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Abstract

The introduction of cellular wireless systems in the 1980s has resulted in a continuous and
growing demand for personal communication services. This demand has made larger capacity
systems necessary. With the interest from both the research community and industry in wireless
code-division multiple-access (CDMA) systems, the application of multiuser detection (MUD)
techniques to wireless systems is becoming increasingly important. MUD is an important area
of interest to help obtain the significant increase in capacity needed for future wireless services.

The standardisation of direct-sequence CDMA (DS-CDMA\) systems in the third generation of
mobile communication systems has raised even more interest in exploiting the capabilities and
capacity of this type of technology. However, the conventional DS-CDMA system has the ma-
jor problem of multiple-access interference (MAI). The MAI is unavoidable because receivers
deal with information which is transmitted not by a single source but by several uncoordinated
and geographically separated sources. As a result, the capacity of these systems is inherently in-
terference limited by other users. To overcome these limitations, MUD emerges as a promising
approach to increase the system capacity.

This thesis addresses the problem of improving the downlink capacity of a coded DS-CDMA
system with the use of MUD techniques at the mobile terminal receiver. The optimum multiuser
receiver scheme is far too computational intensive for practical use. Therefore, the aim of this
thesis is to investigate sub-optimal multiuser receiver schemes that can exploit the advantages
of MUD but also simplify its implementation. The attention is primarily focused on iterative
MUD receiver schemes which apply the turbo multiuser detection principle. Essentially this
principle consists of an iterative exchange of extrinsic information among the receiver modules
to achieve improved performance.

In this thesis, the implementation of an iterative receiver based on a linear MUD technique and
a cancellation scheme over an additive white Gaussian noise (AWGN) channel is first proposed
and analysed. The interference analysis shows that good performance is achieved using a low-
complexity receiver structure. In more realistic mobile channels, however, this type of receiver
suffers from the presence of higher levels of interference resulting in poor receiver performance.
The reason for this is that in such scenarios the desired signals are no longer linearly separable.
Therefore, non-linear detection techniques are required to provide better performance. With
this purpose, a hybrid iterative multiuser receiver is investigated for the case of a stationary
multipath channel. The incorporation of antenna arrays is an effective and practical technique to
provide a significant capacity gain over conventional single-antenna systems. In this context, a
novel space-time iterative multiuser receiver is proposed which achieves a large improvement in
spectral efficiency and performance over multipath fading channels. In addition, it is shown that
this architecture can be implemented without a prohibitive complexity cost. The exploitation
of the iterative principle can be used to approach the capacity bounds of a coded DS-CDMA
system. Using the Shannon’s sphere packing bound, a comparison is presented to illustrate how
closely a practical system can approach the theoretical limits of system performance.
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Chapter 1
| ntroduction

The need to communicate with others has always existed. In primitive times different civilisa-
tions found different ways to cope with their problems. We can guess that man used drawing on
walls, grunts and possible hand signs to communicate with others. Man found that voice had a
limited distance. Thus one of the first long distance communication was maybe done by using
drums where the sound could be heard a long distances providing a warning of danger or other

sort of messages.

In 1837 Samuel Morse invented the telegraph and by the end of the 19th century Gugliemo
Marconi established what is considered the first successful and practical radio system. Never-
theless, it was not until the 1940s when commercial mobile telephony began and then the point
where we can establish the first roots of cellular communications. What it is certain is that
every major telecommunications company and manufacturer knew about the cellular idea by
the middle 1960s.

The first generation analog cellular system began in 1978 when The Bahrain Telephone Com-
pany operated a commercial cellular telephone system. It was the first time in the world that
individuals started using what we think of as traditional, mobile cellular radio. Then in 1981
the first multinational cellular system took place in Europe, when the Nordic Mobile Telephone
System (NMT450) began operating in Denmark, Sweden, Finland and Norway. Few years
later other European countries were also operating radio telephone systems but with a major
problem of incompatibility between each other. As a result, it brought about a new technology
called Global System for Mobile communications (GSM) [4, 5] to build a uniform European
wide cellular system in a new radio band (900 MHz). The system was designed to be fully
digital with a new service that would incorporate the best thinking of the time. On the other
hand, around 1990 North America carriers were facing problems of capacity due to the signi-
ficant increase of customers and the few resources available. A partial solution to this problem
soon came up when the North America cellular network incorporated the 1S-54B standard (up-

dated afterwards as 1S-136) [6]. The I1S-54 increased capacity by digital means: sampling,
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digitising, and the multiplexing conversations, using a technique called time-division multiple-
access (TDMA). This method separated calls by time, placing parts of individual conversations

on the same frequency, one after the next. It tripled call capacity.

In the early 1990s the cellular telephone deployment was already world wide offering a wide
variety of wireless services. In America the leading technology was 1S-54 while GSM domin-
ated in Europe and many other countries. With a slightly different direction Japan went with
Japanese Digital Cellular (or Personal digital Cellular) in 1991 [5, 6]. All these early digital
schemes were using TDMA. Nevertheless, as a result of the booming of cellular business, by
1993 in North America were again running out of capacity, despite the movement to 1S-54. In
1994 Qualcomm proposed a cellular system and standard based on spread spectrum techno-
logy to increase capacity. It was called 1S-95 [7]. This code-division multiple-access (CDMA)
based system would be all digital and promised a significant increased in capacity over existing

cellular systems.

In late 1990s even more wireless channel were needed in America. Existing cellular bands
had no more room. New services and many more frequencies were needed to handle all the
customers. So a new block of higher frequencies in the radio spectrum was licensed for wireless
use. After much study the Federal Communications Commission (FCC) started auctioning
spectrum in the newly PCS (Personal Communication Service) band [8]. PCS were all digital
using TDMA or CDMA.

By now the trend is to form a global standard for mobile communications [9]. In this dir-
ection different regulatory organisations such as the International Telecommunication Union
(ITU) and European Telecommunications Standards Institute (ETSI) are coordinating global
telecommunication networks and services. As a result huge importance has been given to the
development of new technology such as the third generation of mobile communications systems
known as Universal Mobile Telecommunication Systems (UMTS) in Europe and International
Mobile Communications (IMT-2000) elsewhere, or with the generic term 3G worldwide [10-
17]. 3G systems aim to provide enhanced voice, text and data services to the user. The main be-
nefit of the 3G technologies will be substantially enhanced capacity, quality and data rates than
are currently available. This will enable the provision of advanced services transparently to the
end user (irrespective of the underlying network and technology, by means of seamless roaming
between different networks) and will bridge the gap between the wireless world and the comput-

ing/Internet world, making inter-operation apparently seamless. The third generation networks
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should be in a position to support real-time video, high-speed multimedia and mobile Internet
access. All this should be possible by means of highly evolved air interfaces, packet core net-
works, and increased availability of spectrum. Currently programs such as ACTS (Advanced
Communications Technologies Services) will strive to ensure that current mobile services are
extended to include multimedia and broadband services and that convenient light weight, com-
pact and power efficient terminals adapt automatically to whatever air-interference parameters

are appropriate to the user’s location, mobility and desired services.

The remaining of this chapter is organised in the following sections: Firstly, Section 1.1 will
present a general overview of wireless communications with a primary emphasis on mobile
cellular communications which is the main area of study in this thesis. Following this, in
Section 1.2 is addressed the motivation of the work. And finally, the thesis layout and the main

results of this work are discussed in Sections 1.3 and 1.4 respectively.

1.1 Wirelessmobile communications

Nowadays wireless communication is used widely in many communication systems: mobile
telephony, satellite networks, digital radio/television broadcasting, fixed wireless local loops,
etc. Particularly, wireless mobile communications has exploded in popularity because of the
fact that it simplifies and revolutionises communications. The success of mobile communic-
ations lies in the ability to provide instant connectivity anytime and anywhere and the ability
to provide high-speed data services to the mobile user. The quality and speeds available in the
mobile environment must match the fixed networks if the convergence of the mobile wireless
and fixed communication networks is to happen in the real sense. So, the challenges for the
mobile networks lie in making the movement from one network to another as transparent to the
user as possible and the availability of high speed reliable data services along with high quality
voice. A range of successful mobile technologies exists today in various parts of the world and
every technology must evolve to fulfill all these requirements. In this work we are particularly
interested in the cellular mobile environment, therefore, our attention will be primarily focused
to this research area. Next section gives a brief introduction to the cellular concepts describing

the general idea behind of this type of wireless communications.
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1.1.1 Cellular communications

In the early mobile radio systems a large coverage was attained by placing an antenna with a
high-power transmitter in one of the highest point of the coverage area for instance, on top of
a hill or a high building. Nevertheless, it meant that only a small number of users could be
allocated in a large area due to the few available radio frequencies. So any attempt to reuse the

same frequencies throughout the system would result in interference.

Thus, the need of higher capacity with limited radio channel brought into the cellular concept
[18]. A cellular mobile communications system uses a large number of low-power wireless
transmitters to create cells which are the basic geographic service area of a wireless commu-
nications system. Figure 1.1 illustrates the structure of a cellular communication system. Each
cell consists of a base station (BS) transmitting over a small geographic area usually depicted
as an hexagon (the true shape of a cell is not a perfect hexagon due to constraints impose by the
terrain). According to the density and demand of mobile users (MS) within a certain region, the
cell size is determined. The base stations in turn are connected to a central called the mobile
switching centre (MSC) which provides connectivity between the public switched telephone
network (PSTN) and the base stations. Thus a global communication network is formed with
PTSNs which connects the conventional telephone switching centres with MSCs all over the

world.

PSTN MSC

Figure 1.1: Structure of a cellular communication system

An obstacle in the cellular network arises when a mobile user travel from one cell to another
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during a call. To ensure that mutual interferences between users remains low, adjacent cells do
not use the same radio frequency channel, then when a user moves out from a cell the call has
to be transferred to another stronger frequency channel (which becomes the new cell where the
user is moving in). This process is known as hand-off or hand-over, changing a call from one

cell to another without being notice by the users.

Another important concept inside the established cellular systems is the frequency planning or
frequency reuse. Due to the reduce number of radio frequency channels available for mobile
systems, a reuse of the frequency channels had to be implemented into the cellular concept.
This reuse process means that the radio frequency channels used in one cell can also be reused
in another cell some distance away. Usually clusters of cells (no frequency channels are reused
in a cluster) are reused in a regular pattern during the entire coverage area as it shown in Figure
1.2. Hence, the frequency reuse factor in a system is determined by the available frequency
channels, i.e for the particular case depicted in Figure 1.2 the frequency reuse factor of the
system is 1/7.

Figure 1.2: Frequency reuse pattern in a cellular system

1.1.2 Mobile cellular environment

A cellular communication system provides with a full duplex communication between the mo-
bile user and the base stations to carry through a normal conversation talk (back and forth). To

achieve this type of radio transmission the mobile users and the base station both need circuitry
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to transmit on one frequency while receiving on another. The radio link from the base station
to the mobile phone (BS—MS) is usually referred as downlink (or forward link) and the in-
verse process (MS—BS) is called uplink (or reverse link), see Figure 1.3. In the downlink, all
the users’ signals are transmitted by the same single source, base station, therefore the signals
received at each mobile terminal are synchronous. On the other hand, in the uplink the signals
received in the base station are asynchronous as now the transmissions are yielded by several

uncoordinated and geographical separated sources (mobile users).

Downlink

Figure 1.3: Radio channels used in the transmission of information inside a cell.

In a cellular system interference is the major limiting factor in increasing capacity. Some of
the interference sources are for example: other base station transmitting in the same frequency
band, another mobile user in the same cell, a call in progress in a neighbouring cell, impairments
caused by the propagation of radio waves, etc. As a result, different type of system interference

are yielded in the network. Among those interferences the most important are the following:

Co-channdl interference (CCI). This type of interference is caused by the interference between
co-channel cells (cells with the same frequency channel) due to the frequency reuse. To reduce
CCl, co-channel cells must be separated by a minimum distance to provide sufficient isolation

due to propagation distance.

Adjacent channel interference (ACI). This other type of interference results when two fre-
guency channel are adjacent in the frequency spectrum and one of them is leaking into the
passband causing interfering into the adjacent channel. ACI is mainly provoked by imperfect
receiver filters. This problem can be minimised with a careful filtering and channel assignments

(assigning channels to a cell which are not adjacent in frequency).
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Intersymbol interference (1Sl). When the signal travels through a channel, objects in the
transmission path can create multiple echoes of the transmitted signal. These echoes occur at
the receiver and overlap in successive time slots. This is known as intersymbol interference.
Equalisers at the receiver can be used to compensate the effect of ISl created by multipath

within time dispersive channels.

Fading. One consequence of transmitting a signal through a time-varying multipath channel
is to confront at the receiver with a signal fading (amplitude variations in the received signal).
Hence not only the propagation delays but also the random impulse responses of the channel

will provoke some attenuation and time spread of the signal transmitted.

Thermal noise. Finally, the additive thermal noise is a factor that always corrupts a transmitted
signal through a communication channel. Generally this thermal noise is assumed to be an
additive white Gaussian noise (AWGN).

Therefore, not only sophisticated systems are needed but also advanced signal processing tech-
niques in the receivers are required to overcome these type of interferences. Many mobile
technologies exist today each having influence in specific parts of the world. GSM, TDMA (IS
136), and CDMA (IS 95) are the main technologies in the second generation mobile market
[4], [6,7]. GSM by far has been the most successful standard in terms of its coverage. All
these systems have different features and capabilities. Although both GSM and TDMA based
networks use time division multiplexing on the air interfaces, their channel sizes, structures and

core networks are different. CDMA has an entirely different air interface.

In the following sections a brief description of the existing standards in multiple access techno-

logies is presented.

1.1.3 Multiple access channels

A multiuser communication system is a multiple access channel where a large number of users
share a common communication channel to transmit information to a receiver. In general,
multiple access systems require that messages corresponding to different transmitting sources,
which are sent simultaneously through the same communication channel, be separated in some
fashion so that they do not interfere with one another. This is usually accomplished by making

the messages orthogonal to one another in the dimensions of frequency, time or space.
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Within the wireless communication there are several different ways in which multiple users
can send information through the communication channel. The first multiple access technique
implemented in cellular radio environment is known as frequency division multiple access
(FDMA). FDMA is a method that divides the frequency band allocated for wireless cellular
communication into frequency non-overlapping sub-channels. Each individual sub-channel
can carry a voice conversation, or with digital service, carry digital data. Therefore, each sub-
channel can be assigned to only one user at a time (during the whole period of time for the
call) as is shown in Figure 1.4. Although FDMA is the only multiple access technique which
can handle both analog and digital transmissions, an obvious disadvantage in FDMA is that the
frequency spectrum is not used efficiently as no user can share the same frequency band at the
same time and guard bands have to be maintained between adjacent signals spectra to minimise
cross talk between sub-channels. Clearly, it yields a constraint in the maximum bit rate per
channel (an essential characteristic in future communication services) as increasing the bit rate

requires to allocate more frequency channels for a user.
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Figure 1.4: Frequency division multiple access (FDMA)

FDMA is a basic technology in the analog Advance Mobile Phone Service (AMPS), the most
widely installed cellular phone system in North America. Also it is used in other systems
as the UK’s Total Access Communication system (TACS), Nordic Mobile Telephone System
(NMT450) and Nippon Telephone and Telegraph (NTT). These systems are often referred as

the first generation analog cellular systems [18, 19].

A second generation of mobile communications brought along the technology to deploy di-

gital communication to cellular radio environment. With this generation another method of
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multiple access appeared, namely time division multiple access (TDMA). TDMA is a digital
transmission technology that allows a number of users to access and share a common radio-
frequency (RF) channel without interfering by allocating unique time slots to each user within
each channel. So different users can transmit or receive messages, one after the next in the
same bandwidth but in different time slots. Figure 1.5 shows a general TDMA system struc-
ture. In addition to increasing the efficiency of transmission, TDMA offers a number of other
advantages over standard cellular technologies. First and foremost, it can be easily adapted to
the transmission of data as well as voice communication. Furthermore, it permits utilisation of
all the advantages of digital techniques: digital speech interpolation, source and channel cod-
ing, etc. Nevertheless, one of the disadvantages is that it requires a significant amount of signal
processing for synchronisation as the transmission of all users must be exactly synchronised.
Additionally, TDMA needs guard times (the equivalent to guard bands in FDMA) between time

intervals to reduce clock instabilities and transmission time delay.
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Figure 1.5: Time division multiple access (TDMA)

Second generation of cellular systems are based on TDMA. Among those systems are the
European Global System for Mobile communications (GSM) [4], the North America cellular
network with the standard 1S-54 and the Japanese Digital Cellular (or Personal Digital Cellular)
[19].

Another multiple access technology which was designed to increase both the system capacity
and the service quality is called code-division multiple access (CDMA). CDMA is a form of

spread spectrum technology, a family of digital communication techniques that have been used
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in military applications for many years [20-22]. It spreads the information contained in a par-
ticular signal of interest over a much greater bandwidth than the original signal at the same data
rate. The capabilities of the spread spectrum technique for both anti-jam and low probability of

undesired interception, make this technology suitable for multi-user applications.
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Figure 1.6: Code division multiple access (CDMA)

When CDMA is implemented in cellular systems, all users share a common channel in time and
frequency. Figure 1.6 shows a general scheme of a CDMA system. CDMA has many forms,
however direct sequence (DS) CDMA has been the method of choice as it is showed with its
standardisation (1S-95) [7]. In this scheme, each user modulates its data with a special and
unique code or spreading sequence (pseudo-random modulation), which allows the users’ data
to be distinguished at the receiver. In contrast to FDMA and TDMA, where the users’ commu-
nication channels are separated in frequency or time, in a DS-CDMA system the users’ data are
distinguished by the separation (cross-correlation) between their spreading sequences. Then as
long as there is sufficient separation between the codes the noise level, called multiple access
interference or simply MAI, will be low enough to recover the desired user’s signal. Therefore,
DS-CDMA can be either orthogonal or non-orthogonal depending on the spreading sequences.
If orthogonal spreading sequences are used and it is assumed that there is no time delay caused
by the communication channel, the received signals of the users appear as orthogonal. However,
in practice this orthogonality is a very difficult task, if not impossible to achieve, due to the lack

of precise synchronism and impairments in the communication channel.

CDMA systems are the latest technology on the market and are already taking the shine off

TDMA in terms of cost and call quality [23]. Since CDMA offers greater capacity and variable

10
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data rates depending on the audio activity, many more users can be fit into a given frequency
spectrum and higher audio quality can be provided. The current CDMA systems boast at least
three times the capacity of TDMA and GSM systems. The fact that CDMA shares frequencies
with neighbouring cell base stations allows for easier installation of extra capacity, since extra
capacity can be achieved by simply adding extra cell sites and shrinking power levels of nearby
sites. However, the downside of CDMA is the complexity of deciphering and extracting the re-
ceived signals, especially if there are multiple signal paths (reflections) between the mobile user
and the cell base station which yields ISI. As a result, CDMA phones and cell site equipment

are more expensive than TDMA equivalents.

1.2 Motivation of the wor k

As we look toward the future the demand of new mobile wireless services such as video phones,
orbiting satellites repeaters, wrist watch sized radio and especially the mobile Internet upon
us, seems to be limited only by our imaginations. Thus, an increasingly demand of further
developments in the field of wireless communications are required to satisfied those services.
And even more efforts are required in order to provide a communication service from one
person to another in any place at any time by only using a flexible and small unit at minimum
cost, with good quality and security [9], i.e converting the world into a global communication
village. Tremendous potential exists but until networks are built and other problems are solved

that potential remain unfulfilled.

Over the last years, DS-CDMA technology has not been just another option for the second
generation of digital systems (together with TDMA and GSM) but it is also the basis of third
generation systems due to its capabilities to support enhanced capacity and data services, two
key elements of third generation wireless [24]. By the time this thesis was written, Wideband
CDMA (WCDMA) and CDMA2000 were the third generation systems about to be launched
into the market. These two systems support much higher data rate (> 128 kbps) and both are
compatible with current CDMA systems. Therefore, this research work will be mainly focused
on DS-CDMA systems throughout as this technology will be a driving force in the wireless

revolution.

Thus, the DS-CDMA’s standardisation has raised even more interest in exploiting the capabilit-

ies and capacity of this type of technology. Nevertheless, it has the major problem of multiuser

11
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interference which limits significantly the system capacity. Multiuser detection techniques are
essential for achieving near optimal performance in communication systems. Therefore the
addition of multiuser detection capabilities to the various elements of networks promises to be

key for enabling the significant increases in capacity needed for future network services.

As the field has matured, non-ideal situations have been gradually incorporated into analysis
and simulations to assess their impact on system performance. With the advent of high per-
formance mixed-signal devices, high-speed processors, reconfigurable computing devices, and
the incorporation of advance receiver concepts, the practical implementation of advance multi-
user receivers will be more feasible into future systems. Today, a significant research activity
is carrying out to solve several of the practical and theoretical open issues that still exists in
the field of multiuser detection. Then motivated by this growing demand of requirements, in
this thesis is presented an investigation on various multi-user receiver structures with focusing
primarily in structures that apply the turbo multiuser detection principle to improve the spec-
tral efficiency and performance of cellular systems. The objective of the work presented is to
investigate and develop signal processing methods which can provide a final multiuser receiver

structure with a satisfactory tradeoff between complexity and performance.

1.3 Thesisoutline

This thesis is organised in eight chapters as it is described in the flow diagram of Figure 1.7. The
introduction chapter of this thesis gives a general overview of wireless mobile communications
with a primary interest in the cellular mobile environment. The general ideas behind the cellular
concepts, which includes the existing standards in multiple access techniques, are discussed.
Due to its capabilities to support enhanced capacity and data services, CDMA systems are
the basis technology for the third generation of mobile systems. However, it has the major
problem of multiuser interference. The motivation for the work developed in this thesis is then

addressed.

Chapter two develops a framework for understanding the DS-CDMA communication system.
It begins presenting the fundamentals of spread spectrum techniques which represent the basis
of CDMA technologies. Since DS-CDMA systems are the main concern in this work, direct-
sequence spread spectrum technique is only discussed. A general DS-CDMA system model

with FEC coding is then introduced. A description of the basic elements in a DS-CDMA sys-

12
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tem, i.e transmitter, communication channel and receiver, are presented in detail. FEC coding

using convolutional codes is a popular choice in current communication systems. A description

of this type of FEC coding is then given. It is also included a detailed discussion of a sub-class

of convolutional codes, namely turbo codes, due to its direct implication in the development of

this research work. A general description of the communication channel model is also covered.

The receiver element is described next. In this chapter the conventional detector is only dis-

cussed. Due to the single-user strategy followed by the conventional detector, it is shown that

An Iterative Multiuser Receiver
in an AWGN Channel

Chapter 4

An Iterative Multiuser Receiver
in a Multipath Fading Channel

Space-Time lterative
Multiuser Receivers

Chapter 7

Introduction

Coded DS-CDMA Systems

Turbo Multiuser Detection

DS-CDMA System Performance
as a Function of Block Size

Chapter 6

Conclusions and Suggestions
Chapter 8 for Future Work

Figure 1.7: Thesis structure
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the correlation with other users give rise to MAI. Finally, the decoding process for the type of

FEC codes considered are described.

Chapter three addresses the turbo multiuser detection principle. Firstly, it is shown that the
capacity of a conventional DS-CDMA system is inherently interference limited by other users.
Therefore, MUD techniques represent a potential scheme to overcome this interference and
consequently to increase the system capacity. A general overview of MUD is then presented.
Various MUD techniques are reviewed and compared. In a DS-CDMA system with FEC cod-
ing, the optimal multiuser receiver structure uses an optimal mapping from the received signals
to the original uncoded symbols (multiuser detection and FEC decoding jointly). However,
this optimum scheme has a prohibitive computational complexity. To mitigate this complexity
issue a sub-optimal multiuser receiver scheme based on a partitioned structure is considered. It
is then shown that the serial concatenation of the channel coding with the DS-CDMA channel
can perform well using the iterative principle as proposed in turbo codes. Following this, the

turbo multiuser detection principle is introduced.

In chapter four an iterative multiuser receiver for the downlink of a FEC coded DS-CDMA
system operating in a AWGN channel is introduced. Similar to turbo codes, this receiver per-
forms signal detection and decoding separately, but exchanging soft information in an iterative
fashion. Based on a linear detection technique, two approaches are proposed and investigated:
firstly, a Wiener detector is considered for the signal detection. Traditionally, it is assumed that
single FEC coded bits are independent between each other but it is shown that the turbo prin-
ciple can be introduced if this condition is removed. Secondly, the iterative receiver structure
is investigated by incorporating a single stage of parallel interference cancellation scheme after
the Wiener detector. In this case the turbo principle is introduced via the cancellation scheme.

Simulations results using pseudo-random spreading codes are discussed.

The model of the synchronous DS-CDMA channel developed to this point assumes that a single
path is received from the transmitted signal at the mobile receiver. A more realistic model is,
however, one which receives multiple signal paths from the transmitted signal. Chapter five
takes the model introduced in chapter four and extends it to incorporate multipath propagation.
A hybrid iterative multiuser receiver for this scenario is then introduced. It is assumed that
the multipath channel spans only one neighbouring data bit. The approach proposed combines
a linear MUD technique at the first iteration with a non-linear technique on further iterations.

Performance and complexity of this receiver are analysed via simulation results.

14
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Chapter 6 exploits the turbo multiuser detection principle to approach to the capacity bounds
of a FEC coded DS-CDMA system in a AWGN channel. Using the Shannon’s sphere packing
bound, the capacity limits for a FEC coded DS-CDMA system are formulated for a given data
rate and a given data block size. The achievable performance of a simulated FEC coded DS-
CDMA system using an iterative multiuser receiver is also investigated. A comparison between
the performance of the simulated system using pseudo-random codes and its theoretical limits

are presented. This is analysed and discussed in detail.

A novel space-time architecture for the downlink of a FEC coded DS-CDMA system is pro-
posed in chapter seven. It is shown that the synchronous DS-CDMA model with FEC coding
can be extended to incorporate antenna arrays. Due to the constraints in size, cost and weight
at the mobile receiver only one receive antenna is considered. In particular this architecture
exploits the spatial and temporal capabilities of the system to design the transmitter and re-
ceiver. In this chapter MUD, transmit diversity via space time coding and the turbo multiuser
detection principle are combined in an efficient way to enhance the system capacity over flat
and multipath fading channels. In addition, the reuse of orthogonal codes are suggested as a
method to enhance further the system capacity. Analysis and simulation results are provided to
demonstrate the spectral efficiency and performance improvement in the system. The complex-
ity of the multiuser receiver scheme is also analysed in detail and is found that this architecture

can be implemented without a prohibitive complexity cost.

Finally, chapter eight concludes this thesis. It reviews and highlights the contributions that have
been presented in this thesis and the importance of these to solving the DS-CDMA multiple

access interference problem. Suggestions for future work are also discussed in this final chapter.
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Chapter 2
FEC coded DS CDMA systems

The interest of this thesis is the analysis and design of advanced multiuser receivers for DS-
CDMA systems with forward error correction (FEC) coding. The main concern in this thesis is
the application of the turbo multiuser detection principle in the receiver design to increase the
system capacity. Hence, in order to establish and discuss the contributions of this thesis, it is
necessary to present a description of the communication system of interest. This chapter gives
a review of key concepts from the existing literature in order to firmly establish the setting for

the following chapters.

First, section 2.1 presents the fundamentals of spread spectrum techniques. Section 2.2 intro-
duces a general DS-CDMA system model with forward error correction (FEC) coding which
consists of three basic elements: transmitter, communication channel and receiver. A descrip-
tion of these elements are given in sections 2.3, 2.4 and 2.5 respectively. Finally, Section 2.6

finishes the chapter with a summary.

2.1 Spread spectrum systems

Spread spectrum (SS) is defined as a communication technique in which the intended data
signal occupies a much larger bandwidth than the minimum required to transmit that signal.
This is accomplished by means of spreading the data signal with a unique code (wideband
signal) which is independent of the data signal. The receiver, which is synchronised with the
transmitter and with knowledge about the code, is then capable of despreading and recovering
the desired signal [22], [25, 26].

The main parameter in a spread spectrum system is the processing gain or spreading factor
(N) which is the ratio of the transmitted bandwidth to the information bandwidth N = B,/ B;.
This parameter determines the number of users that can be allowed in a system, the amount

of multi-path effect reduction, the difficulty to jam or detect a signal, etc. For spread spectrum
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systems it is advantageous to have a processing gain as high as possible. A humber of important

properties in spread spectrum systems are discussed below:

M ultiple access capabilities. In a multiuser system where all users transmit spread spectrum
signals at the same time, the receiver can still distinguish between users, providing that there
is sufficiently low cross-correlation among the users spreading codes. When correlating the
received signal with the code of a particular user, the data signal of that user is only despread as

its power is much larger than the remaining interfering power (other spread spectrum signals).

Interference rejection. At the receiver, the effect of cross-correlating the spreading code with
a narrowband interference signal is to spread the power of the narrowband signal. Therefore,
a rejection capability is achieved as the power of the interfering signal appears as background

noise compared with the despread data signal.

Reduction of multipath effects. High time resolution is attained by the correlation detection
of wideband signals. Differences in the time of arrival of the wideband signal, on the order of
the reciprocal of the signal bandwidth, are detectable. This property can be used to suppress

multipath effects.

Low power spectral density. As the data signal is spread over a large frequency band, the
power spectral density is getting very small, so other communications systems do not suffer
from this kind of communications. However the Gaussian noise level is the same as that of a

narrowband signal of bandwidth B;.

Privacy and low probability of interception. The probability that an undesired user can detect
the message of another user is very low as the spreading codes are unknown. Also due to its

low power spectral density, the spread spectrum signal is difficult to detect.

Random access possibilities. In any situation the whole frequency spectrum is used and users

can have access at any arbitrary time.

Different spread spectrum techniques can be used in communications systems such as: Direct-
Sequence (DS), Frequency-Hopping (FH), Time-Hopping (TH), Multi-Carrier CDMA (MC-
CDMA) and chirp modulation. As DS-CDMA systems are the main concern in this work,
a brief description of this technique is presented here, an overview of more general spread
spectrum techniques can be found in [22], [25], [27, 28].
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2.1.1 Direct-sequence systems

A direct sequence (DS) spread spectrum technique is performed by multiplying a radio fre-
guency (RF) carrier and a pseudo-noise (PN) digital signal. Figure 2.1 shows a basic DS/SS
system for both the transmitter and the receiver. First the PN code is modulated onto the data
signal, using one of several modulation techniques (e.g BPSK, QPSK, etc). Then the PN mod-
ulated data signal and the RF carrier are multiplied. This process causes that the RF signal to
be replaced with a very wide bandwidth signal with the spectral equivalent of a noise signal. In
the reception of the signal, the receiver must not only know the code sequence to despread the

signal but also it requires to be synchronised with the code generator in the transmitter.
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Figure 2.1: DS/SS system.

The multiplication in the time domain of the data signal by the PN code sequence results in
a signal with a frequency spectrum similar to the spectrum of the PN code signal (due to the
fact that 7, < T, where T, and T represent the duration of one chip in the PN code and one
symbol in the data signal respectively). Therefore, the effects of increasing the data rate from
R (symbol level) to R, (chip level) are a reduction in the amplitude spectrum (from 7" to T.)
and an expansion of the signal in the frequency domain. Since the wide bandwidth of the PN
codes allows us to reduce the amplitude spectrum to noise levels (without loss information),
the generated signals appears as background noise in the frequency domain. From another
perspective, the bandwidth of the data signal is basically spread by a factor N = 7'/T’., which
corresponds to the processing gain in the DS/SS system. In this type of systems the length of
the code is the same as the processing gain. Several families of PN codes exist and some of
them will be addressed in section 2.3.2. To illustrate the spread spectrum concepts, Figure 2.2
and Figure 2.3 show a sketch of the time-domain and frequency-domain representation of the

signals in the DS/SS system of Figure 2.1.

18



FEC coded DS-CDMA systems

Datasignal
b(t)

PN code
()]

~ b(t)e ()

Carrier

Figure 2.2: Time domain representation of the signals at the transmitter of a DS system.
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Figure 2.3: Frequency domain representation of the received signal in a DS system.

From the viewpoint of a CDMA system, the most important properties of a spread spectrum
technique are: multiple access capabilities, multipath interference rejection, narrowband inter-
ference rejection, and secure and privacy capabilities. For simplicity and a better understanding,

the carrier will be omitted for all further discussions and then our analysis will be centred only
on the baseband equivalent system.

19



FEC coded DS-CDMA systems

2.2 FEC Coded DS-CDMA System

The capabilities of the spread spectrum techniques make of this a technology suitable for mul-
tiuser application. Particularly, a DS-CDMA system is one of the most widely used schemes.
In a DS-CDMA system all users share the same communication channel overlapping the trans-
mitted signals both in time and frequency. To separate and detect the intended data signal a
unique spreading waveform is assigned to each of the users in the system. A general scheme
of a FEC coded DS-CDMA system model for downlink is depicted in Figure 2.4. The scheme
shows a discrete-time DS-CDMA communication system with FEC coding for U active users.
FEC coded signals are treated in this work not only as a medium of resistance to the degrada-
tions introduced by the communication channel (physical medium) but also because it plays an

essential role in the iterative multiuser receiver structures which will be discussed from chapter

3 onwards.
c, (1)

_ | ~
d,() | FEC b, (t) d, (i)
" Encoder Interleaver 1 —@a ——

7 ()
d() | FEC b,(t) o d, ()
Encoder Interleaver 2 ] x(t) s(t) r(t) N
> 4. (+)—"~ Recelver
c,(t)

. ¢ A
dfi) | FEC b(t) d (i)
I Encoder Interleaver U ——@a | “u/

Figure 2.4: Coded DS-CDMA system model for the downlink (base station to mobile).

In this model each user transmits an input data stream, {d,, (i)} € {0, 1}; withu ¢ {1,2,..., U}
and i ¢ {1,2,..., L}, where each individual data bit is first encoded with a rate R, and then
passed through a modulation function. At the encoder output each user transmit 7./ R coded
bits b, () e {—1,1} wheret ¢{1,2,..., L/ R} identifies the coded bit interval and « as defined
before. To reduce the effect of error bursts at the input of the decoder channel, interleaving ()
is incorporated at the encoder output as is shown in Figure 2.4. The resulting interleaved coded
bits are then spreading by a unique PN code sequence, ¢, (t). The nth chip of the spreading
code ¢, () is defined as ¢, ,, () € {\;—%, \/IT}’ where N is the processing gain of the system

and n ¢ {1,2,---, N}. A mathematical representation of the transmitted signal at time ¢ is
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expressed as

"
x(1) = v/ Pucu(t)bu(t). (2.1)

where P, denotes the transmitted power of the uth user. For the downlink, the signals are passed
synchronously through the same communication channel since the users’ signals are transmitted
by the same source (base station). At the receiver side, the received signal, r(¢) = s(t) 4+ n(#),
results from the convolution of the the channel response and the transmitted signal, represented
by s(?), plus the additive white Gaussian noise (AWGN), n(t). Finally, the intended signal
is extracted from r(7) by despreading the signal with the same code used in the transmitter.
If orthogonal spreading codes are used, i.e. ¢! (t)cg(t) = 0 for u,k ¢ {1,2,---, U} where
u # k, no mutual interference exist between users in the system and then only the impairments
from the channel are the noise sources. However, in practical systems this orthogonality is
destroyed by the communication channel (section 2.4 addresses this problem) generating CCI
for other users in the system. This type of interference is called multiple access interference
(MAI). Unfortunately, the MAI increases proportionally with the number of users which de-
grades significantly the system performance. To reduce complexity, MAI from a single cell is

only considered in this work.

The major problem in a DS-CDMA system is then of interference due to the fact that both
channel impairments and mutual interference between users are the principal impediments to
reliable communication. Work in this area is mainly at mitigating these effects. Only the con-
ventional detector, which follows a single user detection strategy, is discussed in this chapter.
Multiuser detection however could achieves a significant capacity improvement over the con-
ventional detector. However, the receiver design from the multiuser detection viewpoint is not
addressed until next chapter. A description of each element that comprises the DS-CDMA

system is given in the following sections.

2.3 Transmitter

As shown in Figure 2.4, a basic transmitter scheme consists primarily of the FEC encoder
and spreading functions for each of the users in the system. Nowadays, fundamental signal
processing operations in any communication system are modulation and FEC coding. One of

the reasons of using FEC coding is to increase the robustness of data transmission over the
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distortions and disturbances of the physical channel (propagation of radio waves in free space).
Since the physical channel provokes a degradation in the system performance, in terms of the
bit error rate (BER), FEC coding is used to reduce the required signal to noise ratio (SNR) for a
fixed BER. A measure of the advantage between a FEC coded system and an uncoded system is
given by the FEC coding gain [29]. From another perspective, it means that the system capacity
is incremented since a relaxation in the power budget is attained (i.e. a reduction in hardware

costs, less transmitted power required, etc.).

2.3.1 Channel coding

There exist several channel coding schemes, however, we are only concern of those with an
error control scheme. The basic function of error control coding in a digital communication
system is to reduce the number of errors in the reception of a signal. The quantification of this
is obtained by taking the ratio of the number of error bits to the total number of bits received
(BER). A type of error control coding (or FEC coding) is widely used in current communication
systems which includes several cellular systems such as GSM [4]. Hence, this work will be

focused only to use this type of error control coding.

The FEC encoder consists of the addition of redundant bits (called check or parity bits) to the
transmitted data signal. This is done in such a way that at the receiver the channel decoder uses
these redundant bits to correct errors yielded by the communication channel. The proportion of
information bits, /, in the code sequence, n.., is called the code rate, Ry = [/n.. FEC coding
has been classified into block codes and convolutional codes. In the case of block codes, the
codewords are built by adding n. — I redundant bits to blocks of / data bits. These redundant bits
can be obtained from a linear transformation that depends on the [ data bits. Therefore, it results
in an encoder that does not have memory since each block is treated independently. Commonly,
these codes are referred as (n.,/) block codes. Some of the commonly used block codes are
Hamming codes, Golay codes, BCH codes, and Reed Solomon codes. There are many ways to
decode block codes and estimate the / information bits. However, these type of codes will not
be discussed here but can be studied in Coding Theory [29]. On the other hand, convolutional
codes different to block codes does have memory due to the dependency of the codewords with
not only the current data block but also on one or more previous blocks. This dependency is
yielded by the convolution operation performed in the encoder between the input data block

and the impulse response of the encoder. Convolutional coding has been more widely accepted
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in wireless communication for its properties in continuous transmission (primarily used for real
time error correction). Hence, convolutional codes are only of interest in this thesis. Since the
realisation of this thesis has its fundamentals in a subclass of convolutional codes, namely turbo

codes, a special attention is focused in this powerful FEC coding technique.

The remaining of this section is only devoted to describe the channel encoding. The decoding

process for this sort of codes is addressed in section 2.5.2.

2.3.1.1 Convolutional codes

In general, a convolutional encoder consists of a v stages shift register and associated com-
binatorial logic that performs module two addition (binary codes). The combinatorial logic
is usually composed of exclusive-or gates. The convolutional codes are generated by shifting
blocks of / input binary bits at a time into a shift register. Then by using a number of algebraic
function generators (sets of exclusive-or gates), a number of n. output binary bits (codeword
length) are yielded from each block of [ bits. This results in an encoder with a rate, Ry = [/ n..

The total number of input data blocks in the shift register, v, is known as the constraint length

v stages

Idatablts
alaf[ofafef ] fa] 2] ]

\\ .......... //

Combinatorial Ioglc

with moduletwo addition

n coded bits
12|34

Figure 2.5: General convolutional encoder structure.

of the code and the term v — 1 is the memory of the code. In addition, the codes are said to
be linear since only delays (shift register) and module-2 adders are implemented in the encoder
structure. Figure 2.5 illustrates the general structure of a convolutional encoder which in a short

form can be described as (n.., [, v) code.
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For a better understanding of the encoder structure, let us consider the following example. This
particular example consists in encoding the data input 10011 using a convolutional code of rate
1/2 with constraint length 3. Figure 2.6 shows the two different ways that the (2, 1, 3) code

can be illustrated, where z~! represents a delay of one data symbol. The algebraic function

+ b

1

| t Z - Output
npu dss %K utpu
+ b,

a) b)

Figure 2.6: Illustration of the convolutional encoder (2,1,3) with: a) exclusive-or gates b) sim-
plified version of a).

generators of this encoder are represented by G4 = 111 and G, = 101 or simply (7, 5) in octal
notation. These generators, also called polynomial generators, correspond to the connections
of the shift register with the upper and lower modulo-two adders, respectively. The binary
representation of the generators means simply the omission or inclusion of a connection to the
relevant shift register element. To demonstrate its operation, the state of various parts of the
encoder during successive clock periods is shown in Table 2.1. It is assumed that the encoder

starts with zeros in the shift register.

dl S0 81 b1 bg
1 0 O 1 1
1 1 O 0 1
0 1 1 0 1
0 0 1 1 1
1 0 O 1 1

Table 2.1: NSC encoding process for an input sequence 11001

Also a convolutional encoder can be classified as a systematic or non-systematic. While system-
atic codes are accomplished when the current input block appear unchanged in the current code
block, in the case of the non-systematic codes this restriction is not applied. In the previous

example a non-systematic convolutional code (NSC) was analysed.

A more complex structure in the convolutional encoder is implemented by including feedback

in the encoder (in a similar way to an infinite impulse response filter (1IR)). Again for simplicity
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a (2,1,3) code is shown in Figure 2.7, the corresponding status of the encoding process is given
in Table 2.2. This form of encoding is known as recursive convolutional code . Note that a
recursive convolutional code can be systematic or non-systematic. In the example a recursive

and systematic convolutional (RSC) code with polynomial generators (7, 5) is illustrated.

Input
d,
Figure2.7: RSC encoder

dq e Sy S b1 b
1 1 0 O 1 1

0 1 1 0 0 1

0 0 1 1 0 1

1 0 0 1 1 1

1 1 0 O 1 1

Table 2.2: RSC encoding process for an input sequence 10011

2.3.1.2 Turbo codes

Perhaps the most important development in channel coding theory, in recent years, has been
the introduction of turbo codes [30]. This error correcting code is able to transmit information
across the channel with arbitrary low bit error rate (BER). It has been shown that a turbo code
can achieve performance within 0.7 dB of the AWGN channel capacity. This code is a parallel
concatenation of two component convolutional codes separated by a random interleaver that
combines concepts such as iterative decoding and soft input soft output (SISO) decoding [3, 31—
36].

The original turbo encoder scheme consists of a combination of two convolutional codes in a
parallel concatenation [37]. A more general structure is extended to include more than two
convolutional codes either in a parallel or serial concatenation [38—41]. In Figure 2.8 is presen-
ted the turbo encoder scheme as given in its original form. This turbo encoder consists of two
RSC codes in a parallel concatenation. Both encoders (RSC 1 and RSC 2) receive the same

binary data bits in a continuous or block fashion but arranged in a different sequence due to
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the presence of a random interleaver. The reason for using an interleaver is to “randomise”
the locations of errors introduced in transmission (burst errors) which are generated by the first
decoder, allowing them be corrected by the second decoder [35,42]. The output of the turbo
encoder is formed by multiplexing the data bits and the parity bits of the two RSC encoders.
The basic rate of the overall code is a rate Ry = 1/3 but it can be increased by puncturing, as

it is done in the original turbo codes [30].

... d(2), d(1) ... b(7), b(5), b(3), b(l)
-1 -1 i
* z punctured code
| R N =
S T e X, bB(B), X, b2) = | -+ b@). b@) b2), b(1)
Interleaver RSC1 -%
—————— — 2
+ " punctured code
- HU ... b8), X, b@), X
RSC 2

Figure 2.8: Turbo encoder structure for a rate 1/2.

The description for the decoding structures is addressed in section 2.5.2.3.

