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Abstract
OFDM and MC-CDMA are multicarrier modulation schemes that have been pro-

posed for 4G systems due to their ability to achieve high spectral e¢ ciency by

using minimally spaced orthogonal subcarriers and provide robustness against

frequency selectivity in wireless channels, without increasing the transceiver com-

plexity. Arrayed-MIMO systems, which employ antenna arrays at both ends of

the wireless link, exploit the spatial domain to provide an extra layer of co-channel

interference cancellation and new ways of handling unwanted channel e¤ects. The

main objective of this thesis is to integrate multicarrier schemes with antenna-

arrays to design e¢ cient arrayed multicarrier systems for 4G wireless communica-

tions, with emphasis on the modelling of di¤used channel, estimation of channel

parameters and robust reception based on estimated parameters.

Initially, an Array-OFDM system is proposed that integrates OFDM and an-

tenna array technology to harness the spatial signatures of received signals. This

provides space diversity in multipath channels, making it possible to realise high

transmission rates envisioned for the next generation wireless systems. A di-

versity reception algorithm is proposed for Post-FFT OFDM systems employing

an antenna array at the receiver. It is shown that the proposed Array-OFDM

receiver outperforms the Multiple-Element-OFDM receiver (that uses multiple

independent antenna elements) under various frequency-selective fading models.

Secondly, an Arrayed MC-CDMA system is developed that combines MC-

CDMA and antenna array technology by exploiting the spatial and temporal

domain to achieve performance gains in wireless channels having spatio-temporal

di¤usion of the multipath. A di¤used vector channel model for arrayed MC-

CDMA systems is proposed to combat the di¤use channel interference. Sim-

ulation studies show that the use of this di¤used channel modelling in arrayed

MC-CDMA receivers yields better bit error rate (BER) and SNIRout performance

than receivers that ignore the presence of spatial and/or temporal di¤usion.

Finally, an arrayed-MIMO MC-CDMA system is designed to operate in a

frequency selective spatially di¤used environment. However, in a departure from

conventional MC-CDMA systems, cyclic pre�xes or guard intervals are not used

for the MC-CDMA system employed here so that valuable bandwidth is not

wasted on cyclic pre�xes or guard intervals. The spatially di¤used arrayed-MIMO

wireless channel is �rst characterised in terms of spatial, temporal and spread

parameters. A robust blind algorithm is then proposed to estimate the channel

parameters, followed by reception based on these parameters. The feasibility of

the proposed system is supported by numerical results.
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Chapter 1

Introduction

Wireless communications have witnessed an explosive growth in tether-less de-

vices and mobile Internet in the recent years, consequently creating a huge mar-

ket opportunity for high-speed wireless services. In particular, rapidly evolving

broadband wireless access [1] and new interactive multimedia services, such as

multiparty video-conference and virtual telepresence [2], are driving the recent

surge of research and development activities to meet the demanding requirements

of providing very high data rates in the next generation wireless systems.

Evolution toward beyond third-generation (B3G) and fourth-generation (4G)

involves a paradigm shift in the mobile network architecture to support pervasive

internetworking of diverse access systems. Design of a suitable architecture for

4G wireless has to take into account the fact that the dominant load in 4G will

be high-speed, content-rich, burst-type tra¢ c, which poses a great challenge to

existing wireless technologies. 4G wireless infrastructures should also cater for

the intensifying demands of increased e¢ ciency, adaptability, �exibility and scal-

ability, while working harmonically with cooperative and heterogenous networks

to provide seamless mobility, ubiquity and quality-of-service (QoS) guarantee [3].

The use of a full packet-switched Internet Protocol (IP) or all-IP-based framework

has emerged as one of the preferred platform for 4G wireless networks [4].

The highest transmission rates for B3G and 4G systems are envisioned to be

one to two orders of magnitude higher than the 3G, and in the 20-200 Mb/s range

[5]. Bandwidth of the current 2.5G and evolving 3G technologies promise burst

rates up to 348 kb/s and 2 Mb/s, respectively, whereas 4G systems are expected

to provide data transmission rates on the order of 100 Mb/s for mobile and 1

Gb/s for stationary users. Figure 1.1 illustrates the di¤erence between the data-

rate capacity of existing 2.5G (GSM/EDGE and CDMA) and 3G (WCDMA)

systems, and the capacity of evolved 3G and B3G/4G systems [6].

18
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Figure 1.1: Data rate capacity of evolved 3G and 4G wireless communications.

Achieving these tremendously high data rates over hostile propagation chan-

nels in 4G wireless communication systems poses a major challenge, and research

e¤orts have focussed on the design of novel techniques for the physical layer and

air interface. Some of the potential physical layer improvements that have been

suggested in the literature include advanced antenna con�gurations coupled with

space-time processing, software radio technologies, recon�gurable transceivers

and the use of ever more complex signal processing, modulation schemes and

coding algorithms [2].

The proposed techniques have their merits and de-merits, but two major tech-

nological advances that are expected to form the basis of the future 4G physi-

cal layer/air interface standards are: spectrally e¢ cient multicarrier modulation

schemes, and the use of antenna arrays at either or both ends of the transmission

link. Multicarrier modulation schemes provide frequency diversity and achieve

high spectral e¢ ciency by using minimally densely spaced orthogonal subcarriers

[7]. The key idea is to divide the available bandwidth into narrow subchannels

and then using each subband independently for transmission to increase the sys-

tem capacity and throughput. Antenna array systems use multiple antennas at

either or each side of the wireless link to provide space diversity. This not only

results in increased system capacity, but also provides an extra layer of co-channel

interference cancellation and new ways of handling unwanted channel e¤ects for

more e¢ cient utilisation of spectrum and space at any time [8].

This thesis explores the bene�ts o¤ered by the integration of antenna array

technology and multicarrier modulation schemes to form arrayed multicarrier sys-
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tems, for 4G wireless communications. The main emphasis is on the design of

robust transceivers that can operate e¢ ciently in hostile propagation environ-

ments.

In Section 1.1, multicarrier modulations schemes that have been proposed for

the next generation wireless systems are introduced, and the motivation behind

their proposed use is presented. Next, there is a review of the capacity gains

achieved by the use of antenna arrays, and joint spatial and temporal signal

processing. In Section 1.3 the wireless propagation channel is discussed, especially

the e¤ect of localised scattering on the transmitted signal. The last section of

this chapter outlines the research objectives and organisation of the rest of this

thesis.

1.1 Multicarrier Modulation Techniques

Multicarrier modulation (MCM) is a method of transmitting data by splitting

it into several components, and sending each of these components over multiple

orthogonal subcarriers [9]. The narrowband transmission over the resulting sub-

channels not only exploits frequency diversity, but also mitigates severe multipath

interference caused by the frequency-selective fading wireless channel. Orthogonal

Frequency Division Multiplexing (OFDM), Multicarrier Code Division Multiple

Access (MC-CDMA) and Multicarrier Direct Sequence Code Division Multiple

Access (MC-DS-CDMA) are the main multicarrier modulation schemes that have

been proposed for 4G systems. In this section, these techniques are introduced,

followed by a brief discussion on the challenges in multicarrier communications.

1.1.1 Orthogonal Frequency Division Multiplexing

Orthogonal Frequency Division Multiplexing (OFDM) is a multicarrier modu-

lation scheme that achieves high spectral e¢ ciency by using minimally densely

spaced orthogonal subcarriers without increasing the transmitter and receiver

complexities. It entails redundant block transmissions and enables very simple

equalisation of frequency-selective Finite Impulse Response (FIR) channels, based

on Inverse Fast Fourier Transform (IFFT) encoding and Fast Fourier Transform

(FFT) decoding [10].

OFDM has been adopted in many standards such as in digital audio/video

broadcasting standards in Europe [11], and in wireless local area networks both in

the European standard HIPERLAN/2 [12] and in the US standard IEEE 802.11

[13]. OFDM is also employed in the asynchronous digital subscriber line (ADSL)
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Figure 1.2: Block Diagram of a simple OFDM System.

and high-bit-rate digital subscriber line (HDSL) systems [14, 15, 16], and it has

been proposed for digital cable television systems [11] and power line communica-

tions systems [17] due to its resilience to time-dispersive channels and narrowband

interferers.

The main idea behind OFDM is to divide the available bandwidth into nar-

row subchannels and then using each subband independently for transmission.

Thanks to the introduction of the guard interval at the transmitter and its re-

moval at the receiver, linear channel convolution is converted into circular con-

volution and the resulting channel matrix is a circulant matrix whose rows are

composed of cyclically shifted versions of a sequence. As a consequence of the

simple eigenvalue decomposition of a circulant matrix, such a channel can be

easily diagonalised by performing the Inverse Discrete Fourier Transform (IDFT)

at the transmitter and the Discrete Fourier Transform (DFT) at the receiver. In

practice, the Inverse Fast Fourier Transform (IFFT) and the Fast Fourier Trans-

form (FFT) algorithms are used to implement the IDFT and DFT respectively.

Figure 1.2 depicts the block diagram of a simple OFDM system for point-to-point

communications.

As a consequence of the diagonalisation of the channel matrix, the commu-

nication is e¤ectively performed over a set of Nsc parallel subchannels, where

Nsc is the IFFT/FFT size. It is remarkable that with a multicarrier approach,
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the original frequency-selective channel with Inter-Symbol Interference (ISI) and

Inter-Block Interference (IBI) is transformed into a set of parallel �at subchan-

nels that can be straightforwardly equalised. In addition, the di¤erent carriers

can be used for multiplexing several users such as in Orthogonal Frequency Di-

vision Multiple Access (OFDMA), where di¤erent users are assigned di¤erent

non-overlapping carriers, and in multicarrier CDMA (MC-CDMA), where each

user spreads its signal over all the carriers by means of a spreading code [18].

It is worth pointing out here that a multicarrier system need not be imple-

mented following the described block approach using the FFT and the IFFT.

Instead, it can be implemented using banks of orthogonal �lters [19]. In this

thesis, IFFT/FFT based OFDM systems are concentrated upon because of the

ease of digital implementation and reduced transceiver complexity.

1.1.2 Multi Carrier Code Division Multiple Access

CDMA is a multiple access technique based upon spread-spectrum signals, which

are distinguished by the characteristic that the total signalling bandwidth is sig-

ni�cantly greater than the information bandwidth [20]. Single-carrier Direct Se-

quence CDMA (SC-DS-CDMA) uses a unique pseudo-noise (PN) sequence to

spread each information signal in the time domain, such that the multiple users

can share the available bandwidth (co-channel) but can still be distinguished by

the orthogonality of PN codes.

Multicarrier CDMA merges the concept of SC-DS-CDMA with the idea of

transmitting signals in parallel over multiple subcarriers. Unlike SC-DS-CDMA,

the total bandwidth is divided into many narrowband subchannels, and each data

symbol is spread in the frequency domain by transmitting all the chips simultane-

ously [21]. Therefore, MC-CDMA is a spread-spectrum modulation scheme that

combines the advantages of OFDM and CDMA to provide enhanced diversity

performance, accommodation of an increased number of users, and robustness

against frequency selectivity in wireless channels. Due to its �exible capability to

support diverse services, MC-CDMA has emerged as a promising technique for

future high rate wireless communications.

Several variants of multicarrier CDMA have been proposed in the literature,

but Prasad and Hara [7] summarise these schemes into three main categories,

namely multi-carrier CDMA (MC-CDMA) [22, 23, 24], multi-carrier direct se-

quence CDMA (MC-DS-CDMA) [25] and multi-tone CDMA (MT-CDMA) [26].

All these schemes share the same basic idea of spreading each symbol across

multiple subcarriers to allow the exploitation of the wideband channel�s inherent



1. Introduction 23

S/P
P/S

   IFFT LPF

Carrier

...
...

    GI
Insertion

Wireless
Fading
Channel

Despreading
& Detection

S/P
   FFT LPF

Carrier

...
...

    GI
Removal

Information
stream

Recovered
Information

PN signal

PN signal

Figure 1.3: Block Diagram of a basic MC-CDMA System.

frequency diversity. Of all these signalling methods, MC-CDMA proposed by [22]

is the most widely used scheme, and will be focussed upon in this thesis.

A basic MC-CDMA system is illustrated in Figure 1.3 to highlight the concept

behind MC-CDMA, and to contrast it with OFDM. MC-CDMA amalgamates

frequency-domain spreading with OFDM modulation by applying the spreading

code to the information stream before serial-to-parallel conversion. This has the

e¤ect of averaging out the channel quality �uctuations across the transmitted sig-

nal�s wide bandwidth, thereby eliminating the need for channel quality estimation

and signalling. Consequently, typically only a few chips of the spreading code are

obliterated by the frequency-selective fading and hence the chances are that the

spreading code and its conveyed data may still be recoverable. For example, the

employment of Walsh-Hadamard code-based spreading of each subcarrier�s signal

across the entire OFDM bandwidth was found to be an e¢ cient frequency-domain

fading counter-measure in [27].

It should be noted that in Figure 1.3, when the PN-signal is formed from a PN-

sequence of all ones, the MC-CDMA system reduces to a typical OFDM system

of Figure 1.2. In other words, OFDM can be considered to be a subset (or special

case) of the more generic MC-CDMA, obtained by eliminating the frequency-

domain spreading at the transmitter side. Since, it is envisaged that the downlink

transmission in 4G systems is likely to follow some form of OFDM whereas the
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uplink would employ MC-CDMA [5], this thesis focusses on the design of both

ODFM-based and MC-CDMA-based systems for 4G communications.

1.1.3 Multi Carrier Direct Sequence CDMA

Multicarrier Direct Sequence Code Division Multiple Access (MC-DS-CDMA) is

a multicarrier modulation scheme that spreads the channel symbol in the time-

domain using a PN-code, and then transmits copies of the time-domain-spreaded

signal across all the subcarriers to achieve frequency diversity at the receiver. Fig-

ure 1.4 presents the block diagram of a basic MC-DS-CDMA system, implemented

using IFFT/FFT processors in order to highlight the multicarrier concept, and

to compare it with OFDM and MC-CDMA. The main di¤erence between Figure

1.4 and Figure 1.3 is that the MC-DS-CDMA transmitter replaces the serial-

to-parallel convertor with a copier. Therefore, unlike MC-CDMA which uses

frequency-domain spreading, the spreading here is solely in the time-domain. At

the receiver side, diversity combining is carried out in order to exploit the fre-

quency diversity of the wideband channel to improve the receiver performance.
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Figure 1.4: Block diagaram of a basic MC-DS-CDMA System.

MC-DS-CDMA has been discussed widely in the literature because it allows

a simple extension of the techniques proposed for single carrier DS-CDMA, e.g.

RAKE receiver can be used for each subcarrier and the resulting outputs can be

suitably combined. Although MC-DS-CDMA is a contender for future broadband
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wireless communications, it has been suggested in [5] that 4G standards are most

likely going to adopt OFDM for the downlink and MC-CDMA (or one of its

variants) for the uplink. Therefore, this thesis shall be focussed on OFDM and

MC-CDMA schemes only.

1.1.4 Challenges in Multicarrier Communications

Although packet-oriented multicarrier access techniques are very promising for

4G mobile communication systems, they also pose certain challenging issues that

need to be tackled e¤ectively in order to fully maximise system throughput and

capacity. The di¢ culties that need to be overcome range from the various types

of selectivities introduced by the hostile channel propagation environments to

the various types of interferences present in a multiple access scenario. By tak-

ing these limiting factors into account during the design of multicarrier commu-

nication systems, the performance degradation due to these di¢ culties can be

minimised. A brief description of the factors a¤ecting the system capacity and

performance of practical multicarrier wireless systems is given below.

� Time Selectivity �Coherence time is de�ned as the time di¤erence at which
the magnitude or envelope correlation coe¢ cient between two signals at

the same frequency falls below 0.5. Thus, a signal experiences slow or time-

non-selective fading if its symbol period is much smaller than the coherence

time, and fast or time-selective fading if its symbol period is more than the

coherence time. High mobility wireless channels with high Doppler spread

are time-selective.

� Frequency Selectivity �The coherence bandwidth captures the analogous
notion for two signals of di¤erent frequencies transmitted at the same time.

A signal experiences �at or frequency-non-selective fading if its bandwidth

is much smaller than the channel coherence bandwidth, and frequency-

selective fading if its bandwidth is more than the channel coherence band-

width. Multicarrier modulation techniques convert frequency-selective chan-

nels into parallel �at-faded independent subchannels through the use of a

guard interval.

� Space Selectivity �When multiple-element antennas are used, coherence
distance represents the minimum distance in space separating two antenna

elements such that they experience independent fading. If the scattering

environment is rich, the channel exhibits independent or spatially selective
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fading. For systems employing multiple antennas at both ends of the link,

spatially correlated fading results in lower achievable capacity [28].

� Carrier Frequency O¤set �Mismatch between transmit-receive oscillators
and Doppler spread cause Carrier Frequency O¤set (CFO) between the

transmitter and receiver. If CFO is not compensated in the receiver, the

orthogonality among subcarriers will be lost, which will lead to Inter-Carrier

Interference (ICI) and will degrade the system performance dramatically.

Pilot based channel identi�cation schemes are usually employed for CFO

estimation and compensation in multicarrier systems, but this incurs a sig-

ni�cant loss of channel utilisation that may be the overriding constraint for

future high-speed services. The use of an antenna array at the receiver can,

however, enable CFO compensation to be achieved blindly through the use

of a joint super-resolution, subspace-based channel estimator [29].

� Inter-Carrier Interference �Multicarrier techniques mitigate the impact of
severe multipath interference in a broadband channel by employing a large

number of subcarriers that are orthogonal in the frequency domain. How-

ever, the narrow subcarrier bandwidth is susceptible to the Doppler spread

leading to inter-carrier interference (ICI) through orthogonality impairment

between subcarriers. The in�uence of ICI due to Doppler spread has been

studied in [30], and energy leakage analysis can be used to prove that no ICI

arises if the fading process is constant over at least one symbol duration.

In this thesis, it will be assumed that this condition has been ful�lled in

practical scenarios through a careful choice of the number of subcarriers.

� Multiple-Access Interference �Multicarrier modulation schemes convert a
broadband frequency-selective into many narrowband �at-fading subchan-

nels in such a way that the channel gains of the subchannels are di¤erent

from each other. In MC-CDMA, the transmitted symbols are spread in the

frequency domain, and the gain di¤erence among di¤erent subcarriers of

OFDM causes the spreading codes that correspond to di¤erent users to lose

orthogonality and generate Multiple-Access Interference (MAI) [31]. More-

over, the fact that users of the neighbourhood cells share the same channel

(e.g. in frequency, time or code) also has a severe impact on the capacity

and performance of cellular systems [32]. This implies that in order to sup-

port multiple users in an OFDMA or MC-CDMA system, it is necessary

to have some sort of interference suppression and/or cancellation strategy

to obtain reasonable quality of service. Receive diversity can be used in
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uplink MC-CDMA systems to deal with the MAI to improve the link-level

performance [33], in addition to providing signal-to-noise ratio and diversity

gains.

The aforementioned factors necessitate the use of e¤ective multiple antenna

strategies and e¢ cient diversity reception schemes in multicarrier communication

system design. The use of space diversity techniques makes it possible to com-

bat the channel selectivities in fading channels, to correct the carrier frequency

o¤set and to mitigate the interferences (MAI/ICI). Hence, in order to realise the

demanding requirements of 4G and achieve improved performance and capacity

in multicarrier systems, antenna array technology must be used at either or both

ends of the transmission link.

1.2 Antenna Arrays in Multicarrier Systems

The increased use of multiple-antennas at the transmitter and/or receiver is one

of the viable and promising means of enabling the types of data rates and capac-

ities needed for B3G/4G wireless systems. A multiple-element system comprises

of a number of independent antenna elements providing multiple copies of the

transmitted signal with di¤erent delays (temporal diversity). This is di¤erent

than an antenna-array system where a number of antenna elements form an ar-

ray system of a given geometry with measurements taken with respect to the

array reference point. Figure 1.5 illustrates the notation that will be used in this

thesis to represent and di¤erentiate multiple-element and antenna-array systems.

a) b)

Figure 1.5: Representation of (a) Multiple-element and (b) Antenna-array sys-
tems.
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Multiple-element systems provide temporal diversity (e.g. through antenna

selection combining [34]) but ignore the geometry of antenna elements, thereby

limiting considerably the ability to exploit e¢ ciently both space and time infor-

mation. On the other hand, an antenna-array system utilises the array geometry

to provide additional spatial diversity, and the rich theoretical framework of array

signal processing can be invoked to make it perform better than the correspond-

ing multiple-element system. This section will brie�y review the capacity gains

provided by antenna-arrays systems when coupled with appropriate array signal

processing techniques.

1.2.1 Spatial Processing

The use of antenna arrays in a mobile communications system provides space

diversity that can be usefully exploited to handle microscopic fading, increase

the transmission range and provide interference rejection. The level of diversity

provided by an array is quanti�ed by the maximum level of the array gain. Array

gain refers to the average increase in the SNR at the receiver that arises from

the coherent combining e¤ect of multiple antennas at the receiver or transmitter

[35]. Several diversity combining methods have been proposed in the literature,

but those currently used in various wireless systems are selection diversity, equal

gain combining (EGC) and maximal ratio combining (MRC). A uni�ed analysis

of diversity exploitation in multicarrier systems has been presented in [36].

By employing an antenna array at the base station of a cellular system, mul-

tiple users can be supported through Space Division Multiple Access (SDMA).

By accurately estimating the users channel impulse responses (CIR) and view-

ing them as unique user signature sequences, the transmissions of the individual

users can be recognised and demultiplexed, in a similar fashion to the unique

user-speci�c spreading codes employed in CDMA systems. However, this tech-

nique is only capable of reliably separating the co-channel users if their CIRs are

su¢ ciently di¤erent, an assumption that can have limited validity when the base

station receives from mobile terminals in its immediate vicinity [37].

Another way to bene�t from the powerful e¤ects of antenna-arrays is to make

them smart by using beamforming to focus energy beams in particular desired di-

rections to increase the performance of the system [38]. Such array processing and

communications techniques, utilising the structure of an antenna-array system,

have evolved into a well-established technology, moving from old conventional

direction-nulling and phase-arrays to advanced superresolution methods, e.g. su-

perresolution direction �nding [39] and superresolution adaptive beamformers
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[40]. Thus, currently, researchers are tapping into the domain of antenna-arrays

to exploit the spatial properties of the channel, in their quest to increase capacity

and spectral e¢ ciency while minimising transmission power [41].

Figure 1.6 shows the array gain of a typical communication system employing

a uniform linear array (ULA) as the number of antenna elements in the ULA, N ,

is increased from 1 to 5, when space only array processing is used. Note that the

inter-element spacing of the antenna array is �xed equal to the half wavelength. It

can be observed that maximum array gain is only equal to the number of elements

N , and is achieved at an azimuth angle of 90 degrees. The corresponding Shannon

capacity curves, in the presence of additive white Gaussian noise (AWGN) as the

normalised bandwidth is increased, are presented in Figure 1.7. It can be seen

that the asymptotic capacity increases by a factor equal to the number of elements

N only, which suggests that space only processing limits the array and capacity

gains to the number of elements of the antenna array.

Figure 1.6: Array gains of arrayed systems employing space only processing.

1.2.2 Joint Spatio-Temporal Processing

At the receiver side of the transmission link, temporal processing is required in

order to suppress the Inter Symbol Interference (ISI) and to resolve the multipaths

in frequency-selective wireless channels. Moreover, if the desired and co-channel

interfering signals arrive at the receiver antenna array from distinct and well

separated directions, space only processing can be used to minimise Co-Channel
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Figure 1.7: Capacity gains of arrayed systems employing space only processing.

Interference (CCI). However, such techniques that only use spatial processing to

reduce CCI soon reach the limits of their performance. By jointly processing

the signal received by an antenna array in the spatial as well as the temporal

domain, e.g. using Spatial-Temporal ARray (STAR) processing in DS-CDMA

systems [42], the array gain can be increased by a factor that is equal to the

product of the number of antenna elements and the processing gain (PG).

Figure 1.8 depicts the array gain as the number of antenna elements in a

uniform linear array is increased from 2 to 5, when both spatial and temporal

diversities are exploited through joint space-time processing. Note that now the

maximum array gain is equal to NNc, where Nc is the PG. The associated Shan-

non capacity curves, in the presence of AWGN as the normalised bandwidth is

increased, are illustrated in Figure 1.9. In this case, the asymptotic capacity also

increases by a factor equal to NNc, suggesting that the array and capacity gains

with joint spatio-temporal processing is much higher as compared to space-only

processing.

The joint spatio-temporal diversity provided by an antenna array can be har-

nessed to provide an extra layer of co-channel interference cancellation. Further-

more, new ways of handling unwanted channel e¤ects (such as Doppler spread and

fading) can be proposed for even more e¢ cient utilisation of spectrum and space

at any time. However, this is translated to e¢ cient spectrum utilisation only

if it is achieved with minimum signalling information between mobile terminals

and the base station. As a consequence, an increasing number of researchers are
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Figure 1.8: Array gains of arrayed systems employing joint space-time processing
(Nc = 31).

