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The MIMO capacity theoretically increases linearly witte thumber of transmit antennas, provided that the number of
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to circumvent this degradation, our monograph is dedicdtethe design of practical coherent, non-coherent and
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Preface

The rationale and structure of this volume is centred ardghedollowing 'story-line’. The conception garallel
transmission of dataver dispersive channels dates back to the seminal papeo@fBt al. published in 1957,
leading to the OFDM philosophy, which has found its way initdually all recent wireless systems, such as the WiFi,
WiMax, LTE and DVB as well as DAB broadcast standards. AlifloIMO techniquesre significantly 'younger’
than OFDM, theyalso reached a state of maturignd hence the family of recent wireless standards incluges t
optional employment of MIMO techniques, which motivates jbint study of OFDM and MIMO techniques in this
volume.

The research of MIMO arrangements was motivated by the ghtien that the MIMO capacity increases linearly
with the number of transmit antenngsovided that the number of receive antennas is equal todher of transmit
antennas. With the further proviso that the total transioitegr is increased proportionately to the number of transmit
antennas, a linear capacity increase is achieved uporasiaogethe transmit power. This is beneficial, since accgrdin
to the classic Shannon-Hartley law the achievable charapEaty increases only logarithmically with the transmit
power. HenceMIMO-OFDM may be considered a 'green’ transceiver solution

Therefore this volume sets out to explore the recent reBesdeances in MIMO-OFDM techniques as well as
their limitations. The basic types of multiple antennaeai@®FDM systems are classified and their benefits are char-
acterised. Spatial Division Multiple Access (SDMA), SpaDivision Multiplexing (SDM) and space-time coding
MIMOs are addressed. We also argue thadler realistic propagation conditiongvthen for example the signals as-
sociated with the MIMO elements become correlated owindhazlew fadingthe predicted performance gains may
substantially erodeFurthermore, owing to the limited dimensions of shirt-peegized handsets, the employment of
multiple antenna elements at the mobile station is impzatti

Hence in practical terms only the family of distributed MIMBements, which relies on the cooperation of poten-
tially single-element mobile stations is capable of eliating the correlation of the signals impinging on the MIMO
elements, as it will be discussed in the book. The topicadperative wireless communicatiooast in the con-
text of distributed MIMOs has recently attracted substdmésearch interests, but nonetheleslsai numerous open
problems, before all the idealized simplifying assumgtiomrrently invoked in the literatue are eliminated.

On a more technical notaye aim for achieving a near-capacity MIMO-OFDM performaneéich requires
sophisticated designs, as detailed below:

e A high throughput may be achieved with the aid of a high nundééIMO elements, but this is attained at a
potentially high complexity, which exponentially increass a function of both the number of MIMO elements
as well as that of the number of bits per symhehen using a full-search based Maximum Likelihood (ML)
multi-stream/multi-user detector.

e In order to approach the above-mentioned near-capacifgnpeance, whilst circumventing the problem of an
exponentially increasing complexitye design radical multi-stream/multi-user detectors,aliicapture’ the
ML solution with a high probability at a fraction of the ML-otplexity.

e This ambitious design goal is achieved with the aid of sdft@tedsoft-decision-based Genetic Algorithm (GA)
assisted MUDs or new sphere detectors, which are capablpafating in the high-importance rank-deficient
scenariosyhen the number of transmit antennas may be as high as tvaqaitinber of receiver antennas.

e The achievable gain of space-time codes is further imprevtdthe aid ofsphere-packing modulation, which
allows us to design the space-time symbols of multiple térsntennas jointlywhilst previous designs made
no effort to do so. Naturally, this joint design no longerifiéates low-complexity single-stream detection, but
our sphere-decoders allow us to circumvent this increastttion complexity.

e Sophisticategbint coding and modulation schemai®e used, which accommaodate the parity bits of the channel
codec without bandwidth extension, simply by extendingrteelulation alphabet.
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PREFACE

Estimating the MIMO channel for a high number of transmit eeckive antennas becomes extremely challeng-
ing, since we have to estimalé - N, channels, although in reality we are only interested in i@ dymbols,
but not the channeT his problem becomes even more grave in the context of theeabhentioned rank-deficient
scenarios, since we have to estimate more channels, thanuthber of received streamisinally, the pilot over-
head imposed by estimating - N, channels might become prohibitive, which erodes the abdéthroughput
gains.

In order to tackle the above-mentioned challenging chagstéhation problem, we designedw iterative joint
channel estimation and data detection techniquitre explicitly, provided that a powerful MIMO MUD,
such as the above-mentioned GA-aided or sphere-decodseglBaUD is available for delivering a sufficiently
reliable first data estimate, the power of decision-dir@cteannel estimation may be invoked, which exploits
that after a first tentative data decision - in the absencesoistbn errors - the receiver effectively knows the
transmitted signal and hence may now exploit the presend®@¥o pilot information for generating a more
accurate channel estimate. Again, this design philosopbgtailed in the book in great depth in the context of
joint iterative channel estimation and data detection.

Although the number of studies/papers on cooperative camwations increased exponentially over the past
few years, mosinvestigations stipulate the simplifying assumption ofihg access to perfect channel informa-
tion - despite the fact that as detailed under the previous bpdett, this is an extremely challenging task even
for co-located MIMO elements.

Hence it is necessary to design new non-coherently deteotggkrative systems, which can dispense with the
requirement of channel estimation, despite the typical 3pdBormance loss of differential detection. It is
demonstrated in the book thtie low-complexity non-coherent detector’s potentiafpenance penalty can in
fact be recovered with the aid of jointly detecting a numiferansecutive symbols with the aid of the so-called
multiple-symbol differential detectaalthough this is achieved at the cost of an increased cotityle

Hence the proposed sphere-detector may be invoked againpluas a reduced-complexity multiple-symbol
differential detectar

The above-mentioned cooperative systems regpieeifically designed resource allocatjamcluding the choice
of the relaying protocols, the selection of the cooperapiagners and the power-control techniques.

It is demosntrated that when the available relaying pastasr roaming close to the source, decode-and-forward
(DF) is the best cooperating protocol, which avoids posdmiror-precipitation. By contrast, in case the co-
operating partners roam closer to the destination, theanmgify-and-forward (AF) protocol is preferred for
the same reason¥hese complementary features suggest the emergence ofié BAAF protocol which is
controlled with the aid of our novel resource-allocatiochieiques.

The book is concluded by outlining a variety of promisfature research directions.

Our intention with the book is:

1. First, to pay tribute to all researchers, colleagues ahded friends, who contributed to the field. Hence this

book is dedicated to them, since without their quest foraneitMO-OFDM solutions this monograph could
not have been conceived. They are too numerous to name fegree they appear in the author index of the
book. Our hope is that the conception of this monograph omagie will provide an adequate portrayal of the
community’s research and will further fuel this innovatjmmocess.

. We expect to stimulate further research by exposing op&zarch problems and by collating a range of practical

problems and design issues for the practitioners. The eohéurther efforts of the wireless research commu-
nity is expected to lead to the solution of the range of ontditag problems, ultimately providing us with
flexible coherent- and non-coherent detection aided asasalboperative MIMO-OFDM wireless transceivers
exhibiting a performance close to information theoretiiraits.
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Chapter

Introduction to OFDM and MIMO-OFDM

1.1 OFDM History

In recent years Orthogonal Frequency Division Multiplex(©@FDM) [3-6] has emerged as a successful air-interface
technique. In the context of wired environments, OFDM teéghes are also known as Discrete MultiTone (DMT) [7]
transmissions and are employed in the American Nationaldatas Institute’s (ANSI) Asymmetric Digital Sub-
scriber Line (ADSL) [8], High-bit-rate Digital Subscrib&ine (HDSL) [9], and Very-high-speed Digital Subscriber
Line (VDSL) [10] standards as well as in the European Telaoamication Standard Institute’s (ETSI) [11] VDSL
applications. In wireless scenarios, OFDM has been adeddat many European standards, such as Digital Audio
Broadcasting (DAB) [12], Digital Video Broadcasting forrfestrial television (DVB-T) [13], Digital Video Broad-
casting for Handheld terminals (DVB-H) [14], Wireless Lodaea Networks (WLANS) [15] and Broadband Radio
Access Networks (BRANS) [16]. Furthermore, OFDM has bedifigd as a standard or has been considered as a can-
didate standard by a number of standardization groups dh#tiute of Electrical and Electronics Engineers (IEEE),
such as the IEEE 802.11 [17] and the IEEE 802.16 [18] starnfdandies.

The concept of parallel transmission of data over dispershannels was first mentioned as early as 1957 in the
pioneering contribution of Doelet al.[19], while the first OFDM schemes date back in 1960s, whichevpgoposed
by Chang [20] and Saltzberg [21]. In the classic paralleadensmission systems [20, 21], the Frequency-Domain
(FD) bandwidth is divided into a number of non-overlappinggshannels, each of which hosts a specific carrier widely
referred to as a subcarrier. While each subcarrier is segparaodulated by a data symbol, the overall modulation
operation across all the subchannels results in a frequendtjplexed signal. All of the sinc-shaped subchannel
spectra exhibit zero-crossings at all of the remaining auier frequencies and the individual subchannel spectra a
orthogonal to each other. This ensures that the subcaigiels do not interfere with each other, when communicating
over perfectly distortionless channels, as a consequdrheioorthogonality [5].

The early OFDM schemes [20-23] required banks of sinusaidatarrier generators and demodulators, which
imposed a high implementation complexity. This drawbacktid the application of OFDM to military systems until
1971, when Weinstein and Ebert [24] suggested that the &&sé€ourier Transform (DFT) can be used for the OFDM
modulation and demodulation processes, which signifigaatiuces the implementation complexity of OFDM. Since
then, more practical OFDM research has been carried out.eXample, in the early 1980s Peled and Ruiz [25]
proposed a simplified FD data transmission method using Bcayefix aided technique and exploited reduced-
complexity algorithms for achieving a significantly lowamaputational complexity than that of classic single-aarri
time-domain Quadrature Amplitude Modulation (QAM) [26] dems. Around the same era, Keaseal. [27] in-
vented a high-speed OFDM modem for employment in switchégar&s, such as the telephone network. Hirosaki
designed a subchannel-based equalizer for an orthogamalljplexed QAM system in 1980 [28] and later intro-
duced the DFT-based implementation of OFDM systems [2$gt@n which a so-called groupband data modem was
developed [30]. Cimini [31] and Kalet [32] investigated therformance of OFDM modems in mobile communica-
tion channels. Furthermore, Alard and Lassalle [33] appl&DM in digital broadcasting systems, which was the
pioneering work of the European DAB standard [12] establisim the mid-1990s. More recent advances in OFDM
transmission were summarized in the state-of-the-arectidin of works edited by Fazel and Fettweis [34]. Other
important recent OFDM references include the books by Hahzb. [5] and Van Neeet al. [6] as well as a number
of overview papers [35-37].
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OFDM has some key advantages over other widely-used wirelesess techniques, such as Time Division Mul-
tiple Access (TDMA) [38], Frequency Division Multiple Acss (FDMA) [38] and Code Division Multiple Access
(CDMA) [39-43]. The main merit of OFDM is the fact that the iaathannel is divided into many narrow-band,
low-rate, frequency-nonselective subchannels or suiecayiso that multiple symbols can be transmitted in pdralle
while maintaining a high spectral efficiency. Each subeamay deliver information for a different user, resulting i
a simple multiple access scheme known as Orthogonal Fregvision Multiple Access (OFDMA) [44—-47]. This
enables different media such as video, graphics, speedhoteother data to be transmitted within the same radio
link, depending on the specific types of services and theali@uof-Service (QoS) requirements. Furthermore, in
OFDM systems different modulation schemes can be emplayedifferent subcarriers or even for different users.
For example, the users close to the Base Station (BS) mayaheslatively good channel quality, thus they can use
high-order modulation schemes to increase their data.r&ggontrast, for those users that are far from the BS or
are serviced in highly-loaded urban areas, where the stbsiquality is expected to be poor, low-order modulation
schemes can be invoked [48].

Besides its implementational flexibility, the low complgxiequired in transmission and reception as well as the
attainable high performance render OFDM a highly attraat@ndidate for high data rate communications over time-
varying frequency-selective radio channels. For examplelassic single-carrier systems, complex equalizerg hav
to be employed at the receiver for the sake of mitigating titerfSymbol Interference (ISI) introduced by multi-
path propagation. By contrast, when using a cyclic prefi,[ZEDM exhibits a high resilience against the ISI.
Incorporating channel coding techniques into OFDM systentsch results in Coded OFDM (COFDM) [49, 50],
allows us to maintain robustness against frequency-sedefeiding channels, where busty errors are encountered at
specific subcarriers in the FD.

However, besides its significant advantages, OFDM also lias disadvantages. One problem is the associated
increased Peak-to-Average Power Ratio (PAPR) in compatssingle-carrier systems [5], requiring a large linear
range for the OFDM transmitter’s output amplifier. In adafiti OFDM is sensitive to carrier frequency offset, resgltin
in Inter-Carrier Interference (ICI) [51].

As a summary of this section, we outline the milestones aadhthin contributions found in the OFDM literature
in Tables 1.1 and 1.2.

1.1.1 Multiple-Input Multiple-Output Assisted OFDM
1.1.1.1 The Benefits of MIMOs

High data-rate wireless communications have attractetdfgignt interest and constitute a substantial research cha
lenge in the context of the emerging WLANSs and other indooltimedia networks. Specifically, the employment of
multiple antennas at both the transmitter and the receitdch is widely referred to as the Multiple-Input Multiple-
Output (MIMO) technique, constitutes a cost-effectiverageh to high-throughput wireless communications.

The concepts of MIMOs have been under development for maassyfer both wired and wireless systems. One
of the earliest MIMO applications for wireless communioas dates back to 1984, when Winters [93] published a
breakthrough contribution, where he introduced a techemfutransmitting data from multiple users over the same
frequency/time channel using multiple antennas at bothtrdmesmitter and receiver ends. Based on this work, a
patent was filed and approved [94]. Sparked off by Wintershpering work [93], Salz [95] investigated joint trans-
mitter/receiver optimization using the MMSE criterion.n&& then, Winters and others [96—-104] have made further
significant advances in the field of MIMOs. In 1996, RaleigBg]land Foschini [106] proposed new approaches for
improving the efficiency of MIMO systems, which inspired nerrous further contributions [107-115].

As a key building block of next-generation wireless comneation systems, MIMOs are capable of supporting
significantly higher data rates than the Universal Mobileedemmunications System (UMTS) and the High Speed
Downlink Packet Access (HSDPA) based 3G networks [116].naléciated by the terminology, a MIMO system em-
ploys multiple transmitter and receiver antennas for @eling parallel data streams, as illustrated in Figure lidces
the information is transmitted through different paths, M@ system is capable of exploiting both transmitter and
receiver diversity, hence maintaining reliable commutiices. Furthermore, with the advent of multiple antennias, i
becomes possible to jointly process/combine the mul&éama signals and thus improves the system’s integrity and/o
throughput. Briefly, compared to Single-Input Single-Quitf51SO) systems, the two most significant advantages of
MIMO systems are:

e A significant increase of both the system’s capacity and tspleefficiency. The capacity of a wireless link
increases linearly with the minimum of the number of traritgnior the receiver antennas [105, 107]. The
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‘ Year | Milestone

1957 | The concept of parallel data transmission by Datlal.[19].

1966 | First OFDM scheme proposed by Chang [20] for dispersivenfpadhannels.

1967 | Saltzberg [21] studied a multi-carrier system employingh@gonal QAM (O-QAM) of the

carriers.

1970 | U.S. patent on OFDM issued [23].
1971 | Weinstein and Ebert [24] applied DFT to OFDM modems.

1980 | Hirosaki designed a subchannel-based equalizer for aogottally multiplexed QAM sys-
tem [28].

Keasleret al.[27] described an OFDM modem for telephone networks.

1985 | Cimini[31] investigated the feasibility of OFDM in mobil@mmunications.

1987 | Alard and Lasalle [33] employed OFDM for digital broadcegti

1991 | ANSI ADSL standard [8].

1994 | ANSI HDSL standard [9].

1995 | ETSI DAB standard [12]: the first OFDM-based standard foitdidproadcasting systems.
1996 | ETSI WLAN standard [15].

1997 | ETSI DVB-T standard [13].

1998 | ANSI VDSL and ETSI VDSL standards [10, 11].

ETSI BRAN standard [16].

1999 | IEEE 802.11a WLAN standard [52].

2002 | IEEE 802.11g WLAN standard [53].

2003 | Commercial deployment of FLASH-OFDM [54, 55] commenced.
ETSI DVB-H standard [14].

2004 | IEEE 802.16-2004 WMAN standard [56].

IEEE 802.11n draft standard for next generation WLAN [57].

2005 | Mobile cellular standard 3GPP Long-Term Evolution (LTE3]8lownlink.
2007 | Multi-User MIMO-OFDM for Next-Generation Wireless [59]

Adaptive HSDPA-Style OFDM and MC-CDMA Transceivers [60].

Table 1.1: Milestones in the history of OFDM.

Transmit antennas Receiver antennas
MIMO Channel Rx 1

Tx 1
Y 4

Figure 1.1: Schematic of the generic MIMO system employikbtransmitter antennas aid receiver antennas.
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Year | Author(s) | Contribution |
1966 | Chang [20] Proposed the first OFDM scheme.
1967 Saltzberg [21] Studied a multi-carrier system employing O-QAM.
1968 | Chang and Gibby [22] Presented a theoretical analysis of the performance of taogwnal multiplexing
data transmission scheme.
1970 | Chang [23] U.S. patent on OFDM issued.
1971 | Weinstein and Ebert [24] Applied DFT to OFDM modems.
Hirosaki [28] Designed a subchannel-based equalizer for an orthogomailiiplexed QAM sys-
tem.
1980 Peled and Ruiz [25] Described a reduced-complexity FD data transmission nddthgether with a cyclic
prefix technique.
Keasleret al.[27] Invented an OFDM modem for telephone networks.
1981 Hirosaki [29] Suggested a DFT-based implementation of OFDM systems.
1985 | Cimini [31] Investigated the feasibility of OFDM in mobile communicats.
1986 Hirosaki, Hasegawa and Developed a groupband data modem using an orthogonallypiexttd QAM tech-
Sabato [30] nique.
1987 | Alard and Lasalle [33] Employed OFDM for digital broadcasting.
1989 Kalet [32] Analyzed multitone QAM modems in linear channels.
1990 Bingham [3] Discussed various aspects of early OFDM techniques in depth
1991 Cioffi [8] Introduced the ANSI ADSL standard.
1993- | Warner [61], Moose [51] and Polt Conducted studies on time and frequency synchronizati@HDM systems.
1995 | let[62]
1994- | Jones [63], Shepherd [64] and Explored various coding and post-processing techniquggmied for minimizing the
1996 | Waulich [65, 66] peak power of the OFDM signal.
1997 Li and Cimini [67,68] Revealed how clipping and filtering affect OFDM systems.
Hara and Prasad [69] Compared various methods of combining CDMA and OFDM.
Li, Cimini and Sollenberger [70] Designed a robust Minimum Mean Square Error (MMSE) basedratlaestimator
for OFDM systems.
1998 May, Rohling and Engels [49] Carried out a performance analysis of Viterbi decoding ie tlontext of 64-
Differential Amplitude and Phase-Shift Keying (64-DAPS¥)d 64QAM modulated
OFDM signals.
Li and Sollenberger [71] Focused on parameter estimation invoked by a MMSE divecsitgbiner designed
for adaptive antenna array aided OFDM.
Armour, Nix and Bull [72-74] lllustrated the combined OFDM-equalization aided receaed the design of pre
Fast Fourier Transform (FFT) equalizers.
1999 Prasetyo and Aghvami [75, 76] Simplified the transmission frame structure for achieviast burst synchronizatior|
in OFDM systems.
Wonget al.[77] Advocated a subcarrier, bit and power allocation algorittenminimize the total
transmit power of multi-user OFDM.
Fazel and Fettweis [34] A collection of state-of-the-art works on OFDM.
2000 | Van Nee and Prasad [6] OFDM for wireless multimedia communications.
Lin, Cimini and Chuang [50] Invoked turbo coding in an OFDM system using diversity.
2001- | Luand Wang [78-81] Considered channel coded STC-assisted OFDM systems.
2002
2003 Hanzo, Munster, Choi and OFDM for broadband multi-user communications, WLANs anddoicasting.
Keller [5]
Simeone, Bar-Ness and Spagnp-Demonstrated a subspace tracking algorithm used for chastimation in OFDM
lini [82] systems.
J. Zhang, Rohling and P. Zhang [83] Adopted an Inter-Carrier Interference (ICI) cancellattmheme to combat the ICI in
OFDM systems.
2004 Necker and Stiber [84] Exploited a blind channel estimation scheme based on thanuem Likelihood
(ML) principle in OFDM systems.
Doufexi et al. [85] Reflected the benefits of using sectorized antennas in WLANSs.
Alsusa, Lee and McLaughlin [86] | Proposed packet based multi-user OFDM systems using aeaptbcarrier-user al
location.
2005 | Williams et al.[87] Evaluated a pre-FFT synchronisation method for OFDM.
2007 | Jiang and Hanzo [59] Multi-user MIMO-OFDM for next-generation wireless.
Hanzo and Choi [60] Adaptive HSDPA-style OFDM and MC-CDMA transceivers.
Fischer and Siegl [88] Peak-to-average power ratio reduction in single- and ramitenna OFDM.
Mileouniset al.[89] Blind identification of Hammerstein channels using QAM, R8Kd OFDM inputs.
2009 Huang and Hwang [90] Improvement of active interference cancellation: avowdatechnique for OFDM

cognitive radio.

Chenet al.[91]

Spectrum sensing for OFDM systems employing pilot tones.

Talbot and Farhang-Boroujeny [92

] Time-varying carrier offsets in mobile OFDM

Table 1.2: Main contributions on OFDM.
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data rate can be increased by spatial multiplexing withoasaming more frequency resources and without
increasing the total transmit power.

e Dramatic reduction of the effects of fading due to the inseghdiversity. This is particularly beneficial, when
the different channels fade independently.

An overview of MIMO techniques covering channel modelsf@enance limits, coding and transceiver designs can
be found in [117].

1.1.1.2 MIMO OFDM

The quality of a wireless link can be described by three bgaiameters, namely the transmission rate, the transmis-
sion range and the transmission reliability. Conventilynéhe transmission rate may be increased by reducing the
transmission range and reliability. By contrast, the tnaission range may be extended at the cost of a lower trans-
mission rate and reliability, while the transmission reilidly may be improved by reducing the transmission rate and
range [118]. However, with the advent of MIMO assisted OFDBJgtems, the above-mentioned three parameters may
be simultaneously improved [118]. Initial field tests of &dband wireless MIMO-OFDM communication systems
have shown that an increased capacity, coverage and ligjigbachievable with the aid of MIMO techniques [119].
Furthermore, although MIMOs can potentially be combinethwiny modulation or multiple access technique, recent
research suggests that the implementation of MIMO aided@Dmore efficient, as a benefit of the straightforward
matrix algebra invoked for processing the MIMO OFDM sigr{as8].

MIMO OFDM, which is claimed to be invented by Airgo Networki2D], has formed the foundation of all candi-
date standards proposed for IEEE 802.11n [121]. In recearsy¢his topic has attracted substantial research efforts
addressing numerous aspects, such as system capacityl PB2space/time/frequency coding [124-128], Peak-to-
Average Power Ratio (PAPR) control [129-131], channehesiion [132-134], receiver design [135-138], etc. Re-
cently, Paulragt al.[117] and Stlbeet al.[139] provided compelling overviews of MIMO OFDM communtians.
Furthermore, Nortel Networks has developed a MIMO OFDM q@iygte [140] during late 2004, which demonstrates
the superiority of MIMO OFDM over today’s networks in termitbe achievable data rate. For the reader’s conve-
nience, we have summarized the major contributions on MIMEDM in Tables 1.3, 1.4 and 1.5 at a glance.

1.1.1.3 SDMA-based MIMO OFDM Systems

As a subclass of MIMO arrangements, recently the Space iDivislultiple Access (SDMA) [5, 194-196] based
techniques have attracted substantial interest. As onkeofmost promising techniques aiming at solving the ca-
pacity problem of wireless communication systems, SDMAbdgsmultiple users to simultaneously share the same
bandwidth in different geographical locations. More sfieally, the exploitation of the spatial dimension, namely
the so-called spatial signature, makes it possible to if§etite individual users, even when they are in the same
time/frequency/code domains, thus increasing the systeapacity.

In Figure 1.2 we illustrate the concept of SDMA systems. Asvghin Figure 1.2, each user exploiting a single
transmitter antenna aided Mobile Station (MS) simultasgoocommunicates with the BS equipped with an array of
receiver antennas. Explicitly, SDMA can be considered gseaific branch of the family of MIMO systems, where
the transmissions of the multiple transmitter antennasape coordinated, simply because they belong to different
users. Briefly speaking, the major advantages of SDMA teples are [197]:

e Range extensiorWith the aid of antenna array, the coverage area of higkgitlyy reception can be significantly
larger than that of any single-antenna aided systems. InMASBystem, the number of cells required for
covering a given geographic area can be substantially eztiueor example, a ten-element array offers a gain
of ten, which typically doubles the radius of the cell andd¢equadruples the coverage area.

e Multi-path mitigation Benefitting from the MIMO architecture, in SDMA systems tietrimental effects of
multi-path propagations are effectively mitigated. Farthore, in specific scenarios the multi-path phenomenon
can even be exploited for enhancing the desired users’lsigg@mploying efficient receiver diversity schemes.

e Capacity increaseTheoretically, SDMA can be incorporated into any existimgltiple access standard at the
cost of a limited increase in system complexity, while aitag a substantial increase in capacity. For instance,
by applying SDMA to a conventional TDMA system, two or morersscan share the same time slots, resulting
in a doubled or higher overall system capacity.
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| Year | Author(s) | Contribution

Piechockiet al.[141] Reported on the performance benefits of spatial multiptexising ML decoding for a Vertical
Bell Labs Layered Space-Time (V-BLAST) OFDM system.

2001 | Blum, Li, Winters and| Studied improved space-time coding techniques for MIMO ®F&stems.

Yan [124]

Li[132] Exploited optimum training sequence design and simpliffehael estimation for improving the
performance and for reducing the complexity of channelmpatar estimation in MIMO OFDM
systems.

Bolckei, Gesbert and Analyzed the influence of physical parameters such as theiainod delay spread, cluster ang

Paulraj [122] spread and total angle spread, as well as system paramatérasthe number of antennas and
the antenna spacing on both the ergodic capacity and outmgeity.

Catreuxet al.[142] Offered an overview of the challenges and promises of lirdpgation in future broadband wire
less networks.

2002 | Piechockiet al.[143] Presented a performance evaluation of spatial multiptegind space-frequency coded modu
tion schemes designed for WLANS.

Molisch, Win and Win- | Proposed a reduced-complexity method for grouping meli@pitennas and space-time codes|.

ters [144]

Li, Winters and Sollen-| Invoked space-time coding and Successive Interferenceelation (SIC) in MIMO OFDM

berger [135] systems.

Stamouliset al. [145] Revealed the effects of ICI on MIMO-OFDM.

Doufexiet al. [146] Characterized the outdoor physical layer performance afded MIMO OFDM system using
space-time processing.

Giangasperet al.[136] Compared two Co-Channel Interference (CCl) cancellatidmemes in the context of MIMQ
OFDM.

Li, Letaief and Cao [137]| Advocated a CCI cancellation method using angle diversiged on null-steering or minimum
variance distortion response beamforming.

Bolcskei, Borgmann and Measured the impact of the propagation environment on thfonpeance of space-frequenc]

Paulraj [147] coded MIMO OFDM.

Barhumi, Leus and Moo-| Described a Least-Squares (LS) channel estimation schesignéd for MIMO OFDM systemsg

nen [133] based on pilot tones.

Ganesan and Sayt Derived a virtual MIMO framework for single-transmittemgle-receiver multipath fading chan

eed [123] nels that enables maximal exploitation of channel diverattboth the transmitter and the re
ceiver.

2003 | Gamalet al.[125] Utilized an OFDM technique to transform the MIMO multi-pathannel into a MIMO flat block
fading channel, where the associated diversity is explditeemploying space-frequency code

Moonet al.[129] Evaluated the PAPR performance in a MIMO OFDM-based WLAN@ysusing a Space-Time
Block Code (STBC).

Cai, Song and Li [148] Developed a technique based on the auto-correlation amébr estimating the Doppler spread
in Rayleigh fading channels for mobile OFDM systems usindtipla antennas.

Leus and Moonen [149] | Employed tone-by-tone based equalization technigues MMOFDM systems.

Leeet al.[130] Investigated the PAPR characteristics in a MIMO OFDM systeimg the selective mapping
approach.

Piechockiet al.[150] Devised a blind method for joint detection of space-timeecbMIMO OFDM.

Table 1.3: Main contributions on MIMO OFDM (Part 1).
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| Year | Author(s) Contribution |
Shin, H. Lee and C. Suggested a cyclic comb-type training structure for reuythe Mean-Square Errors (MSEs) gt
Lee [134] the edge subcarriers of MIMO OFDM signals.
Xia, Zhou and Gian-| Created an adaptive MIMO OFDM transmitter by applying anpdila two-dimensional coder
nakis [151] beamformer with the aid of partial channel knowledge.
Huang and Letaief [152] | Portrayed an OFDM symbol based space diversity technique.
Butler and Collings [153]| Employed an approximate log-likelihood decoding approaased on a Zero-Forcing (ZF) re-
ceiver for bit-interleaved coded modulation assisted MIRIEDM systems.
Stuberet al.[139] Summarized various physical layer research challengedMQAOFDM system design.
Paulrajet al.[117] Provided an overview of MIMO and/or MIMO OFDM systems.
Lu, Yue and Wang [154] | Identified the performance of an optimized MIMO OFDM schenseng Low Density Parity
Check (LDPC) codes.
Van Zelst and| Implemented MIMO OFDM processing and evaluated its perforoe by both simulations angd
Schenk [155] experimental test results.
Pascual-Iserte, Pérez- Conducted studies on maximizing the Signal to Noise andfarence Ratio (SNIR) over the
Neira and Lagunas [156]| subcarriers subject to a total transmit power constraint.
2004 | Zeng and Ng [157] Contrived a subspace-based semi-blind method for estiméte channel responses of a mulfi-
user and multi-antenna OFDM uplink system.
Alien et al. [158] Assessed the performance of spatial diversity in an OFDM \NLfér various antenna topolo
gies.
Dayal, Brehler and| Introduced space-time channel-sounding training codsgyded for multiple-antenna, noncg-
Varanasi [126] herent, multiple block Rayleigh fading channel.
Park and Kang [138] Adopted a reduced-complexity iterative algorithm for joMaximum-A-Posteriori (MAP) de-
tection and CCI suppression in MIMO OFDM systems.
Tan and Stiiber [159] Combined cyclic delay diversity and MIMO OFDM for achievirgll spatial diversity in flat-
fading channels.
Wang, Shayan and lllustrated the diversity and coding advantages in terms®iminimum Hamming distance and
Zeng [160] the minimum squared product distance of the code as welleatative frequencies.
Pan, Letaief and| Discussed dynamic spatial subchannel allocation in catijpm with adaptive beamforming i
Cao [161] broadband OFDM wireless systems.
Tepedelenlioglu and Demonstrated how to achieve high diversity gains in MIMO QFBystems with the aid off
Challagulla [162] fractional sampling.
Baeket al.[163] Addressed a time-domain semi-blind channel estimatiorrcagmh and a PAPR Reductiop
scheme for MIMO OFDM.
Dubucet al.[140] Outlined Nortel Networks’ MIMO OFDM concept prototype andopided measured perfort
mance results.
Barriac and Mad-| Offered guidelines for optimizing the antenna spacing itM@ OFDM systems using feedback
how [164] of the covariance matrix of the downlink channel.

Table 1.4: Main contributions on MIMO OFDM (Part 2).

e Interference suppressioiThe interference imposed by other systems and by userfén o¢lls can be signifi-
cantly reduced by exploiting the desired user’s uniques-ggecific Channel Impulse Responses (CIRS).

e Compatibility SDMA is compatible with most of the existing modulation sotes, carrier frequencies and
other specifications. Furthermore, it can be readily imgetad using various array geometries and antenna

types.

The combination of SDMA and OFDM results in SDMA-OFDM systefb, 194, 198, 199], which exploit the
merits of both SDMA and OFDM, having attracted more and moterest [199-204]. Tables 1.6 and 1.7 summarize
the main contributions on SDMA and SDMA-OFDM found in the opiéerature.

1.2 OFDM Schematic

In this section we briefly introduce Orthogonal Frequencyigdn Multiplexing (OFDM) as a means of dealing with
the problems of frequency selective fading encountereépvifansmitting over a high-rate wideband radio channel.

In the OFDM scheme of Figure 1.3 the serial data stream offféctcdnannel is passed through a serial-to-parallel
convertor, which splits the data into a number of paralldd-shannels. The data in each sub-channel are applied
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[ Year | Author(s) | Contribution |
Su, Safar and Liu [127) Designed a general space-frequency block code structpeblenof providing full-rate, full-
128] diversity MIMO OFDM transmission.

Zhang, Kavcic  and| Researched an optimal QR decomposition technique designed precoded MIMO OFDM
Wong [165] system using successive-cancellation detection.
Yao and Giannakis [166]| Proposed a low-complexity blind Carrier Frequency Off&#Q) estimator for OFDM systems.
Zhenget al.[167] Extended Time-Division Synchronous CDMA (TD-SCDMA) to Téabivision Code-Division
Multiplexing OFDM (TD-CDM-OFDM) for future 4G systems.
Yang [168] Reviewed the state-of-the-art approaches in MIMO OFDMragtface.
Zhang and Letaief [169] | Aimed at developing an adaptive resource-allocation aagravhich jointly allocates subcarrit
ers, power and bits for multi-user MIMO OFDM systems.
Ma [170] Established a pilot-assisted modulation scheme for CFQhadnel estimation in OFDM trangs-
missions over frequency-selective MIMO fading channels.
Fozunbal, = McLaughlin| Calculated a sphere packing lower bound and a pairwise epger bound of the error probabil-
and Schafer [171] ity of space-time-frequency coded OFDM systems using pilalantennas for transmission ove
block-fading channels.
Nandaet al.[172] Built a MIMO WLAN prototype that provides data rates over RMi)s.
Kim et al.[173] Invoked a QR-Decomposition combined with the M-algoritt@RD-M) for joint data detection
and channel estimation in MIMO OFDM.
Qiaoet al.[174] Contrived an iterative LS channel estimation algorithmNdMO OFDM.
Sampath, Erceg and Validated the properties of the transmit correlation matrrough field trial results obtained from
Paulraj [175] a MIMO OFDM wireless system operated in a macro-cellulairenvnent.
Rey, Lamarca and Used a Bayesian approach to design transmit prefilteringiceatfor closed-loop schemes,
Vazquez [176] which is robust to channel estimation errors.
2005 | Sun, Xiong and| Targeted at designing CFO estimator aided Expectation idizgtion (EM) based iterative ref
Wang [177] ceivers for MIMO OFDM systems.
Han and Lee [131] Provided an overview of PAPR reduction techniques for roaitier transmission.
Lodhiet al.[178] Evaluated the complexity and performance of a Multi-Car@@de-Division Multiple-Access
(MC-CDMA) system exploiting STBCs and Cyclic Delay Diveys{CDD).
Wang, Han and Liu [179]| Advanced MIMO OFDM channel estimation using a scheme basesstimating the Time-of-
Arrivals (TOAS).
Wen, Wang and| Reported on a low-complexity multi-user angle-frequencglicg scheme based on the Fourier
Chen [180] basis structure for downlink wireless systems.
Su, Safar and Liu [181] | Performance analysis of MIMO OFDM systems invoking codingspatial, temporal and fre
quency domains.
Tan, Latinovic and Bar-| Advocated a scheme of cross-antenna rotation and inveusiiaiing additional degrees of free}
Ness [182] dom by employing multiple antennas in OFDM systems.
Park and Cho [183] Characterized a MIMO OFDM technique based on the weightietpf optimization for reducH
ing the ICI caused by time-varying channels.
Shao and Roy [184] Maximized the diversity gain achieved over frequency-<@le channels by employing a full
rate space-frequency block code for MIMO OFDM systems.
Schenket al.[185] Quantified how the transmitter/receiver phase noise affteet performance of a MIMO OFDM
system.
Borgmann and| Contributed to the code designs for noncoherent frequeeetive MIMO OFDM fading links.
Bolcskei [186]
Tarighat and Sayed [187] Examined the effect of IQ imbalances on MIMO OFDM systems dexkloped a digital signa|
processing framework for combating these distortions.
Jiang, Li and Hager [188] Formulated a joint transceiver design combining the Gedmbtean Decomposition (GMD)
with ZF-type decoders.
Choi and Heath [189] Constructed a limited feedback architecture that combae@snforming vector quantization and
smart vector interpolation.
Baeket al.[190] Incorporated multiple antennas into high-rate DAB systems
2007 | Jiang and Hanzo [59] Reduced-complexity Near-ML SDMA-MUDs and joint iteratighannel estimation.
Hanzo and Choi [60] Near-instantaneously adaptive HSPA-style OFDM and MC-@Dinsceivers.
Fischer and Siegl [88] Peak-to-average power ratio reduction in single- and ranitenna OFDM.
Fakhereddiret al.[191] Reduced feedback and random beamforming for OFDM MIMO.
2009 | Deetal.[192] Linear prediction based semiblind channel estimation foltioser OFDM.
Haringet al.[193] Fine frequency synchronization in the uplink of multiusé¢flM systems.