2.3.2 Spreading sequences

The spreading sequences generation is the first step in understanding CDMA mobile com-
munications. In cellular radio communication, the autocorrelation and the cross-correlation
properties of the spreading sequences are used to achieve multiple access communications.
A receiver for a DS-CDMA system uses a synchronised replica of the spreading sequence
used for a desired transmitter to recover the original information. This operation will cause
that other transmitters’ signals (using different spreading sequences) to remain spread over the
communication channel and will cause minimal interference to the desired signal due to the
noise like properties of the spreading sequences. However, this emphasises the need for low
cross-correlation between the spreading sequences, otherwise the MAI term will dominate the
correlator output. The MAI also increases with the number of users active in the system and
is very susceptible to power variation among users using the conventional detector. MAI can

cause high bit error rates and ultimately decrease system capacity. Although orthogonal se-
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guences can be applied to eliminate totally the MAI term because of the zero cross-correlation
property, this is a very difficult task to maintain in a practical DS-CDMA system due to the
presence of a dispersive communication channel. Even in synchronous systems the multipath

effect does not allow us to ensure orthogonality at the receiver front end.

In practice, pseudo-random or pseudo-noise (PN) sequences are used to spread the signal spec-
trum because they achieve several signalling properties such as, are easy to generate and are
difficult to reconstruct from a short segment. To simplify the implementation, periodic PN se-
guences are employed. Hence, a PN sequence is a sequence of chips, e.g =1, which appears
to be random but is in fact perfectly deterministic. The randomness property is treating in the
sense that a PN sequence appears to have been generated from a random or non deterministic
experiment such as a fair coin tossing experiment (head could result in +1 and tail in —1).
In this class of sequences, there are maximal length sequences (m-sequences), gold codes and
Kasami sequences which are used in current wireless systems. In this thesis we shall think
about a DS-CDMA system with the use of short PN sequences. This comes from the fact that

systems with long sequences are relatively unsuited for multiuser detectors.

Although PN sequences are the choice for practical systems, unless otherwise stated, we will
consider instead random codes as the main spreading sequences for the work presented in this

thesis. This type of sequences are chosen due to the following characteristics:

¢ Statistically a random sequence is equivalent to using PN sequence of period much

greater than the spreading length (V).

¢ The multipath effect in the properties of a spreading sequence (inter-chip interference)

can be modelled by random sequences.

¢ The performance of a synchronous system with random sequences is on average the same

that of an asynchronous system.

A random sequence can be generated by selecting independently each chip of the sequence
which can take the value +1 with equal probability. With the purpose of comparison in the
analysis and simulations to assess the system performance, orthogonal codes will be incor-
porated for some discussions. One of the most common orthogonal sequences are the Walsh
codes [43]. In general, the spreading code vector will be defined throughout this thesis as

cl(t) = [cun(t), cua(t), -+, cun(t)] where u relates the user in the system, N the processing
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gainand 7" denotes the transpose. The chips of the spreading will be normalised to a signal level
of £1/+/N to obtain between any two spreading codes of a DS-CDMA system the following

correlation properties

T )1 if u = k (autocorrelation)
c, (H)ex(t) = _ .
puk 1fu # k (cross-correlation)

where u, k are the indexes that identify any two users in the system.

2.4 Communication channel

The radio propagation channel is often the dominant factor limiting the performance of any
wireless system. Modelling of wave propagation phenomena is the key to a successful state of
the art design, because it provides mechanism to test and evaluate methods for mitigating the
impairment effects before a single piece of expensive hardware has to be built and validated in
the field. In current systems such as in IMT 2000 and cdmaone, the impulse response of the
channel is estimated in several different ways, for example using pilot channels. Therefore, the
channel impulse response can be assumed to be known mainly because the radio propagation
characteristics is not a problem tackled in this work. Studies in the effect of multipath for
the downlink in a DS-CDMA system can be found in [44, 45]. In this work we have reduced
the complexity of the problem by giving to all users the same channel conditions and thereby

the same spreading code length. A general description of the communication channel model

X(@i) = x(j-T¢) = X(j-2T;) =) x(j-aT,)
Lz 2

hy — h, —( x h, —( x hy —( x

ed)

Figure 2.9: Communication channel model.
is illustrated in Figure 2.9, where 2! represents a delay of one chip. Denoting the channel

28



FEC coded DS-CDMA systems

input by the time series z(j),2(j — 7.),z(j — 2T.),---, and the impulse response of the
channel by hq, hq, hq, - - -, the channel output s(j) at discrete time 5 (chip level) is given as
s(7) =Qhaz(j — al%) , Where o comprises the duration of the channel impulse response
in chips. Assuming perfect time synchronisation between the transmitter and the receiver, the
mathematical model for the received signal at discrete time ¢ (bit level) can be expressed in a

matrix notation as follow
r(t) = Hyx(t) + H9 x(t — 1) + n(2) (2.2)

where the channel response matrix to the transmission of the N x 1 vector x(¢) is given by the

N x N Toeplitz matrix

hg 0 0 0 0
hi hg O 0 0

Ht =
0 hoz hry—] hO

The term H!5Ix(¢ — 1) in (2.2) represents the effect of I1SI from the signal at the preceding

discrete time, where H!5! denotes an N x N Toeplitz matrix given as

0 -+ 0 hy hooq - h
0 -« 0 0 hy, - hy
HT = 0 -~ 0 0 0 - hy,
0 0 0 0 0
0 -« 0 0 0 ... 0

Considering the particular case of & = 0 and the amplitude of the channel response as the unit,
equation (2.2) is reduced to the conventional DS-CDMA system over an AWGN channel given

as

r(t) = x(t) +n(t)

U
= Y VPucu(t)bu(t) + n(t) (2.3)
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where n(t) denotes the white Gaussian noise with double sided power spectral density o =
Ny/2.

2.5 Receaver

In this section we describe the conventional DS-CDMA detector structure with FEC decoding.
In the particular case where the signals from different users are uncorrelated, the conventional
detector (or single-user detector) is optimum [46]. However, in practise the signals from differ-

ent users will be correlated which means that the conventional detector will be suboptimum.

2.5.1 Single-user detector

The conventional detector or RAKE detector [47] for the received signal given in (2.2) is a bank
of o + 1 correlators (called fingers) for each user, as shown in Figure 2.10 where z ' is a delay

of one chip. The outputs of the fingers provide with a + 1 replicas of the same transmitted

r(v

MF

. 1 d()
Deinterleaver FEC Decoding ——+

Figure 2.10: The conventional DS-CDMA detector for user 1 with FEC decoding

signal at the receiver but with a delay of one chip between each other. These replicas are
then combined to yield a single soft estimate of the transmitted data symbols. Since each finger
detects one user without regard to the existence of the other users whose interference is assumed
to be Gaussian, the optimal combining weights are the path coefficients of the channel. This
is equivalent to an o + 1 branch diversity system with maximum ratio combining (MRC) [48].

Therefore, the output of the RAKE detector for the uth user is mathematically represented as

by (1) = Za: hael () (t — aT,) (2.4)
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where r(t — aT,) is a delay version of the received signal r(¢) (with 7. as the chip period).
Considering that each transmitted signal arrives at the receiver over a single path (no multipath,
i.e a = 0) and with a channel coefficient amplitude ~o, = 1, the conventional detector for the

uth user is reduced to implement a single matched filter detector which gives as an output

bu(t) = el ()r(t)
= el (t)x(t) + el (t)n(1)

U
= TS Ve (b() + elnlt)
k=1

U
= b))+ Y pusV/Prbi(t) + 2 (1) (25)
iy

where the correlations with all the others users (p,, ;) give rise to the MAI term and the correl-
ation with the thermal noise yields the noise term z,(¢). In the particular case of uncorrelated
users, p,,r = 0 forall & # u. Nevertheless, the existence of MAI (p,.» # 0) has a significant
impact in the capacity and performance of the conventional detector. This drawback arises as
the conventional detector follows a single-user strategy which treats other users as noise. Due
to the problem with the conventional detector mentioned above, a different type of detector has
been derived. These detectors, which do not treat other users as noise, but as digital signals are
called multiuser detectors. The study of multiuser detection techniques will be addressed in the

next chapter.

2.5.2 FEC decoding

Following the encoder descriptions in section 2.3.1 for convolutional codes and turbo codes, this
section presents the decoding algorithms for this type of codes. The main decoding strategy for
convolutional codes is based on the widely used Viterbi algorithm (VA) [49],[50]. However,
the introduction of turbo codes [30] have brought an increased interest to another method of
decoding, namely the maximum a posteriori (MAP) algorithm [2] (also known as the BCJR
algorithm). There are a few important difference between these two approaches. For instance,
the VA is a maximum likelihood algorithm that finds the most probable data sequence that was
transmitted, while the MAP algorithm finds the most probable data bit to have been transmitted

given a coded sequence. The MAP algorithm is considerably more complex than the VA.
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On the other hand, there are two primary decoding strategies for turbo codes. They are based
on the MAP algorithm or a soft input VA (SOVA). Regardless of which algorithm is implemen-
ted, the turbo decoder requires the use of two component decoders that operate in an iterative
manner. In this thesis, the MAP will be adopted for the turbo decoder structure. An outline of
VA and MAP algorithms is given in sections 2.5.2.1 and 2.5.2.2 respectively. Lastly, the turbo
decoder structure is presented in section 2.5.2.3. Special attention is given to this scheme since

it represents the basis of the work presented in this thesis.

2521 Viterbi algorithm

The task of a decoder is to recover the transmitted coded bit stream from the received noisy
signal. Since the original transmitted signal can never be recovered with certainty, the VA is a
means of tracing all the possible data sequences and selecting the one which is most likely to
have been transmitted, hence the term maximum likelihood sequence estimation (MLSE) [49].
Perhaps the single most important concept to aid in understanding the VA is the trellis diagram
[51]. Figure 2.11 shows the trellis diagram for the example of the convolutional encoder illus-
trated in Figure 2.6, i.ea (2, 1, 3) NSC code with generators (7, 5). It is assumed that the initial

condition of the encoder is the state 00. Convolutional codes with VA decoding is particularly

i=0 i=1 i=2 i=3 i=4

data bits/ coded bits s
0/00 0/00 —_— 1

: : 0/11
2

01 .
\\ 010 >< 0110 0110
10 3

| | 0/01 0/01

101 101
11 . . \ 110 ; 110 ; . 4

Figure 2.11: Trellis diagram for a convolutional code (2, 1, 3) and generators (7, 5).

suited to a channel in which the transmitted signal is mainly corrupted by AWGN. Given a
received sequence of symbols corrupted by AWGN, the VA searches every path through the
trellis diagram and determines the sequence that is closest in distance to the received sequence
of noisy symbols. The decoder can perform either soft (Euclidean distance) or hard (Hamming
distance) decisions as the distance measure, if soft decisions are used the VA is the optimal
MLSE in AWGN.
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To keep things simple we describe the VA for our example rate with Ry = 1/2. Let assume
that each time the pair of received noisy symbols corresponding to one transmitted data bit
are y(2¢ — 1), y(2¢) where i ¢ {1,2,---, L} indicates the stage in the trellis diagram with Z
as the number of transmitted data bits. To compute the sequence that most closely resemble
the received signal sequence, the VA first recursively computes the survivor path entering each
state. The survivor path for a given state is the sequence of symbols, entering the given state,
that is closest in distance to the received noisy symbols. The distance between the survivor path
and the sequence with the noisy symbols is called the path metric for that state. Assuming soft
decoding decisions, the transition metric between state s’ to state s at time 7 is defined as the
Euclidean distance

2i
TMos(i)= 3 (1) = VEboa(0)? s e {1,271} (26)

t=2i—1
where b, () € {—1,1} is the tth output coded bit in the transition from state s’ to state s with
s',s=1,2,...,2"=1and F, is the energy of each coded bit. If P M(7) defines the path metric

for state s at time 7 and ' the set of states that have transitions to state s, then
PM(i) = min(PMg (i — 1)+ T Mgy 4 (5)). (2.7)

Let s,, € S be the state that results in the minimum metric. Then the transition from state s,,, to
state s at time 7 is appended to the survivor path of state s, at time 7 — 1 in order to form the
updated survivor path of state s at time . Following the same process, the path metrics and the
survivor path are updated for all states at each stage of the trellis. Hence, at the end of the trellis,
the survivor path can be traced from the state that has the minimum path metric backward. If
the register in the encoder is flushed with zeros, the most likely path is traced from the state 00
(s=1). For long data sequences, or continuous data (7. — oc), the VA is neither practical or
desirable due to the memory constraints and decoder delay. Therefore, the length of the survivor
path is usually kept to practical values according to the application. Research has shown [52]
that any traceback depth of 7. > 5v increases delay and decoder memory requirements, while

not significantly improving the performance of the decoder.

The VA has been frequently used in different applications such as space communications, satel-
lites, detection in digital communications, etc. Many radio channels are AWGN channels, but

many, particularly terrestrial radio channels also have other impairments, such as multipath, se-
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lective fading and interference. Transmitters and receivers can add noise signals to the desired
signal as well. Although convolutional coding with VA decoding might be useful in dealing
with those other problems, it may not be the most optimal technique. For a deeper understand-
ing of the VA the reader is advised to consult [29, 46, 49].

2522 MAP algorithm

The MAP algorithm [2] estimates the a posteriori probabilities (APP) of the states and trans-
itions of a Markov source observed through a noisy discrete memoryless channel. The decoding
algorithm for convolutional codes is then shown to be a special case of this problem as shown

in Figure 2.11.

To describe the operation of the MAP algorithm consider a convolutional code of rate By =
1/n. with constraint length v. Let d(i) € {0,1}; i € {1,---, L} be the ith data bit in the data
block and b(t) e {—1,1}; ¢t € {1,---,n.L} be the tth coded bit. Given the noise observation
vector YF = Yy, ..., Yy, the MAP decoder can compute the following APPs

P{d(i) = d} = P{AG) = d)YP)  d e {0,1) (28)

P{b(t) = b} = P{b(t) = b| YL} be{-1,1}. (2.9)

The APPs in (2.8) and (2.9) can be computed as the sum of the probabilities of all trellis trans-
itions from time ¢ — 1 to time ¢ that are generated by d(7) = d (data bit) or produce b(t) = b
(coded bit). If S; defines the state at time 7 and s, s the indexes for any of the 2~! possible

states, the APP for a data bit at time ¢ is given as

P{d(i) = d|YT} =) P{Sis1 =, 8i = s[YT} (2.10)
57

where S¢ represents the set of all state transitions for which the input bit d(s) is d, i.e S if
d =0or S} if d = 1. On the other hand, the APP for a coded bit at time ¢ is denoted by

PLo(t) =b[Y{} =) P{Sica =5, 5 = 5| Y]} (2.11)
st

where similarly S} represents the set of all state transitions for which the output coded bit b()
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isequaltobe {—1,1}.

By using the Bayes’ theorem each valid state transition in the trellis diagram can be computed

as
Ai(s',8)
P{S; =5, 8,y =&Y} =222 2.12
{ S 1 S | 1} P{Y]L} ( )
where
Xi(s/ys) = P{Si_1 = 5,8, = 5, Y1} (2.13)

is the joint probability of S; = s and S;_; = s’. The properties of the Markov process can be

used to partition the joint probability which becomes

Ai(s',8) = a1 () y:(Yi, 8, 8) Bi(s) (2.14)
a;_1(s") = P{Si—1 = 5',Yi_1}
(Y, s',s) = P{Si=sY;|S_1 =5}
Bi(s) = P{Y[}118 = s} (2.15)

and where «;_4 (s") (also known as the forward recursion) computes the probability of state
9;—1 = s’ based on the values received before time <, Yi‘l. The function v;(Y;, ', s) com-
putes the transition probability based on the current received values, Y;, and 53;(s) (known as
the backward recursion) is the probability of state .S; = s based on the values received after

time 4, Y4 .

Assuming that 5;_1 is a known condition, events after time 7 — 1 do not depend on Yﬁ‘l and
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then the forward probability a;(s) can be recursively calculated as follow

042'(8) = Z P{Si_l = 8/, S; = S,Yi_l,Yi}
s'e€dy
= Y P{Si=5YilS0 =5 YTIP{Si =, Y}
s'eQ
= Z P{S; =3,Y5i-1 = sl,Yi_l}ai_l(s')

s'efq

= Z P{S;=5,Y;|Si_1 = s"}ai1(s")

s'edq

= Z Vi (Y“ S,, S)ai_l (S,) (216)

s'ef)q
where €, implies the set of states s’ at time ¢ — 1 that are connected to the state s at time 1.

Similarly, the values for the backward probabilities 3; (s) are computed recursively starting with

the values of gz, (s),

Bils) = D P{Sin =5 Y| =s)

s'eQly

= > P{Y[,|Sip =5, 5= 5, Yi} P{Sip1 = ¢/, Yipa /Si = s}

s'e€lo

= > P{Y[lSip =, 8 = 5, Yip g1 (Yig, s, 8)
s'e¢Qo

= Y P{Y[,lSi = i (Y, s, o)

s'eQly

= > Bir1()7ie1(Yigs, s, 8) (2.17)

s'eSlo

where €, implies the set of states s’ at time  + 1 that are connected to the state s at time 7. The

initial conditions for the a’s and 3’s are defined as follow

1 ifs=1

ai(s) = (2.18)
0 otherwise
1 ifs=1

Br(s) = _ (2.19)
0 otherwise

these conditions basically states that the encoding process starts from the state $; = 1 and
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finishes in the state S, = 1. In the case that the trellis termination is not performed, the 3
recursion probability can be initialised either using 3.,(s) = 1/2"~! or 8,(s) = ay(s) for all

S.

The transition probability at time 7 can also be determined by using Bayes’ theorem

72’(Yi78l75) = P{SZ = 'SaYilsi—'l = Sl}
= P{S; = s[Si_y = SYP{Yi|Si = 5, iy = &)

= P{si=slsia=s3 I »pe@i@w=4 (220

t=nc(i—1)+1
where the noisy received symbolsat time : are denotedas Y; = y(n.(i—1)+1),-- -, y(n.i) and
p(y(ne(i—=1)+1)|b(ne(i =1)+1) =d), -+, p(y(nei)|b(n.i) = d) determine the conditional
probabilities of the output coded bits associated with the transition from state .5;_; = s’ to state
S; = s. The transition state probabilities P{S; = s|5;_1 = s’} of the trellis are defined by the
encoder input statistics. Generally, Pr{d(i) = 1}=Pr{d(i) = 0} = 1/2 and since there are

two possible transitions from each state, P{5; = s|5;_1 = s’} = 1/2.

Once the joint probability of each state transition, A;(s), is calculated from (2.14), the APP for
the ith data bit under the hypothesis of d(i) = 1 is computed as

251.1 )‘i(‘glv S)
P{Y7}
> o1 il 8)
ES? )‘77(3,7 5) + ES; )‘77(3,7 3)

Pld(i) = 11YF)

(2.21)

where the term P{Y!} in (2.21) can be seen as a normalising factor. Based on the fact that
P{d(i) = 1} + P{d(i) = 0} = 1 it can be observed that this term cancels out as shown in
(2.21). Similarly, the APP for the hypothesis d(7) = 0 is obtained. Using also equation (2.21),
the APP for the coded bits can be determined; however, they are calculated for a different set

of state transitions which are given by S? instead of 5.
Therefore, an outline of the decoder operation is then:

1) Initialisation of «; (s) and (r,(s); s = 1,--+,2¥~1, according to (2.18) and (2.19).

2) Given Y}, the decoder computes the transition probability v, (Y;, s/, s) using (2.20) and

the forward probability «; (s) using (2.16). The calculated values of «;(s) are stored for
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3)

all 7z and s.

Once the complete sequence Y/ has been received, the decoder can then recursively
computes the backward probability 3;(s) using (2.17). When the 3;(s) have been com-
puted for all  and all s, the joint probabilities A;(s', s) are obtained using (2.14). Finally,
the APP for a decoded bit is then calculated using (2.21). Thus if a hard decision is

performed in the decoder, the output for a decoded bit at time ¢ is given as

1 if P{d(i) = 1|YF} > P{d(i) = 0| YE}

0 otherwise.

[,
—_
~.
=
|

(2.22)

A comparison of the Viterbi and MAP algorithms in decoding convolutional codes is
presented in Figure 2.12. The figure shows the bit error rate (BER) performance for a
AWGN channel as a function of the signal to noise ratio, measured in terms of the £,/ Ny,
for a (2, 1,3) NSC code with generators (7,5). The size of the data block is . = 200

data bits. Monte Carlo simulations are provided to obtain the numerical results.

107} .| —&— Viterbi Algorithm
—— MAP Algorithm

-6 1 1 1 I 1

0 1 2 3 4 5 6
Eb/No (dB)

Figure 2.12: Performance comparison of Viterbi and MAP algorithms for a (2, 1, 3) nsc code

with generators (7, 5).

The simulations show that both algorithms perform identically although the MAP algorithm
is more computationally intensive than the VVA. Recently, the introduction of turbo codes have

brought an increased interest to the MAP algorithm which is very well suited in the iterative
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decoding scheme. A description of the turbo decoder structure is presented in next section.

25.2.3 Turbo decoding

The particular success of turbo codes relies essentially on its powerful decoding structure which
achieves performance close to the theoretical Shannon capacity limits. As described in section
2.3.1.2, the turbo encoder consists of two or more components codes (parallel or serial), separ-
ated by interleavers. This section presents the decoding strategy of turbo codes for the parallel
concatenation of two components codes, other type of turbo codes structures can be found in
[53]. The turbo code decoder iterates between the decoders for the component codes, improv-
ing data estimates on each iteration. The concept behind turbo decoding is to pass soft decisions
(called extrinsic information) rather than hard decisions from the output of one decoder to the
input of the other. The MAP decoder algorithm provides the best decoding method of determin-
ing soft-input soft-output (SISO) decisions. The preferred form for this SISO information is as
the log likelihood ratio (LLR). Alternative SISO decoders are the SOVA [54], the log-MAP and
the max-log-MAP algorithms [55] which are simplified versions of the MAP algorithm which

was described in the previous section.

Pcld()]

P2[d()] l -

Deinterleaver +
P ()] wf
e[d0]—(+) .
l Pold(i]
P[d()] Pold(®] -~ Peld(i)] Pz [d(i)]
T Tlsisomap[ Y Interleaver SISO MAP
H L
Y Decoder 1 |90 Y1 .| Decoder?
FROM 2 .
DEMUX NOT USED DFE&'\J"X P, ()]

Deinterleaver

-+

di)

Figure 2.13: Block diagram of a turbo code decoder.
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In Figure 2.13, the block diagram of the iterative decoder is shown. It is based on two SISO
MAP decoders, an interleaver and deinterleaver operations. The SISO MAP decoders are a
four-port device, with two inputs and two outputs. It accepts as inputs a vector of received sym-
bol values from the channel, Y, and a vector of a priori LLRs, P,[d], for the corresponding
data bits. As its outputs, it delivers a vector with an estimate of the data bits, d, and a vector
of a posteriori LLRs after decoding, P,[d]. The estimates d are given by the sign of the a
posteriori LLRs.

Consider a turbo code of rate Ry = 1/2, as described in section 2.3.1.2, where d(z) € {0,1}; ¢
e{1,.-., L} istheith data bit in the data block and b(i) = b(2i — 1), b(24) is the ith codeword
transmitted with b(¢) ¢ {—1,1}; ¢t ¢ {1,---,nL}. Notice that puncturing is considered and
therefore some output bits from the component codes are deleted as shown in Figure 2.8. When
the redundant information of a given encoder is not transmitted (punctured code), the corres-
ponding decoder LLR input is set to zero. Let Y/ = Y,-..,Y, be the noise observation
vector with Y; = y(27 — 1), y(21) as the noisy received codeword at time i. The generalised
form of the a posteriori LLR for the ith data bit, d(z), is defined as

L P{d(i) = 1]Y]}
Po[d()] = In {P{d(i) = OIYf}}

P{YL]d(i) = 1} PLd(i) = 1)
n{P{YfId(i) :0}} H"{m} (2.23)

SISO MAP decoder. The inputs to the SISO MAP decoder 1 at time 7 becomes Y, and
Pl[d(i)], where P}[d(7)] represents the a priori LLR information provided by the SISO MAP
decoder 2. The output a posteriori LLR for the ith data bit d(z) is

1r7(s d(z) = 7
{0}

In the case of the SISO MAP decoder 1, the estimates of the data bits are not performed.
The APPs required in eq. (2.24) are obtained by using the MAP algorithm described earlier
in section 2.5.2.2. However, these estimates also take into account the a priori information,
P}[d(i)]. The transition probability P{S; = s|9;—1 = s'}, as required in (2.20), depends
directly on the a priori probability of the data bit d(z). In conventional decoders it is assumed
that P{d(i) = 1} = P{d(7) = 0} and therefore the second term in (2.23) does not contribute

in the output LLR. For turbo decoding, a deinterleaved version of the a posteriori LLRs from
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the SISO MAP decoder 2 (PZ[d ()] which becomes P}[d(:)]) is used as a priori information in

the following form

e (PG
PASi = sl = < = T (PTG (225

if P{d(i) = 1|S; = 5, i1 = s’} = 1, and

n o 1
PUS = sl =) = s (226)

if P{d(:) = 0]5; = s,5,—1 = s’} = 1. In the first iteration this information is not available,
therefore Pl{d(:)]issetto 0, i.e P{S; = s|5;—1 = &'} = 1/2 for any transition in the trellis.

Note that the MAP decoder requires estimates of the noise variance.

The operation of the second SISO MAP decoder is identical to the first but where the input a
priori LLR, P?[d(1)], is provided from the output of the SISO MAP decoder 1, P} [d(i)].

Extrinsic information. Exchanging soft information, P![d(i)] and P2[d(4)], in the iterative
decoding does improve the performance of turbo codes with iterations, however, a better per-
formance can be obtained if correlations between the constituent codes of the turbo decoder can
be mitigated. Since the RSC codes are systematics (b(2: — 1) = d()), the transition probability
p(y(2:—1)|b(2i—1) = d) in (2.20) is independent of the trellis structure and states. Therefore,
for the first SISO MAP decoder equation (2.24) can be decomposed into

Pyld(i)] = PHAG)]+ Pld(i)] + Py[d(5)] (2.27)

where P![d(7)] is called the extrinsic LLR information and P.[d(:)] is known as the reliability
constant [3]. The variables P}[d(7)] and P.[d(7)] are defined as

o _ g JPEEDId@ = 1)

P ld()] = l"{ p(y(2i) d(i)=0)}
o [py(2i- Dd() =1)

Peld()] = In {p(y(zq‘, — 1)]d(i) = 0)}

and P![d(i)] is the a priori LLR which is provided by the second SISO MAP decoder. Thus, a
less correlated decoder components can be obtained by only exchanging extrinsic LLR inform-
ation P.[d(¢)] instead of the a posteriori LLR information, P,[d(7)], since it represents extra

knowledge that is gleaned from the decoding process. Also due to the presence of interleaving
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between decoders, extrinsic information and channel observations are weakly correlated. The
extrinsic LLR information of bit d(7) from the SISO MAP decoder 1 is therefore

PIdG)] = Pyd(i)] - Pe[d(i)] - Py[d(i)] (2.28)
Similarly, the extrinsic information of bit d(7) for the SISO MAP decoder 2 is
PHA()] = Pd()] — Pd(i)] - P2[d(0)). (2.29)

The difference between the decoding exchanging extrinsic, P.[d(7)], or complete P,[d ()] in-
formation is that using complete information the BER performance saturates on a floor much

higher that the one using extrinsic information [53].

Iterative decoding. As shown in Figure 2.13 the SISO MAP decoder 1 computes P} [d;],
then the reliability constant, P.[d(i)], and the a priori LLR information, P} [d(7)], are subtrac-
ted to provide with the extrinsic information from the first SISO MAP decoder, P1[d(i)], see
(2.28). On the other hand, the SISO MAP decoder 2 takes as input the channel observations and
the extrinsic information P! [d(i)], which after interleaving, becomes the a priori information
P2[d(i)] to the SISO MAP decoder 2. Note that the received systematic information for the
second SISO MAP decoder is an interleaved version of y(2i — 1), see Figure 2.8. The SISO
MAP decoder 2 generates P2[d(:)]. The extrinsic information P2[d(7)] from the SISO MAP
decoder 2 is obtained by using (2.29). The deinterleaving version of P2[d()] yields the a pri-
ori information P} [d()] which is fed to the SISO MAP decoder 1. The iterative process then
continues. When a desired number of iteration have been performed in the turbo decoder, a

decision is made using P2[d(i)], to yield the estimate output d(:)

(2.30)
0 otherwise

i) = { 1 if P2[d(i)] > 0
Figure 2.14 shows the performance of Berrou et al. code [30] for a AWGN channel, after
1,2, 3,6 and 18 decoder iterations. This particular codes is implemented for a rate Ry = 1/2
(see Figure 2.8), constraint length » = 5 and generators (37, 21) in octal notation. The inter-
leaver consists of a 256 x 256 matrix where bits are written and read following the nonuniform
rule given in [30]. The SISO MAP decoders are used with a data block length of 7. = 65536
bits.
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The channel capacity [46] formula for an AWGN channel is given as

. C E,
C = Blog, (1 + 5 N0> (2.31)

where B is the available bandwidth, and £ /N, is the information to noise energy ratio. Al-

ternatively the channel capacity can be expressed in terms of the £/ N as follow

E, 20/B 1
No  C/B

(2.32)

The capacity limits in (2.32) show basically the lowest possible bit signal-to-noise ratio (SNR),
Ey /Ny, required to achieve arbitrarily small error probability over the AWGN channel using
codes with a particular rate. For example, the channel capacity for a code with a rate 1/2 is

then give as

Ey, 2'-1
Ny 1

=1=0dB. (2.33)

where this theoretical limit is obtained by assuming no constraint on block size, i.e approaching
this limit require that the block size grows arbitrarily large. Therefore, it is then evident that the
error performance of a turbo code with a rate 1/2 and a block size of . = 65536 bits is within

1 dB from the Shannon limit as is shown in Figure 2.14.

10

it—1
it—2

IR

Eb/No (dB)

Figure 2.14: BER vs F; /N, for Berrou et al. code with different number of decoder iterations.
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2.6 Summary

In this chapter, a brief review of the basic principles of spread spectrum technology was presen-
ted. Particularly, we have focused our attention to DS-CDMA systems which represent one of
the main spread spectrum technologies for the third generation of wireless communications. A
general scheme for the downlink of a DS-CDMA system together with the mathematical mod-
els of the signals have been defined. The structure of the transmitter has also been described
which comprises the channel coding and the spreading sequences. Random codes and ortho-
gonal codes have been discussed as the spreading codes in the system. The communication
channel, which represents the main limiting factor in the performance of any wireless system,
has also been described. Finally, the receiver structure is addressed where the conventional DS-
CDMA detector structure with FEC decoding is described. The study of multiuser detection
techniques will be presented in next chapter. The FEC channel coding has also been reviewed
but limited only to convolutional codes. Since the basis of this thesis has its fundamentals in a
subclass of convolutional codes, i.e turbo codes, a special attention has been given to this type
of FEC coding technique. Two type of decoding methods have been discussed which are the
VA and MAP algorithms. When the decoding of a single convolutional code is considered, it is
shown that MAP and VA perform identically. Originally the VA [49] appeared as a simplified
version (less computationally intensive) of the MAP algorithm and then became a better choice
for practical applications. However, MAP has shown to be more suitable in the decoding of
turbo codes. Since the VA neglects some of the information during the decoding process, a
loss in performance is obtained when the VA is implemented in the turbo decoder structure.
Therefore and in order to exploit all the potential at the receiver, we will make use of the MAP

algorithm in the FEC decoding on subsequent chapters.
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Chapter 3
Turbo Multiuser Detection

The objective of this chapter is to introduce the turbo multiuser detection principle. Mainly
this chapter aims to provide the fundamentals of multiuser detection. The first section (3.1)
presents an introduction to multiuser DS-CDMA communication systems. Since the capacity
of a multiuser DS-CDMA system is mainly limited by interference, mitigating this effect will
provide a significant increase in capacity. A promising approach to combat this interference is
to use multiuser detection. A general overview of this area is given in section 3.2. Due to the
high complexity of the optimal multiuser detector, sub-optimum multiuser detector structures
are needed. A brief description of several multiuser detection techniques which includes the
optimum detector is also presented in section 3.2. Reviewing the turbo decoding structure, it is
established that the application of the serial turbo coding structure into the multiuser detection
area with the name of turbo multiuser detection. Replacing the inner code of a serial turbo
codes with a DS-CDMA channel results in an encoder structure that can perform well using the
iterative principle. This new type of multiuser receiver for FEC coded DS-CDMA systems is

introduced in section 3.3.

3.1 Introduction

In a DS-CDMA communication system with U users, the capacity of the system depends on
the level of cooperation among the users in the system. When the receiver of each user follows
a single-user detection strategy (conventional detector), other users’ signals appear as interfer-
ence at the receiver of each user. Assuming a memoryless channel where each user transmits a
pseudo-random signal of average power P, it is clear, therefore, that each user is corrupted by
interference of power (U — 1) P. The channel capacity formula per user for the AWGN channel

is then

P
(U = 1)P + BN,

Cy, = Blogy |1+ we {1,2,---,U} (3.2)
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where B is the available bandwidth. Since C,, is the rate in bits/s, then P = C,FE;. If the
number of users is large it can be shown [46] that using the conventional detector the total

system capacity C'r = U, does not increased with U.

On the other hand, spreading codes and timing information of multiple users can be jointly used
to detect each individual user. This is called multiuser detection (cooperative users). Assuming
that each user is assigned a rate C',, the achievable capacity for U users with equal power in an
AWGN channel is

(3.2)

U

UP
ZCU < Blog, [1+ ]
u=1

BNy

When all rates in the DS-CDMA system are identical to C',, equation (3.2) reduces to

F
Cr < log, [1 +Cr ,b]
Ny
where Cr = UC,,/B is the total rate achieved by the U users per unit of bandwidth. Note
that C'r increases as F;/Ng increases and therefore, it can be shown [46] that the total system

capacity goes to infinity with U.

The conventional detector described in section 2.5.1, is a bank of correlators as shown in Figure
2.10. For synchronous transmissions, the cross-correlation between pairs of spreading codes is

defined as

puk = cu(t)ler(?) (33)

where ¢, () and cx(t) are defined as in section 2.3.2 with u, %k € {1,2,---,U}. Under the
assumption of a memoryless channel, the output of the conventional detector for user u as

given in equation (2.5) is

LT
6u (t) = bu(t) + Z pu,k V Pkbk(t) + Zu (t)
ik
= by(t) + MAI + z,(1) u, ke {1,2,---,U} (3.4)

the success of this detector depends on the correlation properties between the spreading codes.
If pur = 0 forall v # % (orthogonal codes) the conventional detector becomes optimal.

However, orthogonality is a difficult task to maintain in practical DS-CDMA systems mainly
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because of two factors:

1) Since several uncoordinated and geographically separated users transmit information at

the same time (asynchronous transmissions), orthogonality is difficult to achieve.

2) In DS-CDMA systems the presence of intersymbol interference (1SI) due to the multipath
nature of the wireless channels makes it impossible to maintain the orthogonality in the

system.

When the number of interfering users increases, the contribution of MAI becomes the limiting
factor on the capacity and performance of the system. One way of suppressing this interfer-
ence is to increase the processing gain when the number of users is large. However, this also

increases the bandwidth required.

Another important factor that contributes to MAL is the presence of users with unequal levels
of power. This problem arises when all mobile users transmit signals toward the base station
with the same power, without taking into account the propagation loss from the base station.
Mobile users that are closer to the base station will cause significant interference to the mobile
users that are further from the base station because of the non zero cross-correlation between
spreading codes assigned to users. This effect is known as near/far effect. Because of this effect,
well-defined power control is essential for proper functioning of the conventional DS-CDMA

system.

Since the conventional DS-CDMA system is mainly limited by interference, mitigating the
effect of MAI can provide a significant increase in the system capacity. Research efforts to

mitigate this effect embrace several areas such as:

¢ Code Waveform Design. This approach leads to the design of spreading codes with
low levels of cross-correlation properties. As noted earlier, the asynchronism and mul-
tipath problems of practical conventional DS-CDMA communication systems, make is
impossible to maintain orthogonality between the users’ signals even if orthogonal codes

are used. Time shifts of most orthogonal waveforms are not self-orthogonal.

¢ Power Control. In conventional DS-CDMA systems, power control allows users to
share resources of the system equally between themselves to mitigate the near/far effect.

In most modern systems, both base stations and mobiles have the capability to dynamic
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adjustment their transmit powers. Power control techniques can be mainly classified as
follows: 1) Open-loop power control (OLPC) and 2) Closed-loop power control (CLPC).
OLPC technique is used initially for the mobiles to adjust their transmitted power ac-
cording to the power levels received from the base station. CLPC is used by the base
station to send power control instructions to the mobile based on the power level it re-
ceives from the mobile. In the event that power control is not used, the capacity of the
DS-CDMA mobile system is very low, even lower than that of mobile systems based
on FDMA. Therefore, power control is an essential feature for a proper operation of a

modern CDMA high-capacity cellular radio system using the conventional detector.

¢ FEC coding. The design of more powerful forward error correction codes allows more

acceptable error rate performance at lower signal to interference ratio levels.

¢ Sectored/Adaptive Antennas. By directing the reception of the desired signal over a
narrow angle, the antenna enhances only the desired signal and attenuates the MAI from
the other incident angles. The direction of the antenna can be fixed (sectored antennas),
or adjusted dynamically (adaptive antennas). In the latter case, the antennas are directed

to a desired user by using adaptive signal processing.

¢ Multiuser detection. Multiuser receivers for DS-CDMA systems aim to jointly detect
signals to increase the capacity of such systems. The conventional DS-CDMA detector
treats other user as noise, but multiuser receivers attempt to mitigate the interference from
other users for their mutual benefit. Multiuser detection is also used to alleviate the near
far problem. This allows the use of less power control updates. The complexity prob-
lem of the optimum multiuser receiver leads us to investigate sub-optimum approaches.
This research has focused on finding approaches with the best possible trade off between

complexity and performance.

3.2 Multiuser detection

Multiuser detection (MUD) is a promising approach to provide more efficient use of the avail-
able frequency spectrum and overcoming the limitations of the conventional DS-CDMA de-

tector.

Potential benefits of using MUD in a cellular system are significant increase in capacity. However,

there are two main limitations on the benefits of MUD which are: 1) inter-cell interference and
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2) multiuser receiver complexity on the downlink. In cellular DS-CDMA systems, the uplink
and the downlink utilise different frequency bands. However, due to the frequency planning (see
section 1.1) the same pair of frequencies are reused in neighbouring cells, resulting in inter-cell
interference which is added to the interference within a cell (intra-cell interference). Significant
reduction in capacity can occur if this interference is not mitigated. For the sake of simplicity,
we assume null inter-cell interference in the work presented in this thesis, i.e only intra-cell in-
terference is considered. A second limitation of MUD is the receiver complexity. With respect
to downlink transmissions, a major concern is the constraints in cost, size and weight of the
receiver. Therefore, there is a need to provide mobile multiuser receivers that have reasonable
computational complexity and acceptable performance to ensure practical implementation. On
the other hand, for uplink transmissions (where the detection of multiple users is required in
any case) these issues are relaxed since base stations of current systems allow the extra signal
processing required. Hence, improving the capacity of the uplink does not improve the overall
capacity of the system. In the work presented here, multiuser receivers are only considered for
the downlink of a DS-CDMA system.

MUD
Joint Interference
detection cancellation
schemes
oo i i | | i
Decorr., MMSE  Treesearch ML Successive _Parallel .H%brid
(optimum) interference interference interference
v cancellation cancellation cancellation
Combined (SIC) (PIC) (HIC)
schemes

i v l

Zero—Forcing  Decorr./PIC MMSE/PIC
Decision—Feedback
(ZF-DF)

Figure 3.1: General classification of multiuser detection structures.
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A general overview of MUD is presented in Figure 3.1. This area of research can be divided
mainly into three categories: joint detection (JD), interference cancellation (IC) schemes and
structures with combined schemes. The first category is usually a bank of conventional detect-
ors followed by filters that performs linear or non-linear transformations. As compared to the
conventional detector, joint detection structures are generally computationally more expensive
due to complex matrix calculations and inversions. The IC schemes are mainly characterised
by the regeneration and subtraction of interference based on the data estimates. Finally, a third
category of MUD can be considered as the group of multiuser detectors that combine detection

techniques from the two groups of MUD mentioned above.

To simplify the discussion on the multiuser detector structures, we will assume throughout this
chapter a conventional synchronous DS-CDMA system model over an AWGN channel (no
multipath). Thus equation (2.3) which represents the AWGN channel output can be expressed

in a matrix notation as follow

r(t) = CAb(t)+n(1) (3.5)

where the N x U matrix of codes C is given as

¢t €21 ot CUA

C12 C22 '+ Cyg
C =

ci,N CoN ‘' CUN

A is the users’ amplitude matrix of dimensions U x U denoted by

vPi 0 o 0
A 0 VP - 0
0 0 - Py

and the vectors b(t) = [b1(t), ba(t), -+, b ()] and n(t) = [n1 (), na(t), -, nn(t)]? are
the users’ data and noise components respectively. The elements of the noise vector are con-
sidered independent and identically distributed (i.i.d) Gaussian noise samples with zero mean

and two-sided power spectral density equals to o? = Ny/2. During the following sections
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we will present some of the established multiuser detector structures. Later on this thesis, the

model given in (3.5) will be extended to include multipath propagation.

3.2.1 Joint detection

In this section a concise summary is given of some of the most important JD techniques pro-
posed in the literature. The most widely recognised joint multiuser receiver so far, is the op-
timal multiuser detector or maximum likelihood (ML) detector introduced by Verd( in 1986
[56]. However, its prohibitive computational complexity which grows exponentially with the
number of users, O(2"), makes of this structure much too complex for practical DS-CDMA
systems. Due to the large differences in performance and complexity between the conventional
detector and the ML detector, over the last 15 years or so, most of the search has been in find-
ing sub-optimal multiuser detectors that show good performance/complexity tradeoffs. Despite
the high complexity of the ML, its performance serves as a benchmark for the comparison
with other sub-optimal multiuser detector structures. These sub-optimal structures are divided
into two classes, namely linear and non-linear detection methods. A brief description of these

detector are given in the following sections.

3211 Optimum multiuser detector

The optimum multiuser detector are divided into two detection categories, namely jointly op-
timum and individually optimum multiuser detector. The jointly optimum multiuser detector
is defined as the receiver that selects the most likely transmitted vector of symbols b(¢), given
that r(¢) was received. In other words, the minimum probability of sequence error decision is
obtained by selecting the vector b(¢) that maximises the joint a posteriori probability (APP)
p(b(t)|r(t)). The objective of the individually optimum multiuser detector, on the other hand,
is to find the most likely transmitted symbol b,,(¢); u € {1,2,---, U}, i.e to maximise the APP
p(b.(t)|x(t)). The two decision criteria either for jointly or individually detection are the MAP
and the ML criteria. Since the individually optimum multiuser detector achieves the minimum

probability of error for each user, we focus our attention to the analysis on only this type of
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detector structure. Mathematically, the MAP decision criterion is given as

bult) = arg, max p(bu (1) = Hlr(0)

= arg max S p(b(1)[r (1)) (36)

where € is the set of vectors b(z) with b, (t) = b. Using Bayes’ theorem the APP in (3.6) can

be expressed as

()~ arg max 3" PEOIBOr(b() -

where p(r()|b(?)) is the conditional probability of the observed signal, r(¢), given b,(¢), and
pr(b(t)) is the a priori probability of b(¢) being transmitted. Since pr(r(t)) is not dependent

on b, (t), it can be neglected from equation (3.7) resulting

bu(t) = arg max 3 p(r(t)[b()pr(b(r)): (38)

be{-1,1} o

The probability function p(r(¢)|b(¢)) can be computed as

_ 1 [Ix(t) = x(0)|*
p(r(t)[b(t)) = W exp (_T (3.9)
where
N
Ie(t) = x(0)]* = (rem — 2e0)” (3.10)
n=1
with r(#) = [r11,71,2, -+ ,men] T as the received vector at time ¢ and x () = [z41, %42, ,

z4,n]" is the channel input when transmitted b (z).

In the case of the ML criterion, the a priori probability of b(t), i.e pr(b,(t)) for all u ¢
{1,2,---,U}, is not taken into account as it is assumed that all symbols occur with equal

probability. Therefore, (3.8) is simplified to

bu(t) = argbﬁgn_alxl}Zp(r(t)lb(t))- (3.12)
14

where €23 is defined as before. It is clear, however, that if the a priori probabilities are equal,
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the result of both the MAP and the ML criteria will be the same.