Figure 1.9: Capacity gains of arrayed systems employing joint space-time process-
ing (Nc = 31).
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looking at semi-blind or blind techniques for co-channel interference cancellation

[43], i.e. methods for controlling interference without the use of pilot channels or

back channels or training sequences.

In general, joint space-time signal processing achieves improved performance

by using a space-time receiver that operates simultaneously on all the antennas,

processing signal samples both in space and time. Multiple-input multiple-output

(MIMO) systems, which require an array at both ends of the communication

link, have attracted considerable research attention in recent years [44] because

of their potential to achieve signi�cant capacity increases. MIMO systems employ

space-time transmitters that can use spatial selectivity to transmit signals to the

desired user while minimising interference towards other users. Therefore well-

designed arrayed transmitters can enhance array gain, improve transmit diversity

and reduce the delay spread at the receiver. At the receiving side too, an antenna

array can be used to enhance array gain, improve signal to noise (SNR) ratio,

increase diversity and suppress ISI.

Modern blind interference cancellation techniques rely on the use of space-

time information and oversampling as opposed to time only information and sin-

gle channel models. Subspace-based super-resolution type techniques have been

shown to provide enhanced interference suppression and parameter estimation

capability. Future 4G systems are anticipated to use multicarrier schemes, e.g.

MC-CDMA or OFDM, alongwith antenna arrays to achieve very high data rates.

Thus, the general objective of this research is to investigate the integration of

antenna array technology with multicarrier systems, by designing arrayed multi-

carrier transceivers based on speci�cally developed blind subspace-based channel

estimation techniques.

1.3 Wireless Channel Propagation

Section 1.1.3 brie�y discussed the selectivities of the propagation channel in the

context of design trade-o¤s for multicarrier communications. In this section,

propagation of multicarrier signals through the wireless channel will be studied

in more detail, starting with an overview of multipath fading. The di¤usion of

multipaths in the spatial and temporal domains due to scattering is discussed

next, followed by a brief look at the channel modelling approaches in arrayed

multicarrier systems.
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1.3.1 Multipath Fading

In the mobile radio environment, electromagnetic wave propagation does not nec-

essarily occur in a simple line-of-site (LOS) manner and the transmitted signals

su¤er distortions from terrain settings, causing the radiated waves to undergo

re�ection, di¤raction and scattering before reaching the receiver [45]. Moreover,

the statistics of these channel impairments can also be time-varying due to user�s

mobility. By observing the received power for signals transmitted through a gen-

eral mobile radio channel, the signal �uctuations can be broadly classi�ed into

two categories: large-scale fading, and small-scale fading.

Large-scale (or macroscopic) fading describes gradual changes in the average

received power level, and is attributable to the attenuating e¤ects of path loss

and shadowing due to terrain features. Small-scale (or microscopic) fading oc-

curs due to the multipath dispersive nature of the channel, whereby multipath

waves combine at the receiver to generate a resultant signal that exhibits rapid

�uctuations and varies widely in amplitude and phase over small time intervals.

In practical mobile wireless communication systems, large-scale fading can be ef-

fectively compensated through power control. Therefore, small-scale fading plays

a key role in determining the nature of the wireless channel, and must be catered

for in the design of reliable and e¢ cient space-time communication systems.

To combat the detrimental e¤ects of channel dispersiveness and reduce the

probability of occasional low SNR (signal-to-noise ratio) due to small-scale fad-

ing, diversity techniques can be utilised. The idea behind diversity is that if

multiple, independently fading replicas of the signal are available at the receiver

then the probability of all the signal copies experiencing a deep fade at the same

time is signi�cantly lessened. Diversity reception improves the performance of a

communications system operating in a fading environment by transforming the

statistics of the small-scale fading in such a way that the variance of the SNR at

the output of the receiver is less than the variance of the SNR at the input of the

receiver.

Diversity is accessible from the temporal, frequency or spatial domains. For

example, in multicarrier modulation schemes, the transmitted data can be spread

in the frequency domain to impart frequency diversity, whereas the use of antenna

arrays furnishes spatial diversity. Moreover, if the various propagating multipaths

can be resolved through appropriate channel estimation algorithms, diversity can

also be obtained in the temporal domain. The main focus of this thesis is to

design robust arrayed multicarrier systems that can exploit diversity from as

many dimensions as possible to provide resilience against multipath fading.
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1.3.2 Di¤usion in Multipath Channels

Several measurements of the indoor and outdoor wireless channels have indicated

the presence of spatio-temporal di¤usion, and the coexistence of di¤used and

point-like multipaths [46, 47]. Interaction of the transmitted signal with the

scattering objects also in�uences their propagation depending on the scatterers�

locations, whether they are local to the receiver or remote. Figure 1.10 depicts a

typical channel propagation scenario in which the signal from the mobile terminal

reaches the arrayed base-station receiver via three multipaths. Path 1, being line-

of-sight, arrives as a point-like signal source whereas the other two paths undergo

scattering. Path 2 reaches the basestation after scattering from a local object and

arrives as a di¤used cluster, whereas path 3 gets scattered from a remote object

(which is shown to be far away from the base station) and arrives di¤used, but

the di¤usion is small enough for it to be considered as a point-like source.

Path 3

Path 2

Path 1

Arrayed Mobile Terminal

Remote Scatterer

Diffused cluster

Arrayed Base Station

Figure 1.10: A typical di¤used multipath propagation channel scenario for the
single-user uplink with remote and local scatterers.

In communication systems that employ antenna arrays at the receiver and/or

transmitter, the wireless channel has to be modelled as a vector channel, and chan-

nel parameter estimation techniques are invoked to design robust receivers [42].

However, the majority of channel estimation algorithms, for example [48, 49, 50],

model the channels in terms of point-like signal sources and thus lose valuable
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information that can be used for channel estimation and di¤use interference can-

cellation purposes. Not only does this render the subspace-type, super-resolution

techniques less e¤ective in estimating the channel parameters, but ignoring the

spatial and temporal di¤usion processes also makes the estimated channel vec-

tors less e¤ective for reception [51]. Some preliminary results have been presented

by the authors of [52], which indicate that spatial di¤usion must be considered

during the formulation of receiver weights in order to achieve better performance.

Measurement campaigns carried out in cellular environment have indicated

that the spatial and temporal di¤usion of the multipaths can be as much as 15�

and 10�s respectively [53]. Therefore, di¤used multipath propagation has been

the focus of several studies in the literature, and various channel estimators for

di¤use sources have been put forth. The authors of [54], consider spatial spread

as a nuisance parameter and decompose the channel vector into subspaces that

are dependent and independent of this parameter, leading to the formulation of a

maximum likelihood channel estimator. A decoupled approach for the estimation

of spatial spread and directions-of-arrival has been taken in [55] by degenerating

the two-dimensional search into two one-dimensional searches through the appli-

cation of covariance matching and the extended invariance principle. Under the

assumption that the angular spread is small, the authors of [56] modify the array

manifold vector using a �rst order Taylor series approximation to tackle local

scattering. However, a di¤erent approach has been adopted in [51] to model local

scattering and obtain the beamforming weights. Estimation accuracy issues for

local scattering of signal sources have been discussed in [57]. A blind channel es-

timator has been proposed in [58] to estimate the amount of spatial and temporal

spread present in the multipaths in addition to the path delays and directions-of-

arrival (DOAs). A subspace �tting framework for channel parameter estimation

has been introduced in [59], and [60] analyses the resolution limits of antenna

arrays in the presence of di¤use sources.

Note, however, that the e¤ect of di¤usion on channel estimation and reception

in arrayed multicarrier communication systems has hitherto not been documented

in the literature. The performance and QoS of arrayed multicarrier systems

can be enhanced by fully exploiting the di¤used characteristic of the wireless

channel. By modelling the di¤used vector channel using the Spatio-Temporal

ARray (STAR) processing framework, a subspace based approach will be used in

this thesis for di¤use channel estimation and reception. It is important to point

out that subspace based techniques are near-far resistant, and do not need to rely

on training data or pilot symbols, thus improving the bandwidth e¢ ciency.
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A close observation of the channel measurements carried out in widely dif-

ferent channel conditions shows that channel di¤usion can be classi�ed into two

main categories. The �rst type is localised scattering, in which the di¤usion of

multipaths is mostly spatially dominated, and occurs in urban macro-cells where

base station antennas are usually placed clear of any local scatterers. The sec-

ond category is spatio-temporal di¤usion, in which multipaths are both spatially

and temporal di¤used, and arises in smaller cell sites where there is considerable

scattering of signals before reaching the base station. Since these scattering mech-

anisms occur in di¤erent environments, each of these categories will be studied

separately in this thesis.

1.3.3 Channel Modelling

An accurate modelling of the channel is necessary to fully exploit the bene�ts

o¤ered by antenna arrays in wireless communications, and has attracted a lot

of interest recently. Several works have been reported in the research literature

ranging from �eld measurement based approaches [61] to models that attempt

to capture the channel characteristics by assuming distributed scatterers [62].

These models can be broadly categorised into two main groups, parametric and

non-parametric channel models.

Parametric channel models provide accurate description of the actual propaga-

tion environment through the use of physically meaningful parameters, e.g. path

delays, directions of arrival and complex path gains. In contrast, non-parametric

channel models consider the overall stochastic channel as a random matrix that

conforms to certain statistical distributions without characterising individually

the probability density functions (pdf) of the random channel variables.

Although non-parametric models are easy to simulate, they give limited in-

sight to the propagation characteristics of the channel and are dependent on

the measurement equipment, for example, the bandwidth, the con�guration and

aperture of the arrays, and the heights and responses of transmit and receive

antennas used in the measurements [63]. Therefore, the in�uence of the channel

and measurement equipment on the model cannot be separated. By choosing cru-

cial physical parameters to describe the propagation channel, parametric models

attempt to separate the propagation channel from the measurement equipment

to allow extrapolation to other conditions.

Note that the channel can be characterised either in terms of the multipath

DOAs, times-of-arrival (TOAs) and spatio-temporal di¤usion parameters, or the

channel can be considered to be an FIR �lter and parametrised in terms of �lter
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coe¢ cients that must be estimated. There is strong motivation to parametrise

the channel in terms of DOAs and TOAs, �rstly due to the channel being rep-

resentable by fewer parameters than the FIR representation. In the case of time

varying channels, many unknown channel parameters translate to the need to

track many fast changing variables in the FIR representation. However DOAs

and TOAs do not change as rapidly as the FIR channel coe¢ cients, resulting

in less stringent burden on tracking. Moreover, next generation wireless sys-

tems must support remote localisation functionality to which multipath DOAs

and TOAs can be good triangulation data while simultaneously being utilised for

channel estimation. Therefore, this thesis will concentrate on formulating recep-

tion schemes that are based on the explicit usage of channel parameters, such as

DOAs and TOAs, for interference cancellation and equalisation.

It is important to point here that parametric models generally contain some

prejudice related to the conditions under which the model was identi�ed, for ex-

ample, point source propagation is generally assumed. In this thesis, parametric

channel modelling approach will be applied to characterise the propagation envi-

ronment in arrayed multicarrier systems. However, the point source assumption

will be lifted by taking the spatial and temporal di¤usion of the multipaths into

account during channel modelling in order to provide an accurate and robust

description of the propagation environment.

1.4 Summary and Thesis Organisation

This chapter has provided a brief introduction of two major technologies, OFDM

and MC-CDMA, that will be used in the next generation mobile systems. A

number of di¢ culties encountered by these multicarrier modulation schemes were

described, and it was learnt that multipath propagation of the transmitted broad-

band multicarrier signal through the wireless channel inevitably leads to small-

scale frequency-selective fading, and localised scattering causes di¤usion in spatial

and temporal domain.

It was highlighted that the use of antenna arrays is emerging as a powerful

technique for overcoming these impairments, and can have signi�cant impact on

the overall performance of the B3G/4G mobile systems. As a result, the primary

objective of this thesis is to integrate antenna array technology with multicar-

rier schemes by designing e¢ cient OFDM and MC-CDMA based arrayed-MIMO

systems for 4G wireless communications. The main emphasis is on highlight-

ing the performance improvement achieved through the use of antenna arrays,
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modelling the space-time di¤used channel parametrically, and designing robust

channel estimation and reception schemes for arrayed multicarrier systems.

The rest of the thesis is organised as follows:

� Chapter 2 presents the framework for arrayed multicarrier system modelling
and design by introducing the concept of the array manifold vector, followed

by a discussion of various parametric models for multipath channels. By

categorising the space-time channel according to the number of inputs and

outputs, several types of space-time channel models are de�ned, ranging

from the simplest Scalar-Input Scalar-Output (SISO) model to the more

sophisticated Vector-Input Vector-Output (VIVO) model. MIMO systems

will also be analysed in order highlight the bene�ts a¤orded by the use

of antenna-arrays, when combined with appropriate space-time array signal

processing, in wireless communication systems. The chapter concludes with

a brief outline of three multicarrier system architectures, whose detailed

mathematical formulation will be covered in subsequent chapters of this

thesis.

� In Chapter 3, an Array-OFDM system is proposed that integrates OFDM

and antenna array technology to harness the spatial signatures of received

signals. This provides space diversity in multipath channels, making it

possible to realise high transmission rates envisioned for the 4G systems.

A diversity reception algorithm is proposed for Post-FFT OFDM systems

employing an antenna array at the receiver. It is shown that the proposed

Array-OFDM scheme outperforms the Multiple-Element-OFDM receiver

(that uses multiple independent antenna elements) under various frequency-

selective fading models.

� The principal theme of Chapter 4 is to design an Arrayed MC-CDMA sys-
tem that combines MC-CDMA with the use of an antenna array at the

receiver to achieve system capacity gain for next generation wireless com-

munications. Localised scattering, which occurs for each multipath, moti-

vates the frequency selective wireless channel to be modelled as a di¤used

vector channel. Therefore, space-time di¤used vector channels for arrayed

MC-CDMA systems are modelled and analysed. Simulation studies show

that the use of this di¤used channel modelling in arrayed MC-CDMA re-

ceivers yields better bit error rate (BER) and output Signal-to-Noise-plus-

Interference ratio (SNIRout) performance than receivers that ignore the pres-

ence of spatial and/or temporal di¤usion.
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� Chapter 5 extends the arrayed MC-CDMA system through the use of an-

tenna arrays at the transmitter side to design an arrayed-MIMOMC-CDMA

communication system that operates over a frequency selective spatially

di¤used channel. However, in a departure from conventional MC-CDMA

systems, cyclic pre�xes or guard intervals are not used for the MC-CDMA

system employed here so that valuable bandwidth is not wasted on cyclic

pre�xes or guard intervals. It should be noted that since OFDM is a special

case of MC-CDMA, the analysis for arrayed-MIMOMC-CDMA is also valid

for arrayed-MIMO OFDM systems. Therefore, the focus in this chapter is

primarily on the design of an arrayed-MIMOMC-CDMA system. The wire-

less channel is assumed to have spatial di¤usion; hence di¤used channel is

characterised in terms of spatial, temporal and spread parameters. A ro-

bust blind estimation method is presented to estimate the parameters of the

spatially di¤used channel, followed by reception based on these parameters.

The feasibility of the proposed system is supported by simulation results.

� Chapter 6 concludes the thesis and contains a list of the original contribu-
tions as well as potential avenues for further research.



Chapter 2

System Framework for Arrayed

Multicarrier Communications

It was highlighted in the previous chapter that the propagation environment

distorts the transmitted signal through various dispersive e¤ects, and the wire-

less channel must be accurately modelled before joint space-time processing can

be performed at the receiver to combat these detrimental impairments, and to

exploit multipath fading and channel di¤usion usefully. This chapter will intro-

duce various parametric multipath channel models based on the concept of array

manifold which will form the backbone for the subsequent diversity reception

and channel estimation algorithms proposed in the later chapters. By categoris-

ing the space-time channel according to the number of inputs and outputs, sev-

eral types of space-time channel models are de�ned, ranging from the simplest

Scalar-Input Scalar-Output (SISO) model to the more sophisticated Vector-Input

Vector-Output (VIVO) model. MIMO systems will also be analysed in order

highlight the bene�ts a¤orded by the use of antenna-arrays, when combined with

appropriate space-time array signal processing, in wireless communication sys-

tems. The chapter concludes with a brief outline of three multicarrier system

architectures, whose detailed mathematical formulation will be covered in subse-

quent chapters of this thesis.

40



2. System Framework for Arrayed Multicarrier Communications 41

2.1 Array Manifold Vector

The concept of an array manifold vector is central to the development of a uni-

�ed framework for arrayed multicarrier communication systems. Essentially, the

array manifold vector models, in mathematical terms, the spatial information

imparted by the use of an antenna array in a communication system. Being a

function of various channel parameters that include the signal�s direction of ar-

rival (or departure), array geometry and carrier frequency, the array manifold

vector captures the spatial characteristics of the multipath channel and forms a

crucial part in the modelling of the space-time wireless channel.

An antenna array is usually employed at the receiver front-end of an arrayed

communication system to harness the spatial and temporal diversity provided by

the wireless channel. Consider an antenna array of N isotropic elements at the re-

ceiver whose locations in Cartesian coordinates with respect to the array reference

point are given by the vectors r1; r2; :::; rN such that [r1; r2; :::; rN ]
T = [rx; ry; rz],

and the array aperture is assumed to be small enough for the narrowband assump-

tion to hold. The array manifold vector (also known as array steering vector or

array response vector) corresponding to the i-th user�s j-th multipath component

captures the direction of arrival (DOA) of the wave impinging on the array in

terms of the azimuth angle �ij and the elevation angle �ij, with angular measure-

ments made with respect to the array reference point.

Before deriving the expression for the array manifold vector, it is important to

point out that the real unit-norm vector pointing towards the direction (�ij; �ij)

is given by the 3� 1 vector

uij =
�
cos (�ij) cos

�
�ij
�
; sin (�ij) cos

�
�ij
�
; sin

�
�ij
� �T

. (2.1)

Assuming plane-wave propagation and considering the k-th subcarrier in a mul-

ticarrier system, the relative phase variation of the j-th path of the i-th user at

the p-th array element with respect to the array reference point can be shown to

be equal to

exp

�
�j2�(Fc + Fk)

c
rTp uij

�
,

where rp is the position vector of the p-th array element, c represents the speed of

light, and Fc and Fk denote the carrier frequency and k-th subcarrier frequency,

respectively, with Fk = k�F and �F is the subcarrier separation.

The wavenumber vector is now introduced as follows

kijk =
2�(Fc + Fk)

c
uij (2.2)

=
2�Fc
c

�
1 +

k�F

Fc

�
uij.
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When max
k

�
k4F
Fc

�
! 0, i.e. the carrier frequency Fc is much greater than the

maximum subcarrier frequency in a multicarrier system, the wavenumber vector

kijk can be assumed to be independent of the subcarrier frequency Fk;8k. This
implies that, for all subcarriers, the wavenumber vector can be represented by

kij =
2�Fc
c

uij ' kijk 8k: (2.3)

The array manifold vector associated with the DOA of the j-th path of the

i-th user is then given by the expression

S(�ij; �ij) = exp
�
�j [r1; r2; : : : ; rN ]

T kij

�
2 CN�1. (2.4)

Note that the array manifold vector S(�ij; �ij) is a function of the array geometry,

azimuth angle of arrival �ij, elevation angle of arrival �ij and carrier frequency Fc
of the received signal, and the above expression is applicable for all the subcarriers

in a multicarrier system due to the simpli�cation performed in Equation 2.3. For

the case where an antenna array is used at the transmitter, a similar expression

can be obtained for the transmit array manifold vector by replacing the receiver

array geometry and direction of arrival with the transmit array geometry and

direction of departure (DOD), respectively.

Without any loss of generality, it is usually assumed that all propagating

signals lie on the x-y plane (i.e. �ij = 0), which implies that the array manifold

vector can be represented by

Sij , S(�ij) = exp

�
�j2�Fc

c
(rx cos �ij + ry sin �ij

�
2 CN�1. (2.5)

where rx and ry are in meters. If the sensor locations are measured in units of

half-wavelengths, by normalising them with �c=2 where �c = c=Fc, the following

expression for Sij is obtained

Sij = exp
�
�j�(rx cos �ij + ry sin �ij

�
2 CN�1. (2.6)

Uniform Linear Array (ULA) and Uniform Circular Array (UCA) are two

popular array geometries that are used extensively in array communication sys-

tems. In a ULA, sensors are uniformly spaced half-wavelength apart along the

x-axis (i.e. ry = rz = 0), whereas UCA belongs to the class of arrays known as

planar or 2-dimensional (2D) array (with rz = 0). Therefore, for linear arrays

the expression for the array manifold vector simpli�es to

Sij = exp (�j�rx cos �ij) 2 CN�1. (2.7)
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It has been shown in [41] that the manifold vector for a particular direction

contains all the information about the geometry involved when a wave is incident

on the array from that direction. By recording the locus of the array manifold

vectors as a function of the direction, a continuum or geometrical object is formed

that lies in an N -dimensional complex space. This geometrical object is known

as the array manifold, and its signi�cance can be realised from the fact that

all subspace-based parameter estimation algorithms involve searching over the

array manifold for response vectors which satisfy a given criterion. A parametric

channel estimation approach based on the array manifold concept will be proposed

in Chapter 5 of this thesis, but the focus of the next section is to utilise this idea

to introduce parametric models for space-time vector channels.

2.2 Space-Time Vector Channels

An accurate description and modelling of the wireless channel in terms of the rele-

vant parameters (e.g. spatial, temporal, propagation) is necessary before arrayed

multicarrier systems can be designed. In this section, space-time channel models

based on the concept of the array manifold vector will be introduced, followed by

a brief look at extending these models for di¤used propagation scenarios.

According to the number of inputs and outputs, wireless channel can be clas-

si�ed into four main categories using the terms Scalar/Vector to indicate the type

of signal at the Input/Output of the channel. Note that the term scalar indicates

a single signal whereas the term vector refers to a set of more than one signals.

This terminology allows the space-time communication channels to be categorised

as follows:

� Scalar-Input Scalar-Output (SISO) channel: Single antenna elements are
employed at both ends of the transmission link.

� Scalar-Input Vector-Output (SIVO) channel: The transmitter uses a single
antenna and an antenna array is employed at the receiver.

� Vector-Input Scalar-Output (VISO) channel: An antenna array is employed
at the transmitter and a single antenna is used at the receiver.

� Vector-Input Vector-Output (VIVO) channel: Antenna arrays are employed
at both ends of the transmission link.

The above-mentioned channel classi�cation for single link point-to-point commu-

nications is illustrated in Figure 2.1.
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   SISO

   VIVO

VISO
SIVO

Transmitting end Receiving end

Figure 2.1: Channel classi�cation based on the Scalar Inputs/Outputs and Vector
Inputs/Outputs.

It is important to point out that other terminologies are also used in the lit-

erature to refer to SISO/SIVO/VISO/VIVO channels, with MIMO terminology

being the most popular. MIMO terminology classi�es multiple-antenna systems

according to the number of antennas at the transmitter and receiver. This implies

that SISO, SIVO, VISO and VIVO channels are referred to as Single-Input Single-

Output (SISO), Single-Input Multiple-Output (SIMO), Multiple-Input Single-

Output (MISO) and Multiple-Input Multiple-Output (MIMO) channels, respec-

tively. Another nomenclature takes the form multiple-element multiple-element

(MEME), where element refers to the number of antenna elements at the trans-

mitter or receiver. In this classi�cation, the terms single-element single-element

(SESE), single-element multiple-element (SEME), multiple-element single-element

(MESE) and multiple-element multiple-element (MEME) correspond to SISO,

VISO, SIVO and VIVO, respectively.

In this thesis, the classi�cation of the wireless channel based on the scalar or

vector nature of the input and output signals is preferred because this facilitates

parametric modelling of the channel and enables a closer mathematical represen-

tation of the system. Parametric models for single-link SISO, SIVO, VISO and

VIVO channels are described next, and the extension of these models for multiple

access communication links shall be discussed in Section 2.3.

2.2.1 SISO Channel Model

SISO model is the simplest channel model that represents the transmission chan-

nel between a single-antenna transmitter and a single-antenna receiver. The
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model ignores the spatial orientation of the multipaths, and only includes the

path delay and fading coe¢ cient information. Figure 2.2 shows the Scalar-Input

Scalar-Output (SISO) channel model, assuming a multipath slow fading channel

with the transmitted scalar signal mi(t) arriving at the receiver via Ki multi-

paths. In this multipath model, the fading process of the i-th user�s j-th path is

captured by the complex fading coe¢ cients, �ij; which encompass the dispersive

e¤ects of the radio channel including path loss and shadowing. Moreover, i-th

user�s j-th path has a distinct time of arrival, � ij, which is dependent on the dis-

tance travelled by the multipath during propagation from the transmitter to the

receiver. The SISO channel impulse response hi(t) can be obtained by summing

up the impulse responses of all the multipath components as follows

hi(t) =

KiX
j=1

�ij�(t� � ij). (2.8)

The signal at SISO channel output can thus be obtained by convolving the

transmitted signal mi(t) with the channel impulse response to yield

xi(t) =

KiX
j=1

�ijmi(t� � ij). (2.9)

From Figure 2.2 and Equation 2.8, it can be seen that in the SISO channel model

j-th multipath of the i-th user is characterised in terms of its path delay, � ij, and

the complex fading coe¢ cient, �ij. The fading coe¢ cient, �ij, can be described

by a complex Gaussian distribution whereas the path delay � ij follows a uniform

distribution. In the analysis of SISO channels, the delay spread of the channel is

usually assumed to lie within the range [0; Tcs), with Tcs representing the channel

symbol duration.