Table 1.5: Main contributions on MIMO OFDM (Part 3).
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[ Year [ Author(s) | Contribution |
1982 | Yeh and Reudink [205] lllustrated that high spectrum efficiencies can be achiaveabbile radio systems using a modest
number of space diversity branches.
1983 | Ko and Davis [206] Early studies on SDMA in the context of satellite commurni@ainetworks.
1989 | Swales, Beach and Ed- Devised a multi-beam adaptive BS antenna in an attempt tgatétthe problem of limited radiq
wards [207, 208] resources.
1990 | Agee, Schell and Gard} Invoked narrowband antenna arrays for blind adaptive sigxteaction.
ner [209]
1991 | Andersoret al.[210] Adopted adaptive antenna techniques to increase the dhzapeity.
1992 | Balaban and Salz [211} Provided a comprehensive characterization of space diveexeption combined with variou
212] equalization techniques.
Xu et al.[213] Offered preliminary results of experimental studies on SDd§stems.
1994 | Talwar, Viberg and| Described an approach for separating and estimating neuttgpchannel signals with the aid of
Paulraj [214] an antenna array.
Van Der Veeret al.[215] | Blindly identified Finite Impulse Response (FIR) channeding oversampling and the finite-
alphabet property of digital signals.
1995 | Khalaj, Paulraj and| Estimated the spatio-temporal characteristics of theoratlannel in coherent direct-sequence
Kailath [216] spread-spectrum systems.
Anand, Mathew and| Established a method of blind separation of co-channelrBiRhase-Shift Keying (BPSK) sig
Reddy [217] nals arriving at an antenna array.
Liu and Xu [218] Addressed the SDMA uplink blind channel and sequence estimproblem.
1997 | Tsoulos, Beach and Reported the research of the TSUNAMI project that demotesiréhe benefits of SDMA in
McGeehan [219] wireless communications.
Deneire and Slock [220] | Derived a subspace fitting and linear prediction methodgusirtlic statistics of fractionally
sampled channels for channel identification in multi-uget multi-antenna systems.
Tsoulos, McGeehan and Provided an experimental demonstration of both transndtraseive beamforming supporting
Beach [221,222] SDMA user access.
Barrosoet al. [223] Introduced a blind algorithm referred to as Array Channeighon Multiple Access (AChDMA)
for advanced SDMA in mobile communications systems.
Demmerle and Wiesq{ Designed a biconical multi-beam antenna structure for SDdddmunications.
beck [224]
1998 | Lindmark [225] Built a dual-polarized antenna array for a SDMA system wagkin the 1850-1990MHz band.
Suardet al. [226] Investigated the channel capacity enhancement of a SDMi#&rsys
Jenget al.[227] Presented extensive experimental results of spatial sighaariation using a smart antenna
testbed.
Petrus, Ertel and Proved that capacity improvement can be achieved usingtiselagrays at the BS of an Ad
Reed [228] vanced Mobile Phone Service (AMPS) system.
Xavier, Barroso and| Targeted at designing a closed-form estimator for the SDMM®M channel based on second-
Moura [229] order statistics.
Farsakh and Nossek [23(] Developed an approach for jointly calculating array wesghtsuch a way that all users receiye
their signal at a given SINR level.
Tsoulos [231] Provided an overview of smart antennas in the context okeowraind future personal communij-
cation systems.
Piolini and Rolando [232]| Analyzed a channel-assignment algorithm for SDMA mobilstems.
1999 | Vandenameeletal.[194, | Advocated a combined SDMA-OFDM approach that couples tipalufties of the two tech-
198,199] nigues.
Galvan-Tejada and Gart Calculated the theoretical blocking probability resutirom SDMA technology in two different|
diner [233,234] channel allocation schemes.
Tsoulos [235] Focused on TDMA air interface techniques combined with SD8¢Aemes.
Vornefeld, C. Walke and| Applied SDMA techniques to WATM systems.
B. Walke [236]

Table 1.6: Main contributions on SDMA (Part 1).
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[ Year | Author(s) | Contribution |
2000 | Djahani and Kahn [237] | Discussed the employment of multi-beam transmitters aradjing receivers in SDMA imple-
mentations.
Shadet al.[238] Invoked dynamic slot allocation in packet-switched SDMAtgyns.
2001 | Kuehneret al.[239] Considered a BS that communicates with smart-antenna aidédes operating in multi-beam),
packet-switched and SDMA modes.
Jeonet al.[240] Contrived a smart antenna assisted system using adaptweftening for broadband wireless
communications.
Bellofioreet al.[241,242] | Emphasized the interaction and integration of severatalicomponents of a mobile communi-
cation network using smart-antenna techniques.
Fang [243] Carried out a realistic performance analysis of resouroeation schemes for SDMA systems
and obtained analytical results for blocking probability.
Arredondo, Dandekar angl Employed a novel synthesis and prediction filter at the s@awatenna aided BS for predicting
Xu [244] vector channels in time-division duplex systems.
Walke and Oechter{ Conducted investigations on the Cumulative Dstributiomdfion (CDF) of the uplink carrier-|
ing [245] to-interference ratio in a cellular radio network.
2002 | Zwick, Fischer and Wies- Proposed a stochastic channel model for indoor propagatiofuture communication systems
beck [246] equipped with multiple antennas.
Zekavat, Nassar and Shaf- Combined smart antenna arrays and MC-CDMA systems.
til [247]
Pan and Djuric [248] Suggested sectorized multi-beam cellular mobile comnatioics combined with dynamic charn)-
nel assignment to beams.
Cavalcante, Cavalcant] Exploited a blind adaptive optimisation criterion for SDMi&tection.
and Mota [249]
Yin and Liu [250] Developed a Medium Access Control (MAC) protocol for mukidia SDMA/TDMA packet
networks.
Thoenet al.[200] Showed that the performance of OFDM/SDMA processors canigrefisantly enhanced by
adapting the constellation size applied on the individudlcarriers to the channel conditions.
Rim [251] Examined the performance of a high-throughput downlink MIEBDMA technique.
Thoenet al.[201] Utilized a Constrained Least-Squares (CLS) receiver irtirmger SDMA systems.
Alastalo and Ka-| Reported link-level results of an adaptive antenna arraistesl system compatible with IEEE
hola [202] 802.11a WLANS.
2003 | Bradaric, Pertropulu and Characterized a blind nonlinear method for identifying MONFIR CDMA and SDMA systems
Diamantaras [252]
Alias et al. [203] Constructed a Minimum Bit Error Rate (MBER) Multi-User Detier (MUD) for SDMA-OFDM
systems.
Hanzo, Minster, Choi Elaborated on channel estimation and multi-user detedggehniques designed for SDMAF-
and Keller [5] OFDM systems.
Spencer,  Swindlehurst Delivered two constrained solutions referred to as thelbtiagonalization and the successiye
and Haardt [253] optimization schemes contrived for downlink SDMA systems.
2004 | Li, Letaief and Cao [254]| Explored a low-complexity ML-based detection scheme usirsg-called ‘sensitive-bits’ algo
rithm.
Choi and Murch [255] Formulated a pre-Bell Labs Layered Space-Time (BLAST)slenifeedback equalization tech-
nique for downlink MIMO channels.
Ajib and Haccoun [256] | Overviewed the scheduling algorithms proposed for 4G rusiéir wireless networks based gn
MIMO technology.
2005 | Dai[204] Performed an analysis of CFO estimation in SDMA-OFDM system
Nasr, Costen and Bar; Researched the estimation of the local average signalileeel indoor environment based onja
ton [257] ‘wall-imperfection’ model.

Table 1.7: Main contributions on SDMA (Part 2).
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Table 1.8: Major contributions addressing channel estimation in iatrier systems.
[258, 259] Hbheket. al, 1997 Cascaded 1D-FIR Wiener filter based channel interpolation.

[260] Edforset al.,, 1998 Detailed analysis of SVD-aided CIR-related domain noiseicéion for DDCE.

[261] Li, 1998 DDCE using DFT-based 2D interpolation and robust predictio

[262] Li, 2000 2D pilot pattern aided channel estimation using 2D robusfiiency domain
Wiener filtering.

[263] Yanget al., 2001 Detailed discussion of parametric, ESPRIT-assisted alastimation.

[264] Munster and Hanzo, 2008 RLS-adaptive PIC assisted DDCE for OFDM.
[265] Otnes and Tuchler, 2004| Iterative channel estimation for turbo equalization.

to a modulator, such that favl channels there ar® modulators whose carrier frequencies #efi, ...fp. The
difference between adjacent channela jSand the overall bandwidtW/ of the N modulated carriers i#1Af.

TheseM modulated carriers are then combined to give an OFDM sigié. may view the serial-to-parallel
convertor, as applying everylth symbol to a modulator. This has the effect of interleavimg symbols into each
modulator, hence symbaf, Syr, Soar..... are applied to the modulator whose carrier frequesify. iAt the receiver
the received OFDM signal is demultiplexed imtd frequency bands, and thid modulated signals are demodulated.
The baseband signals are then recombined using a pambelral convertor.

The main advantage of the above OFDM concept is that becaesginbol period has been increased, the channel
delay spread is a significantly shorter fraction of a symtsolqal than in the serial system, potentially rendering the
system less sensitive to I1SI than the conventional sergesy. In other words, in the low-rate subchannels the signal
is no longer subject to frequency-selective fading, herecehannel equalisation is necessary.

A disadvantage of the OFDM approach shown in Figure 1.3 isrtbeased complexity over the conventional
system caused by employidd modulators and filters at the transmitter aviddemodulators and filters at the receiver.
It can be shown that this complexity can be reduced by the tifeeadiscrete Fourier transform (DFT), typically
implemented as a Fast Fourier Transform (FFT) [5]. The sabioll modems can use almost any modulation scheme,
and 4- or 16-level QAM is an attractive choice in many sitoias.

The FFT-based QAM/FDM modem’s schematic is portrayed irufgdl.4. The bits provided by the source are
serial/parallel converted in order to form thdevel Gray coded symbold/ of which are collected in TX buffer 1,
while the contents of TX buffer 2 are being transformed by Iffl€T in order to form the time-domain modulated
signal. The digital-to-analogue (D-A) converted, low-péikered modulated signal is then transmitted via the cehnn
and its received samples are collected in RX buffer 1, whitecontents of RX buffer 2 are being transformed to derive
the demodulated signal. The twin buffers are alternatdggdfilvith data to allow for the finite FFT demodulation time.
Before the data is Gray coded and passed to the data sinky iecaqualised by a low complexity method, if there
some dispersion within the narrow subbands. For a deemeigbéxposure the interested reader is referred to [5].

1.3 Channel Estimation for Multicarrier Systems

The ever-increasing demand for high data-rates in wiralessorks requires the efficient utilisation of the limited
bandwidth available, while supporting a high grade of nigbih diverse propagation environments. Orthogonal
Frequency Division Multiplexing (OFDM) and Multi-Carri€€ode Division Multiple Access (MC-CDMA) tech-
niques [266] are capable of satisfying these requiremdrtiis is a benefit of their ability to cope with highly time-
variant wireless channel characteristics. However, astpdiout in [267], the capacity and the achievable integrfity
communication systems is highly dependent on the systenga/lledge concerning the channel conditions encoun-
tered. Thus, the provision of an accurate and robust chastietation strategy is a crucial factor in achieving a high
performance.

Well-documented approaches to the problem of channel astimare constituted bpilot assisted decision
directedandblind channel estimation methods [266, 268].

The family of pilot assistedchannel estimation methods was investigated for exampla [362], Morelli and
Mengali [269], Yanget al.[263] as well as Chang and Su [270], where the channel paeasnate typically estimated
by exploiting the channel-sounding signal. For exampl&©kDM and MC-CDMA often a set of frequency-domain
pilots are transmitted for estimating the Frequency-Don@tiannel Transfer Function (FD-CTF), which are known
at the receiver [266]. The main drawback of this method istthepilot symbols do not carry any useful information
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Figure 1.4: FFT-based OFDM modem schemafiztHanzoet al. 2003 [5]

and thus they reduce the system'’s effective throughput.

By contrast, in Decision Directed Channel Estimation (DD @tethods both the pilot symbols as well as all the
information symbols are utilised for channel estimatioBgR The simple philosophy of this method is that in the
absence of transmission errors we can benefit from the ail#ifaof 100% pilot information by using the detected
subcarrier symbols as am posteriorireference signal. The employment of this method allows usetluce the
number of pilot symbols required. This technique is patéidy efficient under benign channel conditions, where the
probability of a decision error is low, but naturally, thigpaoach is also prone to error propagation effects. Theljami
of DDCE techniques was investigated for example by van d& Beal.[271], Mignone and Morello [272], Edforst
al. [260], Li et al.[261], Li and Sollenberg [273] as well as Miunster and Har&8] 274-276].

The class of iterative DDCE scemes, where the channel estimia carried out through a series of iterations
utilizing the increasingly-refined soft-decision-baseddback, was explored by Sandsil al.[277], Valenti [278],
Yeapet. al.[279], Songet. al.[280, 281], as well as by Otnes and Tuchler [265, 282].

The closely related class of joint receivers, where the shmarameters and the transmitted information-carrying
symbols are estimated jointly was explored for example bgh&dri [283], developed further by Knickenbest
al. [284] recently revisited by Cozzo and Hughes [285] as welLasand Tellambura [286, 287].

Finally, the class oblind estimation methods eliminates all redundant pilot symbdigst of these methods rely
on the employment of decision feedback and on the exploitaif the redundancy often found in the structure of
the modulated signal, as exemplified by the techniques ibescfor example by Anton-Haret. al.[288], Bosset.
al. [289], Endreset. al.[290], Giannakis and Halford [291], Zhou and Giannakis [P82 well as by Necker and
Stiiber [293].

Additional major subject, closely related to channel eation, namely the prediction of fast fading channels was
extensive studied by Haykin [294]. A so-called robust peceatiwas proposed by Li [261] and revised by Miinster and
Hanzo [275]. An adaptive RLS channel predictor was propaseSichafhuber and Matz [295].

Subsequently, in this treatise we propose a DDCE schemehvidsuitable for employment in both OFDM and
MC-CDMA systems. We analyse the achievable performancaegstimation scheme considered in conjunction
with a realistic dispersive Rayleigh fading channel modatihg a Fractionally-Spaced (FS) rather than Symbol-
Spaced (SS) Power Delay Profile (PDP).

A basic component of the DDCE schemes proposed in the liter#& ara posterioriLeast Squares (LS) temporal
estimator of the OFDM-subcarrier-related Frequency-Diar@annel Transfer Function (FD-CTF) coefficients [261,
266]. The accuracy of the resultant temporal FD-CTF esBma typically enhanced using one- or two-dimensional
interpolation exploiting both the time- and the frequeioynain correlation between the desired FD-CTF coefficients
The LS-based temporal FD-CTF estimator was shown to bebdeitar QPSK-modulated OFDM systems [261,266],
where the energy of the transmitted subcarrier-relatetindtion symbols is constant. However, as it will be pointed
out in Section 7.3.1 of this treatise, the LS method cannoteleily employed in MC-CDMA systems, where —
in contrast to OFDM systems — the energy of the transmittédauier-related information symbols fluctuates as a
function of both the modulated sequence and that of the ehafithe potentially non-constant-modulus modulation
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Table 1.9: Major contributions addressing the problem of channehestion in MIMO systems.

[296] Li et. al, 2002 MIMO-OFDM for wireless communications: signal detectioittwenhanced
channel estimation.

[297] Stuberet. al, 2004 An important overview encompassing most of the major aspefcthe broad-
band MIMO-OFDM wireless communications including chanestimation,
signal detection as well as time and frequency syncromizati

[298] Denget. al, 2003 Decision directed iterative channel estimation for MIMGt&ms.
[285] Cozzo and Hughes, 2003 Joint channel estimation and data detection in space-tomgrainications.
[299] Miinster and Hanzo,2005 Parallel-interference-cancellation-assisted decidioacted channel estimation

for OFDM systems using multiple transmit antennas.

[300] Yatawatta and Petropulu, 2006 Blind channel estimation in MIMO-OFDM systems with multérsnterference.

scheme itself. Thus we propose a Minimum Mean Square Errtd$H) estimation based DDCE method, which is
an appropriate solution for employment in both OFDM and MOMA systems.

The system model and the channel model considered are lakxdéni Section 1.7 of this treatise. The difficulty
of employing the LS approach to the problem of estimating @tM-subcarrier-related FD-CTF coefficients is
described in Section 7.3.1. The alternative MMSE FD-CTrestor circumventing the problem outlined in Section
7.3.1is analyzed in Section 7.3.2. Our discourse evolvekduby proposing a MMSE CIR estimator exploiting the
frequency-domain correlation of the FD-CTF coefficient$Section 7.4.1 and a reduced-complexity version of the
CTF MMSE estimator considered is proposed in Section 7.#t% computational complexity of both methods is
compared in Section 7.4.3.

In Section 7.4 we continue our discourse with the derivatibipoth sample-spaced as well as fractionally-spaced
Channel Impulse Response (CIR) estimator. In Section Wwé.then perform a comparison between the two methods
considered and demonstrate the advantages of theilaefractionally-spaced scheme. Subsequently, in Section 7.5
we develope a method of parametric tracking of the fractlgrsgpaced channel impulse response (CIR) taps, which
facilitates low-complexity channel etimation in reakisthannel conditions characterized by time-variant foauzlly-
spaced power delay profile. More specifically we employ tregetion Approximation Subspace Tracking (PAST)
method for the sake of recursive tracking of the channekferfunction’s (CTF) covariance matrix and subsequent
tracking of the corresponding CIR taps. We demonstratettieaPAST-aided decision directed channel estimation
scheme proposed exhibits good performance over the eatigerof practical conditions.

In Section 7.6 we discuss two major CIR tap prediction sgiate Specifically, In Section 7.6.2 the so-called
robustimplementation of the stationary Minimum Mean Square E(MMSE) CIR predictor is considered. The
robust CIR predictor [261] assumes a constant-valued, limitggpsut channel scattering function [266] during the
design of the CIR tap prediction filter and hence relies oragsumption of encountering the worst possible channel
conditions. On the other hand, in Section 7.6.4 we discussattaptive Recursive Least Squares (RLS) method of
CIR prediction [295]. As opposed to the robust CIR predicbf261], the RLS CIR predictor does not require any
explicit information concerning the channel conditions@mtered. Consequently, in Section 7.6.5 we characterize
and compare the achievable performance of both method&dened and draw conclusions concerning their relative
merits. Specifically, we demonstrate that the RLS predictezhnique outperforms its robust counterpart over the
entire range of the relevant channel conditions.

In Section 7.7 we characterize the achievable performahitegesultant PAST-aided DDCE scheme. We report
an estimation efficiency of = —18dB exhibited by a system employing 10% of pilots and commuiigabver
a dispersive Rayleigh fading channel having a Doppler feeqy of fp = 0.003. Furthermore, we report a BER
performance, which is only 3 dB from the corresponding BERgenance exhibited by a similar system assuming
perfect channel knowledge.

1.4 Channel Estimation for MIMO-OFDM

In spite of an immense interest from both the academic andnthestrial communities, a practical multiple-input
multiple-output (MIMO) transceiver architecture, capablf approaching channel capacity boundaries in realistic
channel conditions remains largely an open problem. Iriquaatr, a robust and accurate channel estimation in MIMO
systems constitutes a major issue, preventing us from\adolgithe high capacities predicted by the relevant thecaéti
analysis.
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Some of the major contributions addressing the problem afinkl estimation in MIMO systems are summarized
in Table 1.9. More specifically, a combined OFDM/SDMA apmiosvas discussed by Vandenamestleal.[301]. A
pilot-based approach to the problem of MIMO channel esiionatas been explored by Jungnickel al. in [302],
by Bolcskeiet. al.[303] as well as by Zhiet. al.[304]. On the other hand, decision directed iterative clehnn
estimation for MIMO systems was addressed byt al [296, 305, 306] as well as Dergg al [298]. Furthermore,
parallel interference cancellation-assisted decisioaeted channel estimation scheme for MIMO-OFDM systems
was proposed by Minster and Hanzo [299, 307]. Joint degoalid channel estimation for MIMO channels was
considered by Grant [308] and further investigated by Comzd Hughes [285]. lIterative channel estimation for
space-time block coded systems was addressed bgi\#i309], while joint iterative DDCE for turbo coded MIMO-
OFDM systems was investigated by Qiao [310]. Blind chansgh®tion in MIMO-OFDM systems with multiuser
interference was explored by Yatawatta and Petropulu [300]

Other closely related issues, namely the iterative trackihthe channel-related parameters using soft decision
feedback was studied by Sandetll al[277], while the iterative channel estimation in the contEfXurbo equalization
was considered by Sora. al.[281], Maiet. al.[311], as well as Otnes and Tuchler [265].

Finally, an important overview publication encompassirmgtmajor aspects of broadband MIMO-OFDM wire-
less communications including channel estimation andasidgetection, as well as time and frequency syncronization
was contributed by Stubet. al.[297].

Agains this background, in this treatise we propose a detidirected channel estimation (DDCE) scheme, which
is suitable for employment in a wide range of multi-antenndtiatarrier systems as well as over the entire range
of practical channel conditions. In particular, we consid®bile wireless multipath channels, which exhibit fast
Rayleigh frequency-selective fading and are typicallyrabterized by time-variant power delay profile (PDP).

We consider a generic MIMO-OFDM system employikgrthogonal frequency-domain subcarriers and having
m andn; transmit and receive antennas, respectively. ConsegueuatIMIMO channel estimation scheme comprises
an array ofK per-subcarrier MIMO-CTF estimators, followed by(@. x m;)-dimensional array of parametric CIR
estimators and a corresponding arraymf x m; x L) CIR tap predictors, wherk is the number of tracked CIR taps
per link for the MIMO channel.

In Section 7.8.1 we explore a family of recursive MIMO-CTRdking methods, which in conjunction with the
aforementioned PAST-aided CIR-tracking method of SecTidnas well as the RLS CIR tap prediction method of
Section 7.6.4, facilitate an effective channel estimasoheme in the context of a MIMO-OFDM system. More
specifically, in Section 7.8.1 we consider both hard- antHs&fdback assisted least mean squares (LMS) and recur-
sive least squares (RLS) tracking algorithms as well as tbdified RLS algorithm, which is capable of improved
utilization of the soft information associated with the dé&m-based estimates.

Finally, in Section 7.8.1.5 we document the achievablegrarénce of resultant MIMO-DDCE scheme employing
the recursive CTF tracking followed by the parametric CIRtracking and CIR tap prediction. We demonstrate that
the MIMO-DDCE scheme proposed exhibits good performanee the entire range of practical conditions.

Both the bit error rate (BER) as well as the correspondingmsegare error (MSE) performance of the channel
estimation scheme considered is characterized in the xiarfta turbo-coded MIMO-OFDM system. We demostrate
that the MIMO-DDCE scheme proposed remains effective imokaconditions associated with high terminal speeds
of up to 130 km/h, which corresponds to the OFDM-symbol ndized Doppler frequency of 0.006. Additionally,
we report a virtually error-free performance of a raf2 turbo-coded 8x8-QPSK-OFDM system, exhibiting a total
bit rate of 8 bits/s/Hz and having a pilot overhead of only 16#SNR of 10dB and normalized Doppler frequency of
0.003, which corresponds to the mobile terminal speed of roughligé/ht.

1.5 Signal Detection in MIMO-OFDM Systems

The demand for both high data-rates, as well as for improratsinission integrity requires an efficient utilisation
of the limited system resources, while supporting a higtdgraf mobility in diverse propagation environments.
Consequently, the employment of an appropriate modulébionat, as well as an efficient exploitation of the available
bandwidth constitute crucial factors in achieving a highf@enance.

The OFDM modulation scheme employed in conjunction with dtiie-Input Multiple-Output (MIMO) archi-
tecture [266], where multiple antennas are employed at tiahransmitter and the receiver of the communication
system, constitutes an attractive solution in terms obBatig these requirements. Firstly, the OFDM modulation

1Additional system parameters are characterized in Talle 1.
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technique is capable of coping with the highly frequencgsiite, time-variant channel characteristics associated
with mobile wireless communication channels, while posisgsa high grade of structural flexibility for exploiting
the beneficial properties of MIMO architectures.

It is highly beneficial that OFDM and MIMOs may be convenigrtbmbined, since the information-theoretical
analysis predicts [312] that substantial capacity gaiesaghievable in communication systems employing MIMO
architectures. Specifically, if the fading processes @pwading to different transmit-receive antenna pairs may b
assumed to be independently Rayleigh distribitélde attainable capacity was shown to increase linearlly thie
smaller of the numbers of the transmit and receive anter8i#.[ Additionally, the employment of MIMO archi-
tectures allows for the efficient exploitation of the spladiizersity available in wireless MIMO environments, thus
improving the system’s BER, as well as further increasirgsystem’s capacity.

The family of space-time signal processing methods, whildweor the efficient implementation of communi-
cation systems employing MIMO architectures are commoefgrred to in parlance asmart antennasin recent
years, the concept of smart antennas has attracted interesigarch interest in both the academic and the industrial
communities. As a result, a multiplicity of smart antenetated methods has been proposed. These include methods
implemented at the transmitter, the receiver or both.

The classification of the smart-antenna techniques igridted in Figure 1.5. It should be noted, however, that the
classification presented here is somewhat informal anaigspgirpose is to appropriately position the content of this
treatise in the context of the extensive material availabléhe subject.

Figure 1.5: Classification of space-time processing techniques.

Two distinctive system scenarios employing smart antecaade identified. The first is the so-called Space Devi-
sion Multiplexing (SDM)-type scenario [313], where tweerterminals each employing multiple antennas, commu-
nicate with each other over a MIMO channel and the multipteamas are primarily used for achieving a multiplexing
gain,i.e. a higher throughput[314]. The second scenario correspioritie Space Devision Multiple Access (SDMA)
configuration [266], where a singlmse-stationemploying multiple antennas communicates simultangaishg a
single carrier frequency with multipleserterminals, each employing one or several antennas.

The variouspoint-to-multipointsmart antenna applications can be further subdivided upiink- and down-
link-related applications. Theplink-related methods constitute a set of techniques, which eaenfiployed in the
base stationin order to detect the signals simultaneously transmitiechhbltiple userterminals. More specifically,
provided that the Channel Impulse Response (CIR) of allsuseraccurately estimated, it may be used as their
unique, user-specific spatial signature for differentigitthem, despite communicating within the same frequency

2This assumption is typically regarded as valid, if the appaie antenna spacing is larger than@®, where) is the corresponding wavelength.
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band [266]. Hence, the corresponding space-time signalessing problem is commonly referred to as Multi-User
Detection (MUD) [266], while the multi-antenna multi-usgrstems employingplink space-time MUD are com-
monly referred to as SDMA systems [266]. In contrast to thé/SiPpe systems designed for achieving the highest
possible multiplexing gain, the design objective of the S®Mchniques is the maximization of the number of users
supported. By contrast, the class of beamformers [315feseangularly selective beams for both the up-link and
down-link in the direction of the desired user, while forigimulls towards the interfering users. Finally, the famify o
Space-Time Codes (STC) [316] was optimized for achievirghiighest possible transmit diversity gain, rather than
for multiplexing gain or for increasing the number of usarported. At the time of writing new research is aiming
for achieving both the maximum attainable diversity andtipléxing gain with the aid of eigen-value decomposi-
tion [317].

As stated above, two benefits of employing smart antennatharsystem’s improved integrity, as well as the
increased aggregate throughput. Hence an adequate parfoencriterion of the particular smart antenna imple-
mentation is a combination of the system’s attainable aggeedata-throughput, as well as the corresponding data
integrity, which can be quantified in terms of the averagedBibr Rate (BER). Consequently, in the context of point-
to-multipoint-related smart antenna applications theleaable capacity associated with the particular space-tim
processing method considered may be assessed as a produetsihultaneously supported number of individual
users and the attainable data-rate associated with eagorsegp user. The measure of data-integrity may be the
average BER of all the users supported. Thus, the typicakbtileg of the multi-user-related smart antenna implemen-
tations, such as that of an SDMA scheme is that of increabmgumber of the simultaneously supported users, while
sustaining the highest possible integrity of all the datacwnicated.

In this treatise, however, we would like to focus our attemton the family of space-time processing methods
associated with thpoint-to-pointsystem scenario. The main objective of point-to-point spiime processing is to
increase the overall throughput of the system considere@dpposed to increasing the number of individual users
simultaneously supported by the system, which was the catbeimulti-user SDMA scenario described above. As
illustrated in Figure 1.5, the family of time-space prodegsnethods associated with theint-to-pointrelated smart
antenna applications entail two different approaches ghathat of Space-Time Codes (STC) [316] as well as various
layered space-time architectures, best known from Belkllayered Space-Time (BLAST) scheme [314].

The STC methods may be classified in two major categorieselyeire Space-Time Block Codes (STBC) and the
Space-Time Trellis Codes (STTC). A simple method of STBCfivaspresented by Alamoutiin [318]. Various STBC
techniques were then extensively studied in a series ofmpajalications by Taroklet al. in [319-325] as well as by
Ariyavistakulet al. in [326,327]. On the other hand, the original variant of BLIA&nown as the Diagonal BLAST (D-
BLAST) scheme, was first introduced by Foschini in [314]. Armmgeneric version of the BLAST architecture,
the so-called Vertical BLAST (V-BLAST) arrangement was posed by Goldert al. in [328]. Furthermore, the
comparative study of the D-BLAST, as well as the V-BLAST syss employing various detection techniques such as
Least Squares (LS) and Minimum Mean Square Error (MMSEgaRarallel Interference Cancellation (PIC), as well
as the LS- and MMSE-aided Successive Interference Catioall&IC) was carried out by Sweatmanal. in [329].
Typically, however, the term BLAST refers to the point-toipt single-carrier MIMO architecture employing the SIC
detection method, as it was originally proposed in [314].

For the sake of accuracy, in this work we employ the alteveatérminology of Space Division Multiplex-
ing (SDM) in order to refer to a generic MIMO architecture. eTtorresponding detection methods are referred to
as SDM Detection (SDMD) techniques, as opposed to the MUbnigaes employed in the context of SDMA sys-
tems [266]. Naturally, however, the SDMD and MUD schemesesktze same signal detection methods, regardless,
whether the signal arrived from multiple antennas of theesandifferent users. The classification of the most popular
SDMD/MUD schemes is depicted in Figure 1.6. The methodsidensd include the linear LS and MMSE techniques,
as well as non-linear techniques, such as Maximum LikeliH®4L), Successive Interference Cancellation (SIC), Ge-
netic Algorithm-aided MMSE (GA-MMSE) [330, 331] as well aset novel Optimized Hierarchy Reduced Search
Algorithm (OHRSA)-aided methods proposed in this treatise

In the course of this treatise both the MIMO channel modebaered as well as the SDM-OFDM system model
are described in Section 1.8. The various SDM detection ogsthonsidered are outlined in Chapter 15. Specifically,
in Section 15.2.1 we demonstrate that the linear increasapacity, predicted by the information-theoretic analy-
sis [267], may indeed be achieved by employing a relatively-tomplexity linear SDM detection method, such as
the MMSE SDM detection technique [332]. Secondly, in Secfi6.3.1 we show that a substantially better perfor-
mance can be achieved by employing a non-linear Maximumlibi@ed (ML) SDM detector [313, 333, 334], which
constitutes the optimal detection method from a probalulgequence-estimation point of view. To elaborate alittl
further, the ML SDM detector is capable of attaining trartsdiversity in fully-loadedsystems, where the number
of transmit and receive antennas is equal. Moreover, assggpo the linear detection schemes considered, the ML
SDM detector is capable of operating in ttamk-deficiensystem configuration, when the number of transmit anten-
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Figure 1.6: SDM detection methods classification.

Table 1.10: Major Contributions Addressing the Sphere Decoder-Aidedcg-Time Processing.
[335] Finckeet. al, 1985 Sphere decoder technique introduced.

[336] Dameret. al, 2000 Sphere decoder was first proposed for employment in the xtooitepace-time
processing, where it is utilized for computing the ML estiezof the modu-
lated symbols transmitted simultaneously from multipgsgmit antennas.

[337] Hochwald and Brink, 2003 Thecomplexversion of the sphere decoder.

[338] Dameret. al, 2003 Further results on SD.
[339] Phamet al., 2004 Improved version of the complex sphere decoder.
[340] Tellambureet al., 2005 Multistage sphere decoding was introduced.

nas exceeds that of the receive antennas. Unfortunatelgvas, the excessive computational complexity associated
with the exhaustive search employed by the ML detection otktenders it inapplicable to practical implementation
in systems having a large number of transmit antennas. §ubg#y, in Sections 15.3.2 and 15.3.3 we explore a range
of advanced non-linear SDM detection methods, namely thea®ld Genetic Algorithm-aided MMSE detection, re-
spectively, where the latter may potentially constituteatractive compromise between the low complexity of the
linear SDM detection and the high performance of the ML SDNedgon schemes. Indeed, we will demonstrate in
Section 15.3.3 that the SDM detection method based on thaSiell as on the GA-MMSE detector [331] are both
capable of satisfying these requirements.

In Section 15.4 our discourse evolves further by proposingrdnancement of the SDMD schemes considered by
employing both Space-Frequency Interleaving (SFI) anctc&aequency Walsh-Hadamard Transform (SFWHT)-
aided spreading. The performance benefits of employing 8&FE&WHT are quantified in Section 15.4. Finally, our
conclusions are summarized in Section 15.6.

Parallel-interference-cancellation-assisted decislioected channel estimation for OFDM systems using migltip
transmit antennas by Muinster and Hanzo [299]

Recently, a family of potent Reduced Search Algorithm (R&iled Space-Time processing methods has been
explored. These new methods utilize the Sphere Decoderté@bipique introduced by Finclet al. [335]. The SD
was first proposed for employment in the context of space-fimocessing by Damegt. al. in [336], where it is
utilized for computing the ML estimates of the modulated bgis transmitted simultaneously from multiple transmit
antennas. Theomplexversion of the sphere decoder was proposed by Hochwald ank Br[337]. The subject
was further investigated by Damen al. in [338]. Subsequently, an improved version of the Complpke®e De-
coder (CSD) was advocated by Phatral. in [339]. Furthermore, CSD-aided detection was considese@ui and
Tellambura in a joint channel estimation and data detectatreme explored in [286], while a revised version of the
CSD method, namely the so-called Multistage Sphere Dego@d#ED) was introduced in [340]. The generalized
version of the sphere decoder, which is suitable for emptyrm rank-deficient MIMO systems supporting more
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transmitters than the number of receive antennas was intemtby Dametet al. in [341] and further refined by Cui
and Tellambura in [342]. The so-calléastgeneralized sphere decoding was introduced by Yrad. [343]. Yet an-
other variant of sphere decoder algorithms with improvelilimsearch was introduced by Zhao and Giannakis [344].
The subject of approaching MIMO channel capacity using defection on hard sphere decoding was explored by
Wang and Giannakis [345]. Iterative detection and decoutidglMO systems using sphere decoding was considered
by Vikalo et al.[346].

Consequently, a set of novel OHRSA-aided SDM detection oustlare outlined in Section 16.1. Specifically, in
Section 16.1.1 we derive the OHRSA-aided ML SDM detectoiictvibenefits from the optimal performance of the
ML SDM detector [266], while exhibiting a relatively low cgatational complexity, which is only slightly higher
than that required by the low-complexity MMSE SDM detec266]. To elaborate a little further, in Section 16.1.2
we derive a bit-wise OHRSA-aided ML SDM detector, which atous to apply the OHRSA method of Section 16.1
in high-throughput systems, which employ multi-level miadion schemes, such a4-QAM [266].

In Section 16.1.3 our discourse evolves further by deduttiegOHRSA-aided Max-Log-MAP SDM detector,
which allows for an efficient evaluation of the soft-bit infieation and therefore results in highly efficient turbo de-
coding. Unfortunately however, in comparison to the OHR&8ded ML SDM detector of Section 16.1.2 the OHRSA-
aided Max-Log-MAP SDM detector of Section 16.1.3 exhibitsudstantially higher complexity. Consequently, in
Section 16.1.5 we derive an approximate Max-Log-MAP methatch we refer to as Soft-output OPtimized HI-
Erarchy (SOPHIE) SDM detector. The SOPHIE SDM detector daptthe advantages of both the OHRSA-aided
ML and OHRSA-aided Max-Log-MAP SDM detectors of Sections11® and 16.1.3, respectively. Specifically, it
exhibits a similar performance to that of the optimal MaxgtAP detector, while imposing a modest complexity,
which is only slightly higher than that required by the loarplexity MMSE SDM detector [266]. The computational
complexity as well as the achievable performance of the SGF3DM detector of Section 16.1.5 are analysed and
quantified in Sections 16.1.5.1 and 16.1.5.2, respectively

Our conclusions are summarized in Sect®h Specifically, we report achieving a BER o0~ at SNRs of
v = 4.2,9.2 and14.5 in high-throughput 8x8 raté—turbo—coded\/l = 4,16 and64-QAM systems communicating
over dispersive Rayleigh fading channel. Additionally, iport achieving a BER af0—* at SNRs ofy = 9.5,16.3
and22.8 in high-throughput rank-deficient 4x4, 6x4 and 8x4 rétmrbo-coded 16-QAM systems, respectively.

1.6 Iterative Signal Processing for SDM-OFDM

Figure 1.7: Schematic of a joint iterative receiver comprising chamstimator, SDM detector, as well as turbo decoder
employing two RCS serially-concatenated component codes.

In spite of an immense interest from both the academic anohthestrial communities, a practical multiple-input
multiple-output (MIMO) transceiver architecture, capablf approaching channel capacity boundaries in realistic
channel conditions remains largely an open problem. An ntapd overview publication encompassing most major
aspects of broadband MIMO-OFDM wireless communicatiom$uiing channel estimation and signal detection,
as well as time and frequency syncronization was contribbteStuberet al. [297]. Other important publications
considering MIMO systems in realistic conditions inclutiese by Minster and Hanzo [299], &i. al.[296], Mai
et. al. as well as Qia@t. al.[310]. Nevertheless, substantial contributions addnesail the major issues inherent to
MIMO transceivers, hamely error correction, space-timectéon as well as channel estimation in realistic channel
conditions remain scarce.
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Against this background, in Chapter 17.1 we derive an iteraso calledurbomulti-antenna-multi-carrier (MAMC)
receiver architecture. Our turbo receiver is illustrated=igure 1.7. Following the philosophy of turbo process-
ing [316], our turbo SDM-OFDM receiver comprises a suceassif detection modules, which iteratively exchange
soft bit-related information and thus facilitate a substimprovement of the overall system performance.

