
oefficients za are modeld as zam-mesn mutualy
ndependent, cimubrly-symm etrc, com pkx G aussan m@n-
daom squences w th varincee No. The sabr zjh cGptuaes
the effects of reoeiver noie and other om s of hterference
n the system . W e ako note that n denotes the tin e ndex.
Tn this paper & & asmamed that quasisatc fadhg ocurs
whee the fading ooefficents are constant over the
ansidered tin e and fraquency. The somarb presnted n
this paper asaum e the fading cefficints are known to the
approprate rcevers, but not known, or epbied by the
tEnsm ters.

Durng the first phase, each potental relhy r2 M
rcefes, attinen

YR % agxdh b 2k
wheae xJA B the source transn Hed sgnaland yiAa i the
mxeied sgnalatr. If the rehy can then decode the soune |
trangn ¥=on, rwil save as a rehy Hr the souxe, = that
r2 @&eb.

The desthation mobik tem al M'I‘) rxeies sgnak
during both tranam &sibon phases. D urhg the firstphase, the
reived sgnal ism odelled at déeP as

Yae % 8saXd D Zasdh ®&pr

i the appropriate channel D uring the sscond phase, the
equivakntchannelm odek are different for repetition basad
mopematie diversity and space-tine aoded sthemes. For
rpetiton based, the desthation meves spamte re-
transn Esons frm each of the rehys, where the meoeted
sonaldéeP s

sath % Argadh D Zimlh

n the appropriate channel, and x* i the transam itsd
signal of rhy r. For space-tn e coded shemes, all ehy
transm Esions oaour 1 the sam e charneland are com bined
at the destination, o that

X

S

arp

a8p

Yaes'B % Aramdh D Zaih &ap

r2@&ep

1 the appropriate channel

Two in portant param eters of the system  are the recedved
sgnalonoke mtb, SNR  @B) and the bandwith
efficency, R bAHz). & 5 natual to define these
parmeErs h tams of the conthuoustine charmel
wih non-<cocpemtive diesty as a basslne. T thk
paper, the smplistc deal of nomalising the attem pted
rate to 1bksH z, and asaum hg that all m obike tem halk
are equidiant from one another is asam ed. Obvibusy
this is unreatistic, but i serves as a baseine for com paring
the reauls. ALl tzman Bsbn sheanes are consraned
O trangn it at a maxinum power of unity, and transn it
peid T.

Tom ake a fair com parion betw ean the netw ok m odes
ushg oopeatie divesity and the dimct tranam &son

IEE Pmc.Canmun.
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betw et sounteand desthation M T's, ssvealaonstantsare
plad upon the cooperative diversty m odel:

The tin e usd m ust not exceaed that ussd by the direct
transm &sbn a2 (1 uni).

The total of tranan i power of the compkte sysEm
(pow er usad by source and the pow er usd by the rehys)
must not excesd that usad by the direct transm Bson case
(1 uni). .

The bandw dth used m ust not exoesd that usad by the
direct trangn &sbn case (1 unit).

2.1 Directtransm ission

In diect tangn Bson, no exra mobie tem hak are
avaibbk to rehy the signal n phase two. Ths & temed
the chsstalsthean e, whexe the source tranam its inform ation
at full pow exr br all of the avaikbk tin e sbt, Fig.2. The
chsial ase s hchided to act as a basstne refaence, or
com parion of the advantages and dsadvantages offiesd by
the aooperatie diersty schem es. The mutual hiform ation
equation for the direct trensm I=bn ;a== was ound by
Shannon Rl]lto be

In % b3 b NReunwPsden] P &P

. sources

——>
. . . destinatidms)

power

8TX

T
2

Fig 2 . D iect ttansam isin wih no cooperative dversity

3 Coopentive dversiy - shgk antenna

To be abk to add additonalM Tsto thenetwork to actas
rebys for a partiubr axget M T there 5 a nexd or a
m ethod whih allow s this additon to the network w thout
sacrfichg the am ount of nfom ation which can be sat,
whik alo mesthg the tine constrant. Foure 3 shows a
netw ork w ith three ey tem hak contrbuting to the signal
received at the ndented desthation, déeb. Spacetine
cding STC)  a tedmiyue to utliee gathl diversity,
whih enabks nfomation from sveral soumes t be
tranan ed o a shgk desthation. The receiver can then
ambine the meied sgnalks to mtrieve the orghal
nform ation. Shee gpacetine aodes STCs) use pathl
diersity, all teansniters can tensm i on the sme
frequency wih the ssm e modultion scham e at the sme
tme.

W ih the tansm ision of fom ation it nito the two
ooparative diversity phases, tranan isson from  the source
can oaur or exactly one half of the avaibbk tin e 8I'=2Pp,
and rekying fimm avaibbeM T's takes phoe 1 the ssoond
ha¥of thetine sbt, Fi.3.

U sing STC s for transn &sbn during the second phase the
relys can akp tanan it or T=2 to make up the fulltine
sbt, however they are in isd t» ttansn tat 1=dn  1Pof
full power owing © the power consoant Note that the
fraction & one s than m because s does not take part h

IEE ProcCanmun.
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sources

destinatidms)

relayy

paver
phase 1

s5TX

Fig3 Spnalantama basd cooparative divexsty

phase wo. The r=hys ony retranam i the hform atbn that
they recefrad it the souree, iIf they are ablke to dexode the
sonal. Them utual nfom aton Or the STC spnalantema
el ent ez was derived by Lanan an et al. Bl.