Figure 2.2: Scalar-Input Scalar-Output (SISO) Channel Model with Ki multi-
paths.
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2.2.2 SIVO Channel Model

The Scalar-Input Vector-Output (SIVO) channel results when the receiver is

equipped with an antenna array of multiple elements, while the transmitter pos-

sesses a single-antenna. Employment of antenna array at the receiver front-end

allows the spatial dimension to be exploited bene�cially during channel mod-

elling. By applying the concept of the array manifold vector derived in the

previous section, the spatial structural property of the transmission channel can

be incorporated into the model.

The �rst step is to characterise each multipath component in terms of its an-

gular, delay and complex fading parameters. The SIVO channel model for the

i-th user can then be obtained by the composition of all Ki multipath compo-

nents, as depicted in Figure 2.3 where �ij, � ij and �ij denote respectively the

complex fading coe¢ cient, TOA and DOA of the j-th multipath. The spatial

properties of the channel are incorporated into the SIVO model by considering

the angle-of-arrival, �ij, of i-th user�s j-th path and forming the corresponding

array manifold vector Sij , S(�ij). In contrast to �ij and � ij that characterise

respectively the complex fading coe¢ cient and the TOA of i-th user�s j-th path,

the array manifold vector Sij captures the spatial orientation of the respective

multipath and is dependent on the DOA, the receiver array geometry, and the

carrier frequency.

Figure 2.3: Scalar-Input Vector-Output (SIVO) Channel Model with Ki multi-
paths.

The SIVO channel impulse response hi(t) thus contains both the spatial and

temporal signatures of the multipath components, and can be expressed as

hi(t) =

KiX
j=1

�ijSij�(t� � ij) 2 CN�1. (2.10)
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The vector signal at the SIVO channel output is given by

xi(t) =

KiX
j=1

�ijSijmi(t� � ij) 2 CN�1. (2.11)

2.2.3 VISO Channel Model

The VISO channel model for a point-to-point communication system is depicted

in Figure 2.4, where the transmitter is equipped with an antenna array. The

transmit array manifold vector for the j-th path of the i-th user is denoted by

Sij , S(��ij), where the bar at the top of a symbol signi�es that it is associated

with the transmitter. The transmit array manifold vector Sij is obtained from

the relevant expression for the array manifold vector (given in Section 2.1) by

replacing the receive array geometry and direction of arrival (DOA) with the

transmit array geometry and direction of departure (DOD) ��ij respectively.

As illustrated in Figure 2.4, the impulse response hi(t) for the VISO channel

is given by

hi(t) =

KiX
j=1

�ijS
H

ij �(t� � ij) (2.12)

and the scalar signal at the VISO channel output is thus obtained as follows

xi(t) =

KiX
j=1

�ijS
H

ijmi(t� � ij). (2.13)

Figure 2.4: Vector-Input Scalar-Output (VISO) Channel Model with Ki multi-
paths.
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2.2.4 VIVO Channel Model

When antenna arrays are used at both ends of the transmission link to obtain

a Multiple-Input-Multiple-Output (MIMO) con�guration, the resulting channel

can be considered to have a vector-signal at the input and a vector-signal at

the output. Assuming that channel state information (CSI) is available at the

transmitter, the spatial information at the transmitting end is characterised by

the transmit array manifold vector which can be included into the SIVO model

to obtain the VIVO channel. The VIVO channel model is shown in Figure 2.5,

where it has been assumed that the signals leaving the transmitting array elements

experience a common fading channel towards the receiving antenna array.

Figure 2.5: Vector-Input Vector-Output (VIVO) Channel Model with Ki paths.

The VIVO channel model is thus an extension of the SIVO model that takes

into consideration the transmit array manifold vector associated with each mul-

tipath, and the VIVO channel impulse response vector hi(t) is given by

hi(t) =

KiX
j=1

�ijSijS
H

ij �(t� � ij) 2 CN�1. (2.14)

The vector signal at the VIVO channel output is thus obtained as follows

xi(t) =

KiX
j=1

�ijSijS
H

ijmi(t� � ij) 2 CN�1. (2.15)

Note that the geometry of the transmitter and receiver arrays has been incorpo-

rated into the associated manifold vectors in the VIVO channel model.
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2.2.5 Di¤used Channel Models

In Chapter 4 and Chapter 5 of this thesis, the point-source assumption for

frequency-selective multipath channels will be relaxed to consider the general

propagation scenario in which both di¤used and point multipaths coexist. Lo-

calised scattering of the transmitted signal causes the energy contained within a

multipath to be di¤used in the spatial and/or temporal domains, thus a¤ecting

the SIVO and VIVO channel models described above, which assume that each

multipath appears at the receiver to have come from a propagating point source.

Therefore, di¤used channel models have to be developed by taking this spatio-

temporal di¤usion phenomenon into account, so that a more accurate description

of the channel can be used to robustify the subsequent parametric channel esti-

mation and reception.

Di¤usion in the spatial and temporal domain arises due to the presence of local

scatterers in the propagation environment. In a typical urban area, electromag-

netic waves from a mobile-station propagate to a base-station after undergoing

re�ections and scattering at many points along the street, and arrive as groups of

waves or multipath clusters. The channel impulse response therefore consists of

several groups of delta lines, such that each cluster has its own delay spread. If

the delay spread of a cluster is much less than the channel symbol duration, then

the cluster involves a number of inseparable paths and becomes one resolvable

ray or path by itself at the receiver.

This clustering phenomenon can be incorporated in the channel models de-

scribed in this chapter by replacing each vertical branch (corresponding to a

resolvable multipath) with an aggregate of branches (each of which will now rep-

resent a path within the cluster). Therefore, each path within a cluster can be

characterised in terms of its own distinct DOA, TOA and complex path coe¢ -

cient. Chapter 4 shall present the channel model for space-time di¤used wireless

channels in which multipaths are both spatially and temporally di¤used, whereas

Chapter 5 shall consider the scenario when the di¤usion of multipaths is mostly

spatially dominated.

2.3 MIMO Systems

In the research literature, a Multiple-Input Multiple-Output (MIMO) system is

generally de�ned as a communications link for which the transmitting end as well
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as the receiving end is equipped with multiple-antenna elements. Application of

MIMO technique in communication systems can signi�cantly improve the quality

and data rate by taking advantage of the spatial diversity presented through the

use of multiple antennas, and correctly exploiting the various transmission paths

created between the transmitter and receiver antennas [64].

In a multiple-access environment, the integration of antenna-array basedMIMO

systems with multicarrier modulation schemes creates new and enormous oppor-

tunities beyond just the added diversity or array gain bene�ts. A summary of

the main bene�ts of arrayed-MIMO systems is presented below:

� Increase in information channel capacity to reach maximum achievable data
rates [8, 65, 66].

� Reduction in power usage by directing the energy in the desired directions
(transmit beamforming).

� Creation of multiple orders of diversity (known as hyper-diversity) by using
multiple antennas at the transmitting and receiving ends of the communi-

cation link.

� Provision of superresolution capability for robust channel estimation.

� Performance which is asymptotically independent of relative power of array
signals, i.e. no need for power control [67] to combat the near-far problem.

� Alleviation of detrimental e¤ects of frequency-selective fading by combining
the multipath signals through diversity combining.

� Suppression of multiple-access interference (MAI) by cancelling undesired
signals from other users, and enhanced suppression of ISI.

� Increase in coverage and transmission e¢ ciency which reduces the interfer-
ence between the di¤erent transmitted signals.

The underlying principle of a MIMO system can be explained by considering a

multiple-antenna system with N transmit and N receive antennas, as illustrated

in Figure 2.6. At the transmitter, the high bit-rate information stream is �rst

demultiplexed into N multiple data streams. After subsequent modulation, the

N streams are sent simultaneously from the transmit antennas.
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Due to the sharing of the same time and frequency resources, the transmit-

ted signals are mixed in the channel between the transmitter and receiver. This

implies that the signal received at each receiver antenna is a superposition of the

transmitted signals corrupted by additive noise and multipath fading. Contrary

to common perception, the presence of multipath is an advantage in far-�eld

MIMO systems because, in a rich scattering environment, the wireless channel

provides not one but NN potential communication links between the transmitter

and receiver, each corresponding to a distinct transmit/receive antenna pair. At

the receiver, the individual data streams are demodulated, processed by a de-

tector and then parallel-to-serial converted to obtain the original high bit-rate

information stream. Note that the channel for a multiple-element MIMO system

(that does not employ antenna arrays at either the transmitter or the receiver)

can be modelled as a combination of NN SISO channels, each corresponding to

a distinct transmit/receive antenna pair, and the received signal at the channel

output can be expressed as

x(t) =
NX
i=1

KiX
j=1

�ijmi(t� � ij) 2 CN�1. (2.16)

However, it is important to emphasise that a multiple-element system is not

an arrayed system because it ignores the array geometry, and therefore limits con-

siderably the ability to utilise e¢ ciently both space and time information. Thus

the rich theoretical framework of array processing is being disregarded. One way

of incorporating the antenna-array system is shown in Figure 2.7, where the re-

ceiver is equipped with an antenna array. An arrayed space-time receiver leverages

upon the additional spatial diversity provided by the geometrical characteristics

of the antenna array, as well as exploiting the multipath scattering present in the

channel, to achieve signi�cant performance improvement over multiple-element

MIMO systems. Observation of Figure 2.7 shows that, in contrast to a multiple-

element receiver, the arrayed receiver uses an additional joint space-time array

signal processing block to improve the receiver performance.

The overall wireless channel for a MIMO system employing an arrayed receiver

can be modelled as a combination of N Scalar-Input Vector-Output (SIVO) chan-

nels. Therefore, SIVO channel model described in Section 2.2 can be invoked to

characterise the received signal at the output of the wireless channel in terms of

the spatio-temporal parameters. For the single-link communication system shown

in Figure 2.7, the received signal at the channel output is given by

x(t) =
NX
i=1

KiX
j=1

�ijSijmi(t� � ij) 2 CN�1. (2.17)
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Besides employing the antenna-array at the receiver side, an antenna-array

can also be included at the transmitting terminal to obtain an arrayed-MIMO

system, as depicted in Figure 2.8. This provides more �exibility and further

enhances the system capabilities and performance due to the additional control

o¤ered by the antenna-array on the transmitter. By including the transmitter and

receiver arrays (alongwith their associated geometries) within the channel model,

the overall baseband channel for an arrayed-MIMO system can be represented by

the VIVO model, and the channel output will be given by Equation 2.15.

Decision
Device

Recovered
information

 Arrayed Receiver Terminal

Demodulation

and

Space Time
Processing

Detection

VIVO
Channel

   Arrayed
Transmitter
  Terminal

Figure 2.8: Arrayed-MIMO system with both transmitter and receiver utilizing
antenna-arrays.

Finally, the single-link arrayed-MIMO system can be extended to a multiple-

access environment, as illustrated in Figure 2.9. Due to the inclusion of M

arrayed transmitting terminals, the MIMO Type IV channel can be modelled

as a combination of M VIVO channels. Therefore, the channel output in this

multiple-access scenario is given by the following expression

x(t) =

MX
i=1

KiX
j=1

�ijSijS
H

ijmi(t� � ij) 2 CN�1. (2.18)

This section has explored several simpli�ed MIMO architectures. In the later

chapters of this thesis, a general signal model for arrayed-MIMO multicarrier

systems shall be developed, which will incorporate parametric modelling of the

space-time di¤used wireless channel and the baseband multicarrier modulated

signal. The next section presents a brief outline of three arrayed multicarrier

system architectures, whose detailed mathematical formulation shall be covered

in subsequent chapters of this thesis.
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    VIVO
 Channel

    VIVO
 Channel

    VIVO
 Channel

MultipleAccess Channel

Terminal 1

Terminal 2
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Arrayed
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Recovered
information

     Vector
     Adder

Figure 2.9: Arrayed-MIMO system in a multiple-access environment.

2.4 Arrayed Multicarrier Architectures

An array communication system consists of three basic units: the transmitter,

the wireless fading channel and the receiver. The transmitter processes the input

symbol stream according to the speci�c multicarrier modulation scheme to yield

the transmitted signal mi(t) or mi(t). Using the appropriate space-time channel

model for the system under consideration, the transmitted signal mi(t) or mi(t)

can hence be subsequently transformed to realise its corresponding continuous-

time signal xi(t) or xi(t) at the front-end of the antenna array receiver.

Wireless channel models for various types of antenna con�gurations at the

transmitter and receiver side were described in the previous sections. It is impor-

tant to point out that these channel models (and their extensions to the di¤used

channel scenarios), together with the transmitter and receiver blocks, form the

basis for the system frameworks discussed in this section. The architectures for

three arrayed multicarrier systems that shall be concentrated upon in this thesis

are now described.

2.4.1 Arrayed OFDM

It is known that the fourth-generation (4G) mobile wireless systems will be able

to o¤er true broadband multiple access at signi�cantly higher speeds than the ex-

isting 3G wireless communications, and user data rates as high as 200Mb/s will

be supported in certain environments. Studies have shown that approaching high

data rates in existing wireless systems is only feasible under extremely favorable

conditions - in the vicinity of a base-station with no other users competing for

bandwidth [68]. However, the use of antenna arrays at the receiver can exploit the
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spatial domain to provide an extra layer of co-channel interference cancellation

and new ways of handling unwanted channel e¤ects [8]. This makes the applica-

tion of antenna array at the base-station receiver in a wireless system a highly

promising solution to increase the data rates for future 4G communications.

Orthogonal frequency division multiplexing (OFDM) is a multicarrier modu-

lation scheme that has been proposed for the air interface in future 4G wireless

systems. OFDM achieves high spectral e¢ ciency by using minimally densely

spaced orthogonal subcarriers without increasing the transmitter and receiver

complexities. By integrating OFDM with antenna-arrays to obtain an Arrayed

OFDM system, spatial signatures of the received signals can be harnessed to

provide space diversity in multipath channels, making it possible to realise high

transmission rates envisioned for the next generation wireless communications.

   OFDM
Modulation

   SIVO
 Channel

Channel Estimation
    and Reception

 Tx. Data
 Symbols

 Rx. Data
 Symbols

Figure 2.10: Block diagram of the Arrayed OFDM system studied in Chapter 3.

The overall framework for the Arrayed OFDM system is presented in Figure

2.10, where the receiver is equipped with an antenna array. The transmitter

processes the input data symbol stream using the IFFT-based OFDMmodulation

scheme before transmitting from a single antenna. After propagating through a

frequency-selective multipath channel, which can modelled by the SIVO channel

model, the signal is received at the antenna array. The receiver has to perform

appropriate array signal processing in the spatial and temporal domains in order

to decode the transmitted symbols. Chapter 3 shall focus on the space-time

reception problem, by proposing a diversity receiver for arrayed OFDM systems

and evaluating its performance in various environments, especially in channels

having exponential and uniform power delay pro�les.

2.4.2 Arrayed MC-CDMA

Multi-Carrier Code Division Multiple Access (MC-CDMA) is a multicarrier mod-

ulation scheme that combines the advantages of OFDM and CDMA to provide

robustness against frequency selectivity in wireless channels. Its capability to

mitigate the problems imposed by broadband wireless channels has led to MC-

CDMA being proposed as potential candidate for the uplink transmission in 4G
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systems. It was shown in Chapter 1 that OFDM can be amalgamated with

frequency-domain spreading to yield the more generic MC-CDMA. Using the

same concept, the Arrayed OFDM system described above can be amenably com-

bined with frequency-domain spreading to obtain an Arrayed MC-CDMA system

for improved interference cancellation, and hence providing ubiquitous broadband

wireless communication in 4G systems.

MCCDMA
Modulation

 Diffused
   SIVO
 Channel Channel Estimation

    and Reception
 Tx. Data
 Symbols

 Rx. Data
 Symbols

Figure 2.11: Block diagram of the Arrayed MC-CDMA system investigated in
Chapter 4.

Figure 2.11 elucidates the architecture for the Arrayed MC-CDMA system

that will be investigated in Chapter 4. Note that the system employs MC-CDMA

modulation and operates under di¤used channel propagation conditions. Space-

time di¤usion of the multipath invalidates the point source assumption, and the

SIVO model has to be extended to obtain the di¤used SIVO channel model. In

Chapter 4, the di¤used SIVO channel shall be modelled and the channel modelling

will be incorporated in the design of arrayed MC-CDMA receivers to cancel di¤use

channel interference and to achieve performance gains.

2.4.3 Arrayed-MIMO MC-CDMA

Arrayed-MIMO systems employ antenna arrays at both ends of the wireless link

to combat the detrimental propagation e¤ects and to achieve additional increases

in the capacity and throughput of high data-rate wireless communication systems.

Arrayed-MIMO approach creates a new way to achieve high bandwidth e¢ ciency

without sacri�cing additional power or bandwidth. By incorporating antenna

array technology into multicarrier systems to obtain arrayed-MIMO multicarrier

systems, an extra layer of co-channel interference cancellation can be realised.

Furthermore, the spatial diversity provided by the antenna array can be used to

handle unwanted channel e¤ects for even more e¢ cient utilisation of spectrum

and space at any time. Arrayed-MIMO multicarrier systems are ideally suited for

high-data-rate transmission at high mobility, and show encouraging performance

and high bandwidth e¢ ciency to necessitate their use in future broadband wireless

access. It should be noted that since OFDM is a special case of MC-CDMA,

an arrayed-MIMO MC-CDMA system is more generic than an arrayed-MIMO
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MCCDMA
Modulation

 Diffused
  VIVO
 Channel Channel Estimation

    and Reception
 Tx. Data
 Symbols

 Rx. Data
 Symbols

Figure 2.12: Block diagram of the Arrayed-MIMO MC-CDMA system focussed
upon in Chapter 5.

OFDM system, and this thesis shall focus on the design of an arrayed-MIMO

MC-CDMA system.

The block diagram of the Arrayed-MIMO MC-CDMA system is illustrated

in Figure 2.12, and Chapter 5 of this thesis will develop and analyse such a

system in detail. Channel estimation problem for arrayed-MIMO multicarrier

systems operating in spatially di¤used channel conditions will also be probed,

with the aim to design blind/semi-blind multicarrier arrayed-MIMO receivers (or

equivalently, beamformers) which integrate channel estimation and user detec-

tion/reception. A uni�ed receiver shall be proposed that will take into account

as many measurable diversities as possible to maximise e¢ ciency, while at the

same time enhancing channel estimation accuracy and reliability in environments

with spatio-temporal di¤usion and power imbalance.

2.5 Summary

This chapter presents the framework for arrayed multicarrier system design by

introducing the concept of the array manifold vector, which forms the basis for

the modelling of the space-time channel. It is followed by the detailed mathemat-

ical modelling of space-time fading channels where the channels are categorised

into four basic types according to the number of inputs and outputs. For each

channel type, the channel impulse response function is derived in order to analyse

the signi�cant role played by the space-time channel in transforming the signal

from the transmitter-end to the receiver-end. MIMO systems leverage upon spa-

tial information to achieve performance improvement, taking advantage of the

spatial diversity presented through the use of multiple antennas and exploiting

the multipath scattering present in the channel. Multiple-element and arrayed

MIMO systems are studied next, and expressions for the received signal at the

output of the resulting MIMO channels are also obtained.

The main objective of this thesis is to integrate multicarrier schemes with

antenna-arrays to design e¢ cient arrayed-MIMO multicarrier systems for 4G



2. System Framework for Arrayed Multicarrier Communications 59

wireless communications. Therefore, general frameworks for three arrayed multi-

carrier communication systems are proposed next, and their system architectures

are brie�y outlined. Initially, an Arrayed OFDM system is proposed that inte-

grates OFDM and antenna array technology to harness the spatial signatures of

received signals. This provides space diversity in multipath channels, making it

possible to realise high transmission rates envisioned for the next generation wire-

less systems. Secondly, anArrayed MC-CDMA system is developed that combines

MC-CDMA and antenna array technology by exploiting the spatial and temporal

domain to achieve performance gains in wireless channels having spatio-temporal

di¤usion of the multipath. Finally, an Arrayed-MIMO MC-CDMA system is

designed that employs arrayed-MIMO transceivers and operates in a frequency

selective spatially di¤used environment. A detailed study of these arrayed mul-

ticarrier systems will be carried in the forthcoming chapters of this thesis, with

emphasis on the modelling of di¤used channel, estimation of channel parameters

and robust reception based on the estimated parameters.



Chapter 3

Diversity Reception for Arrayed

OFDM Systems

Orthogonal frequency division multiplexing (OFDM) is a multicarrier modula-

tion scheme that achieves high spectral e¢ ciency by using minimally densely

spaced orthogonal subcarriers without increasing the transmitter and receiver

complexities. Antenna arrays are a powerful means to exploit the spatial do-

main to provide an extra layer of co-channel interference cancellation and new

ways of handling unwanted channel e¤ects for more e¢ cient utilisation of spec-

trum and space at any time. An Arrayed-OFDM system integrates OFDM and

antenna array technology to harness the spatial signatures of received signals.

This provides space diversity in multipath channels, making it possible to realise

high transmission rates envisioned for the next generation wireless communica-

tions. In this chapter, a diversity reception algorithm is proposed for OFDM

systems employing an antenna array at the receiver. The OFDM transmitter and

channels for multiple-element and arrayed receivers are �rst modelled. Based

on this modelling, an Array-OFDM diversity receiver is proposed. Simulation

studies show that the proposed Array-OFDM scheme outperforms the Multiple-

Element-OFDM receiver under various frequency-selective fading models.1

1Part of the work presented in this chapter has been published in [69].

60
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3.1 Introduction

There are many reasons as to why OFDM has been proposed for the future 4G

wireless communication systems. High data-rate transmission incurs higher delay

spread and OFDM expands symbol duration to reduce the detrimental e¤ects of

the resulting frequency selectivity. OFDM is robust to frequency-selective fad-

ing in wireless channels due to the exploitation of a Guard Interval (GI), which

is inserted at the beginning of each OFDM symbol. The insertion of the GI,

which consists of a Cyclic Pre�x (CP) in Cyclic Pre�xed OFDM (CP-OFDM),

is necessary in order to remove the Inter-Block Interference (IBI) and to convert

the frequency-selective channel into parallel �at-faded independent subchannels.

During OFDM system design, the length of the CP should be chosen longer than

the maximum expected channel delay spread to prevent IBI. Discarding the CP

at the receiver not only suppresses IBI, but also converts the linear channel convo-

lution into circular convolution, which facilitates diagonalisation of the associated

channel matrix [18].

Mobile applications can bene�t from using OFDM to improve performance

in delay spread channels because the e¤ect of delay spread (provided that there

is perfect synchronisation) would appear as a multiplication in the frequency

domain for a time-invariant channel. Thus to remove the e¤ect of the channel in

this case, only gain and phase equalisation is required at each sub-carrier. This

feature is very attractive for high delay spread applications as it removes the need

to perform complex time domain equalisation. In this thesis, we assume that

the channel gain and phase have been estimated, for example using frequency-

domain pilot tones, in order to mitigate channel frequency variations. For a given

bandwidth, the number of subcarriers should be chosen such that the channel gain

and phase can be considered approximately constant over each subcarrier. If this

criteria is not met, multi-tap equalisation will be required, and such cases will

not be considered in this thesis.

The main advantages of OFDM can be summarised as follows:

� High spectral e¢ ciency.

� Simple implementation by FFT (Fast Fourier Transform).

� Low receiver complexity.

� Suitability for high-data-rate transmission over a multipath fading channel.

� High �exibility in terms of link adaptation.
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� Low-complexity multiple access schemes such as OFDMA.

While OFDM transmission over mobile communication channels can alleviate

the problem of multipath propagation, it has a set of inherent di¢ culties which

must be tackled e¤ectively. The main shortcomings of OFDM are:

� Intermodulation distortion due to a higher peak-to-average power ratio
(PAPR) compared to single-carrier modulation, which necessitates the use

of a suitable PAPR reduction technique, e.g. coding, phase rotation or

clipping.

� Sensitivity to time and frequency synchronisation errors, that can be com-
pensated by carrier frequency o¤set (CFO) estimation.

� Inter-Carrier Interference (ICI) at high mobility, needing ICI mitigation to
increase the achievable data rates.

Zero Padded OFDM (ZP-OFDM), in which zeros are padded instead of a CP,

has recently been proposed as an appealing alternative to the traditional CP-

OFDM for wireless applications because of its ability to ensure guaranteed symbol

recovery regardless of the channel zero locations. Other merits of ZP-OFDM

over CP-OFDM include its �exibility in terms of complexity-scalable variants,

and improved channel variation tracking capability through semiblind pilot-based

channel estimation [10].