More specifically, our turbo SDM-OFDM receiver compriseethmajor components, namely, the soft-feedback
decision-directed channel estimator, discussed in dat&éction 7.8, followed by the soft-input-soft-output OSR
Log-MAP SDM detector derived in Section 16.1.3 as well as ft-isput-soft-output serially concatenated turbo
code [347]. Consequently, in this chapter we would like talgre the achievable performance of each individual
constituent of our turbo receiver, as well as the achievpbléormance of the entire iterative system. Our aim is to
identify the optimum system configuration, while considgrvarious design trade-offs, such as achievable errer-rat
performance, achievable data-rate as well as associateputational complexity.

In Section 17.4.2.4 we demonstrate that our turbo SDM-OFP#lesn employing the MIMO-DDCE scheme of
Section 7.8 as well as the OHRSA Log-MAP SDM detector of ®ecti6.1.3 remains effective in channel conditions
associated with high terminal speeds of up to 130 km/h, wbichesponds to the OFDM-symbol normalized Doppler
frequency of 0.006. Additionally, we report a virtually ersfree performance for a rale’2 turbo-coded 8x8-QPSK-
OFDM system, exhibiting an effective throughput of 8 MH2 bits/s/Hz=64 Mbps and having a pilot overhead of
only 10% at SNR of 7.5dB and a normalized Doppler frequend.@d3, which corresponds to a mobile terminal
speed of about 65 km/h.

1.7 System Model

1.7.1 Channel Statistics

Figure 1.8: lllustration of a wireless multi-path communication lifkote that the non-line of sight paths are randomly
faded as a result of the diffraction induced by scatterinfpses.

A Single Input Single Output (SISO) wireless communicatiok is constituted by a multiplicity of statistically
independent components, termedpashs Thus, such a channel is referred to asaltipathchannel. Amultipath
channel is typically characterized by its Power Delay Peqi#DP), which is a set of parameters constituted by the
paths’ average powerag2 and the corresponding relative delays Some examples of the commonly used PDPs are
illustrated in Figure 1.10. The physical interpretationeath individual path is a single distortionless ray between
the transmitter and the receiver antennas. While the terid &Dresponds to the average power values associated
with the different multi-path channel components, the t&IR refers to the instantaneous state of the dispersive
channel encountered and corresponds to the vector of ttentaseous amplitudes|n] associated with different
multi-path components. Thus, the statistical distributi the CIR is determined by the channel’'s PDP. In the case
of independently Rayleigh fading multiple paths we haje] € CN(0,07), I =1,2,- -, L, whereCA/(0,0?) is a
complex-Gaussian distribution having the méaand the variance af?.

The individual scattered and delayed signal componentllysarise as a result of refraction or diffraction from
scattering surfaces, as illustrated in Figure 1.8, andearedd as Non-Line-Of-Sight (NLOS) paths. In most recently
proposed wireless mobile channel models each such CIR aoemp®; associated with an individual channel path
is modelled by a Wide Sense Stationary (WSS) narrow-bantaGaussian process [350] having correlation
properties characterised by the cross-correlation fancti

ra[m, j] = E{ai[n]ain —m]} = ry;[m)éli — j], (1.1)
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Figure 1.9: lllustration of a wireless multi-path communication lifkote that the non-line of sight paths are randomly
faded as a result of the diffraction induced by scatterinfpses.

wheren is a discrete OFDM-block-related time-domain index @fdl is the Kronecker delta function. The above
equation suggests that the different CIR components avergegbto be mutually uncorrelated and each exhibits time-
domain autocorrelation properties defined by the time-doroarrelation functiorv,;[m]. The Fourier transform
pair of the correlation functiom;[n] associated with each CIR tap corresponds to a band-limiteeePSpectral
Density (PSD)p;(f), such that we have;(f) = 0, if |f| > fp, whereFd is termed as thenaximum Doppler
frequency The time period / fp is the so-calledoherence timef the channel [350] and usually we hav¢’fp > T,
whereT is the duration of the OFDM block.

A particularly popular model of the time-domain correlatfoinctionr; [n] was proposed by Jakes in [351] and is
described by

rin] = ryln] = Jo(nwy), (1.2)

where]y(x) is a zero-order Bessel function of the first kind angd = 27tT f, is the normalised Doppler frequency.
The corresponding U-shaped PSD function, termed as the-3extrum is given by [351]

2 1 H
py(w) —{ o iy 1@< wa

0, otherwise

Generally speaking the Doppler frequendfigscan assume different values for different signal paths. él@s as
it was advocated in [261], for the sake of exploiting the tidwamain correlation in the context of channel parameters
estimation and prediction, it is sufficient to make a worsteassumption about the nature of time-domain correlation
of the channel parameters encountered. The associatettaaseschannel time-domain correlation properties can be
characterized by an ideally band-limited Doppler PSD fiarcgiven by [261, 266]

0, otherwise,

pe(f) = PBunir(f) —{ 775 11| < fo (1.3)

wherefp is the assumed value of the maximum Doppler frequency ovehahnel paths. The corresponding time-
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@) (b) ©

Figure 1.10: Power Delay Profiles (PDP) corresponding to three diffeckahnel models, namely (a) the Short Wireless
Asynchronous Transfer Mode (SWATM) channel model of [266],Bug’s channel model [348] and (c) the COST-207
Bad Urban (BU) channel model defined for UMTS-type systenchasacterized in [349].

domain correlation function can be described as

sin27tfpm

2o (1.4)

re[m] = rp[m] =

@ (b)
Figure 1.11: (a) Frequency response and (b) impulse response of an ord@sedl cosine shaping filter with the
oversampling rate of 4, the roll-off factor of 0.2 and theagedf 3 samples.
We adopt the complex baseband representation of the coutgatime Channel Impulse Response (CIR), as given
by [350]
h(t,7) =) a(t)e(t— 1), (1.5)
!

whereq; () is the time-variant complex amplitude of thé path and the; is the corresponding path delay, while

c(7) is the aggregate impulse response of the transmittervesgegir, which usually corresponds to the raised-cosine
Nyquist filter. From (1.5) the continuous Channel Transi@nétion (CTF) can be described as in [306]

H(t f) = /_°° n(t, ) e 2
= C(f) Y w(t)e 7>/, (1.6)

1

whereC(f) is the Fourier transform pair of the transceiver impuls@oeser(7) characterized in Figure 1.11.
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As it was pointed out in [261], in OFDM/MC-CDMA systems usiagufficiently long cyclic prefix and adequate
synchronisation, the discrete subcarrier-related CTHesgexpressed as

Hin, k] = H(nT,kAf) = (kAf)ZL: (W T (1.7)
=1
Ko—1
= Y hln,mwWg, (1.8)
m=0

whereT; = T/K is the baseband sample duration, whilg is the length of the cyclic prefix, which normally
corresponds to the maximum delay spread encountered,lsaicivé haveKy > tmax/Ts. Subsequently

hin,m] = h(nT, mT;) = i c(mTs — 1) (1.9)

is the Sample-Spaced CIR (SS-CIR) diig = exp(—j27t/K). Note, that in realistic channel conditions associated
with non-sample-spaced time-variant path-detgys) the receiver will encounter dispersed received signal amp
nents in several neighbouring samples owing to the coneslwf the transmitted signal with the system’s impulse
response, which we refer to as leakage. This phenomenonadlyisnavoidable and therefore the resultant SS-CIR
h[n, m] will be constituted of numerous correlated non-zero tageideed by Equation (1.5) and illustrated in Fig-
ure 1.12. By contrast, the Fractionally-Spaced CIR (FS)@R:] = «;(nT) will be constituted by a lower number
of L < Ky < K non-zero statistically independent taps associated vistindtive propagation paths, as depicted in
Figure 1.12.

(@ (b)

Figure 1.12: TheFS-CIR (top) and the effectiv€S-CIR (bottom) resulting from the convolution of the original E3R
with the raised cosine filter impulse response of Figure fofthe cases of (a) sample-spaced and (b) fractionallgespa
power delay profiles.

As it was shown in [261], the crosscorrelation functigpm, I], which characterized both time- and frequency-
domain correlation properties of the discrete CTF coeffitsié] [, k| associated with different OFDM blocks and
subcarriers can be described as

rulm, 1] =E{H[n+m,k+I1]H"[n,k]}
= (712-17’1‘ [m]rf[l}, (1.10)

wherer;[m] is the time-domain correlation function described by Euma¢l.4), Whllerf[ i] is the frequency-domain
correlation functions, which can be expressed as follow2]2

L g2
rill] = ICUANPR Y Zre 22T, (1.12)
i=1YH
wherec?, = Y- | o2,

1.7.2 Realistic Channel Properties

The majority of existing advanced channel estimation meshrely on thea priori knowledge of the channel statistics
commonly characterized by the channel's Power Delay Pr¢#2P) for the sake of estimating the instantaneous
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Channel Impulse Response (CIR) and the corresponding @h@ransfer Function (CTF). It is evident however, that
in realistic wireless mobile channels, where at least onth®@itommunicating terminals is in motion, the channel’'s
PDP will also become time-variant and thus may noalpgiori known at the receiver.

For the sake of designing as we as characterizing the peafurenof an efficient and robust channel estimation
scheme, which will be suitable for realistic channel condi, we propose a channel model, which sustains the
important characteristics of the realistic wireless mebiannels. More specifically, as opposed to the convertiona
constant PDP, our channel model is characterized by a tament PDP, where both the relative delayss well as
the corresponding average powefsof different PDP taps vary with time.

Our channel model is dynamically generated using a geoorstattering model illustrated in Figure 1.13. More
specifically, the individual scatterers associated witfedent propagation paths are randomly generated usingra Ma
cov statistical model. The corresponding relative detayend powersrl2 associated with each propagation path are
calculated based on the geometrical location of each of ¢httesers. Correspondingly, the rate of change in the
values of the PDP tap delaysis determined by the speed of the mobile wireless termindisnharacterized by the
PDPtap drift rate parameter,. The specific assumptions regarding the practical rangalakg of the parameter
is discussed in the next chapter. Furthermore, each prtpagmth experiences independent fast Rayleigh fading.
Finally, the set of parameters characterizing the Marcodehemployed is chosen such that the average channel
statistics corresponds to the desired static-PDP chanoeéin

Figure 1.13: PDP examples corresponding.

1.7.3 Baseline Scenario Characteristics

As a baseline scenario we consider a mobile wireless conuation system utilizing a frequency bandwidth of
B = 10 MHz at a carrier frequency of. = 2.5 GHz. Furthermore, we assume an OFDM system haking 128
orthogonal subcarriers. The corresponding FFT-frametiurés Ts = K/B = 16 us. We assume having a cyclic
prefix of1/4T; = 4 us and thus the total OFDM symbol duration®f= 20 ys.

Some other important system-related assumptions inclueledlative speed of the communicating terminals,
which we assume not to exceed= 130 km/h = 36 m/s. Furthermore, the OFDM-symbol-normalized Doppler
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frequencyfp relates to the relative speed of the communicating termiasfollows

fo =1, (1.12)
wherec = 3-10% m/s denotes the speed of light. The actual Doppler frequép@yT encountered in the mobile
wireless environmentis assumed to be in the range of 3 to 20Where the maximum value 800 Hz correponds to
the relative terminal speed of= 130 km/h and the carrier frequency ¢f = 2.5 GHz. Finally, the OFDM-symbol-
normalized PDP tap drift speed may be calculated as follows

vy = T%, (1.13)

which suggests the that value of the PDP tap drift speed peeardoes not exceed the maximum value/pf=
24-107% us = T-0.12 us/s.

Table 1.11: Baseline scenario system characteristics.

| Parameter | Value
Carrier frequency, 2.5 GHz
Channel bandwidtiB 8 MHz
Number of carrierk 128
FFT frame duratiorT 16 us
OFDM symbol duratior?” 20 ps (@ us of cyclic prefix)
Max. delay spread;;,« 4 us
Max. terminal speed 130 km/h
Norm. Max. Doppler spreafi, 0.006 =T - 300 Hz
Norm. Max. PDP tap drift/; 24-10°us=T-0.12 us/s

The resultant baseline scenario system characterisécsianmarized in Table 1.11

1.7.4 MC Transceiver

Figure 1.14: Schematic illustration of a typical OFDM/MC-CDMA systeniP$lY layer.

The transmitter part of the system is typically constitutéedn OFDM / MC-CDMA Encoder and Modulator, the
output of which is a complex-valued base-band time-donigimes. The resultant base-band signal is oversampled and
pulse-shaped using a Nyquist filter, such as, for examplegtraised-cosine filter characterized in Figure 1.11. The
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resultant oversampled signal is then converted into arognass-band signal using a D/A converter and upconverted
to the Radio Frequency (RF) band. At the receiver side a mec@b process is taking place, where the received RF
signal is amplified by the RF frontend and downconverted ttngermediate frequency pass-band, then sampled by
the A/D converter, downconverted to the base-band, filtesed matched Nyquist filter and finally decimated. The
resultant complex-valued base-band signal is process#tkelgorresponding OFDM / MC-CDMA Demodulator and
Decoder block, where the transmitted information symbmsitected.

In this treatise we consider the link between the outputeMC Modulator and the input of the MC Demodulator
of Figure 1.14 as aiffective Base-Band Channéerlhe proof of feasibility for this assumption is beyond tlceme
this contribution, however it can be found for example ind3%62].

The discrete frequency-domain model of the OFDM/MC-CDMAtsyn illustrated in Figure 1.14 can be described
as in [306]

y[n, k] = H[n, k]x[n, k] + w(n, k], (1.14)

fork =0,...,K—1and alln, wherey|[n, k|, x[n, k] andw[n, k] are the received symbol, the transmitted symbol and
the Gaussian noise sample respectively, correspondirfetkth subcarrier of theith OFDM block. Furthermore,
Hin, k] represents the complex-valued CTF coefficient associaitbdtie kth subcarrier and time instanee Note
that in the case of aM-QAM modulated OFDM systenx|[#, k] corresponds to th#-QAM symbol accommodated
by thekth subcarrier, while in a MC-CDMA system, such as a Walsh-athaard Transform (WHT) assisted OFDM
scheme using:-chip WH spreading code and hence capable of suppo@ingers [266] we have

G-1

x[n, k] = Y_ clk, pls[n, p], (1.15)
p=0

wherec[k, p] is thekth chip of thepth spreading code, whilgn, p] is the M-QAM symbol spread by theth code.
Each of theG spreading codes is constituted Gychips.

1.8 SDM-OFDM System Model

1.8.1 MIMO Channel Model

We consider a MIMO wireless communication system employindgransmit andz, receive antennas, hence, the
corresponding MIMO wireless communication channel is tanted by (1, x m) propagation links, as illustrated
in Figure 1.15. Furthermore, each of the correspondingx ) Single Input Single Output (SISO) propagation
links comprises a multiplicity of statistically indepemdeeomponents, termed @sths Thus, each of these SISO
propagation links can be characterised anudtipath SISO channel discussed in detail in Section 1.7.1. Singilarl
to the SISO case, the multi-carrier structure of our SDM-®F@Bansceiver allows us to characterise the broadband
frequency-selective channel considered as an OFDM subcaetated vector of flat-fading Channel Transfer Func-
tion (CTF) coefficients. However, as opposed to the SISO, aseach OFDM symbat and subcarriek the MIMO
channel is characterized by(a, x m)-dimensional matridH [, k| of the CTF coefficients associated with the differ-
ent propagation links, such that the elemehfn, k| of the CTF matrixH|[n, k] corresponds to the propagation link
connecting thgth transmit andth receive antennas.

Furthermore, the correlation properties of the MIMO-OFDiMannel can be readily derived as a generalisation of
the SISO-OFDM channel scenario discussed in detail in @edti7.1. As it was shown in [261], the crosscorrelation
functionry [m, 1], which characterizes both the time- and frequency-donwirtation properties of the discrete CTF
coefficientsH;;[n, k| associated with the particuléd, j)th propagation link of the MIMO channel, as well as with the
different OFDM symbol and subcarrier indiceg@ndk can be described as

rH;l-]-[m, l] =E {H:}[?’l +m, k+ l],Hl‘]‘[Vl,k}}
= ohry [m]re[l], (1.16)

wherer;[m] is the time-domain correlation function, which may be chteezed by a time-domain correlation model
proposed by Jakes in [351], where we have

re[m] = ry[m] = Jo(nwy), (1.17)
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Figure 1.15: lllustration of a MIMO channel constituted by, transmit andi, receive antennas. The corresponding
MIMO channel is characterized by tife, x m;)-dimensional matriH of CTF coefficients.

and]y(x) is a zero-order Bessel function of the first kind, whilg = 27T fp is the normalised Doppler frequency.
On the other hand, the frequency-domain correlation fonet [I] can be expressed as follows [262]

L 52
ryll] = ICUAF)P Y e 24T, (1.18)
i=1"H

whereC(f) is the frequency response of the pulse-shaping filter enepldy the particular systernr,.2 andt;, i =
1,---,L are the average power and the corresponding delay of-fag Power Delay Profile (PDP) encountered,
while o7, is the average power per MIMO channel link, such that we hgye- Y- ; o7.

In this report we assume the different MIMO channel links éorbutually uncorrelated. This common assump-
tion is usually valid, if the spacing between the adjacemtmma elements exceedg?2, whereA is the wavelength
corresponding to the RF signal employed. Thus, the overadiscorrelation function between thigj)th and(#’, j')th
propagation links may be described as

Prijiym, 1] = E {H;;j/ [n+m, k+1], Hij[n, k]}
= ogyri[m]rs[10[i — i'16[j — '], (1.19)

whered[i] is the discrete Kronecker Delta function.

1.8.2 Channel Capacity

Whilst most of the multi-path NLOS channel models can beembiely categorized as Rayleigh fading, different
channel models characterized by different PDPs exhibgtsuitial differences in terms of theirformation-carrying
capacityand potential diversity gain The channel’'s capacity determines the upper-bound footeeall system’s
throughput. On the other hand, the available diversity gdlows the communication system to increase its trans-
mission integrity. Various modulation and coding schenasloe employed by the communication system in order
to increase its spectral efficiency and also to take advantdgliversity. Some of these methods are widely dis-
cussed in the literature.g. in [353], and include the employment of antenna arrays, esiate coding, time- and
frequency-domain spreading, channel coding, time- amgigacy-domain repetitiogtc. The theoretical performance
boundaries of such methods are discussed in [267, 354]hémmbre, the trade-offs between the attainable system
capacity gain and the corresponding diversity gain areessdd in [355].

Consequently, the unrestricted capacity of a generic singtrier ergodic-flat-fading MIMO channel can be ex-
pressed as in [337], where we have

C=E {logdet [05,1 + miHHH] } (1.20)
t

whereH is a(n, x m;)-dimensional matrix with independent complex Gaussiatritliged entries.
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(@) (b)

Figure 1.16: CapacityC of Equation (1.20) as well as mutual informatibs; y) of Equation (1.21) versus SNR for (a)
1x1 and (2) 2x2 systems in Rayleigh uncorrelated flat fading.

In realistic communication system, however, the achiev#flloughput is limited by the modulation scheme em-
ployed. Some examples of such modulation schemeblary PSK orMary QAM constellation schemes, whevéis
the number of complex symbols constituting the constelfathap corresponding to the particular modulation scheme
employed. The upper bound defining the maximum throughghieaable by a particular discrete modulation scheme
was first discussed by Shannon in [356] and was shown to bewietd by the mutual informatiof(s; y) exhibited
by the modulation scheme employed. The mutual informatanbe calculated using the following expression

I(s;y) = H(y) — H(yls), (1.21)

whereH(-) = —Elog p(-) denotes the entropy function [356]. In the case of having asGian i.i.d. noise sample
vectorw with the corresponding covariance matrix given@y = o321, the constrained entropy constitudiity|s)
of Equation (1.21) is may be expressed as follows [337]

H(y|x) = n;log2mo2e, (1.22)

whereas the unconstrained entropy constité&fyt) can be approximated numerically using a Monte-Carlo sitiaria
as in [337], where we have

1 1
H(y) = —Elog <m Lexp |—5zlly - HS|2D . (1.23)

where the expectation is taken over the three sources obraness in the choice &f H andw. Moreover, the
summation in Equation (1.23) is carried out overMltt possible values of.

Figures 1.16(a) and 1.16(b) characterize both the capdafyEquation (1.20) as well as the mutual information
I(s;y) of Equation (1.21) for SISO and 2x2-MIMO systems, respetyivThe mutual information plots depicted in
both figures correspond to systems employing QPSK as web-aard 64-QAM modulations.

1.8.3 SDM-OFDM Transceiver Structure

The schematic of a typical SDM-OFDM system’s physical laigedepicted in Figure 1.17. The transmitter of the
SDM-OFDM system considered is typically constituted byEmeoder and Modulator seen in Figure 1.17, generating
a set ofimy complex-valued base-band time-domain signals [266]. Th@éutated base-band signals are then processed
in parallel. Specifically, they are oversampled and shapatgua Nyquist filter, such as for example a root-raised-
cosine filter. The resultant oversampled signals are thewerted into an analog pass-band signal using a bank of D/A
converters and upconverted to the Radio Frequency (RF). l#dride receiver side of the SDM-OFDM transceiver the
inverse process takes place, where the set of received R& sigssociated with the receive antenna elements are
amplified by the RF amplifier and down-converted to an intefiate frequency pass-band. The resultant pass-band
signals are then sampled by a bank of A/D converters, dowwerted to the base-band, filtered by a matched Nyquist
filter and finally decimated, in order to produce a set of @gisecomplex-valued base-band signals. The resultant set
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Figure 1.17: Schematic of a typical SDM-OFDM system’s physical layer.

of discrete signals is processed by the corresponding Delaimdl and Decoder module seen in Figure 1.17, where
the transmitted information-carrying symbols are deticte

In this treatise we consider the link between the output efS®M-OFDM Modulator and the input of the cor-
responding SDM-OFDM Demodulator of Figure 1.17 asEdiective Base-Band MIMO Channélhe proof of fea-
sibility for this assumption is beyond the scope this cdmition, however it can be found for example in [350, 352].
The structure of the resultant base-band SDM-OFDM systatepgcted in Figure 1.18, where the bold grey arrows
illustrate subcarrier-related signals represented by#ntorsx; andy;, while the black thin arrows accommodate
scalar time-domain signals.

Figure 1.18: Schematic of a generic SDM-OFDM BLAST-type transceiver.

The discrete frequency-domain model of the SDM-OFDM systiustrated in Figure 1.18, may be characterised
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as a generalisation of the SISO case described in of Secfioh. Namely, we have
My
viln, k] = Y Hjj[n, k|xj[n, k] + w;[n, k], (1.24)
=1

wheren =0,1,--- andk =0, ..., K—1 are the OFDM symbol and subcarrier indices, respectivéijlew;|n, k],xj [n, k]
andw;[n, k] denote the symbol received at thie receive antenna, the symbol transmitted fromjthéransmit antenna
and the Gaussian noise sample encountered atitlieceive antenna, respectively. Furthermrﬁfg[n,k} represents
the complex-valued CTF coefficient associated with the @gagion link connecting thgh transmit andth receive
antennas at thkth OFDM subcarrier and time instanee Note that in the case of aml-QAM modulated OFDM
system,xj[n, k] corresponds to th&1-QAM symbol accommodated by theh subcarrier of therth OFDM symbol
transmitted from the¢th transmit antenna element.

The SDM-OFDM system model described by Equation (1.24) eaimterpreted as the per OFDM-subcarrier
vector expression of

y[n, k] = Hin, k|x[n, k] + win, k|, (1.25)

where we introduce the space-devision-related vegtprsc|, x[n, k| andw(n, k], as well as a space-devision-related
(ny x my)-dimensional matrix of CTF coefficien®d[n, k]. Note that similarly to the SISO case, the multi-carrier
structure of the SDM-OFDM transceiver allows us to repréetfembroadband frequency-selective MIMO channel as
a subcarrier-related vector of flat-fading MIMO-CTF mags&l[#, k.

1.9 Novel Aspects and Outline of the Book

Having briefly reviewed the OFDM, MIMO-OFDM and SDMA-OFDMdirature, let us now outline the organization
of the monograph.

e Chapter 3: Channel Coding Assisted STBC-OFDM Systems
As an introductory study, in this chapter we discuss varaiainel coded Space-Time Block Codes (STBCs) in
the context of single-user single-carrier and single-@eDM systems. This work constitutes the background
work for the multi-user systems to be investigated in follogvchapters. More specifically, various Turbo
Convolutional (TC) codes, Low Density Parity Check (LDP@GYles and Coded Modulation (CM) schemes are
combined with STBCs for improving the performance of thegkruser system considered.

e Chapter 4: Coded Modulation Assisted Multi-User SDMA-OFDM Using Frequency-Domain Spreading
In this chapter, we invoke a multi-user MIMO SDMA-OFDM systdor uplink communications, where the
classic Minimum Mean-Square Error (MMSE) Multi-User DetedMUD) is employed at the BS for separating
the different users’ signals. The CM schemes discussedap@€h3, namely Trellis Coded Modulation (TCM),
Turbo TCM (TTCM), Bit-Interleaved Coded Modulation (BICNnd Iteratively Decoded BICM (BICM-ID),
are evaluated and compared in the context of the SDMA-OFD#tesy. Furthermore, the performance gain
arising from invoking Walsh-Hadamard Transform SpreadivTS) across a block of OFDM subcarriers in
the Frequency Domain (FD) is studied in both the uncoded SBOMM and the CM-assisted SDMA-OFDM
systems.

e Chapter 5: Hybrid Multi-User Detection for SDMA-OFDM Syste ms
This chapter focuses on the design of MUDs invoked by the SD&b&iver. Specifically, the Maximum Likeli-
hood Detection (MLD) scheme is found to attain the best parémce at the cost of a computational complexity
that increases exponentially both with the number of usadsaath the number of Bits Per Symbol (BPS) trans-
mitted by higher-order modulation schemes. By contrastMIMSE MUD exhibits a lower complexity at the
expense of a performance loss. In order to achieve a goodrpefce-complexity tradeoff, Genetic Algorithm
(GA) based MUD techniques are proposed for employment immélacoded SDMA-OFDM systems, where
TTCM is used. Moreover, a novel Bias€ifunction Based Mutation (BQM) assisted iterative GA (IGAYD
is designed. The performance of the proposed BQM-IGA is @exbto both that of the optimum MLD and
the linear MMSE MUD in the so-called fully-loaded and ovexdied scenarios, respectively, where the number
of users is equal to or higher than the number of receivemaatelements. Additionally, the computational
complexity associated with the various MUD schemes is dised.

e Chapter 6: Direct-Sequence Spreading and Slow SubcarrieHopping Aided Multi-User SDMA-OFDM
Systems
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This chapter commences with a short review of conventioR8-OFDM systems, followed by an intro-
duction to hybrid SDMA-OFDM arrangements, which incorgerBirect-Sequence Spreading (DSS) and/or
Frequency-Hopping (FH) techniques into conventional SDEMRADM. A novel FH technique referred to as
Slow SubCarrier-Hopping (SSCH) is designed for hybrid FFES5DMA-OFDM systems using a TTCM
scheme. Furthermore, two types of SSCH pattern are distussenely the Random SSCH (RSSCH) and
the Uniform SSCH (USSCH) patterns. The performance of tp@sed TTCM-assisted DSS/SSCH SDMA-
OFDM system is evaluated and compared to the conventiondllSDFDM and various hybrid SDMA-OFDM
configurations.

e Chapter 7: Channel Estimation for OFDM and MC-CDMA
We derive an advanced decision directed channel estim@liDICE) scheme, which is capable of recursive
tracking and prediction of the rapidly-fluctuating chanpatameters, characterized by time-variant statistics.
More specifically, we employ a Projection Approximation Space Tracking (PAST) [357] technique for the
sake of tracking the channel transfer function’s low-raigkal subspace and thus facilitating a high accuracy
tracking of the channel’s transfer function, while impasarelatively low computational complexity.

e Chapter 8: Iterative Joint Channel Estimation and Multi-Us er Detection for SDMA-OFDM Systems
The objective of this chapter is to develop an efficient sofuto the channel estimation problem of multi-user
MIMO-OFDM systems. Itis well-known that compared to Singihgut Single-Output (SISO) systems, channel
estimation in the MIMO scenario becomes more challengimgng to the increased number of independent
transmitter-receiver links to be estimated. Against tlaskground, an iterative, joint channel estimation and
symbol detection approach is proposed for LDPC-coded MIMIMB-OFDM systems. More specifically,
the method modifies the GA MUD advocated in Chapter 5 so thmdbmes capable of jointly optimizing the
Frequency-Domain CHannel Transfer Functions (FD-CHTIRg) the multi-user data symbols. Moreover, an
efficient algorithm is derived, which enables the GA to otmft bits for the sake of improving the performance
of the LDPC channel decoder.

e Chapter 9: Reduced-Complexity Sphere Detection for UncodeSDMA-OFDM Systems

The main objective of this chapter is to systematicallyeevthe fundamentals of the SD, which is considered
to be one of the most proming low-complexity near-optimurtedgon technique at the time of writing. Fur-
thermore, we address the SD-related complexity reducsisueis. Specifically, the principle of the Hard-Input
Hard-Output (HIHO) SD is reviewed first in the context of balle depth-first and breadth-first tree search
based scenarios, along with that of the GSD, which is applkct challenging rank-deficient MIMO scenar-
ios. A comprehensive comparative study of the complexitiuotion schemes devised for different types of
SDs, namely, the conventional depth-first SD, kxbest SD and the novel OHRSA detector, is carried out by
analyzing their conceptual similarities and differendégally, their achievable performance and th complexity
imposed by the various types of SDs are investigated in casgrato each other.

e Chapter 10: Reduced-Complexity Iterative Sphere Detectio for Channel Coded SDMA-OFDM Systems
The fundamentals of the LSD scheme are studied at the begjwfithis chapter in the context of an iterative
detection aided channel coded MIMO-OFDM system. A potégtéxcessive complexity may be imposed by
the conventional LSD, since it has to generate soft infoiondbr every transmitted bit, which requires the ob-
servation of a high number of hypotheses about the trareiitiMO symbol. Based on the above-mentioned
complexity issue, we contrive a generic center-shifting &lBeme and the so-callegriori-LLR-threshold
assisted SD scheme with the aid of EXIT chart analysis, bbthhich are capable of effectively reducing
the potentially high complexity imposed by the SD-aidedatiwe receiver. Moreover, we combine the above-
mentioned schemes in the interest of further reducing tmepdexity imposed. In addition, for the sake of
enhancing the achievable iterative detetion gains andehiemgroving the bandwidth efficiency, a Unity-Rate
Code (URC) assisted three-stage serially concatenatescgaver employing the so-called Irregular Convo-
lutional Codes (IrCCs) is devised. Finally, the benefitshaf proposed center-shifting SD scheme are also
investigated in the context of the above-mentioned thtagesiterative receiver.

e Chapter 11: Sphere Packing Modulated STBC-OFDM and its Sphiee Detection
In this chapter we extend the employment of the turbo-deteSphere Packing (SP) aided Space-Time Block
Coding (STBC) scheme to Multi-User MIMO (MU-MIMOQO) scenasiobecause SP was demonstrated to be
capable of providing useful performance improvements owaventionally-modulated orthogonal design based
STBC schemes in the context of Single-User MIMO (SU-MIMO3tgyns. For the sake of achieving a near-
MAP performance, while imposing a moderate complexity, wecfically design th&k-best SD scheme for
supporting the operation of the SP-modulated system, $ireceonventional SD cannot be directly applied to
such a system. Consequently, when relying on our SD, a signifperformance gain can be achieved by the
SP-modulated system over its conventionally-modulatedtmpart in the context of MU-MIMO systems.
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e Chapter 12: Multiple-Symbol Differential Sphere Detection for Cooperative OFDM
The principle of the MSDSD is first reviewed, which has beecergly proposed for mitigating the time-
selective-channel-induced performance loss suffereddsgic direct transmission schemes employing the Con-
ventional Differential Detection (CDD) scheme. Then, wedfically design the MSDSD for both the Differ-
ential Amplify-and-Forward (DAF) and Differential Decodad-Forward (DDF) assisted cooperative systems
based on the multi-dimensional tree search proposed int€hdpwhich is capable of achieving a significant
performance gain for transmission over time-selectivenokés induced by the relative mobility amongst the
cooperating transceivers.

e Chapter 13: Resource Allocation for the Differentially Modulated Cooperative Uplink
In this chapter the theoretical BER performance of both thé-Dand DDF-aided cooperative cellular up-
links are investigated. Then, based on the minimum BER raite we design efficient Cooperating-User-
Selection (CUS) and Adaptive-Power-Allocation (APA) sates for the above-mentioned two types of differ-
entially modulated cooperative systems, while requiriogGdhannel State Information (CSI) at the receiver.
Moreover, we investigate the Cooperative-Protocol-Sele¢CPS) of the uplink system in conjunction with
a beneficial CUS as well as the APA scheme in order to furth@rawe the achievable end-to-end perfor-
mance, leading to a resource-optimized hybrid cooperatigeem. Hence, a number of cooperating MSs may
be adaptively selected from the available MS candidate aadthe cooperative protocol employed by a specific
cooperating MS may also be adaptively selected in the istefeichieving the best possible BER performance.

e Chapter 14: The Near-Capacity Differentially Modulated Cooperative Cellular Uplink The DDF-aided
cooperative system’s DCMC capacity is investigated in carnspn to that of its classic direct-transmission
based counterpartin order to answer the grave fundamergatign, whether it is worth introducing cooperative
mechanisms into the development of wireless networks, aac¢he cellular voice and data networks. Then, we
propose a practical framework of designing a cooperatigéesy, which is capable of performing close to the
network’s corresponding non-coherent DCMC capacity. Basme our low-complexity near-capacity design
criterion, a novel Irregular Distributed Hybrid ConcateathDifferential (Ir-DHCD) coding scheme is contrived
for the DDF cooperative system employing our proposed dgpachieving low-complexity adaptive-window-
aided SISO iterative MSDSD scheme.

e Chapter 15: Multi-Stream Detection for SDM-OFDM Systems
The multi-stream detection problem of SDM-OFDM systemsiigilar to the MUD techniques of SDMA-
OFDM arrangements, which are classified and reviewed irctiapter.

e Chapter 16: Approximate Log-MAP SDM Detection

We propose the novel family of Optimized Hierarchy Reducedrgh Algorithm (OHRSA)-aided space-time
processing methods, which may be regarded as an advanessiext of the Complex Sphere Decoder (CSD)
method, portrayed in [339]. The algorithm proposed ext¢nepotential application range of the CSD methods
of [337] and [339], as well as reduces the associated cortipngh complexity. Moreover, the OHRSA-aided
SDM detector proposed exhibits the near-optimum perfocaalfithe Log-MAP SDM detector, while imposing
a substantially lower computational complexity, whichders it an attractive design alternative for practical
systems.

e Chapter 17: Iterative Channel Estimation and Detection forSDM-OFDM
Finally, we propose an iterative turbo receiver architegtwhich utilises both the soft decision feedback aided
MIMO channel estimation scheme of Chapter 7 as well as theMé# SDM detection method derived in
Chapter 16. Additionally, we carry out an analysis of theoaited design trade-offs.

e Chapter 18: Conclusions and Future Work
The major findings of our work are summarized in this chajefuding our suggestions for future research.

1.10 Chapter Summary

The historic development of various MIMO techniques waeflyisummarized in Section 1.1.1.1, followed by a
rudimentary introduction to MIMO-OFDM systems in Sectiod.1.2. In Section 1.1.1.3 a concise review of various
SDMA and SDMA-OFDM techniques was given, highlighting ttssaciated signal processing problems.



Chapter

OFDM Standards

During the past decades, wireless communication has bedefiom substantial advances and it is considered as the
key enabling technique of innovative future consumer petslu-or the sake of satisfying the requirements of various
applications, significant technological achievementsracpiired to ensure that wireless devices have appropriate
architectures suitable for supporting a wide range of ses/dlelivered to the users.

In the foreseeable future, the large-scale employmentiafi@ss devices and the requirements of high-bandwidth
applications are expected to lead to tremendous new clyaiéan terms of the efficient exploitation of the achievable
spectral resources. New wireless techniques, such asWIltaeBand (UWB) [358], advanced source and channel
encoding as well as various smart antenna techniques, onghe Space-Time Codes (STCs) [359], Space Divi-
sion Multiple Access (SDMA) [5] and beamforming, as well dases Multiple-Input Multiple-Output (MIMO) [93]
wireless architectures are capable of offering substantiarovements over classic communication systems. Hence
researchers have focused their attention on the next gemeodwireless broadband communications systems, which
aim for delivering multimedia services requiring data sateuch higher than existing ones. Undoubtedly, supporting
such high data rates, while maintaining a high robustneaimsityadio channel impairments, such as multi-path fading
and frequency-selective fading, requires further enhdsgstem architectures.

The organisation of this chapter is as follows. In Sectiods 2.2 and 2.3, we review various major international
standards that adopt OFDM, namely Wi-Fi, the Third-GenenaPartnership Project (3GPP) Long-Term Evolution
(LTE) and Worldwide Interoperability for Microwave Acce@&iMAX) standards, respectively. Finally, we conclude
the chapter in Section 2.4.

2.1 Wi-Fi

In 1999, the Wi-Fi Alliance was founded as a global, non-pafjanization, aiming for developing a single globally
accepted standard for high-speed WLANs. The mission of th€i\KIliance was to promote the Wi-Fi technology
and the corresponding Wi-Fi product certification. The WiAHiance has now more than 300 members from more
than 20 countries and Wi-Fi has achieved a huge worldwideesisc A study [360] released in September 2008 by
the Wi-Fi Alliance found that an increased number of consgirethe United States, the United Kingdom and Japan
value the Wi-Fi Certified brand. Developed in March 2000, ¢b#ification program has approved more than 4,800
products from various vendors worldwide.