In other words, the optimum multiuser detector searches through all possible combinations in
b(t) and selects the one closest to the received signal r(¢) based on the Euclidean distance.
This Euclidean distance can be calculated either at the chip level (3.10) or at the bit level. The
decision rule of the ML multiuser detector with equal a priori information and using (3.10) can
be then written as

i _ @ =x®]P _ L) =x(®)[*
[;u(t) — 1 If EQ] eXp ( 20’2 ) > EQ—] exp ( 20’2 ) (3.12)

—1 otherwise.

The resulting complexity of the ML multiuser detector is therefore O (2Y) for a synchronous
DS-CDMA system in a AWGN channel.

RBF detector. In [57] it was shown that the individually optimum multiuser detector for a syn-
chronous DS-CDMA system can be implemented with a radial basis function (RBF) network
when all of the system parameters are known (number of users and their spreading codes). The
RBF network or detector outputs a linear combination of 2V, with U/ as the number of users,
non-linear weighted basis functions, each of which is applied to the received vector r(¢). The
structure of the RBF detector is shown in Figure 3.2. Mathematically, the RBF detector output

can be expressed as

f®) = Y wén(|le(t) —a()]])
=1

where ¢;(); 1 € {1,2,---,2Y} is a radially symmetric scalar non-linear function (normally a
Gaussian kernel function [58]) with a;(¢) and w; as the Ith centre and Ith weight that optimise
some performance criterion. The vector norm ||.|| is the Euclidean distance between the vectors
r(t) and a;(t). The vector of centres {a;(t)}; [ ¢ {1,2,---,2Y} represents the noise free
received vectors for all possible combinations of the data vector b(t). The decision rule for the

RBF detector is then given as
2U

l;u(t) = sgn Zw;exp (—M) (3.13)

202
=1

where w; is substituted by the value of b, (7) (either +1 or —1) associated with the Ith centre

ay (t)
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~

l b(t)

output

received vector r(t) Hiddenlayer ~ Weights

Figure 3.2: Chip rate structure of the radial basis function detector.

The optimum RBF multiuser detector can also be applied when the received signal are pre-
processed by the conventional detector, i.e detection at the bit rate. Without pre-processing
the received signal, the noise components are neither correlated with the signal nor other noise
components, therefore, the Euclidean distance is the optimum measure for the chip rate RBF
detector. However, due to pre-processing the noise components becomes correlated [46, 58]
and then the Euclidean distance measure non-optimum. Hence, the bit rate RBF detector, using
the Mahalanobis distance [59] rather than Euclidean distance, will reflect the correlated nature

of the noise components. Thus,

bu(t) = sgn | wiexp (_(r(t)—az(t))T‘;‘l(r(t)—az(t))> (3.14)

where

Vo= El(r() - ant)(e) — ant)"]:

Similarly to the ML detector, the complexity of the RBF detector (either at the chip or bit rate)
is O(2Y) for an AWGN channel.
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3.2.1.2 Linear multiuser detectors

Due to the complexity of the optimum multiuser detector, a number of reduced complexity de-
tectors based on linear techniques have been proposed. This group of detectors mitigate interfer-
ences by applying a linear transformation to the output vector of the conventional DS-CDMA
detector. In this section we review the two most common linear detectors, the decorrelator
and minimum mean squared error (MMSE) detectors. First, the decorrelator detector [60-64]
(which is analogous to the zero-forcing equaliser [46]) is a transformation which applies the
inverse of the correlation matrix leaving the received signal without interference. However, a
drawback of this detector is that it causes noise enhancement. The second detector is the MMSE
detector [63-65] which takes into account the background noise and utilises knowledge of the

received signal powers.

To represent the output vector of the conventional detector (bank of U matched filters), equation

(3.5) is multiplied by C7 resulting
y(t) = RADb(t)+z(t) (3.15)

where R is the correlation matrix, and z(¢) is the vector with the correlated noise created by
the bank of matched filters.

Decorrelator detector. By inspection of (3.15) and considering that the correlation matrix R.
is positive definite (i.e invertible), it is clear that by multiplying both sides of (3.15) with the
inverse of R the users signals in the system can be decoupled. Thus, the soft estimate of the

decorrelator detector is

R7'y(t) = Ab(t) +R™'z(t)
b(t) = Ab(t) +z%°(t) (3.16)

where now z?° () is a noise vector with zero mean and covariance matrix V¢ = ¢?R~!, and
b(t) = [by (1), ba(), - - -, brr(1)]7. Reviewing (3.16), we can see that the user « (uth component
of b(t)) does not contain interference from other users in the system, therefore, the MAI is
completely eliminated by the decorrelator detector. Substantial performance gain is provided
by this detector over the conventional detector. Another significant feature is that it does not
need to estimate the received users amplitudes. Moreover, since the level power of the users are

independent from each other, the decorrelator detector yields the optimum near-far resistance
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performance metric. Furthermore, its complexity, which is linear with the number of users
O(U) (excluding the cost of re-computation of R~"), is significantly lower that the optimum

multiuser detector.

On the other hand, there are two significant disadvantages of this detector. Firstly, it causes
noise enhancement which can be observed from the term R~!z(#) in (3.16). It has been shown
in [66] that the noise power associated with the noise term R~'z(¢) is always greater or equal
to the noise term at the output of the conventional detector. Therefore, it can occur that if
the MAI is weak, the conventional detector can outperform the decorrelator. This is simply
because the MAI terms is smaller than the noise enhanced term in (3.16). The second and
more significant drawback, is the need to invert the matrix R (usually a difficult operation
in real time). For synchronous systems, where detection can be performed at a bit basis, the
problem is somewhat simplified to inverta U/ x U/ matrix. However, for asynchronous systems,
the dimensions of this matrix increase with the message length which could be very large.
Consequently, the computation required is substantially increased. This situation can even get
worse in multipath channels where the paths are treated as separate users. Several suboptimal

approaches to implementing the decorrelator detector have already been suggested [67—69].

Minimum mean squared error (MM SE) detector. Similar to the decorrelator detector, the
MMSE detector applies a linear transformation to the output of the conventional detector (3.15).
However, as distinct from the decorrelator, the MMSE detector takes into account the back-
ground noise and utilises knowledge of the received signal power. The MMSE detector at-
tempts to strike a balance between the residual interference and the noise enhancement. This
transformation is chosen to minimise the mean-square error between its output and the data, i.e

min _E[||b(t) — Ty(1)]|*]

TeRU XU

where T is the U x U transformation matrix. Thus, the soft estimate vector of the MMSE

detector is given as [70]
b(1) = (R+02A7H) y(1). (3.17)

The MMSE detector minimises the squared error in the presence of channel noise, and becomes
the decorrelator detector when no noise is present. Performance is very similar to the decorrel-
ator solution when the SNR is relatively high (¢2 — 0), but MMSE is better at low SNR’s. On
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the other hand, if the MALI is small as compared with the noise, the MMSE detector approaches
the conventional detector. The analogy to the MMSE detector is the MMSE linear equaliser

[46], used to combat ISI for a single-user channel.

Some of the important drawbacks of this detector are that it requires an estimate of the received
amplitudes and that its performance depends on the power of the interfering users (there is some
loss in resistance to the near-far problem). In terms of complexity, the MMSE detector faces,
like the decorrelator detector, the problem of implementing matrix inversion. Therefore, most
of the sub-optimal approaches to implementing the decorrelator detector are applicable to the
MMSE detector as well.

From another perspective, the DS-CDMA receiver structure can alternatively be confined to
being a finite impulse response (FIR) filter. Therefore, the MMSE detector can also be imple-
mented with a single-user FIR filter without the need of pre-processing the received signal with
the conventional detector. Considering the received signal as given in (3.5), the Wiener filter
theory [71, 72] states that the optimal set of weights for a FIR w,, is given by

we = B4, (3.18)

T

where the N x N matrix ®,, is the autocorrelation matrix of the input signal r(¢). Assuming
that the data from different users are independent, i.e E[by(¢)b,(t)] = 0 with k& # wand k, u ¢
{1,2,---, U}, then it can be shown [73] that

®,, = Elr(t)r'(t)]
= CPCT +41 (3.19)

where C isthe N x U matrix with the codes, P = A2 isa U x U diagonal matrix with A as
defined in (3.5), and I is the identity matrix with dimensions N x N. The N x 1 vector ¢,;
represents the desired response, i.e ¢, = P,c,(t) for the uth user. The soft estimate of the

Wiener detector output for the uth user is then given as

bu(t) = wyr(t)

= P, ()T(CPCT +o21)~ e (1). (3.20)
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3.2.1.3 Non-linear multiuser receivers

Linear multiuser detection techniques generally overcome the problem of complexity, however,
the presence of high levels of MAI and/or ISI generates poor performance in the receiver. This
degradation is mainly caused by the fact that in such scenarios the desired signals are no longer
linearly separable [74]. Therefore, non-linear detection approaches have to be considered. Re-
cently, a new family of detectors, based on a tree search technique, have been studied ex-
tensively. In general, tree search based sub-optimal detectors provide with the next best per-
formance to the optimum multiuser detector but with a significant reduction in complexity. A
number of this type of detectors have been proposed for improving performance. These include

the following detector structures:

Pre-selection maximum likelihood (PSM L) multiuser detector. This approach is a reduced-
complexity ML detector that uses two distinct stages in approximating the ML solution [75].

Figure 3.3 shows the structure of the PSML detector. As distinct from the optimum multiuser

PSML detector
~ Initdstage | | Secondstage
r(t) | Frst || i%ﬁ | suboptimum | ! b“(2

Figure 3.3: PSML multiuser detector structure.

detector, the PSML detector uses an initial stage to assess the received signal in order to confine
the search to a smaller number of possible combinations. The function of the initial stage is
to generate soft estimates of the interfering users which are used to provide with a measure
of how likely they can be correctly detected. The initial detector, which provides with the
soft estimates of the users’ symbols, is implemented by a linear detection technique, i.e the
conventional detector, decorrelator, or MMSE detectors. Based on these estimates, a metric of
how likely each symbol can be detected correctly is obtained by using the magnitude of the

likelihood ratio

LLR|. This metric is then used to establish an order of precedence between
the users. After the initial stage, a hard decision is made on those users’ symbols with the

highest metrics (more likely to be correct). On the other hand, those symbols with lower |, L. R]|
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values are kept as soft estimates for the second stage of the detector. The second stage of the
detector is the optimum multiuser detector with reduced complexity as the number of possible
combinations have been reduced by the hard decision made by the initial stage. It was shown
in [75] that the PSML detector approximated the ML solution with significant less complexity

at the expense of small degradation performance.

M-Algorithm and T-Algorithm detectors. Like the VA, the M or T algorithms [76] are
breadth-first trellis search algorithms that differ only in the criterion used to discard paths.
At a particular trellis depth, the VA discards all but the minimum metric path to each trellis
stage. The M-algorithm instead maintains the M paths of minimum metrics. Then a search
through all M remaining paths is applied to yield the soft outputs of the M-algorithm detector.
In the case of the T-algorithm, the criterion to discard paths is different. It first finds the overall
best path of minimum metric and then rejects all paths whose metrics exceed this minimum
metric by more than a threshold T. The number of paths kept by the T-algorithm is variable.
A derivative from this two techniques can be found in the hybrid MT-algorithm detector [76].
As the number of surviving paths may occasionally be very large, the hybrid MT-algorithm is
normally a good compromise as it ensures that the number of paths is kept within a maximum

threshold that maintains the complexity at a manageable level.

Greedy detector. One of the most recent multiuser detector algorithm is the greedy detector
(GD) which was proposed in [77]. This algorithm utilises the coefficients of the user’s symbols
in the maximum likelihood metric as weights to indicate the order in which symbols can be es-
timated. Based on theses coefficients, this detector forms a modified trellis tree with complexity
much lower than that needed for the optimum multiuser detector. Significant performance gain
is achieved by the GD with a complexity only of the order of 7% log U as compared to the 2V

of the optimum multiuser detector.

3.2.2 Interference cancellation schemes

A second way to perform MUD is using an interference cancellation scheme. This category of
detectors can be classified mainly into three sub-categories: parallel interference cancellation
(PIC), successive interference cancellation (SIC) and hybrid interference cancellation (HIC).
The basic principle of these schemes is to estimate at the receiver the MAI generated by each

user in order to subtract it.
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PIC detector. If the power and codes of all interfering users are known, the PIC detector
[64, 78] yields an estimate of all MAI for each user and then subtracts them in a parallel scheme.
Figure 3.4 shows one stage of a PIC detector for 7 users. The initial bit estimates, b, (¢) for u ¢
{1,2,---, U}, are provided by the output of a bank of conventional detectors. These estimates

are then re-spreaded and added to regenerate the MAI estimates for each user. As shown in

r(t)

|

N ¢C1(t) + R
Conv. | bi(®) . 5 _Q\/ Conv. | bi(t)

detector detector

~ ¢ C, (t) (i-/ ~
Conv. | ba(t) - 5 ~(7 Conv. | b.()

detector detector

|

~ C (t) ~
Conv. | by® i ’ 5 —fg{/ conv. | Pu®

detector detector

Figure 3.4: First stage of a PIC detector for U users.

Figure 3.4, interference cancellation is then performed on the received signal to provide the
input to a second bank of conventional detectors. Thus, a new set of soft estimates are yielded
by the second bank of conventional detectors in this first stage of parallel cancellation. The
process can be repeated for multiple stages by taking the estimates at the output of one stage as

the input of a new stage of parallel cancellation.

SIC detector. As distinct from PIC detector, the SIC detector [61, 64] takes a serial approach to
cancelling interference as shown in Figure 3.5. The first operation in the SIC detector consists
of sorting the users’ signals out in a descending order according to theirs powers (not shown)
which are estimated from the output of the conventional detector. The first stage in this detector
is to regenerate the transmitted signal of the strongest user (in terms of powers and assuming
knowledge of the spreading code). This regenerated signal provides an estimate of the MAI
caused by the strongest user, b1 (), which is then subtracted from the total received signal r(¢),
yielding a partially cleaned version of the received signal r4 (7). If the user estimate is accurate,
the remaining users see less MALI in the next stages. Thus, this new version of the received
signal can be used to detect the next strongest user in the system. This process is repeated

until all users are detected. Note that in each stage the estimate of the users are obtained by
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making a decision at the output of the conventional detector. The benefit of sorting the signals
out in a descending order is because the strongest users can give the most accurate estimate and

consequently the removal of this signal will provide the most benefit to the remaining users.

by(t)

Conv.
detector

! X

(t) +- 00 [ cony,
+ detector

S RAG)
+

Figure 3.5: First stage of a SIC detector.

The SIC detector can provide a significant improvement over the conventional detector. However,
its performance is poor under equal power conditions since a wrong order of users results in
drastic performance loss. Furthermore, for every stage of cancellation a delay of one bit is
required, therefore, the scheme must operate is such a way that the delays can be tolerated.
A comparison between the PIC and SIC detectors can be found in [79]. Also for a more de-
tailed discussion in the advantages/disadvantages of these detectors, the reader is referred to
[61,64,67-69,79].

Hybrid detector. This group of subtractive interference cancellation schemes combine certain
positive features of the SIC and PIC detector into a hybrid scheme. The main advantage of
these schemes is that at the expense of some performance degradation, they offer significant
delay and hardware reduction over the conventional SIC and PIC. Some examples of this type

of structures are the schemes proposed in [61, 64, 67-69, 79].

3.2.3 Combined schemes

A third group of multiuser detectors embraces those schemes that combine a linear transform-
ation with subtractive cancellation schemes. Examples of this detection schemes are: the zero-
forcing decision-feedback (ZF-DF) detector, decorrelator/PIC, MMSE/PIC , etc, [61, 64,69,
78-81].

The ZF-DF detector is analogous to the decision-feedback equalisers in ISI channels [46]. That
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is, a linear transformation is performed at an initial stage followed by a form of SIC detec-
tion. Using Cholesky decomposition, the linear operation is able to partially decorrelates the
users without enhancing the noise. The SIC operates by making decision and subtracting the
interference in a descending order of the signal strength. It is clear that the success of any
cancellation scheme relies on the initial data estimates. If these estimates are not reliable, error
propagation will occur and consequently the system will collapse. Therefore, as compared to
the conventional SIC detector, the ZF-DF provides with a more powerful SIC operation since a
more reliable initial stage is considered. Ranking the users prior to filtering is important so that

the most reliable user is the first to be cancelled.

The decorrelator/PIC is another approach to combine detection structures. This form of de-
tector is a multistage PIC scheme that uses a decorrelator at the first stage in order to generate
the initial decision statistics. This type of receiver has shown to outperform the conventional
decorrelator in a number of situation of practical interest. However, the performance of these
detection schemes depends heavily on the initial data estimates, other combined schemes with
a more powerful initial stage may provide better improvements, for example, MMSE/PIC de-

tector.

3.2.4 Discussion

Due to the poor BER performance of the conventional detector and the prohibitive complexity
of the optimum multiuser detector for DS-CDMA systems, a significant number of sub-optimal
multiuser receiver have been proposed to provide with better performance/complexity tradeoffs
[64, 65,70, 82]. Firstly, multiuser receivers based on linear techniques were proposed such as
the decorrelator and MMSE detectors [63]. A second multiuser receiver approach is that based
on an interference cancellation scheme [61]. This type of structures are for example, the PIC
and SIC detectors. A comparison in BER performance and computationally complexity of this
type of receivers can be found in [79]. Hybrid or combined structures between linear detection
techniques and interference cancellation schemes normally provides an enhanced receiver per-
formance. This improvement is obtained from the combination of certain positive features from
two or more of these detection techniques. All of these receivers give significant improvement
over the conventional detector and under certain conditions they can even give a performance
close to that of the optimum multiuser detector. Recently, multiuser detector structures based on

a tree-search have been proposed in the literature [75-77]. In general, these are low-complexity

62



Turbo Multiuser Detection

sub-optimal multiuser detector structures which provide with good performance, comparable
to the optimum detector but with a much lower complexity. In this thesis, we will investigate
those MUD techniques that can be implemented together with the turbo multiuser detection

principle. In next section the turbo multiuser detection principle will be defined.

3.3 Turbomultiuser detection principle

In early years, the design of a multiuser receiver had only considered FEC coding has an addi-
tional gain but not until recently has this become as part of the multiuser receiver structure [83].
Similarly to the optimum detector [70], the optimal multiuser receiver can be formulated for a
DS-CDMA system with FEC coding as shown in [84]. However, the even higher complexity of
this receiver O (2V¥) which depends not only exponentially with the number of users but also
with the constraint length of the encoder, makes this receiver too complex for implementation.
It points to the use of sub-optimal multiuser approaches with FEC coding to attempt to attain

high performance levels in the system.

First, the multiuser receiver with FEC coding can be partitioned to mitigate complexity, as
proposed in [83], but where coding is considered by generating suitable input metrics for the
decoding function. This will be discussed in more detail in section 3.3.2. As noted earlier,
turbo codes is now widely recognised as a very general and powerful concept in communic-
ation theory, with applications that go beyond the practical decoding of these near channel
capacity codes. The turbo principle is used to describe the iterative exchange of soft inform-
ation between different blocks in a communication receiver in order to improve the overall
system performance. There are two main type of codes that have been developed, parallel turbo
codes [30] and serial turbo codes [39]. Reviewing the turbo decoding techniques it can be es-
tablished that the serial turbo coding structure is easy to adapt to the multiuser detection area.
In order to introduce the turbo MUD principle we will briefly overview the serial turbo encoder
and decoder in next section. This will lead us to introduce in section 3.3.2 the turbo multiuser

detection principle.

3.3.1 Serial turbo codes

A serial turbo code is the serial concatenation of two convolutional codes, referred to as the

inner and outer codes, which are separated by a random interleaver. The output of the outer
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encoder is fed to the interleaver and the output of the interleaver is input to the inner encoder.
The output of the inner encoder is then transmitted over the communication channel. The
product of the rates of the two convolutional encoders is the overall rate of the serial encoder.

Figure 3.6 shows the structure of this encoder.

d(i) Outer .| Interleaver b('[)= Inner
data Encoder Encoder channd
input input

Figure 3.6: Serial turbo encoder structure.

Similar to the decoding of parallel turbo codes (see section 2.5.2.3), the serial turbo decoding
structure utilises concepts of soft-input/soft-output (SISO) decoding and random interleaving.
The important difference is that each individual FEC decoder, which is implemented by a SISO
MAP decoder [85], computes the LLRs not only of the data bits but also for the coded bits

which are used as a priori information for the next decoding component in the scheme.

The serial turbo decoding structure receives the channel output bits and first decodes them with
the inner SISO MAP decoder as shown in Figure 3.7. The inner SISO MAP decoder also takes
as input the a priori LLR, P}[b(¢)], which are set to zero for the first iteration (on subsequent
iterations this is provided by the outer SISO MAP decoder). The inner SISO MAP decoder
computes the extrinsic LLRs for every coded bit 6(¢) labelled as P2 [b(¢)]. After deinterleaving,
this extrinsic LLRs are then taken as a priori information to the outer SISO MAP decoder
which are denoted by PZ[b(¢)] in Figure 3.7. Unlike the inner SISO MAP decoder, the outer
SISO MAP decoder is provided with only the LLR’s of the coded bits. This input is the a priori
input from the inner SISO MAP decoder. As the outer SISO MAP decoder does not transmit
data directly over the channel there is no input metric information available. The outer SISO
MAP decoder takes the a priori LLR information, 2[b(#)], and uses it to yield both the final
hard output on the data bits, d(z‘) (after enough iterations have been performed), as well as soft
a posteriori probability information for the coded bits, P2[b(¢)]. After interleaving, the LLRs
of the a posteriori probabilities for the coded bits from the outer SISO MAP decoder, P, [b(1)],
are fed into the inner SISO MAP decoder as the a priori information on the next iteration. Once
a desired number of iterations have been completed or a desired performance is achieved, the
outer SISO MAP decoder outputs the LLRs for the data bits £2[d ()] and then a hard decision
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PZ[b(1)]
Interleaver
PA[b(o)] Not Not
Inner SISO ise»d . | u;se»d Outer SISO
MAP Decoder Deinter|eaver MAP Decoder
channel Pe[b(t)] PA[b(1)]
output P2[d(i)]

Figure 3.7: Serial turbo decoder structure.
is made according to

d(z’) _ 1 if Pf[d-(z')] >0 (3.21)
0 otherwise

3.3.2 Turbo principle applied to MUD

In the context of this thesis, MUD refers to the detection of data from multiple users when
observed in a non-orthogonal multiplexed wireless channel (DS-CDMA system). The basic
idea of MUD is to exploit the cross-correlations among the signals to be detected in order to
improve the data detection process. On the other hand, FEC coding exploits the dependencies
among successive channel symbols to improve the detection of a single stream of data symbols.
Currently many of the wireless systems, such as the third generation systems, involve both
FEC coding and non-orthogonal multiplexed channels. A typical configuration of this is a
convolutional encoder followed by an interleaver and a DS-CDMA modulator for the channel
symbols. In the previous section, we discussed the use of convolutional codes in the serial turbo
code structure. However, a number of channels can also be represented by a linear sequential
operation rather than convolutional codes. Particularly, it can be viewed that by replacing the
inner code of the serial turbo codes with a DS-CDMA system results in an encoder structure

that can perform well using the iterative principle. Figure 3.8 shows such an encoder structure.

The decoding process for this concatenation is also similar to the serial turbo decoder as is

65



Turbo Multiuser Detection

- Encoder - Interleaver |DS-CDMA|
data Channel channel
input input

Figure 3.8: Channel coding concatenation with a DS-CDMA channel.

shown in Figure 3.9. First the DS-CDMA signals are despread (using the conventional detector
or a multiuser detector) and deinterleaved to provide the input to the channel decoder. In a
similar way to the serial turbo decoder, the FEC decoder generates a final output decision after
a desired number of iterations. It also outputs extrinsic soft a posteriori information which is
interleaved and input to the multiuser detector as a priori information on the next iteration. The
process repeats for the desired number of iterations, after which the FEC decoder outputs a

hard decision of the uncoded data. Similar to turbo codes, the turbo multiuser detection prin-

A priori
Information
Interleaver

SISO . SISO

MUD Deinterleaver FEC Decoder
channel
outpLit A posteriori

Information

output

Figure 3.9: Iterative detector/decoder structure (turbo multiuser detection principle).

ciple refers to joint the channel coding (outer code) and multiuser detection (inner code) using
an iterative exchange of soft information [86-93]. Thus we have established the application
of the turbo principle into the area of multiuser detection. Like turbo decoding, the iterative
approach to joint multiuser detection and channel coding have shown considerable promise for
achieving performance close to the Shannon limit. The main purpose in this thesis is then to
investigate the application of the turbo multiuser detection principle on some of the multiuser
receiver structures already established. This approach taken aims to look for an advance multi-
user receiver that can achieve superior performance while requiring structures with reasonable

complexity.
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3.3.3 lterative multiuser receiver

As mentioned earlier, an overall optimal detector/decoder uses an optimal mapping from the
received signals to the original data symbols (multiuser detection and FEC coding jointly)
[84]. However, this results in a prohibitive complexity, O (2Y), which rises exponential in the
product of the the number of users U and the constraint length of the convolutional code v. In
[83] a sub-optimal scheme that perform symbol detection and decoding separately is proposed,
see also Figure 3.10. The complexity of this partitioned structure is reduced to O (2Y) + O (2¥).
Both multiuser detection and channel decoding typically involve very complex algorithms, and
so complexity issues often dominate the study of these problems. In particular this complexity
can be mitigated by applying the turbo multiuser detection principle as we will show later in

this thesis.

FEC Decoder | 9:()

FEC Decoder — d.(i)

r(t

d, (i)

FEC Decoder |—»

Figure 3.10: Partitioned multiuser receiver structure.

In [88] an iterative multiuser receiver for DS-CDMA system with FEC coding is presented.
This receiver is derived from the serial concatenation of a metric generator (MAP criterion)
for the joint received signal and a block of U single-user turbo decoders. Figure 3.11 shows
this iterative multiuser receiver system. The receiver takes the conventional detector output and
generates the conditional channel probabilities p(r(¢)|b(?)) which are multivariate Gaussian
conditional probabilities [46]. Then the metric generator calculates the marginal probabilities
p(r(t)]b,(t)) for the uth decoder. The FEC decoders generate the a posteriori coded bit prob-
abilities, p(b,(t)|r(t)), which are then used as a priori information for the metric generator on
the next iteration. After a number of desired iterations a hard decision of the uth user data bit
at time ¢, d,(¢), is output by the single-user FEC decoder. The implementation of the MAP
criterion for the metric generator provides with the optimum multiuser detector performance
while turbo codes are the most powerful FEC coding scheme proposed so far. Therefore, the

use of this iterative scheme will achieve the lowest BER performance for a partitioned multiuser
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receiver. Although the complexity of this structure is still too high for a practical implement-
ation, especially for a large number of users, it is useful for understanding the turbo multiuser
detection principle but also as a benchmark in the receiver performance/complexity tradeoff. In

[88] is shown that this scheme approaches single-user performance for large system loads.

Pelb,0] Deinterleaver 1 Palb,0] Turbo Decoder Hal(i)
L Metric Pelb. 0] Deinterleaver 2 Palb. 0] Turbo Decoder Hazm
Generator
Pelby] Deinterleaver U Palb,0] Turbo Decoder HaU(i)
Pabu0] [ ] Pelbo]
Palo,0] Interle;ver 2 Pe [b.0]
IADa b.0] Interleaver 1 E’e [b,®]

Figure 3.11: Iterative multiuser receiver.

Like turbo decoding, an essential issue in an iterative scheme is the way of exchanging in-
formation between the detection stage and the block of FEC decoders. Given the received
signal, r(t) see (3.5), the metric generator detector outputs single-user a posteriori informa-
tion (LLRs) which are then supplied, after deinterleaving, as a priori information to the FEC
decoders, P,[b,(t)]; we{1,2,---,U}. Equally, every single-user FEC decoder provides with
a posteriori information, 7, [b,(#)], which are used after interleaving as a priori information,
P,[b,(t)], into the metric generator on each iteration. Similar to turbo codes the main idea is
to exchange soft information (across the users and across the FEC coded bits) by using a SISO

multiuser detector and a block of single-user FEC decoders.
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3.3.3.1 Metric generator

The MAP decision rule for the metric generator sets

b(t) = arg max p(x (1) b () pr (b(1). (3.22)

However, the metric generator requires to generate single-user decoder metrics for the block of
FEC decoders. This soft information can be obtained by computing the LLR of the conditional

probabilities given as

T R

l

I
—
~—

Using Bayes theorem the metric generator output (LLR) for user « as shown in [88] is given by

the conditional probabilities p(r () |b.(t) = b) with b € {—1,+1} which are expressed as

U

pr®)but) =b) = S ple(t)|b(®) [] pribe(t) (3.24)
b(t) k=1
(bu(t)=0) k#u

where pr (b (1)) is the a priori probability in the metric generator on each iteration and p(r(t)|b(?))
is the joint likelihood generated by the multivariate Gaussian probability density function as

given below

exp (— =20l

p(r(t)|b(t)) = @) 2o (3.25)

a;(t) is the noise free input vectors for the input data vector b(t).

3.3.3.2 Single-user turbo decoder

Using turbo codes as the FEC coding gives a very powerful decoding stage. A description of
this decoding structure has already been given in section 2.5.2.3. However, the turbo decoder
structure needs to be modified slightly to accept soft input probabilities and produce suitable
soft output probabilities for the a priori input to the metric generator. Since we are considering
exactly the same FEC decoder for each user in the system, the following discussion is based

solely on the decoding process for the uth user.

The turbo decoder for the uth user receives as input and after interleaving the LLR, P, [b.(t)],
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which is generated by the multiuser detector. This information is used directly into the first
SISO MAP decoder as follow

Net

v:(Yi,s',8) = P{S; = s[Si—1 = '} H p(r(t)]by(t) = b) (3.26)
t=nc(i—1)+1
where
20(Palbu (D i = 1
p(r(t)|bu(t) =b) = 1+6XP(1;a[bu(t)]) _ (3.27)
TFepPl@) =1
the noisy received symbolsat time : are denotedas Y; = r(n.(i—1)+1),- -+, r(n.2) and where

the product is over all coded bits that produce the transition of the SISO decoder from state s
to state s’. In turbo codes the first SISO MAP decoder does not take any a priori information
on the first iteration of the turbo decoding scheme, i.e P{S; = s|5;_1 = s} = 0.5. On
subsequent iterations of the turbo decoder, the second SISO MAP decoder provides with a
priori information for the systematic bits in the first SISO MAP decoder. Note that in the
multiuser receiver structure there are two iterative processes, one for the FEC coding using
turbo codes and a second for the multiuser receiver where the latter corresponds to the turbo

multiuser detection principle.

As an output the turbo decoder must produce an update of the LLRs for the coded bits, P.[b,, ()],
as well as for the data bits, £.[d,(i)]. The LLRs of the coded bits after interleaving are used
as the a priori probabilities in the metric generator output, see (3.24). As described in section
2.5.2.3, all bits that were input to the turbo decoder (not just the data bits) can also be updated
with the SISO MAP decoder modules. Then after a desired number of iterations in the turbo de-
coder, the output LLRs P, [b,(#)] are calculated using the outputs of both SISO MAP decoders,
that is, as the turbo code is punctured, the redundant LLRs codes bit are taken alternately from
the first and second SISO MAP decoders according to the punctured scheme described in [30].
The LLRs for the data bits are taken from the output of the second SISO MAP decoder.

3.3.3.3 Iterativeschemein the multiuser receiver

In a similar fashion than turbo codes, the single-user turbo decoder output probabilities, p(b.,(t) =
b|r(t)), after interleaving are assigned as the a priori probabilities in the metric generator (see
(3.24)) on every iteration, i.e p(b,(t) = b) = p(b.(t) = blr(t)) for u ¢ {1,2,---,U} and
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b e {1,—1}. On the first iteration the a priori probabilities in the metric generator are set to
p(by(t) = b) = 0.5, i.e all coded bit sequences are assumed to be equiprobable. At the last
multiuser iteration at the receiver, the FEC decoders computes the a posteriori LLR of the data
bits which are used to make a decision on the decoded bit as follow

. 1 if Pfd(:)] > 0

d(i) = (3.28)

0 otherwise.

34 Summary

This chapter has shown that using the conventional detector the capacity of a DS-CDMA sys-
tem does not increase with the number of users. Therefore, multiuser detection emerges as
a very promising area to increase the capacity of a DS-CDMA system. A general review in
this area has been presented with a description of various of the existing multiuser detectors.
MUD can be divided into joint detection, cancellation schemes and combined schemes. Firstly,
joint detection techniques are introduced, starting from the optimum multiuser detector. Due
to the complexity of the optimal multiuser detector sub-optimal structures are also discussed
which include those with linear (Decorrelator, MMSE) and non-linear (PSML, Greedy, M and
T algorithms) detection methods. Multiuser detector structures based on cancellation scheme
(PIC and SIC) or combined detection schemes (Decorrelator/PIC, MMSE/PIC) are also ad-
dressed. Recently a new type of multiuser receiver based on the turbo decoding principle has
been proposed. In this chapter the principles of the serial turbo code encoding and decoding
have been explained. It is shown that by replacing the inner code of the serial turbo codes with
a DS-CDMA channel results in an encoder structure that can perform well using the iterative
principle. The application of the turbo principle can be then established in the area of multiuser
detection with the turbo multiuser detection principle. An overview of this principle together
with its fundamentals are discussed. This class of receivers exploits the iterative technigue of

turbo codes to exchange soft information between the detection process and the FEC decoders.
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Chapter 4

An lterative Multiuser Recelver In a
AWGN Channel

In chapter 3 the turbo multiuser detection principle is introduced. Due to the prohibitive com-
plexity of an overall multiuser receiver (detection/decoding), the turbo multiuser detection prin-
ciple emerges as a very promising approach to mitigate this issue of complexity. As stated
earlier in this thesis, we are interested in developing a multiuser receiver based on the turbo

principle.

In the downlink of a DS-CDMA system the signals received at each mobile terminal are syn-
chronous due to the fact that the base station broadcasts to all users simultaneously. When or-
thogonal codes arrive at the mobile terminal the conventional detector achieves the single-user
performance under these ideal conditions, i.e no multiple access interference and no multipath.
However, time dispersive channels are common in wireless mobile channels which destroys the
orthogonal property in the system. Under this scenario pseudo-random spreading codes can be
a better choice to model the channel conditions as they provide an average interference level

which is noise like when the number of users is large.

Therefore, in this chapter we investigate the downlink of DS-CDMA system with FEC coding
that employs pseudo-random spreading codes in an AWGN channel. The description of this
channel model is presented in the next section. Following the next section (4.2) we investigate
the implementation of linear detection techniques in order to provide a sensible detection stage
that can incorporate the turbo multiuser detection principle in its structure. Based on this search,
we propose a new iterative multiuser receiver. This new structure has not only the benefit
of reducing complexity at the receiver but also exploits the iterative principle to improve the

receiver performance in a similar way to turbo codes.
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4.1 System model

We model the downlink of a discrete-time DS-CDMA communication system with FEC coding
for U active users. It is assumed both bit and chip synchronous with the samples taken at the
chip rate. Figure 4.1 depicts the system model. The uth user transmits data blocks of i.i.d!
binary data, {d,(7)}; ¢ € {1,2,---, L}, w e{1,2,---,U}, where d,(¢) will be referred to as
the ith data bit of user u. To reduce the complexity in the receiver, the FEC coding considered
here is limited to one convolutional code. To mitigate the effect of error bursts at the input of
every FEC decoder, the sequence of coded bits at the output of each encoder is interleaved using
a distinct random pattern. The random interleaver is a permutation that maps the sequence of
L/ R, FEC coded bits into the same sequence of data but with a new order, i.e., for each ¢
there is a corresponding random integer (¢) without repetition (¢ — = (t)) [32,33,35,42].
Every interleaver has a corresponding deinterleaver that acts on the interleaved sequence of
FEC coded bits and puts them back into its original order. On the other hand, the spreading
codes are reselected independently in a pseudo-random fashion on a bit by bit basis (channel

coded bits) for every user. This is statistically equivalent to using random sequences. It is

c, (1)
_ ! -
w Encoder }—»‘ Interleaver 1 }M)—@—» M

G (1)

o 00 l AWGN Iterative az (i)
i
4—{ Encoder }—" Inter|ea\/6f 2 }—.@4» Z X(t)f_‘lL r(t) Multiuser T
Receiver

cu(t)
. ¢ A
M Encoder }—*‘ Interleaver U}M)'@H M

Figure4.1: DS-CDMA system model with FEC coding in a AWGN channel.

assumed that all the users transmit with equal and constant power. At time ¢ the output of the

channel is given exactly as denoted in (3.5).

lindependent and identically distributed
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4.2 |terative multiuser receiver

In [84] an optimal iterative multiuser detector for synchronous coded CDMA, based on iterative
techniques for cross-entropy minimisation is introduced. A practical suboptimal implementa-
tion is also presented. However, the computational complexity of this practical structure is
0(2Y + 2¥) which is still prohibitive for systems with large number of users. In section 3.3.3,
a similar structure is described but where the complexity is even higher due to the utilisation of
turbo codes as the FEC coding. Therefore, the purpose of this section is to develop a low com-
plexity iterative multiuser receiver based on a partitioned structure for a FEC coded DS-CDMA

system over an AWGN channel as shown in Figure 4.2.

desired user
Block d, (i)
SISO soft .

r(t) _ information FEC
— | Multiuser .

Single

Detector Decoders
soft
information

Figure 4.2: Iterative multiuser receiver structure.

4.2.1 Multiuser detector

It is clear that when the RBF detector is applied in the partitioned multiuser detector/decoder
structure, the complexity in the receiver for medium to large number of users is mainly de-
termined by the detection stage, O (2Y). Therefore, a number of reduced complexity multiuser
detectors based on linear techniques have been proposed. The conventional detector is the op-
timal detector only in an AWGN channel but has a very poor performance when the level of
MAI from other users in the system is high. On the other hand, it is well known that the Wiener
detector gives better performance than any other linear detection in isolation and that combined
with a single stage of parallel interference cancellation (PIC) scheme can give even better per-
formance that either technique on is own [94]. Therefore, in this chapter we investigate the

structure of a multiuser receiver based on two detection schemes, Wiener detector and Wiener
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detector followed by a single stage of a PIC scheme.

4211 Wiener detector

Figure 4.3 shows an iterative multiuser receiver using the Wiener detector at the front end of
the receiver. The Wiener detector is an N tap FIR filter, where N is the processing gain, with

the weights of this filter given by

w, = &' o} .0
Block d(
S 4O
() ‘ P[b, )] Block R.[b, (t)] FEC
Wiener Deinterleavers Single | R[b1)]
Detector Decoders —

Plb,(®] |  Block
Interleavers

Figure4.3: Iterative multiuser receiver structure using only the Wiener detector.

&, is the autocorrelation matrix of the input signal, v (t) = [r1(t), ro(2), - - - , 7x(#)]%, which

is given as ®,, = K[r()rT(1)], i.e

_ T% (t) 1 (t) T2 (t) e T (t) TN(t) ]
& - E rl(t)sz (1) r2(t) Ty (t)er(t) “2)
| nWrn() (v e Rt

where ET] denotes the expected value. Traditionally, it is assumed that the data modulation
on each coded bit is independent, i.e E[b,(t)bx(t)] = E[b.(t)]E[bx(t)] = 0 with u # k;
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u,k e {1,2,---,U}, however, in this scheme we remove such assumption and therefore,
Elby(t)|E[bi(t)] # 0 for all » and £. This condition will allow us to introduce the turbo
multiuser detection principle as it will be shown later on this chapter. Consequently, the auto-

correlation matrix ®,., is then defined as
&, =CP'CT + 651 (4.3)

with C, CT, Iand o2 as given in section 3.2.1.2 but where now the diagonal matrix representing

the received power of the users, P, becomes (see appendix A.1)

e Bl O)EDbs(t)] -+ Elb (0] E[bu(t)] |
p_ | PIOLE0) b2(1) Bl |
| B 0]EB(] EbMIEb@] - B0

The vector ¢, in (4.1) denotes the cross-correlation between the received signal, r(t), and the

desired user data bit, b, (¢), which is given by

™ (t)

" ra(t)
¢7‘b = F bu(t) : : (45)

TN(t)

Under the same assumptions that in (4.2), that is, £[b,(t)bx ()] # 0 for all  and , the cross-

correlation vector ¢, is modified to (see appendix A.2)

Elby(t)]E[by(t)]er,n + -+ + by (t)eu + - -+ Elbu(D)] £ [bu(t)]ev

o = Elbu(O]Eb1(t)]er 2+ -+ bi(t):cu,z + -+ Elbu (O] Elbr (1] v, 46)

Elbu(O]E[br(t)]er,n + -+ + bi (D) eun + -+ + Elbu (D] E[bu (t)]evn |

The Wiener detector output for the uth user can be therefore defined as follow
yu(t) = wyr(t) (4.7)

A comprehensive review of this multiuser detector can be found in [73].
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Single-user Wiener detector output. The problem faced when designing a partitioned mul-
tiuser detector/decoder with an iterative structure is that of generating the correct single-user
input probability information for the FEC decoders and of supplying appropriate a priori in-

formation to the multiuser detector on each iteration.

Using the Wiener detector, the single-user output probability information is obtained from the
conditional probabilities, p(y.(t)|b.(t) = b), with b ¢ {1,—1}. These probabilities are cal-
culated assuming Gaussian noise at the Wiener detector output. The scalar v, (¢) denotes the
Wiener detector output for the uth user with mean wfqb;f’b and variance o2 (u) = —(w?l v+

wl »» (see appendix B.1). Therefore the single-user input probability information for the FEC

decoders is provided in the form of LLR as follow

Py (t)|bu(t) = 1) )
Py ()]bu(t) = =1) )

P.[b, ()] = In ( (4.8)

4.2.1.2 Wiener detector with a singlestage of PIC

A second multiuser detector structure comprises the Wiener detector followed by a single stage
of a PIC scheme. We exploit this combined scheme not only to improve performance in the
multiuser receiver but also as an alternative structure to bring forward the multiuser detection

principle as it will be shown later on this chapter. Therefore, the Wiener detector together

O SISO Multiuser detector

Delay of N chips

“iso ‘ Block d, (i)
. Soft §
L. Wiener PRI O1) cancellation §Pe[b“(t)] .BIOCk R FEC
! _ Scheme Deinterleavers Single E’e[bu(t)]
Detector |

Decoders

Block
Interleavers

Figure 4.4: Iterative multiuser receiver structure using Wiener detector and a single stage of
parallel cancellation scheme.
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with a PIC scheme is also investigated in the structure of the iterative multiuser receiver whose

structure is depicted in Figure 4.4.

Like in turbo decoding, an essential issue in an iterative structure is not to perform any hard
decisions during the detection/decoding process. If a user coded bit is detected incorrectly,
a hard decision will increase the multiple access interference caused by this detection error.
Hence, in the structure of Figure 4.4 the Wiener detector delivers an initial soft estimates of the
users FEC coded bits, {b,(t)};w e {1,2,--+, U}, t ¢ {1,2,---, L/ Ro}, which are then passed
to the PIC scheme. For the uth user this soft estimate is obtained by forming the expectation of

the users’ coded bits as follow

bu(t) = Elbu()] = Y bp(b) (4.9)
be{1,-1}
where p(b) represents the a priori probability of transmitted either b = 1 or b = —1. The con-
ditional probabilities at the Wiener detector output, p(y,(t)[b.(t) = b); w € {1,2,--- , U}, be
{1, —1}, are calculated similarly to section 4.2.1.1 but in this case we assume that £[b,()bx(t)] =
0 withu # k, u,k € {1,2,---,U}. These conditional probabilities are then assigned as the a

priori probabilities required in (4.9).

r(t) Delay of N chips
N | ¢, (9 + R
b 5 o Conv. | by(®
WEL detector
SISO ~ } G2 ® + ~
b, (1) » 5 o Conv. | b,(®
VE? detector
Wiener
Detector
~ cy(t) ~
by(®) iu 5 - :/ Conv. | PO
WEU detector

Figure 4.5: Wiener detector followed by the PIC scheme.