W ih these consaits inposad on the STC cage, STCs
albw the pow ex, tin e and bandw 1ith systeEn constrants o
allbem et, whik ako albw ing nform ation fimm the source
© be transn ited for half of the avaibbk tine. Each
tranan Eson shem e i term ed either filktn e ox half-tine
depending on how m uch of the nform ation the soure can
tranan + compared to the direct tramam ¥sbn case. For
exam pk, if the souree can only trangn i half the nfom a-
ton the direct casew ould for a partiulr schem e, twillbe
term ed half-dn e.
4 Coopemtive diversity - dualantenna m ethods
It s Ikely that h future w irekess system s tw illbe possble
for m obik tem halk the size of cunent hand held m obie
phones to have wo antama em ents, each of which will
reeive an ndependent sgnal fram  the trenam itEr i a high
saAterng ervirorm ent. In the HIow hg two coopaatie
diversty schemes t s assmed that allM Ts have two
temal antena ekm ents avaibbk r tranam isson and
mxpton, ncudihg the soure. W th M Ts whith ae
equipped w ith two antenna elen ents, trangn I=on betwean
M Tsand beiwean a basesgatin and M Ts can use gatihl
diversity tranam sson tedmniues © heb in prove pedfor-
mancee. Two diffrent spacetine transn k sthanes are
evaliated n the paper for the dual antenna wopaative
divesity ase: .

space-tin e transm it dversity STTD )

vertial Bell L abomtores hyered space-tin e architecture
(V-BLA ST) spatalm ultblexing M ).

In the proposad cooperative diversity schem es the ssme
transm Eson tedniue isused i both phases, ie. the STTD
ghem euses STTD o tranan it from  the source o the rehys
and destnation during phase one, and ako from the rehys
to the desthation during phase two. Durng phase wo
STCsarsusd h a sin frway as 1 the shigk antema case
to alow allrehys to tanan tatthesametine, in thesame
charnel

41 STTD halftme STC cooperative
diversity

STTD & a mulbpk antama trangn E=ion and reception
tedmiue that s ussd t© provide wbust comm uniatons
charmek. The hfbm ation o be tansm ited & i nto

3
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two stmem s whith- are nithly dential to the orighal
nform ation sxeam , each of which i then encoded to m ake
them mutualy orthogonal In the wo antama STTD
transm ¥sbn G, the reosiver and rEhysw ill roomd

yik % ayhxh b alaxih b zth &P

yih % aithxlh  ahxth b zlh arv

durhg phase one at each antema {,%a and y% ). Hee
ath i defined as the channel mefficints, x4 the data
symbol and zih the additve noie. In the Hlbwig,
sym boHoy-sym bol transm ksion i considered, subssquently
the tine ndex n can be dwopped fran the tansgn ited
sym bolks, channel cefficints, rEeeived signals and additive
noxe.

Each r=hy an then attam pt to decode the STTD sgnal

for retranan Fsbn . If + cannot decode ether sgnal will
not take part 1 the second phase. In retransn itng, a =hy
willuse STTD to transn i the two orthogonally ssparated
nfbomaton swems on to the htended desthation, n
aam biaton wih using isown STC o albw o tenan it
at the sam e tine as the other ®whys, F1y.4.

n this shane M Ts particbating h phase two will
onkl be abk o temamt at1=6n 1P of il power. The
mutual nform ation for the channel sgiven by an extenson
of the m utual nfom ation equation derved by Laneman

ecal
Blas 1

1 1 X
T st 3 bg,®1b MNRsaeanb T NRyasea
. nesd
&8p

where

X2 X2 .

o hif
H1 41

The sakr hy; defines the channel coefficints between the
ih trangn iterand the th receiver antenna €km ents. In this
case both iand jare In ted © 2 shoe ony two transn it/
reever antena pairs efmantsareussd heach M T.W e
a¥o note that t sasam ed that recsiving term hakhave full
chammnel knowldge of ther badkwards charnek. This
assum ption extends thrmwughout this paper.

In ths ghane, the nfbom atin betwesn s and r for
ndependent and Henttely disrbutsd GQid) cmpkEx
G aussBn adebooks for each spacetin e aoded forma-
tion seem Sgiven by

1
3 bg,dl b NRgxanP

O O
IR 7=
. destinatidmg)
j—
. ' O relayr

phase 2

Fig4 Halftme STTD -basd cooperatie divexsity

4

Under this muk the probability of a rehy being abk to
decode the nform aton sheam as

2R 1
&P

P¥iecode % P and

ST

42 SM full-dm e STC cooperative diversity
A Yhough STTD cooperative dversity, usihg two transm it
antemas, can dram atially reduce the outage probability at
déeb ow g o the nasased SNR, & suffrs fom the fact
that the soure can only transm it hiform aton ora In isd
am ount of the tine. Thi kaves the diret transm ison
ghane wih a detnct advantage, because t can alvays
trangn & new hfomaton, unkss it nesds t© EtaEnsn
owihg to date-bss. In omder  tansnit all of the
nfomaton that cn be trnsm ited 1 the diect ase,
durng phase one, i & possbke to enpby M ,F3g.5.

. sources

. destinatidmg)

O relayr

phase 2

Fig5 Fulltine STC ‘basxd cooperative diversity

Usng S , the orghal souxe data sream i demuld-
pEad nto two data stream s,whith areeach halftherae of
the oxrignal. Each stream & then tanam ited firm a shgke
antenna ekm ent, and received vi the two antenna elm ents
at the reiver. This tanan ssbn edmiue & known
as VBLAST. To us VBLAST and &l mest the
mposd power constrant on the coopaatie diversity
nework, each tansnisbn antena ebBment must
now tansm i at half power. The mutual hfom aton
channel average of a V-BLAST system , at the recefver,
Bgien by R2]as

T % 2 mndh;LP fo110) 4

whee m L ;LP 5 the m hinum mutual hbm aton of
the two hform ation streem s, Cp & them utual inform ation
of the V-BLA ST channeland

L% bg,db s\IRsx‘;lfﬁs:nlj?P

L% bg,8b NRexpPer2 P

where NR;;x denotes the SNR pxomded from sounce iat
destnation j for each spathl mulplexng data sreem k
&% 1;2;...;NP.N i the number of tranan it and =ceie
antena ekm entsusd, 1 thiscaseN % 2.Thenotation for
the channel fading & sin jardy extended, ay i, or spatal
mulplkng.