CP-OFDM incurs loss in the transmitted power because a fraction of the ave-

rage power is allocated to the cyclic pre�x and cannot be used towards commu-

nicating data. ZP-OFDM uses a zero signal instead of the cyclic pre�x to reduce

this loss but introduces non-linear distortions and, therefore, needs an increased

power ampli�er backo¤ compared to CP-OFDM. In contrast to ZP-OFDM, CP

can be used for timing and frequency acquisition in wireless applications which

is extremely important in future wireless communication systems. Because of its

relative merits over zero-padded variant, CP-OFDM will be the scheme of choice

throughout this chapter.

The use of multiple antennas in OFDM systems opens a new dimension, space,

to o¤er the advantage of space diversity that can be exploited by an appropriately

designed reception scheme. Performance of an OFDM system in the presence of

co-channel signals can be signi�cantly improved by employing an antenna array

at the receiver to form an Arrayed-OFDM system. By taking the geometry of an-

tenna elements into consideration, an Arrayed-OFDM system exploits the spatial
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domain to outperform the conventional Multiple-Element-OFDM system which

assumes independent antenna elements at the receiver.

Depending on whether the FFT operation is performed before or after diver-

sity combining, the structure of an Arrayed-OFDM system can be classi�ed into

two types:

� Pre-FFT antenna array system.

� Post-FFT antenna array system.

Although a pre-FFT combining diversity scheme requires only one FFT proces-

sor, reducing the computational complexity, it results in signi�cant performance

degradation. Unlike the pre-FFT scheme, post-FFT scheme is optimal in terms

of maximising Signal-to-Noise-and-Interference ratio (SNIR) [70], so this thesis

will explore post-FFT OFDM systems only.

This chapter is focussed on the study and comparison of the following OFDM

systems that employ multiple antennas to provide spatial diversity.

A) Multiple-Element-OFDM System

A multiple-element communication system comprises of a number of in-

dependent receiving antenna elements that provide multiple copies of the

transmitted signal (temporal diversity). However, the geometry of the an-

tenna element is completely disregarded, thereby limiting the ability to

exploit spatial diversity in multipath channels. This is di¤erent than an

arrayed type system receiver where a number of receiver antenna elements

form an array system of a given geometry with measurements taken with

respect to the array reference point. A representative example of a multiple-

element OFDM system is given in [71], [72] and [73], where the authors

formulate an OFDM diversity receiver using the MMSE combining tech-

nique. In this thesis, such a diversity receiver that completely disregards

the geometry of the antenna element is termed as the Multiple-Element-

OFDM receiver.

B) Arrayed-OFDM System

Antenna arrays are a powerful means to exploit the spatial domain to pro-

vide an extra layer of co-channel interference cancellation and new ways of

handling unwanted channel e¤ects for more e¢ cient utilisation of spectrum

and space at any time [8]. In this chapter, anArrayed-OFDM system will be
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proposed to integrate OFDM and antenna array technology in order to har-

ness the spatial signatures of received signals. This provides space diversity

in multipath channels, thus making it possible to realise high transmission

rates envisioned for the 4G wireless communications.

The structure of this chapter is as follows. The model for the uplink of a

typical wireless OFDM system is �rst developed in Section 3.2. After introduc-

ing the OFDM transmitter model, a detailed mathematical description of the

wireless channel models for both Multiple-Element-OFDM and Arrayed-OFDM

systems is presented. Section 3.3 considers the diversity reception problem, by

analysing the structure of the conventional Multiple-Element OFDM receiver and

proposing an Array-OFDM receiver. Simulation studies are carried out in Section

3.4 to compare the performance of the proposed Array-OFDM receiver with the

Multiple-Element-OFDM receiver.

3.2 Arrayed OFDM System Model

Before modelling the uplink of a wireless OFDM system where the mobile users

transmit synchronously to the base station, let us assume the following:

a) Each transmitter has a single transmitting antenna, but the receiver is

equipped with N antennas.

b) The system contains a total of M transmitting users and user 1 is assumed

to be the desired user.

c) Each user�s signal is transmitted through a frequency-selective channel that

can be modelled as a �nite impulse response (FIR) �lter of length Ki.

d) At the receiver, carrier frequency o¤set of each transmitting user has been

estimated and compensated.

e) The number of subcarriers, or IFFT/FFT size, is Nsc and a cyclic pre�x

(guard interval) of Ncp sampling intervals is used so that one OFDM symbol

has L = q(Nsc+Ncp) samples, where q is the oversampling factor, considered

as unity in this chapter without any loss of generality.

f) The system is designed such that Nsc � Ncp � Ki, which implies that there

is no Inter-Block Interference.
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3.2.1 OFDM Transmitter

The block diagram of a typical OFDM system that uses a single-antenna trans-

mitter and a single-antenna receiver for point-to-point communication is shown in

Figure 3.1. In this sub-section, the OFDM transmitter model for the i-th user is

presented, followed by a brief description of the Single-Element-OFDM receiver.

With reference to Figure 3.1, at point-A, the i-th user produces a sequence of

unit energy M-ary modulated channel symbols with symbol duration Tcs. The

symbol sequence fai[�]g is �rst serial-to-parallel converted to produce symbol
blocks of length Nsc (point-B), with the n-th block denoted as follows

ai[n] = [ai[nNsc]; :::; ai[nNsc +Nsc � 1]]T 2 CNsc�1. (3.1)

Each block is then multicarrier modulated using an Nsc-point Inverse Dis-

crete Fourier Transform (IDFT), and padded with a cyclic pre�x of length Ncp.

The joint IDFT-modulation and GI insertion operation for CP-OFDM can be

represented by the matrix

FO = [Fcp; F] 2 CNsc�L (3.2)

=

�
Fcp;

1p
Nsc

h
�0 �1 �2 � � � �(Nsc�1)

i�
where

� =
h
1; �1; �2; :::; �(Nsc�1)

iT
2 CNsc�1 (3.3)

and

� = exp(�j2�
Nsc

):

Note that, in Equation 3.2, F is the Nsc � Nsc Discrete Fourier Transform

(DFT) matrix with (k;m)-th element given by 1p
Nsc

�(k�1)(m�1), and Fcp 2 CNsc�Ncp

is formed from the last Ncp columns of F as follows

Fcp =
1p
Nsc

h
�Nsc�Ncp�1 �Nsc�Ncp � � � �(Nsc�1)

i
: (3.4)

Thus the block of symbols to be transmitted (at point-C) can simply be expressed

as FHOai[n]. The vector (symbol block) FHOai[n] is then serialised to obtain the
IDFT-modulated sequence fbi[k]g (at point-D).
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This is followed by impulse modulation with a train of impulses having period

Ts = (
Nsc
L
)Tcs and pulse shaping with p(t) (by using a low pass �lter) to obtain

the baseband OFDM transmitted signal (point-E)

mi(t) = bi[k]p (t� kTs) ; kTs � t � (k + 1)Ts. (3.5)

Note that, in this chapter, it is assumed that p(t) is a rectangular pulse waveform

of duration Ts. Finally after upconversion, the i-th user�s transmitted signal (at

point-F) is given by

Transmitted signal =
p
Pimi(t) exp (j2�Fct) (3.6)

where Fc is the carrier frequency and Pi is the transmitted power.

The basic OFDM system, shown in Figure 3.1, employs the Single-Element-

OFDM receiver. It is the simplest OFDM receiver because it uses a single receiv-

ing antenna. With reference to this �gure, at point-G, the received signal x(t)

is �rst downconverted and low pass �ltered. After the baseband signal has been

passed through a �lter matched to p(t), it is sampled at a rate 1=Ts and serial-

to-parallel converted to obtain the received signal vector x[n]. Guard interval

removal and DFT demodulation operations are performed jointly by the matrix

GO = [ONsc�Ncp ; F]H 2 CL�Nsc (3.7)

where ONsc�Ncp is an all-zero Nsc � Ncp matrix, to obtain GHOx[n]. Finally, the
vector (symbol block) GHOx[n] is serialised to obtain estimates of the transmitted
symbol sequence.

3.2.2 Channel Model

The transmitted OFDM signal is assumed to experience a wireless channel that is

fading and multipath dispersive, so that it exhibits frequency selectivity but the

delay spread is within the GI duration. The i-th user�s transmitted signal arrives

at the receiver via Ki multipaths, each with its own fading coe¢ cient, direction

of arrival (DOA) and timing of arrival (TOA). It is slowly-varying such that its

frequency response can be considered as quasi-stationary over the duration of a

frame of OFDM symbols. Two channel models will be considered. In the �rst,

the receiver ignores the geometry of multiple receiving antenna elements, whereas

the second will involve an antenna array system of a given geometry.
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3.2.2.1 Multiple-Element Channel Model

AMultiple-Element-OFDM system employs independent antenna elements at the

receiver, but the geometry of the receiving antennas is not taken into considera-

tion. The channel impulse response for each antenna is considered independently,

and spatial information of the multipaths is ignored by assuming that the received

signal at each receiving antenna has passed through a distinct SISO channel. Fig-

ure 3.2 illustrates the baseband channel model for i-th user�s transmitted signal,

where � (k)ij represents the path delay and �(k)ij denotes the channel fading coef-

�cient of the j-th path at the k-th receiver antenna. Note that superscript (k)

signi�es that the parameter is associated with the k-th receive antenna. The

channel impulse response of the i-th user at the k-th receiver antenna is given by

h
(k)
i (t) =

KiX
j=1

�
(k)
ij �(t� �

(k)
ij ). (3.8)

Figure 3.2: Multiple-Element Channel Model for the i-th user.

It is assumed that � (k)ij = jTs, with j = 1; 2; :::; Ki, which implies that the

channel impulse response of the i-th user at the k-th receiver antenna can be

characterised by the channel fading coe¢ cient vector �(k)
i
=
h
�
(k)
i1 ; �

(k)
i2 ; :::; �

(k)
iKi

iT
.

The total received signal at the k-th receiver antenna is the sum of signals from

M users after convolution with their respective channel responses, plus additive
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noise. The baseband received signal at the r-th receiver antenna is thus obtained

as follows

x(k)(t) =
MX
i=1

x
(k)
i (t) + n

(k)(t) (3.9)

=
MX
i=1

KiX
j=1

�
(k)
ij mi(t� �

(k)
ij ) + n

(k)(t)

where �(k)ij has absorbed the complex factor
p
Pi exp

�
�j2�Fc� (k)ij

�
and n(k)(t)

represents complex AWGN. After the received signal x(k)(t) has been discretised

with a bank of samplers operating at a rate of 1=Ts and passed through a bank

of serial-to-parallel convertors, the received symbol block at the k-th antenna can

be modelled as

x(k)[n] =
MX
i=1

U(k)i F
H
OFDMai[n] + V

(k)
i F

H
ODFMai[n� 1] + n(k)[n] 2 CL�1 (3.10)

where U(k)i is the L � L lower triangular Toeplitz channel �ltering matrix with

�rst column
h
�(k) T
i

; 0TL�Ki

iT
; V(k)i is the L�L upper triangular Toeplitz channel

�ltering matrix with �rst row
h
0TL�Ki+1

; �
(k)
iKi
; :::; �

(k)
i2

i
that captures the inter-block

interference (IBI); and n(k)[n] denotes the L�1 complex additive white Gaussian
noise (AWGN) vector [10]. Note that 0N represents an N � 1 vector of zeros.

3.2.2.2 Array Channel Model

Spatial signatures of the multipaths are not taken into account (and hence ig-

nored) by the multiple-element channel model because the received signal at each

receiving antenna is considered to have passed through a distinct SISO channel.

However, the array channel model overcomes this limitation by using the con-

cept of the array manifold vector, and employs the Scalar-Input Vector-Output

(SIVO) model introduced in Chapter 2, to take the receiver array geometry into

consideration. Figure 3.3 represents the resulting array channel model for the

i-th user, where the j-th path has path delay � ij, spatial signature Sij and fad-

ing coe¢ cient �ij up to the array reference point. The complex baseband vector

channel impulse response for the i-th user can thus be represented by Equation

2.10, which is rewritten below for convenience.

hi(t) =

KiX
j=1

�ijS(�ij)�(t� � ij) 2 CN�1 (3.11)
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Figure 3.3: Array Channel Model for the i-th user as a function of the array man-
ifold vectors (this is Figure 2.3, page 46 which is repeated here for convenience).

Using the above array channel model, the total received signal at the base

station array is the N � 1 signal vector

x(t) =
MX
i=1

xi(t) + n(t) (3.12)

=
MX
i=1

KiX
j=1

�ijSijmi(t� � ij) + n(t) 2 CN�1

where �ij has absorbed the complex factor
p
Pi exp (�j2�Fc� ij) and n(t) repre-

sents complex AWGN. The expression for the discretised received signal vector

at the base station array is now presented.

An Arrayed-OFDM receiver samples the received signal vector x(t) at a rate

of 1=Ts, and the discretised data is stored by a bank of N tapped delay lines

(TDLs) of length L prior to the formation of the discrete received signal vector

x[n]. This is achieved by concatenating the contents of the TDLs every LTs.

Using the array channel model and assuming that � ij = jTs, with j = 1; 2; :::; Ki,

the discrete received signal vector (at point-H in Figure 3.5) can be written as

x[n] =

MX
i=1

KiX
j=1

Sij 

�
LiFHOFDMai[n]

�
+ n[n] 2 CNL�1 (3.13)

where 
 is the Kronecker product, n[n] represents sampled AWGN and Li is an
L � L circulant OFDM channel coe¢ cient matrix with the �rst row given by�
�i1; 0

T
L�Ki

; �iKi
; :::; �i2

�
.
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3.3 Diversity Reception

In this section, reception of the transmitted OFDM signal using multiple antennas

at the receiver is considered. Initially the structure of the conventional Multiple-

Element OFDM receiver, presented in [72], is analysed. An Array-OFDM receiver

is then proposed by integrating array technology with OFDM. This is followed

by the derivation of the weight matrix for the proposed Array-OFDM receiver.

3.3.1 Multiple-Element OFDM Receiver

The structure of the conventional Multiple-Element-OFDM receiver employing

N antennas is shown in Figure 3.4, where the front-end processes the received

symbol block at each antenna separately. After removal of the carrier, the received

signal vector x(t) is discretised with a bank of samplers operating at a rate of 1=Ts
and passed to a bank of serial-to-parallel convertors to yield the received symbol

blocks for each receiving antenna. Guard interval removal and DFT demodulation

operations are performed jointly by the matrix GO, de�ned in Equation 3.7, to
obtain

z(k)[n] = GHOx(k)[n] 2 CNsc�1. (3.14)

This is followed by the concatenation of the decoded OFDM symbols z(k)[n]

for all antennas (i.e., 8k = 1; :::; N) and reading the symbols every NscTcs to

obtain the NscN � 1 vector z[n], given by

z[n] =
�
z(1)[n]T ; :::; z(k)[n]T ; :::; z(N)[n]T

�T 2 CNscN�1. (3.15)

The expression for the receiver weightWi for the Multiple-Element-OFDM re-

ceiver is now derived according to the scheme proposed in [72], which assumes that

the impulse response of frequency selective wireless channels has been estimated

using known pilot sequences. As shown in Figure 3.4, Multiple-Element-OFDM

receiver �rst performs channel estimation and then formulates Wi based on the

channel response estimates by performing frequency-domain equalisation followed

by diversity combining.

The channel estimation block forms the channel coe¢ cient matrix Bi by con-
catenating the estimated channel impulse response vectors �(k)

i
8k as follows

Bi =
h
�(1)
i
; :::; �(k)

i
; : : : ; �(N)

i

i
2 CKi�N : (3.16)
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This channel coe¢ cient matrix Bi is then used by the equalisation block (in
Figure 3.4) to perform frequency-domain equalisation on a per-subcarrier basis.

By computing the Nsc-point DFT of Bi, followed by transposition, the multiple-
element channel transfer function matrix H(ME)

i is obtained

H
(ME)
i =

 
F

"
Bi

O(Nsc�Ki)�N

#!T
(3.17)

=
�
hi1; :::; hik; :::; hiNsc

�
2 CN�Nsc

where hik 2 CN�1 represents the channel transfer function vector of the i-th user
at the k-th frequency bin.

Next, H(ME)
i is fed to the diversity combining block that computes the weight

vector wik for the i-th user, k-th frequency bin as follows

wik =
hik
hHikhik


 �Nsc;k 2 CNscN�1 (3.18)

where �Nsc;k = [0; :::; 0; 1; 0; :::; 0] 2 CNsc�1 is a vector with the 1 at the k-th po-
sition and zeros elsewhere, and 
 represents Kronecker product. The receiver

weight matrix, Wi, for MMSE diversity combining [72] is then obtained by con-

catenating these weight vectors for all Nsc frequency bins to yield

Wi =
�
wi1; :::; wik; :::; wiNsc

�
2 CNscN�Nsc . (3.19)

The signal vector z[n] given by Equation 3.15 is then processed by theMultiple-

Element-OFDM receiver, with an overall weight matrix Wi, to yield

di[n] =WH
i z[n] 2 CNsc�1. (3.20)

Finally, di[n] is parallel-to-serial converted and passed through a decision device

to yield estimates of the transmitted channel symbol stream.

3.3.2 Array-OFDM Receiver

The architecture of the proposed Array-OFDM receiver is illustrated in Figure

3.5, where the front-end consists of a bank of N tapped delay lines (TDLs) of

length L. After downconversion, sampling and passing through the TDLs, the

discrete baseband received signal vector x[n] 2 CNL�1 is obtained at point-H
which is then processed by an appropriately designed receiver. An expression for

x[n] using the array channel model was obtained in the previous section, as given

by Equation 3.13.
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To construct the Array-OFDM receiver weight, the radio channel has to be

estimated from a space-time perspective to obtain the channel parameters of all

the multipaths (i.e. � ij, �ij and �ij 8i; j). Several algorithms have been proposed
in the literature to estimate these channel parameters for OFDM systems. For

example, authors of [29] use a blind subspace-based algorithm to estimate the

spatial and temporal parameters, followed by the identi�cation of complex fading

coe¢ cients. Pilot-based approaches to estimate the channel fading coe¢ cients are

discussed in [10]. In this chapter, it is assumed that the channel parameters have

been estimated using a suitable channel estimation approach, and the main em-

phasis is on designing a suitable receiver weight (based on the channel estimates)

that can provide diversity and co-channel interference cancellation capabilities.

With reference to Figure 3.5, the steps involved in the formulation of Wi

are now described. The channel estimation block provides the estimates for the

channel coe¢ cient vector �
i
= [�i1; �i2; :::; �iKi

]T , which is passed through the

DFT and diagonalisation block, to obtain the channel transfer function matrix

Hi as follows

Hi= diag

 
F

"
�
i

0Nsc�Ki

#!
2 CNsc�Nsc . (3.21)

The diagonal elements of Hi provide the channel frequency response at each
subcarrier frequency, which is then exploited by the equalisation block.

Circular convolution property of cyclic pre�x OFDM implies that frequency-

domain equalisation can be performed by simply taking the Penrose Moore pseudo-

inverse of Hi. Note that the Arrayed-OFDM receiver combines equalisation with

the DFT and GI removal operation to obtain the joint equalisation-FFT demod-

ulation matrix Hyi GHO , where GO is de�ned in Equation 3.7. This is followed
by the spatial diversity combining of the multipaths using the estimated spatial

signature of each multipath Sij, by taking the Kronecker product of Sij with�
Hyi GHO

�H
for each multipath. The NL�Nsc receiver weight matrixWij which

achieves joint OFDM demodulation, equalisation and diversity reception for the

j-th path of the i-th user is therefore given by

Wij = Sij 

�
Hyi G

H
O

�H
2 CNL�Nsc . (3.22)

Finally, Equal Gain Combining (EGC) of all the spatial multipaths is carried

out to yield the overall NL � Nsc weight matrix for the Array-OFDM receiver,

which can be expressed as

Wi = ([Wi1;Wi2; :::;WiKi
])
�
1Ki


 INsc
�

2 CNL�Nsc . (3.23)
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This overall weight matrix achieves joint OFDM demodulation and diversity com-

bining of all Ki multipaths. Application of this weight matrix to the received

signal vector x[n] yields the vector di[n] as follows

di[n] =WH
i x[n] 2 CNsc�1 (3.24)

The vector di[n] is then parallel-to-serial converted and passed through a decision

device to yield estimates of the transmitted symbol sequence.

3.4 Simulation Studies

Computer simulations are presented in this section to highlight the key bene�ts

of introducing antenna-array technology in wireless OFDM systems. The aim is

to compare the Bit Error Rate (BER) performance of the proposed Array-OFDM

diversity reception scheme to a Multiple-Element-OFDM receiver for single-user

and multi-user scenarios. BER performance of the Multiple�Element-OFDM and

Array-OFDM receivers is studied for various frequency selective channels power

delay pro�les. The results demonstrate that the proposed Array-OFDM scheme

outperforms the Multiple-Element-OFDM receiver and is robust to any changes

in the power delay pro�le of the radio channel.

The simulation parameters of the OFDM system under consideration are given

in Table 3.1. It is assumed that perfect channel information is available at the

receiver. It is also assumed that synchronisation is perfect, Ki = Ncp, N =

5 and a frame of 1000 OFDM symbols is collected each time for processing.

Note that Multiple-Element-OFDM receiver has 5 independent elements and the

Array-OFDM system employs a 5-element uniform linear array (ULA) with half-

wavelength spacing (i.e. �=2 = 3 cm).

Parameters Speci�cation
IFFT/FFT Size Nsc 64
Cyclic Pre�x Size Ncp 16
Signal Constellation BPSK

Inter-subcarrier Spacing (�F ) 781.25kHz
Bandwidth (1/Tcs) 50MHz

Carrier Frequency (Fc) 5GHz

Table 3.1: Simulation Parameters for the wireless OFDM system.
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3.4.1 Choice of Cyclic Pre�x Length

The choice of Guard Interval (GI) length is crucial in the design of an OFDM

system. If the channel impulse response length exceeds the guard interval, In-

ter Block Interference (IBI) results. OFDM systems are also very sensitive to

Multiple Access Interference (MAI) that is present in a wireless system with mul-

tiple users. In this section, some preliminary simulation studies are carried out

to study the impact of both IBI and Multiple Access Interference (MAI) on the

performance of a Multiple-Element-OFDM system.

Firstly, let us observe how the choice of GI length a¤ects BER performance.

Consider a single user scenario, where it is assumed that the base station has 5

independent antenna elements, channel delay pro�le is uniform and block fading

assumption is valid (i.e. channel is time-invariant during one OFDM symbol).

The size of IFFT/FFT is Nsc = 64, with the OFDM sub-symbols taken from a

BPSK constellation. Guard interval of length Ncp = 16 is used, perfect channel

information is assumed at the receiver and BER is averaged over 100 OFDM

symbols for a given input SNR. Note that channel coding is not used in these

simulations.

Figure 3.6 depicts the performance degradation as the length of channel im-

pulse response, Ki, exceeds the guard interval length, Ncp. When Ncp = Ki, BER

of 10�4 is observed at 20 dB SNR; it worsens to 10�3 when Ncp = Ki � 2. As
the channel impulse response length increases beyond the CP length, the guard

interval fails to remove the IBI completely and BER rate at a given input SNR

decreases. Therefore, it can be concluded that while designing an OFDM sys-

tem, the length of the CP should be chosen longer than the maximum expected

channel delay spread.

BER performance of the Multiple-Element-OFDM receiver as a function of

the number of multiple access users has been studied and compared in Figure

3.7 for various channel impulse response lengths. Simulation parameters and

assumptions are the same as before. The interfering users are assumed to be

overlapping in both space and frequency (i.e. co-channel) with the same power

as the desired user, and the desired user has input SNR = 10 dB.

It can be observed from Figure 3.7 that uncoded Multiple-Element-OFDM

receiver is extremely sensitive to MAI co-channel interference and BER decreases

sharply even with one co-channel interfering users, i.e. it is not suitable for a

multi-user environment. This implies that receivers for multiple access OFDM

systems must possess interference cancelling capability in order to combat the

detrimental e¤ects of MAI. The next section will explore the use of diversity
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receivers proposed in Section 3.3 for both single-user and multi-user system en-

vironments.

3.4.2 Reception in a Single User Scenario

A comparison of the bit error rate (BER) performance of Array-OFDM receiver to

the Multiple-Element-OFDM receiver in a single-user scenario is now presented.

Consider a system with only the desired user (user 1) having 16 multipaths, with

the directions of arrival of its multipaths given by the second column of Table

3.2, corresponding to user 1. Table 3.2 lists the angles-of-arrival for 6 users with

spatially distinct channels, where the spatial channel parameters �ij (representing

the DOA of i-th user�s j-th path) are selected from a uniform distribution. In this

single-user scenario, it is assumed that there is no multiple access interference

and the BER of the receiver is plotted as the input signal-to-noise ratio (SNR)

increases from 0 dB to 20 dB.