Using the PIC scheme the soft estimate of the interfering users coded bits (MAI) are spreading

and then subtracted from the received signal r(¢). The resulted signal is passed through the

78



An lterative Multiuser Receiver in a AWGN Channel

conventional detector whose output is denoted as
i (1) = qu[b() = bu ()] + 2u(1) (4.10)

where q,, denotes the uth row of the autocorrelation matrix, R = C”C, the vector b, (1)
corresponds to the soft estimates of the interfering users which are givenas b,, () = [b:(t), - - - ,
bu1(),0,byy1(t),- -+, by (2)]. Lastly, z,(t) denotes a Gaussian noise sample with zero mean

and variance o2.

Single-user PIC detector output. In the case of the PIC detector, the single-user output ex-

trinsic information is given in terms of the following LLRs

Pl (O]ba(t) = 1)
Pelbu(®] =1n (p(@u W) (1) = —1>> (#.11)

where p(7,(t)|b,(t) = b) is the conditional probability at the output of the PIC scheme. Since
the PIC scheme output for the uth user can be modelled on the first iteration by an equivalent

AWGN channel, this output can then be written as follow
Gu(t) = bu(t) + pu(t) (4.12)
with (1) is a Gaussian noise sample with zero mean and variance (see appendix B.2)
[/T
op(u) =Y puxton (4.13)
k=1
k#u

pu,k, denotes the cross-correlation factor between user « and user %;.

4.2.2 FEC coding

To reduce the complexity in the iterative multiuser receiver convolutional codes are chosen for
the channel coding. Thus the FEC decoder for the uth user consists of a single SISO MAP
decoder. As shown in Figure 4.2, the multiuser detector output for the uth user after deinter-

leaving, P,[b,(t)] , is fed as input to a single SISO MAP decoder. This information is used
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directly in the MAP’s branch decoder metric calculation which is modified as in [87-92] to

FYashs) = PSi=slSia=s) ] sk @419
t'=nc(i-1)+1

where the product is over all the n. FEC coded bits, b,,(¢), value that produce the transition of
the MAP decoder from state s’ to state s. Like the SCCC solution [39] the SISO MAP decoder
does not take any a priori information for the data bits, i.e P{S; = s|5;_1 = s’} = 0.5. As
shown in section 2.5.2.2, the SISO MAP decoder algorithm outputs the a posteriori LLRs of
the coded bits, P.[b,(¢)]; u € {1,2,---, U}, based on the soft information provided from the
multiuser detector. This extrinsic information is the information about the coded bits gleaned
from the a priori information about the other code bits based on the trellis structure of the code.
Also the SISO MAP decoder computes the a posteriori LLRs of the uncoded bits, P,[d,,(7)].
Note that the LLR of the uncoded bits is computed only at the last iteration. Finally, the data
bit of user u, d,,(7), is then decoded according to (3.28).

4.2.3 lterative principle

The general structure of a partitioned iterative multiuser receiver consists of a SISO multiuser
detector followed by a block of U SISO FEC decoders. These two modules are separated by
interleavers and deinterleavers. When users share information suitably, a joint detection pro-
cess results with an improved performance over a system without joint detection. In the turbo
decoding scheme, the output a posteriori probability of the first SISO MAP decoder is used as
a priori information for the second SISO MAP decoder. Equally the output a posteriori prob-
ability from the second SISO MAP decoder is fed to the first SISO MAP decoder during each
iteration in. In a similar fashion, the SISO multiuser detector in the iterative multiuser receiver
scheme delivers single-user probabilities (given in the form of LLR, P.[b,(t)]) for every user
coded bit which are fed to the SISO MAP decoders. The iterative principle is thus incorpor-
ated in the receiver structure by using the a posteriori probabilities (interleaving version) of the
users coded bits from the SISO MAP decoders output, P, [bu(t)];uwe{l,2,---,U}, asapriori

probabilities in the SISO multiuser detector.
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423.1 Iterativemultiuser receiver with Wiener detection

Considering only the Wiener detector in the iterative multiuser receiver structure, as shown in
Figure 4.3, the turbo multiuser detection principle can be incorporated by using the a posteriori
LLRs, P,[b.(t)] (provided from the SISO MAP decoders and after interleaving), to obtain the
expectation value of the users’ coded bits, i.e b, (1) = E[b,(t)]. Using (4.9), we can compute
these expectation values where the a priori probabilities required are derived from a posteriori
LLRs, P,[b,(t)] as follow

_exp(Pulbu(O) g g
p(bu(t) = b) = { Trexp(Palbu(t)) (4.15)

[ S ——
TrenPla@y 0= L

The resulted expectation values are then substituted into (4.4) and (4.6) to compute an updated
version of the autocorrelation matrix @, and cross-correlation vector ¢;; which are used to
estimates the users’ coded bits on subsequent iterations. For the first iteration, we set the
multiuser receiver a priori information to p(b, () = b) = 0.5, that is, P,[b.(t)] = 0 for
all we{1,2,---,U}. Finally, after a desired number of iterations the SISO MAP decoders
performs a hard decision on the LLRs of the data bits, P.[d,,(7)] to recover the original uncoded
data stream, that is
. 1 if P[du(d)] > 0

dy(7) = (4.16)
0 otherwise.

4.2.3.2 Iterative multiuser receiver with Wiener detection and a single stage of PIC

Figure 4.4 shows the iterative multiuser receiver structure with the incorporation of the PIC
scheme in the detection stage. For the first iteration, the Wiener detector provides the initial
probabilities which are then used as a priori probabilities (p(y. (¢)|b.(t) = b) = p(b.(t) = b))
in (4.9) to compute soft estimates of the interfering users coded bits at the PIC output. Similar
to the previous section, the iterative principle is incorporated by using the interleaving version
of the a posteriori LLRs for the users coded bits at the SISO MAP decoders output, P,[b, ()],
with w ¢ {1,2,---,U}, as a priori probabilities in the PIC scheme rather than the Wiener
detector output as shown in Figure 4.4. These a priori probabilities, 7,[b, ()], are then used
to produce soft estimates at the PIC output for the interfering users coded bits on subsequent

iterations. At the last iteration, the SISO MAP decoder computes the a posteriori LLR of every
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data bit, P,[d,(i)], which is then used to make a decision on the decoded data bit based on
equation (4.16).

4.3 Complexity analysis

In this section an analysis of the complexity is presented for the two iterative multiuser de-
tector/decoder structures presented in this chapter. This is important to determine those parts
of the receiver which require more computational resources. The complexity analysis consists
of determining the number of operations (measured in terms of multiplications and divisions)
required for the multiuser detector, SISO MAP decoder and LLR calculation per data bit trans-
mitted and per iteration. We assign the variable ¥ to be the equivalent to the computational
complexity of the exponential operation, the number of users equal to U, the processing gain
equal to NV, the number of paths out of each code state equal to N, and £, as the code rate
of the FEC coding. Table 4.1 and 4.2 show the complexity of the iterative multiuser receiver

structures in terms of those variables.

Procedure multiplications and divisions per data bit

Wiener detector ONH)+ N2 (U+ 1)+ NU*+20+ 1)+ (U - 1)?
LLR calculation U(E+ N)+4U

SISO MAP decoder | -(£ +2""'N, 4 3)

Table4.1: Iterative multiuser receiver using Wiener detection

Table 4.1 shows the complexity of the modules in the proposed iterative multiuser receiver illus-
trated in Figure 4.3. A major concern in the complexity of the Wiener detector is the inversion
of the matrix, ®,,, whose complexity is denoted as O (N ?). This matrix requires knowledge
of the spreading users codes and the noise variance o2. Since the users codes are known, it
can be seen that ®_;! mainly changes according to the value of #* and the expectation values
Elby(t)]. Therefore, the inverse of ®,.. is required every time the expectation values are up-
dated. Secondly, the complexity of a single SISO MAP decoder for a constituent convolutional
codes of constraint length v is in the order of O(2*~1). Normally v is chosen small to reduce
the complexity of the channel decoder. Finally, the LLR calculations are linearly dependent on

the number of users and the processing gain.

Table 4.2 shows the complexity of the iterative multiuser receiver structure proposed in Figure

4.4. This structure assumes that £[b,(t)] = 0, u € {1,2,---, U}, therefore, the autocorrelation
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Procedure multiplications and divisions per data bit
Wiener detector O(N*) + N*(U+1)+ 3N
PIC scheme UN(1+42U)

LLR calculations UE4+U+1)
SISO MAP decoder | z-(E + 2"7' Ny, + 3)

Table 4.2: Iterative multiuser receiver complexity using Wiener detection and a PIC scheme

matrix ®,.. and the cross-correlation vector ¢, do not require the calculation of the expectation
values for the users’ coded bits. This will reduce the complexity in the Wiener detector as
compare with the structure in Figure 4.3. Thus @' will change only according to the noise
variance parameter o2, Although an extra stage is incorporated (PIC scheme), for a number
of iteration > 1 the complexity of the iterative multiuser receiver is reduced to the complexity
only in the PIC scheme and the block of SISO MAP decoders.

4.4 Simulation results

Monte Carlo simulations are used to illustrate the performance of the iterative multiuser re-
ceiver structures proposed in this chapter for the downlink of a DS-CDMA system over an

AWGN channel. Equal-power users are assumed in the system. Simulation results throughout

- 1 T T

—©— iteration 1
—B8— jteration 2
—A&— jteration 3

-15

|
N

log(BER)

-2.5

-35 I I I I I I
1 3 5 7 9 11 13 15

Number of users

Figure 4.6: Number of users against BER for E,/Ny = 4dB and N = 15 using Wiener
detector as the detector of the the iterative multiuser detector/decoder.
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this section show the average BER performance over all the users in the system. The FEC cod-
ing technique employed for each user consists of a non-recursive non-systematic convolutional
code (nsc) with rate Ry = 1/2, constraint length » = 3, and generators (7, 5) in octal notation.
The channel decoder is implemented by the SISO MAP algorithm. The constituent MAP de-
coder assumes a starting state of zero with the convolutional codes are not terminated (that is
an equiprobable final state). The data block size is set to 7. = 128 data bits. In the simulations,
the spreading codes of length NV are chosen in a pseudo-random fashion on a bit by bit bit basis.
Also a unique random interleaver of length L/ Ry = 256 coded bits is assigned to each user. It

is assumed that the receiver knows the noise variance o and the user spreading codes exactly.

_05 T T T
—©— iteration 1
—&— iteration 2
—A— jteration 3
11 % jteration 4 |:
—+— iteration 5 .
-1.5¢ N
o
Ll 3
o -2
()]
o

-2.5

-35 I I I I I I
2 4 6 8 10 12 14 16 18 20

Number of users

Figure 4.7: Number of users against BER for £,/Ny = 4dB and N = 15 using Wiener
detector with soft cancellation scheme in the iterative multiuser receiver.

Figure 4.6 show the BER performance as a function of the number of users for 1, 2 and 3
iterations in the multiuser receiver structure proposed in Figure 4.3. Similarly, 4.7 show the
performance corresponding to the scheme in Figure 4.4 but where up to 5 iterations are applied.
Comparing the results, it is clear that using the Wiener detector followed by the PIC scheme
provides with a much better performance gain that using only the Wiener detector on its own.
Although an improvement is obtained by increasing the number of iterations in the scheme of
Figure 4.3, the gain is small compared with the performance using the scheme in 4.4. From
the latter, we can observe that for a multiuser iteration number > 3 the multiuser receiver

performance remains closely to a constant value (single-user bound) up to a number of users
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Figure 4.8: Iterative multiuser receiver performance using a Wiener detector.

equal to the processing gain, i.e U = N. The incorporation of more users in the system

(U/N > 1) pushes the receiver performance away from the single-user bound, as is expected.

On the other hand, Figures 4.8 and 4.9 show the BER performance of the system as a function
of the 3 /Ny and the number of iterations on the receiver. The simulations are performed with
a processing gain N = 15 and with U = 15 active users. Figure 4.8 presents the simulation
results using the scheme proposed in Figure 4.3. It can be seen that with 2 and 3 iterations in the
receiver the performance is improved slightly. However, the gain achieved is not significant.
The performance for the scheme proposed in Figure 4.4 is shown in Figure 4.9. These sim-
ulation results show that the multiuser receiver achieves near single-user performance in this
highly loaded system, a result within 0.4 dB of single-user performance is obtained at a BER of
10~3. Similar to turbo codes, the major improvement of the receiver occurs in the second and
third multiuser iterations. It is important to highlight the crucial effect of the receiver perform-
ance at the first multiuser iteration since it indicates whether it will converge to the single-user

performance.
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Figure 4.9: Iterative multiuser receiver performance using Wiener detector with a soft cancel-
lation scheme.

45 Summary

In this chapter, an iterative multiuser receiver technique is proposed. In a similar fashion to
turbo codes, this receiver performs signal detection and decoding separately, but exchanging
soft information in an iterative fashion. Due to the complexity of the optimal joint receiver, an

iterative multiuser receiver has been analysed using low-complexity detection techniques.

Firstly, an iterative receiver with Wiener detection is proposed in order to apply the turbo prin-
ciple. However, simulation results indicate that a small gain is obtained by iterating between the
Wiener detector and a block of FEC decoders. The reason for this is a weak multiuser detection

stage.

A second iterative multiuser receiver structure is investigated using a more powerful detec-
tion technique which consists of the Wiener detector followed by a single stage of PIC. It
is shown that this scheme performs close to the single-user performance even for large sys-
tem loads. The complexity of the optimal joint receiver is well known to be exponential
with the number of users and the constraint length of the FEC code. By applying this low-
complexity multiuser receiver, the complexity reduces then from O (2V) to a factor propor-
tional to (O(N?) 4+ O(U?*) + O(UN)+ O(2“~")) as shown in table 4.2. Thus, the main con-
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tribution in this chapter is the application of the turbo multiuser detection principle in the re-
ceiver of a synchronous FEC coded DS-CDMA system that employs pseudo-random spreading

codes in an AWGN channel.
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Chapter 5
An lterative Multiuser Receaiver in a

Multipath Fading Channel

In the previous chapter we have discussed the design of an iterative receiver for a FEC coded
DS-CDMA system over an AWGN channel. It was shown that the proposed receiver struc-
ture achieves good performance with a low-complexity structure. In a more realistic mobile
channel, however, multiple paths are received from the signal that is transmitted through the
channel. This phenomenon introduces ISI which is another of the major interference factors
for a DS-CDMA system that significantly degradates the system performance. In this chapter
we investigate the structure of an iterative multiuser receiver with the distortion of a multipath

fading channel.

The next section introduces the FEC coded DS-CDMA system model for a multipath fading
channel. Section 5.2 looks at the hybrid iterative multiuser receiver (HIMR) which is a parti-
tioned receiver that iterates between multiuser signal detection and channel coding using two
different MUD schemes and a block of single-user FEC decoders. A linear MUD structure is
applied in the first iteration of the scheme then a sub-optimum RBF detector is incorporated for
the MUD on subsequent iterations. In section 5.3 the complexity of the proposed HIMR is ana-

lysed. Finally, simulation results and conclusions are drawn in section 5.4 and 5.5 respectively.

51 System model

In this section the downlink of a DS-CDMA with FEC coding over a stationary multipath

channel is described. The system model is shown in Figure 2.4 of section 2.1. Denoting the

channel input by the time series z(j),z(j — T¢.), z(j — 27%), - - - , and the impulse response of
the channel by hqg, hq, ho, - - -, the output of the channel sampled at the chip rate can be denoted
as
s(7) = Zham(j —aTly,) (5.1)
a=0
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where o comprises the duration of the channel impulse response in chips. Following a sim-
ilar approach to the model described in section 2.1, a DS-CDMA system with U active users
is considered. Each user transmits data blocks of length L, {d,(i)}; i ¢ {1,2,---,L}, u ¢
{1,2,---,U}. The FEC coding for the uth user consists of a convolutional codes of rate R,
and constraint length v. Every user’s encoder output is then interleaved and modulated using
the mapping 0 — -1, 1 — +1. This produces the coded, interleaved and modulated stream of
bits, {b.(?)}; t € {1,2,---,1/Ro}. Before transmission, the coded bits for user = are then
spread by random codes of length V. At time ¢, the spreading code for the uth user is de-
noted by the vector ¢, (t) whose elements are given as ¢, ,(t) € {+1/VN,—1/v/N} with n

€{1,2,---,N}. Assuming perfect time synchronisation between the transmitter and the re-
Symbol ISl from previous symbol (o chips)
A /
previous | | [ | | [ | [ ] ISI from next symbol (a chips)
current HEEEEEE
next e [ [ ]]

Receiver time span t
N+a chips

Figure5.1: ISI effect when the multipath channel spans only one neighbouring data symbol.

ceiver, the transmitted signal propagates through the multipath fading channel. Assuming also
that the multipath channel spans only one neighbouring data bit, the receiver signal at time # is
then given by (2.2). However, the energy from the current data bit continues « chips after the
current bit has been transmitted as shown in Figure 5.1. Therefore, an alternative mathematical
model that has a time span to capture all the energy from the current information bit transmitted

can be expressed as

r(t) = H, C b(t) + n(t) (52)

where all the energy corresponding to the current data symbol transmitted is in the vector r(#)

with dimensions (N + a) x 1. The channel matrix H, with dimensions (N + a) x (N + 2a)

89



An Iterative Multiuser Receiver in a Multipath Fading Channel

and the (N 4 2a) x 3U matrix C with the spreading codes are given as follows:

ha ha—l hO 0 0
0 he - h1 ho 0
Et =
0
0 0 0 h, hg
and
CLN_Q(L‘ — 1) 0 0 e CU’N_Q(L‘ — 1) 0 0
Cl,N(t— 1) 0 0 CU7N(t— 1) 0 0
0 01,1(75) 0 e 0 CU’l (t) 0
c- 0 Cl,zl(t) 0 e 0 ch,?(t) 0
0 Cl,N(T/) 0 cee 0 CU,N(t) 0
0 0 ca(t+1) - 0 0 cya(t+1)
0 0 ca(t+1) - 0 0 cua(t+1)

Finally the vectors b(¢) and n(¢) both with dimensions (N 4+ «) x 1 are the information and

noise vectors respectively. These vector are represented by

[ bt —1) ]
by (t)
bi(t+1)

bU(t — 1)
bu (1)
L bu(t+1)
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and

ny (1)
na(1)

n(t) = ny(t)
ni(t+1)

no(t+1)

The noise samples in n() are assumed to be Gaussian with mean zero and variance 2.

5.2 lterative multiuser receiver

In a DS-CDMA system the presence of ISI due to the multipath nature of the wireless channels
and together with MAI constitute the major impediments to the overall system performance. In
[84], the optimal multiuser receiver for the asynchronous Convolutionally coded DS-CDMA
was formulated on a non-dispersive AWGN channel. However, the prohibitive complexity of
this receiver, O(2Y7), which rises exponentially with the number of users U/ and the encoder
constraint length v, makes this structure far from practical. This complexity can be reduced to
0(2Y)+0(2") by performing symbol detection and decoding separately (partitioned receiver).
Since » is normally small, the receiver complexity is basically dominated by the multiuser
detector structure (O(2Y)). Therefore, even with a small number of users in the system the

complexity of this structure becomes impractical.

Linear multiuser detection techniques generally overcome the complexity problem in the re-
ceiver, but the presence of high levels of MAI and/or ISI results in a poor receiver performance.
This degradation is mainly caused by the fact that in such scenarios the desired signals are
no longer linearly separable [74]. Therefore, non-linear receiver techniques are required to
provide better performance. However, non-linear receivers usually involve a high complexity
which motivates the current research into a search for sub-optimum non-linear receiver struc-
tures of comparable performance to that of the full complexity receiver but at a significantly

reduced complexity.

In the last few years, several sub-optimal multiuser detectors, based on non-linear structures,
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have been proposed [76, 77,95, 96]. It has been shown that the next best performance to the
optimum multiuser detector, but with a much lower complexity, is achieved by sub-optimal
multiuser detectors based on a tree-search structure [77, 95, 97]. Since the full complexity RBF
multiuser detector is based on searching through all the possible combinations of inputs to find
the nearest match to the received data, tree-search detectors confines the search to only a subset
of these combinations. An attractive tree-search structure based on a pre-selection technique
was proposed in [95], a brief description of the PSML detector is also given in section 3.2.1.3.
The PSML detector uses an initial stage to establish the preliminary information of all the coded
bits belonging to the unwanted users. Then this information is used to provide a measure of
how likely the user’s coded bits can be correctly detected, as shown in Figure 3.3. This metric
is then passed on to a second stage of the PSML detector where a reduced search is performed
over those coded bits which are most likely incorrectly detected by the initial stage. There are

different criteria that can be used to implement the PSML detector, those are defined in [95].

In [57], it was shown that the RBF detector can be implemented as the optimal multiuser de-
tector for a synchronous DS-CDMA system over an AWGN channel. However, for a multipath
channel and under the assumption that I1SI spans only one neighbouring symbol, the complexity
of the RBF detector is proportional to 23 [98]. This choice comes from the fact that the influ-
ence of the bits beyond one neighbouring symbol is just too small to be worth considering. In
this manner, the RBF detector structure becomes sub-optimal for the multipath channel . With
this in mind, in this chapter we investigate an iterative multiuser receiver based on a reduced-
complexity RBF detector. Similar to [95], we make use of a pre-selection scheme to reduced
the search in the RBF detector for the most likely data transmitted. On the other hand, in order
to exploit fully the turbo multiuser detection principle, instead of using powerful FEC cod-
ing techniques, for example turbo codes, it may in fact be better to use a simpler FEC coding
channel combined with a more advanced MUD techniques to overcome the system interfer-
ence. Therefore, we investigate here an iterative multiuser receiver structure with a particular

emphasis on the detection process rather than on the channel coding.

In this chapter, we propose a hybrid iterative multiuser receiver that exploits the turbo multiuser
detection principle not only to improve the BER performance but also to reduce the receiver
complexity. This hybrid structure uses a moderate-complexity multiuser detector structure at
the first iteration and then a sub-optimal RBF (SRBF) detector for further iterations in the

receiver as shown in Figure 5.2. The objective of the first stage is to identify by means of a
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pre-selection technique those users’ coded bits that are most likely to be correctly detected.
Based upon these confidence values a reduced-complexity method is applied to the multiuser
detector for subsequent iterations. The structure of the HIMR consists of a SISO multiuser
detector followed by a block of SISO MAP decoders which operate separately but exchanging

information in an iterative fashion. The implementation of this multiuser receiver can be viewed

r(t) Wiener it=t  Pe[b, (V)] Block Palb, (V)] ?:Iég;k 4
detector deinterleavers | decoders
SRBF A~
””””””””””” Pe[by, (1)]
Reduced
complexity
RBF

T

Pre—selection

e P.[b, ()] Block
interleavers

Figure5.2: Hybrid iterative multiuser receiver.

as a structure that uses two different multiuser detection schemes: a moderate-complexity linear

detector at the first iteration and the non-linear SRBF detector for subsequent iterations.

5.2.1 Multiuser detection for the first iteration

The initial SISO multiuser detector, which comprises a moderate-complexity detector, can be
implemented using any linear detection technique, that is, MF, Decorrelator or Wiener detector.
This initial detector is used to provide LLR information of the users’ coded bits to the FEC
decoders at the first iteration in the receiver. The SRBF detector consists of a pre-selection
stage which is used to establish a priori information about the users’ coded bits. This a priori
information is then fed into the reduced-complexity RBF detector to simplify the search for the
most likely bits transmitted. Therefore, the better the performance of the initial stage the more
reliable the information provided to the SRBF detector. In Figure 5.2 we consider the initial
stage to be the moderate-complexity detector followed by the FEC decoding channel. This will

give more reliable information to feed into the SRBF detector which is applied on subsequent
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iteration.

It is well known that Wiener detector provides the best performance among those linear detec-
tion techniques and this is what we will use as the moderate-complexity linear detector. Similar
to section 4.2.1.1 the output of the uth user using the Wiener detector is defined as in (4.7), i.e,
yu(t) = wlr(t) where r(¢) is the received signal and w., the vector with the weights of the
Wiener detector. Assuming that the FEC coded bits are independent, the weights are calculated
following the same procedure as in section 4.2.1.1 but where P’ is replaced by P in the calcu-
lation of the autocorrelation matrix ®,... Therefore, the single-user LLR outputs for the Wiener

detector are then expressed as

Plbu(®)] = In ( p(y Et)lbu(t) =1 ) _ (53)

where the conditional probabilities p(y. (t)|b.(t) = b) with b ¢ {1, —1} are calculated under
the assumption of Gaussian noise at the Wiener detector output. The scalar y,, (¢) represents the
Wiener detector output corresponding to the uth user with mean w. »» and variance o7 (1) =

—(wlet,)? + wler, (see appendix B.1).

5.2.2 FEC coding

The channel decoding consists of a block of U single-user SISO MAP decoders. The input se-
quence to the uth single-user SISO MAP decoder is given as { P,[b.(#)]} which corresponds to
the deinterleaved version of { P.[b,(¢)]} witht {1,2,---, L/ R,}. The LLR attime ¢, P, [b.(t)],
is then used directly into the MAP’s branch decoder metric calculation which is modified to

1i(Yi,ohs) = P{Si=sSii=sY [  pla)b.) (5.4)
t=n(i—1)+1

where the product is over all the n. FEC coded bits, b,,(¢), values that produce the transition
of the MAP decoder from state s’ to state s. The conditional probabilities in (5.4) are obtained
from P,[b,(t)] by using (4.15). The SISO MAP decoder does not take any a priori information
for the data bits, i.e P{5; = s|9,—1 = s’} = 0.5. As shown in section 2.5.2.2, the SISO MAP
decoder algorithm computes as outputs the a posteriori LLRs of the FEC coded bits, 2.[b,()];
uweq{l,2,---,U}, based on the information provided from the multiuser detector, { P,[b..(?)]}.

This extrinsic information about the users coded bits is gleaned from the a priori information
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about the other code bits based on the trellis structure of the code. Also the SISO MAP decoder
can compute the a posteriori LLRs of the uncoded bits, £, [d,, (i)] which is performed only at
the last iteration. The data bit d,,(¢) is then decoded according to

. 1 if Pfdu(i)] > 0

d,(i) = (55)
0 otherwise.

5.2.3 Pre-selection technique

A pre-selection technique is applied to reduced the complexity of the SRBF detector. We make
use of the pre-selection technique to reduce the complexity of the RBF detector at time ¢ based
upon the LLRs {P,[b,(t)]} of the users coded bits provided from the FEC decoders. The
absolute value of these LLRs, are used to yield confidence values for each of the FEC coded
bits in the vector b(#) at time ¢. These confidence values are then supplied to the multiuser
detector so they can be used to reduce the complexity. Under the assumptions given in section
5.2, the ISI spans only to the previous and next symbols, then the dimensions of b(#) is 3U.The
basic idea is to treat every component in b(#) as a virtual user, and therefore there are 3U virtual
users in the vector b(7). In the multipath scenario the vector used to obtain the centres of the

RBF detector is then given as

[ byt —1) ]

b (1)
bi(t+1)

bU(t — 1)
b (1)
L bu(t+1) |

The confidence of each coded bit provides a measure of how likely these bits can be correctly
detected. The function of this stage is then to establish an order of precedence among all these
confidence values. A large confidence value will mean that that bit can be detected correctly
with a very high probability. Therefore, those bits with a high confidence value can be fixed to
+1 in the case that P,[b,(¢)] > 0 or —1 otherwise. To illustrate this technique an example for

the case of two users (6 virtual users) is examined, we shall consider that the vector b() has
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been received with the following confidence values

| Palbr (t = 1)]] [ | = 10.38] |
| Palbr (1)]] 15.33] -
I REACTGERY) I N A
Fh= 1Palbat— D) | | 1200 | < (6)
| Pa[b2(1)]] |—3.16] | —
IRl || - 638 |

In this particular example a full search in the SRBF detector to find the most likely transmitted
information would consider 26 possible combinations. However, a constraint in complexity can
be given to allow only a desired level of complexity in the detector. For example, fixing the
search to only 3 bits in the vector b(¢) (those virtual users with the lowest confidence values as
indicated in (5.6)), the total search would be reduced to complexity 2. Therefore, the search
in the SRBF detector is done only for those bits with the lowest confidence of being correctly
detected, in our example the vector b(t) = [—1,b4(%), 1, b2(f — 1), b2(t), —1] would be sent to

the reduced-complexity RBF detector as shown in Figure 5.2.

5.2.4 Multiuser detection for an iteration > 1

The structure of the receiver for an iteration > 1 is obtained by replacing the Wiener detector
with the SRBF detector which includes the pre-selection technique and a reduced-complexity
RBF detector as shown in Figure 5.2. On the first iteration all FEC coded bits for every user
are assumed to be equiprobable and therefore it is not convenient to use the SRBF at this point

because it would be required to implement the SRBF with full complexity.

As shown in section 3.2.1.1, the decision rule of the RBF detector is given by (3.13). To provide
the input probabilistic requirements of the single-user decoders, the SRBF delivers the LLR of

a transmitted +1 and a transmitted —1 for every FEC coded bit of every user

23U-1

S exp (- ||£(t)—az+1(t)||2)
p®)[bu(t) =+1) _ = 2 (57)
p@)bu(t) = -1) 2770 a2 '
122:1 exp ( ||_(7‘)2021 @l )

where the conditional probabilities are generated by the multivariate Gaussian probability dens-
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ity function [46] as given below

2301 llx(t)—ap(t)[*

p(e(t)/bu(t) = b) = 23;—1 Z — ((;W)N/SUUN : (5.8)
I=1

where b € {41, —1}. The received input vector consisting of N + « chips spaced input samples
is denoted as

T (t)
o (%)

rt)=| ry() (5.9)
T (t + 1)

’I’N(t + 1)

while the Ith centre in the SRBF network for b,(t) = b, b e {+1, —1}, is given as

b
arq

”’? 2
al(t) = X (5.10)

b
L “(N+a) |

and o2 is the noise variance.

5.2.5 Turbo multiuser detection principle

The iterative scheme for the multiuser receiver is shown in Figure 5.2. For the first iteration
the moderate-complexity detector is performed by the Wiener detector. The detector takes as
input the channel output, r(¢), and generates as its outputs the LLR for every user coded bit,
i.e Plby(t)];tef{1,2,---,L/Ro}and u e {1,2,---, U} which are obtained using (5.3). The
input to the uth SISO MAP decoder, after deinterleaving, is given by the LLR P,[b,(?)]. It
delivers as output an update of the LLR’s of the coded bits, P.[b,(t)], as well as the LLR’s
of the data bits, 2,[d,,(t)]. The a posteriori FEC coded bit probabilities, 7, [b,(t)], obtained
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from the output of the SISO MAP decoders are then used as a priori information for the SRBF
detector. The SRBF detector is then applied as the multiuser detector on subsequent iterations,
see Figure 5.2. The turbo multiuser detection principle can be applied to the SRBF detector by
using (3.24) to express the conditional probability p(r(t)|b,(t) = d), i.e

LT

p(®)[bu(t) =b) = > p®)[b(t) [ prew) (5.11)
b(t) k=1
(bu(t)=b) k#u

where the a priori probabilities for the FEC coded bits, pr(bx(t) = b); k ¢ {1,2,---, U}, are

taken from the the output of the SISO MAP decoders from the previous iteration, i.e

M ifo—=1
p(bu(t) = b) = 3 THeB(PL(] (5.12)

1 =1
Trem(Pala) 0= 1

Therefore, for an iteration > 1 the LLRs required at the single-user SISO MAP decoders are
provided from the output of the SRBF detector which are obtained using (5.7). When the
required number of iterations have been completed a hard decision is output by the single-user
SISO MAP decoders to recover the original uncoded data stream, that is

. 1 if P[d(:)] > 0

d(7) = (5.13)
0 otherwise.

5.3 Complexity analysis

In this section the computational complexity of the hybrid iterative multiuser receiver is de-
scribed. The receiver complexity is determined by the number of operations required per in-
formation bit per bit transmitted for the Wiener detector, SRBF detector, FEC decoders and
LLR calculations. As considered in chapter 4, an operation is defined as a real multiplication
or division. Due to the significant number of comparisons required, we have also included this
operation in the complexity analysis. Table 5.1 shows the complexity of the iterative multiuser
receiver structure where we have assigned the variable F to be the equivalent to the computa-
tional complexity of the exponential operation, U the number of active users, N the spreading
code length, N, the number of paths out of each state in the trellis, Ry the FEC encoder rate

and «a the duration of the channel impulse response in chips.
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Procedure multiplications, divisions and comparisons per data bit
Wiener detector ON+a)*+(N+a)*(U+1)+3(N+a)

LLR calculation U(N +5)

SISO MAP decoder | (£ +2“~'N, + 3) RLO

SRBF detector U* =20 +2°(U + (N +a) + 2F + 6)

Table 5.1: Complexity of iterative multiuser receiver components

In terms of complexity the Wiener detector has a complexity proportional to O ((N +«)?). The
FEC decoder which consists of a single SISO MAP decoder has a complexity that increases
exponentially with the encoder memory O (2v~1), but v is normally chosen small to reduce this
complexity. On the other hand, the LLR calculations have a complexity in the order O (U N).
It can then be shown that the full complexity in the hybrid iterative multiuser receiver is mainly
dominated by the complexity of the SRBF detector which comprises the pre-selection stage and
the reduced-complexity RBF detector. Although in the pre-selection stage only comparisons are
required, the structure in the SRBF detector has a complexity proportional to 2¢ operations per
information bit interval where e is the desired level of complexity in the SRBF detector. By
taking the number of centres (2¢) in the SRBF detector as the measure of complexity, we will
show in next section that using the pre-selection technique and the turbo multiuser detection
principle, we not only get good performance but a significant complexity reduction is obtained
in the SRBF detector structure as compared with the full complexity of SRBF detector. As
mentioned before, the full complexity of the SRBF is in the order of 23V as the influence of bits

beyond one neighbouring symbol are neglected.

5.4 Simulation results

In this section Monte Carlo simulations are presented to illustrate the performance of the hybrid
iterative multiuser receiver in terms of the BER averaged over all users. It is assumed that the
channel model is both chip and bit synchronous (downlink) with perfect power control. It is
also assumed that every user employs a non-recursive nsc code of rate Ry = 1/2, constraint
length » = 5, and generators (37,21) in octal notation. Each user transmits a block of 7. = 200
data bits. A unique pseudo-random interleaver is used for each of the users. In the simulations,

the spreading codes of length N are chosen in a pseudo-random fashion on a bit by bit basis. A
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stationary multipath channel with impulse response,
H(z) = 0.3482 + 0.870427" 4 0.3482272, (5.14)

is considered in the simulations.

107’ 4572’
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Figure5.3:

Figure 5.3 shows the BER performance of the HIMR against number of iterations. The simu-
lations were performed with a spreading code length of N = 7 and with U = 5 active users
for Ky /No = 4dB. We show the cases when the complexity in the SRBF detector is kept
constant at 2° where e ¢ {1,2,---,7}. Note that the full complexity of the SRBF detector for
the multipath channel is 2'% when 5 users are considered in the system. In Figure 5.3 the sim-
ulation indicated by su refers to the single-user performance with full complexity in the SRBF
detector. From the simulations it can be seen that the SRBF suffers performance degradation
if the complexity is set too low. For example, the curve corresponding to 2! refers to the case
when the complexity (number of centres) in the SRBF detector is kept constant at 2. Clearly,
a large number of hard decisions in the vector of virtual users b(#) increases the probability
of making a wrong decision. This causes a significant degradation in the performance of the
receiver. Therefore, by reducing the number of hard decisions in the vector b(¢), i.e increas-
ing the number of centres in the SRBF detector, a better BER performance is expected by the

iterative multiuser receiver as it is shown in Figure 5.3. It is also evident that a negligible im-
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provement in performance is achieved in the HIMR when the number of centres considered in
the SRBF detector goes beyond 2*. This indicates that the performance of the SRBF detector
with full complexity can be achieved despite some of the centres in the RBF network have not
been considered at all. Therefore, by applying the hybrid structure proposed in Figure 5.2 we

are avoiding many unnecessary operations.

Eb/No

Figure5.4:

A second simulation is carried out to illustrate the HIMR BER performance as a function of
Ey/Ng. The HIMR performance is presented in Figure 5.4 for different number of multiuser
iterations. Based on the results obtained in Figure 5.3, the desired complexity for the SRBF
detector is kept constant at 24 in a system with N = 7 and U = 5. Again the simulation
indicated by su refers to the case of the single-user performance with full complexity in the
SRBF detector. From the results it can be seen that with only 4 iterations in the receiver, the
system performance approaches to the single-user performance in a system with 5 users and
N = 7 providingan E3/Ng > 4dB.

55 Summary

In this chapter, a hybrid iterative multiuser receiver for a multipath DS-CDMA system with

FEC coding is derived. This receiver performs signal detection and decoding separately, but
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exchanging information in an iterative fashion. A hybrid scheme is proposed to replace the
full complexity SRBF detector in the signal detection stage. This scheme uses a linear detector
(Wiener detector) on the first iteration of the receiver and then for further iterations a sub-
optimal reduced complexity RBF detector is applied. The implementation of a linear detector
on the first iteration is used to establish a level of confidence related to how likely the transmit-
ted information can be correctly detected. Based on a pre-selection technique this information
is used to reduce the complexity of the SRBF detector which is applied in subsequent iterations
of the receiver. It is shown that the complexity in the hybrid receiver is mainly dominated by
the complexity in the SRBF detector. Simulation results show that the hybrid receiver can still
perform close to the full complexity SRBF detector despite the large reduction in complexity.
For example, in the case presented in section 5.4, the complexity of the SRBF is reduced from
215 = 32768 to 2* = 16 operations per bit detected.
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Chapter 6

DS-CDMA System Performance asa
Function of Block Size

The development of the turbo multiuser detection principle has attracted new interest in try-
ing to understand how closely practical systems can approach the theoretical limits on system
performance. This chapter considers Shannon’s sphere-packing bound for analysing the theor-
etical and practical performance of a DS-CDMA system. These limits will serve as a useful
performance benchmark where practical systems of a given rate £, and information block size

L can be compared.

A brief introduction to this chapter is given in the first section (6.1). In section 6.2.1 an outline of
the fundamentals of the Shannon’s sphere packing lower bound is presented. The formulation
of the capacity bounds for a DS-CDMA system, based on Shannon’s bound, are developed
in section 6.2.2. In section 6.3 the performance evaluation of a simulated DS-CDMA system
which applies the turbo multiuser detection principle in the receiver structure is considered.
A comparison between the theoretical bounds and the performance achieved by the simulated
DS-CDMA system is shown in section 6.4. Finally, a summary of the chapter is given in section
6.5.

6.1 Introduction

A synchronous CDMA system based on direct sequence spread spectrum technique offers con-
siderable advantage over narrowband systems in terms of robustness to multipath. The devel-
opment of such schemes are mainly for capacity reasons, therefore, in the information theory
of a multiple access channel one of the principal goals is to find its capacity limit. This limit
represents the set of information rates at which simultaneous reliable communication of the
messages of each user is possible. However, practical applications impose constraints on the
maximum block length of the information data bits. It is well known that the Shannon’s sphere

packing bound establishes a lower bound on the error probability for codes with a particular
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block size. In this chapter, we reformulate Shannon’s bound for a DS-CDMA system and com-
pare the behaviour of this bound to the simulated error probabilities achieved by a practical

DS-CDMA communication system.

With the advent of turbo codes, a significant amount of work has been carried out in iterative
techniques for multiuser receivers. We make use of this approach to show the comparison
between the theoretical bounds and the performance achieved by the DS-CDMA system. We
compare the Ej /N, required to achieve a particular codeword error probability, P,,, operating

over an AWGN channel.

6.2 Capacity limits

It is well known that the Shannon’s sphere packing bound establishes a lower bound on the error
probability for codes with a particular block size [99]. The development of this bound assumes
a spherical block code that consists of a collection of 2™ equal power codewords where . is
the number of information symbols. Each codeword is represented by a sequence of n,, code
symbols (geometrically it represents a point in an n,—dimensional Euclidean space) with a
signal power n, P per codeword (each codeword is on the surface of a hypersphere of radius
/1, P). The communication channel adds to each channel symbol a Gaussian random variable
with distribution A/(0, o).

In a typical communication system, additional functions such as error control coding (channel
coding) and a suitable modulation scheme are both enveloped in Shannon’s bound, as shown
in Figure 6.1. Therefore, the code rate, R, can then be defined as the ratio of the number of
information symbols, 7., to the number of channel symbols, n,, where the amount of informa-
tion, L, is measured in bits. Thus, the code rate, Ry = L/n,, is the number of information bits

per channel symbol.

6.2.1 Shannon’s bound

In what follows, an outline of the fundamentals of the Shannon’s sphere packing lower bound
is discussed. In this section we present only those expressions of interest to our problem, the

more general development of these bounds is analysed in [99].

The fundamental sphere packing lower bound can be expressed in the following form
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Information Coded = Channel

Symbols gqsgggn,s Symbols  Symbols Channel Receiver Data
(@

Information Coded Channel

Symbols %%%Tﬂgl Symbols Modulator Symbols Channel Receiver paa
(b)

Figure6.1: (a) Shannon’s model and (b) a typical communication system model

Ru Z Q(01 ) Aca no) (61)

where P, is the codeword error probability, A. = \/m is the amplitude corresponding
to the signal to noise ratio per channel symbol. The scalar Q (8, A., n,) is the probability that
an n,—dimensional Gaussian random vector with mean (A.,0,---,0) and covariance I,,,x»,
(identity matrix of dimension n, x n,) falls outside an n,—dimensional cone of half angle 6

around its mean and 6 is the angle such that the n,—dimensional cone of half angle 4, satisfies

Q(6:)

Q(m)

1

= 57 (6-2)

Q. (1) =

[\]

where ©(#,)/€Q(7) denotes the ratio of the solid angle within an n,—dimensional cone of
half angle 4, to the total solid angle of n,—dimensional Euclidean space (full solid angle of a
hypersphere). As given in [99], the expressions for the solid angle function, €2,,_(6), and the
probability function, Q (6, A, n,), are denoted by

(sing)"~2d¢ (6.3)
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and

n, — 1 (sing)" =2

¢
6, A, n,) =
QA = [ 5

/OO iCnO_l eXp—(r2-I-noAg—Qa:‘\/n_oAccosqb)/Q d:cdqb
0
(6.4)

where I'(«) is the gamma function defined by the integral

Rather than the integrals in (6.3) and (6.4) where no closed form expression exists, asymptotic
expressions can be derived for these bounds when n,, is large, [99]. These approximations are

denoted in the following form

2 ‘m ) o—1
Q,,(0) = I'(% + 1) (sind) -
nor(nog-l-l)ﬁCOSH
and
~ Nai —(A2-A.G(6,A:)c0s8)/2\no
Qno (0, AC7 no) ~ ((](07 AL)S’LTLee ) |
Vo1 + G2(6, A,)
: (6.6)

sinf(A.G (8, A.)sin?8 — cosb)

where G(0) = 3(Accosf + /A2cos20 + 4). Therefore, a lower bound on the error perform-
ance of a code of rate Ry can be computed using (6.2), (6.5) and (6.6).

6.2.2 Bounds in a CDMA channel

The incorporation of the CDMA channel into the communication model, where the spreading
is imposed, yields a multiple access communication channel that can be interpreted in a similar
manner to Shannon’s model as shown in Figure 6.2. However, this representation instead yields
an overall “code” rate that is now defined as the ratio of the number of information symbols
produced for all users in the system, U L, to the number of channel symbols, n, N, where the
channel symbols are given at the chip rate. Therefore, the code rate of this new representation

is given by

(6.7)
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Figure 6.2: (a) Shannon’s model without spreading (b) a DS-CDMA communication system
model with FEC coding

where U is the number of users in the system, 7. represents the information block size (in bits)
per user, n, the number of FEC coded symbols per information block and N is the number
of chips per coded symbol (spreading factor). Assuming a multiuser detection strategy where
the multiuser receiver knows exactly the spreading codes of all users and jointly demodulates
and detects all users’ signals, each channel symbol is then corrupted only by Gaussian noise
with variance a2. Consequently, the Shannon’s sphere packing bound is also applicable to this
multiple access model but with a signalling rate R, instead of Rq as presented in its original

derivation.