The desthation will reeie both nformation sreem s
during phase one, as will all relys. The am capacity of
each source to rehy Ink Snot alubted by the ndvitual

IEE Pmc-Canmun.
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rehys N ote 1), mther the rehys sin ply decode the reosived
spatalm ultpledng data sbEem s, if t & possblke to do =,
and tmnsn it the two spamte gpataly mulplexed
Inform atbn stream s on with as high a mte as posbke.
The rhys theefore add their sgnal power to what the
desthation Emeves. It & not untl the end of the scond
phase that the desthation mobik tem nal makes the
decision of whith inform ation sheem carres them ninum
nformaton and theebre the capaciy of the overall
oopeatie charmel :

It shoull benoted that the charmel rate m easurEm ents
would be made durihg a Ink sstup phase and this
sin pHication was made for capacity caluhtion smul-
tons. It sako noted thatushgm ndC1;C2PofV-BLAST
channel capacty, mduces the feedback mquiEd to the
soure from  the desthation, as the ssm e m odukton and
ading B usd for both antgmas. Ths ako miuces
ampledy h the =hys shcee the sam e decoding and -
enaoding 5 usd for both hifbrm ation stxeem s. H owevex,
ushng thisV-BLA ST abortm r=duces the Ink apacty as
desxbed n P3].

D uring the sxcond phase we asam e that the mhys all
have perfect charnnel know Edge and an choose which
nform atbn srem o tanan & fiom each antamna elment.
The mhy wil tzanan i the highest apacty sxeem 1t
The bw er capacity stream w illbe trangan iied on thesbwer
tnk. If a ssam cannot be dexoded, Mke all the other
oopaative diversity netw orksdisoussed n thispaper, tw it
not be tranan ited on t© the desthation. I ths ase, ©
kegp the sinubhtion sinpk, no hiform ation s tranan ited
fimm the antema elm ent that would have besn usd if
deaoding was successiil

In a smikr mamer to phase wo n the halftine
shen es, herem abiks particpating i phase two willonky
be abk t» tranan i at 1=dn
source does not take part i the sscond phase.

For the SM fulktine case the hfom aton cgpacty &
given by

T ac ¥ 2 M8y Im 2P alip
T % b, 1D SReases Bogsea T
1
1 X .
b TS R poa Prasea] - G12P
268&P
Tn2% by, 1b NReaserBsasend
!
1 X .
b = 1 DR, pooPraara] AP
2ed&sr

The probability of each hform ation sream being decoded
B an extensin of the dect ransn ission m ethod .. Since the
reatised mutial hfom ation betwesn s and r for iid.
com plex G aussen code-books i given by

1 .
—Dbg,db SRz FexF P

Note 1:Calubtig the sum capacity of the source i rely nfrm ation seem s
woul make it possbk  raxmbine the nfom aton at the rehy and then
derute it optinally bewemn the antgma ekments for ssond phase

IEE ProcCanmun.
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U nder this muke the probability of a rely being r2 @&l 5
given by
PR ]

P2 @&D % P Pe F4
Bsy! NRoy

4al4p

43 Extensions to the proposed schem es

It spossblk for the fulldin e schan e  be extended o that
the soure transm is difftrnt nfom aton to every r=hy.
This would albw us to appmach the M M O apaciy
Iin its, whith w illbe term ed m ax-tin e. H owever thiswould
rquire that the both the soure and destnation have a
mum ber of antema elm ents equal to the num bex of ehys
I thenework, m 1.AsprEvbusy desussed this snot
pos=bk owng to the size constrants of m obik taxm halks,
and the requirm ents that antenna elam entsm ustbe at ast
half a wavekngth gpart to mantan hdependent fading
charmek.

The m ax-tin e sthem e woul be appliabk to a mobike
term hal where you coul fix m ore antenna el ents, or
exam pk Eptop com puters, or a ram ote fixed =hy . .

One possbk extensbn of all the coopaative diversity
aghanes dioussad above, nistead of the rhys smply
decoding the nfom ation and then retransm ithg i o the
ntended desthation, s that the ehys coull tansnit
different nform ation such asparty bis caluhted from the
meoeived signal Turo coding R4] & alko an opton ow g
to the paralel nature of the hying sinak. This could
potentially dram atially decrsase the probability of cutage
at the desthation, however & i beyond the sope of this
Dapex.

S Results and analysis

In omler to dixover the performance properties and
practical suizbilty of the diffeent cooparative diversity
rehlying tednigques,M onteC arb sin uhtbnsare pressnted,
basd on the capacity equations or each rhyng sheme.
The capacity equation of each sanalysad i three different
ways:

outage probabilty against SNR {oandw idth efficiency
fixed at 1b/sH z)
bandw idth efficiency against SNR  outage fixed at 5% )

outage probabilty aganst bandw dth eficency GNR
fixed at  5dB).

Each combhation of the thme communiaton Ink
characteristis has besn hichided sncee analysing them
all ads to a desper hisght. For exam plk, the outage prob-
abilty ¥ expected to dwp sonficantly for the repetiton
gthem e when comparad to the chssic aase. Howevex, &
would ako be expected that the capacity of the Ink would
dwp spnficently snce rdundant nform aton & behg
transn ited.

For each mhynhg sheane, the reaulls are compared
directly to the chssimlcase of direct tranam ison, and then
ndiectly betwesn each other. For the case whee the
bandw dth efficiency i fixed, 1b/AsH z has been chosn h
order to make the aluktions sinpkr, and shee & 5 a
masonabl practial valie. W here the outage level & fixed,
the5% Jvelhasbean chos snce ths i lkew 2 a practial
valie 1 a w eks comm uniatons netw oxk. A though a
rmum bex of vales for the case whae the SNR at each
reeiver s5fixed could havebeen s2kcted,  5dB waschosn
shee it is n them ¥dk regn of spnalqualiy. R esults for
networksw ih up-to burrehysn it én % SParepresntd.
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Note ako that & woull be possbk, ushg the analyss
presnted by Lanan an ecal Bl o calabte theagm piotes
of the outage pmbabilty. Ow g t© Jack of gpace we have
not mpeatad the tedmigues usd, whih an be mediy
extended to the senaris considered n this paper.