2.1.1 |EEE 802.11 Standards

Wi-Fi is based on the IEEE 802.11 standard family. The firssiem of IEEE 802.11 was released in 1997 [361],
which was rectified in 1999 [362]. Then, two further suppletseof 802.11-1999 were released, the first one being
IEEE 802.11a [363], which provides a bit rate of up to 54 Mhpshie 5 GHz band. In comparison to 802.11-1999,
where Frequency-Hopping Spread Spectrum (FHSS) or D8eqtience Spread Spectrum (DSSS) are used, 802.11a
employs an OFDM scheme, which applies to Wireless Asynaiusiiransfer Mode (WATM) networks and access
hubs. The second supplement to 802.11-1999 was IEEE 80RB&4h which has a maximum data rate of 11 Mbps

in the 2.4 GHz band and uses the same media access methotaefited in 802.11-1999.
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Further enhancements to 802.11 were made later. The IEEEBD2001 standard [365] introduced the support
of international roaming services. The IEEE 802.11g-2088dard [366], which exploits the same OFDM modula-
tion scheme as 802.11a, provides a data rate of 20-54 Mbpe i2.4 GHz band. Other improvements include IEEE
802.11h [367], IEEE 802.11i [368] and IEEE 802.11j [369],igthintroduced spectrum and transmit power manage-
ment in the 5 GHz band in Europe, security enhancements,@araiion in the 4.9-5 GHz band in Japan, respectively.
In November 2005, the release of IEEE 802.11e-2005 [370jigeal further QoS enhancements.

As the number of standards in the 802.11 family grew up, it pragosed by the working group that a single
document combining all up-to-date 802.11 specificatiomsikhbe provided. This resulted in the IEEE 802.11-2007
standard [371], a new release that includes all previousl80@mendments. In 2008, another two amendments were
completed. The IEEE 802.11k-2008 [372] extends 802.11 legif§png mechanisms for Radio Resource Measure-
ment (RRM), and the IEEE 802.11r-2008 [373] provides meidmas for fast Basic Service Set (BSS) transition.

Some of the 802.11 standards are still in the drafting stageh as the IEEE 802.11n standard [57], which aims
for developing next-generation WLANSs by incorporating MIMOFDM techniques. It is expected to offer high-
throughput wireless transmission at 100-200Mbps. The IBBE 11y standard [374] will provide support for the
operation in the 3650-3700 MHz band in U.S.A.

As a brief summary, we highlight the major 802.11 standardgbles 2.1, 2.2 and 2.3.

‘ Year‘ Standard Title

1997 | 802.11-1997 [361] | IEEE Standard for Information Technology - Telecommurigra and Information Ex-
change Between Systems - Local and Metropolitan Area NésvoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) aftuysical Layer
(PHY) Specifications

1999 | 802.11-1999 [362] | IEEE Standard for Information Technology - Telecommuriarz and Information Ex-
change Between Systems - Local and Metropolitan Area NéswoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) draysical Layer
(PHY) Specifications

802.11a-1999 [363] Supplement to IEEE Standard for Information Technologyled@mmunications ang
Information Exchange Between Systems - Local and MetrtgoolArea Networks -
Specific Requirements - Part 11: Wireless LAN Medium Accesatf®| (MAC) and
Physical Layer (PHY) Specifications: High-speed Physi@aldr in the 5 GHz Band

802.11b-1999 [364] Supplement to IEEE Standard for Information Technologyled@mmunications ang
Information Exchange Between Systems - Local and MetrtgoolArea Networks -
Specific Requirements - Part 11: Wireless LAN Medium Accesatf@l (MAC) and
Physical Layer (PHY) Specifications: Higher-speed Physiager Extension in the 2.4
GHz Band
2001 | 802.11d-2001 [365] IEEE Standard for Information Technology - Telecommurnaa and Information Ex-

change Between Systems - Local and Metropolitan Area NéswoBpecific Require-
ment - Part 11: Wireless LAN Medium Access Control (MAC) arfdy§ical Layer
(PHY) Specification - Amendment 3: Specifications for Ogerain Additional Regu-

latory Domains

Table 2.1: The family of the IEEE 802.11 Standards (1997-2001).
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Year ‘ Standard Title

2003 | 802.11g-2003 [366] IEEE Standard for Information Technology - Telecommundara and Information Ex-
change Between Systems - Local and Metropolitan Area NésvoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) a@ftuysical Layer
(PHY) Specifications - Amendment 4: Further Higher Data Rat&nsion in the 2.4
GHz Band

802.11h-2003 [367] IEEE Standard for Information Technology - Telecommunarat and Information Ex-
change Between Systems - Local and Metropolitan Area NéswoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) druysical Layer
(PHY) Specifications - Amendment 5: Spectrum and TransmitdPdlanagement Ex+

tensions in the 5 GHz band in Europe

2004 | 802.11i-2004 [368] | IEEE Standard for Information Technology - Telecommunaa and Information Ex-
change Between Systems - Local and Metropolitan Area NéswoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) druysical Layer
(PHY) Specifications - Amendment 6: Medium Access ControA@) Security En-

hancements

802.11j-2004 [369] | IEEE Standard for Information Technology - Telecommunarat and Information Ex-
change Between Systems - Local and Metropolitan Area NésvoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) a@ftuysical Layer
(PHY) Specifications - Amendment 7: 4.9 GHz-5 GHz Operatioddpan

2005 | 802.11e-2005 [370] IEEE Standard for Information Technology - Telecommunaa and Information Ex-
change Between Systems - Local and Metropolitan Area NéswoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) druysical Layer
(PHY) Specifications - Amendment 8: Medium Access Controh@) Quality of Ser-

vice Enhancements

Table 2.2: The family of the IEEE 802.11 Standards (2003-2005).

2.2 3GPP Long-Term Evolution

The Third-Generation Partnership Project (3GPP) is amnat@®nal standardisation body working on the specificatio
of the 3G Universal Terrestrial Radio Access Network (UTRAEXd on the Global System for Mobile communica-
tions (GSM). The latest specification that is being studied developed in 3GPP is an evolved 3G radio access,
widely known as the Long-Term Evolution (LTE) or Evolved UAR (E-UTRAN), as well as an evolved packet
access core network in the System Architecture EvolutiokE)S The initial requirements for LTE were set out in
early 2005, which are briefly summarised in Table 2.4 and #5][3

The initial objective of 3GPP was to produce global spedifices for a 3G mobile system evolving from the
existing GSM core network. This includes the Wideband CDMAQDMA) based UTRA Frequency Division Duplex
(FDD) mode and the Time Division Code Division Multiple Aesq TD-CDMA) based UTRA Time Division Duplex
(TDD) mode [377]. In December 2005, it was decided that thE tadio access should be based on OFDMA in the
downlink (DL) and Single-Carrier Frequency Division Mpli Access (SC-FDMA) in the uplink (UL). SC-FDMA is
also known as Discrete Fourier Transform Spread OFDMA (DBPFDMA). The main PHY parameters of the LTE
DL are summarised in Table 2.5.

Briefly, the objective of the SAE is to migrate circuit-switd networks towards packet-switched networks. This
is set out in the recent 3GPP releases, where an Evolved tRacke was defined. The main targets of SAE can be
divided into the following aspects [377]:
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‘ Year ‘ Standard Title

2007 | 802.11-2007 [371] IEEE Standard for Information Technology - Telecommunara and Information Ex
change Between Systems - Local and Metropolitan Area Né&svoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) &taysical Layer
(PHY) Specifications

2008 | 802.11k-2008 [372] | IEEE Standard for Information Technology - Telecommuriaa and Information Ex-

change Between Systems - Local and Metropolitan Area Né&svoBpecific Require-
ments - Part 11: Wireless LAN Medium Access Control (MAC) &tuysical Layer
(PHY) Specifications - Amendment 1: Radio Resource Measemenf Wireless LANs
(Amendment to IEEE 802.11-2007)

802.11r-2008 [373] | IEEE Standard for Information Technology - Telecommundars and Information

Exchange Between Systems - Local and Metropolitan Area blisv- Specific Re-
quirements - Part 11: Wireless LAN Medium Access Control @)Aand Physical
Layer (PHY) Specifications - Amendment 2: Fast Basic Ser8iee(BSS) Transition
(Amendment to IEEE 802.11-2007 and IEEE 802.11k-2008)

P802.11n-2008 [57] | Draft IEEE Standard for Information Technology - Teleconmications and Informa-
tion Exchange Between Systems - Local and Metropolitan Ae@vorks - Specific
Requirements - Part 11: Wireless LAN Medium Access ContvbAC) and Physical
Layer (PHY) Specifications - Amendment 4: Enhancements fghét Throughput

P802.11y-2008 [374] Draft IEEE Standard for Information Technology - Teleconmications and Informa-
tion Exchange Between Systems - Local and Metropolitan Ae@vorks - Specific
Requirements - Part 11: Wireless LAN Medium Access ContvbAC) and Physical
Layer (PHY) Specifications - Amendment 3: 3650-3700 MHz @fien in USA (Draft
Amendment to IEEE 802.11-2007)

Table 2.3: The family of the IEEE 802.11 Standards (2007-2008).

¢ high-level user and operational aspects,

e basic capabilities,

e multi-access and seamless mobility,

e man-machine interface aspects,

e performance requirements for the evolved 3GPP,
e security as well as privacy, and

e charging aspects of the system.

2.3 WIMAX Evolution

The rapidly growing demand for flexible, high-speed broamtbservices requires advanced communication technolo-
gies. The more conventional family of high-rate broadbacwkas techniques has relied on wired access, such as
Digital Subscriber Line (DSL), cable modems, ethernet aptical fibers. However, the extension of the coverage
area results in a significantly increased cost imposed Hgibhgiand maintaining wired networks. This is particularly
true for less densely populated zones, for example subunhdnural areas.
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Requirement Description
Peak Data Rate DL 5 bps/Hz (100 Mb/s within 20 MHz)
UL 2.5 bps/Hz (50 Mb/s within 20 MHz)

Control Plane Latency

< 100 ms (transition time from a camped state)

< 50 ms (transition time between dormant states)

Control Plane Capacity

> 200 users per cell

User Plane Latency <5ms
Average User Throughput DL 3 to 4 times over Release 6 [376]
UL 2 to 3 times over Release 6 [376]
Spectrum Efficiency DL 3 to 4 times over Release 6 [376]
UL 3 to 4 times over Release 6 [376]
Mobility Optimised performance (0-15 km/h), high performance (26-&m/h),
service maintained (120-350 km/h)
Coverage 5 km cells Performance targets met
30 km cells | Slight degradation
100 km cells| Not precluded

Enhanced MBMS

Enhanced MBMS shall be supported

Spectral Flexibility

Allocation of different-width bands (1.25-20 MHz) shall bapported.

Content can be delivered over an aggregation of resources.

Coexistence with 3GPP RAT

5 Coexist with GSM EDGE RAN (GERAN) and UTRAN

Architecture and Migration

Packet-based single E-UTRAN architecture to support erehtl QoS

and to minimise “single points of failure”

RRM Enhanced support for end-to-end QoS, load sharing andypobnage-
ment
Complexity Minimise optional functions and remove redundant mangdteatures

Table 2.4: System requirements for 3GPP LTE [375]. MBMS: Multimedia&idcast Multicast Service.

Parameters‘ Values
System Bandwidth (MHz)|  1.25 ‘ 2.5 ‘ 5 10 15 20
Timeslot Duration (ms) 0.675
Subcarrier Spacing (KHz 15
Sampling Frequency (MHz 1.92 3.84 7.68 15.36 23.04 30.72
FFT size 128 256 512 1024 1536 2048
No. of Used Subcarriers 76 151 301 601 901 1201
No. of OFDM Symbols per Time| 9/8
Slot (Short/Long CP)
CP Length Short | 7.29/14 | 7.29/28 7.29/56 7.29/112 | 7.29/168 | 7.29/224
(us/samples) Long | 16.67/32| 16.67/64 | 16.67/128| 16.67/256 | 16.67/384 | 16.67/512
Timeslot Interval Short 18 36 72 144 216 288
(samples) Long 16 32 64 128 192 256
Table 2.5: PHY parameters for 3GPP LTE DL [378].
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Hence, Broadband Wireless Access (BWA) techniques havegamies potent competitors of their conventional
wired counterparts, facilitating the provision of broaddaservices for subscribers that are far from the coverage
area of the wired networks. Being flexible, efficient and exfctive, BWA provides an excellent solution to over-
come the above-mentioned coverage problem. During thedeaside or so, a number of proprietary wireless access
systems have been developed by the wireless industry. &igiithese proprietary products were based on diverse
specifications, which inevitably limited their applicai®mand markets. As a matter of fact, the potential benefits of
BWA services were not expected to be widely achieved dueddattk of a common international standard, until the
emergence of the Worldwide Interoperability for Microwavecess (WiMAX) standard [379].

WIMAX is one of the most popular BWA technologies availabtelee time of writing, aiming to provide high-
speed broadband wireless access for Wireless Metrop@liteaa Networks (WMANS) [380]. As a standardised tech-
nology, WiMAX ensures the inter-operability of equipmenttified by the WiMAX Forum, resulting in a significant
cost reduction for service providers that would like to usedpicts manufactured by diverse vendors. This dis-
tinct advantage has paved the way for global broadbandesgisedervices. Another key benefit of WIMAX is that
it has been optimised for offering excellent Non-Line-a§f8 (NLOS) coverage with the aid of advanced wireless
transmission techniques, such as Multiple-Input MultiPletput (MIMO) transmit/receive diversity and Automatic
Re-transmission Request (ARQ), etc [381], combined witth@yonal Frequency Division Multiplexing (OFDM) or
Orthogonal Frequency Division Multiple Access (OFDMA) [38

This section is organised as follows. In Section 2.3.1, wat firiefly outline the historic background of WiMAX.
Specifically, the IEEE 802.16 standard family is reviewe®attion 2.3.1.1, which has tight links to WiMAX, fol-
lowed by the introduction of the WIMAX Forum in Section 2.31Then a brief introduction of the Korean WiMAX
standard, Wireless Broadband (WiBro), is provided in $&c#.3.1.4. In Section 2.3.2, we proceed with discussing the
technical aspects of WIMAX, including WiMAX-I in Section2.2.1 and WiMAX-II in Section 2.3.2.2, respectively.
The trends concerning the future of WIMAX are summarisedant®n 2.3.3.

2.3.1 Historic Background

In this section, we will commence by briefly reviewing the EEB02.16 standard family in Section 2.3.1.1, and portray
the brief history of the WIMAX Forum in Section 2.3.1.3. Thenmection between WiMAX and WiBro is established
in Section 2.3.1.4.

2.3.1.1 IEEE 802.16 Standard Family

WIMAX is closely related to the IEEE 802.16 standard famiBefore elaborating on WiMAX, let us first briefly
review the history of the IEEE 802.16 Standards outlinedahlé& 2.6.

The IEEE 802.16 Working Group (WG) was chartered to defineaihénterface for BWA systems in certain
licensed frequency bands. The 802.16 specifications carttothe family of IEEE 802 standards, governing the Local
Area Networks (LANs) and Metropolitan Area Networks (MANs)dorsed by the IEEE in 1990 [391]. As opposed
to the IEEE 802.11 WG, which focuses on Wireless Local Areavek (WLAN) standards and applications, the
IEEE 802.16 WG has been focused on developing cost-effipieint-to-multipoint BWA architectures that enable
multimedia broadband services in MANs and Wide Area Netw@WWANS) [391].

2.3.1.2 Early 802.16 Standards

As early as in 1998, the IEEE 802.16 group was formed to deweladio standard for wireless broadband communi-
cations. In December 2001, the first member of the IEEE 80&drtdard family was approved, widely referred to as
IEEE 802.16-2001 [382]. It focuses on a Line-of-Sight (LM3&ped point-to-multipoint wireless broadband system
operating in the 10-66 GHz band. It utilises a Single-Car®C) based physical layer (PHY) in conjunction with a

burst Time Division Multiplexed (TDM) Media Access Cont(®lIAC) layer [379].

Following the initial release of 802.16-2001, there hadrib®e amendments, namely IEEE 802.16¢-2002 [383]
in December 2002, which provides detailed system profilethi®10-66 GHz band, and IEEE 802.16a-2003 [384] in
April 2003, which presents some MAC modifications and addi PHY specifications for the 2-11 GHz band. Note
that in the standards rectified after 802.16a-2003, in mddib the SC-based PHY, both the OFDM and OFDMA
based PHY specifications are also included.
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‘ Year ‘

Standard

Title

2001

802.16-2001 [382]

IEEE Standard for Local and Metropolitan Area Networks -tR&r Air Interface for

Fixed Broadband Wireless Access Systems

2002

802.16¢-2002 [383]

IEEE Standard for Local and Metropolitan Area Networks -tR&: Air Interface for
Fixed Broadband Wireless Access Systems - Amendment Llil8®&Bystem Profiles

for 10-66 GHz

2003

802.16a-2003 [384]

IEEE Standard for Local and Metropolitan Area Networks -tR&: Air Interface for
Fixed Broadband Wireless Access Systems - Amendment 2: uvtediccess Control

Modifications and Additional Physical Layer Specificatidos2-11 GHz

2004

802.16d-2004 [56]

IEEE Standard for Local and Metropolitan Area Networks -tR&: Air Interface for

Fixed Broadband Wireless Access Systems

2005

802.16e-2005 [385]

IEEE Standard for Local and Metropolitan Area Networks -tR&: Air Interface for
Fixed and Mobile Broadband Wireless Access Systems - Ament2r Physical and
Medium Access Control Layers for Combined Fixed and Mobipeftion in Licensed

Bands and Corrigendum 1

802.16f-2005 [386]

IEEE Standard for Local and Metropolitan Area Networks -tR&: Air Interface for
Fixed Broadband Wireless Access Systems - Amendment 1: ¢géanment Information

Base

2007

802.16k-2007 [387]

IEEE Standard for Local and Metropolitan Area Networks Mediccess Control
(MAC) Bridges - Amendment 5: Bridging of IEEE 802.16

802.16g-2007 [388]

IEEE Standard for Local and Metropolitan Area Networks -tR&: Air Interface for
Fixed and Mobile Broadband Wireless Access Systems - AmentB1t Managemen

Plane Procedure and Services

2008

P802.16h [389]

Draft IEEE Standard for Local and Metropolitan Area NetworkPart 16: Air Inter-
face for Fixed and Mobile Broadband Wireless Access Systémmoved Coexistence

Mechanisms for License-Exempt Operation

P802.16j [390]

Draft IEEE Standard for Local and Metropolitan Area NetwsoflPart 16: Air Interface
for Fixed and Mobile Broadband Wireless Access SystemsiMaptRelay Specifica

tion

Table 2.6: The family of the IEEE 802.16 Standards.
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2.3.1.2.1 802.16d-2004 - Fixed WiMAX

The IEEE 802.16 standards developed during the early stagdsto describe different parts of the technology. In

order to ease future developments, it was decided to meegarévious individual versions into a single one, resulting

in IEEE 802.16d-2004 [56], which is also frequently referte as IEEE 802.16-2004. For operational frequencies
spanning from 10-66 GHz, the PHY is based on SC modulatiom.NE®S propagation conditions at frequencies

below 11 GHz, the design alternatives of SC, OFDM, or OFDMAduiation can be used [56].

Early WIMAX solutions were based on the Wireless MetrooiitArea Network (WirelessMAN) OFDM PHY
of 802.16-2004. Therefore, 802.16-2004 is also known agdfiw/iMAX”, due to the fact that it does not support
mobility.

2.3.1.2.2 802.16e-2005 - Mobile WiMAX

In order to provide mobility support, the IEEE 802.16 woikigroup continued their developments. In December
2005, an amendment of IEEE 802.16-2004 was approved, whikhdwn as IEEE 802.16e-2005 [385] or 802.16e
in brief. In addition to numerous corrections to 802.16-20€garding stationary operations, a key enhancement of
this standard over its ancestors is that it supports suiescstations moving at vehicular speeds and thereby specifie
a system for combined fixed and mobile BWA. The functions neglito support higher-layer handover between
base stations or sectors are also specified. Its operationiied to licensed bands suitable for mobility at carrier
frequencies below 6 GHz. Furthermore, the previously dged stationary IEEE 802.16 subscriber capabilities are
not compromised [385].

Note that 802.16e itself is not a stand-alone document. Mpeeifically, it only includes the differences with
respect to the 802.16-2004 document. Although for the sékenplicity, 802.16e has been widely referred to as if
it were a stand-alone standard, it is more natural to comibiwéh 802.16-2004 into a single consolidated version.
This work is being conducted by the IEEE 802.16’s Mainteeafesk Group under the IEEE P802.16Rev2 Project.
This will result in the second revision of 802.16 since thiease of 802.16-2001 and 802.16-2004. It will consoli-
date 802.16-2004, 802.16€ as well as other 802.16 standacts as 802.16f/g [386, 388]. The up-to-date working
document for this project is P802.16Rev2/D5 [392], whiclswaleased in June 2008.

The 802.16e standard formed the basis of WIMAX for nomaditmobile applications. It is often referred to as
“mobile WIMAX”, as compared to “fixed WIMAX”, which is synonyous with IEEE 802.16-2004. Since it evolved
from 802.16-2004, 802.16e naturally embraces the diftevptions specified in its predecessor, which were designed
to suit a variety of applications and deployment scenatio$able 2.7, a brief summary of these options is provided.

PHY Profile Air Interface | Description
WirelessMAN-SC SC Operation in the 10-66 GHz frequency band.
WirelessMAN-SCa SC For NLOS operation in frequency bands below 11 GHz. For

licensed bands, channel bandwidths are limited to the a¢oyl

provisioned bandwidth divided by any power of 2 no less than

1.25 MHz.
WirelessMAN-OFDM | OFDM For NLOS operation in frequency bands below 11 GHz.
WirelessMAN-OFDMA | OFDMA For NLOS operation in frequency bands below 11 GHz. For

licensed bands, channel bandwidths are limited to the asgyl
provisioned bandwidth divided by any power of 2 no less than
1.0 MHz.
WirelessHUMAN OFDM Wireless High-speed Unlicensed MAN (WirelessHUMAN) |is

similar to WirelessMAN-OFDM, but mandates dynamic fre-
guency selection for mainly the Unlicensed National Infarm

tion Infrastructure (UNII) band [393].

Table 2.7: PHY profiles in IEEE 802.16-2004 and IEEE 802.16e-2005.
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Apart from the similarities, there are also numerous diffeses. Some of the significant changes of 802.16¢ in
comparison to 802.16-2004 are [385, 394]:

e The terminology of Mobile Stations (MS) is introduced. An M3also a Subscriber Station (SS) as referred to
in the standard.

e MAC layer HandOver (HO) procedures are defined, where an Mf3atés from the area serviced by one Base
Station (BS) to another. In 802.16e, there are two HO vegiant

1. Break-before-make HO (“hard” HO): A HO, where commurnias with the target BS only commence
after relinquishing the link with the previous serving BS.

2. Make-before-break HO (“soft” HO): A HO, where communioast with the target BS start before discon-
nection of the service with the previous serving BS. Two $ypesoft HO are defined, namely the Fast BS
Switching (FBSS), where the MS may rapidly switch from onetB%nother, and the Macro Diversity
HandOver (MDHO), where an MS establishes links with mora thiae BS.

In order to facilitate power-efficient MS operations and mefficient HOs, two new power-saving modes,
namely the sleep mode and the idle mode are introduced astimgl@ment to the active mode already defined
in 802.16-2004.

e The concept of Scalable OFDMA (S-OFDMA) is introduced, ag pathe significant revision of the original
WirelessMAN-OFDMA profile in 802.16-2004. The S-OFDMA aitgltture supports a wide range of band-
widths, ranging from 1.25 MHz to 20 MHz with a fixed sub-cargpacing of 10.94 KHz for both fixed and
mobile operations. This has the great benefit of flexibly adsing the need for various spectrum allocation
schemes, potentially supporting global requirements.

¢ In addition to the four scheduling services supported in.868:2004, which are the Unsolicited Grant Service
(UGS), real-time Polling Service (rtPS), non-real-timdliag Service (nrtPS), and Best Effort (BE), a new
class referred to as the extended real-time Polling Se(eitBS) is included in 802.16e. The ertPS scheduling
mechanism exploits the advantages of both UGS and rtPScéipiable of avoiding the latency of a bandwidth
request, while catering for dynamic resource allocations.

e New Multicast and Broadcast Services (MBSs) are introdu®e types of access to MBSs may be supported,
namely single-BS access and multi-BS access. Single-BSadsimplemented for transmission over multicast
and broadcast transport connections within the coveragedafrone BS, while multi-BS access is implemented
by transmitting data from service flows with the aid of muUkiBSs.

e The security sublayer is redefined in order to remove somgrisgctholes’ identified in 802.16-2004, for ex-
ample the non-existence of BS authentication, and to mektated security requirements for mobile services,
which are typically more challenging than those designedt&tionary scenarios.

e Enhanced PHY technologies. The MIMO and Adaptive Antenrs&teéSy (AAS) techniques of 802.16-2004 are
substantially enhanced with the aid of more detailed impletation guidelines. Low-Density Parity Check
(LDPC) codes are included as a further optional channehgpsitheme.

2.3.1.2.3 Other 802.16 Standards

Since the publication of 802.16-2004, there have been a feendments. Besides 802.16e, recently some further
amendments have been completed, while others are stiliggsigg at the time of writing, as summarised in Table 2.6.
The objective of these amendments of the original 802. 1 20to improve specific system-related aspects, such as
adding a more efficient handover functionality, or to in@usther aspects, such as system management information
and procedures.

In December 2005, the IEEE 802.16f-2005 standard [386] wpsoaed, which is the first amendment of 802.16-
2004. This specification defines a Management InformaticseB&IB) for the MAC and PHY layers, together with
relevant management procedures, with the aim of providiglg-epeed unlicensed MAN access.

Other completed 802.16 amendments include the IEEE 80206K [387] and IEEE 802.16g-2007 [388], which
were approved in August and December 2007, respectivelg. fdtmer amended the IEEE Standard 802.1D [395]
to support bridging of the IEEE 802.16 MAC layer. The lattpdates and expands 802.16 by defining further man-
agement procedures as enhancements to the air interfaciéespby IEEE 802.16 for fixed and mobile broadband
wireless systems. It specifies the related managemenidascinterfaces and protocol procedures.
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The draft amendments which are still pending include theBEB02.16h [389] and P802.16j [390] projects.
The latest P802.16h working document Draft 7 was releasddrie 2008. It specifies improved mechanisms, such
as policies and medium access control enhancements, tteghalrcoexistence of license-exempt systems based on
802.16 and to facilitate the coexistence of these systertts piimary users. Furthermore, it aims to improve the
coexistence of 802.16 systems in non-exclusively assigaads. Some of the procedures defined could be applied in
other licensing cases, which require improved inter-systeexistence [389].

The P802.16j project, on the other hand, specifies OFDMA PRYMAC enhancements of 802.16 for licensed
bands in order to enable the operation of relay stationsims at improving the coverage, throughput and system
capacity of 802.16 networks by specifying 802.16 multihefay capabilities and functionalities of interoperable
relay stations and base stations [390]. The subscribéostspecifications are not changed. The most recent working
document of P802.16j is Draft 5, which was released in May8200

2.3.1.3 WIMAX Forum

In 802.16-2004 and 802.16e, SC, OFDM and OFDMA techniquessed, as summarised in Table 2.7. Accordingly,
there are multiple choices for the MAC layer structure, éxjplg combinations, etc. Although the variety of design
options is sufficiently flexible for diverse application addployment scenarios, it is not feasible to have a single
system that is compatible with all these specifications.sTiévitably results in an inter-operability problem. To
overcome this problem, the standard should have a limitegdesowvhere the number of design and implementation
options should be reduced.

Against this background, the WIMAX Forum was establishedune 2001. It is an industry-led, not-for-profit
organization of more than 520 companies, including over @@Yators [396]. Similar to the Wi-Fi Alliance, which
promotes the Wi-Fi standard as well as its product certiicathe WiMAX Forum strives to accelerate the global
adoption of the WiMAX technology for the provision of broaaiidl wireless services. However, Wi-FI and WiIMAX
are not direct competitors for wireless broadband subsigibr applications. Although both of them aim for providing
wireless connectivity and Internet access, they were deslifpr different application scenarios and thus becomemor
complementary than competitive. Wi-Fi covers a limited LAkea such as a home or an office, while WIMAX is
designed to serve a much larger MAN area with a range of kiterse Wi-Fi uses unlicensed spectra, in contrast to
WIMAX, which typically uses licensed spectra. Furthermahey have different QoS maintenance mechanisms.

The WIMAX Forum works closely with service providers, regtdrs, manufacturers, etc. to ensure that WiMAX
Forum Certified products are fully interoperable and capabbkupporting both fixed and mobile broadband services.
Its goal is to certify and promote broadband wireless prtsloased upon the harmonized IEEE 802.16 and European
Telecommunications Standards Institute (ETSI) HiperMAahsglard [396]. The ETSI HiperMAN [397] is commonly
considered as the European equivalent of IEEE 802.16 (orAMMaddressing spectrum access in spectral band
ranges under 11 GHz. The WiIMAX Forum has been using 802.08-28d 802.16e to preselect appropriate options
and parameter sets, in order to remove the inter-operabditrier and to reduce the associated implementationgl cos
while remaining compatible with the ETSI HiperMAN standard

More specifically, this is achieved by defining a few systewfifgs and certification profiles. A system profile
is a collection of specific PHY and MAC layer features, whick aelected from the 802.16-2004 or 802.16e stan-
dards, respectively. Accordingly, this results in two gatges: the fixed WIMAX profiles, which are built upon
the WirelessMAN-OFDM PHY of 802.16-2004, and the mobile WiX! profiles, which are based on the scalable
WirelessMAN-OFDMA PHY of 802.16e. It is worth pointing outat the mandatory and optional status of a particu-
lar feature within a WiMAX system profile may be differentifnowvhat it is in the original IEEE standard [379]. On
the other hand, a WiMAX certification profile is a particulasiantiation of a WiMAX system profile where the oper-
ating frequency, channel bandwidth and duplexing modelacespecified. WIMAX equipment are certified based on
specific certification profiles for meeting inter-operabitequirements [379]. If a device is WIMAX Forum Certified,
it is both compliant with the 802.16 standard and with devitem other vendors, provided that they are also WiMAX
Forum Certified. This will greatly reduce the cost for seevixoviders, since they can flexibly ‘plug and play’ various
certified WIMAX equipment, adapting to new business needsauit changing their overall infrastructures.

2.3.1.4 WiMAX and WiBro

The Wireless Broadband (WiBro) system constitutes a wseelaternet technology developed by the Korean telecom
industry. In February 2002, the Korean government allata@d MHz of spectrum in the 2.3 GHz band, and in late
2004, WiBro Phase 1 was standardized by the Telecommumisatiechnology Association (TTA) of Korea [391]. In
June 2006, the first commercial WiBro service was launch&birth Korea, by Korean Telecom and SK Telecom Co.



2.3.2. Technical Aspects of WIMAX 43

Ltd. The service was based on Intel's WiMax standard and mdiployed in and around the Seoul area, the capital
of South Korea. It is worth pointing out that WiBro is the syiany of mobile WiMAX in Korea. It follows the same
standard, namely IEEE 802.16e-2005, the same set of sysignestification profiles, as well as the same certification
processes as required by mobile WiMAX [398]. A brief compan of WiBro and the 802.16d/e standards is provided
in Figure 2.1.

WIiBro
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Scalability, H-ARQ, MIMO, etc.

Figure 2.1: WiBro and IEEE 802.16d/e [399].

The features of WiBro, WLAN, and cellular systems are givefiable 2.8. It can be seen that WiBro combines
the benefits of WLAN and cellular services, providing higledates, while improving the coverage and mobility. In
the future, it will evolve towards the Fourth-GeneratioGjshetworks, where the provision of even higher data rates
and mobility are expected, as illustrated in Figure 2.2.

WiBro ‘ WLAN Cellular
User data ratg about 1 Mbps over 1 Mbps about 100 kbps
Velocity 120 km/h pedestrian 250 km/h

Equipment laptop/PDA/cell phone| PC/laptop/PDA| PDA/cell phone

Cell radius about 1km about 100 m 1~3 km

Table 2.8: Comparison of WiBro, WLAN and cellular systems.

2.3.2 Technical Aspects of WIMAX

The WiMAX technology has been based on the IEEE 802.16-2604BEE 802.16e-2005 standards, referred to as
the fixed WIMAX and mobile WiIMAX, respectively. Mobile WiIMAXs a broadband wireless solution that enables

the convergence of mobile and fixed broadband networks wéfaid of a common wide area broadband radio access
technology and flexible network architecture [401].

The WIMAX technology is based on the S-OFDMA air interfacsidaed for achieving high spectral efficiency
and data rates. WIMAX users benefit from broadband conngctinthout the need of LOS communications to the
BS. A maximum data rate of up to 75 Mbps can be achieved witficgrit bandwidth, simultaneously supporting
hundreds of residential and business areas by a single B [38

In the following sections, the technical aspects of WiMAXidg its previous and ongoing stages of evolution are
summarised.
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Figure 2.2: WiBro service evolvement [400].

2.3.2.1 WIiIMAX-I: 802.16-2004 and 802.16e-2005
2.3.2.1.1 OFDMA System Configuration

The concept of scalability was introduced in the IEEE 802Mi&lessMAN-OFDMA [385] mode by the 802.16 Task
Group e (TGe). The S-OFDMA architecture supports a wide eafdandwidth, which spans from 1.25 to 20 MHz
combined with fixed subcarrier spacing for both fixed andaddg/mobile uses, in order to flexibly address the need
for various spectrum allocation and application requiretse

The scalability is achieved by adjusting the Fast Fourian$form (FFT) size for various channel bandwidths. In
addition to this, 802.16e supports Adaptive Modulation @udling (AMC) subchannels, Hybrid Automatic Repeat
Request (HARQ), efficient uplink subchannelisation, MIMed transmit/receive diversity, etc [402]. Table 2.9
summarises the key parameters of 802.16e S-OFDMA [385].

‘ Parameters ‘ Values ‘
System Channel Bandwidth (MHz) 5 10 8.75 7
Sampling Frequencyr{ in MHz) 56 | 11.2 10 8
FFT Size Nit) 512 | 1024 | 1024 | 1024
Number of Sub-Channels 8 16 16 16
Subcarrier Frequency Spacingf() (KHz) 10.94 9.77 | 7.81
Useful Symbol Time [, = 1/Af) (us) 91.4 102.4| 128
Guard Time (g = T}, /8) (1s) 11.4 12.8 16
OFDMA Symbol Duration Ts = Tj, + Tg) (1S) 102.9 115.2| 144
Frame Duration (ms) 5 5 5
Number of OFDMA Symbols per Frame 48 43 34

Table 2.9: WiIMAX Release-1 parameters.
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2.3.2.1.2 Frame Structure

OFDMA is used for both DL and UL transmissions in 802.16e. TO#DMA PHY mode is based on one of the
FFT sizes: 2048 (backward compatible to 802.16-2004 [3€)]24, 512, and 128. This facilitates the support of the
various channel bandwidths. The MS may implement a scaranidgearch mechanism to detect the DL signal, when
performing initial network entry, and this may include thetettion of the dynamically configured FFT size and the
channel bandwidth employed by the BS.

In licensed bands, the duplexing method shall be either FDDOD. FDD MSs may be half-duplex FDD (H-
FDD). In license-exempt bands, the duplexing method stallbD. Figure 2.3 shows an example of an OFDMA
frame (with only mandatory zone) in TDD mode. The OFDMA framay include multiple zones, such as Partial
Usage of Subchannels (PUSC), Full Usage of Subchannels@RUBJSC with all subchannels, optional FUSC,
AMC, etc. The transition between zones is indicated in theNIdp by the standardised parameter SDC_Zone
Information Element (IE) or AADL _IE [385]. No DL-MAP or UL-MAP allocations can span over mplg zones.
Figure 2.4 depicts an OFDMA frame with multiple zones.

OFDMA symbol number -.t_
Qo k] B3 kS BT (R0 Rell B30 k1S (Re1T ) R0 ER3 1 BED6) | B20) K30 k32
5+z ] . Ranging subchannel i
el _| . .
n = DL burst #3 UL burst #1
. _ = |
] W
] £3 UL burst #2
_ 3 2E
£ 7 = g DL burst #4
E J = g — o
" S = = e
3 3 g = _ <
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= ] A DL burst #5 =3 i
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g | J
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_ UL burst #5
E=L ]
- DL PrTe™ UL P RIG

Figure 2.3: Example of a TDD OFDMA frame (with only mandatory zone) [38%]CH: Feedback Channel; TTG:
Transmit Transition Gap; RTG: Receive Transition Gap.

2.3.2.1.3 Subcarrier Mapping

For the OFDMA profile of 802.16e, we hawe = floor(n - BW/8000) - 8000 (Hz), whereF; is the sampling

frequency and: is the sampling factor, which is dependent on the bandwdth After removing the frequency-
domain guard tones or virtual subcarriers frovg, which is the FFT size, one obtains the set of “used” sube@ri
Nused These used subcarriers are allocated to pilot subcaemetsiata subcarriers for both UL and DL.

However, there is a difference between the different ptsgibnes. For the DL FUSC and PUSC, the pilot tones
are allocated first, followed by the mapping of data subeestio subchannels (i.e. subbands) exclusively allocated f
data. For PUSC in the UL, the set of used subcarriers is firsitipaed into subchannels and then the pilot subcarriers
are allocated from within each subchannel. Thus, in FUS&gtls one set of common pilot subcarriers for the entire
frequency band, while in PUSC of the DL, there is one set ofroom pilot subcarriers in each major group, which
is constituted by a few subchannels. By contrast, in PUS@e1UL, each subchannel contains its own set of pilot
subcarriers. After mapping all pilots to the associatecckahnels, the remaining used subcarriers will be grouped
into data subchannels. For the different zones mentionedeathowever, the corresponding subcarrier allocation
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Figure 2.4: Example of a multi-zone OFDMA frame [385]. TUSC: Tile Usadgeésabchannels.

or permutation rules are different, although a sufficieaelef frequency and/or time diversity should generally be
maintained.