A lower bound for the communication model illustrated in Figure 6.2 can be obtained by apply-
ing the Shannon’s sphere packing lower bound for a code rate R;. Therefore, using equations
(6.2), (6.5), (6.6) the bounds for a FEC coded DS-CDMA system with a rate R are obtained.
These asymptotic bounds allow us to determine the minimum F£;/Nq required given a partic-
ular signalling rate () and a desired codeword error probability (7,,) as a function of the
information block length (Z). In section 6.4 these bounds will be showed as a function of the

information block size and the number of users in the DS-CDMA system.
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6.3 Performanceof a smulated DSSCDMA system

In this section we consider the simulation of a discrete time FEC coded DS-CDMA system
in an AWGN channel as shown in Figure 4.1. The communication model consists of U act-
ive users that transmit simultaneously and synchronous (both chip and coded bit) through the
channel. Every user transmits blocks of 7. data bits, that is, {d,.(i)}; ¢ ¢ {1,2,---, L} and u
€ {1,2,---,U}. The information data bits, {d, ()}, for user v, v = 1,2,---,U, are Con-
volutionally encoded with a code rate R, and then interleaved using a pseudo-random pattern.
The interleaved coded bits of the uth user are BPSK symbol mapped, yielding the coded bits
{by(t)};te{l,2,---,L/Ro} whereb,(t) ¢ {1, —1}. Each coded bit, b,,(¢), is then modulated
by a spreading code c,, (), whose components are given as ¢, (t) € {1/v/N, —1/v/N} withn
€{1,2,---, N}. The received signal, r(¢), at the bit rate is represented by equation (3.5).

6.3.1 Iterative multiuser receiver

As mentioned earlier, an overall optimal detector/decoder in a DS-CDMA system with FEC
coding is using an optimal mapping from the received signals to the original data symbols
(multiuser detection and FEC coding jointly) [84]. However, this results in a prohibitive com-
plexity, O(2Y¥), which rises exponential in the product of the the number of users U/ and the
constraint length of the convolutional code ». The analysis of a jointly optimum multiuser
receiver and FEC coding will yield the minimum achievable error probability and optimum
asymptotic multiuser efficiency in this type of scheme. However, the implementation of this
structure is far too complex even for simulation purposes. Therefore, due to this complexity
restriction we consider a sub-optimal multiuser receiver based on an iterative scheme as shown
in Figure (6.3).

In this section we implement the iterative multiuser receiver with the serial concatenation of
the RBF detector and a block of U single-user turbo decoders as presented in Figure (6.3).
The use of this scheme will achieve the lowest BER performance for a sub-optimal multiuser
receiver with a partitioned structure. The use of the RBF detector will provide us with the
best performance for a multiuser detector. On the other hand, turbo codes is one of the most
powerful FEC coding scheme proposed so far and therefore we make use of it in the iterative
scheme. The complexity of this structure is still too high for real implementation, especially

for a large number of users, however it will be useful for understanding the gaps between a
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Figure 6.3: Iterative multiuser receiver.

practical system and its theoretical bounds. Also this structure can be used as a benchmark in

the performance/complexity tradeoff of sub-optimal multiuser receivers.

Similar to previous chapters, a particular attention is focused on the exchange of information
through the iterative scheme. Given the received signal, r(¢) (see (3.5)), the RBF detector
outputs single-user a posteriori information (LLRs) which are then supplied, after deinterleav-
ing, as a priori information to the FEC turbo decoders, P,[b,()]; u € {1,2,---, U }. Equally,
every single-user FEC turbo decoder provides a posteriori information, P.[b,(t)], which are
used after interleaving as a priori information, P,[b,(¢)], into the multiuser detector on each

iteration.

6.3.1.1 RBF detector

As described in section 3.2.1.1, the RBF detector can be implemented as the optimum multiuser
detector over the AWGN channel. Using (3.13) and setting w; to either +1 or —1 subject to the
value of b,,(t) in b(t), a binary decision at the output of the RBF detector would be

) QU—1 +(4) — al 9 2U—1 (1) — a~! 2
bu(t) = sgn Z exp (_ || (t) 202[ (t)H ) . Z exp (_ || (t) 20_é (t)H ) (68)
=1 =1
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where a} (¢) and a;' (#) (centres of the RBF network) are the noise free input vectors for all
possible input data bits given b, () = 1 and b,(f) = —1 respectively. The noise variance
is denoted by o?. However, single-user input probability information is required for the FEC
turbo decoders. This probability information is obtained in the RBF detector by computing the

LLR of the conditional probabilities given as

p(r(?)[bu(?)
p(x()[bu(?)

+1)) . (6.9)

Pu[bu(t)] = In ( =

Using Bayes theorem, the conditional probability p(r(¢)|b.(t) = b) withb e {—1,+1} can be

expressed as

U

pr@)[bu(t) =)= > pe@)b@) [T prx) (6.10)
b(t) k=1
(bu(t)=b) k#u

where the conditional probability p(r(t)|b(t)) is the likelihood of the received sequence, r(t),
based on the hypothesis that b(t) is transmitted. This joint likelihood is generated by the mul-
tivariate Gaussian probability density function [46] as given below

exp (= [FO=afOI)

p(r(t)[b(t) = (QF)N/ZQN (6.11)

where a’(t) is the noise free input vectors for the input data vector b(#) in the case that
by(t) = b with b e {1,—1}. It can be shown that (6.8) and (6.9) are equivalent if a hard
decision is performed (in (6.9) b, (1) = 1 if P![b,(#)] > 0, otherwise b, (t) = —1). In (6.10)
pr(bi(t)) represents the a priori information in the multiuser detector on each iteration. In
turbo decoding, the output probability of the first MAP decoder is used as a priori information
for the second MAP decoder.

6.3.1.2 Single-user turbo decoder

The turbo decoder for the uth user receives as input and after interleaving the LLR, P,[b,(t)],
which is generated by the RBF detector. This information is used directly in the first SISO

MAP decoder as follows:

Net

(Y, 8) = P{Si = slSici = s} [ ple()]bu(t) = 0) (6.12)

t=nc(i—1)+1
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where
exp(Palbu(®)])  jfp — 1
p(r(t)]by(t) = b) = 1+6XP(1ia[bu(t)]) _ (6.13)
TFeoPam) He=-1
The noisy received symbols at time i are denoted as Y; = r(n.(i — 1) + 1), - ,r(n.i) and

where the product is over all n. FEC coded bits that produce the transition of the SISO decoder
from the state at time 7 — 1, s/, to the state at time 7, s. Since the implementation of the single-
user turbo decoders for the scheme in Figure (6.3) is equivalent to that given in section 2.5.2.3,

we omit the description of this stage.

6.3.1.3 Iterativeprinciple

In a similar fashion to turbo codes, the single-user turbo decoder output probabilities, p(b, () =
b|r(t)), after interleaving are assigned as the a priori probabilities in the RBF detector on
every multiuser iteration, i.e p(b,(t) = b) = p(bu(t) = b|r(t)) for w e {1,2,---,U} and b
e {1, —1}. Notice that the iterative multiuser receiver structure in Figure (6.3) comprises two
different iterative schemes in its structure; one in the FEC decoder (turbo decoder iterations)
and a second one in the multiuser receiver (multiuser iteration between the detector and the
decoders). On the first multiuser iteration the a priori probabilities in the RBF detector are set
to p(bu(t) = 1) = p(bu(t) = —1) = 0.5, i.e all FEC coded bit sequences are assumed to be
equiprobable. At the last multiuser iteration at the receiver, the FEC turbo decoders computes
the a posteriori LLR of the data bits which are used to make a decision on the decoded bit as
follow
. 1 if P.[d(i)] >0

d(i) = (6.14)
0 otherwise.

6.3.2 Simulations

In this section, the performance of the iterative multiuser receiver is presented for the DS-
CDMA system in an AWGN channel. Figure 6.4 shows the average BER performance of
the iterative multiuser receiver as a function of the F;/Ny and the multiuser iterations. In
the simulations, a DS-CDMA system with U = 5 active users and processing gain N = 7

are considered. FEC is provided to every user by using a turbo code of rate Ry = 1/2 and
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Figure 6.4: Receiver performance for U = 5, N = 7 synchronous DS-CDMA channel.

generators G = 37 and GGy = 21 in octal notation. The block size of the data bits for each
user is L. = 200. In the decoder structure the number of turbo decoder iterations was set to
4. Thus, it can be seen in Figure 6.4 that with 5 users in the system the iterative multiuser
receiver can achieve a performance near to the single-user bound after 4 multiuser iterations.
The simulations were performed with random spreading codes. For this example no effort is
made to determine the best combination of turbo decoder iterations and multiuser iterations,

instead we would rather highlight the turbo multiuser detection principle.

6.4 Comparison

To enable us to compare with the bounds derived in section 6.2, we analyse and simulate the
DS-CDMA system introduced in the previous section in an identical scenario. For practical
applications, it is clear that the computational complexity of the iterative multiuser receiver
is still prohibitive, however it will be useful to get on understanding how closely a practical

system can approach the theoretical limits.

The simulation results are shown in Figure 6.5. The parameters used to compare the achievable
performance of this practical system with the theoretical bounds are: By = 1/3, N = 7, with

U = 5,7and9 attaining a P, = 10~2. Pseudo-random sequences are employed to spread the
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signals of the users. The FEC coding includes a turbo encoder with constraint length v = 5
and generators GG; = 37, G = 21. The same turbo encoder is employed for all users. A
combination of 5 turbo decoder iterations and 5 multiuser iterations are applied in the receiver
structure. This choice of iterations number was considered after several tests where it was
shown that the influence of higher number of iterations was too small to be worth considering.
The performance is measured by averaging the codeword error rate (or frame error rate FER)
across all the users. Because of the large number of calculations required some simulations for

the case of 9 users in the system could not be obtained in a reasonable time.

—— Capacity limit
s —— bound 5 users B
- —- bound 7 users
6r --— bound 9 users 5
—A— simulation 5 users
5k —©— simulation 7 users |
—&— simulation 9 users

Required Eb/No (dB)

information block size L (bits)

Figure 6.5: Asymptotic bounds for a DS-CDMA system as a function of the information block
length for Ry = 1/3, N = 7and U = 5, 7 and 9 achievinga P,, = 1072

These results show us that a small block length for these systems puts up the minimum F; /N,
required for reliable communications. Also it is illustrated that increasing U (the number of
users) also increases the minimum F3 /N, required for reliable communications. From the
simulation results it can be noted that for U > N (i.e. 9 users) the minimum £, /N, required
does not show a similar behaviour as the cases when U’ < N. The reason for this is the
behaviour of the FEC coding performance when the multiuser interference gets very high. The
improvement in the BER performance with larger block sizes is a well known characteristic
of turbo codes (also for the FER is illustrated). However, it does not continue at low signal
to interference plus noise ratios, which is the case in our simulation results for 9 users in the

system.
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6.5 Summary

In this chapter we have derived and examined the capacity bounds for a FEC coded DS-CDMA
system in an AWGN channel. Using the Shannnon’s sphere packing lower bound, the capacity
limits for a DS-CDMA system are formulated given the rate R, and the information block
size .. These limits are compared with the achievable capacity of a simulated DS-CDMA
system based on an iterative multiuser receiver. The structure of this iterative multiuser receiver
comprises the serial concatenation of the RBF detector and a block of FEC turbo decoders that
exchange information in an iterative fashion. This approach shows that the performance of
this type of system has a similar relationship between block length and required £ /N as that
given by Shannon’s sphere packing bound. It has also been found that by using the iterative
multiuser receiver the total spectral efficiency in the system is similar to an orthogonal DS-
CDMA system. Even though the computational complexity of the suggested iterative multiuser
receiver is far too complex to be practical it does show how closely a practical system can

approach the theoretical bounds.
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Chapter 7

Space-Time Iterative Multiuser
Recelver

The increasing demand for wireless services is driving the development of enhanced mobile
communication systems in order to address current and future wireless service needs. Im-
provement of downlink capacity is one of the main challenges facing the effort towards 3G
evolution. Poor performance due to the communication channel conditions is one of the prob-
lems associated with this type of model. Therefore, research efforts embraces techniques that
enhance system performance. Multiuser detection (MUD) and transmit diversity (TD) are two
of the key contributing technologies to addressing this problem. In this chapter, we investig-
ate a novel space-time architecture for the downlink of a FEC coded DS-CDMA system that

combines these two technologies to increase the system capacity.

The next section gives an introduction to this chapter. Section 7.2 introduces the suggested
space-time communication system architecture. Section 7.3 looks into a particular technique
to reduce the ISI effect which is faced in most practical systems. A description of the en-
coder/decoder schemes that provides with the desired transmit diversity gain in the system is
given in Section 7.4. Section 7.5 shows the structure of the iterative scheme implemented in the
multiuser receiver. The complexity of the proposed system architecture is analysed in Section
7.6. Simulation results are presented in Section 7.7. Finally, in Section 7.8 some conclusions

are drawn.

7.1 Introduction

The rapid growth in mobile wireless communications creates the need for increasing system
capacity, data rates, and multimedia services. Antenna array techniques and multiuser de-
tection are very promising approaches for obtaining substantial capacity increases in wireless
channels. In the last few years, MUD techniques based on iterative schemes have shown to

provide a significant performance gain compared to the conventional receiver as demonstrated
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in previous chapters. On the other hand, antenna arrays have also shown to be an effective
and practical technique to provide spatial diversity, allowing a significant capacity gain over
conventional single-antenna systems [100-105]. This spatial diversity is introduced into the
signal by transmitting through multiple antennas. For downlink transmissions a major concern
is with constraints in cost and size of the receiver. Therefore, transmit diversity techniques
tend to provide an effective solution to these scenarios. In this work, transmit diversity is sug-
gested via space time coding (STC) [106-109]. STC is a method for enhancing the level of
diversity presented to the receiver in a wireless link, using transmit diversity in order to more
efficiently combat the signal fading inherent in wireless communication channels. In general,
coding with space and time redundancy is accomplished by finding an efficient way to allocate
different symbols to different antennas while containing some type of redundancy for forward

error correction.

Recently, an efficient STC scheme [110] called space-time transmit diversity (STTD), has at-
tracted a lot of attention simply because it represents a practical way to improve the perform-
ance of current wireless systems. This technique maximises the diversity gain by transmitting
through multiple antennas and uses a very simple receiver over a flat fading channel. Thus,
motivated by the spatial and temporal capabilities of a DS-CDMA system, in this chapter, we
investigate the potential for a high capacity space-time FEC coded DS-CDMA system by com-
bining MUD and STC. We also suggest the reuse of orthogonal codes to increase the system

spectral efficiency.

7.2 System model

We consider a FEC coded DS-CDMA communication system operating with M transmit an-
tennas and only 1 receive antenna (suitable for a mobile downlink) as shown in Fig. 7.1 (a). To
reduce the signal processing required in the mobile receiver, the system is implemented with
only one receive antenna. The fundamentals will be provided to extend this model to the gen-
eral case of multiple receive antennas. In this chapter, the system performance is considered
over two different types of communication channel: flat fading and multipath fading. A number
of U active users operates in the system. The total number of users can be seen as two groups of
users transmitting information with the same orthogonal spreading codes used by both groups.
To be able to separate the groups, each group is given a separation code s; or s, as shown in

Fig. 7.1 (b). The number of users in the system are split into two groups of K and @ users
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respectively. Every user in the system transmits blocks of 7, data bits for FEC purposes. For
the rest of this chapter we will refer to this stream as a data block. For the uth user every data
block, {d,(7)};ie{1,2,---, L}, ue{l,2,---,U}, isfirstencoded by a convolutional encoder

with a rate R and constraint length v.

STC symbols

d (i) jﬁ d (i)
d (i) | Spreading = lterative | d(1)

FEC - . Decod »| Multiuser

coding Encoder | // oo Receiver
d i) jM d i)

Communication
Channel
@
data bits interleaved FEC coded bits

\

d,(i)

S g

\ Cl Sl
b ()

d (i) STC symbols
MO e /
C,S, X(t)

d..()
S e W e

O e | neteasu | 2O
(b)

Figure7.1: (a) Space-Time FEC Coded DS-CDMA system architecture and (b) block of
spreading FEC coded signals.

To reduce the effect of burst errors in the input of the FEC decoders, pseudo-random inter-

leaving is applied to the resulting FEC coded bit stream. After interleaving, the stream of
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FEC coded bits by the uth user appears as {b,,(¢)}; ¢ ¢ {1,2,---, RLO} with {b,(t)} e {—1,1}.
Codes of length NV are used to spread every user’s interleaved FEC coded bits. The multiplexed
spreading signals from both groups are then combined to provide with the input to the STTD

encoder which at time ¢ can be written as
x(t) = Cb(?) (7.1)

where the user’s data vector with dimensions U x 1 is denoted by b(t) = [b1(t), ba(t), - -+, br(t)]”.

The N x U matrix C contains the spreading and separation codes of the users in the system:

€1,1%1,1  *+ CKa81,.1 €1,1821 0 €QaS82.1
Cc — €1,281,2 **+ CK;251,2 €1,2822 ° €Q 2522 (72)
¢i,NS1,N *** CK,NS1,N Ci1,NS2,N **'* CQ,NS2,N

where the nth chip of the spreading and separation code employed by the uth user is defined as
CunSip € {\;—%, \/Lﬁ} foru < K and ClumK)nS2,n € {\;—%, \/I_N} for K < u < U, with sy ,,
S2,, € {—1, 1} as the nth element of the group separation code and » ¢ {1,2,.--, N }. For the
rest of this chapter x(¢) will be referred to as the STC symbol. In order to simplify the notation
we have also removed the index ¢ in the elements of the spreading codes, i.e. for the uth user

cu,n(t) is replaced by c, ;.

The data stream {x(t)}; ¢ ¢ {1,2,--- ,RL’O} is then partitioned into blocks of STC symbols
which are fed to the STTD encoder to yield the data sequence to be transmitted through the A/
antennas. To guarantee that the overall transmit power is independent of the number of transmit
antennas, a factor of LM is applied to each of the antennas’ signals before transmission. This

T
factor is included in our system by defining the uth user amplitude as b,,(¢) ¢ {\;—%, ﬁ}

Similar to section 5.1, we are assuming that the multipath channel spans only one neighbouring

data bit, « < N. The output of the multipath channel at the chip rate can then be denoted as

M
s(G)= D> hmaz(j— aly) (7.3)

where the summations indicate the number of transmit antennas and the channel propagation

length (in chips) respectively. To describe the channel output let us first consider the case of
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transmitting with only one antenna (M = 1). Therefore, with one transmit antenna the chan-
nel input is given directly by the data stream {x(¢)}. Assuming perfect time synchronisation
between transmitter and receiver, the received signal which captures all the energy from the

information symbol transmitted at time ¢ can alternatively be written as
Fo= H'x(t+1) +Hix() +HT (¢ - 1) + (1) (7.4)

where the components of the (N + a) x 1 vector T, are the received signal sampled at the
chip rate and 7j(¢) isa (N + a) x 1 vector with zero mean complex Gaussian noise elements
of variance o, The channel response matrix to the transmission of x(¢) is denoted by the
(N 4 a) x (N + «) Toeplitz matrix

hio 0 0 0 0
t hii hig 0 0 0
Hl =
0« 0 hia -+ hig

The terms H!'x (¢ + 1) and H.™'x(¢ — 1) in (7.4) represent the effect of ISI from the next
and previous transmitted symbols. The matrices H{™' and H!™' denote (N + o) x (N + a)

Toeplitz matrices given by

0 0 0
0 0 0
HIT' = 1o 0 0
by hip 0 0
i ha—1 hia-2 hio 0 0 |
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and
0 -+ 0 hio hig-1 -+ hig
0 --- 0 0 hio o0 hig
Hi‘l = 0 --- 0 0 0 R
0 0 0 0 0
0 0 0 0 0

When the system transmission is considered over a flat fading channel (« = 0), the received

signal in (7.4) is simplified to
r(t) = hiox(t) +n(t)

where n(t) isa N x 1 vector of zero mean complex Gaussian noise samples with variance 2.

7.3 Reducing the effect of | Sl

Orthogonal frequency Division Multiplexing (OFDM) is a modulation technique that resists the
effects of a multipath channel when provided with a cyclic prefix (CP) [46]. OFDM usesa CP to
preserve orthogonality between narrowband carriers. In a similar fashion, a CP can be appended
to each STC symbol of the system introduced in Figure 7.1 to avoid the effect of ISI. Figure 7.2
illustrates the effect of incorporating a cyclic prefix for the special case of transmitting with
only one antenna (M = 1). The two transmit antennas case and the generalisation to more
antennas is considered in the next sections. Since ISI occurs only on the first o samples of &,
the ISl effect can be eliminated by simply ignoring the first o samples in the reception of the
data vector ¥; as shown in Figure 7.2. Therefore, after neglecting the first & samples of the

vector ¥, the resulting N x 1 vector at the receiver side can be denoted as

b, Y R4, a+ N) = Hix(t) + () (7.5)
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Symbol
A
CP i ) CP
Receiver time span
. N chips
previous| | | | | [ | ||
current = L]
- t
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Figure 7.2: Effect of ISI when a cyclic prefix is incorporated.

where the channel response matrix Hy isa N x N circulant Toeplitz matrix given by

hig 0 o 0 Aoy higoar o0 Mg
m,o— | AR e i (7.6)
O O O hl’a hl,()

and the noise vector n(t) with dimensions N x 1 contains zero-mean complex Gaussian noise

samples with variance o2

7.4 Space-timediversity gain

Space-time coding can be implemented either in a trellis form or block form. Space-time trellis
coding (STTC) [106] is a recent transmit diversity technique that combines signal processing
at the receiver with a specific design of coding technique for multiple transmit antennas. Sig-
nificant space-time diversity gain is achieved by applying this technique. However, space-time
transmit diversity (STTD) [110] is a more remarkable and recent scheme for transmission using
two transmit antennas. Despite a loss in performance compared to STTC, the decoding com-
plexity of STTD is much less than STTC. Therefore, in terms of simplicity and performance the
STTD scheme is perhaps a better choice for providing space-time diversity gain in real systems.
The generalisation of the STTD scheme for more than two transmit antennas is addressed in

[111]. For the sake of simplicity, we will focus our attention (unless otherwise stated) mainly
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on the case of two transmit antennas and one receive antenna. However, we will provide and

establish the fundamentals to extend the scheme to more than two transmit antennas.

7.4.1 STTD encoder for a flat fading channel

Conventional STC encoders with M transmit antennas require the same number of STC symbol
periods to transmit a block of M STC symbols. To clarify exactly how individual STC symbols
are sent from the transmitter applying the STTD scheme, Figure 7.3 show a layout of the STC

symbols through the transmit antennas.

STC symbol at time t STC symbols at time t
! /) ! !
[3o [5+1
s S | m=2 x(t+1{ x(t) x(t+3) | x(t+2)
[} [«5)
< | M=l x| x(t+1) < | m=1 x(t)' -X(t+1) | x(t+2) | -x(t+3)
t o t+l ot w1l w2 | 3]
Time Time
(a) (b)

Figure 7.3: Block transmission through the STC encoder using (a) one transmit antenna (M =
1) and (b) two transmit antennas (M = 2).

For comparison purposes, Figure 7.3 (a) shows the scheme for a block transmission using only
one transmit antenna. With 2 transmit antennas the scheme is that given in Figure 7.3 (b). Note
that when M = 1, the STTD encoder output sequence is given directly by its input, i.e the
stream of STC symbols {x(¢)}, ¢ {1,2,---, L/Ro}. For the case of M = 2, the STC symbols
transmitted at the tth time slot are x(¢) and x(¢ + 1) from antenna 1 and 2 respectively. In
the next time slot, —x (¢ + 1) is transmitted from antenna 1 and x () from antenna 2. The

generalisation of the STTD scheme for more than two transmit antennas can be found in [111].

7.4.2 STTD encoder for a multipath fading channel

As described in section 7.3, the ISI effect from the multipath channel can be reduced by in-
corporating a cyclic prefix (CP) of length equal to the channel length (a) to each STC symbol.
Figure 7.4 shows the layout of the STC symbols through the transmit antennas when the CP is

incorporated. Again for comparison purposes the one transmit antenna case is also illustrated.
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The CP at time ¢ and antenna m, where m € {1,2,---, M }, is defined as
cyclic prefix def x(t+N-a+1,---,t+ N) (7.7)

i.e the last o samples of x(¢). Also to obtain the desired space-time diversity gain, as it will

STC symbol at time t STC symbols at time t
~ /
X (t+1)
« N
£ o xo € m=2 | CP| x(t+1) [CP| x(® |CP| x(t+3)
2 2
é m=1| CP x(t) CP | x(t+1) E( m=1 | CP X(t) CP| —x(t+1) | CP | x(t+2)
| | ‘ — y ‘ ‘ ‘ ‘
NN
X(t)
t 1t A A AR A o
Time Time
(a) (b)

Figure 7.4: STC encoder scheme for 1 and 2 transmit antennas with the addition of cyclic
prefixes.

be later described (see section 7.4.4), a real precoding matrix is incorporated into the signal

transmitted from each antenna. Therefore, the tth STC symbol can be now rewritten as follow
x(t) = A,Cb(t) (7.8)

where the CP has been incorporated into the precoding matrix A,,. The mth matrix A, is a

(N 4 o) x N block matrix defined as

A, = ™ (7.9)

where the precoding matrix A! with dimensions N x N is used to obtain the desired space-
time diversity gain as it will be shown in next sections. The a x N precoding matrix A% , used
to incorporate the cyclic prefix, is defined as the last o rows of Al . The matrix C and vector

b(t) are given as defined in section 7.1.

However, a potential drawback of this scheme is the addition of a CP per STC symbol per

transmit antenna, with a length at least equal to the channel length. This reduction of the
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data throughput is then reflected in a reduction in the overall spectral efficiency of the system.
To mitigate this effect we introduce a variation in the scheme by expanding the length of the
transmission block from M to (M x [) STC symbols, with [ ¢ {1,2,---}. This variation is
to reduce the penalty incurred by incorporating a cyclic prefix to every STC symbol. As a
result, only one cyclic prefix will be required every / STC symbols. This new concept can
be incorporated in our system by considering a new data stream {xX(p)}; p € {1,2,---, RLOZ}
instead of {%(¢)};t € {1,2,---, R%}- The basic idea is to treat every element in {X(p) }, which
consists of [ STC symbols, as a new virtual STC symbol. Therefore, there are only RLOZ virtual

STC symbols for every data block. For this new data scheme, the pth element is defined as

x(p) = A,Chb(p) (7.10)
where
e
b(p) = b(tfl) (7.11)
| b(i+1-1) |

is a concatenated vector with dimensions (U x /) x 1. The (N x 1) x (U x 1) matrix C is a

block diagonal matrix of the form

C o 0
i 0 C .- 0
¢ = | o (7.12)

in which the N x U matrix C is defined by (7.2) and 0 isa N x U null matrix. Similar to (7.8),
a real precoding matrix denoted by A, is included to obtain the desired space-time diversity
gain and to incorporate the cyclic prefix. The precoding matrix A, with m € {1,2,..., M} is

a block matrix of dimensions (N x [+ a) x (N x [) defined as

0
A, = " (7.13)
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with Al asa (N x ) x (N x [) block diagonal matrix given as

Al 0 0 0

_ 0 Al ... 0 0

Al = . " . (7.14)
0 0 0 Al

with 0 asa N x N null matrix. Lastly, the incorporation of the cyclic prefix is denoted by the
a x (N x [) matrix A% which is defined as the last « rows of Al . Notice that only one cyclic

prefix will be required every [ STC symbols, i.e one cyclic prefix per virtual STC symbol.

virtual STC symbol = STC symbol virtual STC symbol
X(p+1) X(p) X(p+1) X(p)
[4+]
S m=2 CP| x| cP| x() € |m=2| CP| x(t+2) | x(*+3) | CP| x(® | x(t+1)
g g
é m=1| CP x(t) CP | —x(t+1) <C( m=1| CP x(t) Xx(t+1) | CP | —x(t+2) | —x(t+3)
X@) | -X(pr) | X(p) | -X(p+1)
P prl | | p | p+1
Time Time
(@) (b)

Figure 7.5: STC encoder scheme with M = 2 and a block transmission using (a) / = 1 (con-
ventional technique) and (b) / = 2.

To illustrate this new transmission scheme some examples are presented in Figure 7.5. Firstly,
Figure 7.5 (a) shows the scheme for a block transmission using/ = 1 and M = 2, i.e the number
of STC symbols is equal to the number of virtual STC symbols (conventional technique). On
the other hand, a scheme using / = 2 is illustrated in Figure 7.5 (b), notice that in this case only
the first STC symbol of every virtual STC symbol requires the incorporation of a cyclic prefix.
Therefore, at the pth time slot, the virtual STC symbols %(p) and x(p + 1) are transmitted
from antenna 1 and 2 respectively. In the next time slot, i.e (p+1)th time slot, —x(p + 1) is
now transmitted from antenna 1 and %(p) from antenna 2. It is clear that by setting / = 1,
the STTD encoder scheme incorporate one CP per STC symbol transmitted. The criterion for
selecting I will depend on two conditions: 1) how rapidly the channel changes and 2) the

acceptable receiver complexity. In the following sections the relationship between / and these
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two conditions will be explained.

7.4.3 STTD decoder for a flat fading channel

In this section, a flat fading channel is first considered to describe the STTD decoder scheme.
With no loss in the generality and in order to illustrate the STTD decoding process, we assume
that M = 2. Itis also assumed that the channel is constant across two consecutive STC symbols
and that there is a perfect synchronisation between the transmitter and the receiver. For a flat
fading channel the block transmission with A = 2 is given in Figure 7.3 (b). Therefore, the

received signals from the tth and (t+1)th time slots can be denoted as

ry = hLOX(t) + h270x(t + 1)+ n(t)
rip1 = hoox(t) —hiox(t+1)+n(t+1) (7.15)

where r; and r,;, with dimensions N x N are the received signals sampled at the chip rate
during time ¢ and ¢ + 1 respectively. The channel effect from the mth transmit antenna to the
received antenna is modelled by the Rayleigh-distributed random variable £, o with m € {1, 2}
(no multipath, & = 0). The noise vectors 7 (¢) and n(¢ + 1) with dimensions N x 1 contains
zero-mean complex Gaussian noise samples with variance o 2. For convenience, equation (7.15)
can be rewritten in an alternative form by conjugating r(¢+1) and combining the received signal
over two consecutive period symbols as follow

ry _ A Ay x(t) N n(t) (7.16)

r?+1 A; —A x(t+1) n*(t+1)

where A,,, = h,, oI; m ¢ {1,2} and I as the identity matrix of dimensions N' x N. In order to

achieve the desired space diversity gain we define

A A
A= (7.17)
A —A]

and then multiplying (7.16) by (A7 A)=' A" with ()7 as the Hermitian operation, we obtain

y'(t) _ x(t) 4 (AMA)TTAH n(t) (7.18)

y'(t+1) x(t+1) n(t+1)
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where y'(t), y'(t + 1) are the estimates of x() and x( 4 1) respectively. Notice that A" A is
given as (|h1o|* + |h20/?)I with T asthe 2NV x 2N identity matrix and |f4 o|? + |hg,0|* as the
spatial diversity. Taking out the contribution of the signal at time slot ¢ in (7.18) and using (7.1)

to replace x(t), we get
y'(t) = Cb(t) +w(1) (7.19)

where w(t) isa N x 1 noise vector. Therefore, we can finish this section by drawing analogies
between equation (7.19) and a synchronous DS-CDMA system over an AWGN channel. Since
the elements in #(#) and (¢ + 1) are complex Gaussian samples, this implies that the elements
in w(¢) are also complex Gaussian samples with zero mean and variance o2, = 02/ (|h1 0|? +

stc

|h2,0?) as shown in appendix B.3.1.

7.4.4 STTD decoder for a multipath fading channel

Let us consider now the STTD decoder scheme when the transmit signals are propagated
through a multipath fading channel. For simplicity we carry on the analysis for the case of
M = 2 and [ = 2 whose block of transmission is presented in Figure 7.5 (b). Therefore, the
received signal at the pth time slot is denoted by the (2N + «) x 1 vector £, which includes
the effect of the cyclic prefix. Following a similar procedure to that described in section 7.3 to
reduce the ISI effect, i.e neglecting the first o samples of ¥, the resulting 2V x 1 vectors from

the pth and (p+1)th time slots are denoted as
" def

F, = Tpla+1l,---,a+2N)

iy = Tpu(a+1,---,a+2N)
or equivalently

t, = H;A{Cb(p)+H;A{Cb(p+1)+mn,
i, = H3ACb(p) - HJACh(p+1) + 05, (7.20)
where the channel responses from each transmit antenna to the receiver antenna are represen-

ted by the matrices H,, with m = 1,2. Similar to (7.6) the mth matrix H,, is denoted by a

2N x 2N circulant and Toeplitz matrix with a first row [A,,,0,0,++,0, hm. oy Am,a—1, "+,
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hm1]. The properties of these channel matrices allow us to diagonalise them by the FFT
basis vectors, i.e H,, can be substituted by WA,, W where W denotes a 2N x 2N mat-
rix whose elements are given as v, ; =exp(j2rgf/2N)/v2N, withg, f = 0,--- 2N — 1
and ()" as the Hermitian transpose operation. A,, is a 2N x 2N diagonal matrix with
Ngg = Poneo hmueXp(—j2mug/2N) as its diagonal entries and zero elsewhere. Finally, the

vectors 1, and ;1 in (7.20) are 2NV x 1 complex Gaussian noise vectors.

For convenience the conjugate of £, 1, denoted by «, is applied in (7.20) and the concatenated
vectors Cb(p) and Cb(p + 1) are defined as ¥, and §,41 respectively. Thus, multiplying #,

by W and 5, by W in (7.20), we obtain

WHf-p = A]WHA%yp + AQWHA%SIZ,+1 + WHﬁp
WTf';;_'_l = A;WTA%}—,p _ A’{WTA%}—IP-'_I _I_ WTﬁ;+1- (721)

In order to obtain the desired space-time diversity gain, we choose the v x N precoding

matrices A] as the identity matrix and A} as defined below

100 000
000 00 1
000 0 10

AL = |00 0 100 (7.22)
001 --000
(010 -~ 00 0

Therefore, using (7.13), (7.14) and (7.22) the matrices Al and A} are obtained. The reason for
selecting these precoding matrices is to ensure orthogonality between the signals transmitted
from different antennas. This choice of precoding matrices allows us to exploit the equality of

WH = WT Al which is then used to represent W, and WTf;+1 in the following form

W A A WS, + Wi, (7.23)
Wi Ay AT || W W5
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It is clear then that by defining

A A
A= 0 (7.24)
A, —A

and multiplying (7.23) by W (A7 A)=* A" we obtain

O R L I TN

(7.25)
Yp+1 Yp+1 WTT’p-I—l

where $,, ¥,+1 are the estimates of §,, and ¥,.1 respectively. The matrix W isa 4N x 4N

block diagonal matrix given as

- W 0
\%%
0 W

with 0 asa 2N x 2N null matrix. Considering the contribution only of the signal at the pth

time slot in equation (7.25), we get

¥p = Fptep (7.26)

where ¢, isa2 N x 1 noise vector givenas ¢, = W (| Aq |2 +|Az|?) T [ATW 7 — A, WTipr ],
Since b(p) = [bT(¢),b” (t + 1)]" (see (7.11)) is a concatenated vector and 7, = Cb(p), we
can further partition (7.26) to extract only the signal related to b(#), i.e as a function of time

index ¢, resulting in
y'(t) = Cb(t)+¢() (7.27)

with ¢(#) the noise vector given by the first N' samples of ¢,,. Similar to the previous section,
we can draw analogies between equation (7.27) and a synchronous DS-CDMA system over
an AWGN channel. The elements in 5,, are complex Gaussian samples then consequently the
elements in {(¢) are also complex Gaussian samples with zero mean and covariance matrix

given by (see appendix B.3.2)

Vie = W([A|* 4 |A]?)TTWT (7.28)
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The analogy between the model in (7.27) and a synchronous DS-CDMA model for an AWGN
channel is then evident. Following the STTD encoding schemes studied in [111] for more that
two transmit antennas, a similar process can be used to generalise the procedure presented in

this section for A > 2.

7.5 lterative multiuser receiver

The system signals represented in equations (7.19) and (7.27) can be well interpreted as con-
ventional synchronous DS-CDMA systems over an AWGN channel. In this particular case,
MAI from the non-orthogonal users and additive noise are the system interference. Therefore,
MUD is an approach that can be applied to mitigate these system impairments as suggested
in chapter 3. An attractive multiuser receiver structure based on an iterative scheme has been
proposed in [92] for interference mitigation in this type of system. In this section, we show that

the basic principle is also applicable to the system model introduced in Figure 7.1.

The iterative multiuser receiver structure in [92] has already been described in Figure (4.4)
of chapter 4 but where now the input signal is given by the STTD decoder output, y’(#) (see
equations (7.19) and (7.27)), instead of r(¢). As described before, the receiver structure at the
first iteration consists of the Wiener detector followed by a single stage of PIC and a block of
single FEC decoders. The Wiener detector takes as its input the STTD decoder output, y'(t),
and computes as its output an initial estimate of the logarithm of likelihood (7. 1. R) ratio of the
interleaved FEC coded bits for the interfering users, P,[by(t)] with & # u, k ¢ {1,2,---,U}.
The PIC scheme takes the Wiener detector outputs as a priori information and yields at its
outputan improved estimate of L L Rs for the users interleaved FEC coded bits, P.[b,, ()] with u
€4{1,2,---,U}. The decoding stage, on the other hand, is implemented by a block of identical
single SISO MAP decoders. For the uth user, this SISO MAP decoder takes as a priori input
the .1 Rs of the FEC coded bits, P,[b,(t)], from the PIC output (after deinterleaving), and
computes at its output the a posteriori L L Rs of the FEC coded bits, P.[b,(t)], as well as the
a posteriori LI Rs of the data bits, P.[d,(i)]. The iterative principle is incorporating into the
receiver structure by using the a posteriori 7,1, Rs from the FEC decoders outputs, P.[b,(t)],
as the a priori LI Rs required at the PIC scheme input for iterations greater than 1. The stream
of IR values for the FEC coded bits at the FEC decoders output are interleaved to yield
the appropriate ordering of the data stream at the input of the PIC scheme. Thus, the PIC

scheme and the block of single SISO MAP decoders exchange soft information in an iterative
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fashion to improve the performance of the multiuser receiver. Finally, after a desired number of
iterations, the SISO MAP decoders perform a hard decision on the LLRs, £, [d,,(i)], to recover
the original uncoded data stream. Next we describe each of these modules in the context of the

system model introduced in Figure 7.1.

7.5.1 Wiener detector

The LLR output of the Wiener detector for the uth user is formed as

P(yu(t)[bu(t) = —M)> (7.29)

P[b.(#)] = In <p(yu(t)|bu(t)=¢'—]m>

where the conditional probabilities, p(y. (¢)|b.(t) = b) with b € {ﬁv \;—%}, are calculated
assuming Gaussian noise at the output. The scalar y,, (1) = w! {y’(¢)} r. denotes the real part
of the Wiener detector output for the uth user with mean wquz,b and noise variance o, (u) =
—(wl Z/b)Q +wl o (see Appendix B.1). The weights of the N tap Wiener filter for the uth
USEr, W, = [Wy,1, Wy2, -+, Wy ]  are given by

_ -1 u
W, = @y/yld)ylb.

&,/ represents the autocorrelation matrix of the input signal with dimensions N x N which is

defined as ®,/,, = CDC” 4 ¢2, 1. The matrix D isa U x U matrix with its leading diagonal

[

1

the power of the users, 57, and zero elsewhere. The matrix I is the N x N identity matrix

and o2

stc

the noise variance from the real part of w(¢) in (7.19) (flat fading channel) or {(7) in
(7.27) (multipath fading channel). Since both w(#) and ¢(¢) are Gaussian samples with zero
mean and covariance matrix V., o2, can be estimated from independent channel realizations
and therefore can be precomputed and stored in advance for different cases of signal to noise
ratio. The cross-correlation vector @, is defined as the combination of the user spreading and

separation codes (uth column of the matrix C) multiplied by the user power (7).

7.5.2 PIC scheme

The parallel interference cancellation scheme takes soft estimates of the interfering users and
subtracts them from the received signal, y’(¢). A matched filter (MF) operation is then applied

to generate the output of the PIC scheme. For the uth user, this quantity is expressed in the
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following form

A

9u(t) = qu[b(t) = bu ()] + u(?) (7.30)
where q,, denotes the uth row of the autocorrelation matrix given as C”'C, the vector b, (1)

corresponds to the soft estimates of the interfering users which are givenas b, (1) = [by(t), - - - ,

bu1(),0,byy1(t),- -+ ,byr(1)]. The soft estimate of user « is formed as

bu(ty=" > bplbu(t)y=b), u=1,...,U. (7.31)

b e i)
where the conditional probabilities, p(y.(t)|b,(t) = b), are taking as the a priori probabilities
p(by(t) = b) required in (7.31), i.e p(bu(t) = b) = p(yu(t)|bu(t) = b) With b € {ﬁ’ \;—%}.
Since users from the same group remain orthogonal, we set to zero their contribution in the
vector b, (1). Lastly, 1, (t) represents a Gaussian noise sample with zero mean and variance
a2, .. Since the PIC scheme output for the uth user can be modelled on the first iteration by an

ste*

equivalent AWGN, this output is written in the following form

Gu(l) = bu(t) + po (1) (7.32)

with i, (t) as a Gaussian noise sample with zero mean and variance (see Appendix B.2)

LT
1
2 _ 2 2
U#("llf) = M ; pu,k + Oste (733)
k;u
pu,k denotes the cross-correlation factor between user « and user k£ with «, k € {1,2,---,U}.

Finally, the PIC scheme output for user « is then given by

)) . (7.34)

7.5.3 Single FEC decoders

FEC coding is provided by employing convolutional codes. The FEC decoder for the uth user
consists of a single SISO MAP decoder. As shown in Figure 4.4, the I.1. Rs at the output of
the PIC scheme, P.[b,(t)], are deinterleaved and then passed onto the SISO MAP decoder as a
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priori information, P,[b,(¢)]. Similar to before, this information is used directly in the MAP’s
branch metric calculation, i.e

W¥ashs) = PriSi=s/Sa=s) I @b (139)
t'=nc(i—1)+1

where the product is over all the n. FEC coded bits, b, (t), values that produce the transition of
the MAP decoder from state s’ to state s. The MAP decoder algorithm generates as outputs the
a posteriori LI, Rs of the data bits, P.[d,,(7)], and also the a posteriori I, I, R’s of the FEC coded
bits, P.[b,(#)] as shown in sections 2.5.2.2 and 2.5.2.3. Thus, the 7,1, R outputs P, [b, (¢)] for u ¢
{1,2,---,U}yandte{1,2,---, L/(Rol)} after interleaving are fed as the a priori information
required at the PIC scheme input for an iteration greater than 1. Based on the 7. . R for user «,
P, [d,(?)], a hard decision is performed on the last iteration to recover the uncoded data bits as
shown in (3.28).

7.6 Complexity

Since the signal processing required at the transmitter can be easily accommodated in the base
stations of current systems, we focus our attention only to the complexity of the receiver struc-
ture. In this section, no efforts are made to reduced the computational complexity of the space-
time iterative multiuser receiver, instead we highlight the practical implementation of this re-

ceiver architecture.

7.6.1 STTD decoder complexity

The complexity of the STTD decoder requires computation of the matrices, W or W7 (FFT
of the received data block), A™ and (A A)~" (see section 7.4.4). Since W is known, it can be
precomputed and stored in advance. Also (A A)~! can be simplified by the fact that A" A is
a diagonal matrix whose diagonal entries are given by the magnitude of the diagonal elements
from the matrices A,, withm = 1,2,..., M. Therefore, the computation of (AHA)‘l is
then reduced to the scalar inversion of its diagonal elements. It can then be established that
the STTD decoder complexity per user is independent of U (the number of users) and mainly
determined by the multiplication of matrices, O ((/ x N)?). Since users may be either static or

moving, the computation of A’ and (A" A)~! needs to be updated at a higher rate than the
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channel Doppler.

In the particular case of a flat fading channel the complexity of this stage is reduced to the
multiplication of the matrix (A A)='A". Since A is a diagonal matrix, further reduction

in complexity is achieved by substituting I instead of (A A)~" where the

1
([P0 ++[haro?)
identity matrix | has the same dimensions as A.