User 1 User 2 User 3 User 4 User 5 User 6
Path �1j �2j �3j �4j �5j �6j
j = 1 30� 315� 190� 95� 260� 145�

j = 2 55� 291� 178� 107� 235� 161�

j = 3 42� 342� 202� 97� 240� 136�

j = 4 14� 318� 135� 85� 237� 158�

j = 5 34� 334� 212� 64� 267� 133�

j = 6 25� 293� 185� 87� 285� 164�

j = 7 31� 286� 209� 99� 253� 135�

j = 8 28� 306� 135� 84� 261� 151�

j = 9 46� 360� 140� 99� 248� 150�

j = 10 15� 325� 135� 122� 235� 162�

j = 11 20� 302� 186� 104� 276� 148�

j = 12 32� 299� 213� 89� 265� 127�

j = 13 18� 345� 218� 92� 258� 131�

j = 14 27� 294� 205� 105� 245� 142�

j = 15 16� 296� 184� 90� 287� 171�

j = 16 44� 350� 175� 117� 245� 165�

Table 3.2: Spatial Channel Parameters of 6 users.

Two di¤erent models were used for the frequency selective radio channel:

uniform power delay pro�le and exponential power delay pro�le. Wireless OFDM

standards, for example [12] and [13], specify the uniform and exponential power

delay pro�les for practical OFDM channels, with the former likely to occur in

indoor conditions and the latter applying to outdoor environments. Figure 3.8

presents the comparison of the BER for uniform PDP and shows the signi�cant
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Figure 3.8: Uniform Channel Power Delay Pro�le - BER versus Input SNR plot
assuming a single user with 16 paths.

performance improvement achieved by Array-OFDM receiver. For example, at 10

dB input SNR, the BER of Array-OFDM receiver is of the order of 10�5 whereas

it is only 10�2 for Multiple-Element-OFDM receiver. As the input SNR increases,

the di¤erence in BER between the two receivers increases further, implying that

Array-OFDM outperforms Multiple-Element-OFDM for uniform channel power

delay pro�le. BER versus input SNR plot for a Single-Element-OFDM receiver

is also presented for comparison.

Figure 3.9 presents the BER versus input SNR plot assuming an exponential

power delay pro�le model for the frequency selective radio channel. All other

simulation parameters are the same as used in Figure 3.8. Figure 3.9 shows that

at 10 dB input SNR, the BER of Array-OFDM receiver is of the order of 10�4.

This value for exponential power delay pro�le is slightly higher than the BER

observed for uniform power delay pro�le but still it is considerably smaller than

10�2.

It can be observed from Figure 3.8 and Figure 3.9 that the BER plots for

the Array-OFDM receiver show a very similar trend with increasing input SNR,

thereby indicating that the proposed Array-OFDM receiver is robust to any

changes in the power delay pro�le of the frequency-selective radio channel. In

fact, these are representative examples using two popular radio channel models

and other channel power delay pro�les should give similar results.
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Figure 3.9: Exponential Channel Power Delay Pro�le - BER versus Input SNR
plot assuming a single user with 16 paths.

3.4.3 Reception in a Multiple Access Scenario

Now let us consider the multi-user case where the number of users increases from

1 to 6 (�rst user remaining the desired user) and observe the average BER2

of Multiple-Element-OFDM and Array-OFDM receivers. Figure 3.10 depicts

the performance degradation with increasing Multiple Access Interference (MAI)

when the radio channel was assumed to have a uniform power delay pro�le. Sim-

ulations parameters for each user are the same as that in Table 3.1. The spatial

channel parameters (i.e. DOAs) of all users are listed in Table 3.2, with each user

having 16 multipaths. All users are assumed to be co-channel with the interfering

users having same power as the desired user. The desired user is assumed to have

an input SNR of 10 dB.

Figure 3.11 shows the performance degradation with increasing MAI when

the radio channel was assumed to have an exponential power delay pro�le. Its

similarity with the plot in Figure 3.10 suggests that the proposed Array-OFDM

receiver is robust to any changes in the power delay pro�le of the frequency-

selective radio channel. These are representative examples using two popular

2Note that the BER is measured over all sub-bands, and individual sub-bands might have an
SNR value which is di¤erent than the average SNR. Furthermore, BPSK modulation is assumed
for all sub-bands, and the use of an adaptive coded modulation scheme will lead to a di¤erent
sum capacity than that observed in the results presented here.
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Figure 3.10: Uniform Channel Power Delay Pro�le - BER versus Number of Users
plot assuming 16 paths per user and input SNR = 10 dB.
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Figure 3.11: Exponential Channel Power Delay Pro�le - BER versus Number of
Users plot assuming 16 paths per user and input SNR = 10 dB.
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radio channel models and other channel power delay pro�les should give similar

results.

3.5 Summary

In this chapter, an Arrayed-OFDM system is designed that integrates OFDM and

antenna array technology to harness the spatial signatures of received signals and

to provide space diversity in multipath channels. The OFDM transmitter and

channels formultiple-element and arrayed receivers are �rst modelled, followed by

an analysis of the conventional Multiple-Element-OFDM receiver. A novel Array-

OFDM diversity receiver is then developed to integrate antenna array technology

with OFDM. The proposed Array-OFDM receiver weight matrix is formulated in

such a way that it achieves joint OFDM demodulation, equalisation and diversity

reception.

To highlight the potential bene�ts of incorporating the antenna array receiver

in an OFDM system, simulation studies are carried out to compare the perfor-

mance of Multiple-Element-OFDM receiver with Array-OFDM receiver. BER

performance of both receivers is considered for the single-user case (without mul-

tiple access interference) as well as the multi-user scenario (with multiple access

interference). To study the robustness of the proposed receiver to di¤erent chan-

nel conditions, two types of channel power delay pro�les have been used in the

simulations: uniform power delay pro�le and exponential power delay pro�le.

Numerical results show that the proposed Array-OFDM scheme outperforms

the Multiple-Element-OFDM receiver under various frequency-selective fading

models. This vindicates the superior BER performance of the proposed Array-

OFDM receiver, and its robustness to any changes in the power delay pro�le

of the wireless channel. The proposed scheme can be amenably combined with

DS-CDMA to obtain an arrayed MC-CDMA system for improved interference

cancellation, and this is the focus of the next chapter. Furthermore, the use of

multiple transmit antennas to yield an arrayed-MIMO multicarrier system can

also lead to additional performance gains, and this topic is explored in Chapter

5.



Chapter 4

Arrayed MC-CDMA Reception

in Space-Time Di¤used Channel

Multi-Carrier Code DivisionMultiple Access (MC-CDMA) is a modulation scheme

that combines the advantages of OFDM and CDMA to provide robustness against

frequency selectivity in wireless channels. Arrayed MC-CDMA systems combine

MC-CDMA and antenna array technology to harness the spatial and temporal

signatures of received signals, thus making it possible to realise high transmission

rates envisioned for next generation wireless communications. Localised scatter-

ing, which occurs for each multipath, motivates the frequency selective wireless

channel to be modelled as a di¤used vector channel. In this chapter, space-

time di¤used vector channels for arrayed MC-CDMA systems are modelled and

analysed. Based on these models, a new class of receivers is then presented which

takes into account the spatio-temporal di¤usion and cancels the resulting di¤use

channel interference. Simulation studies show that the use of this di¤used channel

modelling in arrayed MC-CDMA receivers yields better bit error rate (BER) and

SNIRout performance than receivers that ignore the presence of spatial and/or

temporal di¤usion. It should also be noted that since OFDM is a special case of

MC-CDMA, the analysis for arrayed MC-CDMA systems is also valid for arrayed

OFDM systems.1

1Part of the work presented in this chapter has been published in [74] and [75].

84
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4.1 Introduction

The highest transmission rates for 4G systems are envisioned to be one to two

orders of magnitude higher than 3G (in the 20-200 Mb/s range [5]), and this

calls for highly spectrally e¢ cient modulation strategies. Multicarrier modula-

tion schemes achieve high spectral e¢ ciency by using minimally densely spaced

orthogonal multicarriers without increasing the transmitter and receiver com-

plexities [7]. Recently, the synergy of OFDM with CDMA has been of signi�cant

research interest because it provides such advantages as bandwidth e¢ ciency,

fading resilience, and interference suppression capability.

Multicarrier CDMA schemes are obtained by combining CDMA and OFDM

techniques, and were originally proposed in [22] and [25] using frequency domain

spreading and time-domain spreading respectively. Hara and Prasad [7] have

compared the various methods of combining the two techniques that have been

put forth in the literature, identifying three di¤erent structures: multi-carrier

CDMA (MC-CDMA), multi-carrier direct sequence CDMA (MC-DS-CDMA) and

multi-tone CDMA (MT-CDMA). By augmenting them with transmit diversity

and joint space-time and frequency domain spreading, it is shown in [76] that

broadband multicarrier schemes are capable of avoiding the various design limi-

tations encountered when communicating over diverse propagation environments.

This chapter will focus on MC-CDMA that has been proposed for the future 4G

wireless communication systems because of its ability to e¢ ciently combine the

advantages of OFDM and CDMA to provide robustness against frequency selec-

tivity and channel delay spread.

The use of antenna arrays in multicarrier systems allows the exploitation

of spatial and/or temporal domains in order to provide an extra layer of co-

channel interference cancellation and new ways of handling unwanted channel

e¤ects [8]. Blind reception of multicarrier DS-CDMA using antenna arrays has

been presented in [77] for quasi-stationary channels, whereas [78] extends it for

time-varying channels through MMSE multiuser detection. Moreover, authors in

[29] formulate a blind near-far resistant channel estimator for an arrayed OFDM-

CDMA system. By using an antenna array at the receiver end, they devise a joint

angle, delay, and channel frequency o¤set (CFO) estimator that is integrated as

the front-end of a subspace zero-forcing receiver. CFO compensation and inter-

ference cancellation is achieved even in situations where there is power imbalance

or the near-far problem. By providing channel state information to the transmit-

ter through a feedback channel, joint optimum transmit beamforming can also be

employed to improve the system performance by appropriately suppressing the
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co-channel interference [79]. In this chapter, an arrayed MC-CDMA system is

proposed by combining MC-CDMA and antenna array technology to harness the

spatial and temporal information of received signals in multipath channels. This

synergy makes it possible to realise high transmission rates envisioned for next

generation wireless communications [5].

In arrayedMC-CDMA systems, the frequency selective wireless channel is gen-

erally modelled as a Scalar-Input-Vector-Output (SIVO) channel. In the SIVO

channel model, it is assumed that each multipath has distinct spatial and tempo-

ral signatures, with each multipath appearing at the receiver�s antenna array as a

point-like source [78]. In practical wireless channels, however, localised scattering

of the multipaths invalidates the point-source assumption used by the conven-

tional algorithms. This chapter lifts the point-source assumption for arrayed

MC-CDMA communication systems and considers the di¤used channel scenario.

Existing literature on di¤used multipath vector channels focusses mainly on

DS-CDMA based wireless communication systems. In [80], di¤used channel

framework for DS-CDMA systems is presented and a subspace approach is pro-

posed to estimate vector channels having di¤usion in the spatial domain. Two

receiver techniques for DS-CDMA systems are proposed in [81] to e¤ectively re-

move the perturbation due to such multipath spatial di¤usion. However, no such

work has been reported in the literature for arrayed multicarrier systems operat-

ing in multipath channels that are di¤used both in space and time. This chapter

characterises the di¤used multipath vector channel for arrayed MC-CDMA sys-

tems and proposes a subspace-based arrayed MC-CDMA receiver for the space-

time di¤used wireless channel. The main emphasis of this chapter would be on

the modelling of the space-time di¤used wireless channel in order to design the

receiver�s weight vector more accurately. Although this chapter is focussed on

arrayed MC-CDMA, it should be noted that the analysis is also valid for arrayed

OFDM systems since OFDM is a special case of MC-CDMA.

This chapter is organised as follows. First, the system model of an arrayed

MC-CDMA communication system, including the transceiver structure and the

point-source channel model, is described in Section 4.2. The concept of di¤used

Spatial-Temporal ARray (STAR) manifold vector is then used in Section 4.3 to

accurately model the di¤used multipath vector channel in terms of the spatial

and temporal parameters. Computer simulation studies are presented in Section

4.4 to compare the performance of the arrayed MC-CDMA receivers that use the

di¤used channel model, with receivers that use the point-source channel model

(and hence ignore the presence of spatial and temporal di¤usion).
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4.2 Uplink System Architecture

Consider the uplink of an arrayed MC-CDMA wireless communication system

where the mobile users transmit their signals to the base station. Each transmitter

has a single transmitting antenna, but the receiver is equipped with a set of

N antennas. To simplify the model, it is assumed that the carrier frequency

o¤set has been estimated and compensated. The system contains a total of M

transmitting users and the number of subcarriers is Nsc.

4.2.1 MC-CDMA Transmitter

The block diagram of an arrayed MC-CDMA communication system operating

in a space-time di¤used vector channel is shown in Figure 4.1. With reference to

this �gure, at point-A, the i-th user produces a sequence of unit energyM-ary

modulated channel symbols fai[n] 2 C; n 2 Ng with symbol duration Tcs. The
channel symbol stream fai[n]g is then converted (using an impulse modulator
and a linear �lter) into the following waveform at point-B

ai[n]p (t� nTcs) ; nTcs � t < (n+ 1)Tcs (4.1)

where p(t) is the rectangular impulse response of the linear �lter of duration

Tcs = 1=rcs. The signal at point-B, given by Equation 4.1, then undergoes MC-

CDMA modulation before subsequent upconversion and transmission, as detailed

below.

Note that the i-th user is assigned a unique PN sequence of �1�s. In the
following discussion, the PN-code period (spreading gain) is assumed to be equal

to the number of subcarriers, Nsc, with one period of the i-th user�s PN code rep-

resented by the vector �i = [�i1; :::; �ik:::; �iNsc ]
T . The signal at point-B is �rst

copied into Nsc parallel streams. The k-th copy is then multiplied by �ik, the cor-

responding k-th chip of �i, and the product then modulates the k-th subcarrier

with frequency given by Fk , k�F , where �F , 1=Tcs is the subcarrier separa-
tion. The modulated subcarriers are then summed up to produce the baseband

MC-CDMA transmitted signal mi(t) (at point-C) as follows

mi(t) =
NscX
k=1

�ik exp(j2�Fkt) ai[n]; nTcs � t < (n+ 1)Tcs (4.2)

The subcarrier frequency vector F sub is now de�ned as

F sub , [F1; F2; : : : ; FNsc ]T 2 CN�1. (4.3)
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The MC-CDMA modulated signal given by Equation 4.2 can then be rewritten

more compactly as

mi(t) = �Ti exp(j2�F subt) ai[n]; nTcs � t < (n+ 1)Tcs (4.4)

Finally after upconversion, the i-th user�s transmitted signal is given by

Transmitted signal =
p
Pimi(t) exp (j2�Fct) (4.5)

where Fc is the carrier frequency and Pi is the transmitted power.

4.2.2 Point-Source Channel Model

This sub-section describes the conventional point-source channel model, where

each multipath is considered as a point-source. The transmitted MC-CDMA

signal is assumed to experience a wireless channel that is fading and multipath

dispersive, so that it exhibits frequency selectivity. It is slowly-varying such that

its frequency response is constant over the duration of a frame of MC-CDMA

symbols.

The i-th user�s transmitted signal arrives at the receiver via Ki multipaths,

each with its own fading coe¢ cient, direction of arrival (DOA) and time of arrival

(TOA). Although each multipath has a certain degree of spatial and temporal

spread (and hence is di¤used), the temporal and spatial di¤usion is often con-

sidered to be small. The channel model ignores this di¤usion and treats each

multipath as a point source.

Point-source assumption implies that, for an antenna array of N elements

used at the receiver, the baseband channel can be modelled as a Scalar-Input-

Vector-Output (SIVO) channel. Figure 4.2 illustrates the baseband point-source

channel model for the i-th user, where the j-th path has path delay � ij, fading

coe¢ cient (up to the array reference point) �ij, and the array manifold vector

corresponding to each path is a function of its direction of arrival �ij, such that

Sij , S(�ij) with Sij as de�ned in Equation 2.5.

Therefore, the baseband received signal-vector xi(t) at the output of the SIVO

channel of the i-th user is given by

xi(t) =

KiX
j=1

�ijSijmi(t� � ij) 2 CN�1 (4.6)

where �ij has absorbed the factor
p
Pi exp (�j2�Fc� ij), and the total signal-

vector due to M users is given by

x(t) =
MX
i=1

KiX
j=1

�ijSijmi(t� � ij) + n(t) 2 CN�1 (4.7)
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Figure 4.2: Point-source Channel Model for the i-th user as a function of the
array manifold vectors (this is Figure 2.3, page 46 which is repeated here for
convenience).

where n(t) represents isotropic complex AWGN. An equivalent expression for x(t)

using the di¤used SIVO channel model will be given in Section 4.3.

4.2.3 Receiver Design

Figure 4.3 illustrates the proposed MC-CDMA receiver architecture in detail,

where the receiver is equipped with an antenna array of N elements. From the

�gure, it can be observed that the received signal is �rst down-converted and

the baseband signal-vector x(t) is then sampled at a rate of 1=Ts to obtain L

samples per channel symbol period per antenna, where Ts = Tc = Tcs=L with Tc
denoting the chip period. The path delay � ij is assumed to lie within the range

[0; Tcs), which implies that the delay � ij of the j-th path of the i-th user can

be quantised into integer and fractional component, i.e. � ij = (`ij +  ij)Ts with

`ij 2 0; 1; :::; L � 1 and  ij 2 [0; 1). The phase shift due to the fractional part,
exp

�
�j2�Fk ijTs

�
, is absorbed into the complex path coe¢ cient �ij. Thus, it is

only necessary to consider the integer component of the delay, i.e. `ijTs.

It can be observed from Figure 4.3 that the front-end of the MC-CDMA

receiver consists of N tapped delay lines (TDLs) each of length 2L, which is

equivalent to twice the symbol period Tcs. This enables the asynchronous MC-

CDMA receiver to capture one whole data symbol of the desired user.
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Figure 4.4 illustrates the symbols captured by a tapped delay line of length 2L

in an asynchronous MC-CDMA receiver, where it is assumed that there is a delay

of `jTs in the received signal. A TDL of length 2L (or duration 2LTs) ensures

that the n-th data symbol is captured fully within this 2L interval. However,

this means that the TDLs also capture some contributions from the preceding

and successive channel symbols which must be taken into consideration by the

receiver.

Figure 4.4: Illustration of the channel symbols captured by a tapped delay line
of length 2L.

The discretised received signal vector for the n-th MC-CDMA symbol interval,

x[n] 2 C2NL�1, is then obtained by sampling the output of the TDLs at a rate of
1=Tcs. An expression for x[n] using the point-source channel model shall now be

derived.

The time variation of the k-th subcarrier after undergoing a path delay of `

sample periods is �rst modelled, in accordance with [82], by a subcarrier vector,

fk[`], as follows

fk[`] ,

2666664
exp (j2�Fk(�`)Ts)
exp (j2�Fk(1� `)Ts)

...

exp (j2�Fk(L� 1� `)Ts)

3777775 2 C2L�1 (4.8)

In addition, the shift operator matrix, J, given by

J =

"
0T2L�1 0

I2L�1 02L�1

#
2 C2L�2L (4.9)

is used to model the delay ` on the column vector
h
fTk 0TL

iT
, where 0L is appended

to the subcarrier vector fk in order to extend the length of the subcarrier vector

fk to 2L. For instance, if J` pre-multiplies
h
fTk 0TL

iT
, it downshifts the column
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vector by ` elements. On the other hand, pre-multiplying
h
fTk 0TL

iT
with

�
JT
�`

upshifts the column vector by ` elements. Therefore, J` accounts for the delay `
of the associated path.

Using fk [`] and J as de�ned above, the point-source Multi-Carrier Spatio-
Temporal ARray (MC-STAR) manifold vector corresponding to the j-th path of

the i-th transmitter element can be de�ned as

hij = Sij 
 J`ij
"
F`ij�i
0L

#
2 C2NL�1, (4.10)

where

F`ij= [f1 [`ij] ; : : : ; fk [`ij] ; : : : ; fL [`ij]] 2 CL�L (4.11)

is the overall subcarrier matrix corresponding to a path delay of `ij samples.

An expression for x [n] shall now be developed using the point-source MC-STAR

manifold vector de�ned above.

Using the point-source model given by Equation 4.7 yields the received signal

at point-D in Figure 4.3 as follows

x(t) =
MX
i=1

KiX
j=1

�ijSij

NscX
k=1

(�ik exp(j2�Fk(t� � ij)) ai[n]) + n(t) 2 CN�1. (4.12)

Thus, using Equations 4.12 and 4.10, the discretised received signal vector x [n],

at point-E in Figure 4.3, can be expressed as

x [n] =
MX
i=1

KiX
j=1

�
�ij

�
IN 


�
JT
�L�

hijai [n� 1] + �ijhijai [n]

+ �ij
�
IN 
 JL

�
hijai [n+ 1]

�
+ n [n] (4.13)

Equation 4.13 shows that the n-th symbol vector, x [n] ; is composed of a linear

combination of hij�s and �j�s weighted by the n-th input channel symbol ai [n],

and includes contributions from the previous, current and next channel symbols,

i.e. (n� 1)-th, n-th and (n+ 1)-th channel symbols, respectively.
The composite channel vector for the i-th user is thus given by

hi =
KiP
j=1

hij�ij 2 C2NL�1 (4.14)

and the composite channel matrix for all the users is formulated as follows

H ,
�
h1;prev; h1; h1;next : : : hi;prev; hi; hi;next : : : ; hM;prev; hM ; hM;next

�
(4.15)
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where

hi;prev =
�
IN 


�
JT
�L�

hi (4.16)

hi;next =
�
IN 
 JL

�
hi

Therefore, Equation 4.13 can be rewritten in a more compact form as follows

x [n] =
MX
i=1

�
hi;prevai [n� 1] + hiai [n] + hi;nextai [n+ 1]

�
+ n [n] (4.17)

= Ha [n] + n [n]

where

ai[n] = [ai[n� 1]; ai[n]; ai[n+ 1]]
T (4.18)

a[n] = [aT1 [n]; :::; a
T
i [n]; :::; a

T
M [n]]

T .

The vector x[n] is then fed into a suitable linear MC-CDMA array receiver

to yield the decision variable di[n]. Note that the weight formulation block in

Figure 4.3 utilises the channel estimates provided by the channel estimation block

to formulate the weight vector wi corresponding to the i-th user. Applying this

weight vector wi to x[n] yields the decision variable di[n] as follows

di[n] = wHi x[n]: (4.19)

The decision variable di[n] is �nally passed through a decision device to obtain

an estimate of the transmitted symbol.

4.3 Di¤used SIVO Channel Modelling

The baseband model of the di¤used wireless channel is presented in Figure 4.5,

where the i-th user�s signal arrives at the receiver via Ki di¤used multipath

clusters. Note that each multipath in a di¤used channel is a cluster of rays and

each cluster is made up ofWij space-time inseparable point-like rays [53], the l-th

ray of j-th cluster of the i-th user having the path coe¢ cient �ijl, direction of

arrival (DOA) �ijl and time of arrival (TOA) � ijl.

Note that, in Figure 4.5, Sijl , S(�ijl) is the array manifold vector for the i-th

user�s j-th cluster�s l-th ray arriving at an angle of �ijl, and is a function of the

receiver array geometry. The TOA of the ray � ijl has a perturbation element ~� ijl
about nominal TOA � ij so that � ijl = � ij+~� ijl. Similarly, the DOA of the ray �ijl
has a perturbation element ~�ijl about nominal DOA �ij so that �ijl = �ij + ~�ijl.
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The spatio-temporal di¤usion (��ij;�� ij);8j 2 f1; :::; Kig is due to the
spatio-temporally unresolvable point-like rays that arrive at the receiver after

di¤use re�ection through perturbations ~�ijl�s and ~� ijl�s with respect to the nom-

inal DOAs and TOAs respectively. The spatial and temporal spread of a cluster

are de�ned in terms of the spatial resolution (�res) and temporal resolution (� res)

of the receiver system respectively. The maximum spatial spread �� of a cluster

corresponds to the angular separation of two rays which are farthest apart spa-

tially but where the delay di¤erence between them is less than � res. Similarly,

the maximum temporal spread �� corresponds to the maximum delay di¤erence

between two rays within the cluster whose spatial separation is still below �res

[80].

The baseband signal-vector at the output of the antenna array receiver, through

a di¤used channel, can thus be expressed as

x(t) =
MX
i=1

KiX
j=1

WijX
l=1

�ijlS(�ijl)mi(t� � ijl) + n(t) 2 CN�1 (4.20)

where �ijl has absorbed the factor
p
Pi exp (�j2�Fc� ijl).

After passing through the TDLs and discretiser, the received signal during

the n-th symbol interval is given by the 2NL� 1 vector

x[n] =
MX
i=1

KiX
j=1

WijX
l=1
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(4.21)

where 
 is the Kronecker product.