5.1 Single antenna STC cooperative
diversity

In sihgk antema STC basad coopaative diversty as the
um bexr of r=hys h the network i naesasad, alhough the
trangn i pow er br each rehy & reduced o m estthepower
oonstrant, another gpatialdegree of fieedom ssadded. & s
ckar that as the diverstty degrees of fieedam haease w ih
m , the probabilty of outagewill reduce, Fi5.6.0wig to
the deeasmd tanam & power as m hamases, din vihing
rEums an be cbsarved as more mhys are added o
the network. Note that at bw SNRs Fi3.6 shows that
the chs=sral shan e perfom s better. Thi ks due o a
aom biation of the tine constrant, the pow er consrant
and potentially poor source to rehy Ink h the first phase.
Note that ths s equally lkely as a poor soune to
desthation Ik and a poor rehy to desthation Ink she
* sasmmed thatallM Ts are equally spaced. If the source
© rhy Ink & poor then the r=hy will not be abk t©
decode and tranam it the fiform ation in the second phase,
theefore the power of the transm i=on that would have
been usd by the rely 1 phase two Bnotused atany pont
I the tansm ison.

0.01

0.001

probability of outage

0.000%

classic 1
relps (44)

le-0 L
-20 -10

0
SNR, dB

Figf Sinubtn reails fon shgke antema STC -bassd coopera-
e diersty stan ewhere the spectral efficiency Sfixed at1bgH z
SNR ard outage probabilty are com pared form % 1,2,y .S

Fiure 7 siows that the shgk antema STC basd
coopaative diversity shem e offers in provem ents n outage
prbabilty when dealing wih Iw gectral efficiences,
compared to the chsiralase. This s due o the Bt that
rechndant inform ation i tranan ited, and theedre sm ore
kel t© be meted sucesfuly. However, at higher
o outperfom the STC basd scheme.

Theeffect sckEary ssen h Fiy.8wharatbow SNRsthe
sngk antena ST C -bagsed stham e offers in provem entsover
the chssial ;ase. However, at hther SNRs agah, the
clssial case offers in proved spectral efficiency.

5.2 Dualantenna STTD cooperative
diversity

The dualantema STTD half-tin e case builison the shgke
antenna coopaative diexsity by adding another opporumniy

6
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Fig7 Siubhtin rels for the sngke antama STC coopeatie
drersty schemewhere the SNR sfixedat 5dB

Outage pmbabilty and shectral efficency are comparsd Hor m %
1;2;...55
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4
classic link-| 1
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0.001p
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Fig8 Smhubtn mEuls for shgk anterma STC oxcpaatie
duersity schem e where the outage el s fixed at 5%

Spectral efficiency and SNR are compared orm % 1;2;...;5

© use pathldiversty Or tranan &sion. The effect of ushg
STTD on the probabilty of outage & clarlyy shown 1
F1.9 whae it @an be sen that dual antema STTD
tranam ¥sion greatly deceasss the probability of cutage at
hipher SNRs. Aganh thee s a mgin at w SNRswhere
direct transm ission i preferable.

Themuch bwer probability of cutage that dualantama
STTD can offer ttanshies o being abk t handke hher
data rates than the chssial and sngk antema cases,
F1.10.Fhure 11 show s that the aapacity of a mopematie
divaxsity network wih dual antenna STTD trmnsm Bsion
alo baneits. It 5 hiteresting to note that F .10 show s that
ushg diect STTD transan i=on fom the soune © the
desthation b preferebk over usng ane rehy. H owever,
adding more than one rEhy nto the nework gies
pearform ance beneits over the direct STTD  tranan sbn
a=.

53 Dualantenna SM cooperative diversity
The dual antena STTD halftine shane suffirs fizm
not behg ablk t tranam it the sam e am ount of orghal
hibmaton over the sam e lin #ed am ount of tin e as the
chssial case. Fulktine SM  cooperative diverstty attam pts
o overom e this problm by ushg SM firm  the source n

IEE PmcCanmun.
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Spectral efficiency and SNR are compared orm % 1;2;...;5

the first phas: 1 additon o fitm the r=hys 1 the seoond
phase. Two m-operatig sub-sts are then amated t©
pexform  the phase wo tranam &son. This & done at the

IEE Prmocanmun.

st of plitng the avaibbk trangn i power at the soune
betw emn two antema elan ents.

Fiure 12 cdearly shows the huge bendit © the
probability of ocutage offxed by the fulltine shene.
There s stilla snallrgin at bw SNRs (bwer than 5dB)
where chssial tranan B8son woul be preferyed . This sdue
to the fl1ll power transn Bson that the soure usss b the
chseral ae. Agah the din nkhhg Eums for higher
mum bexr of r=hys, owihg © the rhy tansn E=on being
consrahned by 1=n 1P can be cb=s=rved.

W hen the cutage pmwbabilty & compared wih the
pectaleficing N F .13, @n be ssn that thehalftin e
dual antemna STTD ghane offtrs hrge inprovanents
when comparesd wih the SM  dual antema and STC
shgk antena ases. However, when atigm pting higher
pectral efficincies, direct tranan Jsion usihg SM woull be
prefened . This s agah due to the ol tranan Bson power
at the source.

Depir this, when the sgpechal efficency 5 compared
wih the SNR 1 Fi.14, itcan bemn s that the fulltine
moperative dverstty schem em atches or betters the chssical
fansn I=on case, and offers e nprovan entsat SNRs
Iwer than 15dB. :
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The resultspresented i this paper corfim  the resuls of
PR5] where £ was found that STTD tmnam jssbn can be
prefered to M tranan Eson under ceran ciioum stances.

5.4 Degrees of freedom

Orne resulk thatcan be obsarved fiom  the aluhted reauls
I that the Jagest perform ance gain does not necessariy
am e fom  the additon of the first relay 11 the nextwork,
rather i aom es fiom  the first addiional degree of freedam
htoduoad © the network. The degrees of fieadam
considersd 1 this paper, owig © the three consrants
in posed on the systEm , aom e from  gpatial dversity. This
can be spathl divesty ntmoducsd by using mulpk
antana elan ents at the trenam ey and recever or taoud
gem frm ushg other M Ts as gpathly sparted mhys
for cooperatie diversity. The resalts presnted show that
addiional degrees of fimedam  that are htvoduced © the
nework gie din hihing mums h perfomances, as
previusl noted foradditional relys. This can be obsrved
from allof theresuls of the sEnarbs pressted, however, i©
@an be ssn partiuhry well n Figs. 9-11 whee the first
degree of fiedom  {usihg STTD transm ison nstead of
the chssial smarb) proviles the biggest perfom ance
horease. U shg coopaatie diersty t© add addional
degress of fisedam , although it haeasss the pexfom ance
of the network, does not provide sgnficant addidonal
perform ance. This would explain why STTD provides the
best reaalts, as it has the highest degrees of fimadam of the
sEnarios consdered 1 this paper.