2.3.2.1.4 Channel Coding

The coding method used as the mandatory scheme in 802.1@ésl lon tail-biting Convolutional Coding (CC).
Optional coding schemes include the Block Turbo Coding (BT@bnvolutional Turbo Codes (CTC), zero-tailed
CC and LDPC codes, which are not included in the earlier 82004 standard. The encoding block size depends
on the number of subchannels allocated and on the modulstioeme specified for the current transmission. For
example, the LDPC code specification of 802.16e is sumnthiiz&able 2.10, where is the codeword lengtl; is

the information block length, and thefactor is the expansion factor which is equab#@4 for a given value oft.
Note that due to the associated subchannelization comtstréfie combination of coding parameters and modulation
schemes is not arbitrary.

2.3.2.1.5 MIMO Support

The Adaptive Antenna System (AAS) constitutes an integaai pf 802.16e, which is included in order to attain a
significant system capacity improvement. In 802.16e, the&sAnay encompass different MIMO techniques, such
as Space-Time Block Coding (STBC), beamforming and Spistigtiplexing (SM). The STBC adopted is the well-
known Alamouti code [403]. For the Open-Loop (OL) AAS, theltiple antennas can be used for STBC, SM or
for their combinations. When the Closed-Loop (CL) AAS is éoyed, either because we can exploit the channel’'s
reciprocity in the TDD mode, or because the system has arncéxglceiver feedback in the FDD mode, the multiple
antennas can be used either for beamforming or for CL MIMOxXpJating transmit antenna precoding techniques.

The general framework of CL MIMO in 802.16e is provided in tig 2.5. It is constituted by an OL space-time
encoding unit and a MIMO precoding unit. The linear precgdimatrix spreads the various parallel streams across
the various antennas with the aid of appropriate weightatoks. The precoding matrix is then adapted on a regular
basis according to the feedback information gleaned framédheiver.

2.3.2.1.6 Other Aspects

In 802.16e, a preamble is used for initial frame timing aredjfrency synchronisation. Recall that Figure 2.3 shows
the OFDMA frame structure in the TDD mode, where the first pgach frame is dedicated to the preamble.
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n (bit) | n (byte) | z factor k (byte) Number of slots
2 | 213 | 34 | 56 | QPsk | 160aM | 64qam
576 72 24 36 | 48 | 54 | 60 6 3 2
672 84 28 42 | 56 | 63 | 70 7 - -
768 96 32 48 | 64 | 72 80 8 4 -
864 108 36 54 | 72 81 90 9 - 3
960 120 40 60 | 80 90 | 100 10 5 -
1056 132 44 66 | 88 99 | 110 11 - -
1152 144 48 72 | 96 | 108 | 120 12 6 4
1248 156 52 78 | 104 | 117 | 130 13 - -
1344 168 56 84 | 112 | 126 | 140 14 7 -
1440 180 60 90 | 120 | 135 | 150 15 - 5
1536 192 64 96 | 128 | 144 | 160 16 8 -
1632 204 68 102 | 136 | 153 | 170 17 - -
1728 216 72 108 | 144 | 162 | 180 18 9 6
1824 228 76 114 | 152 | 171 | 190 19 - -
1920 240 80 120 | 160 | 180 | 200 20 10 -
2016 252 84 126 | 168 | 189 | 210 21 - 7
2112 264 88 132 | 176 | 198 | 220 22 11 -
2208 276 92 138 | 184 | 207 | 230 23 - -
2304 288 96 144 | 192 | 216 | 240 24 12 8
Table 2.10: LDPC block sizes and code rates [56].
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Figure 2.5: The 802.16e-2005 CL MIMO architecture [379].
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Synchronisation is activated during the so-called rangirngess, where the BS acquires the signals of new sub-
scribers and adjusts the timing of the existing subscrittesigh the feedback channel. Synchronization is typicall
achieved by correlating the received signal against knowamble sequences, taking advantage of the deliberately
introduced periodicity of the signal. The results of theretation evaluation are then passed through a detector to
determine, whether a legitimate symbol was sent and, ifssadjust its exact timing.

The development of efficient timing and frequency synctzation algorithms for 802.16e and WiMAX systems is
the responsibility of each equipment manufacturer. Someige principles for timing and frequency synchronisation
can be found in [379].

The 802.16e standard also specifies optional HARQ suppettiding the following modes:

e Incremental Redundancy (IR) for CTC;
e IR for CC;

e Chase combining for all coding schemes.

Chase combining and IR are also referred to as type-l andliyh&RQ, respectively. These modes can be specified
by the normal map and the HARQ map [385].

Other PHY functionalities, such as control mechanismsnokhquality measurements, transmitter/receiver re-
quirements, as well as the specification of the MAC and upmeark, are also detailed in the standard [385]. For the
reader’s convenience, we summarise the major PHY featfi&32016e in Table 2.11.

2.3.2.2 WIiMAX-Il: 802.16m

In the International Telecommunications Union - Radio Caminations Sector (ITU-R) WP5D meeting held in
Dubai during late June 2008, the technical system perfocmaequirements for the IMT-Advanced radio inter-
face [404] were finalised. All IMT-Advanced proposals wikk lassessed according to this requirement document.
The ITU will then assess all technical submissions, revienaissessments, select one or more candidate technologies,
and develop as well as rectify standards. The evaluatiodedjues are still under development and expected to be
finalised in the ITU-R meeting scheduled in October 2008. 3élection of IMT-Advanced candidate technologies

is expected to be conducted during the first half of 2009p%edld by the development of detailed specifications in
2009 or 2010. Vendors may start official implementation leetw2010 and 2012, whilst a wide deployment may
commence by 2015 [405].

In order to meet the anticipated high requirements of IM+&ated, in January 2007 the IEEE started the spec-
ification of a new version of the 802.16 standard, which aitie@easing the data transmission rates up to 1 Gbit/s
and 100 Mbits/s for fixed and mobile communications, with ioyed broadcast, multicast and Voice over Internet
Protocol (VolP) performance, while maintaining backwaodnpatibility with existing WiIMAX systems. Under the
IEEE 802.16 umbrella, the newly formed Task Group m (TGmhiartered to develop an amendment of the IEEE
Standard 802.16, specifying an “Air Interface for Fixed &maobile Broadband Wireless Access Systems - Advanced
Air Interface”, which is referred to as the IEEE 802.16m sli@ml. Also known as WiMAX-II, 802.16m is the only 4G
approach evolving from an existing OFDMA technology, nanfedm 802.16e or WiMAX-I, and will be proposed as
a 4G candidate for the ITU's IMT-Advanced systems.

2.3.2.2.1 System Requirements

The ultimate mission of the 802.16m project is to draft an.86zZompatible standard, which will become a candidate
for the IMT-Advanced evaluation process conducted by thé-R: To achieve this target, a number of high-level sys-
tem requirements have been identified by TGm, which are suinetdin the 802.16m System Requirement Document
(SRD) [406] that was finalised in October 2007. However, ¢resjuirements will be subject to changes according to
the IMT-Advanced requirements, which are expected to bepbeted in late 2008.

Some of the key 802.16m requirements are [406]:

e Backward compatibility802.16m shall provide continuing support and inter-opiitpfor legacy WirelessMAN-
OFDMA [385] equipments, including both MSs and BSs. Morec#igelly, the legacy 802.16e equipment shall
be able to co-exist with 802.16m equipment without any perfnce degradation. Additionally, 802.16m shall
provide the ability to disable legacy support.
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Functionality

Configuration/Parameters

Air Interface S-OFDMA
Modulation QPSK, 16QAM, 64QAM
System Channel Bandwidth (MHz) 1.25 5 7 8.75 10 20
Sampling Frequencyf{ in MHz) 1.4 5.6 8 10 11.2 22.4
FFT size 128 512 1024 | 1024 | 1024 2048
Number of Subchannels 2 8 16 16 16 32
Subcarrier Spacing\f ) (KHz) | 10.94 | 10.94 | 7.81 | 9.77 | 10.94 10.94
Useful Symbol Time [, = 1/Af) (us) | 91.4 | 91.4 | 128 | 102.4| 91.4 91.4
Guard Time Ty = T;/8) (us) | 11.4 | 114 | 16 | 12.8 | 11.4 11.4
OFDMA Symbol Duration s = T, + Tg) (#s) | 102.9 | 102.9 | 144 | 115.2 | 102.9 102.9
Number of OFDMA Symbols per Fram¢ 48 48 34 43 48 48
Guard Time ([, = T,,/8) (us) | 11.4 | 11.4 16 | 128 | 11.4 11.4
Frame Duration (ms) 5
Duplexing FDD, TDD
Frame Structure DL - FUSC/PUSC; UL - PUSC
cc 1/2, 213, 3/4
BTC 1/2, 3/4

Channel Coding Rates CTC

DL | QPSK (1/2, 3/4), 16QAM (1/2, 3/4),
64QAM (1/2, 2/3, 3/4, 5/6)

uL QPSK (1/2, 3/4), 16QAM (1/2, 3/4)

LDPC

1/2, 213, 3/4, 5/6

MIMO Schemes

AAS with STBC/SM/beamforming

HARQ

IR for CC/ICTC

Chase combining for all channel coding schemes

Channel Quality Measurements

Mean and standard deviation of RSSI, SINR

DL Raw 2.88
Spectral Efficiency (bps/Hz Useful 1.15
UL Raw 2.16
Useful 0.86
Spectral Efficiency per Cell (bps/Hz/cell DL-1.2;UL-0.33
Peak Data Rated (x 10 MHz 2:1) (Mbps) DL-40;UL-8
Average Cell Throughput (Mbps DL-8;UL-1

\VolIP Performance| 16 concurrent users/cell/MHz (vehicular speeds up to 12hkm

Maximum Cell Range

~3.3 Km/~20 Kn?

Cell Edge Performancse

Steep drop-off towards cell edge - improved with MIMO

Latency

RTT < 50 ms

Table 2.11: Major PHY features of IEEE 802.16e-2005.
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e Services:802.16m should support legacy services more efficiently tha WirelessMAN-OFDMA Reference
System [407] as well as facilitate the introduction of newéeging types of services. Flexible services having
different QoS levels should be supported, as required birgexeration mobile networks.

e Operating frequencies and bandwidtt&02.16m systems shall operate at RF frequencies less thatz @&l
be deployable in licensed spectrum allocated to the mobitefixed broadband services. It shall be able to
operate in frequency bands identified for IMT-Advanced. A2.86m-compliant system shall be capable of
coexisting with other IMT-Advanced or IMT-2000 technolegi Scalable bandwidths ranging from 5 to 20
MHz shall be supported.

e Support of advanced antenna techniqu@82.16m shall support MIMO, beamforming operation or oty
vanced antenna techniques for single-user and multi-wsarasios. The minimum number of transmit and
receive antennas for the BS and the MSArse2 and1 x 2, respectively.

e Minimum peak data rateThe baseline DL and UL peak data rates are 8 and 2.8 bps/H®atdgely. When
more antennas are used, the rate requirements become 1%dmshiz for the DL and UL, respectively.

e Co-existence and co-deployment with other Radio Accessdtgies (RATs)802.16m shall support inter-
working functionality, providing efficient handover andoaling co-deployment with other RATS, including
IEEE 802.11 [371], 3GPP GSM/EDGE, UTRA/E-UTRA, and 3GPP2\MZ{2000.

e Mobility and coverage802.16m shall support vehicular speeds of up to 350 km/h amdde a cell coverage
of up to even 100 km. For lower mobility and for areas closeéh&ocell centre, the system’s performance should
be optimised and degrade gracefully as a function of thecuddi speed and/or the distance from the cell centre.

e MBS, Location Based Service (LBS), relaying and self-asgdion support:802.16m shall support Enhanced
Multicast and Broadcast Services (E-MBS) for IMT-AdvancgadItimedia multicast broadcast services in a
spectrally efficient manner, provide mechanisms to enahiki+mop relays including those that may involve
advanced multiple antenna techniques, and support sgdirtming mechanisms including self-configuration
and self-optimisation.

For more details on the various aspects of the 802.16m systgairements, we refer to Tables 2.12, 2.13, 2.14
and 2.15.

2.3.2.2.2 System Description

In January 2008, TGm started to develop the 802.16m Systesaripdon Document (SDD) [409], which aims to
provide a detailed specification of the 802.16m system tlesgtathe requirements set by 802.16m SRD [406]. Since
the commencement of the SDD development, significant sffate been made by the entire project group. A number
of Rapporteur Groups (RG) are formed to focus on dedicat@dgpfor example the frame structure RG, the multiple
access RG, etc. Although technical discussions are stilbimg, some high level descriptions of the 802.16m system
are already in place.

The Network Reference Model (NRM) of the 802.16m systemaswhin Figure 2.6. The NRM is a logical repre-
sentation of the overall network architecture. It idengifienctional entities and reference points used for enguiniat
inter-operability is achieved between functional engitisuch as the MS, Access Service Network (ASN) and Con-
nectivity Service Network (CSN) [409]. The ASN is defined dsilhset of network functions, including 802.16e/m
Layer-1 (L1) and Layer-2 (L2) connectivity between an 8@211BS and an 802.16e/m MS, transfer of Authentication,
Authorization, and Accounting (AAA) messages to an 802/6subscriber’s Home Network Service Provider (H-
NSP), network discovery and selection of the subscribeggegpred NSP, relay functionality for establishing Layer-
(L3) connectivity with an 802.16e/m MS, RRM, ASN/CSN anatwmobility, paging, and so on [409].

In Figure 2.7, an illustration of the 802.16m MS'’s state &iian process is provided [409]. When an MS is
switched on, it will enter the initialization state, whetetcell selection process is performed by scanning and then
synchronizing to a BS’s preamble, followed by acquiringskistem configuration information through the Broadcast
Channel (BCH). If this is successful, the MS invokes the meknentry procedure, requesting for the entry to the
selected BS, which results in a number of access state proeedViore specifically, the ranging process is activated
first to attain UL synchronization, followed by a ‘capalyitihegotiation’ step with the BS. Then the authentication
and authorization process will be invoked and then the M$ vélregistered by the BS through the allocation of
an 802.16m specific ID. Upon successfully performing thesasestate operations of Figure 2.7, the MS will enter
the connected state, which consists of three modes, nahebldéep mode, the active mode and the scanning mode.
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Requirement Description
Backward compati-| The legacy 802.16e equipment shall be able to co-exist vithI®m equipment with
bility out performance degradation. 802.16m shall provide thigyatn disable legacy sup
port.
Complexity 802.16m should minimize complexity of the architecture gmdtocols and avoid
excessive system complexity. Only the enhancements inetlwsas where the
WirelessMAN-OFDMA Reference System [407] fails to meet tbguirements should
be provided.
Services 802.16m should support legacy services more efficiently tttee WirelessMAN-
OFDMA Reference System [407] and facilitate new/emergiewyises. Flexible ser-
vices with different QoS levels should be supported.
Operating frequen{ 802.16m systems shall operate in RF frequencies less thaiz6rGicensed spectrum|
cies It shall be able to operate in frequencies identified for IMdvanced. An 802.16n]
compliant system shall be capable of coexisting with otheF-Advanced or IMT-2000
technologies.
Operating  band- Scalable bandwidths from 5 to 20 MHz shall be supported.
widths
Duplex schemes Both TDD and FDD shall be supported, where the FDD mode shafpart both full-
duplex and half-duplex (H-FDD) MS operation.
Support  of ad-| 802.16m shall support MIMO, beamforming or other advanagérana techniques for
vanced antenna single-user and multi-user scenarios. The minimum numbéraosmit and receive
techniques antennas for BS and MS akex 2 and1 x 2, respectively.
Table 2.12: The major general requirements for IEEE 802.16m.
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Figure 2.6: The NRM of IEEE 802.16m [409].
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Requirement Description
Peak data rate Baseline DL (2 x 2): 8.0
(bps/Hz) UL (1 x2): 2.8
Target DL (4 x 4): 15.0
UL (2 x 4): 5.6
Latency (ms) Data latency 10
State transition latency 100
Handover interruption timg 30 (intra-frequency mode)
100 (inter-frequency mode)

=

QoS 802.16m shall support a range of QoS classes and new apmtisalVhen possible, the QoS
level should be maintained during handover with other RATSs.

RRM Advanced, efficient RRM shall be supported by 802.16m uspr@priate measurement ¢
reporting, interference management and flexible resodleeasion mechanisms.

Handover Handover between 802.16m, legacy systems, and/or othes BAT IEEE 802.21 Media Inde
pendent Handover (MIH) Services [408] shall be supported.

Broadcast E-MBS using a dedicated carrier shall be supported. Switchetween broadcast and unicast
services shall be supported.

Overhead 802.16m should reduce both user overhead and system odewlen compared to legacy

systems without compromising the overall system perfoaan

Power efficiency

802.16m shall provide support for enhanced power savingtimmality for all services and

applications.
Coexistence  with| 802.16m shall support efficient handover to other RATs udiclg IEEE 802.11 [371], 3GPP
other RATs GSM/EDGE, UTRA/E-UTRA, and 3GPP2 CDMA2000.
Table 2.13: The major functional requirements for IEEE 802.16m.

Requirement Description
User/Sector These should be two times as the WirelessMAN-OFDMA RefexeSystem [407].
throughputs
Mobility 0-10 km/h Optimised system performance

10-120 km/h | Graceful performance degradation as a function of vehicgaed

120-350 km/h| Connection should be maintained
Cell coverage | 0-5km Optimized system performance

5-30 km Graceful degradation in system/edge spectral efficiency

30-100 km System should be functional (thermal noise limited scenari
MBS/LBS sup-| Minimum performance requirements for E-MBS (spectral &fficy over 95% coverage areas) gre
port 4 bps/Hz and 2 bps/Hz for an inter-site distance of 0.5 km aBdr, respectively. Specific LB$

requirements should also be met.

Table 2.14:

The major performance requirements for IEEE 802.16m.
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Requirement Description

Relaying 802.16m should provide mechanisms to enable multi-hopysehldth and without advanced

antenna techniques.

Synchronisation 802.16m shall support synchronisation of frame timing amagne counters across the entire

deployed system, including all BSs and MSs regardless ofecdrequencies and operators.

Co-deployment 802.16m systems shall be able to be co-deployed in the adjéoensed frequency bands su¢ch
with  other net-| as CDMA2000 and 3GPP (GSM, UMTS, HSDPA/HSUPA, LTE), and itogmsed bands such
works as 802.11 and 802.15.1 networks, or in the same frequenaydraan adjacent carrier such as

TD-SCDMA.

Self-organization | 802.16m should support self-configuration, enabling reaj4and-play installation of network

574
[

support nodes and cells, and support self-optimization, allowintpamated or autonomous optimiz

tion of network performance with respect to service avdilghQoS, network efficiency and

throughput.

Table 2.15: The major operational requirements for IEEE 802.16m.

Furthermore, in order to reduce the power consumption, tBemay enter the idle state, which is constituted by two
separate modes, namely the ‘paging available’ mode angb#tggrig unavailable’ mode. During the idle state, the MS
may switch to the access state, if required [409].

Power Down

A A

* * Normal Network Re - Entry

Power On/Off i}

Fast Network Re - Entry

Initialization —
State — - Connected

State
lﬁ- lq ﬁ-

Access State Idle State

—." : Normal Case

Figure 2.7: The IEEE 802.16m MS state transition diagram [409].

IEEE 802.16m supports both TDD and FDD modes, including HDRDS operation, in accordance with the
802.16m SRD [406]. OFDMA is adopted as the multiple accedsriigue in both the DL and UL. Figure 2.8 shows
the basic frame structure of 802.16m, where the terminotdguperframe and subframe is introduced [409]. Each
superframe is of 20 ms and is constituted by four equal-fengdlio frames of 5 ms each. Each 5 ms radio frame
consists of eight subframes SEO,, SF7, as seen in Figure 2.8. Two types of subframes are sgppoiepending
on the length of the cyclic prefix. The so-called type-1 amikt? subframes are formed by six and seven OFDMA
symbols, respectively. The basic frame structure of Fi@uBds applied to both TDD and FDD modes, including the
H-FDD MS operation. The number of DL/UL switching points iach TDD radio frame is either two or four. The
transmission gaps between DL and UL (and vice versa) arereghio allow the settling of transients following the
switching of the transmitter and receiver circuitry [409].

In order to ensure backward compatibility with legacy 8@2gjuipment, the concept of time zone is introduced in
802.16m, which is applied to both the TDD and FDD modes. Tine zone is defined in terms of a non-zero integer
number of consecutive subframes [409]. An example of TDRtaones is portrayed in Figure 2.9. More specifically,



54 Chapter2. OFDM Standards
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Figure 2.8: The IEEE 802.16m frame structure [409].

two zones are multiplexed in the time domain for the DL, one8©02.16m and the other for legacy systems. For
UL transmissions, these will be multiplexed in both the tiamel frequency domains. Note that the legacy MS can
only be scheduled in the legacy zones, whilst the 802.16m Mfthe scheduled in both zones. If there is no legacy
system in the network, the legacy zones will be replaced be#panded 802.16m zone for maximising the system’s

efficiency [409].

Legacy UL Zone New UL Zone Switching Point

Legacy DL Zone New DL Zone

mmmmmmmmmmmma A= A = == -

..................................

#0 #1 #2 #3 #4 #5 #6 #7 #0 #1 #2 #3 #4
DL DL DL DL DL UL UL UL DL DL DL DL DL

SF SF SF SF SF SF SF SF SF SF SF SF SF SF SF SF
#6 #7
uL UL

A
v

5 ms Radio Frame

Figure 2.9: The time zones in the IEEE 802.16m TDD mode [409].

Other system specifications, such as MIMO transmissiormsebgphysical structure, control structure, the support
of multi-hop relaying, etc. are still under intensive dissions within TGm. Further details are expected to be évaila

during the first half of 2009.
2.3.3 The Future of WIMAX

In October 2007, ITU formally accepted IEEE 802.16e-200&ebaViobile WIMAX as the sixth standardised terres-
trial radio interface. This specific implementation, knoas“IMT-2000 OFDMA TDD WMAN?”, is the version of
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IEEE 802.16 standard supported in a profile developed fdification purposes by the WIMAX Forum [410]. This
will encourage its acceptance by regulatory authorities guerators for allocating cellular spectrum and for future
WIMAX deployment.

New products and impressive technical deployments have stéaulating the penetration of WIMAX across the
globe. lIts rapid speed is driven by new equipment arrivimgnfleading manufacturers and suppliers, as well as by
an increasing number of WIMAX trials and deployments supgubby telecom service providers. This list includes
Alcatel-Lucent, Alvarion, AT&T, BT, Clearwire, Fujitsuntel, Korea Telecom, Motorola, Nokia, Nortel, Redline
Communications, Samsung, Sequans, SR Telecom, Verizonwéto are actively paving the way for the WiMAX
evolution. It is forecast that by 2010 the worldwide WiIMAX rkat will be reaching $3.5 billion and account for 4
percent of all broadband usage [405].

At the end of 2007, there have been a total of 181 WIMAX opesagiobally. The WIMAX forum expects this
number to rise to 538 by 2012. Among the total of 234 counirigbe world, the number of those using WiMAX
is anticipated to rise from 94 at the end of 2007 to 201 in 2CQUIA]. It is also forecast that by 2012 there will be
about 134 million WiMAX users world wide, with the main grdwtoming from the Asia Pacific and North America
regions, as shown in Figure 2.10 [411].
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Figure 2.10: Forecast of WIMAX users by region 2007-2012 [411].

In June 2008, the WiIMAX Forum announced the first WiMAX Foruertfied Mobile WiIMAX products, includ-
ing four base stations and six mobile terminals, providedigit WIMAX Forum member companies, namely Airspan
Networks, Alvarion, Beceem, Intel, Motorola, Samsung, &ats, and ZyXEL [412]. The products are designed for
the 2.5 GHz profile. The WIMAX Forum also revealed its roadrf@8.5 and 2.3 GHz equipment certification, with
plans for equipment in the 3.5 GHz band to achieve certificdby the end of 2008 [412].

The latest official schedule for the IEEE 802.16m standatitis project was released in July 2008. According to
the schedule, TGm will commence working on the detailedifipation in November 2008 and will start the sponsor
ballot in September 2009, with a target of completing thaddad in March 2010. It aims to be in line with ITU’s
time line of call for IMT-Advanced proposals - a critical tinfior the further success of WiMAX in the future.

2.4 Chapter Summary

In this chapter, we have reviewed a range of major internatistandards that adopt OFDM. We first briefly considered
the history, milestones and main contributions in the OFD#&tature in Section 1.1. Then in Section 2.1 we reviewed
the Wi-Fi standard family, followed by Section 2.2 where 8@PP LTE cellular standard was highlighted. A more
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detailed introduction of WiIMAX was presented in Section.2More specifically, we briefly reviewed the history of
WIMAX in Section 2.3.1, spanning from the early IEEE 802.f@slards in Section 2.3.1.2 to their recent amendments
in Sections 2.3.1.2.1, 2.3.1.2.2, and 2.3.1.2.3. Early A\olutions were based on the WirelessMAN OFDM PHY
of 802.16-2004, which is also known as “fixed WIMAX". By coa#t, as the successor of 802.16-2004, the 802.16e
standard incorporates mobility support and thus it is refitto as “mobile WIMAX”. In Section 2.3.1.3, the historic
background of the WIMAX Forum was summarized, where its mis@nd achievements were briefly reviewed.
Furthermore, we provided a brief introduction of the Kor&siMAX standard WiBro in Section 2.3.1.4. Being the
world’s largest commercial mobile WIiMAX deployment, the Bv¥d network is accelerating its evolution towards the
4G era.

In Section 2.3.2, we focused our attention on the techngmgets of WiMAX. More specifically, the major PHY
specifications of WiMAX-I, which were based on 802.16-208d 802.16e, was provided in Section 2.3.2.1. These
included the OFDMA system configuration, frame structunbcsirrier mapping, channel coding, MIMO support, etc.
Moreover, in Section 2.3.2.2 the technical requirements rstem description of the 802.16m draft standard was
presented. It is expected that the 802.16m standard wilhiadiged in March 2010, although it is still in its infancy at
the time of writing. Finally, a brief discussion of the pregs and future of WiMAX was offered in Section 2.3.3.
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Channel Coding Assisted STBC-OFDM
Systems

3.1 Introduction

Increasing market expectations for third-generation meatasidio systems show a great demand for a wider range of
services spanning from voice to high-rate data servicesimed|for supporting mobile multimedia communications.
This leads to higher technical specifications for existing &uture communication systems, which have to support
data rates as high as 144Kb/s in vehicular, 384Kb/s in outtizandoor and 2Mb/s in indoor and picocelluar environ-
ments [413].

The employment of multiple antennas constitutes an effeetay of achieving an increased capacity. The classic
approach is to use multiple receiver antennas and explaiirilan Ratio Combining (MRC) of the received signals
for the sake of improving the system’s performance [414]4However, the performance improvement of MRC is
achieved at the cost of increasing the complexity of the MéoBiations (MSs). Alternatively, MRC may be employed
at the Base Stations (BSs), which support numerous MSs. eWig scheme provides diversity gain for the BSs’
receivers, the MSs cannot benefit from it.

Employing multiple transmitters, rather than receiveeants at the BSs constitutes a further design option in this
context. Since transmitter diversity techniques are pseddor employment at the BSs, it is possible to enhance the
system’s integrity by upgrading the BSs. Alamouti [403tdatuced an attractive scheme, which uses two transmitters
in conjunction with an arbitrary number of receivers for commications in non-dispersive Rayleigh fading channels.
Tarokhet al.[416,417] generalized Alamouti’'s scheme to an arbitranpbar of transmitters. These schemes intro-
duced Space-Time Block Codes (STBCs), which show remaglaidoding and decoding simplicity, while achieving
a good performance.

3.2 Space-Time Block Codes

In this section we will present the basic principles of sptice block codes. Before providing more details, let us
first consider a simple space-time block coded system cormatimg over uncorrelated Rayleigh fading channels, as
shown in Figure 3.1.

3.2.1 Alamouti’'s G, Space-Time Block Code

The system contains two transmitter antennas and one ez@itenna. The philosophy of Alamout’s space-time
block code is as follows.

In a conceptually simple approach we could argue that theagable throughput of the system may be doubled
with the aid of the two transmitter antennas, if their sigg@lld be separated by the receiver. This task may be viewed
as analogous to multiuser detection, where the two signalddrarrive at the BS'’s receiver from two geographically
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Figure 3.1: Schematic of Alamouti'ss, space-time block code.

separated users. From a simple conceptual perspectiveethédbs Layered Space-Time (BLAST) transmission
scheme [106] adopts a similar principle for increasing ttt@evable throughput of multiple transmitter antenna base
systems.

By contrast, Alamouti’s approach is different, since tha & to achieve a diversity gain rather than to increase the
achievable throughput. This is achieved by extending tmatehn of time allocated to the transmission of a symbol by
a factor of two and transmitting two independently faded ‘apgropriately transformed’ replicas of the symbol using
each of the two antennas. The independence of the two clsamagl be ascertained by positioning the transmitter
antennad'x 1 andTx 2 sufficiently far apart, for example at a distanceldft, whereA is the wavelength. Thus,
during the first time slot, the information symbals andx, are transmitted by transmitter anterifia 1 andTx 2,
respectively, and again each of the two symbols is transdhitirough an independently faded channel. For the sake
of avoiding the channel-induced inter-symbol interfeeshetween the two time slots, both channels’ path gains are
assumed to be constituted by a single propagation path giwen

hy = |hy| e (3.2)

hy = |hp| €, (3-2)

where |h], |hy| are the fading magnitudes ang, a, are the corresponding phase rotations. The complex fading
envelopes are assumed to remain constant during the tweaans time slots [359], which is expressed as:

hq :hl(i’: 1) :h1(t:2) (3.3)

h2:h2(t:1):h2(t:2). (3.4)
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Therefore we receive the composite sigmatonstituted by the superposition of the two transmittedtsgisithrough
both channels:
y1 = hixy +hoxy + 1y, (3.5)

wheren; is a complex noise sample. As mentioned above, during thensieiime slot, a transformed version of the
signalsx; andx; is transmitted. Since the consecutive time slots are nedfattependently, no diversity gain would

be achieved, if we mapped these ‘transformed’ replicag @ndx, to the same transmitter antenna as during the first
time slot. Hence we now swap the assignment of the time sldtansmitter antennas, since this way their independent
fading may be ascertained. More explicitly, during the sectime slot, the negative version of the conjugateof

and the conjugate of; are sent by transmitter anteniia 1 and Tx 2, respectively. However, as mentioned above,
the envelopes of each of the channels associated with th&awsmitters are assumed to be the same as during the
first time slot, hence we get the second transmitter’s signak:

Yo = —h1 % + hoX1 + 1o, (3.6)

wheren, is a complex noise sample. If the channels’ characteriatieknown to the receiver, i.e. we have a perfect
channel estimator, the information symbejsandx, can be readily separated in the combiner of Figure 3.1, iyigid

X = Elyl + hotip
= hyhyxy + hihoxy 4 hing — hohyxy + hohoxy + hofin
= (\hl\z + |h2|2) X1+ hiny + hafty (3.7)

T = hyi —np
= E2h1X1 + Ezthz + Ez?’ll + hlljlle - h1E2x1 — hyfip

(\h1\2+ |h2|2) Xy + hany — hifty, (3.8)

wherex andx, are the extracted noisy signals. Thgrand, will be forwarded to the maximum likelihood detector
of Figure 3.1, which determines the most likely transmitsgdhbols, namelyt; and £, by simply outputting the
specific legitimate transmitted symbol, which has the ldvieslidean distance from the received channel-impaired
symbol [359].

The equations above, which are based on the one-receivamscitan be generalized to multiple-receiver aided
schemes, where the received sigyéaarriving at receivey during time slott is [359]:

j

yi =Y hixi+n, (3.9)

M-

i=1

wherep is the number of transmitters; ; is the complex-valued path gain between the transmited receivey, xi

is the space-time coded symbol transmitted by transmiittaring time slot, andn{ is the noise sample at receiver
in time slott. Accordingly, the extracted noisy signals become [359]:

q . .
#1= 3 [(1 2+ ) 30+ ], = o )| (3.10)
j=1

M&

%2 = Y [(I + |o?) 22+ o nf = o). (3.11)

]

Il
—_

3.2.2 Encoding Algorithm

In last section, we have provided an example of a simple spaeeblock coded communication system. Let us now
discuss space-time block codes in more depth.

3.2.2.1 Transmission Matrix

A generic space-time block code is defined bymax p)-dimensional transmission matri%, where the entries
of the matrixG are linear combinations of theinput symbolsxy, x,, - - - , x; and their conjugates. Each symbol



62 Chapter3. Channel Coding Assisted STBC-OFDM Systems

x; (i =1,---,k) conveysh original information bits according to the relevant sigonahstellation that hasf = 2°
constellation points, and hence can be regarded as inflamratmbols. Thus(k x b) input bits are conveyed by each
(n x p) block. The general form of the transmission matrix of spiiwe block codes is given by Equation (3.12):

811 812 0 Sip
G — g21 822 e gZp i (312)
&l 8n2 1 8np

where the entriegij (i=1,---,m;,j=1,---,p) represent the linear combinations of the information sylsbo
x; (i=1,---,k) and their conjugates. In the transmission maf¥xvhich can be viewed as a space-time encoding
block, the number of rows (namely) is equal to the number of time slots, while the number of ooia (namely

p) is equal to the number of transmitter antennas. For exanupieng time sloti = 1, the encoded symbols
£11,812,° "+, §1p are transmitted simultaneously from transmitter antefihas, Tx 2, - - - , Tx p, respectively.

References [403,416] have defined a range of space-timk tboies. Different designs of the transmission matrix
seen in Equation (3.12) will result in different encodingaithms and code rates. Generally, the code rate is defined
as:

R =k/n, (3.13)

wherek is the number of possible input information symbols, arid the number of time slots.

3.2.2.2 Encoding Algorithm of the Space-Time Block Codé:,

From Section 3.2.1 and Equation (3.12) we can readily déhigé&, transmission matrix in the form of:

G, — | 811 812 ] 314
2 [ 821 8§22 ( )
or more specifically, as:
_| X1 x
- 2. @15

From Equation (3.15), it can be readily seen that thererate2 rows in theG, matrix associated with two time slots
andp = 2 columns corresponding to two transmitter antennas, as wedleeady seen in the example of Figure 3.1.
Since there ark = 2 input symbols, namely; andx;, the code rate o5, isR = k/n = 1.

3.2.2.3 Other Space-Time Block Codes

The G, space-time block code was first proposed by Alamouti [403]988. This code has attracted much attention
because of its appealing simplicity compared to the famfiilgmace-Time Trellis Codes (STTCs) proposed in [418—
421], although this simplicity was achieved at the cost okdqgrmance loss. Later, Taroldt al. [416] extended
Alamouti’'s scheme to multiple transmitters, which led tbertspace-time block codes, such as the three-transmitter
codeGs; and four-transmitter codg,. The transmission matrix a5 [416] is defined as:

[ x X2 X3 |
—X2 X1 —X4
—X3 X4 X1

Ga=| ™ B 2| (3.16)
X1 X2 X3
—X2 X —X4
—X3 X4 X1

L —X4 —X3 X2

and the transmission matrix @iy [416] is defined as:

X1 X2 X3 X4

—X2 X1 —X4 X3
—X3 X4 X1 —X2
Gy=| ¢ 5 =2 7 (3.17)
X1 X2 X3 Xq
—X2 X1 —Xg4 X3
—X3 X4 X1 —X2

—Xy —X3 X X1
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From Equations (3.16) and (3.17), we may notice that the catés ofG; andG4 are reduced to a half, which degrades

the bandwidth efficiency. However, the space-time blockesdts and H, of [416] mitigate this problem, since their
code rate i$/4. The transmission matrices 6f; and Hy [416] are defined as follows:

X_3
X1 X2 }{32
—X> X1 %
Hy=| 5 5 (cx-fitn-%) (3.18)
V2 V2 2
X3 X3 (xA¥otr—¥)
V2 V2 2
X3 X3
R V2 V2
Hi=| 2 5 (uning (n-oin-n |- (3.19)
V2 V2 2 2
X3 X (otBhin—X) (—x1 =% —x2+%2)
V2 V2 2 2

In conclusion, the parameters of the space-time block codggioned above are summarized in Table 3.1.

Space-time| Coderate| Number of Number of Number of
block code (R) transmittersf) | input symbolsk) | time slots ()
Gy 1 2 2 2
Gs 1/2 3 4 8
Gy 1/2 4 4 8
H; 3/4 3 3 4
H, 3/4 4 3 4

Table 3.1: Parameters of the space-time block codes.

3.2.3 Decoding Algorithm

In this section, two algorithms are briefly discussed, whickwidely used for decoding space-time block codes. The
maximum likelihood (ML) decoding algorithm generates hdeatision outputs, while the Maximum-A-Posteriori

(MAP) decoding algorithm is capable of providing soft outwvhich readily lend themselves to channel coding for
the sake of achieving further performance improvements.

3.2.3.1 Maximum Likelihood Decoding

Maximum Likelihood (ML) decoding of space-time block cod=s be achieved using simple linear processing at

the receiver, thus maintaining a low decoding complexity.mentioned in Section 3.2.1, when the space-time coded

symbols are transmitted over different channels and aatitbe receiver during time slot(t = 1,-- -, n), we will

have the received signg{ expressed in Equation (3.9). With the proviso of having dgeérchannel estimator, the

receiver computes the decision metric

n q . p 2

Y3 |vh— Yok (3.20)
i=1

t=1j=1
over allindices =1,--- ,n; j=1,---,p and decides in favor of the specific entry that minimizes tira.s

Alamouti [403] first proposed a simple maximum likelihooatdding algorithm for th&, space-time block code.
Tarokhet al.[417] extended it for the space-time block codes summaiiizda@ble 3.1. The algorithm exploits the
orthogonal structure of the space-time block codes for glgling the signals transmitted from different antennas
rather than requiring their joint detection. According #l7], low complexity signal processing may be invoked

for separating the channel-impaired transmitted sig/d]ahto k decision metrics, each of which corresponding to



64 Chapter3. Channel Coding Assisted STBC-OFDM Systems

the channel-impaired version of a specific information sghdf the setx;, i = 1,---, k. For example, for th&,
space-time block code, we will minimize the decision metric

q . . 2 q 2 ) )
Y- (v + 7ala) | —x +<22\hw’\ —1> 1| (3.21)

=1 | j=1i=1

Rl

for decodingy; and the decision metric

i (y]iﬁz,j - yéhl,j) —x
Lj=1 J

N

2 q 2 s
+ (22 || —1) x| (3.22)

j=1i=1

for decodingx,. The relevant decision metrics for decoding other STBC sada be found in [417].