The �rst order Taylor series approximation of the array manifold vectors about

the nominal DOAs is given by

S(�ijl) = S(�ij + ~�ijl) (4.22)

' S(�ij) + ~�ijl _S(�ij)

where _S(�) is the �rst derivative of S(�) with respect to �. Applying the Taylor

series approximation (given in Equation 4.22 above) to Equation 4.21 simpli�es
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the �rst term of Equation 4.21 to yield

MX
i=1

KiX
j=1

WijX
l=1

0BBBB@
�ijlS(�ij)
 J`ijl

"
F`ijl�i
0L

#
+

�ijl
~�ijl _S(�ij)
 J`ijl

"
F`ijl�i
0L

#
1CCCCA ai[n] (4.23a)

=

MX
i=1

KiX
j=1

h
S(�ij)
 CijTij; _S(�ij)
 CijTij

i
g
ij
ai[n] (4.23b)

=
MX
i=1

KiX
j=1

h
ij
ai[n] (4.23c)

Note that in the above equation, the di¤used Multi-Carrier Spatio-Temporal

ARray (MC-STAR) manifold vector has been formulated as

h
ij
,
h
S(�ij)
 CijTij; _S(�ij)
 CijTij

i
g
ij

2 C2NL�1 (4.24)

and the code matrix Cij, temporal matrix Tij and cluster channel response vector
g
ij
are de�ned as follows

Cij ,
""
F`ij�i
0L

#
; J

"
F`ij�i
0L

#
; :::; JL�1

"
F`ij�i
0L

##
2 C2L�L (4.25)

Tij ,

2664
O(lij�1)�Wij

IWij

O(L�Wij�lij+1)�Wij

3775 2 CL�Wij (4.26)

g
ij
, [�T

ij
; (�

ij
� ~�ij)T ]T 2 C2Wij�1 (4.27)

where ON�M is an N � M matrix consisting of all zeros, � is the Hadamard

product, �
ij
= [�ij1; �ij2; :::; �ijWij

] and ~�ij = [~�ij1; ~�ij2; :::; ~�ijWij
]. To model the

temporal di¤usion of the multipath clusters, temporal matrix Tij is formulated

to capture the temporal perturbation/delay of the rays within a cluster.

Equation 4.23 indicates that the received signal is a linear combination of

the di¤used MC-STAR manifold vectors h
ij
weighted by ai[n]. Therefore, the

discretised received signal vector x[n], given by Equation 4.23, can be written

more compactly in terms of the di¤used MC-STAR manifold vector h
ij
as

x[n] =

MX
i=1

KiX
j=1

h
h
ij;prev

; h
ij
; h
ij;next

i2664
ai[n� 1]
ai[n]

ai[n+ 1]

3775+ n[n] (4.28)

=
MX
i=1

Hiai[n] + n[n] (4.29)

= Ha[n] + n[n]
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where

h
ij;prev

= (IL 

�
JT
�L
)h
ij
, h

ij;next
= (IN 
 JL)hij, (4.30)

and ai[n] and a[n] have been de�ned in Equation 4.18.

Note that in Equation 4.28, the matrix H is the composite channel matrix for

the di¤used channel model, and is de�ned as

H , [H1;H2; :::;HM ] 2 C2NL�3M (4.31)

with Hi ,
h
h
i;prev

; h
i
; h
i;next

i
, where the composite channel vector h

i
is a linear

combination of h
ij
�s given by

h
i
=

KiP
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h
ij

2 C2NL�1 (4.32)

and h
i;prev

, h
i;next

can be expressed as

h
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(4.33)

h
i;next

=
�
IN 
 JL

�
h
i
.

It is important to point out that if the point-source assumption is applied to

Equation 4.24 by using Wij = 1, the di¤used MC-STAR manifold vector reduces

to the point-source MC-STARmanifold vector given by Equation 4.10. Therefore,

the di¤used SIVO channel model proposed in this section is a generic approach

with the point-source channel model being its special case, obtained by invoking

the point-source assumption.

4.4 Receiver Weights

This section addresses the problem of detecting the data symbols of the desired

user by formulating suitable receiver weights that can be applied to the received

signal vector x[n]. It is assumed that the spatio-temporal parameters of the

multipath clusters have been pre-estimated (e.g., using the method proposed in

[29]) and the channel fading coe¢ cients have also been estimated (e.g., using

pilot-based approaches [10]). Equations 4.17 and 4.28 show that the n-th symbol

vector, x [n] ; is composed of a linear combination of the MC-STAR manifold

vectors and channel coe¢ cients weighted by the n-th input channel symbol, in

addition to contributions from the previous, current and next channel symbols,

i.e. (n� 1)-th, n-th and (n+ 1)-th channel symbols. A suitable receiver weight
is therefore required to recover the n-th channel symbol.
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Two linear receivers are now described that can be used to recover the n-th

data symbol from the noise and interference contaminated received signal. The

�rst one is a single-user receiver (RAKE receiver) while the other one is a multi-

user receiver (decorrelating receiver).

4.4.1 Space-Time RAKE Receiver

The RAKE receiver is a multipath diversity receiver that is based on the concept

of the matched �lter or correlation detector [83]. The main objective of RAKE

reception is to maximise the signal-to-noise ratio at the output of the receiver

assuming that the noise and interference processes are Gaussian. This is achieved

by multiplying the received signal vector with appropriately delayed and weighted

versions of the required signals.

For the arrayed MC-CDMA system under consideration, the conventional

RAKE receiver is extended to the space-time dimension using the MC-STAR

manifold vector-based approach to obtain the following space-time (ST) RAKE

receiver weight for the i-th user

wi =
bh
i

(4.34)

where bh
i
is the estimated composite channel vector for the i-th user. If user 1

is the desired user, RAKE receiver can be obtained by setting w1 = bh
1
using

Equation 4.32 for the di¤used model, or w1 = bh1 using Equation 4.14 for the
point-source model.

Space-time RAKE receiver is a representative example of the single-user re-

ceiver class. However, RAKE receiver is extremely sensitive to co-channel interfer-

ence, especially when imperfections in power control lead to the near-far problem

in cellular systems. The BER performance at the output of the RAKE receiver is

limited by the power of the interfering signals, and thus the BER exhibits an error

�oor with increasing multiple access interference. Note that space-time RAKE

receiver performance shall be taken as a lower bound for arrayed MC-CDMA

receiver performance in the simulation studies.

4.4.2 Space-Time Decorrelating Receiver

Decorrelating or zero-forcing receiver is a multi-user receiver that overcomes the

near-far problem associated with the RAKE receiver by taking into account the

relative importance of each interfering signal contaminating the received signal

[84]. By decorrelating the received signal, the interfering signals are cancelled
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and robustness to the near-far problem is achieved. Therefore, if the BER at the

output of the decorrelating receiver is plotted against increasing MAI, no error

�oor is observed.

For the arrayed MC-CDMA system under consideration, the decorrelating

receiver can be extended to the spatio-temporal domain through the use of the

MC-STAR manifold concept to obtain the space-time (ST) decorrelating receiver

weight for the i-th user as follows

wi = col3i�1

�
(bHy)T

�
(4.35)

where coli (A) selects the i-th column of A and (�)y gives the Penrose Moore
pseudo-inverse. Note that bH is the estimated composite channel matrix obtained

from Equation 4.31 for the di¤used model. For the point-source model, bH given by
Equation 4.15 is used instead of bH in Equation 4.35 to calculate the decorrelating

receiver weight.

Space-time decorrelating receiver is a representative example of the class of

receivers termed as multi-user receivers. Note that the performance of the space-

time decorrelating receiver will serve as the upper limit for arrayed MC-CDMA

receiver performance in the simulation studies carried out in the next section.

4.5 Simulation Studies

Computer simulations are presented in this section to observe the e¤ect of spatio-

temporal di¤usion on arrayed MC-CDMA receivers and to highlight the key bene-

�ts of using the di¤used vector channel modelling in arrayed MC-CDMA systems.

The two receivers investigated in this study are the RAKE receiver and the Decor-

relating receiver. RAKE receiver performance will act as a lower bound whereas

that of the space-time Decorrelating receiver will be the upper limit for arrayed

MC-CDMA receivers�performance in these simulations.

The simulation parameters of the arrayed MC-CDMA system under consid-

eration are given in Table 4.1. The number of co-channel users M = 3 and the

interfering users have the same power as the desired user (near-far ratio = 0 dB).

A frame of 1000 symbols is collected each time for processing and the arrayed

receiver employs a 5-element uniform linear array (ULA) with half-wavelength

inter-element spacing. The channel is assumed to be di¤used spatially and tem-

porally, and the nominal DOAs and nominal TOAs of the multipath clusters are

assumed to be pre-estimated (for example, using pilot-based approaches [10], or

the method proposed in [29]).
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Parameters Speci�cation
Number of Subcarriers Nsc 64
Signal Constellation BPSK

Inter-subcarrier Spacing (�F ) 781.25kHz
System Bandwidth 50MHz

Carrier Frequency (Fc) 5GHz

Table 4.1: Simulation Parameters for the arrayed MC-CDMA system.

4.5.1 BERPerformance of ArrayedMC-CDMAReceivers

Bit error rate (BER) at the receiver output is a useful metric for the comparison of

arrayed MC-CDMA receivers. In the �rst simulation study, the point-source and

the proposed di¤used SIVO channel models are used to model a spatio-temporally

di¤used channel and the BER is computed at the output of arrayed MC-CDMA

receivers. The channel is assumed to be di¤used 10� spatially and 7Tc temporally

in each of the �ve multipath clusters.

Figure 4.6 depicts the BER observed at the output of the RAKE receiver as

the input Signal-to-Noise Ratio (SNR) varies from 0 dB to 20 dB. Two scenarios

are compared: in the �rst case the receiver ignores spatial and temporal di¤usion

by using the point-source vector channel model, whereas in the second case the

di¤used channel model is used. Point-source channel model does not take into

account the spatial and temporal di¤usion of the multipath clusters, and hence

fails to model the wireless channel accurately. On the other hand, the di¤used

SIVO channel model considers the spatio-temporal di¤usion of the multipath

clusters and gives better BER performance.

BER performance of the Decorrelating receiver is shown in Figure 4.7, us-

ing the point-source and the di¤used SIVO channel models respectively. Once

again, a performance degradation is observed when using the point-source chan-

nel model. On the contrary, using a Decorrelating receiver based on the di¤used

channel model gives better BER, especially at higher SNRs. It is evident from

both Figure 4.6 and Figure 4.7 that considerable di¤used channel interference

is cancelled by employing the proposed di¤used channel model in the design of

arrayed MC-CDMA receiver weights.
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Figure 4.6: RAKE receiver - BER versus Input SNR plots using the di¤used and
point-source channel models in a (10�, 7Tc) di¤used channel.
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Figure 4.7: Decorrelating receiver - BER versus Input SNR plots using the dif-
fused and point-source channel models in a (10�, 7Tc) di¤used channel.
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4.5.2 SNIRout Performance of Arrayed MC-CDMA Re-

ceivers

Another metric to compare the performance of arrayedMC-CDMA receivers is the

SNIRout (Signal-to-Noise-plus-Interference Ratio at the receiver output). SNIRout
is calculated as follows

SNIRout =
wH1 R11w1
wH1 RN+Iw1

(4.36)

where R11is the covariance matrix of the desired user (assumed to be user 1,
without any loss of generality) and RN+I is the covariance matrix of noise plus
interference [85]. Therefore, the overall data covariance matrix is given by

Rxx = R11 + RN+I (4.37)

where Rxx , E
�
x [n]xH [n]

	
.

The performance of both RAKE and Decorrelating receivers will now be stud-

ied with respect to their respective SNIRout. Once again, point-source reception

that ignores the presence of spatial-temporal di¤usion is compared to reception

using the di¤used channel model for both receivers (RAKE and Decorrelating).

Assume the wireless channel to be di¤used with 5� spatial spread and temporal

spread equivalent to 3Tc in each of the �ve multipath clusters.

Figure 4.8 depicts the SNIRout at the output of the arrayed MC-CDMA re-

ceivers as a function of the input Signal-to-Noise Ratio (SNR). The SNIRout
of the Decorrelating receiver based on the proposed di¤used channel model in-

creases linearly with input SNR. Although the channel is severely di¤used spatio-

temporally, the proposed approach models the di¤used channel accurately to can-

cel the di¤used channel interference and yield good performance. However, the

Decorrelating receiver based on point-source channel model exhibits saturation

at a relatively low input SNR of around 5 dB, due to uncancelled di¤used channel

interference. The RAKE receivers based on the di¤used and point-source chan-

nel models show characteristic low performance and saturation, but the reception

based on di¤used channel model is slightly better.

Similar SNIRout vs. input SNR plots are considered for a channel with 10�

spatial and 6Tc temporal di¤usion in Figure 4.9. Since each multipath cluster

in this channel has increased spatial and temporal spread, the performance of

the receivers degrades slightly in comparison with Figure 4.8. To explore this in

more detail, the next sub-section will focus on the impact of varying degrees of

spatial and spatio-temporal di¤usion on the performance of arrayed MC-CDMA

receivers.
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Figure 4.8: SNIRout vs Input SNR Plots for the Decorrelating and RAKE receivers
when the di¤used and point-source channel models are used in a (5�, 3Tc) di¤used
channel.
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Figure 4.9: SNIRout versus Input SNR Plots for the Decorrelating and RAKE
receivers when the di¤used and point-source channel models are used in a (10�,
6Tc) di¤used channel.
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4.5.3 Impact of Spatio-Temporal Di¤usion on Receiver

Performance

To analyse the e¤ect of spatio-temporal di¤usion on common receivers, con-

sider the SNIRout of arrayed MC-CDMA receivers as the spatial and/or temporal

spread varies. Initially the e¤ect of spatial spread only (zero temporal spread)

on the SNIRout performance is presented. Figure 4.10 depicts the RAKE re-

ceiver SNIRout performance using the di¤used and point-source channel models,

whereas Figure 4.11 gives the corresponding plots for the Decorrelating receiver.

Both plots were produced at an input SNR of 10 dB.
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Figure 4.10: RAKE receiver - SNIRout performance against multipath spatial
(only) spread (Input SNR = 10 dB).

The more severe space-time di¤used channel, which is di¤used spatially as

well as temporally, is considered next. Figure 4.12 depicts the SNIRout for the

RAKE receiver versus varying degrees of spatio-temporal spread assuming an in-

put SNR of 10 dB. The point-source channel model-based receiver�s performance

degrades very badly, while that based on the di¤used channel model is relatively

una¤ected by spatio-temporal di¤usion. Similar plots for the performance of the

Decorrelating receiver are presented in Figure 4.13.

It can be observed that the point-source channel model-based receiver�s SNIRout
depreciates rapidly but the receiver based on the di¤used channel model shows

very little performance degradation. When comparing the Decorrelating and
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Figure 4.11: Decorrelating receiver - SNIRout performance against multipath spa-
tial (only) spread (Input SNR = 10 dB).
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Figure 4.12: RAKE receiver - SNIRout performance against multipath spatio-
temporal spread (Input SNR = 10 dB).
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Figure 4.13: Decorrelating receiver - SNIRout performance against multipath
spatio-temporal spread (Input SNR = 10 dB).

RAKE receiver performances in terms of SNIRout, it can be seen that the Decor-

relating receiver is about four times better than the RAKE receiver. However,

Decorrelating receiver achieves this at the cost of additional computational com-

plexity [84]. For the Decorrelating receiver, it is very important to use the di¤used

channel model for weight formulation, because its SNIRout performance degrades

very rapidly with increasing spatio-temporal spread as compared to the RAKE

receiver.

4.6 Summary

This principal theme of this chapter is to design an arrayed MC-CDMA system for

the space-time di¤used wireless channel by combining frequency-domain spread-

ing with the Arrayed-OFDM approach introduced in Chapter 3. MC-CDMA

transmitter is described �rst, followed by the modelling of the received signal.

By introducing the point-source MC-STAR manifold vector, the received signal

can be expressed in terms of the nominal DOAs and TOAs of the multipaths.

Localised scattering of the multipaths causes di¤usion in the spatial and tem-

poral domains, and this motivates the frequency selective wireless channel to

be modelled as a di¤used vector channel. Therefore, the resulting space-time
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di¤used wireless channel experienced by the arrayed MC-CDMA systems is mod-

elled next by extending the MC-STAR manifold vector to obtain the di¤used

MC-STAR manifold vector. This enables the space-time di¤used vector channel

for an arrayed MC-CDMA system to be characterised in terms of the spatial and

temporal multipath parameters.

Based on the proposed di¤used channel model, a new class of receivers is then

presented which takes into account the spatio-temporal di¤usion and cancels the

resulting di¤use channel interference. Simulation studies are then carried out to

compare the performance of RAKE and decorrelating receivers in the presence of

spatio-temporally di¤used multipaths. The numerical results show that the use

of this di¤used channel modelling in arrayed MC-CDMA receivers yields better

bit error rate (BER) and SNIRout performance than receivers that ignore the

presence of spatial and temporal di¤usion. The impact of increasing levels of

spatio-temporal di¤usion on the receiver performance is also considered, and it is

shown that the di¤used channel-based arrayed MC-CDMA receivers are relatively

una¤ected by any increases in spatio-temporal di¤usion.

It should also be noted that since OFDM is a special case of MC-CDMA,

the analysis for arrayed MC-CDMA systems carried out in this chapter is also

valid for arrayed OFDM systems. The next chapter will consider arrayed-MIMO

MC-CDMA systems, and the di¤used channel modelling and reception proposed

in this chapter will be extended for situations where the transmitter is equipped

with an antenna array leading to the more challenging arrayed-MIMO di¤used

channel.



Chapter 5

Di¤use Channel Estimation and

Reception for Arrayed-MIMO

MC-CDMA Systems

An arrayed-MIMO communication system, which employs antenna arrays at both

ends of the wireless link, is now proposed to leverage upon spatial information

such as directions-of-arrival to achieve an improvement in performance. This is

in contrast with conventional MIMO systems, which typically assume multiple

independent antenna elements at the transmitters and receivers, thus ignoring the

antenna geometry. This chapter focusses on an arrayed-MIMO communication

system operating over a frequency selective fading channel and employs MC-

CDMA as the modulation technique. However, in a departure from conventional

MC-CDMA systems, cyclic pre�xes or guard intervals are not used for the MC-

CDMA system employed here so that valuable bandwidth is not wasted on cyclic

pre�xes or guard intervals. Localised scattering is assumed to occur for each

multipath. Hence the wireless channel is modelled as a di¤used vector channel.

A robust blind estimation method is presented to estimate the parameters of the

spatially di¤used channel, followed by reception based on these parameters. The

feasibility of the proposed system is supported by simulation results. Although

this chapter is focussed on arrayed-MIMO MC-CDMA, it should be noted that

the analysis is also valid for arrayed-MIMO OFDM systems since OFDM is a

special case of MC-CDMA.1

1Part of the work presented in this chapter was done in collaboration with H. H. Peh, and
has been published in a joint paper [86].
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5.1 Introduction

For future 4G communication systems, high data rates are needed in order to

support the anticipated multi-media intensive applications [5]. The demand for

high data rates in 4G systems causes the transmitted signals to be subjected

to frequency-selective fading. Thus, multi-carrier modulation techniques such as

multi-carrier code division multiple access (MC-CDMA) [22], are expected to be

implemented in future 4G systems due to their ability in overcoming detrimental

e¤ects of the wireless channel such as multipath e¤ects and frequency-selective

fading.

In addition, the use of multiple-input multiple-output (MIMO) systems is a

highly promising way to increase the capacity of the wireless link signi�cantly.

This is because MIMO systems take advantage of the spatial diversity that is

presented through the use of the multiple antennas to provide an extra layer of

co-channel interference cancellation and new ways of handling unwanted channel

e¤ects [8]. However most of the work for MIMO is for narrowband transmission

systems [87], in terms of MIMO channel equalisation. Comparatively, little at-

tention has been devoted to multiuser detection for wideband MIMO multipath

fading channel. Since multicarrier techniques are inherently wideband, the chan-

nel estimation and reception approach proposed in this chapter will be applicable

for wideband MIMO wireless channels.

MIMO systems allow the use of various signal processing techniques to in-

crease the capacity and throughput of wireless systems. Tehrani et al. introduce

space-time coding with multi-antenna transmission for spread-spectrum commu-

nications in [88], while Mudulodu and Paulraj [89] propose a simple multiplexing

scheme using multiple spreading codes to smartly combine code multiplexing with

spatial multiplexing. Space-time block codes are studied in [90] to suppress the

multiple access interference in MIMO CDMA systems. Other techniques, e.g

space-time spreading, distinct spreading codes and orthogonal transmit diversity,

can also be applied to MIMO systems [91]. In order to exploit the rich multipath

scattering present in the wireless channel, space-time signalling, e.g. Alamouti

coding [92] and spatial multiplexing, e.g. V-BLAST [93], can be utilised to process

the symbols prior to transmission.

It is important to note that the afore-mentioned studies have focussed on in-

dependent multiple-antenna systems at both the transmitter and receiver, and

such systems have been categorised as multiple-element MIMO systems in Chap-

ter 2 to di¤erentiate them from the antenna array-based MIMO systems that

will be introduced in this chapter. Antenna array-based systems, involving the
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use of a number of antenna elements to form an array of a given geometry (e.g.

linear, circular, etc.), can o¤er better performance than multiple-element MIMO

systems as antenna array processing techniques can be used to exploit the addi-

tional spatial diversity provided by the geometrical characteristics of the antenna

array. In [94], it was shown that the implementation of an antenna array only at

the receiver of MIMO systems can improve the overall performance. Chapter 2

described the space-time channel models for MIMO systems utilising only an an-

tenna array at the receiver, as well as MIMO systems which incorporate antenna

arrays at both the transmitter and receiver. Multiuser arrayed-MIMO system is

obtained by extending an arrayed-MIMO system to a multiple-access scenario,

whereby several arrayed user terminals transmit to an arrayed base-station.

This chapter focusses on a MIMO communication system employing MC-

CDMA as the method of modulation, hereafter known as arrayed-MIMO MC-

CDMA, over a frequency-selective fading channel. In an attempt to reduce

system overheads, cyclic pre�xes and guard intervals are not inserted between

MC-CDMA symbols in the proposed system. This implies that inter-symbol in-

terference (ISI) will need to be removed by the receiver in order to obtain an

acceptable level of performance. Note that the arrayed MC-CDMA system de-

signed in Chapter 4 is not an arrayed-MIMO system because antenna arrays

are not used at the transmitter side. This chapter considers antenna arrays at

both ends of the communication link, and hence proposes an arrayed-MIMOMC-

CDMA system. Moreover, it should be noted that since OFDM is a special case of

MC-CDMA, the analysis for arrayed-MIMO MC-CDMA is also valid for arrayed-

MIMO OFDM systems. Therefore, the focus in this chapter is primarily on the

design of an arrayed-MIMO MC-CDMA system.

In arrayed-MIMO MC-CDMA systems, the frequency selective wireless chan-

nel for each user (or transmit array) is generally modelled as a Vector-Input-

Vector-Output (VIVO) channel. In the VIVO channel model, it is assumed that

each multipath has distinct spatial and temporal signatures, with each multipath

appearing at the receiver�s antenna array as a point-like source [95]. In practical

wireless channels, however, localised scattering of the multipaths invalidates the

point-source assumption used by the conventional algorithms. This study lifts the

point-source assumption for MC-CDMA arrayed-MIMO communication systems

and considers the di¤used channel scenario.

Existing literature on di¤used multipath vector channels focusses mainly on

DS-CDMA based wireless communication systems. In [80], di¤used channel

framework for DS-CDMA systems is presented and a subspace approach is pro-
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posed to estimate vector channels having di¤usion in the spatial domain. Two

receiver techniques for DS-CDMA systems are proposed in [81] to e¤ectively re-

move the perturbation due to such multipath spatial di¤usion. However, no such

work has been reported in the literature for multicarrier MIMO systems operating

in spatially di¤used multipath channels. This chapter characterises the spatially

di¤used multipath vector channel for MC-CDMA arrayed-MIMO systems and

proposes a subspace-based channel estimation algorithm that is blind and ro-

bust. The estimated channel parameters are subsequently used to formulate the

receiver weight vector. Note that the di¤used channel modelling presented in

this chapter is di¤erent from the modelling presented in Chapter 4 because now

the transmitter is equipped with an antenna array leading to an arrayed-MIMO

system. Moreover, the channel considered in this chapter is only di¤used in the

spatial domain.

The chapter is organised as follows. In Section 5.2, the system architec-

ture is explained and the point-source VIVO channel model is described for an

arrayed-MIMO MC-CDMA communication system. In addition, the structure of

the arrayed-MIMO MC-CDMA receiver employed in this chapter is highlighted.

The concept of di¤used Multi-Carrier Spatio-Temporal ARray (MC-STAR) man-

ifold vector is then used in Section 5.3 to accurately model the di¤used multi-

path vector channel in terms of the spatial parameters. In Section 5.4, a blind

subspace-based estimation method is proposed to estimate the di¤used channel

parameters, followed by reception based on these parameters. Simulation results

are presented in Section 5.5 to study the robustness and accuracy of the proposed

channel estimation approach, and its ability to represent the di¤used nature of

the channel.