6 Furtherwork

The sin ultin resutspresnited 1 thispaperwerebassd on
a Jrgenum ber of sin plications, and w ere ntended only to
characerie the coopamative diversity channel when using
dualantana elan ents O transn Isbn and eaption. The
analyss presnted n this paper will & ussful as a
com parson br what can be achieved under deal condi-
tons, therebre, Bking ths work further will wole
crEathg a more malsthc smubtin through the use of a
channelm odel naomorating shadow g © aomparew ih a
reatistic chssal trangn sson scheam e. STC shave ako been
extensively usd 11 this paper to albw the desthation
tam hal to deode the sgnals from  the diffeeent transm it-
thg tem hak. N ote however, that the design and use of
disriuted STCs for a rhy sivatbn such as the one
desribed hee s nota sobed pmobkn , and could prove a

8
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fmitfial area of future ressarch. Nabar et al [15) have
considersd basitc gpace-tin e sgnal desi;n for the coopea-
tive diexsity they ntroduce.

Tt s expectid that expansion on thiswork o characerise
pook of mulihoop mhys thmough an 1ea calld m obile
ad-hoc tinking M AT) o extend the =nge of teaestral
cell, or a purely ad-hoc netw ork, w ill be possble.

7 Conclsibns

This paper has htroduced dual antema ebments HrM Ts
nh a coopertie divasty nework, and presnted wo
diffizent scham es orusing the antema el ents 1 banefit
wirks communiatins. Thmwugh sinubtions of the
derived capacity equations for each stheam e was obsarved
that the use of wo antema eEments h M Ts an add
consderabk apacity and ocutage benefits over the sihgk
antemna case.

C coperative diversity & humnsialy lin i=d by the need
to have wo fansn I5son phases, and the lm & of two
anterma ekm ents n any hand-sized m obik term hal. U shg
the two antemna STTD or SM tedmiues prested n this
paper i Sposbk to overom e these probln sand hasase
the capacity of the netw ork. Ithasbesn shown thatboth 1h
term s of probabilty of outage and spectralefficiency STTD
basd oopaatie diversity s preferred over SM . It s aln
notad that the hmyest gans aam e from  the first aupplam en-
tary degre of fisedom , and din hhing mums are
obszved for additional degrees of freedam .
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Abstract— This paper considers a fading relay channel where
the total transmit power used is constrained to be equal to that of
the standard single-hop channel. The relay channel used operates
in what is termed as MIMO cooperative diversity mode, where
the source transmits to both relay and destination terminals in
the first instance. Both the source and relay then transmit to
the destination in the second instance. Initially the cooperative
diversity framework is introduced to consider system constraints
so a direct and fair comparison with the single-hop case can
be made. In-particular a power constraint is placed on the
system and the optimal transmit power levels are derived and
presented. The derived technique for finding the optimal transmit
power levels is then used to d rate the ad ges of using
cooperative diversity in a wireless network. The results presented
show that MIMO cooperative diversity offers a 3.4dB increase in
spectral efficiency at 5% outage, with no additional cost incurred
in transmit time, power or bandwidth.

I. INTRODUCTION

One of the biggest problems faced by designers of mo-
bile telecommunication systems is fast-fading of the received
signal due to the multi-path nature of the communications
channel. The very multi-path that creates difficulties also
offers us diversity [1]. This can help mitigate the problem
as a result of the transmission of redundant information over
(ideally) independent fading paths (in time/frequency/space)
in conjunction with a suitable receiver. Spatial diversity tech-
niques are particularly attractive as they provide diversity
gain while incurring no penalty of extra transmission time
or bandwidth. Spatial diversity techniques such as Multiple-
Input Multiple-Output (MIMO) wireless systems [2] have been
shown to significantly increase the spectral efficiency of point-
to-point wireless links, including cooperative diversity relay
channels [3] which are designed to take advantage of spatial
diversity where Mobile Terminals (MTs) are limited to a single
transmit/receive antenna.

Contributions and relation to previous work. This paper
considers the advantage of using cooperative diversity in an
environment where the total transmit power is limited to that
of a single-hop communication channel [4]. This allows a
fair and direct comparison between the cooperative diversity

'We acknowledge the support of the Scottish Funding Council for the Joint
Research Institute with the Herot-Wati University which is a part of the
Edinburgh Research Partnership. Support from the EC via NEWCOM is also
gratefully acknowledged

Relay terminal

SR RD

SD

Source terminal Destination terminal

Figure. 1. Relay fading channel

relay channel and the single-hop channel to be made. The
power constraint placed on the system is an important factor
to be considered for any practical deployment of a cooperative
diversity network, both due to interference concerns [S] and
to ensure battery life prolongation of the relay terminal.

The first part of this paper introduces the cooperative
diversity protocol and channel model framework, originally
developed by Nabar et al. [6] and later extended in [7]. A
jointly analytical-numerical method to optimise the transmit
power levels of each transmitting terminal within the power
constraint, in terms of probability of outage, is then developed.
This extends the work presented in [7] to consider an alterna-
tive Decode-and-Forward (DF) relaying scheme and introduces
an analytical approach to optimising the transmit power levels.
Results for the optimal power levels are then introduced. The
second part of this paper presents a comparison between the
cooperative diversity protocol considered and the single-hop
case. Finally conclusions are drawn in the final section.