7.6.2 Iterative multiuser receiver complexity

The complexity per bit per user per iteration of the proposed iterative multiuser receiver is
mainly determined by the following operations. Firstly, the major concern in complexity of the
Wiener detector is the inversion of the matrix &/, whose complexity is O (N *) with N as the
processing gain. This matrix requires knowledge of the spreading and separation users codes

and the noise variance o2, . as shown in section 7.5.1. Since the user codes are known, it can

ste

be seen that <I>;,;, mainly changes according to the value of ¢2,.. However, the noise variance

ste*

o2, . can be estimated from independent channel realizations and thus the matrix <I>y‘,g1/, can be

ste
precomputed and stored in advance for different cases of o2, .. Secondly, the complexity of the
constituent convolutional codes of memory v is O(G2¥). Normally v is chosen small to reduce
the complexity of this stage. Finally, other complexity factors of importance are the complexity
contribution from the PIC scheme, which is linear with the number of interfering users &' and
the processing gain N, O (G N), and the operations required to compute the likelihood metric
calculations. For an iteration number > 1, the complexity of the iterative multiuser receiver
is reduced to the complexity in the PIC scheme and the SISO MAP decoders. Notice that the
complexity in the iterative multiuser receiver structure is independent of the communication
channel. In the case of a flat fading channel the input to this stage is given by equation (7.19),

while in the multipath fading channel case this is provided by equation (7.27).

7.7 Performanceevaluation

Monte Carlo simulations are provided to illustrate the performance of the space-time FEC
coded DS-CDMA system proposed in Figure 7.1. To evaluate the performance, the down-
link of a synchronous DS-CDMA system with M transmit antennas and 1 receive antenna is
considered. Unless otherwise stated, Walsh codes of length N = 16 are used to spread the users

signals. The channel coefficients, A, , withm = 1,2,..- , M and u = 0,1,-- -, a, are sim-
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ulated as independent Rayleigh fading random variables. The time-varying impulse response
of the channel is power normalised to be A(0,1). It is assumed that the receiver has perfect

knowledge of the fading coefficients.

The model shown in Figure 7.1 allows us to simulate a system with U/ active users divided into
two groups. The separation of the user groups can be done in two different ways: 1) each group
with the same number of users, i.e K = @ = U/2, or 2) a group with K users where K = N
ifU > NorK=UifU < N, andasecond group with @ userswhere ) = U - K ifU > N
otherwise @ = 0. A search through a number of random codes is performed to obtain the group
separation codes, s; and s,, of length V. The decision rule to select the separation codes is to

have a maximum normalised cross-correlation of s7s, < 0.5.

-15

log(BER)
s

-2.5

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Number of users

Figure 7.6: Space-time iterative multiuser receiver BER performance against number of users
U in a DS-CDMA system using M = 2 with F;/Ng = 5 dB.

7.7.1 Simulation results for a flat fading channel

Let us first evaluate the system performance under the consideration of using M = 2 antennas
to transmit the multiplexed signals over a flat fading channel (« = 0). Every user transmits data
blocks of I, = 200 data bits which are then encoded by a recursive systematic convolutional
(RSC) code of rate Ry = 1/2, constraint length » = 5 and generators (37, 21) in octal notation.

Figure 7.6 shows the average BER performance of the space-time iterative multiuser receiver
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as a function of the number of users U/ and the number of iterations in the receiver structure.
In this case each group in the system is considered to have the same number of users, i.e
K = N = U/2. The system is evaluated using F3/No = 5dB. It is observed from Figure 7.6
that with only 4 iterations in the receiver structure, the system can accommodate up to about
U = 24 users achieving near single-user performance. This represents a system highly loaded
as a total of 24 users are allocated using a processing gain of N = 16. When U > 24 some

degradation appears in the system.

The simulation results in Figure 7.7 shows the average BER performance against the ¥ /Ny
for a different number of iterations in the receiver using M = 2. Based on the results of
Figure 7.6 the number of users is fixed to U = 24 divided into two groups, each of 12 users
(K = @). To illustrate the diversity gain achieved by using the transmit diversity scheme,
Figure 7.7 compares the single-user performance for the cases of M = 1 and M = 2 transmit

antennas.

BER

--- luser-M=1
- - 1user-M=2 >
—&— 24 users - it=1
—A— 24 users - it=2
10‘3, —©— 24 users - it=3
—+— 24 users - it=4
—*— 24 users — it=5

0 1 2 3 4 5
Eb/No (dB)

Figure 7.7: Space-time iterative multiuser receiver BER performance against F; / N for a DS-
CDMA system over a flat fading channel with M = 2and U = 24 (K = Q =
U/2)

It is seen from the results that significant performance gain is achieved by the proposed space-
time DS-CDMA system compared to the conventional DS-CDMA system. Results show that
with 4 iterations this highly loaded system in a flat fading channel achieves near single-user

performance with diversity from two transmit antennas.
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7.7.2 Simulation results for a multipath fading channel

In this section, simulation results are presented for the space-time iterative multiuser receiver
over a multipath fading channel. For the rest of this section we will assume that the ISI spans
25% of the symbol period, i.e o = 4. To illustrate the effect of expanding the STTD encoder
input block length as suggested in section 7.4.2, we first present the single-user BER perform-
ance versus signal to noise ratio (measured in terms of F;/Ny) with no FEC coding. Figure
7.8 shows the single-user performance in a multipath fading channel for the cases of 1 and 2

transmit antennas.
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Figure 7.8: Theoretical and simulated comparison for the single-user BER performance versus
Ey/Ng over a multipath fading channel assuming o = 4. The results are obtained
for 1 and 2 transmit antennas using/ = 1,2 and 4.

The curves in Figure 7.8 shows the BER performance for a given number of transmit antennas
when the STTD encoder input block issetto/ = 1,1 = 2and [ = 4. From (7.27), after
despreading, an expression is derived for the BER performance. Therefore the theoretical per-

formance is also provided to compare with these results. This theoretical BER performance is

[ 1

where the noise power is defined as 02, = CTV,,.C with C and V. as given in equations

cuw

given as
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(7.12) and (7.28) respectively. An average over 10, 000 independent channel realisations were
used to obtain the theoretical BER performance. From the numerical results it can be seen
that for a given number of transmit antennas the same performance is obtained in the system
regardless of the STTD encoder input block length. Since only one cyclic prefix is required
every [ STC symbols a reduction in the penalty of incorporating cyclic prefixes is achieved.

Therefore the higher the block length I the better the throughput in the system.

-0.5

—&- equal groups (K=Q) — it=1

—©- unequal groups (K>Q) — it=1

—&— equal groups (K=Q) - it=2
—¥— unequal groups (K>Q) — it=2 4

log(BER)

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Number of users

Figure 7.9: BER versus number of users for a £}, /Ny = 4 d B over a multipath fading channel
with @ = 4. The system is implemented for M = 2, [ = 1 with 1 and 2 iterations
in the multiuser receiver.

As mentioned earlier in this section, the total number of active users in the system can be
separated in two different ways. To show the system performance under these two schemes,
some simulation results are presented in Figure 7.9. FEC coding is implemented by using a
RSC code of rate Ry = 1/2, constraint length » = 3 and generators (7,5) in octal notation.
Every user transmits data blocks of 7. = 200 data bits. These results show that when unequal
groups (K > Q) are considered a better BER performance is obtained in the multiuser receiver.
The cases of 1 and 2 multiuser iterations are illustrated. With unequal groups the system can
serve up to 16 orthogonal users and the MAI effect does not appear in the system until U > N.
Even though the BER performance for individuals users can initially differ in each group (the
group with @ users faces more MAI that the group with K users), however, this phenomenon

is only experienced in the first few iterations of the multiuser receiver as will be shown next.
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Figure 7.10: BER against £}/ N, for the space-time coded DS-CDMA system over a multipath
fading channel with « = 4. The system is implemented using M = 2, [ = 4,
N =16, K = 16, ¢ = 10, I. = 200 and up to 5 iterations in the multiuser
receiver structure.

Simulation results in Figure 7.10 shows now the average BER performance against £ /N, and
the number of iterations in the multiuser receiver. The simulations are performed for a system
with U = 26 users divided into a group of X = 16 and a group of () = 10 users. The system is
implemented for M = 2 and [ = 4. Results show that with only four iterations in the multiuser
receiver this highly loaded system over a multipath fading channel achieves near single-user

performance, i.e a probability of error of 102 with an £, /N, of 5 dB.

Group with | Group with | iterations
K users () users
Best user 0.00107 0.00094 4
Worst user 0.00254 0.00144 4

Table 7.1: Individual user BER performance for 2, /Ny = 5 dB.

If we examine the best and worst users, in terms of the BER, from each group after 4 iter-
ation the results for £, /Ny = 5 dB show that all users converge to about the same average
performance as is shown in Table 7.1. This means that no penalty is occurred in individual

performances by splitting the users into unequal groups.
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7.8 Summary

In this chapter, it has been derived a high capacity space-time FEC coded DS-CDMA system.
A space-time iterative multiuser receiver has been proposed to improve the performance and
capacity of the system. The main contribution in this work is to combine efficiently MUD and
STC techniques to design a receiver capable of mitigating the system impairments. Significant
diversity gain is achieved in flat and multipath fading channels by using multiple transmit an-
tennas as compared to the conventional single-antenna systems. The reuse of orthogonal codes

is also investigated as a method to enhance further the system capacity.

Numerical results have shown an acceptable performance for systems highly loaded (26 users
for a system using a processing gain equal to 16) over a multipath fading channel where the
ISI spans 25% of the data symbol. If we were to incorporate cyclic prefixes for each symbol to
combat multipath, a reduction in the overall data rate would be yielded. To reduce this penalty
a variation in the STTD encoder scheme has been proposed, for instance in the particular case
presented in this chapter (choosing / = 4) the overall data rate is reduced by only 6.25% instead
of 25% as suggested by the conventional scheme (choosing/ = 1). This penalty can be reduced
further if / is made larger still, but at the expense of increasing the complexity at the receiver.
It has been assumed that the channel is invariant within a block of symbols, which may not be
true for larger blocks. It has also been shown that similar results are obtained by considering a

flat fading communication channel.

140



Chapter 8
Conclusions

The aim of the work presented here was to improve the downlink capacity of DS-CDMA sys-
tems by implementing MUD techniques at the mobile receiver. This thesis focuses primarily on
new multiuser receiver design using the turbo multiuser detection principle. In this final chapter
the main conclusions from the novel findings and future research directions on this work are
presented. The following section summarises the work that has been conducted in this thesis
which highlights the contributions of this research work. Finally, further research options of

this work are discussed in section 8.2.

8.1 Summary and Thesis Contributions

In the last few years, the iterative processing principle used in turbo codes [30] has been suc-
cessfully applied to a wide variety of problems in wireless communication channels. The ap-
proach taken in this thesis is to investigate this principle from the MUD point of view. The aim
here is to provide a practical way to increase the possible wireless channel capacity of a DS-
CDMA system. Currently, it is a common practise to use MUD in the base stations (uplink),
however for 3G cellular, the downlink will be the bottleneck due to constraints in cost, size and
weight at the mobile receivers. As the field has matured, non-ideal situations have been gradu-
ally incorporated into analysis and simulations to assess their impact on system performance.
Today, with the advent of high performance mixed-signal devices, high speed processors, and
a better understanding of joint detection structures, the practical implementation of multiuser

receivers is actually becoming feasible at the mobile handset.

In chapter 2 we presented a review of key concepts from the existing literature of the commu-
nication system of interest. We first review the basic principles of spread spectrum technology
and then introduced a general scheme for the downlink of a DS-CDMA system with FEC cod-
ing. A detailed description of the basic elements in the communication system, i.e. transmitter,
communication channel and receiver, is presented. In this chapter the detection of the users

is only addressed from the viewpoint of a conventional detector which follows a single user
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strategy. The FEC channel coding is also reviewed with a particular interest in turbo codes due

to its relationship with the work in this thesis.

In chapter 3 we introduce the turbo multiuser detection principle. A general overview of MUD
detection is first presented. Various established MUD techniques are reviewed and compared.
It is shown that the optimal multiuser receiver which performs jointly MUD and FEC decod-
ing uses an optimal mapping from the received signals to the original uncoded data symbols.
However, it is shown that the computational complexity of this multiuser receiver makes this
structure far too complex for practical systems. The prohibitive complexity of this optimum
multiuser receiver points to the use of a partitioned scheme that performs signal detection and
FEC decoding separately. This implies that the system model can be seen as the serial concat-
enation of the channel coding (outer code) and the DS-CDMA channel (inner code) where soft

information can be exchanged in the same fashion as turbo codes to improve its performance.

In this context, an iterative multiuser receiver for the AWGN channel is introduced in chapter
4 of this thesis. This receiver structure suggests applying a Wiener detector at the front end
followed by a block of single FEC decoders. A problem faced when designing a partitioned
multiuser receiver with an iterative structure is that of generating the correct single-user input
probability information for the FEC decoders and of supplying appropriate a priori information
to the multiuser detector on each iteration. An accurate noise variance estimate at the Wiener
detector output is developed to yield the single-user probabilities required. On the other hand,
the iterative principle is introduced by using the output probabilities from the FEC decoders
to re-compute the autocorrelation matrix of the input signal in the Wiener detector stage. This
is possible by removing the condition of independence between the user’s FEC coded bits as
shown in section 4.2.1.1. The results show, however, that only a small performance gain is
obtained through the iterations in this receiver. With a similar structure, an alternative iterative
multiuser receiver is proposed [92]. This new structure incorporates after the Wiener detector
a single stage of PIC which aims to provide a more powerful detection stage. In this occa-
sion, a soft-input soft-output PIC scheme based on the single-user probability information is
derived to use with the iterative principle. It allows us to obtain and subtract from the desired
user an estimate of the MAI which is improved with the number of iterations at the receiver.
Also an accurate noise variance estimates at the PIC scheme is developed. It has been shown
that this receiver achieves a significant performance improvement over conventional receivers.

Furthermore, an overall low-complexity structure is obtained.
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The problem with the results in chapter 4 is that we assume a system where a single path is
received from the transmitted signal. This almost never occurs in practice so the purpose of
chapter 5 is to develop an iterative multiuser receiver that can still remove the system interfer-
ences in a multipath channel. The iterative multiuser receiver discussed in chapter 4 applies a
Wiener detector at the receiver frontend. Linear MUD techniques usually overcome complexity
problems but the presence of high levels of MAI and/or ISI due to the multipath scenario results
in a poor performance. Such environments make linear techniques incapable of separating the
users signals. Therefore, non-linear techniques emerge as the method to improve the receiver
performance. Thus, an iterative multiuser receiver based on a hybrid approach is proposed and
investigated in chapter 5 for a stationary multipath channel [112]. This receiver explores com-
plexity reduction of the RBF detector by using a scheme based on a pre-selection technique.
At the first iteration a Wiener detector is used for detection but this is used solely to establish a
level of confidence related to how likely the transmitted information is correctly detected. For
further iterations, a reduced complexity RBF detector which includes a pre-selection technique
is introduced. The pre-selection approach is developed based on the probability information
provided from the FEC decoder outputs in the previous iteration. The iterative multiuser re-
ceiver is analysed in terms of performance and complexity. The results revealed that this hybrid
receiver almost completely removes the channel interferences despite a large reduction in the
receiver complexity as compared to the receiver structure when the full complexity of the RBF

detector is included.

In chapter 6, it has been shown that the theoretical limits of a FEC coded DS-CDMA system
can be approached by a practical system using the iterative principle [113]. Accordingly, the
emphasis is placed on using an iterative multiuser receiver to resolve the interference system
problems operating in an AWGN channel. The particular iterative receiver structure considered
comprises the concatenation of the RBF detector and a block of FEC turbo decoders. The
achievable system performance is investigated with the use of random spreading sequences. A
lower bound for a FEC coded DS-CDMA system is derived from the Shannon’s sphere packing
bound given a data rate R, and a data block size L. It has been found that the relationship
between block size and the required Ej; /N, is similar to that given by the Shannon’s sphere
packing bound. From the results, it is determined that the total spectral efficiency of the simu-
lated FEC coded DS-CDMA system is similar to that of an orthogonal system when U < N.
Despite the impractical structure of the receiver considered, its performance is represented as a

benchmark for practical systems.
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Finally, in chapter 7 the previous work is extended by proposing a novel space-time FEC coded
DS-CDMA system which includes antenna arrays [114], [115]. The system spectral efficiency
is further enhanced by suggesting a reuse of orthogonal codes. This chapter investigates the per-
formance results for a space-time iterative multiuser receiver operating in two different chan-
nels: flat fading and multipath fading. In addition, the STTD technique is described and ana-
lysed in both communication channels. The advantage of this technique is its simplicity with
regard to its implementation to achieve additional gains over single-antenna systems. Adaption
and development of the STTD scheme to reduce the ISl using cyclic prefixes is performed.
Also a modified STTD transmission scheme is developed to reduced the penalty of incorpor-
ating cyclic prefixes. Results show that a highly spectral efficient DS-CDMA system can be
designed by combining MUD and multiple antennas. In particular, we show that near single-
user performance can be achieved in a system highly loaded (26 users with a processing gain
of 16) operating in a multipath fading channel where the 1SI spans 25 % of the data symbol.
Additional diversity gains equal to the number of transmit antennas are obtained. Furthermore,
a complexity analysis for this receiver is also described. It shows that the receiver architecture

can be implemented without a prohibitive complexity.

8.2 Suggestionsfor futurework

Since the invention of Turbo Codes in the past decade, the principle of iterative receivers has
been used for various problems in wireless communications. In this thesis, we have only ad-
dressed this principle from the viewpoint of multiuser detection. We have studied several in-
teresting iterative multiuser receiver structures which show significant promise in capacity for
wireless communication systems. However, there are still open issues concerning the work
done in this thesis. In what follows, we present certain points that we consider of great interest

for further research work in this topic.

¢ An important feature which is not considered in this thesis is channel estimation. It
would be worth to assess the performance degradation of the various iterative multiuser

receivers due to the estimates of the channel parameters.

¢ For simplicity, certain simplifications and assumptions have been adopted throughout
this work. In this thesis, the study of the iterative multiuser receivers is restricted to

the binary transmission scheme. However, multi-level transmission schemes are used in
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some communication systems in order to increase the bit rate. Therefore, future work in

iterative receivers for multi-level transmission scheme would be of great importance.

¢ An iterative multiuser receiver based on a reduced-complexity RBF detector is addressed
in chapter 5. We have shown that using the turbo multiuser detection principle not only
performance is improved but also complexity reduction is achieved. However, the results
are only obtained using a short spreading factor. For future research, it would be in-
teresting to evaluate the performance and complexity of this iterative multiuser receiver
using larger spreading factors. Further complexity reduction in the iterative multiuser
receiver could be attempted by exploiting the structural symmetries underlying the gen-
eration mechanism of the clusters (centres in the RBF detector) of the received symbols

as suggested in [116].

¢ A non-trivial problem which still remains unsolved is the determination of a closed form

solution to the convergence of the iterative multiuser receivers.

¢ Spatial processing using multiple antennas provides diversity gain which can signific-
antly improve the system capacity and network economics. In chapter 7, we have ex-
tended temporal processing techniques to incorporate spatial domain processing. A rel-
atively new but promising area in this direction is the proper exploitation of the coding

dimension to achieve better performance of existing space-time algorithms.
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Appendix A
Derivation of the Wiener detector
components

A.1 Autocorrelation matrix

To show the value of matrix P’ in (4.3) let us consider the case of N = 3 and U/ = 2. Therefore,

equation (4.2) becomes

i (t) ri(t)ra(t)  ri(t)ra(t)
&, = E| r()r(t) r2(t)  ra(t)rs) (A1)
ri(t)ra(t) ra(t)ra(t)  r3(1)
where
ralt) = 3 be(t)ern + (1) (A2)

as
Efri®)]  Em@)r2(t)] E[ri(t)rs(t)]
@, = | Elnra)  EF3O] Elrars)] (A3)
E[r@)rs@)] Elr2(0)rs(0)]  L[r3(0)]
with

Elra()rg()] = b(1)ef , + b3(1)c3 , + 2E[bu(D]E[by(1)]er nezn + 02 (A4)
in the case that ¢ = n with g, n € {1, 2, 3}, otherwise (g # n)

Elr ()rg()] = bi(t)ernerg + b5(t)cancay + E[b(8)]E[ba(t)]e1 ne2y
+Eby (0] E[bs()]er g0, (A5)
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Derivation of the Wiener detector components

Note that we are assuming that £[b, ()] # 0, for u € {1,2}. Therefore, we can show that by
using (A.4) and (A.5) to compute all the elements in @, the resulted matrix can be rearrenged

in the following form

C C
. _ Cl,l 62,1 bi(t) Ebi(t)]E[ba(1)] cig €12 €13 g
o 1,2 €22
E[by (1)] E[ba(1)] b3(1) 21 C22 C23
C1,3 €2,3
or equivalently
&, = CP'C" + %1 (A.6)
where P’ is defined as
b B Bl 0]EDa() A
Eby (1)] £[b(t)] b3(t)

The 3 x 2 matrix C represents the spreading codes matrix and I the identity matrix with dimen-
sions 2 x 2. Using a similar procedure, it can be shown that the generalisation of the matrix

®,., is given by (A.6) but where now P is defined as

B ElbiO)Eb(0)] -+ Bl EBu()] ]
p_ | EBO1ER) b3(1) o EOIERO] |
| EBOIEbo ()] Ela1EBo@] - 0h() |

Cisthe N x U spreading codes matrix and T the U x U identity matrix.

A.2 Crosscorrelation vector

Considering again the example described in appendix A.1, i.e N = 3 and U = 2, for the uth

user the crosscorrelation vector denoted by ¢, is given by

Tl(t)
o= B bu(t) | ra(t) || - (A.9)

r3(1)
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Derivation of the Wiener detector components

where 7, () with n € {1, 2, 3} is the received signal at the chip rate. For « = 1 and using (A.2)
to substitute r,, (¢) in (A.9) we obtain

bf (t)cl,l + by, (t) by (t) 21+ b (t) 1 (t)
G = B | bi(t)er o+ bu(t)ba(t)ea s + bu(t)na(t) (A.10)
bi(t)er s+ by(t)ba(t)ez,s + by(t)ns(2)

where ¢, can be further simplified to

bi(t)er,n + E[bi(t)] Elba(t)]ean
@y = E| bi(t)er o+ E[bi(1)]E[ba(t)] e | - (A.11)
bi(t)er s+ Ebi (1) E[ba(1)]ea,

It is then straightforward to show that the crosscorrelation vector for the uth user in a system

with U users becomes

Elbu () Bl ()]ers -+ b2 (1) ews + - B (O] Elbu(t)]ev,

o = | PBOIEB @l 4 B0+ B bWl |

EDbu(]ETr]ern -+ bt euny + - Elbu (O] Elbu(]evy |
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Appendix B
Noise variance estimates

B.1 Wiener detector output

The minimum mean square error (MMSE) of the Wiener detector output for the uth user is

given as

MMSE = E[(bu(t) — yu())?]
= Elby(t)] = 2E[bu(t)yu(t)] + Elyg(1)] (B.1)

where E[] denotes the expected value. The variance of the Wiener detector output is given by
o2(u) = B[] - (1) (8.2)

On the other hand, the Wiener detector output for the uth user is y,(t) = wlr(t), therefore,

substituting v, (¢) in (B.1) we obtain

MMSE = E[(by(t) — wlr(t))(by(t) — wlr(t)T]
= E[b(1) = 2wir(t)bu(1) + wir()r" (t)w,]
= Ebi(0)] = 2wy E[r()bu(t)] + wy E[e(t)r"(1)]w,
= E[b5(1)] - 2w, ¢y, + Wy, 8,0 w, (B.3)

since w,, = ®.,' ¢, then (B.3) can be further simplified to

Tr

MMSE = E[B)]-2wlo +w! ®,, &' ot
u u ¥Prb u rr Frb
= E[bL(t)] - wy oy, (B.4)
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Noise variance estimates

therefore, by subtracting equation (B.1) from equation (B.2) and substituting M M S F as given
in (B.4), we get

on(w) = —EYy.(0)]+ 2E[bu()y.(1)] - B3 ()] + MMSE
= —(wiop)’ + 2w ¢ — EbL(0)] + E[bL()] - w,. o),
= (Wi o)’ + W, o) (B.5)

B.2 PIC detector output
From (4.12) in section 4.2.1.2 the variance of () is given as
2 _ 2 2
0, () = Elpy (0] = £ (1)] (B.6)

where again E[] denotes the expected value and 1, (t) is given by

Z Puk[br(t) — by (1) + na (1) (B.7)

k#u

with p,,  as the cross-correlation factor between user « and user k. Assuming that #[b,,(¢)] = 0
but E[b, ()] # 0 foru =1,2,---, U and using (B.7), we get

E2 [ (1)) = ZU:—pu,kE[f?u(t)] (B.8)
bz
and
)
ZmE [b2(0)] + Z —purEbu(] | + o7 (8.9)
k# k;é

therefore it can be shown that the variance aﬁ is then given by

U
=> ply+ol (B.10)

k;u
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Noise variance estimates

B.3 STTD decoder output

B.3.1 Flat fading channel

In a flat fading channel the output of the STTD decoder is shown in equation (7.18) of section
7.4.3. The matrix A isdefined in (7.17) where A,,, = h,, oI; m € {1, 2} with the identity matrix

I of equal dimensions than A ,,,. Therefore, the noise vector in (7.18) can also be expressed as

follow
n(t+1) [hiol? + haol® | Az —A4 n(t+1)
Thus, it is easy to show that the noise vector at time ¢ can be denoted as
1 .
w(t) = W(Am(t) + Asn(t+ 1))
1 *
= m(hmn(t) + hoon(t+1)). (B.12)

Therefore, the variance of the nth element in w(¢), denoted by w,, () withn ¢ {1,2,---, N},
is defined as

0% = EL2(0)] - EYwn (1) (B.13)

n

where E[] denotes the expected value. Since n(¢) and n(¢) are noise vectors with zero-mean

complex Gaussian noise samples and variance o2, then we can obtain &2,, as follow

ste

) 5 [(h’{,oﬁn(t) + haomn (1 + 1)) (hl,onii(t) + h3 omn (t + 1))]
o =
ote |h1,0]? + [h2,0]? |h10|* + [h2,0l?
or equivalenlty
1
- E [[h1o*|7a(8)|* + |h2.0* 7. (t + 1)|?
Oste (|h]70|2+|h270|2)2 [l 170| |77 ()| +| 250| |77 ( + )| ]

1 .
= (|h1 0|2 n |h2 0|2)2 <|h170|2E[|nﬂr(t)|Q] + |h2,0|2E[|nn(t + 1)|2])
[h10” + lhool* o

(1h1,01? 4 [h2,0%)*

where 7,,(t) and 7,, (4 1) are the nth samples from the noise vectors n(¢) and n (¢4 1) respect-

ively. Thus, the variance of the noise samples at the STTD decoder output can be expressed
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Noise variance estimates

as

2
2 g

= - B.14
e |P101? + |hg,0l? (8.1

B.3.2 Multipath fading channel

In the case of the multipath fading channel, the STTD decoder output is represented by equation
(7.27), where the noise vector at time ¢, {(#), is given by the first N' samples of ¢, which is

defined as

e, = WA+ [A)) T AW, — AW
= W(A*+ A1) 0 (B.15)

where [A;‘WHﬁp - A2WT1‘7;§+1] is substituted by W. Thus, the covariance of ,, is given by
Vae = Elpyey] = Elp,]E[p))] (B.16)

considering that n,, and n; ., contains zero-mean complex Gaussian noise samples, (B.16) is

simplified to
Ve = Elp,e)] (B.17)
substituting (B.15) into (B.15) we get

Ve = E(W(AP +]AP) ) (WAL + Ao~ 9)7]

(
EIW (1A + [ A*) 71 0) (W (| AL + [ Ao ) 71T)]

EIW ([ A [* + Ao ) 08 (| A + [Ao]) T W, (B.18)

Considering that & = ATWH5, — A, W77~ | we obtain that

v = (AWTn, - AW ) (AW, — AW T3 )7
= (AW, — AWTis (@) WAT — 7], W*AY)
= AW WAT - A, WTas n WAT — AW al WAL +
AWTis il WHAY (B.19)
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Noise variance estimates

substituting (B.19) into (B.18) and taking the expectation we get

Ve = oW(A* 4+ |A2])) T (ATWIWAT + AW WAL (|A]* + A )T W
= WA+ M) T ATAT + A AY ) (JA* + A7) T W
= WAL+ M) T (A 4 A (|A [ + A ) T W (B.20)

which finally becomes

Ve = PW(A* +]Ag]?) 7' WH (B.21)

164



Appendix C
Publications

J.M. Luna Rivera, D.G.M. Cruickshank and J.S. Thompson. “Iterative Multiuser Re-
ceiver for a Coded DS-CDMA system”. Proceedings of the IEEE Vehicular Technology
Conference (VTC’01 Spring), vol. 2, pp. 1518-1522, Rhodes Island, Greece, May 2001

J.M. Luna Rivera, D.G.M. Cruickshank and J.S. Thompson. “Capacity Bounds for a
Coded DS-CDMA system as a function of block size”. Proceedings of the IEEE Vehicular
Technology Conference (VTC’01 Fall), Atlantic city, USA, October 2001

J.M. Luna Rivera, D.G.M. Cruickshank and J.S. Thompson. “Hybrid Iterative Multiuser
Receiver for a Coded DS-CDMA system”. Proceeding of the IEEE International Sym-
posium on Spread Spectrum Techniques and Applications (ISSSTA’02), Prague, Czech
Republic, September 2002

J.M. Luna Rivera, D.G.M. Cruickshank and J.S. Thompson. “Space-Time lterative Mul-
tiuser Receiver for a Coded DS-CDMA System in a Flat Fading Channel”. Proceed-
ings of the IEEE Vehicular Technology Conference (VTC’02 Fall), Vancouver, Canada,
September 2002

J.M. Luna Rivera, D.G.M. Cruickshank and J.S. Thompson. “A High Capacity Space-
Time FEC Coded DS-CDMA System for use over Multipath Channels”. Submitted to

IEEE Transactions on Wireless Communications, July 2002

165



Publications

ITERATIVE MULTIUSER RECEIVER FOR A CODED DS-CDMA
SYSTEM

J. M. Luna Rivera, D.G.M. Cruickshank and J.S. Thompson
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The King’s Buildings, Mayfield Rd., Edinburgh, EH9 3JL, UK

email: mlr@ee.ed.ac.uk, dgmc@Qee.ed.ac.uk, jst@ee.ed.ac.uk

Abstract — A new iterative multiuser receiver
structure for a direct-sequence code division multiple
access (DS-CDMA) system with forward error correc-
tion (FEC) coding is proposed. This structure em-
ploys the turbo multiuser detection principle in a soft
multi-access interference cancellation scheme. The re-
cewer first uses a Wiener filter to demodulate and de-
spread the received signal, this process yields the initial
coded data estimates. Based on these estimates, the
parallel cancellation scheme and the channel decoding
are coupled to exchange soft information in an iterat-
we fashion. Simulation results show that performance
approaches the single-user performance even in highly
loaded systems. It is also shown that the use of Wiener
filtering on the first iteration of the iterative receiver
yields a substantial performance gain in the system.

I. INTRODUCTION

The standardisation of DS-CDMA technology in mo-
bile communications (third generation) has raised a lot
of interest in the research community in trying to in-
crease the capacity of this type of system. The major
problems faced in these type of multi-access environ-
ments are intersymbol interference (IST) and multiple-
access interference (MAT). These obstacles arise mainly
due to the fact that multiuser receivers deal with sig-
nals which are not transmitted by a single source but by
several uncoordinated sources and geographically sep-
arated receivers (non-orthogonal signals). Since DS-
CDMA capacity is only interference limited, any reduc-
tion in interference converts directly into an increase in
capacity.

In [1], the optimal multiuser receiver for the asyn-
chronous coded DS-CDMA was introduced. Here the
multiuser detection and the channel decoding are per-
formed jointly. However, its prohibitive complexity
(which rises exponentially with the number of active
users and the constraint length of the convolutional
code) made this structure impractical. Motivated by
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this high cost in complexity, a search for a satisfact-
ory sub-optimum multiuser receiver which can mitigate
such a complexity handicap is still ongoing.

Perhaps the most exciting development in coding
theory in recent years has been the announcement of
turbo codes [2]. This new scheme achieves near Shan-
non capacity performance (in the power limited region
of an AWGN channel) combining two or more recursive
convolutional codes (RSC) in an iterative scheme and
using interleavers. Since then a lot of work has been
developed in iterative processing techniques. Recently,
this technique has been applied to the multiuser detec-
tion/decoding field with very promising results [4]-[8].

A partitioned multiuser receiver scheme which per-
forms the multiuser detection and decoding channel
processes separately has shown to be a viable struc-
ture to reduce complexity [3]. An important result
which was obtained in [4] established that asymptotic-
ally single-user performance can be achieved even in a
highly loaded multiuser system. It was proved theoret-
ically that the combination of FEC coding and random
interleavers overcame the limitation of a multiuser de-
tector /decoder in a highly loaded system. In this paper
we propose a new iterative multiuser receiver structure
which combines a subtractive interference cancellation
scheme with single-user Mazimum Aposteriori Probab-
ility (MAP) decoders by exchanging soft information in
an iterative fashion. Tt is shown how the combination
of Wiener filtering with FEC coding, iterative decod-
ing and random interleavers can improve the multiuser
receiver performance to the single-user performance in
the presence of high levels of MAIL Tt is also important
to point out that the proposed structure requires low
complexity for each of the stages involved.

The paper has been organised as follow. In the next
section the system description is presented. Section
IIT describes the iterative process through the mul-
tiuser detector/decoder structure. Simulation results
and conclusions are contained in Section IV and V re-
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spectively.

II. SYSTEM DESCRIPTION

We consider the model depicted in Fig. 1. The
scheme shows a discrete-time DS-CDMA communic-
ation system with FEC coding for K active users. The
channel model is both chip and symbol synchronous
with the samples taken at the chip rate. The kth user
transmits a data block of i.i.d! binary data, {b/}; i €
{i = 1,2,...,L}, where b¥ is referred to as the data
symbol of user k at time index i Each data symbol
of user k is passed through a non-recursive convolu-
tional code with constraint length v and a code rate
Rg = 1/R. The resulting coded sequence at the out-
put of the kth encoder is interleaved (m1) to reduce the
effect of error bursts at the input of the decoder chan-
nel. A BPSK technique is used to modulate the inter-
leaved coded symbols, yielding the user symbols {df}; t
e{t =1,2,..., RL}. Every user symbol of the kth user
is then modulated by a unique spreading waveform and
transmitted through an AWGN channel. The nth chip
of the spreading waveform employed by the kth user is

defined as sy € {\;—%, \/% where N is the processing

gain and n € {n = 1,2,..., N}. The spreading codes
employed are random and non-orthogonal to simulate
the effect of a multipath channel.

It is assumed that all the users transmit with equal
and constant power. It is also assumed that the spread-
ing codes for every user are known exactly by the re-
ceiver. The received signal at the chip rate is then given
by

K
_ dk
Ytn = t Skn + Wn
k=1
where w,, is a Gaussian noise sample with distribution,

N(0,0?).

1)

b

1

~2

) b’

Iterative i
Multiuser
Receiver

~K

bi

Fig. 1. Scheme of a DS-CDMA system with FEC coding.

ITII. ITERATIVE MULTIUSER RECEIVER

In this section we introduce the iterative multiuser
receiver which is shown in Fig. 2. This structure com-

lindependent and identically distributed
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prises a multiuser detection stage, a parallel cancella-
tion scheme and a FEC decoding stage which exchange
soft information in an iterative fashion. The main is-
sue faced in this type of structure is to generate the
correct single-user probabilities for the FEC decoders
and supplying appropriated a priori information to the
multiuser detector on each iteration.

A. Multiuser detection and parallel can-
cellation

In the multiuser detection field it is well known
that Wiener filtering gives better performance than any
other conventional linear detector and the combination
of such detector with a single stage of parallel cancel-
lation gives even better performance than any linear
technique in isolation [9]. Therefore we exploit this
quality and thus Wiener filtering together with paral-
lel cancellation is used as the multiuser detector in the
first stage of the iterative receiver.

yl,n Delay of N chips
A
lock b:(
Wiener |i Blocl —
Filter Single
: Decoders
>
g
Cancellation

Fig. 2. Iterative multiuser receiver.

Firstly, the Wiener filter [10] delivers the initial soft

estimates of the user symbols, {dF}, at time index
t which are then passed to the parallel cancellation
scheme. These soft estimates are yielded by forming
the expectation of the user symbols for every user as
define these quantities straight below in eqn 2.

di= > dpld), k

de{1,—1}

1,..., K. (2)

The distribution of the Wiener filter output is assumed
to be Gaussian. Hence such expectations are computed
by taking the conditional probabilities, p(y¥/dF = d),
which are delivered by the Wiener filter as the a pri-
ori probabilities p(d) required for user k at time index
t. However, to yield these conditional probabilities it
is required to know the variance at the Wiener filter
output. In [9] it is shown that a good approximation
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of this parameter can be achieved, therefore we follow
the same procedure.

Using the parallel cancellation scheme the soft es-
timates of the interfering user symbols (MAI) are then
subtracted from the received signal yielded a resulted
signal which is passed through a Matched Filter (MF).
The signal at the output of the MF can be expressed
as

Re[d — dJ] + mi,

where Ry ¢ C1*K denotes the kth row of the autocor-
relation matrix R € CEX*X_ The vectors d; and d; are
defined as follows:

~k
Y =

dt =
d,

{dh.d?....,d5,
(@& B0, E L

)

and 7y, is the noise sample. Thus the desired user signal
at the MF output is denoted as

G = Reld —d ]+ ...+ d" + ...+ Rpg[d¥ — dK] + g

where R;; corresponds to the element in the ith row and
jth column of the matrix R. It has been showed that
iterative receivers based on soft information provide ex-
cellent performance. Therefore, the conditional prob-
abilities, p(7Ff /df¥ = d), at the MF output are used
as the soft information provided to the single-user de-
coders. To obtain such probabilities it is assumed that
the output of the MF can be represented as a AWGN
channel with input d*. This equivalent channel is de-
noted as

U =df + (3)
where z; is a Gaussian noise sample with distribu-
tion ~ N(m., 02 ). Then to yield the probabilities,
p(FF/df = d), we must first calculate the noise vari-
ance, o2 . Derived from eq. 3 (see the Appendix) o2,
can be computed by using eq. 4.

K
0% =S (R}, — Rd¥ + Reudt) +0°  (4)

=1

utk

B. Decoding

The decoding consists of a block of K soft-input
soft-output (SISO) single user decoders. As every user
makes use of the same decoding algorithm, we base the
discussion only on the kth user.

The input sequence for the kth decoder consists of
the logarithm of the likelihood ratio (LLR;y) of the
data symbols (soft input) defined as,

LLR;,(df) = lnp(y:%k?dfk;—%Y ®
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While the output sequences given by the kth decoder
are the LLR,,+ (soft output) of the a posterior probab-
ilities (APP) for both the data symbols, p(b¥ = b/Y}),
and the user symbols, p(d¥ = d/YF). These APP can
be calculated by using a slight modification of the MAP
algorithm [2]. The input sequence is given by {Vi*}; i
e{i=1,2,...,L}, where Yz-k = (g/(k'1.71)1?4_17 e YRi)-

In this section we outline the procedure to estimate
the LLR] s of the user and data symbols. The APP
of the data symbols b} is derived from the joint prob-
ability AX!(m) = Pr{b¥ = 5,S; = m/Y*}. Thus the
APP of the data symbol for the kth user at time index
¢ is defined as

Pr{bf =b/Y} =3 N(m) (6)

where {b¥}; i€ {1,2,---,L}, b e {1,~1} and m is the
index of all possible states in the trellis representation
at time 7.

As in [2] the forward a;(m) and backward f;(m)
state probabilities can be recursively obtained as fol-
low

a;(m)

= HEY D w(Yiom' mai(m) (1)
m’ b
ng ZE’YI;(Yi-}-Lm/, m)Bir1(m’) (8)

m’ b

Bi(m) =

where HF and H g are normalisation constants such
that

HF - Zori(m) =1
H;§—>Zﬂi(m):1.

The transition probability 4(Y;,m/,m) from state
Si—1 = m’ to state S; = m at time index ¢ is given
as

(Y m'm) = (W2 _y) gy p(3 /b7 = b)) Prib; = b}

with p(yé“iil)H+1/b{»" =b) - p(yk, /b¥ = b) as the condi-
tional probabilities of the codeword associated with the
transition. Since there are only two possible transitions
from each state and they are with the same probability,
then the a priori probabilities Pr{b} = 1} = Pr{b} =
—1} =1/2. Using eq. 7 and eq. 8 the joint probability
Ab(m) is computed as follow

AL (m) = a;(m)5; (m). (9)

The boundary conditions are ok (0) = 1 and af(m) = 0

¥Ym # 0 and B¥ (m) = £ Vm.
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An analogous procedure can be used to yield the
APP’s for the user symbols [11]. Eq. 6 is slightly mod-
ified to yield APP’s

Pr{df =d/Y{} = N(m)

where {d¥}; t € {1,2,---,RL}, d ¢ {1,—1} and {YV{};
ie{1,2,---, L},

C. Iterative principle

In a similar fashion to turbo codes [2], we make use
of the single-user decoder output probabilities from it-
eration n to yield the user symbols estimation, {d*},
required in the cancellation scheme for iteration n+1.
Therefore, for an iteration number > 1 the estimates
of these values are now delivered from the decoder out-
puts instead of the Wiener filter. Then by applying
once again eq. 2 such estimates can be obtained, but
this time the APP of the user symbols (coded bits)
at the output of every single-user decoder are used as
the a priori information, p(d) = Pr{df = d/Y¥}. Tt
is important to mention that the sequence supplied to
the cancellation scheme for an iteration number > 1
must be interleaved in order to yield the appropriate
ordering of the information sequence at that point.

IV. SIMULATION RESULTS

The performance of the system was evaluated in
terms of the bit error rate (BER) using Monte-Carlo
simulations. Graphs show the average BER over all
users in the system. We considered a channel model
that was both chip and symbol synchronous with equal
power users. The same FEC coding channel was em-
ployed for all users, it consists of a non-recursive con-
volutional code with rate, R, = 1/2, constraint length,
v = 3, and generators (7, 5). The block size was set to
L = 128 data symbols, giving RL = 256 coded symbols
in a block which were transmitted with different sets
of random spreading codes.

The simulation results in Fig. 3 shows the perform-
ance of the multiuser receiver for a different number
of iterations. The simulation was performed with a
processing gain N = 15, K = 15 active users and ran-
dom interleavers of depth RL with different patterns
for every user. The results shows that multiuser re-
ceiver performance approaches the single-user perform-
ance even in this heavily loaded system. Although the
major improvement of the receiver occurs in the second
and third iterations, the system performance at the first
iteration plays an important factor in the final result
as it indicates how rapidly the system performance will
converge to the single-user performance.

— - Single-user | S

—*— 15 users-itl

—+ 15 users-it2

—e— 15 users-it3

—o— 15 users-it4

—&— 15 users-it5
T

; ; ; ; ; ;
0 05 1 15 2 25 3 35 4
Eb/No (dB)

Fig. 3. Iterative multiuser performance

Fig. 4 shows the average BER against number of
users for a different number of iterations. Comparing
the graphs we can observe that for an iteration num-
ber bigger than three the system performance remains
closely to a constant value (single-user bound) up to a
number of users equal to the processing gain (K = N).
Further number of users in the system (K/N > 1)
push the system performance away from the single-user
bound, as is expected.

-0.5

T T
—e— iteration 1
—#— iteration 2
—&— iteration 3
—+— iteration 4

—&— iteration 5

log BER

2 4 6 8 10 12 14 16 18 20
number of users

Fig. 4. Number of users against BER averaged over all users for
Eb/No=4dB and N=15.

V. CONCLUSIONS

The combination of a good multiuser detection stage
at the first iteration and the principle of turbo multi-
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user detection yields a multiuser receiver performance
close to single-user performance even in highly loaded
systems. A further important result is that this struc-
ture employs a minimum of complexity in every stage,
yielding a final structure with low complexity.