5.2 Arrayed-MIMOMC-CDMA System Design

The architecture of a single user arrayed-MIMO MC-CDMA communication sys-

tem is illustrated in Figure 5.1, where baseband transmission/reception is shown

for simplicity. From the �gure, it can be seen that the transmitter is equipped

with an antenna array of N elements, while the receiver terminal has an N el-

ement antenna array. As a result of a lack of channel information at the trans-

mitter, spatial multiplexing is used to demultiplex the incoming channel symbols

among the transmitter antenna elements for transmission. AnM-ary modulation

scheme is used to generate the channel symbols. The channel symbol stream is

demultiplexed into N streams to form the n-th channel symbol vector
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a [n] =
�
a1[n]; : : : ; ai[n]; : : : ; aN [n]

�T
where the components fai[n], i 2 1; : : : ; Ng,

have a symbol rate of rcs. The vector sequence
n
a [n] 2 CN�1;8n 2 N

o
at point-

A is then converted (using an impulse modulator and a linear �lter) into the�
N � 1

�
vector waveform at point-B, de�ned as

a[n]p (t� nTcs) ; nTcs � t < (n+ 1)Tcs (5.1)

where p(t) is the rectangular impulse response of the linear �lter of duration

Tcs = 1=rcs. This signal vector then undergoes MC-CDMA modulation before

subsequent upconversion and transmission.

Note that, in accordance with [96], code diversity scheme is used in the trans-

mitter and each i-th element of the signal vector at point-B, given by Equation

5.1, is assigned a unique PN sequence �i of length Nsc given by

�i = [�i1; : : : ; �ik; : : : ; �iNsc ]
T 2 RNsc�1, (5.2)

with �ik = �1; k 2 1; : : : ; Nsc. Code diversity allows the N signals emitted from

the transmitter terminal to be di¤erentiated based on the prior knowledge of the

PN sequences used. The MC code matrix, CMC 2 RN�Nsc , for the user terminal

can thus be de�ned as follows

CMC ,

266666666664

�11 �12 � � � �1k � � � �1Nsc

�21 �22 � � � �2k � � � �2Nsc
...

...
. . .

...
. . .

...

�i1 �i2 � � � �ik � � � �iNsc
...

...
. . .

...
. . .

...

�N1 �N2 � � � �Nk � � � �NNsc

377777777775
(5.3)

Note that 
k
corresponds to the k-th column of CMC, such that


k
= [�1k; : : : ; �ik; : : : ; �Nk]

T 2 RN�1 (5.4)

is a N�1 vector representing a collection of the k-th chips of the N PN sequences

�i8i. The correspondence between the elements of CMC and the PN sequences

k
and �i can be seen from Equation 5.3, where �i is the i-th row of CMC and


k
is the k-th column. Armed with these de�nitions of CMC and k, together

with F sub de�ned in Equation 4.3, the MC-CDMA signal can now be modelled

as follows.

In the MC-CDMA modulation block, the vector signal at point-B, given by

Equation 5.1, is �rst copied into Nsc parallel streams, as shown in Figure 5.1. For

the k-th copy of a (t), the i-th component is then multiplied by a corresponding
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k-th chip of �i , i.e. �ik = �1; k 2 1; : : : ; Nsc. The resultant vector then

modulates a subcarrier with frequency given by Fk = k4F , where 4F = 1=Tcs

is the subcarrier separation. The modulated subcarriers are then summed up to

produce the MC-CDMA
�
N � 1

�
vector signal m(t)

m(t) =

NscX
k=1

mk (t) 2 CN�1 (5.5)

where

mk (t) = 
k
� a[n] exp (j2�Fkt) ; nTcs � t < (n+ 1)Tcs. (5.6)

The MC-CDMA modulated signal given by Equation 5.5 can also be written

more compactly, using F sub de�ned in Equation 4.3, as

m(t) = CMC exp(j2�F subt) � a[n]; nTcs � t < (n+ 1)Tcs (5.7)

The baseband signal m(t) is �nally upconverted, using a carrier frequency Fc,

to a bandpass signal before transmission. However, in this chapter, without any

loss of generality, the carrier will be ignored and baseband transmission will be

assumed. As can be seen from Equation 5.7, neither cyclic pre�xes nor guard

intervals are used in the generation of the MC-CDMA symbol, which conserves

valuable bandwidth, but also implies that the receiver must have ISI cancellation

capabilities.

5.2.1 Point-Source Channel Model

In an arrayed-MIMO communication system, due to the implementation of an-

tenna arrays at the transmitter and receiver, the wireless channel for the trans-

mitting user can be modelled as a vector-input vector-output (VIVO) channel

which is assumed to be multipath dispersive. In addition, the transmitter and

receiver antenna arrays are assumed to have small apertures. This means that

the signals leaving the transmitter antenna array experiences a common fading

channel towards the receiver antenna array elements.

Based on the above assumptions, the channel can be modelled as a function of

the array manifold vectors of both the transmitter and the receiver, as shown in

Figure 5.2, where Sj and Sj denote, respectively, the receive and transmit array

manifold vectors associated with the j-th path. Note that the manifold vectors

Sj and Sj are dependent on the array geometry, the azimuth angle �j and the

elevation angle �j of the transmit and receive signals. Moreover, in Figure 5.2,

� j represents the j-th path delay common to all subcarriers, �j is the channel
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fading coe¢ cient of the j-th path with j 2 f1; 2; : : : ; Kg and K is the number of

resolvable multipaths.

Figure 5.2: Point-source vector-input vector-output (VIVO) channel for arrayed-
MIMO systems (this is Figure 2.5, page 48 which is repeated here for convenience).

Based on the point-source VIVO channel model presented in Figure 5.2, the

baseband received signal x(t) can be written as

x(t) =
KX
j=1

�jSjS
H

j

NscX
k=1

mk(t� � j) + n(t) 2 CN�1 (5.8)

where n(t) is the Additive White Gaussian Noise (AWGN) of power �2n present

in the channel. Note that, in the above expression, it has been assumed that

the subcarriers of each path experience identical fading, and the transmit and

receive array manifold vectors are independent of the subcarrier frequency. An

equivalent expression for x(t) using the di¤used channel model will be given in

Section 5.3.

5.2.2 Arrayed Receiver Structure

The receiver front-end considered in this chapter is similar to that in [85] and has

been incorporated into the arrayed-MIMO MC-CDMA communication system in

Figure 5.1. As shown in the �gure, an antenna array ofN elements is implemented

at the receiver. By substituting Equation 5.6 in Equation 5.8, the baseband signal
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vector at point-D in Figure 5.1, can be written as

x (t) =
KX
j=1

�jSjS
H

j

NscX
k=1

��

k
� a[n]

�
exp (j2�Fk (t� � j))

�
+ n (t) : (5.9)

The signal from each antenna is sampled at a rate of 1
Ts
, where Ts = Tcs

qNsc
and

q is the oversampling factor. Hence, L = qNsc samples are obtained per channel

symbol period. However, as a result of sampling, the delay � j of the j-th path

is quantised into integer and fractional components, i.e. � j = (`j +  j)Ts, with

`j 2 0; 1; : : : ; L� 1 and  j 2 [0; 1). The phase shift due to the fractional part,
i.e. exp(�j2�Fk jTs), is absorbed into the complex path coe¢ cient �jk.
At point-D in Figure 5.1, a tapped delay line of length 2L (equivalent to a

duration of 2Tcs) is implemented at each antenna. This enables the asynchronous

receiver to capture the contribution of a full symbol (current symbol) as described

in the previous chapter. A vector of length 2NL, x[n], is formed at point-E by

concatenating the contents of the tapped delay lines, read at a rate of 1
Tcs
. A

simpli�ed expression for the discretised vector x[n] shall now be derived.

The discretised signal vector x[n] at point-E in Figure 5.1 can thus be written

as follows

x [n] =
KX
j=1

0BBBBBBBBBB@

�j

�
IN 


�
JT
�L� 

Sj 

NscP
k=1

 
J`j
"
fk [`j]

0L

#
T
k

!!
diag

�
S
H

j

�
a [n� 1]

+�j

 
NscP
k=1

 
Sj 
 J`j

"
fk [`j]

0L

#
T
k

!!
diag

�
S
H

j

�
a [n]

�j
�
IN 
 JL

� 
Sj 


NscP
k=1

 
J`j
"
fk [`j]

0L

#
T
k

!!
diag

�
S
H

j

�
a [n+ 1]

1CCCCCCCCCCA
+ n [n]

(5.10a)

=
KX
j=1

0BBBBBBBBBB@

�j

�
IN 


�
JT
�L� 

Sj 
 J`j
"
F`jCMC
0L

#!
diag

�
S
H

j

�
a [n� 1]

+�j

 
Sj 
 J`j

"
F`jCMC
0L

#!
diag

�
S
H

j

�
a [n]

�j
�
IN 
 JL

� 
Sj 
 J`j

"
F`jCMC
0L

#!
diag

�
S
H

j

�
a [n+ 1]

1CCCCCCCCCCA
+ n [n]

(5.10b)

The point-source Multi-Carrier Spatio-Temporal ARray (MC-STAR) manifold

matrix corresponding to the j-th path is now de�ned as

Hj = Sj 
 J`j
"
F`jCMC
0L

#
diag

�
S
H

j

�
2 C2NL�1 (5.11)
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with fk [`], J, F`j and CMC given by Equations 4.8, 4.9, 4.11 and 5.3 respectively.
It is important to point out that the MC-STAR manifold matrix, Hj, models

the spatial and temporal characteristics of a particular multipath in arrayed-

MIMO MC-CDMA systems, whereas �j denotes the complex channel fading co-

e¢ cient of the j-th path from the reference point of the transmitter array to the

reference point of the receiver array. Moreover, �jSjS
H

j is a matrix that repre-

sents the overall complex fading coe¢ cients from all the transmitter elements to

all the receiving elements. A closer look at Equation 5.11 shows the presence

of the product F`jCMC which is a transformed path delay-dependent spreading
matrix, and signi�es the transformation of the frequency-domain spreading to

time-domain spreading via IDFT in MC-CDMA modulation.

Using the point-source MC-STAR manifold matrix, the expression for the

discretised signal x [n] at the receiver front-end, can be written in a compact

form as follows

x [n] =
KX
j=1

�
�jHj;preva [n� 1]+�jHja [n]+�jHj;nexta [n+ 1]

�
+n [n] (5.12)

where Hj;prev and Hj;next are given by

Hj;prev =
�
IN 


�
JT
�L�Hj (5.13)

Hj;next =
�
IN 
 JL

�
Hj: (5.14)

Note that Equation 5.12 shows that the n-th symbol vector, x [n] ; is thus

composed of a linear combination of Hj�s and �j�s weighted by the n-th input
channel symbol, and received signal includes contributions from the previous,

current and next channel symbols, i.e. (n� 1)-th, n-th and (n+ 1)-th channel
symbols, respectively.

5.3 Di¤used Channel Modelling

Channel measurements have shown that each multipath in wideband systems

undergoes localised scattering and arrives at the receiver array through a narrow

angular region. Each multipath can thus be treated as a cluster of rays, where

the channel parameters (e.g. direction-of-arrival) of the rays within a cluster are

statistically distributed around the nominal channel parameters of that cluster.

In the presence of a rich scattering environment close to the receiver array, space-

di¤used propagation gives rise to spatially unresolvable point-like rays that arrive

at the receiver after di¤use re�ection through perturbations with respect to the
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nominal DOAs [97]. The vector channel arising due to the spatial spread of

multipaths is termed as a spatially di¤used vector channel.

The baseband model of the spatially di¤used VIVO channel for Arrayed-

MIMO systems is presented in Figure 5.3, where it is assumed that the k-th

subcarrier�s signal arrives at the receiver via K di¤used multipath clusters. In

contrast to the di¤used SIVO model presented in Chapter 4, the presence of the

transmitter array in an arrayed-MIMO systems leads to a VIVO channel, which

implies that the corresponding transmit array manifold vectors associated with

the paths have to be taken into account during channel modelling. Note that,

in Figure 5.3, all the paths within a cluster are assumed to have the same path

delay, and hence each cluster is considered to be di¤used in the spatial domain

only.

Figure 5.3: Di¤used Vector-input vector-output (VIVO) channel for arrayed-
MIMO systems.

With reference to Figure 5.3, it important to highlight that each multipath

now becomes a cluster of rays and each cluster is made up of Wj space-time

inseparable point-like rays [53], the l-th ray of j-th cluster having the complex

path coe¢ cient �jl, direction-of-arrival (DOA) �jl and timing-of-arrival (TOA)

� j. Note that Sjl , S(�jl) is the receiver array manifold vector for the j-th

cluster�s l-th ray arriving at an angle of �jl, and is a function of the receiver array
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geometry. The DOA of the ray �jl has a perturbation element ~�jl about nominal

DOA �j so that the DOA of the l-th ray of j-th cluster of the k-th subcarrier is

given by �jl = �j + ~�jl. Since di¤usion is assumed to occur in the spatial domain

only, the TOAs of each ray within a cluster is given by � j1 ' � j2 ' :: ' � jWj
, � j.

Now the di¤used vector channel shall be modelled. The baseband signal-vector

at the output of the antenna array receiver, operating in a di¤used propagation

channel, is given by

x(t) =

KX
j=1

WjX
l=1

�jlSjlS
H

j m(t� � j) + n(t) (5.15)

=

KX
j=1

WjX
l=1

�jlSjlS
H

j

NscX
k=1

mk(t� � j) + n(t) 2 CN�1: (5.16)

The discretised signal at the receiver front-end (point-E in Figure 5.1) can thus

be expressed as a 2NL� 1 vector

x[n] =
NX
i=1

KX
j=1

WjX
l=1

0BBBBBBBBBB@

�jl
�
Sj
��
i

 
Sjl 
 J`j

"
F`j�i
0L

#!
ai[n]

+�jl
�
Sj
��
i

 
Sjl 


�
JT
�Nsc J`j "F`j�i

0L

#!
ai[n� 1]

+�jl
�
Sj
��
i

 
Sjl 
 JNscJ`j

"
F`j�i
0L

#!
ai[n+ 1]

1CCCCCCCCCCA
+ n[n]

(5.17)

where
�
Sj
��
i
denotes the conjugate of the i-th element of Sj.

The �rst order Taylor series approximation of the array manifold vectors about

the nominal DOAs (given by Equation 4.22) can be used to simplify the �rst term

(corresponding to the current symbol) of Equation 5.17 as follows

NX
i=1

KX
j=1

WjX
l=1

�
Sj
��
i

�
�jlS(�j)
 J`j

"
F`j�i
0L

#
+ �jl~�jl _S(�j)
 J`j

"
F`j�i
0L

#�
ai[n]

(5.18)

=

NX
i=1

KX
j=1

�ij

"
S(�j)
 J`j

"
F`j�i
0L

#
; _S(�j)
 J`j

"
F`j�i
0L

##"
1

'j

#
ai[n]:

Note that _S(�) is the �rst derivative of S(�) with respect to �, and the parameters

�ij and 'j are de�ned as

�ij =
�
Sj
��
i

WjX
l=1

�jl (5.19)
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'j =

WjX
l=1

�jl~�jl

WjX
l=1

�jl

(5.20)

where 'j is the normalised spreading factor (a complex Gaussian random vari-

able).

Equation 5.20 signi�es that the spreading factor 'j tends to be large when

the corresponding complex channel coe¢ cients �jls are large. Furthermore, the

Laplacian distribution of the power levels of spatially spread paths implies that

the power levels associated with paths with higher spread are much smaller than

the power levels of paths that are close to the nominal DOAs. Therefore, for a

given multipath cluster, its spreading factor 'j can be used as a measure of the

spatial di¤usion present in the cluster.

Thus, in the di¤used channel model, the di¤used MC-STAR manifold vector

h
ij
is di¤erent than the standard point-source MC-STAR manifold vector hij, and

is represented by

h
ij
=

"
S(�j)
 J`j

"
F`j�i
0L

#
; _S(�j)
 J`j

"
F`j�i
0L

##"
1

'j

#
(5.21)

=

 
Mj 
 J`j

"
F`j�i
0L

#!
p
j

2 C2NL�1

where Mj =
h
S(�j) ; _S(�j)

i
and p

j
=
h
1 'j

iT
is the spread factor of the j-th

multipath cluster. It is important to point out here that for the point-source

assumption 'j = 0, and Equation 5.21 reduces to the point-source MC-STAR

manifold vector given by Equation 4.10.

Applying Equation 5.21 to Equation 5.17 yields the following expression for

the received signal vector x[n]

x[n] =

NX
i=1

KX
j=1

0BB@
�j
�
Sj
��
i

�
IN 


�
JT
�L�

h
ij
ai[n� 1]

+�j
�
Sj
��
i
h
ij
ai[n]

+�j
�
Sj
��
i

�
IN 
 JL

�
h
ij
ai[n+ 1]

1CCA+n[n] 2 C2NL�1 (5.22)

It can be observed from the above equation that the received symbol vector x[n] is

composed of a linear combination of the di¤used MC-STAR manifold vectors h
ij
s

and the complex fading coe¢ cients �js weighted by the i-th element of S
H

j . This

linear formulation of x[n] enables the development of a subspace-based algorithm

to estimate the DOA, TOA and spatial spread parameters associated with the

multipath clusters, and this is the focus of the next section.
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5.4 Channel Estimation and Reception

A blind channel estimation for the di¤used vector channel is proposed in this

section by extending the preprocessor scheme introduced in [98] for MC-CDMA

systems. It is assumed that for all the multipath clusters, estimates for the chan-

nel fading coe¢ cients and the angle-of-departures associated with the transmitter

array have been computed (for example, using pilot-based methods [10] combined

with the approach of [29]).

Firstly, the matrix Gi is de�ned as

Gi =

"
J0
"
F0�i
0L

#
; J1

"
F1�i
0L

#
; : : : ; JL�1

"
FL�1�i
0L

##
2 C2L�L (5.23)

where F`j � F` when `j = `. Thus, Gi contains all the correspondingly down-
shifted delay-dependent PN-sequences associated with the i-th transmit antenna

element. Based on Gi in Equation 5.23, a preprocessor matrix Pi` can be formed
by

Pi` = IN 
 P? [Gi`] 2 C2NL�2NL (5.24)

where Gi` is formed from the matrix Gi by removing its (`+ 1)-th column, and
P? [�] denotes the complementary projection operator. The preprocessor matrix
Pi` is then applied to the signal x [n] given by Equation 5.17 to obtain

y
i`
[n] = Pi`x [n] 2 C2NL�1 (5.25)

The multiplication of the received signal x [n] by Pi` nulls the channel vectors,
given by h

ij
, which do not have the same delay and at the same time, transforms

the channel vectors which correspond to the delay `. In addition, the channel

vectors of the remaining transmit antenna elements will also be transformed.

As a result of the transformation performed by the Pi`, the locus of all
transformed di¤used MC-STAR manifold vectors will result in a 4-dimensional

(`; �; �; ') continuum and the intersection of the signal subspace with this man-

ifold will provide the required channel parameters. By projecting the vector 
Mj 
 J`

"
F`�i
0L

#!
p
j
normalised to have unity norm, onto the estimated noise

subspace of the preprocessed spatio-temporal covariance matrix Ri`, the following
subspace cost function is obtained
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where bEn is the estimated noise subspace obtained from the eigendecomposition of
the (`+ 1)-th preprocessed spatio-temporal covariance matrixRi` = E

n
y
i`
[n] yH

i`
[n]
o
.

It can be seen from Equation 5.26 that an exhaustive search over all possible

values of (`; �; �; ') will produce all the required channel parameters `, �, � and '.

However, since Mjpj 6= 0, the search over all possible combinations of (`; �; �; ')
can be avoided by �rst minimising �1 with respect to ` and � by searching for

the minimum generalised eigenvalue of the matrix pencil
�
D̂;B

�
, with D̂ given

by the expression
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The matrix B̂ is de�ned as follows

B̂ =
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It can be observed from Equations 5.27 and 5.28 that D̂ and B̂ are 2 � 2
matrices. Thus, an e¢ cient alternative method of minimising �1 over (`; �) is

given by

�2 (l; �) =

X�
r
X 2 � 4 det

�
B̂
�
det
�
D̂
�

2 det
�
B̂
� (5.29)

where X =
�
d̂11b̂22 + d̂22b̂11 � d̂12b̂21 � d̂21b̂12

�
. Thus, the K minimum points of

�2 will produce the nominal DOA and TOA estimates of the K multipath clus-

ters. The spread factor p for a particular cluster can then be obtained from the

generalised eigenvector corresponding to the minimum eigenvalue �2;min.
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It should be noted here that, when the point source channel model is assumed,

Equation 5.26 can be simpli�ed to yield the following cost function
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5.4.1 Estimation of Spatial Spread

In order to estimate the spatial spread of the multipath, the �rst order Taylor

series approximation in Equation 5.18 is �rst rewritten as

S(�) + ' _S(�) = S(�) + Re (') _S(�) + j Im (') _S(�)

� S(� +Re (')) + j Im (') _S(�) (5.31)

From the above equation, it can be inferred that the angular perturbation away

from the nominal DOA is approximately equal to the real part of '. Therefore,

the angular spread 4 of each cluster can be estimated by using the mean value

of Re (') [99].

In channels with small angular spreads, a uniform distribution can be assumed

for the pdf of the angular spread of the cluster, and the total angular spread 4
is obtained by

4 =
p
12E fjRe (')jg : (5.32)

However, as ' is the normalised spreading factor, it can be replaced by the

second component of the eigenvector corresponding to the minimum eigenvalue

of the generalised eigendecomposition of matrix pencil
�
D̂; B̂

�
, expressed as

�
p
�
2
=
�2;minb̂11 � d̂11

d̂12 � �2;minb̂12
: (5.33)

Therefore, the estimate of the cluster spatial spread is given by

4 =
p
12E

(������2;minb̂11 � d̂11

d̂12 � �2;minb̂12

�����
)
: (5.34)
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5.5 Receiver Weights

Once the space-di¤used vector channel parameters, i.e. nominal DOAs �j�s, nom-

inal TOAs `j�s and spatial spread factors 'j�s, for all the clusters have been es-

timated using the above approach, the receiver weight vector can be formulated

using the concept of di¤used MC-STAR manifold vector given in Equation 5.21.

By de�ning the estimated composite channel vector bh
i
as a linear combination of

the estimated di¤used MC-STAR vectors bh
ij
s and b�ijs

bh
i
,

KP
j=1

b�ijbhij 2 C2NL�1, (5.35)

the estimated composite channel matrix bH for the di¤used channel can be written

as bH = [bH1; bH2; :::; bHN ] 2 C2NL�3N (5.36)

with

bHi =
hbh
i;prev

;bh
i
;bh
i;next

i
(5.37)

bh
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=
�
IN 


�
JT
�L�bh

ibh
i;next

=
�
IN 
 JL

�bh
i
.

In the simulation studies carried out in the next section, linear space-time

decorrelating receiver is used to evaluate the performance of the proposed dif-

fused channel estimation approach. The weight vector that decorrelates the data

transmitted by the i-th transmit antenna is then given by

wi = col3i�1

�
(bHy)T

�
2 C2NL�1 (5.38)

where coli (A) selects the i-th column of A, (�)y gives the pseudo-inverse and bH is

the estimated composite channel matrix. Furthermore, the receiver weight vector

for the point-source case (ignoring local scattering) is similarly formulated by

using the point-source MC-STAR manifold vector hij (given by Equation 4.10)

instead of the di¤used MC-STAR manifold vector h
ij
in Equation 5.35.

5.6 Simulation Results

Simulation studies were performed for the proposed single user arrayed-MIMO

MC-CDMA system using a (3,5) arrayed-MIMO con�guration, i.e. the transmit-

ter employs a 3-element array and the receiver utilises a 5-element array. Gold
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sequences of length 31 are generated for spreading, and the channel symbols are

considered to be QPSK modulated. Without any loss of generality, the signals

are assumed to lie in the x-y plane and therefore, elevation angle �j = 0
� for all

signals.

5.6.1 Channel Estimation using the Proposed Method

First, the estimation of the channel parameters using the proposed method is

investigated. The (3,5) arrayed-MIMO system is assumed to operate in a quasi-

stationary fading channel with SNR = 0 dB. The received signal is assumed to be

composed of 7 multipath clusters, with DODs and DOAs uniformly distributed

in the range [0; 180�) as shown in Table 5.1. Each multipath cluster is also

assumed to consist of 100 inseparable paths which are spatially spread around

the nominal DOA by 5�. Data was collected over an observation interval of

500 symbol periods, and channel parameters are estimated from a 2-dimensional

search of the 2D MuSIC spectrum, followed by an eigenvector-based approach,

as elaborated in Section 5.4. Estimates for the nominal DOAs, nominal TOAs

and spatial spread obtained using the proposed method are presented in Table

5.1. A close observation of Table 5.1 shows that the estimated DOAs and TOAs

agree well with the actual values, and they can be used to model the channel

accurately.