II. PROTOCOL DESCRIPTIONS AND SYSTEM CONSTRAINTS
A. Protocol Description

Consider the ad-hoc fading relay channel shown in Figure 1
with three MTs. Data is transmitted from the source terminal,
S, to the destination terminal, D, potentially with the assis-
tance of the relay, R. All terminals in this paper are considered
to have single transmit and single receive antenna elements.
Additionally, a terminal cannot simultaneously transmit and
receive information. Although it is possible for the relay to
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assist in either an Amplify-and-Forward (AF) or Decode-and-
Forward (DF) manner, only DF is considered in this paper.
In DF mode the relay demodulates and decodes the signal
before re-encoding the signal and retransmission occurs. The
DF mode that is used in this paper requires the relay to receive
a required information rate, R, before it can take part in the
second phase, which is denoted R € D, where D is the set
of supporting relays'. If the relay is unable to decode the
first phase signal from the source, it does not transmit any
information in the second phase [9], which is denoted R ¢ D.

Due to the constraint of MTs not being able to transmit
and receive information at the same time, the transmission of
information from the source to destination, in a cooperative
diversity network, is broken into two time slots, termed phase I
and phase II [8]. This paper considers the cooperative diversity
scenario where the source transmits in both time phases and
the relay only in the second having (potentially) received
the first phase transmission from the source. Furthermore the
source transmits different information to the destination in the
second phase than that which was transmitted during the first
phase. The destination can therefore potentially receive two
different information streams during the second phase.

This cooperative diversity protocol was originally intro-
duced by Nabar et al. [6] as one member of a family of coop-
erative diversity protocols. The subject protocol is referred to
as Protocol I in literature, however as it is the only protocol
to be considered in this paper, any mention of cooperative
diversity refers to this protocol unless otherwise specified.

When considering the complete cooperative diversity model,
it can be seen that it bears a strong resemblance to a MIMO
system with two antenna elements at both the transmitter and
receiver. The fading relay channel from Figure 1 is redrawn
in Figure 2 to highlight the MIMO characteristics by splitting
the destination into the two time phases, and adding an extra
subscript to the channel notation to denote the phase of
transmission. This is a schematic presentation only and the
destination terminal actually uses only one antenna element.
However, its access of the channel is split over the two time
phases. This scenario is therefore termed MIMO cooperative
diversity due to the similarity to MIMO wireless systems.

B. System constraints

To be able to fairly compare the performance several

constraints are placed upon the channel model:

o The time used must not exceed that used by the single-
hop transmission case (1 unit)

o The bandwidth used must not exceed that used by the
single-hop transmission case (1 unit)

« The total transmit power of the complete system (power
used by the source and relay for transmission) must not
exceed that used by the single-hop case (1 unit)

The effect of the time and bandwidth constraints is that the

transmission of the two phase cooperative diversity must take

'In this paper the maximum cardinality of D is limited to 1 since there is
only onc supporting relay, however (8} considered multiple relays

i Destination terminal (D)
Relay terminal (R) Phase 11

Y=Y
hsx,
5D,
Y=

Source terminal (S) Destination terminat (D)

Phase |

Figure. 2. Relay fading channel shown as a MIMO channel

place in the same amount of time as the single-hop system.
This typically involves a factor of 1/2 when considering the
spectral efficiency of the system. An important point that arises
from this constraint is that the Rayleigh block-fading is now
considered to be unchanged over the two time phases.

The effect of the transmit power constraint is particularly
important for the cooperative diversity protocol considered in
this paper since it uses three transmissions (the source in
both the first and second phase and the relay in the second
phase only) and therefore must reduce their transmit power to
the power constraint. The following transmit power constraint
variables are placed upon the system:

o A - first phase transmission from the source
« B - second phase transmission from the source
e C - second phase transmission from the relay

To constrain the transmit power to be the same as the single-
hop case, first recall that the transmission in the relaying
network has been split into two phases, it therefore follows
that

A+B+C=2 m

A transmit power constraint is also placed upon each
transmitting terminal such that it cannot broadcast with more
power than the single-hop case would (1 unit), i.e.,

A<l

B<1 C<1l 2)

III. CHANNEL AND SIGNAL MODELS

Throughout this paper the channel fading model is assumed
to be frequency-flat, Rayleigh block-fading channels with fad-
ing coefficients being circularly symmetric zero mean complex
Gaussian random variables. Perfect timing synchronisation
is assumed. Furthermore it assumed that the receivers have
perfect channel state information of all the reverse channels.
It is also assumed that there is limited feedback to the source
and relay from the destination of the average channel Signal to
Noise Ratio (SNR) which is required to perform power control
for MIMO cooperative diversity.
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The signals transmitted by the source during the first
and second phases are denoted z;{n] and z;{n] respectively.
Symbol-by-symbol transmission is considered so the time
index n can be dropped to simply give z; and za. Note
also that for the data symbols transmitted is it assumed that
E{z:} = 0 and £{|z;|?} = 1 for i = 1,2. The signal received
at the destination terminal in the first phase is given by

yp,1 = V AEsphspzi1 +np, 3)

where yy,1 is the received signal at the destination (Y) in the
first phase, Exy is the average signal energy over one sym-
bol period. The scalar hxy is the random, complex-valued,
unit-power channel gain between the source and destination
terminals, and ny,; ~ N(0, Np) is the additive white noise
for transmitting terminal X and received terminal Y, in this
case S and D respectively. Note that Exy and hxy does
not have a phase subscript due to the earlier assumption of
flat fading across the two transmission phases. Similarly the
signal received at the relay in the first time slot is given by

Yr,1 = V AEsrhsrT1 +ngr, 4)

Finally assuming that the relay can fully decode the signal
from the first phase source transmission, the signal received
by the destination in the second phase is given by

VR = VBEsphspzs + VCErphgpza + np2 RED
' VBEsphspza +np,2 R¢D
(5)

The input-output relationship can now be summarised as

y=Hx+n (6)

where y = [yD,,yD,z]T is the received signal vector, H is
the MIMO cooperative diversity 2z2 channel matrix

VAEsphsp 0 RebD
VCErphrp VBEsphsp
H= 9

VAEsphsp 0 R¢D
0 VBEsphsp

x = [z122]7 is the transmitted signal vector and n is additive
white Gaussian noise.