APPENDIX

The variance of the noise sample, zj, in eq. 3 is
denoted as

0%, = B(z}) - B(=)". (10)

where E[] denotes the expected value and zp is given

by:
2y = MAIL, +ny — MAI (11)

with MAL = 3,4 Reudy, MAL = 3,y Riudy (u
e {l,---,K}) and nj is a noise sample with distribu-
tion, N (0, 0?).

Then substituting eq. 11 in eq. 10 and taking in
consideration that E(n;)=E(MAI)=0 it yields

~ 9 ~
o2 = E(MAI’) + E(n}) + E(MAI, ) — E(MAIL).
(12)
To reduce c20mplexity in computing o'fk we can trun-
cate E(M AIL") to contain only the square terms, there-
fore the final expression for azk is given by:

K
9 ~ 2 ~
2 =D (R}, — Ri,dy + Rpudy) + 0.

u#k

o

(13)
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Abstract — This paper examines the capacity
bounds for a direct sequence code division mul-
tiple access (DS-CDMA) system with forward
error correction (FEC) coding in an additive
white Gaussian noise (AWGN) channel. Using
Shannon’s sphere-packing bounds, the capacity
for this type of system as a function of the block
size is shown. Furthermore, its analysis provides
a comparison baseline for DS-CDMA communic-
ation channels. We compare these limits with
the achievable capacity of a DS-CDMA system
based on an iterative multiuser receiver (IMR).

I. INTRODUCTION

A CDMA system based on direct sequence spread
spectrum offers certain distinct advantages such as dy-
namic channel sharing, robustness to time variations
in the channel, ease of cellular planning, etc. As the
development of such schemes are mainly for capacity
reasons, in the information theory of a multiple-access
channel the main goal is to find its capacity limit. This
limit represents the set of information rates at which
simultaneous reliable communication of the messages of
each user is possible. Since normal applications impose
constraints on the maximum block length of informa-
tion symbols, an analysis of the system as a function of
this parameter is desirable. Based on Shannon’s sphere
packing bound [1] the behaviour of these bounds as a
function of the block size in a DS-CDMA communica-
tion channel is investigated.

On the other hand, with the advent of turbo codes
[2] a lot of work has been carried out in iterative pro-
cessing techniques for multiuser receivers [3]-[7]. In [3] a
multiuser receiver scheme for synchronous coded CDMA
based on iterative techniques is introduced. Therefore,
we make use of this type of structure to show a com-
parison of the theoretical bounds with the simulated
performance achieved by a DS-CDMA system. We com-
pare the signal to noise ratio, Ey/N,, required to achieve
a particular codeword error probability, P,, operating
over a binary-input AWGN channel.

The paper has been organised as follows. In the next
section the capacity bounds for a DS-CDMA system are
derived. For the purpose of a comparison, section III in-
troduces a DS-CDMA system based on an iterative mul-
tiuser receiver. Then section IV shows the comparison
between the theoretical bounds and the simulation per-
formance achieved by the DS-CDMA system. Finally
the conclusions of the paper are drawn in Section V.

II. CAPACITY BOUNDS
A. Shannon’s bound

It is well known that the Shannon’s sphere packing
bound establishes a lower bound on the error probability
for codes with a particular block size [1]. The develop-
ment of this bound assumes a spherical block code that
contains a collection of 28 = M equal power codewords
where k is the number of information symbols. Each
codeword is represented by a sequence of n code symbols
(geometrically it represents a point in n—dimensional
Euclidean space) with a signal power n P, per codeword
(then each codeword is on the surface of a sphere of
radius \/nP;). The communication channel adds inde-
pendently to each channel symbol Gaussian noise with

distribution A (0, N,/2).

Information Sf/:g%eolsz g/hs]nbrzﬁis
s | [ oees |
@
S/Chib%I = 8?""%“‘?'
Information Code mbols ‘mbols
Symbols ]—‘ Symbols ‘ - ‘ ‘ ‘
FEC code readin Channel
(il |Spreading | | |

(b)

Fig. 1. Communication system: a)no-spreading model b) spread-
ing model.

In a typical digital communication system additional
functions such as a modulation scheme and error control
coding (channel coding) are both included in Shannon’s
coding theory, see Fig. 1 (a). The code rate, R, is then
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defined as the ratio of the number of information sym-
bols to the number of channel symbols where the num-
ber of information symbols, k, is measured in bits for a
binary input. Thus the code rate, R = k/n, represents
the number of information bits per channel symbol.

In what follows, an outline of the fundamentals of
Shannon’s sphere packing lower bound is discussed in
the context of DS-CDMA. Only the expressions of in-
terest to our problem are displayed, more analysis on
these bounds can be found in [1]. This fundamental
lower bound is expressed in the following form

Pw 2 Q(t‘)l,A, n) (1)

where P, is the codeword error probability, A =
V2RE/N, is the amplitude corresponding to the signal
to noise ratio per channel symbol. The scalar Q (6, A, n)
is the probability that a point X in n—dimensional
space, at distance Ay/n from the origin, falls outside
an n—dimensional cone of half angle § with vertex at
the origin O and axis OX. The perturbation of noise is
according to a spherical Gaussian distribution with cov-
ariance I, x,, (identity matrix of dimension n x n). Then
1 represents the half angle of an n—dimensional cone
that satisfies

Q,(01) =

= (2)

where Q(0;)/Q(r) denotes the ratio of the solid angle
within an n—dimensional cone of half angle #; to the
total solid angle of n—dimensional Euclidean space (full
solid angle of an sphere). The expressions for the
solid angle function €, (6) and the probability function
Q(f, A, n) are given by

1T+, L,
Q,(0) = L . F(zni%l)(smté) d¢

and

Pn—1 (sing)"=2 [
Q(G:A)n) = ‘/9 on/2 W%I)/O o

eXp—(m2+nA2—2m\/7LAcos¢)/2 dzdé

where T'(a) is the gamma function defined by the in-
tegral fooo e~tt(e=1)dt. Rather than these complex in-
tegrals, asymptotic expressions are derived for these
bounds when n is large. These approximations are de-
noted in the following form
n ; n—1
() ~ r% —t ll)(sznﬁ) )
nl (2 /meosh

and
8. A)sinfe—(A*—AG(6,A)cos8)/2\n
Quio, A,n) n (G0 A)sinbe L.
Vnmy/1+ G2(6, A)
: . (4)
sinf(AG(6, A)sin?0 — cosb)

where G(f) = %(Acos& + VA2c0s20 4 4). Therefore, a
lower bound on the error performance of a code of rate
R can be computed using (2), (3) and (4).

B. CDMA bound

The incorporation of the CDMA scheme, where the
spreading is imposed, yields a multiple access commu-
nication channel that can be interpreted in a similar
manner to Shannon’s model, Fig. 1 (b). However,
this representation instead yields an overall “code” rate
given by

Uk U

R, = nN N R )
where U is the number of users in the system, k repres-
ents the information block size (in bits) per user, n the
number of FEC coded symbols per information block
and N the number of chips per coded symbol (spread-
ing factor). Assuming a multiuser detection strategy
where the multiuser receiver knows exactly the spread-
ing waveforms of all users and jointly demodulates and
detects all users’ signals, each channel symbol is then
corrupted only by a Gaussian noise with variance N, /2.
Consequently, the Shannon’s sphere packing bound (1)-
(4) is applicable to this multiple access model but with
a signalling rate R, instead of R.

By applying Shannon’s expressions these bounds are
obtained for the DS-CDMA communication model.
These asymptotic bounds allow us to determine the min-
imum E} /N, required given a particular signalling rate
(R,) and a desired codeword error probability (P,) as
a function of the information block length (k). In sec-
tion IV these bounds will be showed as a function of the
block size and the number of users in the system.

I1I. SIMULATED DS-CDMA SYSTEM

In this section we consider the simulation of a dis-
crete time coded DS-CDMA communication system in
an AWGN channel. In Fig 2 the system model is shown.
This communication system operates with U active
users that transmit simultaneously through a channel.
The users are both chip and symbol synchronous. Every
user transmits a block of k independent and identically
distributed data bits, {b;}7 jedi=1,2..k}, i€
{i=1,2,...,U}, which are encoded with a code rate R.
After BPSK modulation the resulting coded sequence is
given by {di};t e {t =1,2,...,k/R}. Every user sym-
bol is then modulated by a unique spreading waveform
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of N chips length and transmitted through an AWGN
channel (assuming that all the users transmit with equal
and constant power). The mth chip of the spreading
waveform employed by the ith user is defined as s; ,,, ¢
{—l/ﬁ, 1/\/N} where m e {m = 1,2,...,N}. The
spreading codes employed are randomly chosen and non-
orthogonal. The received signal at the chip rate is then
given by
U
Yt,m = Z d;Sim + Wm (6)

i=1

where w,, is a Gaussian noise sample with distribution,

N(0, N, /2).

bl d! bt
L
b? 2 Iterative | h2
| L
Multiuser
Receiver
u Nl
pY d b;
L

Fig. 2. System model

In a multiple access system with FEC coding the com-
plexity of the optimal multiuser receiver increases expo-
nentially with the number of users U and the memory
of the convolutional code v, O(2V”). The analysis of
a jointly optimum multiuser detector and forward er-
ror correction coding process will yield the minimum
achievable probability of error and optimum asymptotic
multiuser efficiency in this type of scheme but is far too
complex to be practical. For complexity reasons we con-
sider a partitioned multiuser receiver which performs the
multiuser detection and channel decoding processes sep-
arately but exchanging soft information in an iterative
fashion (multiuser iterations) to improve the perform-
ance in the receiver [3]-[7], see Fig. 3.

In an iterative multiuser receiver structure an es-
sential issue is the method of exchanging information
between the detection stage and the channel decoding.
In a similar fashion to [3]-[7] soft information is output
by the multiuser detector which is then supplied as the
soft-input to the FEC decoders. Equally, the informa-
tion yielded at the decoder outputs is used as a prior:
information into the multiuser detector on each itera-
tion. In this paper the soft information for multiuser
iteration p is represented using the logarithm likelihood
ratio (LLR) as given in the following expression

P+1
LLR(z"), =1
(2')p =In 5= P

(7

be

LLR (x)p decoder 1 ;

b2

I}

LLR (),
y(‘m decoder 2
—_— MUD

by

LR o
i

LLR (x})

P+l

LLR (%) pes

Fig. 3. Iterative multiuser receiver

where 2 can be either the information symbols or coded
symbols of the ith user and P41, P_y are the probability
information (marginal or a posteriori probabilities) of
detecting #' = +1 and z' = —1 respectively. To obtain
the probabilities as a function of the LLR we solve (7)
for either P44 or P_; as shown in (8) and (9).

. B exp(LLR(z?))
(e =41 = L (LLR{EY) v
pr(l‘i =-1)= 1 (9)

1+ exp(LLR(2%))
A. Optimal multiuser detector

For the detection process it has been shown that ra-
dial basis function detector (RBF) can be implemented
as the optimal multiuser detector in a DS-CDMA sys-
tem [8], [9]. Therefore we select this type of multiuser
detector to demodulate the users signals in the receiver.

The RBF detector output for the ith user can be ex-
pressed by the ratio of the conditional probability as is
shown in the following equation

4 T exp (<Ml

P /=41 50T e
di =1 T U1 a2

p(y,/d; ) 5 exp (~ el

where the conditional probabilities are generated by the
multivariate Gaussian probability density function [10]
as given below

oU-1 My, —all® )
d) = 20° 11
p(y,/d) QU 1 Z T N2gN (11)
with d € {+1,~1}, y, = [w,1,%,2, - - -, y,n] is the input

vector consisting of the N chip spaced input samples
(6), @; = [e1,ca,---,en] is the lth centre in the RBF
network and ¢ is the noise variance.
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B. Channel decoder

On the other hand, it has been established that turbo
codes [2] represents one of the most powerful classes
of error correcting codes as they achieve near Shannon
capacity performance (in the power limited region of an
AWGN channel). Therefore, this type of FEC coding is
used to decode the information symbols of every user in
the system.

The channel decoding for the DS-CDMA system con-
sists of a block of U single user turbo decoders. The
input sequence to the ith turbo decoder are the a pri-
ori LLR’s of the coded symbols yielded by the RBF
detector. As an output it delivers an update of the
LLR’s based on the a posteriori probabilities (APP) of
the coded symbols as well as the information symbols.
When the last multiuser iteration in the receiver struc-
ture has been reached a hard decision is accomplished
at the decoder output

B :{ +} if LLR(b})> 0

otherwise
where ¥
X L= +1
LLR(b}) =1n u
P(bj = _1/_)

with b; as the jth information symbol of user ¢ and y is
the input sequence of coded symbols corresponding to
k information symbols. But if the last multiuser itera-
tion has not been reached yet then the decoder yields as
output the LLRs for the coded bits

p(d; = +1/y)
pldi =—1/y)
where di is the tth coded symbol of user i. These values

are then supplied as apriori information to the multiuser
detector in the next iteration.

LLR(d}) =1n

The LLR’s values are obtained after a desired number
of turbo decoder iterations have been accomplished in
the decoder structure. The APPs are calculated in a
similar fashion as it is shown in [2] but with a slight
modification to yield the APPs for the coded symbols,
see [11].

C. Turbo multiuser detection principle

Turbo multiuser detection refers to multiuser detec-
tion and channel decoding using an iterative exchange
of soft information between the two processes. In a
similar fashion to [4] this principle is applied to the
RBF detector by calculating the conditional probabil-
ity p(yt/di = d) as follows:

ply,/di=d)= )

4

(a}=a)

U
ply,/d) [Trr(d).  (12)

r#i

where d € {+1,—1} and pr(di) is the a priori probabil-
ity of the ¢th user at time index t. In multiuser itera-
tion p, the APPs of the coded symbol at the output of
every single-user decoder are used as a priori probabilit-
ies which are provided into (12) for a multiuser iteration
p+ 1. For p = 1 these a priori probabilities are set to
0.5 for every user.

D. Simulation

As an example of the IMR performance we simulate a
DS-CDMA system in an AWGN channel. In Fig. 4 the
performance of the IMR is shown for different numbers
of multiuser iterations. The system considered is a DS-
CDMA system with U = 5 active users and a processing
gain N = 7. For the FEC coding every user uses a
turbo code of rate R = 1/2 and generators G1 = 37 and
G = 21 in octal notation and where every user transmits
a block of & = 200 information bits. In the decoder
structure the number of turbo decoder iterations were
set to 4. In this scenario, the 5 user case performance
is very close to the single-user bound after 4 multiuser
iterations.

BER

10

_4|| —— - single—user
10 1 —o- 5 users-itl
—&— 5 users-it2
—&— 5 users-it3
_s|L—*— 5 users-it4 ; ‘ ; ¥
0 0.5 1 15 2 25 3 35

Eb/No

10

Fig. 4. Tterative multiuser receiver performance

IV. COMPARISON

To enable us to compare the bounds derived in section
2, we simulate the DS-CDMA system introduced in the
previous section in an identical scenario. Although in
practical applications the computational complexity in
the system receiver is still prohibitive, O(2Y) +0(2"), it
can be useful for understanding how closely a practical
system can approach the theoretical limits.

The simulation results are shown in Fig. 5. The para-
meters used to compare the achievable performance of
this practical system with the theoretical bounds are:
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R =1/3, N =7, with U = 5, 7 and 9 attaining a
P, = 102 Pseudo-noise sequences are employed to
spread the users’ signals. The FEC coding includes an
encoder with memory v = 4 and generators G; = 37,
(G5 = 21, the same encoder is employed for all users. A
combination of 5 turbo decoder iterations and 5 multi-
user iterations are applied in the receiver structure. The
performance is measured by averaging the codeword er-
ror rate (or frame error rate FER) across all the users.

8
— Capacity I user (k=inf)
an - -- bound 1 user 1
— ~ bound 5 users
6l -+ bound 7 users (|
—— bound 9 users
5l —=— simulation 1 user (|
o —— simulation 5 users
= —=— simulation 7 users
2 4 —— cimulation Qusers ||
<
[}
o
o
=
o
[}
o
2 i
10" 10° 10°

information block size k (bits)

Fig. 5. Asymptotic bounds for a DS-CDMA system as a function
of the information block length for R = 1/3, N = 7 and
U =5, 7 and 9 achieving a P, = 1072,

These results show us that a small block length for
these systems puts up the minimum FEj/N, required
for reliable communications. Also it is illustrated that
increasing U (the number of users) also increases the
minimum E, /N, required for reliable communications.
From the simulation results it can be note that for
U > N (i.e. 9 users) the minimum Ej /N, required does
not show a similar behaviour as the cases when U < N.
The possible reason for this is the behaviour of the FEC
coding performance when the multiuser interference gets
very high. The improvement in the BER performance
with larger block sizes is a well known characteristic of
turbo codes (also maintained for the FER), however, it
does not continue at low signal to interference plus noise
ratios, which is the case in our simulation results for 9
users in the system.

V. CONCLUSIONS

The capacity bounds for a DS-CDMA system as a
function of the information block length were derived.
Using an iterative multiuser receiver we show that the
performance of this type of system has a similar rela-
tionship between block length and required Ej/N, as

that given by Shannon’s sphere packing bound. Further-
more, it was shown that by using the iterative multiuser
receiver the total spectral efficiency in the system (num-
ber of information bits per chip transmitted reliably for
all the users) is similar to an orthogonal DS-CDMA sys-
tem. Good performance is maintained in systems with
a ratio U/N < 1.
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Abstract — This paper presents a sub-
optimum multiuser receiver for a multipath
direct-sequence code division multiple access
(DS-CDMA) system with forward error cor-
rection (FEC) coding. The complexity of
the optimal joint receiver is well known to
be exponential with the number of users and
the memory of the FEC code. Therefore,
we propose a hybrid structure which applies
the turbo multiuser detection principle not
only to improve performance in the system
but also to reduce complexity in the receiver.
This structure uses a moderate-complexity de-
tector (MCD), based on a linear detection
technique on the first iteration of the receiver
and then for further iterations a suboptimal
radial basis function detector (SRBF) is ap-
plied. The aim of the MCD is solely to es-
tablish a level of confidence related to how
likely the transmitted information can be cor-
rectly detected. Using this information a pre-
selection technique is applied to reduce the
complexity of the optimal radial basis func-
tion detector which is used for subsequent it-
erations. These two modules together oper-
ate as the SRBF detector. Numerical results
show that good performance is achieved by
this hybrid receiver at a significantly reduced
complexity.

1. INTRODUCTION

The 3rd generation of mobile communications will
be based upon DS-CDMA technology with both long
and short spreading sequences [1], [2]. Therefore
many researchers are trying to increase the capacity
that this technology can deliver. In DS-CDMA sys-
tems the presence of intersymbol interference (ISI)
due to the multipath nature of the wireless channels
together with multiple access interference (MAI) that
originates from asynchronous transmission and/or
multipath, constitutes the major impediments to the
overall system performance.

In [3], the optimal multiuser receiver for the asyn-
chronous convolutionally coded DS-CDMA was in-

troduced. However, the prohibitive complexity of
this receiver, O(2Y"), which rises exponentional with
the number of users U and the encoder memory
v, makes this structure far from practical. To re-
duce this obstacle, a partitioned structure is pro-
posed in [4] where the complexity factor is reduced to
0(2Y) + O(2"). As v is normally small, the receiver
complexity is basically dominated by the multiuser
detector O(2Y). However, even with a small number
of users in the system the complexity of this structure
becomes impractical. While linear multiuser detec-
tion techniques overcome this problem of complexity,
the presence of a high level of MAI and/or ISI gives
poor performance in the receiver. This degradation
is mainly caused by the fact that in such scenarios
the desired signals are no longer linearly separable.
Therefore, nonlinear receiver structures have to be
used. However, these structures usually involve a
high cost in complexity which motivates the current
research into a search for sub-optimum nonlinear re-
ceiver structures of comparable performance to that
of the optimal receiver but at a significantly reduced
complexity.

Iterative processing techniques have been recently
applied in the field of multiuser detection (MUD)
[6-9] with the turbo multiuser detection principle.
Essentially this principle consists of an iterative ex-
change of extrinsic information among the receiver
modules (detector/decoder) to achieve an improved
performance. The results show that in order to ex-
ploit fully this principle instead of using powerful
error correction codes, for example turbo codes, to
overcome the system interferences, it may in fact be
better to use a simpler encoder combined with more
advanced MUD detectors. In [10], it is shown that
the optimal radial basis function (RBF) network can
be implemented as the optimum detector for a DS-
CDMA system. However in a multipath scenario,
even assuming that significant ISI spans only one
neighbouring symbol, its complexity is proportional
to 23V [11]. With this in mind, in this paper we in-
troduce a hybrid iterative multiuser receiver (HIMR)
that exploits the turbo multiuser detection principle
not only to improve the bit error rate (BER) perform-
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ance but also to reduce the multiuser receiver com-
plexity. We propose to use a moderate-complexity
multiuser detector structure at the first iteration of
the scheme and then to make use of a suboptimal ra-
dial basis function (SRBF) detector for further itera-
tions. The objective of the first stage is to identify by
means of a pre-selection technique those signals that
are most likely to be correctly detected. Based upon
these confidence values a reduced-complexity method
is applied to the receiver for subsequent iterations.

The paper has been organised as follows. In the
next section the system model is discussed. Section
1T introduces the hybrid iterative multiuser receiver.
Numerical results and final conclusions are drawn in
section IV and V respectively.

1I. SYSTEM MODEL

We consider the downlink of a DS-CDMA system
with FEC coding in a stationary multipath scenario.
The system model is shown in Fig. 1. In this com-
munication system U users transmit simultaneously
and are both chip and symbol synchronous as in a
mobile downlink. Every user transmits a frame of
L independent and identically distributed data bits,
{b¥}; i ¢ {1,2,...,L}, k ¢ {1,2,...,U}, which are
convolutionally encoded with a rate Ry = 1/R and
memory v. The same encoder is employed for all
users and BPSK modulation is applied. To reduce
the effect of error bursts at the input of the channel
decoding, the coded sequence of the kth user is inter-
leaved (73) with a distinct pattern which yields the
coded symbols {dF}; ¢ ¢ {1,2,..., RL}. The coded
symbols are then modulated by a unique spreading
waveform of length N chips and transmitted through
the multipath channel. The nth chip of the spreading
code employed by the kth user at time ¢ is defined

\/_ \/_} where n ¢ {1,2,...,N}. The

spreading codes employed are randomly chosen and
non-orthogonal to simulate the effect of a severe mul-
tipath channel.

b}
amanﬂép -

Hybrid | p?
ﬂwanﬂéﬁ | e

k
as st,n

Multiuser
Receiver

o)

Scheme of a DS-CDMA system with FEC coding.

Fig. 1.

The transmitted signal propagates through a mul-
tipath channel with impulse response M(z) =
:_1 hiz~! where the channel length W denotes
the number of chips. Therefore, assuming that the
multipath channel spans only one neighbouring data
symbol the receiver signal at the chip rate is then

given by
y=HCd+n (1)

where H is the channel matrix with dimensions (N+
W—1)x (N+2W —2). The matrix with the spreading
codes C' has dimension (N + 2W — 2) x (3U). d and
7 are the data and noise vectors of length 3U and
(_N + W — 1) respectively. For W = 3 the matrices
in (1) are represented by

; T
d:[dt lzdtl:dtl+1:"'7d?—17dt[7d?+1 ]
[ Stl—ll,N—l 0 0 St2—21,N—1 i
Si—1,N 0 0 Si-1,N
0 8%11 0 0
0 51 0 0
C= ’
0 stl}N 0 0
0 0 3%+1,1 0
L 0 0 siyi0 0 c
and H is a Toeplitz matrix with first row
[ha, k1, ho,0,---,0] and first column [h2,0,---,0]T.

The noise samples in 7 are Gaussian with distribu-
tion N(0,0?). This gives the output vector Y, of
length (N + W —1). It is assumed that all the users
transmit with equal and constant power. It is also
assumed that the spreading codes for every user are
known exactly by the receiver.

111. I'TERATIVE MULTIUSER RECEIVER

The structure of the HIMR is shown in Fig. 2. It
consists of a soft-input soft-output multiuser detector
followed by FEC decoding which operate separately
but exchanging information in an iterative fashion.
The implementation of this receiver can be viewed as
using two different multiuser receivers: one that uses
a moderate-complexity detector at the first iteration
of the scheme and a second which is a SRBF detector
for subsequent iterations.

Y, Moderate
= Complexity
detector

FEC
Decoder

Reduced
RBF

Pre—Selection

SRBF

Fig. 2. Hybrid iterative multiuser receiver.

The multiuser detector output for the kth user is
given by the logarithm likelihood ratio (LLR)

p(y,/df = +1))

Py, /dF = 1) @

Qout(d¥) =In <
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where p(gt/df) are the conditional probabilities of

detecting df = +1 or d¥ = —1. This information is
then supplied to the FEC decoding which consists of
a block of U single-user decoders. The kth decoder
output delivers the LLRs of the a-posterior: prob-
abilities (APP) either for the coded bits (d¥) or the
information bits (b%),

plz=+1/y)
ple=—1/y)

where = represents either d¥ or b¥ and y is the input

Qin(z) =1n (3)

sequence of symbols corresponding to I information

bits (frame length) in the kth decoder [12].

A.  Multiuser receiver for the first iteration

On the first iteration all coded bit sequences are as-
sumed to be equiprobable and therefore it is not pos-
sible to use the SRBF at this point because it would
be required to implement the optimal RBF with full
complexity. Hence, for this first iteration we suggest
applying a moderate-complexity linear structure in
the multiuser detection process followed by the FEC
decoding. This moderate-complexity structure can
be implemented by using any linear detection tech-
nique, e.g. matched filter, decorrelator, Wiener filter,
etc. However, the better the performance the more
reliable the information provided to the FEC de-
coder. It is well known that Wiener filtering provides
the best performance among these linear techniques
and this is what we will use. As mentioned previ-
ously, the multiuser detector must deliver a soft-input
for the kth single-user decoder. For the Wiener filter
detector this quantity is obtained as follows

By _ o PIE/dE = +1)
Qout(dt) =In ok gk — 1\
p(g/di = -1)
where the scalar §¥ represents the Wiener filter out-
put corresponding to the kth user and d¥ = +1 the
transmitted signal. Assuming Gaussian noise at the
Wiener filter output these conditional probabilities
can be obtained in a similar fashion to [13]. Once the
LLR values of the coded bits have been computed,
they are passed to the block of single-user decoders
which update these LLR’s to yield the multiuser re-
ceiver output at the first iteration.

(4)

B. FEC decoding

The input sequence to the kth single-user decoder
is a vector whose components are given by (2) where
te{l,2,---,RL}. The output sequence of the FEC
decoder is obtained using a slight modification of the
maximum a-posteriori (MAP) algorithm, as shown
in [12]. For the kth user the APPs of the information
(uncoded) bits are defined as follows

Pr{b} =b/y*} =) N(m) (5)

where {b%}; i ¢ {1,2,--- L}, b ¢ {1,=1}, and m is
the index of all possible states in the trellis of the
convolutional codes at time ¢ The APP is derived
from the joint probability A!(m) which can be ob-
tained in a similar fashion to [12]. The vector y* is
the input sequence of a block of RL coded bits cor-
responding to the kth user. An analogous procedure
can be applied to yield the APPs for the coded bits,

Pr{df = dfy*} =3 A(m) (6)

m

where {df};t € {1,2,--- RL}, d e {1,—1} and y* is
the same as defined for (5).

C. Pre-selection technique

A pre-selection technique [14] is applied to reduce
the complexity of the optimal RBF detector (applied
in iterations > 1) based upon the LLRs of the coded
bits (Qi,(d¥)) at the decoder outputs. The absolute
value of these LLR values are used to yield a confid-
ence value, |Qi,(dF)|, for each coded bit of all users
at time . These confidence values are supplied to the
multiuser detector so they can be used to reduce the
complexity.

In the multipath scenario the vector used to ob-
tain the centres of the RBF detector is given as d, =
[di_y,d},d}py, -, dY 1, dY,dY,\]. The confidence of
each coded bit provides a measure of how likely these
bits can be correctly detected. The function of this
stage is to establish an order of precedence among all
these confidence values from the decoders’ outputs.
A large confidence value will mean that that bit can
be detected correctly with a very high probability.
Therefore, those bits with a high confidence value can
be fixed to +1 in the case that £, (d¥) > 0 or —1
otherwise. To illustrate this technique an example for
the case of two users is examined, we shall consider
that the vector d, = [d}_,, d}, d%_l_l, d?_,,d2, d;‘)_l_l} has
been received with the following confidence values

19 ()] |~ 10.38]
|Qm(d,1)| |5.33| —

| 19m(dy)] 19.18]
LER() = | |qu (a2 )) 120 | «
Qi ()] |—3.16] | «

Qi (41| | - 6.38]

(7)
in this particular example a full search in the optimal
RBF detector to find the most likely transmitted in-
formation would consider 2° possible combinations.
However, a constraint in complexity can be given to
allow only a desired level of complexity in the de-
tector. For example fixing the search to only 3 bits
in the vector d, (those with the lowest confidence val-
ues as indicated in (7)), the total search would be
reduced to complexity 23. Therefore the search in
the RBF detector is done only for those bits with
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the lowest confidence of being correctly detected, in the pre-selection technique and the turbo multiuser
our example the vector d, = [~1,d},1,d?_,,d?, —1] detection principle, we not only get good perform-
would be sent to the RBF. ance but a significant complexity reduction can be

obtained in the receiver structure compared with full

D. Multiuser receiver for iteration > 1 RBF receivers where the complexity factor is 23V

The structure of the receiver for subsequent it- ]
. . . . IV. NUMERICAL RESULTS

erations is obtained by replacing the moderate-
complexity detector with the SRBF detector which In this section we show performance of the sys-
includes the pre-selection technique and the reduced tem in terms of the bit error rate (BER) averaged
RBF detector as shown in Fig. 2. The SRBF de- over all users using Monte-Carlo simulations. We
tector output for the kth user is yielded by (2) where assume that the channel model is both chip and
the ratio of probabilities is obtained as follows symbol synchronous (downlink scenario) with per-
fect power control. Also it is assumed that all users
employ the same FEC encoder/decoder which con-
sists of a non-recursive convolutional code of rate
Py jdf = —1) 201 T (8) R, = 1/2, memory v = 4, and generators (37,21)

=t > oexp(—7—) in octal notation. Each user transmits a block size
=1 of L. = 200 information bits. A unique random
interleaver (7) is used for every user. The user’s
spreading codes are chosen in a pseudo-random fash-
ion on a symbol by symbol basis. The channel im-
pulse response used in the simulations is given as

93U —1

- =1

My, —all®
oy /b =+1) 2 P )

The conditional probabilities are generated by the
multivariate Gaussian probability density function

[15] as given below

Qa1 lly —a,ll? H(z) = 0.3482 + 0.87042~1 + 0.34822~2.
W) == X oS o
Py, P01 £ (2m)N2oN ‘ ‘ ‘ —
where d ¢ {+1,=1}, y, = [p,1,¥e2, -, 3,n] is the " S
received input vector consisting of the N chip spaced 10 : - 22
input samples, a; = [c1,¢2, -+, cn] is the &th centre 1 X 26
in the SRBF network and &2 is the noise variance. -+ 2

Note that in eq. (8) the numerator and denomin-
ator expressions are not equal since the centres g; 1072k
are computed with different values of d¥.

In a similar fashion to [5 9] we apply the turbo
multiuser detection principle to the SRBF detector

BER

by modifying the probability p(yt/dé" = d) as follow
- 10

U
p(gt/df =d)= Z p(gt/dz) ];[ pri¢”  (10) ' z itera?ions ¢

Pl r#k
(ak =a)

Fig. 3. BER performance against the number of iterations for

where the a priori probabilities, pr(df = d), are taken
from the confidence values supplied at the decoder
output in the previous iteration.

E. Complexity

In terms of complexity the Wiener filter has a com-
plexity O(N?3) regardless of the number of users. The
MAP decoder algorithm’s complexity increases expo-
nentially with the encoder memory O(27), but v is
normally small. We can show that the full complex-
ity of the receiver is basically dominated by the com-
plexity in the SRBF detector, which has complexity
2° operations per symbol interval where ¢ is the de-
sired level of complexity in the detector. By taking
the number of centres (2¢) in the SRBF detector as
the measure of complexity, we will show that using

Ey/No = 4dB. The curves show the performance when
the complexity of the SRBF is constant at several values.

Fig 3 shows the BER performance of the HIMR for
different number of iterations. The simulation was
performed with a spreading code length of N = 7
and with U = 5 active users for E3/N, = 4dB. We
show the cases when the complexity in the SRBF de-
tector is kept constant at 2° where ¢ ¢ {1,2,---,7}
(note that the full complexity of the optimal RBF
detector is 2'5 with 5 users). The case of su refers
to the single-user performance. Here it is illustrated
that the SRBF suffers performance degradation if the
complexity is set too low. For example, the curve cor-
responding to 2! refers to the case when the complex-
ity (number of centres) in the SRBF detector is kept
constant at 2. It is shown that a better BER perform-
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ance is achieved when a higher number of centres are
included in the SRBF detector, as is expected. It is
also shown that little improvement in performance is
yielded if the SRBF complexity is increased beyond
24, It indicates that the performance of the optimal
RBF detector can be achieved although some of the
centres in the RBF network have not been considered
at all. Therefore, by applying this hybrid structure
we are avoiding making redundant and unnecessary
operations.

bette

its

Eb/No

Fig. 4. HIMR performance with a fixed complexity in the
SRBF of 24

A second simulation is carried out to illustrate the
HIMR performance as a function of the F3/N,. Fig.
4 shows the HIMR, performance for different numbers
of iterations. Based on the results obtained in Fig.
3, the complexity in the SRBF is kept constant at 2*
in a system with N = 7 and U = 5. As before su
refers to the case of the single-user performance. It
can be seen that with only 4 iterations in the receiver
the single-user performance is achieved for a system
with 5 users and spreading N = 7 providing E; /N, >
4dB.

V. CONCLUSIONS

In this paper we have derived a hybrid iterat-
ive multiuser receiver which achieved single-user per-
formance even for large system loads in a multipath
scenario. The extremely high complexity of the op-
timal joint receiver makes it an impractical choice for
DS-CDMA systems. We apply the turbo multiuser
detection principle not only to improve performance
but also to reduce complexity in the RBF receiver.

Numerical results show the performance with a
large number of users relative to the spreading factor.
Using the turbo multiuser detection principle the re-
ceiver achieves single-user performance and reduces
its complexity significantly, for example in the par-
ticular case presented in this paper the complexity is

reduced from 2!® = 32768 to 2* = 16 operations per
symbol required in the detection stage. Therefore, we
can conclude that a good BER-complexity trade off
is achieved by the hybrid iterative multiuser receiver
proposed in this paper.
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Abstract — In this paper, we consider a space-
time iterative multiuser (STIM) receiver for a
flat fading channel and examine its application in
a DS-CDMA mobile communication system with
forward error correction (FEC) coding. This mul-
tiuser receiver structure exploits its spatial and
temporal capabilities to overcome interference.
Numerical results shows that a significant increase
in capacity over flat fading channels is achieved
by combining efficient space-time coding (STC),
multiuser detection (MUD), iterative signal pro-
cessing techniques and the reuse of orthogonal
spreading codes.

I. INTRODUCTION

HE third generation (3G) of mobile communications
aims to enhance system capacity, quality and data
rate compared with currently available systems. Since
DS-CDMA systems are adopted as the main technology
for 3G, a significant interest exists in enhancing data rates
and capacity. However, multiple access interference (MAT)
is one of the major factors that limits the capacity and
performance of DS-CDMA systems. Over the last decade,
MUD techniques have been applied to mitigate this type
of interference. Recently, iterative processing techniques
have particularly received considerable attention in this
field. As a result, a substantial number of sub-optimum
multiuser receivers have been proposed with some remark-
ably good results [1-4]. On the other hand, antenna ar-
rays have shown to be an effective and practical technique
to provide spatial diversity allowing a significant capa-
city gain over conventional single-antenna systems [5-7].
For downlink transmissions a major concern is with the
constraints in cost and size of the receiver. Therefore,
transmit diversity techniques tend to provide an effective
solution in these scenarios.
Motivated by the spatial and temporal capabilities of
a DS-CDMA system, we exploit further this potential to
design a space-time iterative multiuser receiver for a coded
DS-CDMA system over a flat fading channel. In this pa-
per, we suggest reuse of orthogonal codes to increase the
system spectral efficiency. To distinguish between those
users with same orthogonal codes, a separation code is
proposed. Therefore, the users with the same orthogonal

codes but with a different separation code will introduce
into the system a MAI factor due to the cross-correlation
terms between non-orthogonal users. To remove this MAI
term, we derive a multiuser detector based on an iterative
technique.

An attractive iterative multiuser structure is obtained,
as shown [4], by using the Wiener filter (WF) detector
followed by a soft cancellation (SC) scheme and a block of
FEC decoders since this receiver has reasonable complex-
ity and good performance. In a moderate loaded system
the convergence of an iterative receiver will rely on the
signal to noise and interference ratio (SNTR) required to
obtain a “good” performance at the first iteration (nor-
mally it requires a bit error rate (BER) lower than 107!
to converge). However, increasing the number of users in
the system will increase significantly the SNIR required
at the first iteration to achieve the same performance and
consequently the convergence of the iterative receiver. It
is therefore crucial to effectively combat or reduce the ef-
fect of adding more users into the system. Hence, in this
paper a space-time iterative multiuser receiver is derived.
A simple STC technique is used to achieved the desired
diversity at the receiver [8], [9]. This diversity technique
maximises the gain introduced into the signals by trans-
mitting through multiple antennas.

The rest of the paper is organised as follow. The next
section describes the system model. In section III, the
STC encoder/decoder structure used to obtain the desired
spatial diversity gain is introduced. Then the iterative
multiuser receiver is discussed in section IV. Finally, sim-
ulation results and conclusions are presented in section V
and VI respectively. Throughout this paper, scalars are
denoted by italic font, lowercase bold for vectors and up-
percase bold for matrices.

1I. SYSTEM MODEL

In Fig. 1 a FEC coded DS-CDMA system model with
M transmit antennas is shown in a flat fading channel.
Without loss of generality, only one receive antenna is
considered (suitable for downlink transmissions). A total
number of U active users operates in the system. The total
number of users can be seen as two groups of users trans-
mitting information with the same orthogonal spreading
codes used by both groups. To distinguish the groups,
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each group is given a separation code as shown in Fig.
1. The users’ information stream is transmitted in FEC

separation

code s, STIM Receiver
users group 1 stc jg/“ \: st Iterative ﬂz
Encoder| / Decoder| | M“'“F‘”
P i Receiver | |
users group 2 ‘TM Flat juser v

Fig. 1. DS-CDMA System model with FEC coding in a flat fading
channel.

blocks of L data bits, referred to as a data block. For the
kth user every data block, {dy(i)}; i € {1,2,---,L}, k €
{1,2,---,U}, is first encoder by a convolutional encoder
with a rate ng and memory v. To reduce the effect of
burst errors in the FEC decoder’s input, an interleaver
() is applied to the resulting FEC coded bit stream.
After interleaving, the stream of FEC coded bits by the
kh user appears as {b;(t)}; 1 € {1,2,---, L/no} with by(2)
e {—1,1}. Codes of length N are used to spread the user’s
interleaved FEC coded bits. Thus, the STC encoder input
at time ¢ can be written as

Xy = Cbt (1)
where by = [b1(t),b2(t), -, bu(t)]T denotes the users
data vector with dimensions U x 1. The matrix C with
dimensions N x U has as its columns the users codes com-
bined with the separation codes, i.e the element in the nth

row and kth column of C is defined as

s = { ifk<U/2

otherwise
where ¢; , € {ﬁ, ﬁ} and s, s2., € {—1,1}for alln €
{1,2,---,N} and g € {1,2,---,U/2}. For the rest of the
paper x; will be referred to as a ST'C symbol. The data
stream {x;}; ¢ ¢ {1,2,---,L/ng} is then partitioned into
blocks of ST'C symbols which are fed to the STC encoder to
yield the data sequence to be transmitted through the M
antennas. To guarantee that the overall transmit power is

CgnSin
CgnS2n

independent of the number of transmit antennas, a factor
of 1/v/M is applied to each of the antenna’s signals before

transmission. This factor is included in our system by

defining the kth user amplitude as by (1) € {\;—NLI’ ﬁ}

III. SPACE-TIME DIVERSITY GAIN

Space-time trellis coding (STTC) [10] is a recent trans-
mit diversity technique that combines signal processing at

the receiver with a specific design of coding for multiple
transmit antennas. Significant space-time diversity gain
is achieved by applying this technique. However, space-
time transmit diversity (STTD) [8] is a more remarkable
and recent scheme for transmission using two transmit
antennas. Despite a loss in performance compared to
STTC, the decoding complexity of STTD is much less
than STTC. Therefore, in terms of simplicity and per-
formance the STTD scheme is perhaps a better choice for
providing space-time diversity gain in real systems.

A. STC Encoder

Conventional STC encoders with M transmit antennas
require the same number of ST'C symbol periods to trans-
mit a block of M ST'C symbols. To clarify exactly how in-
dividual ST'C symbols are sent from the transmitter, Fig.
2 shows a layout of the S7T'C symbols through the trans-
mit antennas. Fig. 2 (a) illustrates the scheme for a block

STC symbol
g g
X, X, X,
< t [ < X | X X2
t t+1 t+2
Time Time
@ (b)

Fig. 2. Block transmission through the STC encoder using (a)
M =1and (b) M =2.

transmission using only one transmit antenna (M = 1).
With 2 transmit antennas (M = 2) the scheme is that
given in Fig. 2 (b). Notice that in the former the block
of transmission is given directly by the data stream {x,};
te{l,2,---,L/ng}. The latter transmits in the #th time
slot the STC symbols x; and x;4; from antenna 1 and 2
respectively. In the next time slot (t+1), —x;41 is trans-
mitted from antenna 1 and x; from antenna 2. The gener-
alisation of the STTD scheme for more than two transmit
antennas is addressed in [9].

B. STC Decoder

With no loss in the generality and in order to illustrate
the STC decoder procedure, we assume the case of M = 2.
1t is also assumed that the channel is constant across two
consecutive ST'C symbols and there is perfect time syn-
chronisation between the transmitter and receiver, there-
fore, the received signals from the ¢th and (¢+1)th time
slots can be written as

hix; + hoxeqp1 + 14
rip1 = hexy —haxeqpr + 0y

(2)

where the components of the vectors r; and r;4; with di-
mensions N X 1 are the received signals at time ¢ and ¢t +1
respectively which are sampled at the chip rate. The chan-
nel effect from the mth transmit antenna to the receive
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antenna is modelled by the Rayleigh-distributed random
variable h,,, with m ¢ {1,2}. Finally, the noise vectors 7,
and 7,, with dimensions N X 1 contains zero-mean com-
plex Gaussian noise samples with variance o2.
venience, (2) can be rewritten in an alternative form by
conjugating r;4; and combining the received signal over

two consecutive period symbols in the following way

S B ey | ey 3 IR T

where A, = hyI; m e {1,2} with I as the identity matrix
of dimensions N x N. In order to achieve the desired space
diversity gain we define

For con-

Ay
—A]

_ Al A2
A= 5] @

and then multiplying (3) by (AZ A)=' A with ()7 as the
Hermitian operation, we obtain

Xq _ Xt
[ Xit1 ] N [ Xi+1
where X¢, X;41 are the estimates of x; and x;41 respect-
ively. Notice that AFA s given as (|h1]? + |h2|?)T with I
as the 2N x 2N identity matrix and |hi|? + |h2|? as the
space diversity gain factor. Taking out the contribution in

eq. (5) of the signal at time slot ¢ and using (1) to replace
x;, we get

]+(AHA)—1AH[ m
i1

| ®

% = Cbi+w, (6)
where w; is a N x N noise vector. Therefore, we can fin-
ish this section by drawing analogies between eq. (6) and
a synchronous DS-CDMA system over an AWGN chan-
nel. Since the elements in 5, and 0, are complex Gaus-
sian samples, this implies that the elements in w; are also
complex Gaussian samples with zero mean and variance

02, = 02 [(|ha]? + | ha?).
IV. ITERATIVE MULTIUSER RECEIVER

MUD techniques can be applied to eq. (6) in order
to mitigate MAI in the system. An attractive iterative
multiuser structure was proposed in [4] for interference
mitigation in a DS-CDMA system. In this section, we
show that the basic principle is also applicable to the DS-
CDMA system proposed in this paper. The iterative mul-
tiuser receiver structure is illustrated in Fig. 3. It consists
of a Wiener fileter (WF) multiuser detector, followed by
a soft cancellation (SC) scheme and a block of parallel
MAP convolutional decoders. The cancellation/decoders
are separated by interleavers and deinterleavers. Next we
describe each of these modules in the receiver structure.