Multipath Clusters
Parameters 1 2 3 4 5 6 7
Actual nominal DOD (�) 31 50 62 140 74 111 35
Actual nominal DOA (�) 65 130 40 100 120 40 80
Estimated nominal DOA (�) 65:5 129:7 40:7 99:6 119:3 40:1 80:0
Actual nominal TOA (Ts) 3 4 10 29 16 20 24
Estimated nominal TOA (Ts) 3 4 10 29 16 20 24
Actual Spatial Spread (�) 5:0 5:0 5:0 5:0 5:0 5:0 5:0
Estimated Spatial Spread (�) 3:4 5:0 7:7 4:6 4:5 8:8 5:0

Table 5.1: Actual and estimated channel parameters at input SNR = 0 dB.

The 2-D MuSIC spectrum results, obtained by evaluating the cost function

�2 given in Equation 5.29, are plotted in Figure 5.4. The MuSIC-type spectrum

in Figure 5.4 shows 7 peaks which correspond to the user�s nominal DOAs and

TOAs. It is important to point out that the proposed subspace-based channel

estimation algorithm can resolve upto NNsc multipath clusters, thus relaxing

the constraint imposed by other channel estimation approaches that limit the
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(
)

Figure 5.4: 2D MuSIC-type spectrum (surface and contour plots) obtained from
Equation 5.29 for the single user (3,5) arrayed-MIMOMC-CDMA system at input
SNR = 0 dB.
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Figure 5.5: Uniform Linear Array - Standard deviation of DOA estimates versus
spatial spread of multipath at input SNR = 20 dB.

maximum number of resolvable clusters to N , where N is the number of elements

in the receiver array.

The estimates of the spatial spread for each cluster are given in the last row of

Table 5.1, and these are estimated by evaluating Equation 5.34 over 50 observa-

tion intervals. However, some of the estimates of the spatial spread angles di¤er

slightly from the actual spread of 5�. This is due to �nite sample e¤ects in the

estimation of the signal covariance matrix and the limited number of observation

intervals used in the estimation.

Next, the performance of the proposed di¤used channel estimator is compared

against an estimator which does not take into account the spatial spread of the

channel, i.e. given by Equation 5.30. A cluster is assumed �xed at DOA of 90�

and TOA of 7Ts and the standard deviation of the nominal DOA estimates, over

100 independent runs, is computed for di¤erent values of spatial spread at SNR =

20 dB. Figures 5.5 and 5.6 depict the standard deviation performance for a uni-

form linear array (ULA) and a uniform circular array (UCA), respectively. From

the �gures, it can be observed that the performance of the proposed estimation

approach based on the di¤used channel model is much better than methods based

on the point-source channel model (that ignores the multipath spatial spread).

The performance of the proposed di¤used channel estimator is also compared
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Figure 5.6: Uniform Circular Array - Standard deviation of DOA estimates versus
spatial spread of multipath at input SNR = 20 dB.

with the performance of the point-source channel model estimator at spatial

spreads of 5� and 10� for di¤erent values of input SNR when a cluster is assumed

�xed at DOA of 90� and TOA of 7Ts. Figure 5.7 shows the standard deviation

results, obtained over 100 independent runs, for the case of a uniform linear array

at the receiver while Figure 5.8 shows the results for a uniform circular array. As

shown in the �gures, the proposed estimator for the di¤used channel has a better

performance than the estimator that ignores the spatial spread in the channel.

However, it can be observed that the performance of the proposed di¤used chan-

nel estimator does not vary greatly as the SNR increases. The channel estimator

performance depicts an SNR �oor due to the inter-antenna interference caused

by the other N � 1 antenna elements of the transmitter array.

5.6.2 Reception using the Di¤used Channel Framework

Numerical results are now presented to observe the e¤ect of spatial di¤usion on

arrayed-MIMO MC-CDMA reception, and to highlight the key bene�ts of us-

ing the proposed di¤used channel modelling and estimation approach. Once the

space-di¤used channel parameters have been estimated, receiver weight vector

can be formulated using the estimated parameters. Two scenarios are compared:
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Figure 5.9: SNIRout versus input SNR plots for decorrelating reception based
on di¤used MC-STAR and point-source MC-STAR in a channel with 6� spatial
di¤usion (ULA).

in the �rst case the receiver ignores spatial di¤usion by using the point-source

channel model, whereas in the second case the di¤used channel model is utilised.

The receiver weight vector for the point-source case is based on Equation 5.11,

while the proposed reception approach employs the di¤used MC-STAR manifold

vectors, as de�ned in Equation 5.21, to formulate the receiver weight. The per-

formance of the di¤used channel framework will be evaluated using the metric

SNIRout at the receiver output.

Consider a single-user (3,5) arrayed-MIMO system using ULAs with half-

wavelength inter-element spacing at both the transmitter and receiver. The chan-

nel is di¤used spatially with 6� spread, and assume that the nominal DOAs and

TOAs of the multipath clusters have been estimated using the proposed approach

described in Section 5.4. SNIRout is calculated by averaging over 100 Monte Carlo

runs. Figure 5.9 depicts the SNIRout at the receiver output as a function of the

input Signal-to-Noise Ratio (SNR). The SNIRout of the linear space-time decor-

relating receiver based on the proposed di¤used channel model increases linearly

with input SNR. Although the channel is severely di¤used spatially, the proposed

approach models the di¤used channel accurately to cancel the di¤used channel

interference and yield good performance. However, the decorrelating receiver
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Figure 5.10: SNIRout versus spatial spread for decorrelating reception based on
di¤used MC-STAR and point-source MC-STAR at input SNR of 20 dB (ULA).

based on point-source channel model starts to deviate from a linear trend at a

relatively low input SNR of around 15 dB, due to uncancelled di¤used channel

interference.

Now consider the impact of varying degrees of spatial di¤usion on the SNIRout
performance of arrayed-MIMO MC-CDMA reception. Assuming an input SNR

of 20 dB, the spatial spread is varied from 0� to 10� and the SNIRout is observed

at the receiver output, as shown in Figure 5.10. It can be seen that reception

based on the di¤used MC-STAR framework is robust to any changes in the spa-

tial spread. Point-source channel model does not take into account the spatial

di¤usion of the multipath clusters, and hence fails to model the wireless channel

accurately. Therefore, reception based on the point-source STAR shows degra-

dation with increasing spatial spread. On the other hand, the di¤used channel

model considers the spatial di¤usion of the multipath clusters during receiver

weight formulation, and gives better SNIRout performance.

Finally, the near-far performance of the proposed di¤used MC-STAR-based

reception is studied by considering a multiple-access arrayed-MIMO system, with

3 co-channel arrayed users communicating with a receiver array. The transmit-

ters are each equipped with 3-element ULAs, while the receiver ULA contains 5
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Figure 5.11: SNIRout versus near-far ratio for decorrelating reception based on
di¤used MC-STAR and point-source MC-STAR at input SNR of 20 dB and 6�

spatial di¤usion (ULA).

antenna elements. An input SNR of 20 dB and spatial di¤usion with 6� spread

is assumed. Figure 5.11 shows the variation of the SNIRout as the signal power

of the interfering arrayed users increases exponentially. It can be observed from

the trend of the plots that power imbalance causes the decorrelating receiver

SNIRout to depreciate. However, di¤used MC-STAR-based reception comprehen-

sively outperforms point-source MC-STAR-based reception, with a 40 dB perfor-

mance advantage at moderate to high power imbalances.

5.7 Summary

This chapter presents a di¤used channel framework for the cyclic pre�x-free

arrayed-MIMOMC-CDMA communication systems. In a departure from conven-

tional MC-CDMA systems, cyclic pre�xes or guard intervals are not used for the

MC-CDMA system employed here so that valuable bandwidth is not wasted on

cyclic pre�xes or guard intervals. Initially, the channel model for arrayed-MIMO

MC-CDMA systems is formulated by de�ning the point-source MC-STAR man-

ifold matrix for the multipaths. In practical systems, localised scattering occurs

for each multipath and hence the wireless channel model must be extended to
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account for the spatial di¤usion present in the channel. The point-source MC-

STAR manifold vector is extended to the di¤used MC-STAR manifold vector in

order to accurately model the e¤ects of the spatially di¤used channel.

A robust blind estimation method, based on the MC-STAR concept, is then

presented to estimate the parameters of the spatially di¤used channel, followed

by reception based on these parameters. The channel estimation algorithm is

subspace-based, and it exploits the space-time structure of the di¤used channel

to jointly estimate the DOAs, TOAs and spread angles of the di¤used multipaths

of a user in an arrayed-MIMO MC-CDMA system. Numerical results show that

the proposed estimation method is robust, and outperforms the channel estimator

which ignores the localised scattering in the channel. However, performance of

the proposed estimation method is limited by the interference resulting from the

other antennas at the transmitter terminal.

Point-source reception that ignores the presence of spatial di¤usion is also

compared to the proposed di¤used MC-STAR-based reception. Linear space-time

decorrelating receiver based on the estimated di¤used MC-STARmanifold vectors

is developed, and simulation results prove that the proposed reception approach

yields better SNIRout and near-far performance than reception that ignores the

presence of spatial di¤usion. Furthermore, the di¤used MC-STAR-based receiver

comprehensively outperforms the point-source receiver in situations where severe

near-far problem exists.



Chapter 6

Conclusions and Future Work

This thesis has been concerned with the design of arrayed multicarrier systems

for future 4G communications, with the main emphasis on channel modelling,

parameter estimation and robust reception in di¤used multipath channels. A

summary of the technical work detailed in previous chapters now follows, together

with a list of contributions and suggestions for areas of continuing research.

6.1 Thesis Summary

A detailed literature review of multicarrier modulation schemes and antenna ar-

ray processing is presented in Chapter 1. A number of di¢ culties encountered by

these multicarrier modulation schemes are described, and it is learnt that multi-

path propagation of the transmitted broadband multicarrier signal through the

wireless channel inevitably leads to small-scale frequency-selective fading, and

localised scattering causes di¤usion in spatial and temporal domains. It is high-

lighted that the use of antenna arrays is emerging as a powerful technique for

overcoming these impairments, and can have signi�cant impact on the overall

performance of B3G and 4G mobile systems.

This is followed by the development of a system framework for arrayed mul-

ticarrier communications based on the concept of the array manifold vector in

Chapter 2. By categorising the space-time channel according to the number of

inputs and outputs, several types of space-time channel models are de�ned, rang-

ing from the simplest Scalar-Input Scalar-Output (SISO) model to the more so-

phisticated Vector-Input Vector-Output (VIVO) model. Using these models, the

frequency-selective multipath fading channel is characterised in terms of spatial

and temporal channel parameters for various antenna con�gurations. Arrayed-

MIMO systems, which employ antenna arrays at both ends of the wireless link,

135



6. Conclusions and Future Work 136

are also analysed and a brief outline of three arrayed multicarrier system archi-

tectures focussed in this thesis is also presented.

In Chapter 3, an Arrayed OFDM system is proposed that integrates OFDM

and antenna array technology to harness the spatial signatures of received sig-

nals. This provides space diversity in multipath channels, making it possible to

realise high transmission rates envisioned for the next generation wireless sys-

tems. The potential bene�t of incorporating the antenna array receiver in an

OFDM system is demonstrated by presenting the detailed description of the con-

ventional Multiple-Element-OFDM receiver and the proposed Array-OFDM re-

ceiver. After analysing the structure of the conventional Multiple-Element OFDM

receiver, a novel Array-OFDM diversity reception scheme is formulated by in-

tegrating antenna array technology with OFDM. Based on channel parameter

estimates, the Array-OFDM receiver weight matrix is proposed to achieve joint

OFDM demodulation, equalisation and diversity reception. Numerical results

show that the proposed Array-OFDM receiver outperforms the Multiple-Element-

OFDM receiver (that uses multiple independent antenna elements) under various

frequency-selective fading models.

An Arrayed MC-CDMA system is developed in Chapter 4 that combines MC-

CDMA and antenna array technology by exploiting the spatial and temporal

domain to achieve performance gains in wireless channels having spatio-temporal

di¤usion of the multipath. Localised scattering, which occurs for each multipath,

motivates the frequency selective wireless channel to be modelled as a di¤used

vector channel. Therefore, point-source assumption for the multipath is lifted so

that the e¤ect of spatial and temporal di¤usion on the receiver BER and SNIRout
performance can be considered. A di¤used vector channel model for arrayed MC-

CDMA systems is proposed to combat the channel interference resulting from

spatio-temporal di¤usion of the multipath. Based on these models, a new class of

receivers is then presented which takes into account the spatio-temporal di¤usion

and cancels the resulting di¤use channel interference. Simulation studies show

that the use of this di¤used channel modelling in arrayed MC-CDMA receivers

yields better bit error rate (BER) and SNIRout performance than receivers that

ignore the presence of spatial and/or temporal di¤usion. It should also be noted

that since OFDM is a special case of MC-CDMA, the analysis for arrayed MC-

CDMA systems is also valid for arrayed OFDM systems.

The arrayed MC-CDMA system is then extended in Chapter 5 through the use

of antenna array at the transmitter side to design an Arrayed-MIMO MC-CDMA

communication system that operates over a frequency selective spatially di¤used
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channel. However, in a departure from conventional MC-CDMA systems, cyclic

pre�xes or guard intervals are not used for the MC-CDMA system employed here

so that valuable bandwidth is not wasted on cyclic pre�xes or guard intervals. The

spatially di¤used arrayed-MIMO wireless channel is �rst characterised in terms

of the spatial, temporal and spread parameters of the multipath by introducing

the di¤used MC-STAR manifold vector as an extension of the point-source MC-

STAR manifold vector. A robust blind subspace-based algorithm, based on the

MC-STAR concept, is then proposed to jointly estimate the channel parameters,

followed by reception based on these parameters. Linear space-time decorrelating

receiver based on the estimated di¤used channel parameters is then developed,

and numerical studies prove that the proposed reception approach yields bet-

ter SNIRout and near-far performance than reception that ignores the presence of

spatial di¤usion. Furthermore, the di¤used MC-STAR-based receiver comprehen-

sively outperforms the point-source receiver in situations where severe near-far

problem exists, showing that the use of array processing is a powerful technique

for di¤use interference cancellation in arrayed-MIMO systems and can have sig-

ni�cant impact on the overall performance of the next generation multicarrier

wireless systems operating in di¤used multipath environments.

6.2 List of Contributions

The list below summarises the main contributions that are believed to be original,

and are supported by the publications at the front of the thesis.

� Development of a new space-time signal-processing framework based on the
Spatio-Temporal Array (STAR) manifold concept for arrayed multicarrier

systems that operate in frequency selective wireless channels. (Chapter 2)

� Classi�cation and mathematical modelling of space-time channel models
based on the scalar input/output and vector inputs/outputs of the channel,

by incorporating the array geometry through the use of the array manifold

vector. (Chapter 2)

� Detailed description of the main functional blocks of three di¤erent arrayed
multicarrier systems (Arrayed OFDM, Arrayed MC-CDMA and Arrayed-

MIMO MC-CDMA) operating in di¤used multiple-access wireless channels.

(Chapter 2)

� Proposition of a novel Array-OFDM diversity reception scheme by integrat-

ing antenna array technology with OFDM. (Chapter 3)
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� Comparison of Multiple-Element-OFDM and Array-OFDM receivers to high-
light the system performance advantages a¤orded by array signal processing

in arrayed OFDM systems. (Chapter 3)

� Development of the point-source MC-STAR manifold vector to model the
spatial and temporal characteristics of the fading wireless channel in mul-

ticarrier systems. (Chapter 4)

� Extension of the point-source MC-STAR manifold vector to the di¤used

MC-STAR manifold vector in order to include the spatial and temporal

di¤usion associated with each multipath in arrayed MC-CDMA systems.

(Chapter 4)

� Development of the di¤used Scalar-Input Vector-Output (SIVO) channel
model based on the spatio-temporally di¤used multipath parameters for

arrayed MC-CDMA systems. (Chapter 4)

� Formulation of di¤usedMC-STARmanifold vector-based receivers to achieve
capacity gains in arrayed MC-CDMA systems. (Chapter 4)

� Performance comparison of di¤used MC-STAR-based reception and point-
source MC-STAR-based reception in arrayed MC-CDMA systems. (Chap-

ter 4)

� Incorporation of arrayed-MIMO technology in multicarrier communications
to obtain arrayed-MIMO MC-CDMA systems. (Chapter 5)

� Development of the MC-STAR manifold matrix to model the spatial and
temporal characteristics of the fading wireless channel in arrayed-MIMO

multicarrier systems. (Chapter 5)

� Extension of the point-source MC-STAR manifold matrix to the di¤used

MC-STAR manifold vector to represent spatially-di¤used multipath chan-

nels in arrayed-MIMO MC-CDMA systems. (Chapter 5)

� Development of a method to use the spread angle associated with each
spatially-di¤used multipath cluster to estimate the e¤ective vector channel

in arrayed-MIMO MC-CDMA systems. (Chapter 5)

� Modelling the e¤ective spatially-di¤used vector channel based on the spread-
ing factor associated with each spatially-di¤used multipath cluster. (Chap-

ter 5)
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� Proposition of a numerically e¢ cient algorithm to jointly estimate the

spread, DOA and TOA of the multipath clusters of the desired user in

a channel where spatial di¤usion dominates. (Chapter 5)

� Numerical study of the robustness of di¤used MC-STAR-based channel es-
timator under varying degrees of spatial di¤usion, and the performance

advantage of di¤used MC-STAR-based reception over point-source MC-

STAR-based reception in arrayed-MIMO MC-CDMA systems. (Chapter

5)

6.3 Suggestions for Future Work

Various design issues associated with arrayed multicarrier communication systems

have been investigated in this thesis, but many topics are still available that can

bene�t from additional research e¤ort.

A) Adaptively Modulated Arrayed Multicarrier Systems

A particularly attractive feature of multicarrier systems is that they are

capable of operating without a classic channel equaliser, when communi-

cating over dispersive transmission media, such as wireless channels, while

conveniently accommodating the time- and frequency-domain channel qual-

ity �uctuations of the wireless channel. A look at the channel SNR variation

versus both time and frequency of an indoor wireless channel suggests that

multicarrier modulation schemes constitute a convenient framework for ac-

commodating the channel quality �uctuations of the wireless channel [27].

Channel quality �uctuations may be readily accommodated with the aid

of sub-band adaptive modulation, which enables their mitigation with the

aid of frequency-domain channel equalisation. The employment of adaptive

modulation schemes for duplex point-to-point links over frequency-selective

time-varying channels is proposed by the authors of [27]. Di¤erent bit

allocation schemes and blind detection algorithms are investigated, and a

simpli�ed sub-band adaptive OFDM scheme is suggested to alleviate the

associated signalling constraints.

B) Application of Space-Time Coding to Arrayed Multicarrier Systems

Another technique to mitigate the channel quality �uctuations is space-

time coding, which can be considered as an attractive anti-fading design

option capable of attaining a high diversity gain. Space-time coding employs
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multiple transmit antennas for the sake of achieving diversity gain, and

hence an improved performance. It is a systematic way to perform bene�cial

space-time processing of signals before transmission [100]. One of the �rst

papers in this area is by Alamouti [92] which designs a simple scheme for

a two transmitters to one receiver antenna system. The codes are designed

to induce spatial and temporal correlations into signals that are robust to

unknown channel variations and can be exploited at the receiver. However,

the receiver requires the knowledge of the channel in order to perform the

decoding process.

The key development of the space-time coding concept was originally found

by the authors of [101] in the form of trellis codes (convolutional coding). A

multidimensional Viterbi algorithm is required at the receiver for decoding,

hence inevitably increasing the computational complexity. These codes were

shown to provide a diversity bene�t equal to the number of transmitting

antennas, in addition to a coding gain that depends on the complexity of

the code, without any loss of bandwidth e¢ ciency. However the decoding

complexity increases exponentially with diversity level and transmission

rate [102]. Hence the use of this type of codes in MIMO systems is not

as popular as compared with another alternative form of space-time coding

called space-time block codes. The complexity in this type of codes is

very much reduced because Maximum Likelihood (ML) detection can be

employed at the receiver for the decoding process.

Current research in space-time block codes includes the development of

blind detection algorithms for MIMO systems [103]. Hochwald et al. [104,

105] also proposed a design based on signal structures that asymptoti-

cally achieves capacity in the non-coherent case for MIMO Rayleigh fad-

ing channels. The comparative study of space-time block coded near-

instantaneously adaptive OFDM and MC-CDMA system is presented in

[27], which suggests that whilst both multicarrier systems exhibit a high

performance, they require the transmission of channel-quality related side-

information (CSI). This CSI exhibits a high sensitivity to transmission er-

rors, since in the presence of signalling errors catastrophic data error prop-

agation may be experienced.

C) Application of Turbo Coding to Arrayed Multicarrier Systems

Turbo code was �rst introduced by Berrou, Glavieux and Thitimajshima

in 1993 [106], and represents the most important breakthrough in coding
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since 1990s. The idea of turbo feedback in the decoder can be applied

to many detection/decoding problems such as the decoding of higher or-

der coded-modulation schemes, including space-time codes; joint source-

channel decoding; joint channel estimation/equalisation and decoding; and

multiuser detection. From a communication theorist�s viewpoint, turbo cod-

ing/processing is a way to approach the Shannon limit on channel capacity,

while "space-time" processing is a way to increase the possible capacity by

exploiting the rich multipath nature of fading wireless environments. By

combining these two concepts, a new way to both increase and approach

the possible wireless channel capacity can be derived.

In [107], two turbo coded layered space-time architecture have been pro-

posed operating at a low average SNR and in the presence of possible inter-

symbol interference. It combines the space-time �ltering, coding and turbo

processing techniques which allows signal processing complexity to grow lin-

early, rather than exponentially, with the promised capacity increase. The

employment of long-block-length convolutional turbo codes is suggested in

[27] to improve the system throughput of a turbo-coded adaptive OFDM

modem. A joint pre-equalisation and adaptive modulation algorithm is pro-

posed and its BER performance is compared with other pre-equalisation

algorithms.

D) Complexity Analysis of Di¤use Interference Cancellation

In future B3G/4G wireless systems, it is envisaged that both the base-

station and the mobile terminal will use antenna arrays. Although the

advent of powerful, low-cost, digital signal processing components and the

development of software-based techniques have made it practical to em-

ploy sophisticated reception methods at the mobile terminal, the additional

cost, size and power constraints still necessitate the use of computation-

ally e¢ cient interference cancellation algorithms. Keeping this in mind, the

computational complexity of the proposed channel estimation and di¤use

interference cancellation algorithm presented in Chapter 5 can be studied

by counting the number of required "�oating-point operations" (FLOPs).

A numerical comparison can then be drawn with the computational burden

of other techniques, for example iterative interference cancelling receivers,

to ascertain the relative advantages and trade-o¤s.

E) Impact of Complex Di¤used Cluster Distributions

This thesis investigates the channel estimation and reception problem for
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situations where multipaths arrive at the receiver in clusters that are dif-

fused in the spatial and temporal domain. Assuming particular distribu-

tions for the di¤used clusters, receiver weights are then formulated to cancel

the interference resulting from spatio-temporal di¤usion. A potential av-

enue for research can be to observe the impact of complex statistical distri-

butions for the di¤used clusters based on channel measurements for typical

indoor and outdoor scenarios. The performance of the reception algorithms

presented in this thesis can analysed for these situations, and it would be a

challenging research problem to robustify the receivers against variations in

the di¤used cluster distribution in order to increase the �exibility to support

di¤erent environments.

F) Application to Arrayed Wireless Sensor Networks (AWSNs)

A novel type of wireless sensor network has been recently proposed in which

nodes are equipped with an antenna array of �xed geometry (local array),

and a very large number of wireless nodes are randomly distributed in a

3-dimensional space at unknown locations in order to monitor events of in-

terest [108]. Such AWSNs operate without supervision in a remote hostile

environment that can be severely di¤used in space and time, with heavy

internal/external interferences and frequent sensor failures. Multicarrier

spread spectrum approach has been applied to such AWSNs in [109], where

a multicarrier CDMA MIMO architecture is proposed for the AWSN com-

munication links. However, the study of spatial and/or temporal di¤usion

of the multipath in AWSNs has not been discussed hitherto, and it would

be interesting to analyse the impact of severely di¤used propagation envi-

ronments on the performance of AWSNs.

G) Arrayed OFDM-IDMA Systems

OFDM-IDMA has been suggested lately as a competitive candidate for fu-

ture wireless communications systems due to it spectral and power e¢ ciency

advantages, �exibility for adaptive transmission and reduced receiver com-

plexity [110]. It is a variant of the conventional multicarrier schemes that

combines OFDM with Interleave Division Multiple Access (IDMA) in such

a way that ISI is resolved by an OFDM layer and MAI is suppressed by

an IDMA layer [111]. Being a relatively new concept, the use of antenna

arrays has not been applied to OFDM-IDMA, and di¤use channel scenarios

have not been considered either. By examining OFDM-IDMA using the

arrayed multicarrier framework proposed in this thesis, newer dimensions



6. Conclusions and Future Work 143

can be explored to achieve potential performance gains.
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