A. Information-Theoretic performance

The DF protocol used in this paper states that the rule for
the relay to be considered part of the decoding set is that the
relay must be able to support the required spectral efficiency,
R. Since the source/relay channel mutual information, Isg,
is a function of the random fading coefficients, the mutual
information is also a random variable. The event Isp < R
is defined as the source/relay channel being in outage and
therefore Pr[Isr] < R} is referred to as the outage probability
of the channel. Moreover this definition is extended from the

relay inclusion condition to the general channel such that the
event I < R is considered channel outage, where [ is the total
mutual information of the cooperative channel.

The probability of the channel being in outage when the
relay is available to support the source can be written as _

Pr[R € D|Pr[I < R|R € D) ®)

Furthermore the probability of the channel being in outage
when the relay is not available can be written as

Pr[R ¢ D|Pr{I <R|R ¢ D] Q)

Subsequently the total probability of the channel being in
outage is given by the sum of (8) and (9) as

Pr[I<R] = PrReD}:[I<RIR6D] (10)

+ Pr[R¢D|Pr[I <RIR¢D

The mutual information between the source and relay in
the first phase, is given by Shannon’s capacity equation, with
a factor of 1/2 due to the two equal transmission time phases,
as

AEsg
No

Rearranging (11) to give the condition of the relay’ being
able to decode the first phase transmission, and substituting the
mutual information Igp for the required spectral efficiency, R,
gives

Isp = %logz (1 + |hsﬂ|2) bistHz  (11)

-1
SNR

where Esr/Np = SNR. In the remainder of this paper it is
assumed that all network channel links have the same SNR,
specifically Esr/No = Erp/No = Esp/No = SNR to
simplify presentation and simulation results. This assumption
can be readily relaxed for the more general case.

Finally, the mutual information for the MIMO cooperative
diversity channel is obtained from (6) and (7) as

lhsr|?* > (12)

I= l1og2 det { I + Lo ) brsmz 13)
2 No
which is expanded to
% log, ((ABSNR)2|hSD|4 + ASNR|hspl?
RebD
+ BSNR|hsp|? + CSNRhrp|? + 1)
I=
1
3 loga ((ABSNR)’]hSDP + ASNR|hsp|?
R¢D
+ BSNR|hsp|? + 1)
(14)
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IV. POWER CONTROL ANALYSIS

Consider now the problem of minimising the probability of
outage of the cooperative diversity channel as a function of the
power control levels A, B and C. Since A, B and C are limited
by (1), by varying A and B between 0 and 1 independently,
the entire range of results are explored, and subsequently the
minimum probability of outage can be found.

To begin an analytical approach to this problem, consider
the channel probability of outage (10), substitute the required
mutual information equations (11) & (14) and rearrange so
the random variables are on the Left Hand Side (LHS) of
each individual probability inequality. This is written as

Pr[[lM < R.]=

(pe[1hsnl” < 3]

Pr[ABSNR|hsp|* + (A + B)|hspl* < z] )

+(Pr [|hSR1’ > %]

Pr [ABSNR|hsp|* + (A + B)|hsp|* + Clhro|® < z} )
(15)

where z = (2% — 1)/SNR.

The probability inequalities with a single channel coefficient
on the LHS (probability of relaying being able to support
the source) can readily be solved analytically as they are
single Rayleigh random variables for which the Cumulative
Distribution Function (CDF) is well known as {1—exp(—z/A)}
when the standard deviation is 1 as it is in this case. Moreover
£ for the Rayleigh CDF is given by the Right Hand Side (RHS)
for each probability inequality.

A. Derivation of CDF with relay available

The CDF of the more complex joint distribution of the two
random variables ABSNR|hgp|*+(A+B)|hsp|?+Clhrpl®
is not so well known. To find an analytical expression for the
probability of outage conditioned on the relay being available,
an expression for the CDF of the joint random variables must
be found. This is done by convolving the Probability Density
Functions (PDF) of each random variable to obtain the joint
PDF, which is then integrated to obtain the required CDF.

The probability of outage of the relay channel, operating
with the relay available, is given by

Pr [zfiBST‘JR”I._s;DI4 + (A + B)|hsp|® + Clhro|® < z]
(16)
Before a PDF can be derived for the joint hgp and hgrp
terms of (16) a single equation must be found for the hsp
term. Begin by defining

Y = ABSNR|hsp|* + (A + B)|hspl|® a7

which shows that Y is a function of the single random variable
hsp. To find the PDF of a function of a random variable
employ (5-15) and (5-16) as presented by Papolius and Pillai
[10] where the equation Y = g(X) is solved. Denoting the
real roots by X,,

y=9g(X1) = ... = g9(Xn) (18)

Papolius and Pillai show that the PDF of a single random
variable is given by

Fr(Y) = fx(1) | _fx( fx(n)

lg" (X))l 1g'(X2)l 9" (Xn)l
where fx (X) is the function of the single random variable in
question, and g'(X) is the derivative of g(X). For the case in
question let X = |hsp|? to give

+ ..+ (19)

9(X) = ABSNRX?+(A+B)X -Y (20)

To find the roots of (20) use the standard quadratic equation
where a = ABSNR, b=A+ Band c= -Y.

—b+ V-4
0= _Tac (21)
- (A+B)+ /(A+ B)? + 4ABYSNR @)
2ABSNR
V@A + B)? + 4ABYSKR — (A + B) @
2ABSNR )

where in (23) discard the negative term since the interest lies
only in probabilities (i.e. between 0 and 1 inclusive) leaving
only one root. Furthermore the derivative of g(z) is found as

¢'(z) = ABSNRX + A+ B (24)

By combining (19), (23) and (24) the general PDF is given
by

pr | /(A+ By’ + ZABYSKR - (4 +B)
2ABSNR

V/(A+ B)? + 4ABYSNR

Since h%p is a Rayleigh distributed random variable, the
PDF of which is given by Pr{x] = e~%, the PDF of the joint
hgp term is given by

fY)= ] (25)

2ABSNR
/(A + B)? + 4ABzSNR

where the value of interest is denoted x.