A. Wiener based multiuser detector

Firstly, the WF detector takes as its input the STC
decoder output, X;, and computes as its output an ini-
tial estimate of the a prior: logarithm of likelihood ratios

?! Delay of N chips
Wiener i
Based |it=1 Soft S_Ioclk 9.0
= : = ingle
. f——__»—= Cancellation
Multiuser Scheme MAP
Detector |jt>1 Decoders
(T
Fig. 3. Tterative multiuser receiver structure.

(LLR’s) of the interleaved FEC coded bits for the de-
sired user and the interfering users, LLR, s (bg(t)) with &
€{1,2,---,U}. These estimates are formed as

" (p(yk Olbe(t) = r>) ™

where the conditional probabilities p(yx (t)|bx (t) = b) with
be {ﬁ, J—%}, are calculated assuming Gaussian noise at

the WF detector output. The scalar yi(¢) = 1,Z;T{)Act}36
denotes the real part of the WF detector output for the
kth user with mean 97 ¢¥, and noise variance o‘fuf (k) =
— (T @k 2+ T pE, (see [11]). The vector 4 is an N tap
filter given by ¥ = Qgilqﬁzb, where ®;; represents the
N x N autocorrelation matrix of the input signal which
is given as ®;; = CDCT + ¢2,/21. The matrix D is a

U x U matrix with its leading diagonal as the power of
the users, i.e 1/M, and zero elsewhere. The matrix I is

LLwa (b}c (t)) =

the N x N identity matrix and ¢2,,/2 the noise variance
from the real part of w; (see eq. (6)).

The cross-correlation vector (;b};b with dimensions N x 1
is defined as the combination between the user spread-

ing and separation codes (kth column of C) multiplied by
1/M.

B. Soft parallel cancellation scheme

The SC scheme, which incorporates the iterative prin-
ciple, yields at its output an improved estimate of the
LLR’s of the interleaved FEC coded bits, LLRT, (bz(t)).
These estimates are computed by taking soft estimates
of the interfering users and subtracts them from the re-
ceived signal X;. A matched filter (MF) is then applied to
yield the output of the SC scheme. For the kth user, this
quantity is expressed in the following form

9 (t) = ai[by — BE] 4 ¢ (2) ®)

where q; denotes the kth row of the autocorrelation mat-
rix given as CTC, the vector Bf corresponds to the
soft estimates of the interfering users which are given as
bY = [b1(2), -, br_1(t), 0,bx41(t), -+ ,by(t)]. The soft
estimate of a user is formed as

i)k (t) = Z

el A

bp(b), k=1,...,U. (9)
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where the conditional probabilities at the WF detector
output, p(yx(t)|bx () = b), are taking as the a priori prob-
abilities p(b) required in eq. (9), i.e p(b) = p(yx(t)|bx(t) =
b) with b ¢ {ﬁ \/_—%} Since the users from the same
group are orthogonal, we set to zero their contribution in
the vector E\f Lastly, (x(t) represents a Gaussian noise
sample with zero mean and variance ¢2,,/2. Since the SC
scheme output for the kth user can be well modelled by
an equivalent AWGN, it can then be written as

(1) = bu(t) + pi () (10)

with px (t) as a Gaussian noise sample with zero mean and
variance (see Appendix I)

U
1
on(k) = 1 Z T by + Tore/2. (11)

kp=1
ki#k
qx,k, denotes the cross-correlation factor between user k
and user ki.qg ,. Similar to (7), the LLR],’s at the SC
scheme output are obtained by computing the conditional
probabilities p(ix (t)|bx(t) = b) for b = 1/v/M and b =
1/vVM

C. MAP Decoding

In our proposed system, convolutional codes are chosen
as the channel code. In this section we just briefly describe
the kth user’s single decoder, which consists of a MAP
decoder. As shown in Fig. 3, the deinterleaved extrinsic
LLRsvalues, LLRT, ' (bx(t)), are fed as input to the MAP
convolutional decoder. This information is used directly
in the MAP’s branch metric calculation which is modified
as in [1-4] to

ing

II

t'=(i—1)no+1

Yi(mf, m1) = Pr PG (') |bx(t"))

(12)

where Pr = Pr{S; = m1/S;—1 = m{}. The product in
(12) is over all the by (t) values that produce the transition
of the MAP decoder from state m/ to state m;. At the
first iteration no a prior information is available, therefore
Pr{S; = m1/Sj_1 = m}} =1/2. Thus, the MAP decoder
computes the a posteriori probabilities (APP) LLR’s of
the data bits, LLRy ap(di(t)), based on the estimated
FEC coded bits given by the SC scheme. Also, the APP
LLR’s of the FEC coded bits, LLRap(bg(t)), are com-
puted from the MAP algorithm.

D. Iterative scheme

To incorporate the iterative principle in the multiuser
receiver structure, we make use of the soft APP’s from
the channel code, at = LLRpap(bg(t)), which then can
be used as a priori information for the SC scheme in eq.
(6D i€ bz (1Y £ b) = €' M or
1/(1 + e“z) ifb = —l/m. For the first iteration, the
WF detector provides the required a prior: probabilities

to compute the soft estimates of interfering users. There-
fore, at time ¢ these a prior: probabilities must be gener-
ated only for the FEC coded bits of those interfering users.
On subsequent iterations, these quantities are computed
by the MAP decoder based on the extrinsic LLR’s val-
ues, LLRyrap(bx(t)). Note that for an iteration number
> 1 these extrinsic LLR’s values have to be interleaved
to yield the appropriate ordering of the data stream at
that stage. Finally, after a desired number of iterations
the MAP decoder performs a hard decision on the LLR’s
of the data bits, LLRarap(di(t)), to recover the original
uncoded data stream.

V. SIMULATIONS RESULTS

In this section, we present the performance of the pro-
posed STIM receiver. To evaluate the performance we
simulate the downlink of a synchronous DS-CDMA system
with M = 2 transmit antennas over a flat fading channel.
The channel coefficients denoted by h,, with m = 1,2,
are modelled as independent Rayleigh fading random vari-
ables with distribution A(0,1). It is assumed that the
receiver has perfect knowledge of the channel coefficients.
Every user transmits data blocks of L = 200 information

BER

2 4 6 8

i i i i i i i i i
10 12 14 16 18 20 22 24 26 28
Number of users

Fig. 4. STIM receiver performance with M=2

bits which are encoded by a recursive systematic convolu-
tional code of rate ng = 1/2 with memory v = 4 and gen-
erators (37,21) in octal notation. To spread the signals,
Walsh-Hadamard codes of length N = 16 are applied.
Random interleavers () are used to reduce the effect of
burst errors in the decoders’ input. The group separa-
tion codes s; and sy of length NV are chosen by generating
random codes of length N and then the cross-correlation
sTsy is checked. The separation codes generated here have
a maximum normalised cross-correlation of sTsy < 0.5.
Fig. 4 shows the average BER performance of the STIM
receiver as a function of the number of users for a dif-
ferent number of iterations. Each group in the system is
considered to have the same number of users, i.e given a
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total number of users U each group contains U/2 users.
From Fig. 4 it is observed that using only 4 iterations
in the STIM receiver, the system achieves near single-user
performance up to about 24 users (a system 150 % loaded,
i.e U =24, N = 16).

Simulation results in Fig. 5 shows the average BER
performance against the Ej /Ny for different number of it-
erations using M = 2. The simulations are performed for
a system with U = 24 users divided into two groups, each
of 12 users. To illustrate the performance gain by using
the transmit diversity scheme, Fig. 5 includes the single-
user performance over the conventional single-antenna
case (M = 1). As defined before, the group separation
codes (s1 and sy) are limited to those with a normalised
cross-correlation of sTsy < 0.5. Results show that with
only 4 iterations in the STIM receiver this highly loaded
system in a flat fading channel achieves near single-user
performance.

10° ; ‘ ‘ ‘

BER

—— 24 users - it=5
T

0 1 2 3
Eb/No (dB)

Fig. 5. STIM receiver BER performance for a DS-CDMA system

in a flat fading channel

VI. CONCLUSIONS

In this paper a space-time iterative multiuser receiver
has been presented to improve the capacity and perform-
ance of a DS-CDMA system in a flat fading channel. The
main contribution is in combining MUD with antenna ar-
ray techniques to design a STIM receiver structure cap-
able of mitigate interferences and achieving a significant
capacity improvement. The capacity is further enhance
by the reuse of orthogonal spreading codes, i.e the STIM
receiver allows to achieve an improvement in the spectral
efficiency of the system as only U/2 orthogonal spreading
codes are required for a system with U users.

APPENDIX
I. NOISE VARIANCE AT THE SC SCHEME OUTPUT
From eq. (10) the variance of py(t) is expressed as

oZ(k) = E[pi(t)] — E*[ux(t)]. Where E[] denotes the ex-

pected value and py(t) is given by

U

pet) =D g kalbe, () — br, (D] + G (1)

kp=1
ki £k

(13)

with ¢ &, as the cross-correlation factor between user k
and user k;. Considering E[b;(t)] = 0 for all k£ and using
(13), we get

U
B )] = | Y —awr Ebs(t)]
and
U
Bl = | D ain B O] | + B[ ()] + 07,0/2

therefore it can be shown that the variance 0',2‘ is then
given by

U
1
U;zx(k) v Z ‘11%,1;1 +0310/2
i

(14)
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Abstract — Antenna array techniques and multiuser detection are very prom-
ising approaches for obtaining substantial capacity increases in wireless channels.
In this paper, we propose a novel space-time architecture for the downlink of a
forward error correction (FEC) coded direct-sequence code division multiple ac-
cess (DS-CDMA) system for use in multipath fading channels. In particular, we
exploit the spatial and temporal capabilities of the system to design the trans-
mitter/receiver. Significant increase in capacity over multipath fading channels
is achieved by combining efficient space-time coding (STC), multiuser detection
(MUD), iterative signal processing techniques and the reuse of orthogonal spread-
ing codes. Analysis and simulation results are provided to demonstrate the capa-
city improvement. To illustrate the practical implementation of this architecture
an analysis of complexity is presented.

I. INTRODUCTION

The rapid growth in mobile wireless communications creates the need for enhanced system
capacity and quality in mobile systems. Since DS-CDMA systems are adopted as the main
technology for the third generation (3G) of mobile communications, a significant interest ex-
ists in enhancing data rates and capacity. However, reliable wireless communication is always
difficult over time-varying multipath fading channels. The channel causes multiple access in-
terference (MAI) and intersymbol interference (IST) which are two major factors that limit
the capacity and performance of DS-CDMA systems. Over the last decade, MUD techniques
have been applied to mitigate these interference effects. Recently, iterative processing tech-
niques have received considerable attention in this field. As a result, a substantial number of
sub-optimum multiuser receivers have been proposed with some remarkably good results [1-5].
On the other hand, antenna arrays have shown to be an effective and practical technique to
provide spatial diversity, allowing a significant capacity gain over conventional single-antenna
systems [6-9]. For downlink transmissions a major concern is with the constraints in cost
and size of the receiver. Therefore, transmit diversity techniques tend to provide an effective
solution in these scenarios.

More recently, an efficient space-time transmit diversity (STTD) scheme has been proposed
in [10] and has attracted a lot of attention. This is because it represents a practical way to
improve the performance of current systems. The STTD technique maximises the diversity
gain by transmitting through multiple antennas and uses a very simple receiver for flat fading
channels. A generalisation to time dispersive channels has been recently proposed in [11].
This new approach not only provides full space diversity gain but is also capable of reducing
the MAT and ISI factors. The approach relies upon incorporating a cyclic prefix in the user
transmission. However, a potential drawback of this scheme is the incorporation of a cyclic

IThe authors are with: Signals and Systems Group, Flectronics & FElectrical Eng. Depart., University of Edinburgh.

The King’s Buildings, Mayfield Rd. Edinburgh, EH9 3JL, UK. Tel.: +44 131 650 5556, Fax: +44 131 650 6554 and
E-mail mlr@ee.ed.ac.uk
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prefix per data symbol, with length at least equal to the channel length. This reduction in
the data throughput is then reflected in a reduction in the overall spectral efficiency of the
system. Analysis of the scheme in [11] shows that if the processing gain is equal to N, the
system spectral efficiency as a function of the number of users is limited to N users since this
is the maximum number of orthogonal codes available in the system.

Motivated by the spatial and temporal capabilities of a DS-CDMA system, we exploit
further the potential to design a high capacity space-time coded DS-CDMA system. In this
paper, we suggest the reuse of orthogonal codes to increase the system spectral efficiency. To
distinguish those users with the same orthogonal codes, a separation code is proposed. Similar
to [11], a cyclic prefix is used to combat the ISI effect from the channel. As distinct from [11],
a MAI factor will appear at the receiver side as a consequence of the cross-correlation terms
between non-orthogonal users. To remove this MAT term, we derive a multiuser detector
based on an iterative technique. For this structure, we derive the Wiener filter (WF) solution
followed by a cancellation scheme and a block of single forward error correction (FEC) decoders
which are combined using the iterative decoding principle [12]. Furthermore, to reduce the
penalty of including the cyclic prefixes, a new transmission scheme using blocks of data is
also proposed. To illustrate the practical application of the system, we analyse the receiver
structure complexity.

The rest of the paper is organised as follow. The system model is described in Section II. In
Section ITI, we introduce the STC encoder/decoder structure proposed for the desired spatial
diversity gain. Section IV is devoted to describing the iterative multiuser detector scheme. In
Section V, we provide an analysis of the receiver complexity. Simulation results are presented
in Section VI to demonstrate the system performance. Finally, Section VII concludes the
paper. Throughout this paper, scalars are denoted by italic font, lowercase bold for vectors
and uppercase bold for matrices.

II. SYSTEM MODEL

We consider a multiple antenna DS-CDMA communication system operating over a mul-
tipath fading channel with M transmit antennas and only 1 receive antenna (suitable for a
mobile downlink) as shown in Fig. 1. A number of U active users operates in the system.
The total number of users can be seen as two groups of users transmitting information with
the same orthogonal spreading codes used by both groups. To be able to separate the groups,
each group is given a separation code s; or sy as shown in Fig. 1. The number of users in
the system are split into two groups of K and () users respectively. In the system the users’
information stream is transmitted in blocks of I data bits for FEC purposes. For the rest of
the paper we will refer to this as a data block. For the kth user every data block, {dy(i)}; i
e{1,2,--- L}, k e {1,2,--- U}, is first encoded by a convolutional encoder with a rate ng
and memory v. To reduce the effect of burst errors in the FEC decoders input, an interleaver
(7%) is applied to the resulting FEC coded bit stream. Each interleaved FEC coded bit is
BPSK modulated yielding the stream, {b.(¢)}; t € {1,2,---, %} Codes of length N are used
to spread the user’s interleaved FEC coded bits. In a similar fashion to [11], a cyclic prefix of
length equal to the channel length, «, is incorporated to combat the IST effect of the channel.
Also to obtain the desired space-time diversity gain, a real precoding matrix is incorporated
into the signal transmitted from each antenna. Therefore, the space-time encoder input at
time ¢ (given by the superposition of the users’ signal from both groups) is denoted by

For the rest of the paper x; will be referred to as a STC symbol. The N x U matrix C
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Fig. 1. Space-Time FEC Coded DS-CDMA system architecture.

contains the users’ spreading and separation codes:

€11811  **° CK,1S511 C1,1821 €Q,152,1
C1,2812 " CK,251,2 C1,2822 €Q,252,2

C = . . ) ) (2)
Ci,NS1,N *** CKNSI,N Ci NS, N °'* CQNS2N

where the nth chip of the spreading and separation code employed by the kth user is defined
as CrpnSin € {\;—]lv, #} for k < K and c(r—x)ns2,n € {\;—}V, ﬁ} for K < k < U, with s1, S2.,

e {—1,1} as the nth element of the group separation code and n € {1,2,--- , N}. The matrix
A, withm e {1,2,--- , M}, is a (N + a) X N block matrix defined as

- [

where the precoding matrix A! with dimensions N x N is used to obtain the desired space-
time diversity gain as it will be shown in section III B. The a x N precoding matrix A? ,
used to incorporate the cyclic prefix, is defined as the last o rows of Al . Finally, b, =
[61(1), ba(t), - - -, brr(t)]T denotes the users data vector at time ¢ with dimensions U/ x 1. The
data stream {x,}; t e {1,2,- -+, %} is then partitioned into blocks of STC symbols which are fed
to the STC encoder to yield the data sequence to be transmitted through the M antennas. To
guarantee that the overall transmit power is independent of the number of transmit antennas,
a factor of \/% is applied to each of the antenna’s signals before transmission. This factor is

included in our system by defining the kth user amplitude as b () € {\;TLI’ \/%7}

To illustrate the effect of the cyclic prefix, we first analyse the case of transmitting with only
one antenna (M = 1). The two transmit antennas case and the generalisation to more antennas
is considered in the next section. Therefore, with 1 transmit antenna the channel input is given
directly by the data stream {x;}. Assuming perfect time synchronisation between transmitter
and receiver, the channel output at discrete time ¢ can be written as

ry = H?Xf + H{SIXt_l (4)
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where the components of the vector r; are the received signal sampled at the chip rate. The
channel response matrix to the transmission of x; is denoted by the (N +a) x (N + ) Toeplitz
matrix

hio 0 0 0 - 0
0 -+ 0 hia -+ hig

The term HI"x;_; in eq. (4) represents the effect of IST, where H/7 denotes a (N+a)x (N +a)
Toeplitz matrix given by

0o .- 0 hl,a hl,a—l h1,1 i
0 --- 0 0 hia -+ hig
H{ST — 0 --- 0 0 0 s g
0 --- 0 0 0 0
0 - 0 0 0 0 |

Since IST occurs only on the first « samples of r;, the ISI effect can be eliminated by simply
ignoring the first o samples in the reception of the data vector r;,. Therefore, after neglecting
the first o samples, the resulting N x 1 vector at the receiver side is expressed as

o rfa+l, 0+ N)=HAly +9, ®)

where the channel response matrix H; is a N X N circulant Toeplitz matrix given by

hig 0 o 0 hig higor o0 hag
hii hig --- 0 0 hio - hig

T o o (6)
0+ 0 0 -+ hiy - hig

1

whereas Aly; represents the last N samples of x; with y, = Cb,. Finally, the noise vector 7,

with dimensions N x 1 contains zero-mean complex Gaussian noise samples with variance o2.

III. SPACE-TIME DIVERSITY GAIN

Space-time trellis coding (STTC) [13] is a recent transmit diversity technique that combines
signal processing at the receiver with a specific design of coding technique for multiple trans-
mit antennas. Significant space-time diversity gain is achieved by applying this technique.
However, space-time transmit diversity (STTD) [10] is a more remarkable and recent scheme
for transmission using two transmit antennas. Despite a loss in performance compared to
STTC, the decoding complexity of STTD is much less than STTC. Therefore, in terms of
simplicity and performance the STTD scheme is perhaps a better choice for providing space-
time diversity gain in real systems. The generalisation of the STTD scheme for more than two
transmit antennas is addressed in [14]. For the sake of simplicity, we analyse our system for
the case of two transmit antennas and one receive antenna. However, we provide and establish
the fundamentals to extend the scheme to more than two transmit antennas.
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A. STC Encoder

Conventional STC encoders with M transmit antennas require the same number of STC
symbol periods to transmit a block of M STC symbols. However, as distinct from [10], in this
paper we introduce a slight variation in the scheme by expanding the length of this block from
M to lx M STC symbols, with [ € {1,2,---}. This variation is to reduce the penalty incurred
by incorporating a cyclic prefix to every STC symbol as was suggested in [11]. As a result, only
one cyclic prefix will be required every [ STC symbols. Therefore, this new concept can be
incorporated in our system by considering a new data stream {X,}; p e {1,2,---, nLol} instead
of {x;}; te{l,2,---, %} The basic idea is to treat every element in {X,}, which consists of
STC symbols, as a new virtual STC symbol. Therefore, there are totally only % virtual STC
symbols for every data block. For this new data stream, the pth element is given as

%, = A,Cb, (7)

41"
(N x [) x (U x [) matrix C is a block diagonal matrix of the form

where b, = [bl b, ... ,l:)ﬂ_l_l]T is a concatenated vector with dimensions (U x ) x 1. The

_ 0 C - 0
R ®)

in which the N x U/ matrix C is defined in section II (see (2)) and 0 as a N x U/ null matrix.
Whereas the precoding matrix A,, now becomes a block matrix of dimensions (N x [+ a) x

(N x 1) defined as

— A0

with Al as a (N x ) x (N x [) block diagonal matrix given as

~—

AL 0 - 0 O

_ 0 Al ... 0 0

A, = _ . . (10)
0 0 --- 0 Al

with 0 as a N x N null matrix. Lastly, the incorporation of the cyclic prefix is denoted by
the a x (N x [) matrix A° which is defined as the last a rows of Al . Notice that only one
cyclic prefix will be required every [ STC symbols, i.e one cyclic prefix per virtual STC symbol.
To clarify exactly how individual STC symbols are sent from the transmitter, a layout of the
STC symbols through the antennas is shown in Fig. 2. Firstly Fig. 2 (a) shows the scheme
for a block transmission using [ = 1, i.e the number of STC symbols is equal to the number
of virtual STC symbols (conventional technique). On the other hand, a scheme using [ = 2
is illustrated in Fig. 2 (b), notice that in this case only the first STC symbol of every virtual
STC symbol requires the incorporation of a cyclic prefix. Therefore, in the pth time slot the
X, and Xp4q are the virtual STC symbols transmitted from antenna 1 and 2 respectively. In
the next time slot (p+1), —X,41 is transmitted from antenna 1 and X, from antenna 2. It is
clear that by setting [ = 1, the STC encoder scheme is reduced to that given in [10,11]. The
criterion for selecting ! will depend on two conditions: 1) how rapidly the channel changes
and 2) the acceptable receiver complexity. In the following sections the relationship between
[ and these two conditions will be explained.
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Fig. 2. STC encoder scheme with M = 2 and a block transmission using (a) { = 1 (conven-
tional technique) and (b) I = 2.

B. STC Decoder

With no loss in the generality and in order to illustrate the STC decoder procedure, we
carry on with the analysis for M = 2 and [ = 2. Therefore, following a similar procedure to
that presented for the derivation of eq. (5), the received signals from the pth and (p+1)th
time slots can be written as

B, = Flo+1,0+2N) = HiAly, + BbAly,4 + 7,
Ax def _ 7> A 1l— 7 A 1— — x
oy = I'p+1(a + 1, ,a+2N) = H2A%YP - H1A%Yp+1 + Mot (11)

where ¥, = Cb, and §,,1 = Cb,; are concatenated vectors with dimensions 2N x 1. The
vectors 1, and 7;,, are 2N x 1 complex Gaussian noise vectors. The channel responses
from each transmit antenna to the receiver antenna are represented by the matrices H,, with
m = 1,2. Similar to (6) the mth matrix H,, is denoted by a 2N x 2N circulant and Toeplitz
matrix with a first tow [, 0,0, ,0, A o, a1, 5 Aum1]. As is shown in [11], due to the
properties of the channel matrices, they can be diagonalised by the FFT basis vectors, i.e H,,
can be substituted by WA,, W# where W denotes a 2N x 2N matrix whose elements are given
as w, ; =exp(j27gf/2N)/v/2N, with g, f = 0,--- ,2N —1 and ()" as the Hermitian transpose
operation. A, is a 2N x 2N diagonal matrix with A\;, = > "_ hywexp(—j27gu/2N) as its
diagonal entries and zero elsewhere. For convenience the conjugate of 41, denoted by *, is
applied in (11). Multiplying £, by W# and B, by W7 in (11), we obtain

W7, = AWHPALY, + A,WHALY, . + Wi,
Wit = AWIALY, — ATWT ALy, + W, (12)

In order to obtain the desired space-time diversity gain, we choose the precoding matrices Aj
as the identity matrix and Al as defined below

100 - 00
000 -- 01

Al = 000 --- 101 (13)
010 -- 00

Therefore, using (9) and (10) the matrices A} and A} can be obtained. As shown in [11], the
reason for selecting these precoding matrices is to ensure orthogonality between the signals
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transmitted from different antennas. Thus, this choice of precoding matrices allows us to
exploit the equality of WH = WT AL which then is used to represent WH#, and WTf';+1 in
the following form

W7, Ar A, Wiy Wig
VV A = * P P
[ Tt } |: A —A7 :| [ wHypH :| + |: WT";+1 ] ’ (14)

p+1 2

It is clear then that by defining

[ AL A
A= [A; _Aﬂ (15)

and multiplying (14) by W(A” A)="A¥ | we obtain

S’p ¥ x HA\-1AH WH" :|
R = | T W(APA)A Ty 16
[ Yp+1 } [ Yp+1 } ( ) [ Wins,, (16)

where ¥, ¥,41 are the estimates of ¥, and ¥, respectively. The matrix W is a 4N x 4N
block diagonal matrix given as

- W o0

V[T W]
with 0 as a 2N x 2N null matrix. Taking out the contribution in eq. (16) of the signal at
time slot p, we get

yp = yp+¢p (17)

where ¢, is a 2N x 1 noise vector given as @, = W(|A1|* + [Az]*) T [ATW R, — AL, WTap .
Since b, = [bf, bl |]” (see (7)) is a concatenated vector and §, = Cb,, we can further
partition eq. (17) to extract only the signal related to by, i.e as a function of time index t,
resulting in

yi = Cb,+¢, (18)

with y; as an estimate of y, and ¢, the noise vector given by the first N samples of ¢,,.
Thus, we can finish this section by drawing analogies between eq. (18) and a synchronous
DS-CDMA system over an AWGN channel. Since the elements in 7, are complex Gaussian
samples, this implies that the elements in (, are also complex Gaussian samples with zero
mean and covariance matrix given by

Q = PW(|AL]P+ |Ay) "W, (19)

The analogy between the model in eq. (18) and a synchronous DS-CDMA model for a AWGN
channel is then evident. Following the STC encoding schemes studied in [14] for more that
two transmit antennas, a similar process can be used to generalise the procedure presented in
this section for M > 2.

IV. ITERATIVE MULTIUSER RECEIVER

MUD techniques can be applied to eq. (18) since it represents a conventional signal model
for a synchronous DS-CDMA system over an AWGN channel. In this particular case, MAI
interference from the non-orthogonal users and additive noise are the interference factors. An
attractive iterative multiuser structure was proposed in [5] for interference mitigation in a
DS-CDMA system. In this section, we show that the basic principle is also applicable to the
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space-time FEC coded DS-CDMA system proposed in this paper. The iterative multiuser
receiver structure is illustrated in Fig. 3. It consists of a Wiener filter (WF) detector, followed
by a soft cancellation (SC) scheme and a block of parallel MAP convolutional decoders. The
cancellation/decoders are separated by interleavers and deinterleavers. The WF detector takes
as its input the STC decoder output, y;, and computes as its output an initial estimate of
the a priori logarithm of likelihood ratios (LLR’s) of the interleaved FEC coded bits for the
desired user and the interfering users, LLR,;(bx(t)) with & e {1,2,--- ,U}. Then the SC

Yi Delay of N chips

+
Wiener Block a(i)
Based |it=1 — _ Soft T Single :
Multi —— _»— Cancellation— 1,
ultiuser Scheme MAP
Detector |;; 5 ¢ Decoders

T |

Fig. 3. Iterative multiuser receiver structure.

scheme, which incorporates the iterative principle, yields at its output an improved estimate
of the LLR’s of the interleaved FEC coded bits for the same group of users, LLRT (bx(t)). The

sc

MAP decoder for the kth user takes as input the a priori LLR’s of the deinterleaved FEC
coded bits, LLRT. " (bx(t)), and computes at its output the a posteriori LLR’s of the FEC
coded bits as well as the a posteriori LLR’s of the data bits. Lastly, the SC scheme and the
block of single MAP decoders exchange soft information in an iterative fashion to improve the
performance of the multiuser receiver. Next we describe each of these modules in the receiver
structure.

A. Multiuser Detector
Firstly, the LLR,,;(b(t)) estimates are formed as

plyr(t)|br(t) = =)
p(yr(t)br(t) = )) (20)

where the conditional probabilities at the WE detector output, p(yx(t)|bx(t) = b) with b €
{\/Lﬂ—/], J—lﬁ}, are calculated assuming Gaussian noise at the WF detector output. The scalar

ye(t) = ¥" {y!}r. denotes the real part of the WF detector output for the kth user with
mean '(/)T(,bfj,b and noise variance o2(k) = —(’t,quS];,b)Q + ’lﬁT(bI;,b (see Appendix I). The vector
P = [p1, %, ,¥n]T is an N tap filter given by

et

LLwa(bk(t)) = ln<

_ &1 Ak
Y = Qy’y’ y'b
®,., represents the autocorrelation matrix of the input signal with dimensions N x N which
is ®,,, = CDC? 4 62 1. The matrix D is a U x U matrix with its leading diagonal as the

stc
power of the users, -, and zero elsewhere. The matrix I is the N x N identity matrix and
2
o

v M
2. the noise variance from the real part of {, (see eq. (18)). Since {, are Gaussian samples
with zero mean and covariance matrix ), 0% can be estimated from independent channel

realizations and therefore can be precomputed and stored in advance for different cases of
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signal to noise ratio (SNR). The cross-correlation vector ®%, is defined as the combination of
the user spreading and separation codes (kth column of the matrix C) multiplied by %

B. Soft parallel cancellation scheme

The parallel cancellation scheme takes soft estimates of the interfering users and subtracts
them from the received signal, y;. Then a matched filter (MF) operation is applied to yield
the output of the SC scheme. For the kth user, this quantity is expressed in the following form

() = by — Bf] + ny(t) (21)

where q denotes the kth row of the autocorrelation matrix given as CT C, the vector lA)ic corres-
ponds to the soft estimates of the interfering users which are given as bf = [b(t),- - , bg_1(t), 0,
bes1(t), -+ ,bu(t)]. The soft estimate of a user is formed as

b(ty= Y bp(b), k=1,....U. (22)

b )
where the conditional probabilities at the WF detector output, p(yx(t)|bk(t) = b), are taking
as the a priori probabilities p(b) required in eq. (22), i.e p(b) = p(yx(t)|be(t) = b) with b €
{\/%W, ﬁ} Since the users from the same group still remain orthogonal, we set to zero their

contribution in the vector Bf Lastly, ny(t) represents a Gaussian noise sample with zero mean

and variance o?_. Since the SC scheme output for the kth user can be well modelled by an

equivalent AWGN; it can then be written in the following form
U(t) = br(t) + 2x(?) (23)

with zx(t) as a Gaussian noise sample with zero mean and variance (see Appendix IT)

. U
1
72K =57 D dh + o (24)
k1 #k

k5, denotes the cross-correlation factor between user £ and user k. Finally, the LLR?,’s at

the SC scheme output are then given by
)
. (25)
)
C. MAP Decoding

In our proposed system, convolutional codes are chosen as the channel code. In this section
we just briefly describe the kth user’s single decoder, which consists of a MAP decoder. As
shown in Fig. 3, the deinterleaved extrinsic LLR’s values, LLRT. (by(t)), are fed as input
to the MAP convolutional decoder. This information is used directly in the MAP’s branch
metric calculation [15] which is modified as in [1-5] to

LLRZ (by(1)) =

ing

vilmy,mi) = Pr{Si=mi/Si.1 =mi} H Pk (t)]bx (1)) (26)

t'=(i—1)ng+1

where the product is over all the by (¢) values that produce the transition of the MAP decoder
from state m} to state m;. At the first iteration no a prior information is available, therefore
Pr{S; = mq/Sj—1 = m}} = 1/2. Thus, the MAP decoder algorithm computes the a posteriori
LLR’s of the data bits, LLRyap(di(t)), based on the estimated FEC coded bits given by the
soft cancellation scheme. Also, the a posteriori LLR’s of the FEC coded bits, LLRarap(bi(t)),
are computed from the MAP algorithm.
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D. Iterative scheme

To incorporate the iterative principle in the multiuser receiver structure, we make use of the
soft a posteriori probabilities from the channel code, al, = LLRy;4p(bi(t)), which then can be
used as a priori information for the soft cancellation scheme in eq. (22), i.e p(bp(t) = b) =
e“fc/(l—l—e“fc) if b= 1/\/M and p(bg(t) = b) = 1/(1+e”;c) if b= —1/\/M. For the first iteration,
the WEF detector provides the required a priori probabilities to compute the soft estimates
of interfering users. Therefore, at time ¢ these a priori probabilities must be generated only
for the FEC coded bits of those interfering users. On subsequent iterations, these quantities
are computed by the MAP decoder based on the extrinsic LLR’s values, LLRyrap(by(t)).
Note that for an iteration number > 1 these extrinsic LLR’s values have to be interleaved
to yield the appropriate ordering of the data stream at that stage. Finally, after a desired
number of iterations the MAP decoder performs a hard decision on the LLR’s of the data
bits, LLRayap(di(t)), to recover the original uncoded data stream.

V. COMPLEXITY

For the complexity we focus our attention only on the space-time iterative multiuser receiver
since the signal processing required at the transmitter can be easily accommodated in the base
stations of current systems. In this paper we make no effort to reduce the complexity in the
space-time iterative multiuser receiver, instead we highlight the practical implementation of
the receiver architecture.

A. STC Decoder Complexity

Firstly, the STC decoder requires computation of the matrices, W# or WT (FFT of the
received data block), A7 and (A" A)~' (see section IIT B). Since W is known it can be
precomputed and stored in advance. Also (AHA)_1 can be simplified by the fact that A7 A is
a diagonal matrix whose diagonal entries are given by the magnitude of the diagonal elements
from the matrices A,, with m = 1,2,-.- | M (see section IIT B). Therefore, the computation
of (A'A)~" is then reduced to the scalar inversion of its diagonal elements. Tt can then be
established that the STC decoder complexity per user is independent of U (the number of
users) and mainly determined by the multiplication of matrices, O((I x N)?). Since users may
be either static or moving, the computation of A and (AHA)_l needs to be updated at a
higher rate than the channel Doppler.

B. Iterative Multiuser Receiver Complexity

The complexity per bit per user per iteration of the proposed iterative multiuser receiver is
mainly determined by the following operations. Firstly, the major concern in complexity from
the WF detector is the inversion of the matrix ®,,,,, whose complexity is O(GN?) with G as
the number of interfering users plus one (notice that G < N), this matrix requires knowledge
of the spreading and separation users codes and the noise variance o, see section TV A. Since
the user codes are known, it can be seen that @y‘,}/ mainly changes according to the value of
a?,.. However, the noise variance o2, can be estimated from independent channel realizations
and therefore the matrix ‘I';,L, can be precomputed and stored in advance for different cases of
a?,.. Secondly, for the constituent convolutional codes of memory v, the decoding complexity
is O(G2"). Normally v is chosen small to reduce the complexity of this part of the receiver.
Finally, other complexity factors of importance are the complexity contribution from the SC
scheme, which is linear with the number of interfering users O((), and the operations required
to compute the likelihood metric calculations. For a number of iteration > 1, the complexity
of the iterative multiuser receiver is reduced to the complexity in the SC scheme and the MAP
decoders.
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VI. SimuLATION RESULTS

Monte Carlo simulations are provided to illustrate the performance of the proposed space-
time FEC coded DS-CDMA system. To evaluate the performance we simulate the downlink
of a synchronous DS-CDMA system with M transmit antennas and 1 receive antenna. Unless
otherwise stated, Walsh codes of length N = 16 are used for the spreading. The channel
coefficients, hy, , with m =1,2,--- /M and v = 0,1,--- , o, are modelled as Rayleigh fading
random variables. The time-varying impulse response of the channel is power normalised to be
N(0,1). Tt is assumed that the receiver has perfect knowledge of the fading coefficients. For
the rest of this section it is also assumed that the ISI spans 25% of the symbol period (a = 4).
To demonstrate the effect of expanding the STC encoder input block length as suggested in
section III A, we first present the single-user BER performance versus SNR (measured in
terms of the E,/Ng) with no FEC coding. Fig. 4 shows the single-user performance in a
multipath fading channel for 1 and 2 transmit antennas. The curves in Fig. 4 shows the BER
performance for a given number of transmit antennas when the STC encoder input block is
set with [ =1, /=2 and [ = 4. From eq. (18) after despreading an expression can be derived

|

|
4H
=

|
|
e
ANRPDANPD

-M=1

g

T
R = I <]

reo

[ I =AY =
=8
PONES PP e
|
=
,Q,

s

4 6
Eb/No (dB)

Fig. 4. Theoretical and simulated results for the single-user BER performance versus E,/Ng
over a multipath fading channel with & = 4 and N = 16. The results are obtained for 1
and 2 transmit antennas when the STC encoder input block length is set to [ = 1,2 and

4.

for the BER performance, therefore the theoretical performance is also provided to compare
with these results. The theoretical BER performance is given as

1

cw

where the noise power is defined as 02, = CTQC with C and () as given in equations (8) and
(19) respectively. An average over 10000 independent channel realisations were used to obtain
the theoretical BER performance. From the results it can be seen that for a given number
of transmit antennas the same performance is obtained in the system regardless of the STC
encoder input block length. Since only one cyclic prefix is required every [ STC symbols a
reduction in the penalty of incorporating cyclic prefixes is achieved. Therefore the higher the
block length [ the better the throughput in the system.
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The model shown in Fig. 1 allows us to simulate a system with U active users divided into
two groups. The separation of the user groups can be done in two different ways: 1) Each
group with the same number of users, i.e K = @ = U/2, or 2) A group with K users where
K=NifU>Nor K=UifU < N, and a second group with @) users where @ = U — K if
U > N otherwise () = 0. To illustrate the effect of the way the user groups are split, Fig. 5
shows the average BER performance as a function of the number of users for I5,/Ny = 4 dB.
The system is implemented for M = 2 and [ = 1. For the FEC coding each user employs a
recursive systematic convolutional (RSC) code of rate ng = 1/2, memory v = 2 and generators
(7,5) in octal notation. Every user transmits data blocks of I = 200 information bits. The
group separation codes, s; and s,, of length /V are chosen by generating random codes of length
N and then calculating the cross-correlation sTs,. The separation codes generated here have
a maximum normalise cross-correlation of s7s, < 0.5. Random interleavers () are used to
reduce the effect of burst errors in the decoders’ input. Fig. 5 shows that a better performance
is obtained when the user groups are unequal i.e K > @. With unequal groups the system
can serve up to 16 orthogonal users and the MAI effect does not appear in the system until
U > N. Even though the BER performance for individuals users can initially differ from each
group (the group with @ users faces more MAI that the group with K users), however this
phenomenon is only experienced in the first few iterations of the multiuser receiver as will be
shown next.

log(BER)

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Number of users
Fig. 5. Probability of error versus number of users for a £b/No = 4dB over a multipath
fading channel with « = 4. The system is implemented for M = 2, L = 200, [ = 1,
N =16 and using 1 and 2 iterations in the iterative multiuser receiver. The FEC consists

of a RSC with ng = 1/2, v = 2 and generators (7, 5).

Simulation results in Fig. 6 shows now the average BER performance against the number of
iterations in the multiuser receiver. The simulations are performed for a system with U = 26
users divided into a group of K = 16 and a group of ) = 10 users. As defined before every
user transmits data blocks of I = 200 data bits which are encoded by a RSC code of rate 1/2,
v = 2 with generator polynomials (7,5) and then randomly interleaved. N Walsh-Hadamard
codes are used for the spreading and the group separation codes s; and sy are also limited
to those with a normalised cross-correlation of s7s, < 0.5. The system is implemented for
M =2and [ = 4.

Results show that with only four iterations in the multiuser receiver this highly loaded
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BER

—©- 26 users —it=1
—5- 26 users - it=2

3 —A— 26 users - it=3
10 " =k 26 users - it=4
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- — single us?r

0 1 2 3 4 5
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Fig. 6. Probability of error for the space-time coded DS-CDMA system as a function of
the FEb/No over a multipath fading channel with a = 4. The system is implemented for
M =2 and 1 receive antenna using [ =4, N =16, K =16, @ = 10, L = 200 and up to 5
iterations in the iterative multiuser receiver. The FEC consists of a RSC with ngo = 1/2,
v = 2 and generators (7,5).

system over a multipath fading channel achieves near single-user performance, i.e a probability
of error of 10~* with an Ej/N, of 5 dB. If we examine the best and worst users, in terms of the
BER, from each group and after 4 iteration the results for £,/N, = 5 dB show that all users
converge to about the same average performance as is shown in Table 1. This means that no
penalty is occurred in individual performances by splitting the users into unequal groups.

Group with | Group with | iterations
K users Q users
Best user 0.00107 0.00094 4
Worst user 0.00254 0.00144 4
Table 1

Individual user BER performance for £,/Ny = 5 dB.

VII. CONCLUSIONS

In this paper we have presented a high capacity space-time coded DS-CDMA system over
multipath fading channels. The main contribution is in combining antenna array and iter-
ative processing techniques to design a space-time transmitter/receiver capable of mitigating
interference and multipath to achieve a significant spectral efficiency improvement. The reuse
of orthogonal codes is investigated as a method to enhance further the system capacity. Also
we have derived a multiuser receiver which approaches single-user performance for very large
system loads, i.e a spectrally efficient system.

Simulation results show acceptable performance for a system 160% loaded over a multipath
fading channel where the IST spans 25% of the data symbol. If we were to incorporate cyclic
prefixes for each symbol to combat multipath, a reduction in the overall data rate would
be yielded. To reduce this penalty a variation in the STC encoder scheme is proposed, for
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instance in the particular case presented in this paper (choosing [ = 4) the overall data rate is
reduced by only 6.25% instead of 25% as suggested in [11] (choosing [ = 1). This penalty can
be reduced further if [ is made larger still, but at the expense of increasing the complexity at
the receiver. We are assuming that the channel is invariant within a block of symbols, which
may not be true for larger blocks.
APPENDIX
I. NOISE VARIANCE AT THE WF DETECTOR OUTPUT

The minimum mean square error (MMSE) at the output of the WF detector is given as

MMSE = E[(b(t) — yi(t))’]
E[bi(1)] — 2E[bk()y(t)] + Elyi(t)] (28)

where E[] denotes the expected value. The variance of the WF detector output is given by

on(k) = Elyi(t)] — E*[yx(t)]. (29)
On the other hand, substituting yx(¢) = 'ng{y;}RE (see section TV A) in (28) we obtain
MMSE = E[(bi(t) = ¢ y))(bu(t) — 9 "y))"]
= E[bp(t)] - 2¢T Ay ibe(D)] + 7 Elyi(y) e
= B[R] = 29" ¢y + % Byt (30)

where for simplicity we denote y, = {y}}r.. Since ¢ = @;L,qﬁs,b, eq. (30) can be simplified to
MMSE = EB}(t)] -2 ¢l + 9 @, @ ok,
= E[bi(1)] — " oy, (31)

therefore, by subtracting eq. (28) from eq. (29) and substituting MM SE as given in (31), we
get

o?(k) — E*[yr(t)] + 2E[bi(t)yr(t)] — E[bi(t)] + MMSE

= —(¥ dyu)’ + 297 Py, — B[]+ EBL(H] — 47 ¢},

= —(T o)’ + ¢ by (32)
II. NOISE VARIANCE AT THE SC SCHEME OUTPUT

From eq. (23) in section IV B the variance of zj(t) is given as
o7 = Elzi(1)] — E*[z(t)] (33)
where again E[| denotes the expected value and z(t) is given by

B =D i (b (1) = by ()] + 1 (8) (34)

k=1
ky#k

with gg , as the cross-correlation factor between user k£ and user k;. Considering the fact that

E[bg(t)] =0 for k =1,2,--- ,U and using eq. (34), we get

E[z(®)] = | D —awn Elba(1)] (35)

ky #k
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and

2

U U
Eln0) =Y Gu B0+ | Y —aenElbe(t)] | + 02, (36)
k=1 kp=1
k1 #k Ky #k

therefore it can be shown that the variance o2 is then given by

U
1
oHk) = 12l + (37

ky=1
k1 #k
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