3.2.3.2 Maximum-A-Posteriori Decoding

As seen in Equations (3.21) and (3.22), hard decisions wbale: to be made in order to generate the decoded
outputs, which are the most likely transmitted informatgymbols. In other words, the usual ML detection is a
hard-decoding method. However, in most practical systarisws channel codes, such as Low Density Parity Check
(LDPC) codes [422] or turbo codes [359,423,424], may hawetoombined with STBC codes for the sake of further
improving the system’s performance. In this case, the sfamdecoder must provide soft outputs, which can be
efficiently utilized by the channel decoder.

Bauch [425] presented a simple symbol-by-symbol MaximuiR&Ssteriori (MAP) algorithm for decoding space-
time block codes. According to [425], the aposteriori plabigy of each information symbok; (i = 1,--- k)
is:

InP (x;i|y1,y2,- -+ ,yq) = const+1nP (y1,y2,- - ,yq|x;) +InP(x;), (3.23)

wherey; = [y{, y’ﬁf o yL 1 (j =1,---,q) represents the received signal vector at recgjiwrring the period
spanning from time slot 1 to time slat For example, for the space-time block cd@le(k = 2,n = 2) the aposteriori
probabilities are:

InP (xl ‘YLYZ,' - /Yq) = const +

1 9 . F
~552 {‘ |J§ (y]1h1,j +y]2h2,j)] — X

2 q 2 5 )
4 (zw —1) mP e (o)

j=li=1
(3.24)
InP (x5 |y1,y2,- -+ ,yq) = const +
1 AT 2 g 2 ) )
52 ‘ lz (y1h2,j _]/zhl,j)‘| —X2| + (Z Z |hij|” — 1) |x2|” p +1InP(x2).
j=1 j=1i=1
(3.25)

We notice that Equations (3.24) and (3.25) are quite sinvl&quations (3.21) and (3.22), respectively. In fact, it ca
be shown that Bauch’s MAP algorithms can be extended foralegather space-time block codes, such asGhe
G4, H3 andH, and the corresponding algorithms also resemble the ML #hgos [359] discussed in Section 3.2.3.1.
Given the aposteriori probabilities of the symbols, we carivé the corresponding aposteriori probabilities of the
bits (i.e. the corresponding soft outputs) using the syrtbdiit probability conversion of:

P(di:()) = ZP(XJ"YLYQ,'“,Yq), ij:(d1~~~di---db), di:(), (326)
]

P(dlzl) = 2P(Xj|yl,YZ,“~,yq), ‘v’x]:(dldldb), dizl, (327)
i

whereP(d; = 0) or P(d; = 1) represents the probability of tfi& bit, namelyd;, of theb-bit symbol being zero and
one, respectively. Let us consider the QPSK modulationreehfer example. The phasor constellation of QPSK is
shown in Figure 3.2:
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Figure 3.2: Gray-coded QPSK constellation.

As seen in Figure 3.2, each constellation point consistsvofldits, hence the constellation points can be repre-
sented as:

xj=(dadn), j=A{1,---,4}, (3.28)

whered; = {0,1}. With the aid of Equations (3.26) and (3.27), we generatafiwsteriori probabilities of each bit,
taking into account that; assumes a value of zero onlyxn andxs, while d, in x; andx,, etc. yielding:
d1:0 P(xl y1ry2/"'/}’q +P(x3 y1/Y2//Yq)

P( ) = )
{ P (dy :1):P(x2 Y1, y2,- '/Yq) +P(x4 Yuy2, . Yq ) (3.29)
{ P(dZZO):P(xl y11y2//yq) +P(x2 y1/Y2//Yq
P(dy=1)=P(x3|y1,y2,- - ,¥q) + P (xa|y1,y2, - ,¥q

Then the relevant soft outputs can be forwarded to the chaeeeders, which will make a hard decision to finally
decode the received signals.

In practical applications, however, the Max-Log-MAP [4287] or Log-MAP [428] algorithms are usually pre-
ferred [359], since either can lower the computational clexify to some degree. The Max-Log-MAP algorithm was
proposed by both Koch and Baier [426] and Erfargéaal.[427] for reducing the complexity of the MAP algorithm.
This technique transfers the computation into the logarittdomain and invokes an approximation for dramatically
reducing the complexity imposed. As a consequence of ugingpproximation, its performance is sub-optimal.
However, Robertsoat al.[428] later proposed the Log-MAP algorithm, which partfatbrrected the approximation
invoked in the Max-Log-MAP algorithm. Hence the performamf the Log-MAP algorithm is similar to that of
the MAP algorithm, which is achieved at a significantly loveemplexity. More details of the Max-Log-MAP and
Log-MAP algorithms may be found in [359]. In our STBC soft dder, the Log-MAP algorithm is employed. In the
rest of this section we will characterize the achievabléquarance of a range of space-time block coding schemes.

3.2.4 System Overview

Encoder

Source — Mapper | STBC
s

0
-y
D
S
=
@

Sink Demapper |t- STBC }

Decoder

Figure 3.3: Schematic diagram of a simple system employing space-tiowk lsodes.

Figure 3.3 shows the structure of the simulation system.u8sdeen in the figure, the mapper maps the source
information bits to relevant phasor constellation poimspoyed by the specific modulation scheme used. Then



66 Chapter3. Channel Coding Assisted STBC-OFDM Systems

the symbols are forwarded to the space-time encoder. Thaededcsymbols are then transmitted through different
antennas and arrive the receiver(s), where the receivedlsigvill be decoded by the space-time decoder. Finally,
the demapper converts the STBC-decoded symbols back tofiieniation bits and the Bit Error Ratio (BER) is
calculated. The parameters of all the space-time blocksetiglied are summarized in Table 3.1. There following
assumptions were used:

e Signals are transmitted over uncorrelated Rayleigh fadiramnels;

e The channels are quasi-static so that the path gains areaobasross: consecutive time slots, corresponding
to then rows of the space-time block codes’ transmission matrix;

e The average signal power received from each transmittenaatis the same;

e The receiver has a perfect knowledge of the channels’ faalimglitudes.

These assumptions simplify the simulations to a degreesfiie the system concerned is not a realistic one. However,
since the experimental circumstances are identical f@eafbrmance comparisons, the results characterize thtve|
performance of various space-time block codes.

3.2.5 Simulation Results

In the past sections, the basic principles of space-timeklitodes as well as the simulation conditions were presented
In this section, our simulation results will be provided ftbe sake of comparatively studying the performance of the
various STBCs of Table 3.1.

3.2.5.1 Performance over Uncorrelated Rayleigh Fading Chanels
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Figure 3.4: The BER versu€, /Ny performance of th&,, Gz, and G4 space-time block codes of Table 3.1 at an
effective throughput ot BPSusingone receiveroveruncorrelated Rayleigh fading channels.

Performance at the Throughput of 1 BPS Figure 3.4 compares the performance ofthe G3, andG,4 space-
time block codes in conjunction with one receiver at the tigtgout of 1 BPS over the uncorrelated Rayleigh fading
channel. Binary Phase-Shift Keying (BPSK) modulation igpkyed in conjunction with the space-time code,
while QPSK modulation is considered with the half-rate sptime codess; and G, so that the system throughput
remains 1 BPS. From Figure 3.4 we can see that at the BEAR Ofthe G3 and G, codes provide an approximately
5.5 and 7.5 dB gain over th&, code, respectively. If we add one more receiver in the camtieadl of these schemes,
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Figure 3.5: The BER versu€;, /Ny performance of th&,, Gz, and G4 space-time block codes of Table 3.1 at an
effective throughput ot BPSusingtwo receiversoveruncorrelated Rayleigh fading channels.

as seen in Figure 3.5, the relevdit/ Ny gain of theG; and G, schemes over th&, arrangement reduces to 2.5
and 3.5 dB, respectively. This may suggest that@aeode using two receivers has achieved most of the attainable
diversity gain [359], and hence even if we further increasertumber of transmitter antennas, the performance cannot
be significantly improved.

Performance at the Throughput of 2 BPS In Figure 3.6 the performances of the space-time block codieg)
one receiver and having a throughput of about 2 BPS over wlated Rayleigh fading channels are compared. In
order to meet the 2 BPS throughput criteria, QPSK modulasarsed for thes, code, while 16QAM modulation is
employed for theG; and G4 arrangements, as the latter ones are half rate codes. Hoi@vthe %-rate coded;
andHy, an exact throughput of 2 BPS cannot be achieved. Thus we&RSK and the throughput of tihé; and Hy
schemes became 2.25 BPS, which is close to 2 BPS.

From Figure 3.6 we can see that when the Signal-to-Nois@RaNR) is low, i.e.E, /Ny is below 12.5 dB, the
space-time block codé&, performs better than other codes, although the performdiffezence is not significant.
When E, /Ny increases to a value higher than 12.5 dB, howeverGheode outperforms other codes, having an
approximately 1 dB gain over the, code at the BER of0~°. Similarly, theG; code achieves an approximately 1
dB gain over theH; code at the BER 0f0~°. We may note that although th&; andG4 codes employ a higher-
order 16QAM modulation scheme, which is more vulnerabldemnel effects than the lower-order 8PSK modulation
scheme used by thd; and H, codes, the former performs slightly better than the latter.

In the scenario of using two receivers, however, @hecode stands out in comparison to all the candidates, as
Figure 3.7 indicates. This result suggests that the ati&rdiversity gain has already been achieved byGheode
using two receivers. Furthermore, the potential benefitsifigimore transmitters is eroded by the employment of
higher throughput, but more vulnerable modulation schembih are more prone to transmission errors.

Performance at the Throughput of 3 BPS The performances of the space-time block codes using oré/ezc
and having a throughput of 3 BPS over uncorrelated Rayleidimfj channels are compared in Figure 3.8. Again, sim-
ilarly to the scenario of having a throughput of 2 BPS, thecode performs best at a low SNR, namely below about 10
dB, although the performance difference betw&grand other codes is even smaller than itis in Figure 3.6. Aeisho
in Figure3.8, at the BER af0—°, the H3 and H, codes achieve a gain of about 3 dB over Gyand G, codes, re-
spectively. Since the space-time block codes themselvastdwave an error-correction capability which would allow
them to correct the extra errors induced by employing a moleevable, higher-order modulation scheme [359], this
results in a poorer performance. Furthermore, since tlaivelincrease of the constellation density when changing
from 16QAM to 64QAM is higher than that from 8PSK to 16 QAM, therformance degradation imposed by reverting
from 16QAM to 64QAM is more severe than that imposed by optotd 6QAM instead of 8PSK. Therefore it is not
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Figure 3.6: The BER versu£, / Ny performance of th&,, Gz, G4, H3, andH,4 space-time block codes of Table 3.1
at an effective throughput of aboRtBPSusingone receiveroveruncorrelated Rayleigh fading channels.
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Figure 3.8: The BER versu£, / Ny performance of th&,, Gz, G4, H3z, andH,4 space-time block codes of Table 3.1
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surprising that the best code to be used for high-SNR sitostibecomes thel, instead of theG, code, which was
the best code according to Figure 3.6 at high-SNR scenaiits theG, and H, codes are used in conjunction with
64QAM and 16QAM, respectively. Moreover, we note that Higecode gives approximately 0.4 dB gain over the
code, although the former has a lower diversity order.

If the number of receivers is doubled, as seen in Figure BeQpéerformance degradations of tigand G, codes
are much more dramatic. In this scenario, even the lowesrdlity space-time cod@, is capable of outperforming
the space-time cod8, having a higher-order diversity by about 1.7 dB at the BERG®.

3.2.5.2 Performance over Correlated Rayleigh Fading Charel

We have compared the performances of the space-time blatgsaaf Table 3.1 for transmission over uncorrelated
Rayleigh fading channels in Section 3.2.5.1. In this sactibe performance of the STBCs will be studied based on
the same assumptions noted on page 66, except that the tlaasmumed to be a correlated Rayleigh fading channel
associated with the normalized Doppler frequencg.25 x 107>,
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Figure 3.10: The BER versu€,/ Ny performance of th&,, G3, andG,4 space-time block codes of Table 3.1 at an
effective throughput ol BPSusingone receiverover correlated Rayleigh fading channels. The normalized Doppler
frequency i$3.25 x 10°.

Specifically, Figure 3.10 compares the performance ofiheG;, andG,4 space-time block codes in conjunction
with one receiver at the throughput of 1 BPS, when commuinigaiver a correlated Rayleigh fading channel. If
we compare Figure 3.10 with Figure 3.4, which shows the egleeodes’ performance over uncorrelated Rayleigh
fading channels, we will note that the performances reabidéhese cases are almost the same. This is because the
receiver is aided by a perfect channel estimator that pes/fdll knowledge of the path gains, and thus the effect
imposed on the transmitted signals by the different pathggaegardless whether they are correlated or uncorrelated
is efficiently counteracted. When the throughput incre&as@sBPS and even further to 3 BPS, it can also be shown
that the achievable performances of STBC codes communicatier a correlated Rayleigh channel are the same as
those of their corresponding counterparts transmittirey omcorrelated Rayleigh channels, respectively.

3.2.6 Conclusions

From the discussions and simulation results of Section§.3.2nd 3.2.5.2, several conclusions can be inferredlyfirs
the encoding and decoding of space-time block codes has @dawplexity. At the receiver end, the maximum
likelihood decoder requires low-complexity linear praosiag for decoding.
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Secondly, from Figures 3.4, 3.6 and 3.8 we note that when ffieetive throughput is increased, the phasor-
constellation has to be extended for accommodating theased number of bits. Hence the performances of the
half-rate code$s; andG, degrade in comparison to that of the unity-rate cade

Thirdly, at the even higher effective throughput of 3 BP®, iy andH, codes perform better than tlig andGy
codes, respectively, as shown in Figure 3.8. Moreover,rdaogto Figures 3.4, 3.5, 3.8 and 3.9, when the number of
receivers is increased, the performance gain ofiheG4, H3 and H, codes over thé&, code becomes more modest
because much of the attainable diversity gain has alreagly dehieved using thé, code employing two receivers.

Last but not least, it was also found that the performanctsapace-time codes communicating over uncorrelated
and correlated Rayleigh fading channels are similar, piexthat the effective throughput is the same.

The achievable coding gains of the space-time block codesumnmarized in Table 3.2. The coding gain is defined
as theE, / N difference, expressed in terms of decibels, at a BER)oP between the various space-time block coded
and uncoded single-transmitter systems having the sarmeghput. The best schemes at the effective throughput of
1, 2, and 3 BPS are printed in bold, respectively.

E,/No(dB) | Gain (dB)

BPS Code Code | Modem BER
Rate 102 [ 105103 [ 1073
Uncoded| 1 | BPSK | 24.22| 44.00| 0.00 | 0.00
1.00 G 1 | BPSK | 14.08] 24.22| 10.14 | 19.78
Gs 12 | opsk | 11.33] 18.71| 12.80] 25.29
Gy 12 | Qpsk | 10.10] 15.85| 14.12| 28.15
Uncoded| 1 | QPSK | 24.22| 44.00| 0.00 | 0.00
G 1 | oPsk | 14.12] 24.22| 10.10| 19.78
2.00 G 12 | 160AM | 1478 22.06 | 9.44 | 21.04
Gy 12 | 160AM | 13.61| 19.58 | 10.61 ] 24.42
225 | Hy 314 | 8PSK | 15.43| 23.00| 8.79 | 21.00
~200 | H, 34 | 8PSK | 14.31] 2048/ 9.91 | 2352
Uncoded| 1 | 8PSK | 26.30| 46.26 | 0.00 | 0.00
G 1 | 8psk | 16.80] 27.21| 9.50 | 19.05
3.00 Gs 12 | 640Am | 18.83| 26.00| 7.47 | 20.26
Gy 12 | 640AM | 17.69 | 23.92| 8.61 | 22.34
Hs 3/4 | 16QAM | 16.06 | 23.36 | 10.24 | 22.90
H, 3/4 | 16QAM | 14.87| 21.10| 11.43| 25.16

Table 3.2: Coding gains of the space-time block codes using one recsiven communicating over uncorrelated and
correlated Rayleigh fading channels. The performanceeb#st scheme for a specific effective throughput is printed
in bold.

3.3 Channel Coded Space-Time Block Codes

In Section 3.2, we have presented the basic concepts of #tegpne block codes and provided a range of character-
istic performance results. Furthermore, the MAP algorithwoked for decoding STBC codes has also been briefly
highlighted. This enables a space-time decoder to prowttestputs that can be exploited by concatenated channel
decoders for further improving the system’s performancethis section, we will concatenate the space-time block
codes with various Low Density Parity Check (LDPC) chanrades [422] and with a Turbo Convolutional (TC)
code [423,424]. The performances of the different scheniléalgo be evaluated.



72 Chapter3. Channel Coding Assisted STBC-OFDM Systems

3.3.1 Space-Time Block Codes with LDPC Channel Codes

LDPC codes were devised by Gallager [422] in 1962. Duringeididy evolutionary phase of channel coding, LDPC
schemes made a limited impact on the research of the chaadiglgccommunity, although they showed an un-
precedented performance prior to the turbo coding era. Whis because LDPC codes required a relatively high
storage space and complexity. However, owing to their ciéipabf approaching Shannon’s predicted performance
limits [429], research interests in LDPC codes have beeindédd during recent years [429-433].

LDPC codes [422] belong to the family of linear block codehjak are defined by a parity check matrix having
M rows andN columns. The column weightand row weight is typically significantly lower than the dimension
M andN of the parity check matrix. The construction of the paritgck matrix is referred to as regular or irregular,
depending on whether the Hamming weight per column or rowdéstical. Reference [431] shows that carefully
designed irregular LDPC codes may perform better than tlegiular counterparts. Furthermore, when the block
length is increased, irregular LDPC codes may become cadldutperforming turbo codes [429] at the cost of a
higher complexity. Since the details of the decoding of LOf®des can be found in [434], in the forthcoming sections
we are more interested in the performance of LDPC codes liehD@PC decoding algorithm itself.

Performance of LDPC Codes
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Figure 3.11: The BER versu£;, /Ny performance of several LDPC codes communicating over batbrelated and
correlated Rayleigh fading channels. The parameters affRC codes are given in Tables 3.3 and 3.4. The normalized

Doppler frequency of the correlated Rayleigh fading chésmas3.25 x 10-5. The effective throughput of the QPSK
and 8PSK schemes were 1 BPS and 2 BPS, respectively.

The number of columnA/ is given by the number of coded bits hosted by a LDPC codewdride the number of
rows M corresponds to the number of parity check constraints ieghoy the design of the LDPC code. The number

of information bits encoded by a LDPC codeword is denoted by N — M, yielding a coding rate oK/ M [434].
Thus, the LDPC code rate can be adjusted by changiagd/orM.

Figure 3.11 characterizes the performance of several LD&de<for transmission over both uncorrelated and
correlated Rayleigh fading channels. The normalized Dapfsequency of the correlated Rayleigh channel was
3.25 x 107°. It was found that the LDPC codes perform far better over uetated than over correlated Rayleigh
channels, since the codeword length is short. This chaisiitepredetermines the expected performance of the
LDPC-STBC coded concatenated system to be introduced inektesection and characterized in Section 3.3.1.2.2.

3.3.1.1 System Overview

Figure 3.12 shows the schematic diagram of the system. Treesbits are first encoded by the LDPC encoder, whose
outputs are modulated and forwarded to the STBC encodeheAteceiver, the noise-contaminated received symbols
are decoded by the STBC soft decoder. As discussed in S&8dh2, the soft outputs constituted by the aposteriori
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LDPC STBC
] ereer |

Encoder Encoder

LDPC Soft STBC
Decoder Demapper Soft Decode

Figure 3.12: System overview of LDPC channel coding aided space-timekidodes.

probabilities of the STBC-decoded symbols will be passetbdhe soft demapper, where the symbol probabilities are
used for generating the resultant bit probabilities. Fjn#he LDPC decoder decodes the soft inputs and the channel
decoded information bits are obtained.

In Section 3.3.1.2, we will provide a range of simulationulesand compare the achievable performances of the
different schemes designed for transmission over both meleded and correlated Rayleigh fading channels. Ac-
cording to [434], when using different column weiglitand/or a different number of LDPC decoding iterations, the
performance of LDPC codes will change correspondingly.unsystem, we fix the column weight and the number
of iterations to 3 and 25, respectively. For the scenariaaimunicating over correlated Rayleigh fading channels,
a fix-length random channel interleaver was used. Furthexpfior the sake of fair comparisons, we comply with the
assumptions outlined on page 66 so that the simulationtsasiuSection 3.2.5 remain comparable in this new context.

The parameters used in our LDPC-STBC coded concatenat@hsgse given in Tables 3.3 and 3.4, while the
parameters of the space-time block codes have been givablia 3.1. For the sake of maintaining the same effective
throughput, the LDPC codec’s parameters have to be harewmiith the STBC codec’s parameters.

3.3.1.2 Simulation Results

Similarly to Section 3.2.5, we will compare the performasnoédifferent schemes in the context of the same effective
throughput, when communicating over both uncorrelatedcancklated Rayleigh fading channels.

3.3.1.2.1 Performance over Uncorrelated Rayleigh Fadingl@nnels

Performance at the Throughput of 1 BPS Figure 3.13 compares the achievable performance ofGheGs,

Gy, H3 and Hy space-time block codes, which are combined with variousCI@Bdes, in the context of using one
receiver and maintain a throughput of 1 BPS, while commuimgaver uncorrelated Rayleigh fading channels. We
can see that wheB, /Ny is lower than about 2.7dB, the half-rate space-time bocle ¢adusing QPSK modulation,
which constituted the best system at the throughput of 1 BeSreding to Table 3.2, gives the best performance. But
when the SNR increases, the situation reverses since tfierpence of the LDPC-assisted STBC codes becomes
significantly better than that of th&,; scheme using no channel coding. Moreover, the scheme tdadtby theG,
code and half-rate LDPC code excels among all the LDPC-c8d&L schemes by a margin of about 2dB gain over
others. Note that in order to maintain the same effectivauthput of 1 BPS, the unity-rate space-time block cGge

is combined with the half-rate LDPC code employing QPSK niatilon, while the half-rate space-time codesand

G4 assisted by half-rate LDPC code use 16QAM modulation. F@Etmte codedds andHy, the%-rate LDPC code

is introduced and QPSK modulation is used for meeting ttergaiof having the same throughput of 1 BPS.

From Figure 3.13, we may arrive at the following conclusiofsovided that a fixed block size of the LDPC
codeword is used, a lower LDPC code rate implies that moiigydreck bits are attached to the original bits sequence,
which leads to a better performance. On the other hand, asisdégure 3.13, when QPSK modulation is used,
the G, code employing the half-rate LDPC code outperformsiheand H4 codes in conjunction with thé—rate
LDPC code, despite the fact that the former has a lower diyessder. Therefore we may surmise for the set of
LDPC-coded STBC schemes considered that when using a spaciflulation scheme, the system’s performance is
predominantly determined by the LDPC code employed instdatie space-time code’s diversity order. Another
observation informed from the figure is, that the number &f per symbol used by the specific modulation scheme
is a more decisive factor in terms of determining the actikperformance, than the diversity order, when the same
LDPC code is used. In other words, if we want to improve théesys performance, it is more beneficial to reduce
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STBC LDPC
Input | Output
BPS | Code | Code | Code| Bits Bits | Column | Iter- | Modem
Rate | Rate | Block | Block | Weight | ations
Size Size
Gy 1 1/2 1008 2016 3 20 QPSK
Gs 1/2 1/2 | 1008 | 2016 3 20 16QAM
1.00 Gy 1/2 1/2 1008 2016 3 20 16QAM
Hj 3/4 2/3 | 1344 | 2016 3 20 QPSK
Hy 3/4 2/3 1344 | 2016 3 20 QPSK
Gy 1 2/3 1344 | 2016 3 20 8PSK
Gy 1 1/2 | 1008 | 2016 3 20 16QAM
2.00 Gy 1 1/3 672 2016 3 20 64QAM
Gs 1/2 2/3 | 1344 | 2016 3 20 | 64QAM
Gy 1/2 2/3 1344 | 2016 3 20 64QAM
2.25 Hs 3/4 1/2 1008 2016 3 20 64QAM
~200 | Hy 3/4 1/2 | 1008 | 2016 3 20 | 64QAM
Gy 1 3/4 1512 2016 3 20 16QAM
3.00 Gy 1 1/2 | 1008 | 2016 3 20 | 64QAM
Hs 3/4 2/3 1344 | 2016 3 20 64QAM
H, 3/4 2/3 | 1344 | 2016 3 20 | 64QAM

Table 3.3: The parameters used in the LDPC-STBC coded concatenatethsstor transmissions ovencorrelated

Rayleigh fading channels.

STBC,1RX,LDPC,1BPS,Uncorrelated
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Figure 3.13: The BER versug;, / Ny performance of th&,, Gz, G4, H3 andH, space-time block codes of Table 3.1
in conjunction with the different-rate LDPC codes of Tabl8 &t an effective throughput 4f BPSusingone receiver
overuncorrelated Rayleigh fading channels.
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STBC LDPC
Input | Output Channel
BPS | Code| Code | Code | Bits Bits Column | lter- Inter- Modem

Rate | Rate | Block | Block | Weight | ations| leaver

Size Size Depth

Gy 1 1/2 | 10080 | 20160
G3 1/2 1/2 | 10080 | 20160
1.00 Gy 1/2 1/2 | 10080 | 20160
Hs 3/4 2/3 | 13440 | 20160
Hy 3/4 2/3 | 13440| 20160
Gy 1 2/3 | 13440| 20160
Gy 1 1/2 | 10080 | 20160
2.00 Gy 1 1/3 6720 | 20160
G3 1/2 2/3 | 13440 | 20160
Gy 1/2 2/3 | 13440| 20160

2.25 Hj; 3/4 1/2 | 10080 | 20160
~200 | Hy 3/4 1/2 | 10080 | 20160
Gy 1 3/4 | 15120 | 20160
3.00 Gy 1 1/2 | 10080 | 20160
Hj; 3/4 2/3 | 13440| 20160
Hy 3/4 2/3 | 13440| 20160

20 20160 QPSK
20 20160 | 16QAM
20 20160 | 16QAM
20 20160 QPSK
20 20160 QPSK
20 20160 8PSK

20 20160 | 16QAM
20 20160 | 64QAM
20 20160 | 64QAM
20 20160 | 64QAM
20 20160 | 64QAM
20 20160 | 64QAM
20 20160 | 16QAM
20 20160 | 64QAM
20 20160 | 64QAM
20 20160 | 64QAM

W W W W W W W W W W W w|lw| | w|w|w

Table 3.4: The parameters used in the LDPC-STBC coded concatenatethsshfor transmissions oveorrelated

Rayleigh fading channels.

the number of bits per symbol instead of increasing the numitteansmitter antennas. For example, when employing
a half-rate LDPC code, th6; andG, space-time codes employing 16QAM perform about 2.2dB witvae theG,
code employing QPSK, despite that the fact that the formertas a higher diversity order.

Performance at the Throughput of 2 BPS In Figure 3.14 the performance of the LDPC-aided space-ilmek
codes using one receiver and having a throughput of aboutS, ®Rile communicating over uncorrelated Rayleigh
fading channels is studied. Specially, tﬁieate codedH; and Hy are employed in conjunction with the half-rate
LDPC code using 64QAM modulation, and thus achieve an éfetihroughput of 2.25 BPS, which is close to our
target of 2 BPS.

The curves seen in Figure 3.14 can be divided into two groagsd on their relative performances. The first
group contains the three schemes employing@ecode in conjunction with various LDPC codes and gives an
average gain of about 3dB over the members of the second growpich theGs/G4/H3/H, schemes are grouped.
The performance difference between the two groups talli#s eur conclusions derived in the case of aiming for a
throughput of 1 BPS. As seen in Figure 3.14, the schemes afebend group suffer performance degradations as
a consequence of employing the densely-packed 64QAM dtaigie, which is more prone to transmission errors
than the other modulation schemes. Furthermore, the 64Q@A8&d scheme of the first group, i.e. the arrangement
employing theG, code as well as thé-rate LDPC code, also performs better than any member scbéthe second
group as a benefit of its lower LDPC code rate.

Ass seen in Figure 3.14, in all the thrég-based schemes of the superior group, the best design apttha
compromise scheme employing the half-rate LDPC-ai@gctode using 16QAM modulation. The reason for this
phenomenon can be explained from two different aspects.n@rand, when the number of bits per symbol is mod-
erate, as in relatively lower-order 8PSK and 16QAM, for epanthe performance trends imposed by the different
LDPC codes outweigh those caused by the different modulatbemes. In this case, as expected, if the system uses



76 Chapter3. Channel Coding Assisted STBC-OFDM Systems

STBC,1RX,LDPC,2BPS,Uncorrelated
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Figure 3.14: The BER versug;, / Ny performance of th&,, Gz, G4, H3 andH,4 space-time block codes of Table 3.1

in conjunction with the different-rate LDPC codes of Tabl8 &t an effective throughput of aboRtBPSusingone
receiver overuncorrelated Rayleigh fading channels.

a lower-rate LDPC code, it will achieve a better performantiais is why the half-rate LDPC coded scheme using
16QAM modulation is superior to th§>—rate LDPC coded scheme using 8PSK modulation, as seen ime~8j14.

On the other hand, when the modulation level is increased téo8 example, as in 64QAM, the situation is reversed
and the number of bits per symbol conveyed by the modulatiberses will become the predominant factor. In this
case, the combination of lower-rate LDPC codes with higileomodulation arrangements will no longer outperform
the scheme that uses higher-rate LDPC codes in conjuncithniewer-order modulation constellations. Hence the

%—rate LDPC coded 64QAM modulation scheme is outperformethbyhalf-rate LDPC coded 16QAM modulation
arrangement, as indicated by Figure 3.14.

Performance at the Throughput of 3 BPS The performance of the LDPC-assisted space-time blockscode
using one receiver and having a throughput of 3 BPS for tréssoms over uncorrelated Rayleigh fading channels is
shown in Figure 3.15. When the half-rate space-time cédeandG, are used in conjunction with LDPC codes, even
if we employ a high-throughput 64QAM scheme, the systeni&ogif/e throughput will be lower than 3 BPS, because

the code rate of the LDPC code is below unity. For employmenbnjunction with thes; andG,4 codes, a high-rate
LDPC code has to be used in order to maintain a throughpu¢ ¢to8 BPS. However, as discussed before, when
the high-order 64QAM scheme is used, the achievable pediocaimprovement of LDPC coding remains modest,
regardless of the rate of the LDPC code. Hence in this saetiaiperformance of the LDPC-aidéd andG4 codes
is not considered here.

In Figure 3.15, similarly to the 2-BPS throughput scenaitias also found that the four LDPC-aided STBC
schemes can be divided into two groups. Thespace-time code aided by tlierate LDPC code using 16QAM

performs best in high SNR situations and it only suffers a pmxformance degradation over the scheme using no
channel coding when SNR is low.

When we increase the number of receiver antennas, the pefme gap between the two groups remains still
obvious as shown in Figure 3.16. In this scenario, the béwtrae is again the one employing the half-rate LDPC-
aidedG, code using 16QAM. However, the gain achieved by the best LISFBC scheme over the best unprotected
STBC scheme using two receivers decreases to about 10dBacedhip the 12.5dB achieved, while using a single
receiver.
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STBC,1RX,LDPC,3BPS,Uncorrelated
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Figure 3.15: The BER versug;, /Ny performance of th&s,, H3, andHy space-time block codes of Table 3.1 in
conjunction with the different-rate LDPC codes of Table &t3n effective throughput & BPSusingone receiver
overuncorrelated Rayleigh fading channels.
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Figure 3.16: The BER versug;, /Ny performance of th&s,, H3, andHy space-time block codes of Table 3.1 in
conjunction with the different-rate LDPC codes of Table & &n effective throughput & BPSusingtwo receivers
overuncorrelated Rayleigh fading channels.
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3.3.1.2.2 Performance over Correlated Rayleigh Fading Chranels

We have compared the performance of the LDPC-aided spaeehiiock codes when communicating over uncorre-
lated Rayleigh fading channels in Section 3.3.1.2.1. Imdkction, the performance of the STBC codes will be studied
based on the same assumptions summarized on page 66, éatepéetchannel is assumed to be a correlated Rayleigh
fading channel obeying the normalized Doppler frequency.26 x 10~°. The corresponding parameters are given
in Table 3.4.

In Section 3.2.5.2 it was found that if the effective thropghis a fixed constant, the performance of the various
space-time codes used for transmission over uncorrelatedarelated Rayleigh fading channels is similar. Howgver
in the context of the LDPC-assisted STBC-coded system,chieeable performances are different over uncorrelated
and correlated Rayleigh fading channels. This can be glsagn by comparing Figures 3.17, 3.18 and 3.19 of this
section to Figures 3.13, 3.14 and 3.15 of Section 3.3.1r@spectively. The reason for this phenomenon is that the
LDPC codes perform better over uncorrelated rather tharelzted Rayleigh fading channels, unless their codeword
length is extremely high or long channel interleavers aselu3 his will be demonstrated during our further discourse.

STBC,1RX,LDPC,1BPS,Correlated

1 oO stbe_ldpc_rx1_1bps_cor.gle Mon Jun 30 2003 21:35:57

* (1Tx,1Rx),BPSK
O G4(4Tx,1Rx,R=1/2),QPSK
O G2(2Tx,1Rx,R=1),LDPC(R=1/2),QPSK
4 A G3(3Tx,1Rx,R=1/2),LDPC(R=1/2),16QAM
10 O GA4(4Tx,1Rx,R=1/2),LDPC(R=1/2),16QAM
e — & H3(3Tx,1Rx,R=3/4),LDPC(R=2/3),QPSK
" ] O H4(4Tx,1Rx,R=3/4),LDPC(R=2/3),QPSK
2 W% A \\*\
10 e a =
m LGN N ¥ 1=
—
o AR =
103 T \ N
= =
- i
16° W Qﬁu
. Al
N\ N AN
\i{ % +
10° %

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Eo/No (dB)

Figure 3.17: The BER versug, / Ny performance of th€,, Gs, G4, H3, andH, space-time block codes of Table 3.1
in conjunction with the different-rate LDPC codes of Tablé &t an effective throughput 4f BPSusingone receiver
overcorrelated Rayleigh fading channels. The normalized Doppler frequémd.25 x 10>,

Performance at the Throughput of 1 BPS Figure 3.17 shows the achievable performance of the LDRGtas
G», G3, Gy, H3 andHy codes of Table 3.1 using one receiver at the effective thrputpf 1 BPS when communicating
over correlated Rayleigh fading channels. We can see th%t-t‘ate LDPC-codedd; and H; codes outperform the
%-rate LDPC-codeds4 andG3 codes by about 1dB, respectively. However, wiigii Ny is lower than about 8dB,
we notice that the scheme employing the unproteégdode, which is the best design option at the throughput of
1 BPS according to Table 3.2, performs better than the scleenpdoying the%—rate LDPC-aidedd, code. When
the SNR is increased to 15dB, the situation is reversede she unprotecte@, scheme is outperformed by the best
LDPC-STBC scheme, namely ti%erate LDPC-assisteHl, coded scheme, with about 1d / Ny degradation at the
BER of1075.

Performance at the Throughput of 2 BPS At an effective throughput of approximately 2 BPS, the rafev
schemes’ performances are given in Figure 3.18. Itis sethreifigure that the performance of the schemes employing
the Hy and H; codes of Table 3.1 is similar to those of the schemes empiayieG, and G3 codes, respectively,
although we may bear in mind that tléerateH4 and H3 codes have an effective throughput of 2.25 BPS, rather than
exactly 2 BPS. Furthermore, an important phenomenon faukajure 3.18 is that the best unprotected STBC scheme
of Figure 3.6 also attains the best performance in this newasio.

This result may be explained as follows. The performancéefunprotected space-time block codes remains
similar over uncorrelated or correlated Rayleigh fadingrotels, as it was indicated in Section 3.2.5.2. Furthermore
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Figure 3.18: The BER versu£, / Ny performance of th€&,, Gs, G4, H3, andH, space-time block codes of Table 3.1
in conjunction with the different-rate LDPC codes of Tablé at an effective throughput of aboRtBPSusingone
receiver overcorrelated Rayleigh fading channels. The normalized Doppler frequéss.25 x 105,

the performance of the LDPC codes degrades when commurgaater correlated rather than uncorrelated Rayleigh
fading channels, as seen in Figure 3.11. Hence it is notisimgrthat the LDPC-STBC coded concatenated system
will suffer a performance degradation in the context of etaited Rayleigh channels. In this case, the LDPC codes’
relatively poor performance recorded over correlated &giil channels disadvantageously affects the entire system
In other words, the LDPC codes improve the system’s perfao@éess dramatically over correlated Rayleigh fading
channels than over uncorrelated Rayleigh fading chanoalsss the LDPC codeword length is very high or long
interleavers are used.

Performance at the Throughput of 3 BPS The performance of the LDPC-assisted space-time blockscode
using one receiver and having a throughput of 3 BPS while conicating over correlated Rayleigh fading channel
is portrayed in Figure 3.19. Similar to Figure 3.15, the sabs which employ the half-rate space-time co@gsnd
G4 of Table 3.1 are not considered in this scenario, since thejnaapable of achieving an effective throughput of 3
BPS, nor can they achieve a better performance than thedatedichemes characterized in Figure 3.19.