Before deriving the final combined PDF, note that the PDF

of Clhsp|? is given by the RHS of (16) as
. Lew

(o}

exp ( V(A + B)? + 4ABzSNR - (A + B))
(26)

27
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Therefore the joint PDF is found by convolving the two
PDFs.

This is a non-trivial integration. However, symbolic com-
puter algebra can be employed to find a suitable integral

Jre- 42AB9Rs A243454 07 220 A=105+C
2ABCSNR, /- spdsw
(erf(csgn(A+B)A +csgn(A+ B)B— C)
2ABOSNR, /= 7pdsem
. en.(—\/fl:rABSNR FATY2AB+ B2 + c))
2ABCSNR /- mdser

(f*9)(=) =

(28)

where erf(z) is the Error Function and csgn(z) is the sign
function is used to determine in which half-plane (left or right)
the complex-valued number 2z lies.

It can be seen that the derived PDF for the joint distribution
(28) is very complex. To find the CDF of the joint distribution
it is necessary to integrate this expression again, however it is
not of a standard form and a closed form- solution can not be
readily found using either standard methods or symbolic com-
puter algebra. Due to this, Runge-Kutta numerical integration
methods are used to approximate the integral.

B. Derivation of CDF with relay not available

To be able to fully calculate the probability of outage for
MIMO cooperative diversity, consideration must also be made
for the situation where no relays are available to support the
source in the second phase, for example when the source to
relay signal is itself in outage. The previous section derived
the PDF of the hgp term as (25). To find the CDF (25) simply
needs to be integrated. Again using symbolic computer algebra
the CDF of the probability of outage where the relay is not
available is shown to be

22R -1
4 2 —_
Pr [ABSNR]’LSDI + (A+ B)lhsp|® < SNR ] =

1 (e as5

SE(ALB)(ALD)
e L)1

~V/AT17AB+ B2 14z ABSNR+A+B csE,(Ai-B%gA-Q—B)
—e ZABS € S

(29)

The necessary components to fully construct (15) are now
available using numerical integration of (28) and the closed
form solution (29), however the trivial re-writing this equation
in full is omitted in this paper due to space constraints.

C. Numerical results

Results from the numerical evaluation of (15) are shown
in Figure 3 for a spectral efficiency of 1b/s/Hz. Below ap-
proximately 6dB SNR only the source is preferred to transmit

1 T
os i
3
5 "
8 o6 -
®
3 : S
é’ 04} R
0z2f~ - - .- -» e e e -
P T S T :
-10 5 ° 5 10 15 20
SNR (dB)
Figure. 3. MIMO cooperative diversity optimal power control levels A, B

and C against SNR for spectral efficiency of 1b/s/Hz

and all of the available power is dedicated to the source’s
transmission over both time phases. This is due to the fact
that for SNRs lower than this the source to relay link is not
suitable for the required 1b/s/Hz spectral efficiency. Above the
6dB point the relay power allocation increases sharply while
the second phase source transmission power level fails off
proportionally and both approach an asymptote at high SNRs.
Interestingly at high SNR it is optimal in terms of outage for
the relay to use a greater power allocation than the source in
the second phase. This is due to the extra diversity that the
relay offers, once it is able to take part in the second phase.
At lower required spectral efficiencies it would be expected
that the relay would be be allocated transmit power in the
second phase at lower SNRs than that recorded for 1b/s/Hz.
This can be seen to be true by inspection of (12), which
suggests that at low spectral efficiencies the SNR for a similar
probability of inclusion of the relay in the second phase will
also be lower. Similarly at higher spectral efficiencies the SNR
level where the relay would actively be used would be higher.

V. PERFORMANCE COMPARISON

Figure 4 shows the probability of outage against SNR for
MIMO cooperative diversity, the single-hop case and the two-
hop channel (which is included for reference) at a fixed
required rate of 1b/s/Hz. At low SNR it can be seen that
MIMO cooperative diversity tracks the probability of outage
of the single-hop channel, as would be expected from Figure
3, where A and B are shown to be equal to 1, which is
the same as the single-hop case. At higher SNRs when the
relay terminal is allocated transmit power, the extra diversity
offered by having two paths available to the destination makes
a significant impact on decreasing the probability of outage.

Figure 5 is of particular interest for consideration in a
practical wireless communication network where a certain
level of signal outage is tolerated, as it shows the achievable
spectral efficiency for a set SNR at the 5% outage level. This

158



Published papers

1
% [ A4 1
3
b
=
e
& oo k
MIMO Cooperative diversity ——
Single-hop
Two-hop - f .
0.001 N . : i i
10 5 0 B 10 15 20
SNR (dB)
Figure. 4. Simulation results for probability of outage where the spectral

efficiency is fixed at 1 b/s’Hz. SNR and outage probability are compared
for MIMO coopentive diversity, the single-hop link and the classical relay
(two-hop) link.

0.1

0.001

Spectral efficiancy (b/sHz)
o
e

H

0.0001 e .

MIMO Cooperative diversity s~
Singlm‘; -

1e-05 " N : i
-30 -20 -10 0 10 20 30

SNR (dB)

Figure. 5. Simulation results for spectral efficiency at the 5% outage level.
SNR and spectral efficiency are compared for MIMO cooperalive diversity,
the single-hop link and the classical relay (two-hop) link.

simulation was made by calculating the optimal transmit power
levels for each protocol, at each SNR and attempted spectral
efficiency, on the fly.

As can be seen from Figure 5 MIMO cooperative diversity
offers a considerable increase in the spectral efficiency of the
channel, with the extra diversity offered by the relay effectively
combating the Rayleigh fading at low SNR. A significant gain
of 3.4dB can be observed over the single-hop link at low SNR.
At high SNR the spectral efficiency of the MIMO cooperative
diversity protocol converges with the single-hop case.

VI. CONCLUSION

This paper has presented a framework for MIMO cooper-
ative diversity which is directly comparable with single-hop
transmission. In-particular the power constraint was analyti-
cally considered and values for the optimal transmit power
control values were presented. It was shown that at low
SNR MIMO cooperative diversity can offer a considerable
advantage over the single-hop case, due to the extra spatial
diversity of the relay, with no additional cost incurred in
transmit time, power or bandwidth.
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