As Figure 3.19 shows, the unprotected STBI using 16QAM modulation performs best, giving an approxi-
mately 1dB gain over the best LDPC-aided scheme, namelytBE€31, combined with th%-rate LDPC code using
64QAM modulation at the BER af0—°. Similar to the scenario maintaining an effective througfgf 2 BPS, at a
relatively lowerE, / Ny value, i.e. below 14.5dB, the best STBC-LDPC concatenatieerae is the one that employs
the G, ST code combined with a low-order modulation, namely%hate LDPC-coded 16QAM.

Furthermore, when the number of receivers is increasedaottve%—rate LDPC-assiste@, code outperforms
all the other schemes considered, provided thaEga\, value is below 12dB, as observed in Figure 3.20. At even
higherE;, / Ny values, namely in excess of 12dB, t%ueate LDPC-assistedl, code exhibits the best performance,
although it uses the highest-order 64QAM modem. It can be alserved from Figure 3.20 that the curves are
significantly closer to one another compared to the sceérising one receiver, which is shown in Figure 3.19.

3.3.1.3 Complexity Issues

In Section 3.3.1.2, we have compared the performance austiDPC-STBC coded concatenated systems. The best
scheme was also identified for each scenario. However, thesees have been made based purely on the achievable
performance, and the complexity issue of implementatiagriw been taken into consideration. In this section, we
will briefly address the associated complexity issues.

As discussed in Section 3.2.3.2, the soft decoder of theespiae block codes employs the Log-MAP algorithm
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summarized for example in [359]. With the advent of the Logd®algorithm, the high-complexity complicated
exponential operations are substituted by additions abtrattions carried out in the logarithmic domain. Hence
the complexity of the STBC decoder is significantly reducglile closely matching the performance of the MAP
algorithm. In our following discussions, the decoding ctéemjiy of the space-time bock codes is considered to be
sufficiently low for it to be ignored for the sake of simplifig our comparisons. This will not affect our conclusions,
since we will show in the rest of this section that the LDPGistedG, code, which has the lowest decoding com-
plexity among all the space-time block codes of Table 3\Xlegthe best performance as seen in Figures 3.21, 3.22
and 3.23. Hence, even if the decoding complexity of the stiaoe block codes is considered, thie code will still

be superior to the other STBCs in the context of the coding gaisus complexity performance.

The decoding complexity per information bit per iteratidritee LDPC codes can be calculated as follows [434]:

comp {LDPC} — (%) 2, (3.30)

whereR is the LDPC code’s code rate ant the column weights of the parity check matrix. In our systhe value
of column weights was fixed to 3, thus Equation (3.30) is sifigol to:

45—9R>

(3.31)

comp {LDPC} = < TR

According to Equation (3.31), the decoding complexity iseegtially based on the code rate of the LDPC code em-
ployed. Thus for the rate 1/3, 1/2, 2/3 and 3/4 LDPC codes irsedr system, the associated decoding complexity
per bit per iteration becomes 63, 81, 117 and 153 additiodsabtractions, respectively, as summarized in Table 3.5.

Coding Gain v.s Complexity, 1BPS, Uncorrelated
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Figure 3.21: Coding gain versus estimated complexity for the LDPC-STB@etl concatenated schemes using one

receiver, when communicating over uncorrelated Rayledgting channels at the effective throughputloBPS The
simulation parameters are given in Table 3.3.

Let us now compare the coding gain versus complexity chariatits of the different schemes considered, as seen
from Figures 3.21 to 3.23, where the parameters used are givEable 3.3. The coding gain here is defined as the
E,/ Ny difference, expressed in terms of decibels, at a BERof between the various channel codes assisted space-
time block coded systems and the uncoded single-transrayiséems having the same throughput. All the estimated
implementational complexities were calculated based arakgn (3.31), using different number of iterations rargin
from 1 to 40 with a step of about 5.

At an effective throughput of 1 and 2 BPS, as seen in Figuik&nd 3.22, it was found that the best scheme was
the half-rate LDPC-code@, space-time code. In the scenario of having an effectiveutijfinput of 3 BPS, the perfor-
mance curves of the half-rate aédate LDPC-codeds, space-time code are close to each other, although the former
performs slightly better. We may also note that the coding gaereases dramatically in the low-complexity range
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Coding Gain v.s Complexity, 2BPS, Uncorrelated
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Figure 3.22: Coding gain versus estimated complexity for the LDPC-STB@etl concatenated schemes using one

receiver, when communicating over uncorrelated Rayledghing channels at the effective throughpu2oBPS The
simulation parameters are given in Table 3.3.

Coding Gain v.s Complexity, 3BPS, Uncorrelated
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Figure 3.23: Coding gain versus estimated complexity for the LDPC-STB@etl concatenated schemes using one

receiver, when communicating over uncorrelated Rayledghng channels at the effective throughput3o0BPS The
simulation parameters are given in Table 3.3.
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and tends to saturate in the vicinity of an estimated conifyglekabout 1200, which corresponds to approximately 19,
15, 10 and 8 iterations for the LDPC codes having a code rafe &f 2 and 3, respectively. As Figure 3.24 shows,
for example, when the number of iterations is increased tmgb0 in terms of the half-rate LDPC-aidég code,

the performance is already close to the achievable maximading gain. This result can be considered as a rule of
thumb for setting the number of iterations for the LDPC-ST&ded concatenated schemes, when aiming for a good
tradeoff in terms of the achievable performance-to-comipleelationships.

Coding Gain v.s Number of Iterations, Uncorrelated
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Figure 3.24: Coding gain versus the number of iterations for the hak-tdDPC-assisted, space-time block coded
schemes using one receiver, when communicating over eiated Rayleigh fading channels at the effective throughpu
of 1, 2 and 3 BPS. The parameters used are given in Table 3.3.

In Figure 3.25, we show thE,, / N value required for maintaining a BER &0~ versus the effective throughput
BPS for the unprotected space-time block codes and thedall-DPC-assisted, code, while the associated simu-
lation parameters are summarized in Tables 3.1 and 3.3. ifthaation results were obtained using one receiver for
communicating over uncorrelated Rayleigh fading chanrelsan be observed in Figure 3.25 that g/ Ny value
required for maintaining a BER dD~° increases near-linearly, as the effective BPS througmauéases. This con-
clusion was valid for both the unprotected STBC-aided sawand for the half-rate LDPC-assistégcoded scheme.
Furthermore, the half-rate LDPG, concatenated scheme achieves a gain of about 15dB over sharigotected
STBC scheme at the effective throughput values of 1, 2 andS B#3pectively.

3.3.1.4 Conclusions

Having studied Figures 3.13 to 3.19, we may arrive at th@¥ahg conclusions. First of all, as expected, the LDPC-
aided STBC-coded schemes perform significantly betterttmannprotected STBC schemes, when transmitting over
uncorrelated Rayleigh fading channels. However, overtated Rayleigh fading channels the performance improve-
ments achieved by the LDPC codes are not as significant ascioratated Rayleigh fading channels, as seen in
Figures 3.17 to 3.20. This is because the LDPC codes suffer their finite codeword length and for a limited
tolerable channel interleaver delay, as evidenced by Eigurl. This affects the attainable performance of the LDPC-
STBC coded concatenated system to some degree. If we uséramely long codeword or employ a long channel
interleaver, however, the achievable performance of theCESTBC concatenated schemes can be improved in the
context of correlated Rayleigh fading channels.

Another observation inferred from Figures 3.13 to 3.19 & thhen the number of receiver antennas is increased,
most of the attainable diversity gain has already been aetliby the LDPCG, coded concatenated schemes. Hence,
the employment of a space-time block code using more tratemantennas will introduce a higher-throughput mod-
ulation mode, which in turn will require an increaségl/ Ny value and hence degrades the achievable performance.

Furthermore, in the context of uncorrelated Rayleigh fgdihannels and using a specific modulation scheme,
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E,/Ng v.s BPS, Uncorrelated
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Figure 3.25: The E;/ Ny value required for maintaining BER8° versus the effective BPS throughput for the space-

time block codes of Table 3.1 and for the half-rate LDPCsisdiG, code of Table 3.3, when using one receiver and
communicating over uncorrelated Rayleigh fading channels

the LDPC-STBC coded system’s performance is mainly decigethe code-rate and error correction capability of
the LDPC code employed, instead of the space-time codestsify order. In this case, using a lower-rate LDPC
code will achieve a more substantial performance improvertean increasing the number of transmitters and the
associated diversity gain. On the other hand, if the sameQ@ B&tle is employed, the throughput of the modulation
scheme has more influence on the system'’s performance taaivirsity order. In other words, the benefits brought
about by the employment of low-throughput modulation sceemill be more substantial than that offered by a high-
order space-time block code, provided that both schemeassisted by the same LDPC code. The reason behind
this phenomenon is that when the higher-order STBC codessaein conjunction with a high number of antennas,
more vulnerable high-throughput modulation schemes tabe used, for the sake of maintaining the same effective
throughput. Therefore the employment of the latter scenaauld result in performance degradations. In summary,
the best candidate schemes are the ones using the LDPC-@jdedde when communicating over uncorrelated
Rayleigh fading channels. When using the same space-tiotk lobbde, the complexity of the STBC code can be
ignored during our comparisons.

Another useful conclusion can be drawn from Figure 3.24. gendn the figure, the coding gains of the LDPC-
aided schemes tend to remain unimproved, even if the afidedmamplexity increases to a certain degree, although
the validity of this statement depends on the specific chafitke LDPC code used. This result assists us in deciding
on the appropriate number of iterations to be used by the L-BPBC concatenated schemes, so that the achievable
best possible performance-to-complexity tradeoff candigesed.

Before concluding this section, we summarize the achievabtformance of the different schemes used in our
various candidate systems communicating over uncorceRégleigh fading channels in Table 3.5. For the scenarios
of having an effective throughput of 1, 2 and 3 BPS, respelstithe corresponding bold numbers denote the best
scheme based on the criterion of achieving the best codimgvgasus complexity tradeoff, as seen in Figures 3.21,
3.22 and 3.23. As a result, the half-rate LDPC-coded spageitlock codeG, was found to be the best scheme in
the scenarios having an effective throughput of 1 and 2 BFPﬂe\mhe%-rate LDPC-codeds, code performs best in
the scenario of having an effective throughput of 3 BPS.

3.3.2 LDPC-Aided and TC-Aided Space-Time Block Codes

In Section 3.3.1, we have studied the performance of vatiBiAC-aided space-time block coded systems. It has been
found that the LDPC codes considerably improve the STBGd@ystem’s performance over uncorrelated Rayleigh
fading channels. However, besides LDPC channel codespteedime block codes can also be concatenated with
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Ey/No(dB) | Gain (dB)
BPS | STBC | LDPC | LDPC BER Modem

Code Rate | Compl. | 1073 ‘ 107> ‘ 103 ‘ 107>
Uncoded| - - 24.22 | 44.00| 0.00 | 0.00 | BPSK
Gy - - 10.10 | 15.85 | 14.12 | 28.15| QPSK
Gy 1/2 81 299 | 3.61 | 21.23| 40.39| QPSK
1.00 Gs 1/2 81 5.17 | 5.92 | 19.05| 38.08 | 16QAM
Gy 1/2 81 4.95 | 5.79 | 19.27 | 38.21 | 16QAM
Hj 2/3 117 | 4.65 | 5.56 | 19.57 | 38.44| QPSK
H, 2/3 117 | 4.41 | 524 | 19.81| 38.76 | QPSK
Uncoded| - - 24.22 | 44.00| 0.00 | 0.00 | QPSK
Gy - - 13.61 | 19.58 | 10.61 | 24.42 | 16QAM
Gy 2/3 117 | 6.05 | 6.89 | 18.17| 37.11| 8PSK
2.00 Gy 1/2 81 5.45 | 6.18 | 18.77 | 37.82 | 16QAM
Gy 1/3 63 7.10 | 7.90 | 17.12| 36.10 | 64QAM
Gs 2/3 117 | 9.65 | 10.81 | 14.57 | 33.19 | 64QAM
Gy 2/3 117 | 9.34 | 10.40 | 14.88 | 33.60 | 64QAM
2.25 Hj 1/2 81 9.20 | 9.96 | 15.02 | 34.04 | 64QAM
~ 2.00 H, 1/2 81 9.02 | 9.73 | 15.20 | 34.27 | 64QAM
Uncoded| - - 26.30 | 46.26 | 0.00 | 0.00 | 8PSK
H, - - 14.87 | 21.10 | 11.43 | 25.16 | 16QAM
3.00 Gy 3/4 153 | 7.73 | 8.68 | 18.57 | 37.58 | 16QAM
Gy 1/2 81 8.33 | 9.13 | 17.97 | 37.13 | 64QAM
Hj 2/3 117 | 10.85| 11.75 | 15.45 | 34.51 | 64QAM
H, 2/3 117 | 10.58 | 11.57 | 15.72 | 34.69 | 64QAM

Table 3.5: Coding gains of the LDPC-STBC coded concatenated schenigg aise receiver, when communicating
over uncorrelated Rayleigh fading channels. With refeednd-igures 3.21, 3.22 and 3.23, the performance of the best

scheme is printed in bold for the scenarios of having diffeedfective throughputs, respectively.

a range of other channel codes, such as Convolutional Cd&zfe}s (Turbo Convolutional (TC) codes [423, 424],
Turbo Bose-Chaudhuri-Hocquenghem (TBCH) codes [435], &tee performance of these various channel-coded
G, schemes designed for transmission over uncorrelated ighyfeding channels has been studied in [359], where
the best scheme found was the half-rate TC(2,1,4) code ijuicction with the space-time block cod®. Hence,

in this section, we will compare the performance of the bedBPC-STBC coded concatenated scheme found in
Section 3.3.1.2, namely that of the half-rate LDPC-ai@edode, with the half-rate TC(2,1,4)-aided space-time block
coded schemes.

3.3.2.1 System Overview

In 1993, Berroiet al.[423, 424] proposed a novel channel code, referred to ada tiode. As detailed in [359], the
turbo encoder consists of two component encoders. Geparativolutional codes are used as the componentencoders
and the corresponding turbo codes are termed here as TC.dedea TGn, k, K) code, the three parametersk
andK have the same meaning as in a convolutional cod&JCK), wherek is the number of input bits; is the
number of coded bits and is the constraint length of the code. More details about Téesaan be found in [359].
The schematic of our experimental system, where the h&flr@(2,1,4) code is employed, is given in Figure 3.26.
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Figure 3.26: Overview of the space-time block coded and TC(2,1,4) chacoded system.

The source bits are first encoded by the half-rate TC(2,hddpeer. The Log-MAP decoding algorithm [359]
is utilized for iterative turbo decoding, since it operateshe logarithmic domain and thus significantly reduces the
computational complexity imposed by the MAP algorithm [1ZBhe number of turbo iterations is set to eight, since
this yields a performance close to the achievable perfocemassociated with an infinite number of iterations. The TC-
encoded bits will be interleaved by the channel interleaagiseen in Figure 3.26. In this case, a random interleaver
having a depth of about 20,000 is used. The interleaved hitshen be forwarded to the mapper, followed by the
STBC encoder. At the receiver side, the corresponding geveperations are invoked, as seen in Figure 3.26. The
simulation parameters of the TC-STBC coded concatenattdrsyare given in Table 3.6.

STBC TC(2,1,4)
Random Random
BPS | Code | Code Turbo Channel | Code | Puncturing | lter- Total Modem
Rate | Interleaver | Interleaver | Rate Pattern ations | Compl.
Depth Depth

Gy 1 10000 20000 1/2 10,01 8 2576 QPSK
1.00 Gs 1/2 10000 20000 1/2 10,01 8 2576 16QAM

Gy 1/2 10000 20000 1/2 10,01 8 2576 16QAM
2.00 Gy 1 10000 20000 1/2 10,01 8 2576 16QAM
3.00 | G 1 10002 20004 1/2 10,01 8 2576 | 64QAM

Table 3.6: The parameters used in the TC(2,1,4)-STBC coded concatésahemes.

3.3.2.2 Complexity Issues

For the sake of fair comparisons, we should calculate aredita& account the complexity of the LDPC and TC(2,1,4)
codes. The total estimated complexity of the TC codes pearimdtion bit per iteration in terms of additions and
subtractions to be carried out is [436]:

comp {TC (n,1,K)} =40 (25°1) + 1201 — 22. (3.32)

According to Equation (3.32), the complexity of the TC(2)Igode is 322 per information bit per iteration. Since the
number of iterations has been set to eight, the total contplekthe TC(2,1,4) code per bit 822 x 8 = 2576 in the
context of additions and subtractions, as shown in Table 3.6

On the other hand, the complexity of the LDPC codes per in&ion bit per iteration can be calculated according
to Equation (3.31). Therefore, we can multiply the resulEqfiation (3.31) with the appropriately selected number
of iterations required by the different-rate LDPC codeshsa a similar complexity per bit is used for both the LDPC
codes and for the TC(2,1,4) code. For the half-rate LDPGad6# scheme, the number of iterations was set to 32 so
that the total complexity becom&s x 32 = 2592, which is close to the estimated complexity of 2576 encaaadte
by the TC(2,1,4) scheme. The parameters of the LDB@oded concatenated scheme used in this new scenario are
given in Table 3.7.
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TC(2,1,4)G, coded concatenated schemes.

87
STBC LDPC
Input | Output Inter-
BPS | Code | Code | Code | Bits Bits | Column | Iter- Total | leaver
Rate | Rate | Block | Block | Weight | ations| Compl. | Depth
Size Size
1.00 | Gy 1 1/2 | 10000 | 20000 3 32 2592 | 20000
200 | Gy 1 1/2 | 10000 | 20000 3 32 2592 | 20000
3.00| Gy 1 1/2 | 10002 | 20004 3 32 2592 | 20004

Table 3.7: The parameters used in the LDRG-coded concatenated schemes invoked for comparison with the

3.3.2.3 Simulation Results

In this section, the performance of the LDPC- and TC-aidextsgime block coded schemes communicating over
uncorrelated Rayleigh fading channels will be studied amdmared. The parameters of the space-time block codes,

the half-rate TC(2,1,4) code and the LDPC codes are giveralie® 3.1, 3.6 and 3.7, respectively. The simulation
results are based on the same assumptions which were dlutligection 3.2.4 on page 66.
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Figure 3.27: The BER versu€, /Ny performance of thas,, G3 and G4 space-time block codes of Table 3.1 in
conjunction with the LDPC codes of Table 3.7 or the half-fB@2,1,4) code of Table 3.6 at an effective throughput of
1 BPSusing one receiver over uncorrelated Rayleigh fading célann

Figure 3.27 compares the performance of the candidate sshesing the parameters summarized in Tables 3.6
and 3.7 operating at an effective throughput of 1 BPS oveouetated Rayleigh fading channels. For the half-rate
TC(2,1,4) coded scheme combined with the half-G§eand G, codes, the 16QAM modem is used for maintaining
a throughput of 1 BPS. As seen in Figure 3.27, the TC(2,li@dgebG, code outperforms the others. However, at
the BER of107°, it only provides an approximately 0.1dB gain over the LD&@edG, code, which is the best
LDPC-STBC coded concatenated scheme according to Tablé &%&lso observed that the schemes in whichGhe
andG, codes are employed exhibit an inferior performance in campa to theirG,-code based counterpart as well

as in comparison to the LDPC-aided scheme, because the mioselg-packed 16QAM phasor constellation is used.

Figure 3.28 compares the performance of the candidate sshesing the parameters summarized in Tables 3.6
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and 3.7 operating at an effective throughput of 2 and 3 BP8uwweorrelated Rayleigh fading channels. As suggested
by Figure 3.28, the TC(2,1,4)-aided schemes perform $jighetter, than the LDPC-aided schemes providing an
approximately 0.1dB and 0.4dB gain at the BERI16f™ in the scenarios of having a throughput of 2 and 3 BPS,
respectively.

G2+LDPC v.s G2+TC(2,1,4), Uncorrelated
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Figure 3.28: The BER versu€,/ Ny performance of th&, space-time block code of Table 3.1 in conjunction with

the LDPC codes of Table 3.7 or the half-rate TC(2,1,4) codeabfe 3.6 at an effective throughput®&nd3 BPSusing
one receiver over uncorrelated Rayleigh fading channels.

In Figure 3.29 the achievable coding gain versus compléegisharacterized. The coding gains were recorded
at the BER ofl0~>, as presented in Section 3.3.1.3. From Figure 3.29, we th&drthe curves associate with the
TC(2,1,4) code are close to those of the LDPC codes, alththegformer ones perform slightly better than the latter
ones in the context of having the same effective throughpat @ and 3 BPS, respectively. However, in the low
complexity range, namely in the complexity range spanningnfO to 600, the LDPC codes perform better than the
TC(2,1,4) code. On one hand, the achievable lowest coniplekithe half-rate TC(2,1,4) code is 322, which is
attained when the number of iterations is set to one, whgelibPC codes are capable of providing an even lower
complexity down to 81, again, as seen in Figure 3.29. On therdiand, for the LDPC schemes, the achievable
coding gain dramatically increases, when the affordabfeptexity is increased within the range spanning from 0 to
about 600. Therefore, the employment of the LDPC-aidedrselsemay be more attractive in scenarios, where the
affordable complexity is the most important concern, whiile system’s performance does not necessarily have to be

the best.

3.3.2.4 Conclusions

In Section 3.3.2.3 we have presented a range of performamaparisons in the context of the attainable coding gain
versus complexity for the various TC(2,1,4)-STBC and theP(MSTBC coded concatenated schemes for transmis-
sion over uncorrelated Rayleigh fading channels. As a caimh, the TC(2,1,4)-assisted space-time block dége
outperforms its LDPC-assisted counterparts for all thedtscenarios having different effective throughputs. How-
ever, it was found that the associated performance difeeréninsignificant, namely less than 0.3dB. Furthermore,
the LDPC-STBC coded concatenated schemes considered nagfeered for employment in systems, where the
severity of complexity constraint outweighs the impor@on€achieving the highest possible performance.

Finally, the performance of the different schemes studisdimmarized in Table 3.8. All the results were generated

using a single receiver, when communicating over uncaedlRayleigh fading channels. The performance of the best
scheme at the effective throughputs of 1, 2 and 3 BPS is jgrintbold, respectively.
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Coding Gain v.s Complexity, Uncorrelated
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Figure 3.29: Coding gain versus complexity for the LDRG; concatenated arrangements and for the TC(2,G4)-
concatenated schemes using one receiver for communiaatangincorrelated Rayleigh fading channels. The assakiate
parameters are given in Tables 3.6 and 3.7.

E,/No(dB) | Gain (dB)
BPS| STBC | LDPC | TC(2,1,4) BER Modem
Code | Rate | Rate [10°[105 |10 ] 10°
Uncoded| - ] 24.22 | 44.00| 0.00 | 0.00 | BPSK
Gy - ] 10.10| 15.85| 14.12| 28.15| QPSK
10| G 12 - 236 | 2.44 | 21.86| 41.56| QPSK
G - 12 | 162 | 234 | 2260 41.66| QPSK
Gs - 12 | 407 | 473 | 20.15] 39.27 | 160AM
Gy - 12 | 355 | 435 | 20.67 | 39.65| 16Q0AM
Uncoded| - ] 24.22| 44.00| 0.00 | 0.00 | QPSK
200| G, - ] 13.61| 19.58| 10.61| 24.42 | 16QAM
G 12 ] 481 | 501 | 19.41] 38.99| 160AM
G - 12 | 434 | 492 | 1088] 39.08| 160AM
Uncoded| - ] 26.30 | 46.26| 0.00 | 0.00 | 8PSK
300| H, - ] 14.87| 21.10| 11.43| 25.16 | 160AM
G 12 ] 752 | 7.72 | 18.78| 38.54 | 640AM
G - 12 | 668 | 7.32 | 19.62] 38.94| 640AM

Table 3.8: Coding gains of the LDPC-STBC concatenated schemes andGf2, T;4)-STBC concatenated schemes
using one receiver for communicating over uncorrelatedidtgly fading channels. For the scenarios having different

effective throughputs, the performance of the best schermgrited in bold.
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3.4 Channel Coding Aided Space-Time Block Coded OFDM

In Section 3.3, we have investigated various LDPC chanrdihgoassisted space-time block coded schemes commu-
nicating over narrowband fading channels, followed by taggrmance study of LDPC-aided and TC-aided STBC
schemes. Naturally, a range of channel codes can also bdarenbith the family of space-time block codes for the
sake of improving the system’s performance. In this sectianious Coded Modulation (CM) [359] assisted STBC
schemes will be studied for transmission over multipathl&gk fading channels. Specifically, Trellis-Coded Mod-
ulation (TCM) [359, 437], Turbo Trellis-Coded Modulatioh {CM) [359, 438], Bit-Interleaved Coded Modulation
(BICM) [359,439] and iterative joint decoding and demodiala assisted BICM (BICM-ID) [359, 440] will be in-
vestigated. Furthermore, the above CM-assisted STBC aicleeimes will be studied in the context of a single-user
Orthogonal Frequency Division Multiplexing (OFDM) [3—-8}jsgem. As a well-established technique, OFDM has ex-
hibited a number of advantages over more traditional miakipg techniques, and has been adopted for both Digital
Audio and Video Broadcasting (DAB and DVB) in Europe. It hésdeen selected as the IEEE 802.11 standards for
Wireless Local Area Network (WLAN). Let us now embark on thedstigation of the CM-assisted space-time coded
single-user OFDM system.

3.4.1 Coded Modulation Assisted Space-Time Block Codes

Since the signal bandwidth available for wireless commatioas is limited, one of the most important objectives in
the design of digital mobile systems is to make the most ofttagnable bandwidth, for example with the aid of the
CM schemes.

3.4.1.1 Coded Modulation Principles

The basic principle of CM [359] is that we attach a parity leitdach uncoded information symbol formed fay
information bits according to the specific modulation schersed, hence doubling the number of constellation points
to 2"*1 compared to that a2 in the original modem constellation. This is achieved byeaging the modulation
constellation, rather than expanding the required banitiwighile maintaining the same effective throughputiof
bits per symbol, as in the case of no channel coding. In otleedsy the signalling rate remains the same, since the
redundant parity bit can be absorbed by the expansion ofdhstellation. Therefore, when the achievable coding
gain of the CM scheme becomes higher thanEpgN, degradation imposed by the more vulnerable higher-order
modulation scheme employed, a useful effective coding gaimbe achieved.

Among the various CM schemes, TCM [437] was originally desifjfor transmission over Additive White Gaus-
sian Noise (AWGN) channels. TTCM [438] is a more recent jooding and modulation scheme which has a structure
similar to that of the family of binary turbo codes, but em@d CM schemes as component codes. Both TCM and
TTCM employ set partitioning based constellation mappB®9], while using symbol-based turbo interleavers and
channel interleavers. Another CM scheme referred to as BJ&3@], invokes bit-based channel interleavers in con-
junction with gray constellation mapping. Furthermoreratively decoded BICM [440] using set partitioning was
also proposed. More details about the various CM schemelsoasebe found in [359]. In this section, we will mostly
focus on the performance of the proposed CM-assisted STBEdOFDM schemes communicating over wideband
Rayleigh fading channels.

3.4.1.2 Inter-Symbol Interference and OFDM Basics

If the modulation bandwidth exceeds the coherence banbwidhe channel, Inter-Symbol Interference (1SI) will be
introduced and the consecutive transmitted symbols atertsl, since the past and current symbols of the signals
are overlapped. Hence, at the receiver, channel equaliagesto be employed for the sake of removing the effects of
ISI [359].

An alternative way of mitigating the effects of ISl is to emmplOFDM, which effectively mitigates the detrimental
effects of the frequency-selective fading, when transngjtover high-rate wideband channels. The basic principle
of OFDM is to split a high-rate data stream into a number of-fate streams which are transmitted simultaneously
over a number of subcarriers. Hence the symbol duratiomdard longer for each of the parallel subcarriers, and
thus the relative effects of imposed by the multipath chésinkelay spread is reduced. In other words, since the
system’s data throughput is the sum of all the parallel sudnnoels’ throughputs, the data rate per sub-channel is only
a small fraction of the total data rate of a conventionallgirg@rrier system having the same throughput. This results
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in the phenomenon that the symbol duration becomes sigmifyjdanger than the channel’'s impulse response, thus it
has the potential to disperse with channel equalizatioec@pally, if an appropriate-duration cyclic OFDM symbol
extension is selected, the I1SI between consecutive OFDMvsigitan be almost completely eliminated. Furthermore,
for a given delay spread, the implementation complexityro©®& DM modem may be significantly lower than that of
a single carrier system employing an equalizer [6].

Source || Encodetly| Interleaver Mapper Pilot Seria-to IFFT || Paralle-
K K K PPET I insertion | "|-parallel K ™ to-serial
LPE DAC Add cyclic
| extension
H Channel

Timing and frequenc | .| Remove cyclic
synchronization extension

Sink Decodetle| Deinterleavefy | Demapper| Channe | | Paralle- FFT Seria-to
correction|’ | to-serial -parallel

Figure 3.30: Schematic diagram of an OFDM modem.
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The schematic of an OFDM modem is shown in Figure 3.30. Theceduit stream is first encoded by a STBC or
channel encoder and forwarded to the interleaver and th@enawhere the bits are interleaved and may be mapped
to non-binary symbols. Some pilot subcarriers may be inddidr the sake of assisting the estimation of the chan-
nel’s frequency-domain transfer function, which is reqdifor the receiver to counteract the effects of the chasnel’
frequency-domain fading. The serial data stream is thenexted into a parallel symbol sequence and forwarded
to the Inverse Fast Fourier Transform (IFFT) modulator far $ake of forming the time-domain modulated signal.
Again, in order to eliminate the I1SI between consecutive ®F&mbols a cyclic extension has to be added to each
OFDM symbol. Then the Digital-to-Analogue Converter (DA@nverts the cyclically extended OFDM signal to the
analogue domain, which is finally filtered by a Low-Pass Filtd°F) and transmitted through the wideband channel.
At the receiver side, the Analogue-to-Digital ConverteD@) converts the LPF-filtered received signal to the digital
domain, where symbol timing and frequency synchronizadi@the first processing steps [6]. Then the cyclic exten-
sion attached to each OFDM symbol is removed and the recdsgaal is forwarded to the Fast Fourier Transform
(FFT) based demodulator, whose output will be processetidypitot-based frequency-domain channel equalizer in
order to compensate the frequency-domain fading imposékdoghannel. After symbol-demapping and deinterleav-
ing the received signal is finally passed to the space-tinehannel decoder, which outputs the decoded information
bits.

3.4.1.3 System Overview

CM STBC > OFDM
Source > :
Encoder Encoder » Modulator
Channel i

E_ CM STBC : OFDM
Decoder Soft Decodep— Demodulato

Figure 3.31: Schematic diagram of the proposed CM-assisted space-touk toded OFDM system.

Figure 3.31 shows the schematic of the CM-assisted spaneehiiock coded OFDM system investigated [5, 359].
As observed in Figure 3.31, the source information bits asedincoded and modulated by the CM encoder followed
by the space-time encoder. In our schemes, the space-tmok bbde employed was thé, code of Table 3.1,
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which invokes two transmitter antennas, and the two spatedoded samples are mapped to two consecutive OFDM
subcarriers and OFDM modulated. Then the frequency-dosyaitols are converted to time-domain OFDM symbols
by the IFFT-based modulator and the cyclic extension is agpe to each individual OFDM symbol. The OFDM
symbols are then transmitted via the multipath fading clkegnand the received noise-contaminated symbols are
forwarded to the OFDM demodulator, where the FFT operatiitiroe employed for converting the channel-impaired
time-domain symbols to their frequency-domain countdsarhe recovered signal is then space-time soft-decoded
and the soft outputs are fed to the CM decoder for recoveniagrtost-likely transmitted information bits.

3.4.1.3.1 Complexity Issues

In order to compare the different candidate schemes unitexdfaditions, we chose the system parameters so that the
decoding complexity of the various CM schemes employedrecsimilar. The complexity imposed by the STBC
codec was neglected, since the sasaespace-time block code was used for all the CM-STBC concstdrszhemes.

The symbol-based Log-MAP decoder [359] is utilized in a# tBM schemes considered in our system, namely
in the TCM, TTCM, BICM and BICM-ID codecs, for the sake of reitug the computational complexity imposed by
the MAP algorithm [359]. Therefore, the multiplication aadd addition operations are substituted by additions and
by the Jacobian sum operations [428] carried out in the ltdgaic domain, respectively. As a result, in terms of the
number of additions and subtractions, the total decodingpdexity per bit per iteration for the TTCM scheme studied
is as follows [434]:

10M (2v+1 —1)

comp {TTCM} = ————, (3.33)

wherem is the number of information bits in a coded information syt = 2™ is the number of legitimate

symbols in the mapping constellation set, anis the code memory. For example, for the QPSK-based TTCM

Al (93+1_
scheme having a code memorywof= 3, the associated complexity per bit per iterationl—w = 300,

since in this case: is equal to 1. If the number of iterations is 4, the total déegdomplexity per bit becomes
300 -4 = 1200, as seen in Table 3.9. For the remaining CM schemes used yneon@ CM/BICM/BICM-ID, the
corresponding decoding complexity per bit per iteration is

5M 2Vt —1
comp{TCM/BICM/BICM — ID} = ¥, (3.34)

which is half the complexity of that in Equation (3.33). Theason for this is that the TTCM scheme utilizes two
Log-MAP decoders, while TCM/BICM/BICM-ID schemes only usee [359], hence the associated complexity of
TTCM is doubled. The parameters used by the various CM-ST@€atenated schemes investigated are provided in
Table 3.9. From the table, we may see that the total decodimgptexity per bit - rather than per bit per iteration - of
the four CM schemes are similar.

3.4.1.3.2 Channel Model

As mentioned earlier, we will investigate the proposedaysivhen communicating over dispersive wideband Rayleigh
fading channels. Specifically, we consider the Short Waelksynchronous Transfer Mode (SWATM) Channel Im-
pulse Response (CIR) given on page 78 of [5], although thep@ogrequency may assume a range of different
values. The three-tap SWATM channel is a truncated versigheofive-tap Wireless Asynchronous Transfer Mode
(WATM) CIR, retaining only the first three impulses [5]. Thisduces the total length of the impulse response, where
the last path arrives at a delay of 48.9ns, which corresptmd& sample periods. For our simulations each of the
three paths experiences independent Rayleigh fading p#ivmormalized Doppler frequency ff = 1.235 x 107°.
Figure 3.32 displays the impulse response of the SWATM célanvhile the associated parameters are given in Ta-
ble 3.10.

For the sake of combating the effects of ISI when commumigativer the multipath Rayleigh fading channel,
as discussed in Section 3.4.1, we employ an OFDM modem h&di@gsubcarriers, while each OFDM symbol is
extended by a cyclic prefix d#12/8 = 64 time-domain samples [5]. Therefore, the length of an OFDNhisgl
becomes$12 + 64 = 576 samples. Since the number of subcarriers is sufficientlis,hige may assume that each
OFDM subcarrier experiences narrowband channel conditiothe frequency domain.
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STBC CM
Symbol-
BPS | Code | Code CM Code | Data | v | lter- based Total | Modem
Rate | Scheme| Rate | Bits ations Cw. Compl.
Length
G, 1 - - - |- - 1024 - QPSK
Gy 1 TCM 1/2 1 6 - 1024 1270 QPSK
1.00| Gp 1 TTCM 1/2 1 3 4 1024 1200 QPSK
Gy 1 BICM 1/2 1 6 - 1024 1270 QPSK
Gy 1 BICMID 1/2 1 3 8 1024 1200 QPSK
Gy 1 - - - - - 1024 - 8PSK
Gy 1 TCM 2/3 2 6 - 1024 1270 8PSK
200 | Gy 1 TTCM 2/3 2 3 4 1024 1200 8PSK
Gy 1 BICM 2/3 2 6 - 1024 1270 8PSK
Gy 1 BICMID 2/3 2 3 8 1024 1200 8PSK
Gy 1 - - - - - 1024 - 16QAM
G, 1 TCM 3/4 3 |6 - 1024 1693 | 16QAM
3.00| Gy 1 TTCM 3/4 3 3 4 1024 1600 | 16QAM
G, 1 BICM 3/4 3 |6 - 1024 1693 | 16QAM
Gy 1 BICMID 3/4 3 3 8 1024 1600 | 16QAM

Table 3.9: The parameters of the various CM-assisted space-time lolodéd schemes. The parameters of the STBC

G, are given in Table 3.1.
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Figure 3.32: The impulse response of the SWATM channel [5]. The corredimgnparameters of the channel are

summarized in Table 3.10.
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Table 3.10: Sampling Ratd /T, maximum path delay;,,», maximum Doppler frequencyj;, normalized Doppler

frequencyf[’,, number of pathg, FFT lengthK and cyclic prefix lengtlep of the SWATM channel of Figure 3.32.
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3.4.1.3.3 Assumptions

When the space-time block codes were employed for tranem&ssver uncorrelated Rayleigh fading channels, as
mentioned in Section 3.2.4, we assumed that the channelweas$-gtatic so that its path gains remained constant across
for examplen = 2 consecutive STBC time slots for tlie space-time block code, corresponding tothe: 2 rows

of the G, code’s transmission matrix. However, in this new contexicam no longer assume that the corresponding
frequency-domain subcarrier gains remain identical asrseguence of the wideband channel's frequency-domain
fading profile, an issue, which will be further discussed @et®n 3.4.1.4. This results in a residual error floor for the
unprotecteds, space-time block coding scheme, as seen for example ind=-8)86. For the concatenated CM-STBC
schemes, however, the error floor experienced may be sigmifjcreduced to a neglectable level.

In Section 3.4.1.4, the performance of the proposed CMs&skspace-time block coded OFDM schemes will be
compared. All our simulation results achieved were basethi@ffollowing assumptions:

e Each path of the multipath channel employed experiencepiendent Rayleigh fading;
e The average signal power received from each transmittenaatis the same;

e The receiver has a perfect knowledge of the channels’ faglimglitudes.

These assumptions simplify the simulations to a degreesfihie the system concerned is not a realistic one. However,
again, since the experimental circumstances are ideficall performance comparisons, the results may be exgecte
to adequately characterize the relative performance ofaheus schemes used.

3.4.1.4 Simulation Results

In this section, the performance of the CM-assisted spavetilock coded OFDM system considered will be studied.
The simulation parameters have been given in Table 3.9. chiées utilized two transmitter antennas for the
space-time block code and one receiver antenna. Each OFDMayhas 512 subcarriers and a cyclic extension of
64 samples.

Performance at an effective throughput of 1 BPS Figure 3.33 shows the performance of the various CM-
assisteds, space-time block coded OFDM schemes communicating oveBYW&TM channel. In our system, we
employ gray-coding based constellation mapping for theNBKZheme, while using set-partitioning based constella-
tion mapping for the TCM, TTCM and BICM-ID arrangements [B3Ror the sake of achieving an effective through-
put of 1 BPS, QPSK modulation is used for all the half-rate @aéisted schemes. As seen in Figure 3.33, the(GM-
coded concatenated schemes perform significantly betiarttte unprotecte@, scheme, achieving aly, / N gain
of about 14dB at the BER dfd—>. Among all the CM-assisted schemes, the TTCM-aided arrargegives the best
performance by achieving about 0.5dB to 1dB gain over therdiiM-assisted schemes at the BER @f.

Performance at an effective throughput of 2 BPS The performance comparison of the different CM-STBC
concatenated schemes having an effective throughput of22f8Rransmissions over the SWATM channel is shown
in Figure 3.34. It is seen in Figure 3.34 that when thg’ Ny value encountered is relatively low, namely below
about 7.5dB, the unprotected, scheme performs better than the CM-assistedschemes. However, when the
E, /Ny value experienced is higher than approximate 7.5dB, theM-Bitled G, scheme outperforms all the other
candidates, achieving a gain of about 1.3dB and 12.5dB beasther CM-aided:, schemes and over the unprotected
G, scheme, respectively, at the BER16F°.

Performance at an effective throughput of 3 BPS If we increase the system’s effective throughput to 3 BPS,
a residual BER of approximatex 10~° is observed for the performance curve of the unproteGgdcheme, as
seen in Figure 3.35. This phenomenon can be explained asvillin the context of the single-path uncorrelated
Rayleigh fading channels mentioned in Section 3.2.4, werasd that the channel is quasi-static so that the channel’s
path gains are constant acrossonsecutive STBC time slots. For example, we have 2 for the G, space-time
block code, corresponding to the = 2 rows of the space-time block codes’ transmission matrixthi context
of wideband channels, for instance the SWATM channel of ledii32, however, the channel’'s delay spread will
have an effect on the associated frequency-domain trafisfetions. More specifically, the fading amplitudes vary
more rapidly, when the delay spread is increased [359]. eSihe maximum delay spread of the SWATM channel
is as high asr;..x = 48.9us, the variation of the frequency-domain fading amplitudesa dramatic that we can
no longer assume that the path gains remain constant duvimgdnsecutive STBC time slots. In this case, for the
unprotected STBC schemes, the rapid variation of the cHarfinequency-domain fading envelope will seriously
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Figure 3.33: The BER versug£;, /Ny performance of th&, space-time block code of Table 3.1 in conjunction with
the various Coded Modulation schemes of Table 3.9 at anteffethroughput ofl BPS using one receiver when
communicating over the SWATM channel. An OFDM scheme hadthg subcarriers and a cyclic extension of 64
samples is employed.
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Figure 3.35: The BER versug;, / Ny performance of th&, space-time block code of Table 3.1 in conjunction with
the various Coded Modulation schemes of Table 3.9 at anteffethroughput of3 BPS using one receiver when
communicating over the SWATM channel. An OFDM scheme ha&hg subcarriers and a cyclic extension of 64
samples is employed.

erode the orthogonality of th@, space-time block code’s two components, resulting in audierror floor, as seen
for example in Figure 3.35.

Furthermore, if a higher-order modulation scheme such @\Mis employed, as shown in Figure 3.35, since the
signal is mapped to more densely-packed constellationopbaghich are prone to transmission errors, the error floor
imposed by the channel is expected to be higher than thatisdénarios, where a lower-order modulation scheme,
such as QPSK or 8PSK is used, as exhibited by Figures 3.33.84d Blore explicitly, comparing Figures 3.33
and 3.34 to Figure 3.35, we can see that the BER error flooered in Figures 3.33 and 3.34 are beltdv>, while
in Figure 3.35 the error floor encountered is ab®uwt 1075,

With the advent of employing the CM schemes, however, thar @loor can be eliminated or reduced to a signifi-
cantly lower level. As Figure 3.35 shows, the CM schemesifsagmtly improve the space-time block coded OFDM
system’s performance and the BER error floor exhibited bytiprotecteds, scheme has been essentially eliminated.
Similar to the scenarios of having an effective throughgut end 2 BPS, the TTCM5, concatenated scheme was
found to give the best performance among all the CM-ass&thdmes studied, although thg/ N; gain achieved
over the other candidate schemes is not significant.

3.4.1.5 Conclusions

In the previous sections we have investigated the achieyaformance of the various CM-assisted space-time block
coded OFDM schemes for transmissions over the SWATM chaMdelfirst briefly reviewed the basic principles of
the CM schemes in Section 3.4.1.1. In Section 3.4.1.2 a rewliany introduction to OFDM was provided, which was
followed by the overview of the simulation arrangement, @tmidled in Section 3.4.1.3. Our performance analysis was
presented in Section 3.4.1.4, where the CM-assisted STBéhses were found to significantly improve the system’s
achievable performance, eliminating the BER floor of therotgrted STBC scheme. Furthermore, the TTCM-STBC
coded concatenated scheme was observed to give the beshpente among all the CM-STBC coded concatenated
schemes.

In conclusion, we summarized the performance of the evatb@M-STBC concatenated schemes in Table 3.11.
The coding gains summarized in Table 3.11 were defined aBthh, difference, expressed in terms of decibels, at
a BER 0f10~° between the various channel coding assisted space-tirak ttaled OFDM systems and the uncoded
single-transmitter OFDM system having the same effectiveughput. All the results were recorded by using one
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receiver, while communicating over the SWATM channel oftfec3.4.1.3.2.

cM | E,/No(@B) | Gain(dB)
BPS| STBC CM Code BER Modem

Scheme | Scheme | Rate | 1073 ‘ 1075 ‘ 1073 ‘ 1075
Uncoded - - 24.06 | 44.27| 0.00 | 0.00 BPSK
Gy - - 13.92| 25.97 | 10.14 | 18.30| BPSK
1.00 Gy TCM 1/2 8.38 | 12.44 | 15.68 | 31.83| QPSK
Gy TTCM 1/2 7.94 | 11.87| 16.12 | 32.40| QPSK
Gy BICM 1/2 8.72 | 12.28 | 15.34| 31.99| QPSK
Gy BICM-ID 1/2 8.96 | 12.89| 15.10| 31.38| QPSK
Uncoded - - 24.06 | 44.27 | 0.00 0.00 QPSK
G, - - | 1381] 27.08] 1025 | 17.19| oPsk
2.00 Gy TCM 2/3 10.95| 15.73 | 13.11 | 28.54| 8PSK
Gy TTCM 2/3 | 10.36| 14.43| 13.70| 29.84| 8PSK
Gy BICM 2/3 12.10| 16.05| 11.96 | 28.22| 8PSK
Gy BICM-ID 2/3 11.60 | 15.73 | 12.46 | 28.54| 8PSK
Uncoded - - 26.36 | 47.17| 0.00 | 0.00 8PSK
Gy - - 18.09 - 8.27 - 8PSK
3.00 Gy TCM 3/4 | 12.46| 18.86| 13.90 | 28.31 | 16QAM
Gy TTCM 3/4 12.42 | 16.67 | 13.94 | 30.50 | 16QAM
Gy BICM 3/4 | 13.43 | 17.11| 12.93 | 30.06 | 16QAM
Gy BICM-ID 3/4 13.25| 16.71 | 13.11 | 30.46 | 16QAM

Table 3.11: Performance of the CM-STBC concatenated OFDM schemes wasiageceiver, when communicating
over the SWATM channel. The STBC and CM parameters were givéiable 3.1 and Table 3.9, respectively. An
OFDM scheme having 512 subcarriers and a cyclic extensiéd samples was employed. For the scenarios of having

a different effective throughput, the performance of thetlseheme is printed in bold.

3.4.2 CM-Aided and LDPC-Aided Space-Time Block Coded OFDM &hemes

In Section 3.4.1, we have studied the performance of difftetd-assisted space-time block coded schemes for trans-
missions over the SWATM channel [5] of Figure 3.32. Instehthe joint coding modulation schemes of Table 3.9,
separate channel codes such as LDPC codes [422], can alsodopdrated into our space-time block coded OFDM
system for the sake of improving the achievable performaldeace, in this section we will compare the CM-assisted
G, space-time coded schemes of Section 3.4.1 to those in winichDPC codes are combined with the space-time
block codeG,.

3.4.2.1 System Overview

The LDPC-assisted space-time block coded OFDM systemnsatic is given in Figure 3.36. Compared to Fig-
ure 3.31, where the CM-assisted space-time block coded OBid#m was introduced, we substituted the CM
encoder and decoder by a LDPC encoder and decoder, reghgctior the CM schemes, the associated symbol-
based channel interleaver and deinterleaver have begmaiee in the CM encoder and decoder, respectively. For the
LDPC schemes, however, an external bit-based channdkiater and deinterleaver has to be employed for the sake
of further improving the system’s performance, as seenguife 3.36.
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Figure 3.36: Schematic diagram of the proposed LDPC-assisted spaechtook coded OFDM system.

Assisted by Equations (3.31), (3.33), and (3.34), we caoutatle the corresponding decoding complexity per
bit per iteration for the LDPC and CM schemes, respectivelyr the sake of fair comparisons, we have to select
the appropriate parameters, so that the CM-STBC schemehandPC-STBC schemes exhibit a similar decoding
complexity. Specifically, similar to Section 3.4.1.3, thpase-time block code was also chosen to beGheode in
all the LDPC-STBC concatenated OFDM schemes investigatetithus again the related decoding complexity of the
G, code was neglected in order to simplify our comparisonstiéumore, the symbol-based codeword length of the
LDPC-STBC concatenated schemes was fixed to 1024, whichua emthat of the CM-STBC concatenated schemes.
Specifically, the same channel model, namely the SWATM ciboihSection 3.4.1.3, and the same OFDM modem
having 512 subcarriers and a cyclic prefix of 64 samples wag@yed in this new context.

As mentioned in Section 3.4.1.4, at a specific effectiveughput, it was found that the TTCM-assist6g coded
scheme gave the best performance. Hence we used the TTCMedsethe representative of the CM family, while
half-rate an(g-rate LDPC codes were chosen for representing the LDPC ewmdié/f As a summary, the parameters of
the various CM-STBC concatenated OFDM systems are givealie13.9, while the parameters of the LDPC-STBC
concatenated OFDM systems are provided in Table 3.12.

STBC LDPC
In. Out. Inter- | Symbol-

BPS | Code | Code | Code | Column | Iter- Bits Bits leaver based Total Modem
Rate | Rate | Weight | ations | Block | Block | Depth Cw. Compl.

Size Size Length
1.00 Gy 1 1/2 3 15 1024 | 2048 | 2048 1024 1215 QPSK
200 | G 1 1/2 3 15 2048 | 4096 | 4096 1024 1215 | 16QAM
3.00 | G 1 3/4 3 10 3072 | 4096 | 4096 1024 1530 | 16QAM

Table 3.12: Parameters of the various LDPC-assisted space-time blmddcOFDM schemes. The parameters of the

G, space-time block code are given in Table 3.1.

3.4.2.2 Simulation Results

In this section we compare the TTCM- and LDPC-assisted spiaeeblock coded OFDM schemes, which are char-
acterized in Figure 3.37. All schemes utilized two trangeniantennas for thé&, space-time block code and one
receiver antenna. All simulation results were generatsedan the assumptions outlined in Section 3.4.1.3.

As seen from Figure 3.37, the TTCM- and LDPC-assistedtoded OFDM schemes have a similar performance.
Specifically, when the effective throughput is 1 BPS, the WIF@ssisted scheme performs slightly better than the
LDPC-aided candidate system. In the scenario of having f@ctefe throughput of 2 BPS, the former outperforms
the latter again. In this context, however, we may see tlegpénformance gap between the two competing schemes is
larger than that in the scenario of having a throughput of $ BFhis is because in order to achieve the same effective
throughput of 2 BPS, the TTCM-aided scheme employs 8PSK fatido in conjunction with set partitioning, while
the LDPC-aided candidate has to employ the more vulnerag@f@AM gray mapping based constellation, since the
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Figure 3.37: The BER versu€;, / Ny performance of thé&, space-time block code of Table 3.1 in conjunction with
the TTCM of Table 3.9 or the LDPC codes of Table 3.12 at diffiereffective throughputs using one receiver when
communicating over the SWATM channel of Figure 3.32. An OFB&heme having 512 subcarriers and a cyclic
extension of 64 samples is employed.

code rate of the TTCM and the LDPC code ;%rand 1, respectively. Nonetheless, it is found in Figure 3.37 that
the two corresponding competitors exhibit a similar perfance, when the throughput is increased to 3 BPS. In this
case, however, the LDPC-aided scheme is marginally supertbe TTCM-aided scheme, when thg/ N value is
relatively low, namely below 11dB.

In Figure 3.38, the associated coding gain versus compleesults are provided. The coding gain was defined in
Section 3.4.1.5, while the complexity of the CM schemes aD&C codes can be calculated with the aid of Equa-
tions (3.33) and (3.31), respectively. Given the same &ffethroughput, it is found that the coding gain performanc
of the TTCM-aidedG, schemes surpasses that of the LDPC-ai@edchemes, when the affordable complexity is
higher than approximate 500, as observed in Figure 3.38.léwaomplexity, namely below a value of about 500,
however, the LDPC-aided schemes tend to achieve a higharggdin than the TTCM-aided schemes at the specific
throughput values considered.

3.4.2.3 Conclusions

In Section 3.4.2.2 the performance of the different TTCMd &P C-assisteds, coded OFDM schemes has been
studied and compared. As seen from Figure 3.37, the TTChNtadss, scheme gives a better performance than the
LDPC-assisteds, scheme. Furthermore, in the context of the achievable gaghim versus complexity performance,
it was found that the TTCM-assisted schemes are capablehidvéicg higher coding gains in the relatively high
complexity range, than the LDPC-assisted candidate scheme

In conclusion, we summarize the achievable performandesofarious schemes discussed in Table 3.13.

3.5 Chapter Summary

The state-of-the-art of various transmission schemeg@seultiple transmitters and receivers was briefly revidwe
in Section 3.1. A simple communication system invoking tpace-time block codé&, was introduced in Sec-
tion 3.2.1, leading to further discussions on various ofiparce-time block codes. More specifically, Section 3.2.2.1
defined the STBC transmission matrix, while the encodingrilgm of theG, and a range of other space-time block
codes was given in Sections 3.2.2.2 and 3.2.2.3, respbctBection 3.2.3 presented the decoding algorithm of the
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Coding Gain v.s Complexity, OFDM, SWATM
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Figure 3.38: Coding gain versus complexity for the TTCM, concatenated and LDPG, concatenated schemes using
one receiver, when communicating over the SWATM channeigiifé 3.32. An OFDM scheme having 512 subcarriers
and a cyclic extension of 64 samples is employed. The siioalgarameters are given in Tables 3.9 and 3.12.

TTCM | LDPC | E,/No (@B) | Gain (aB)
BPS| STBC Code | Code BER Modem
Scheme| Rate | Rate | 10° [ 105 [ 103 [ 109
Uncoded| - - | 24.06| 44.27| 000 | 0.00 | BPSK
100| G - - | 1392] 2597 10.14] 18.30| BPSK
G 172 - | 704 | 1187 16.12| 32.40| QPSK
G» - 12 | 809 | 12.04] 15.97 | 32.23| QPsk
Uncoded| - | 24.06| 4427 | 0.00 | 0.00 | QPSK
200 G - - | 1381] 27.08] 10.25| 17.19| QPsk
G» 213 - | 1036 14.43] 13.70 | 29.84| 8PsK
G - 12 | 11.07| 15.10| 12.99 | 29.17 | 16QAM
Uncoded| - - | 26.36| 47.17| 0.00 | 0.00 | 8PSK
300 G - - 1809 - | 827 | - | spsk
G 3/4 - | 1242] 16.67 ] 13.94| 30.50 | 16QAM
G» - 34 | 12.44] 17.02] 13.92 | 30.15| 160AM

Table 3.13: Performance of the TTCM- and LDPC-STBC coded concatenatedNDschemes using one receiver,
when communicating over the SWATM channel of Figure 3.32e BTBC, CM and LDPC parameters were given in
Tables 3.1, 3.9 and 3.12, respectively. An OFDM scheme a2 subcarriers and a cyclic extension of 64 samples
was employed. For the scenarios of having a different eéffethroughput, the performance of the best scheme is printe
in bold.
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space-time block codes considered. More specificallyj@est2.3.1 introduced the Maximum Likelihood algorithm,
while Section 3.2.3.2 discussed the Maximum-A-Postegtgorithm, which enables the STBC decoder to provide
soft outputs. Thus various channel codes can be concatewitte the space-time block codes for the sake of im-
proving the system’s performance. In Section 3.2.4, thermetic of the proposed system was presented, and some
assumptions used in our simulations were outlined.

The performances of the various space-time block codesstetdéed and compared in Section 3.2.5. Specifically,
in Sections 3.2.5.1 and 3.2.5.2 the performances of diffespace-time block coded schemes communicating over
both uncorrelated and correlated Rayleigh fading chanmete compared, respectively. It was found that the perfor-
mances of the half-rate codés andG4 degraded in comparison to that of the unity-rate cGdewhen the effective
throughput was increased. The reason is that in order totaiaithe same effective throughput, higher-throughput
modulation schemes have to be employed in conjunction Wélnalf-rate codeS; andG,4 which are more vulnerable
to errors. This hence degrades the performance of the sy?;lmri-rate codedd{s andH, suffer a lower degradation
in this case, as their code rate is higher than that oGhaendG, codes, therefore a moderate-throughput modulation
scheme can be employed. This in turn assists in maintainegérformance advantage achieved by the space-time
codes. Additionally, when the number of receivers is insegla the achievable performance gain of the G4, Hs
and H4 codes over th&, code becomes lower, as seen in Figures 3.4, 3.5, 3.8 and Bi®QisTbecause much of the
attainable diversity gain has already been achieved ukie@4 code employing two receivers. Another important
conclusion is that the performances of the space-time codesnunicating over both uncorrelated and correlated
Rayleigh fading channels are the same, provided that tketefé throughputis the same. The performances of all the
space-time block codes are summarized in Table 3.2 at thefedekction 3.2.6.

The schemes employing space-time block codes in conjunetith channel codes were studied in Section 3.3,
which were divided into two parts, namely the performancelgtof LDPC-aided space-time block codes was pre-
sented in Section 3.3.1, while our performance comparid@mteeen LDPC-assisted and TC(2,1,4)-aided STBC
schemes were provided in Section 3.3.2.

In Section 3.3.1.1 the LDPC-based system was introducedhendssociated simulation parameters were given.
The performances of the LDPC-STBC concatenated schemegwa@irided in Section 3.3.1.2, including the scenarios
of both uncorrelated and correlated Rayleigh fading chisnneSection 3.3.1.2.1 and Section 3.3.1.2.2, respeytivel
The implementation complexity issues of the schemes sludere discussed in Section 3.3.1.3, where the coding
gain versus complexity at different effective throughpwess shown in Figures 3.21, 3.22 and 3.23. It was found
that the LDPC-aided STBC schemes performed significanttgbthan the STBC-only schemes when communicat-
ing over uncorrelated Rayleigh fading channels, while ttieievable performance improvement was insignificant,
when communicating over correlated Rayleigh fading chennghis is because the attainable performances of the
LDPC codes were found to be worse, when comminucating oveeleded Rayleigh channels than over uncorrelated
Rayleigh channels, unless the LDPC codeword length wasguitly long enough or a sufficiently long channel in-
terleaver was used. The phenomenon of achieving differerfibpnances over uncorrelated and correlated Rayleigh
fading channels was also observed in the context of the LBPBE concatenated system. On the other hand, when
the number of receiver antennas was increased, the schempésyég a space-time block code of a higher-diversity
order were found to provide an inferior performance, sinastof the attainable diversity gain has already been
achieved by the LDPC-aid&@, coded scheme. It was also found that for transmission oeantticorrelated Rayleigh
fading channels, when the same modulation scheme was usadearate LDPC code benefited the system more
than a space-time code of a higher-diversity order did. Heurbore, when the same LDPC code was used, a lower-
order modulation scheme tended to offer a higher performanprovement, than a space-time block code of a higher
diversity order did. The performance of different LDPCeatddspace-time block coded schemes was summarized in
Table 3.5, where the half-rate LDPC-coded space-time hiodeG, was found to be the best option among all the
LDPC-STBC concatenated schemes.

Following Section 3.3.1, where the LDPC-aided space-tioged system was studied, our comparative study
between LDPC-aided and TC(2,1,4)-assisted STBC schermesntitting over uncorrelated Rayleigh fading chan-
nels was presented in Section 3.3.2. The TC(2,1,4)-aidsisywas introduced in Section 3.3.2.1, while the as-
sociated complexity issues were discussed in Section.3,3ahich was followed by the performance analysis in
Section 3.3.2.3. From our coding gain versus complexityoperance comparisons, it was concluded that the half-
rate TC(2,1,4)-assisted space-time block cadeslightly outperforms the LDPC-assisted space-time blamttecl
schemes. However, the LDPC-STBC concatenated schemesauapsidered as better design options for complexity-
sensitive systems, where the achievable performance dadesnessarily have to be the highest possible, since the
LDPC-aided schemes are capable of maintaining a lower atplthan the TC(2,1,4)-aided scheme is. In conclu-
sion, the performance of the different schemes studied wasnarized in Table 3.8.

Furthermore, channel coding assisted space-time bloc&dcenhgle-user OFDM systems were studied in Sec-
tion 3.4. This research was divided into two parts. The fiest 5 the investigation of the various CM-assisted
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space-time block coded OFDM schemes detailed in Sectiorl.3.Z4he basic OFDM system was introduced in
Section 3.4.1.2, followed by the whole system'’s overvievacttion 3.4.1.3. More specifically, a brief complexity
analysis was provided in Section 3.4.1.3.1, and the inttido of the SWATM channel model was the subject of
Section 3.4.1.3.2. Our simulation results were discussegection 3.4.1.4, which were summarized in Table 3.11.
The latter part of Section 3.4 focused on the performanceanison of the CM- and LDPC-assisted space-time block
coded systems considered, which was detailed in SectioB.3T4he BER versug;, /Ny as well as the coding gain
versus complexity performances of the two groups of carndisehemes were compared in Section 3.4.2.2, followed
by our conclusions in Section 3.4.2.3, where the result@wemmarized in Table 3.13.

The family of STBCs is readily applicable to employment inidink systems, where the multiple transmitter
antennas are installed at the BS. However, in the contexloflusystems it is impractical to use high-order STBCs at
the MSs, since the MSs are expected to have a low implementabimplexity and thus cannot afford the added cost
of a high number of transmitter antennas. In the next chaBfgace Division Multiple Access (SDMA) type uplink
multi-user OFDM systems will be investigated, which invakeltiple receiver antenna elements for supporting a
multiplicity of MSs, each of which employs a single trangmitantenna only.



Chapte

Coded Modulation Assisted Multi-User
SDMA-OFDM Using Frequency-Domain
Spreading

4.1 Introduction

In recent years Orthogonal Frequency Division Multiplex(©FDM) [3, 5, 6, 26] has emerged as a successful air-
interface technology for both broadcast and Wireless Lécah Network (WLAN) applications, whilst Wideband
Code Division Multiple Access (WCDMA) has emerged as theninig candidate for 3G mobile systems. Our re-
search therefore includes an exploration of the performaecsus complexity tradeoffs of a generic class of Multi-
Carrier Code Division Multiple Access (MC-CDMA) [40] systs, which are capable of supporting the interworking
of existing as well as future broadcast and personal comration systems.

Space Division Multiple Access (SDMA) based OFDM [5, 1941 Bldommunication invoking Multi-User Detec-
tion (MUD) [442] techniques has recently attracted inteesesearch interests. In SDMA Multiple-Input Multiple-
Output (MIMO) systems the transmitted signald.ofimultaneous uplink mobile users - each equipped with desing
transmitter antenna - are received by thdifferent receiver antennas of the base station (BS). AB&¢he individ-
ual users’ signals are separated with the aid of their unigger-specific spatial signature constituted by their nban
transfer functions or, equivalently, Channel Impulse Resgs (CIRs). A variety of MUD schemes, such as the Least-
Squares (LS) [5,442,443] and Minimum Mean-Square Error @BY[5, 194,198, 442, 443] detectors, or Successive
Interference Cancellation (SIC) [5, 194,198, 442—-444fake&l Interference Cancellation (PIC) [5,442,444,445] a
Maximum Likelihood Detection (MLD) [5,194,198,199, 442}emes may be invoked for the sake of separating the
different users at the BS on a per-subcarrier basis. Amoeggtlschemes, the MLD arrangement was found to give
the best performance, although this was achieved at theotastiramatically increased computational complexity,
especially in the context of a high number of users and highéer modulation schemes, such as 16QAM [444]. By
contrast, MMSE combining exhibits the lowest complexitytiis set of detectors, while suffering from a performance
loss [5,444].

In order to improve the achievable performance by exploitire multi-path diversity potential offered by wide-
band channels, a further technique that is often used inothtext of CDMA systems is constituted by the spreading of
the subcarrier signals over a number of adjacent subcawién the aid of orthogonal spreading codes, such as Walsh-
Hadamard Transform (WHT) based codes [34]. This technigag atso be employed in multi-user SDMA-OFDM
systems in the context of spreading across all or a fractidheosubcarriers [446]. Spreading across all subcarriers
using a single Walsh-Hadamard Transform Spreading (WH3)dde is expected to result in a better averaging of
the bursty error effects at the cost of a higher WHT compjexit

Furthermore, the achievable performance can be signifcamproved, if Forward Error Correction (FEC) schemes,
such as for example Turbo Convolutional (TC) codes are pa@ted into the SDMA system [5]. Among a number of
FEC schemes, Trellis Coded Modulation (TCM) [359, 437],buifCM (TTCM) [359, 438], Bit-Interleaved Coded
Modulation (BICM) [359,439] and Iteratively Decoded BICBICM-ID) [359,440] have attracted intensive research
interests, since they are capable of achieving a substaatiang gain without bandwidth expansion.
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In this section, we combine the above-mentioned variouse@ddodulation (CM) schemes with a multi-user
SDMA-OFDM system, in which WHT-based subcarrier spreadngsed. The structure of this section is as follows.
The SDMA MIMO channel model is described in Section 4.2.1jlevan overview of the CM-assisted multi-user
SDMA-WHTS-OFDM system is provided in Section 4.2.2, whére basic principles of CM, MUD and WHT-based
spreading (WHTS) are also introduced. Our simulation tesuk provided in Section 4.3, while our conclusions are
summarized in Section 4.4,

4.2 System Model

421 SDMA MIMO Channel Model

MIMO Channel
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Figure 4.1: Schematic of the SDMA uplink MIMO channel model [5], wherelaf the L. mobile users is equipped
with a single transmitter antenna and the BS’s receiversstesl by aP-element antenna front-end.

Figure 4.1 shows a SDMA uplink MIMO channel model, where eafthe L simultaneous mobile users employs a
single transmitter antenna at the mobile station (MS), evthie BS's receiver exploifd antennas. At thg!" subcarrier
of then!” OFDM symbol received by thB-element receiver antenna array we have the complex retsigeal vector
x[n, k], which is constituted by the superposition of the indepetlsiéaded signals associated with thenobile users
and contaminated by the Additive White Gaussian Noise (AW.@NXpressed as:

x = Hs+n, (4.2)

where the( P x 1)-dimensional vectox, the (L x 1)-dimensional vectos and the(P x 1)-dimensional vecton are
the received, transmitted and noise signals, respectittdye we have omitted the indicés, k| for each vector for
the sake of notational convenience. Specifically, the veatas andn are given by:

x = [x1,x, -+, xp ]T, (4.2)
s = [sU, 5@, ..., S0, 4.3)
n = [m,ny -, np ]T~ (4.4)

The (P x L)-dimensional matri, which contains the Frequency-Domain CHannel Transfectams (FD-CHTFs)
of the L users, is given by:

H = [H(l), H?, ... HD 1, (4.5)

whereH() (I=1,---,L) is the vector of the FD-CHTFs associated with the transimisgaths from thé'" user’s
transmitter antenna to each element of Baelement receiver antenna array, which is expressed as:

u = (Y, HY, ..., BV, 1=1,-- L. (4.6)
In Equations (4.1) to (4.6), we assume that the complex sighatransmitted by thé” user has zero-mean and a

variance ofalz. The AWGN noise signat, also exhibits a zero-mean and a variancepf The FD-CHTFSH}(gl) of
the different receivers or users are independent, stagippnamplex Gaussian distributed processes with zero-mean
and unit variance [446].
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4.2.2 CM-assisted SDMA-OFDM Using Frequency Domain Spreadg
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Figure 4.2: Schematic of the CM-assisted and multi-user detected SIDEHM uplink system employing subcarrier-
based WHT spreading.

In Section 4.2.1 we have briefly reviewed the SDMA MIMO chdmmedel, as shown in Figure 4.1. In Fig-
ure 4.2, we present the schematic of the proposed CM-assisig multi-user detected SDMA-OFDM uplink sys-
tem employing WHT spreading. At the transmitter end, as sgehe top of Figure 4.2, the information bit se-
quences of the geographically-separdtesimultaneous mobile users are forwarded to the CM encodéiese they
are encoded into symbols. Each user’'s encoded signal idedivito a number of WHT signal blocks, denoted by

S\E\/I,Z) (I=1,---,L), which are then forwarded to the subcarrier-based WHT sigreollowed by the OFDM-related
Inverse Fast Fourier Transform (IFFT) based modulatorchvicionverts the frequency-domain signals to the time-
domain modulated OFDM symbols. The OFDM symbols are thersirégtted by the MSs to the BS over the SDMA
MIMO channel. Then each element of the receiver antenng alrawn at the bottom of Figure 4.2 receives the su-
perposition of the AWGN-contaminated transmitted sigaald performs Fast Fourier Transform (FFT) based OFDM
demodulation. The demodulated outputs, (p = 1,---,P) seen in Figure 4.2 are forwarded to the multi-user

detector for separating the different users’ signals. dpasated signaIQ(Nl) (I=1,---,L), namely the estimated
versions of the transmitted signals, are independentlgréesl based on the inverse WHT (IWHT), resulting in the

despread signals @w) (I=1,---,L) which are then decoded by the CM decoders of Figure 4.2.

The further structure of this section is as follows. A brie&dription of the MMSE MUD employed in our SDMA-
OFDM system is given in Section 4.2.2.1. The subcarriee88¥HTS is then introduced in Section 4.2.2.2.

4.2.2.1 Minimum Mean-Square Error Multi-User Detector

As mentioned earlier, MUD schemes have to be invoked at tbeiwer of the SDMA-OFDM system for the sake

of detecting the received signals of different users. Frbenfamily of various MUD techniques, represented for
example by the Maximum Likelihood Detection (MLD) [5, 1948, 199, 442], Parallel Interference Cancellation
(PIC) [5,442,444, 445], Successive Interference CanttafldSIC) [5,194, 198, 442—-444], Minimum Mean-Square
Error (MMSE) [5,194,198,442,443] and Least-Squares (642,443] detectors, ML detection is known to exhibit
the optimum performance, although this is achieved at tghdst complexity. In order to avoid the potentially ex-

cessive complexity of optimum ML detection, sub-optimurted&on techniques such as the MMSE-MUD have been
devised. Specifically, the MMSE detector exhibits the Idvaetection complexity in the set of detectors mentioned
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above, although this comes at the cost of a Bit Error RatioRBiiegradation [5, 444].

In the MMSE-based MUD the estimates of the different useesigmitted signals are generated with the aid of
the linear MMSE combiner. More specifically, the estimatiggial vectors € C(L*1) generated from the transmitted
signals of the L simultaneous users, as shown in Figure 4.2, is obtaineahbgiliy combining the signals received by
the P different receiver antenna elements with the aid of theyamgight matrix, as follows [5]:

§ = WH x (4.7)

where the superscripi denotes the Hermitian transpose, aNgyse € C(P*L) js the MMSE-based weight matrix
given by [5]:
Wywse = (HHY + 021)7'H, (4.8)

while I is the identity matrix and- is the AWGN noise variance.

4.2.2.2 Subcarrier-based Walsh-Hadamard Transform Spreding

In single- and multi-carrier CDMA systems, the employmeihordhogonal codes is vital for the sake of supporting
multiple access [34]. In the context of multi-user SDMA-Q¥Bystems, orthogonal codes may be employed for
the sake of randomizing the wideband channel’s frequertaetve fading, rather than for supporting multiple users
since the multiple users are supported with the aid of the B8BDFDM system employing #-element antenna array
and appropriate multi-user detection techniques.

A prominent class of orthogonal codes often used in CDMAe&systis the family of orthogonal Walsh codes [34],
which are particularly attractive, since the operationgreading with the aid of these codes can be implemented in
form of a ‘fast’ transform, which takes advantage of the &decursive structure, similarly to the FFT [5].

Let us now provide a deeper insight into the operation of thecarrier-based WHTS [5]. During every OFDM
symbol period prior to transmission of the independent siggrals, thek data samples associated with the subcarriers,
whereK is the FFT length, may be spread with the aid of the WHT havitdpak size ofK. This is achieved by
left-multiplying the WHT signal blocksv(vl,z] (I =1,---,L) of Figure 4.2 with theK-order WHT matrixUy., for
each user separately:

S\s\ll) - UWHTKS(Z) I = 1/ o /L/ (49)

w,0”

wheres&) is thel!" user’s spread signal block, ally,r, is given in a recursive form as:

1 1- UWHT 1. UWHT }
U - K/2 K2 | 4.10
WHTK \/§ [ 1- UWHTK/2 -1 UWHTK/Z ( )
while the lowest-order WHT unitary matrix is defined by:
1 1 1
UWHTz = % [ 1 —1 :| . (4-11)

When the WHT block size is long, for example identical to th& Fength ofK = 512, the computational complexity
imposed by the lengti- WHTS may be very high. Therefore a more practical solutiotoifurther divide theK
samples int& / M., number of interleaved blocks, each of which has a block sizdq,, < K. Specifically, thet"
WHT block is constituted by the samples selected from theaulers having the indices [5, 446]:

,0<i<

WHT WHT

j=i+r —1,0<7r < Myr — 1, (4.12)
wherei is the index of the WHT blocks within the same OFDM symbol. Igufe 4.3 we illustrate the operation of
the subcarrier-based WHTS, where the number of OFDM suilecsiis 512 and the WHT block size is 32. Therefore
in each OFDM symbol we havi 2 /32 = 16 frequency-domain interleaved WHT blocks. At the top of F&d.3 an
OFDM symbol is shown with the subcarriers’ indices dispthyehile the bottom illustration of the figure shows the
WHT blocks generated, which contain subcarriers of theifipddndices, as given by Equation (4.12). As Figure 4.3
shows, for example, the signal sample carried by the seconrd 1) slot within the WHT block of index = 0 is
selected from the subcarrier of indgx= 16 within the original OFDM symbol. After the WHT blocks are foed,
the WHTS is then invoked with the aid of the lengtty, WHT matrix given in Equation (4.10).
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OFDM symba
subcarrier index ——
0|1 16|17 32|33
0]16|32 1(17|33
32 32
WHT block 0 WHT block 1

Figure 4.3: Example of the subcarrier-based WHT blocks’ generationgusi WHT block size of 32, where the total
number of OFDM subcarriers is 512.

At the BS receiver seen in Figure 4.2, the despreading dperfatilows the inverse procedure of that portrayed in
Figure 4.3, which is invoked independently for the sepakratgnal of each user. More specifically, we have:

L I (4.13)

Whereﬁévl)O and §V(Vl) are the estimated version 9&’/{)0 and s&,l), respectively, Whileﬁsf) is achieved by applying Equa-
tion (4.7) at each subcarrier of every lengthz. WHT block. Upon employing the WHTS technique, the detrinaént
effects imposed on the system’s average BER performandeebgptecific subcarriers corrupted by deep frequency-
domain channel fades can be potentially improved, sinceffeets of the fades are spread over the entire WHT block.
Hence the receiver has a high chance of recovering the isgbaansmitted signals of the badly affected subcarriers.

4.3 Simulation Results

In this section, we characterize the performance of the ggeg CM-assisted MMSE-SDMA-OFDM schemes in
conjunction with WHTS. The channel is assumed to be OFDMmylimvariant, implying that the taps of the impulse
response are assumed to be constant for the duration of dd&@¥mbol, but they are faded at the beginning of each
symbol [4]. Each user’s associated transmit power or sigagance is assumed to be the same and normalized to
unity, while the complex-valued fading envelope of thealiént users’ signal is assumed to be uncorrelated. For the
sake of simplifying the experimental conditions, the chalisrfrequency-domain transfer function is assumed to be
perfectly known in all simulations. Nonetheless, thesdégrarance trends are expected to remain unchanged in case
of imperfect channel estimation, in particular, when thbtustyle PIC aided Recursive Least-Squares (RLS) channel
estimators of Chapter 16 in reference [5] are used. This neajm&de plausible by noting that turbo-style iterative
detection techniques have been reported to be capableiefamha virtually indistinguishable performance from the
idealistic system using perfect channel estimation [5].359

4.3.1 MMSE-SDMA-OFDM Using WHTS

We commence by considering a multi-user SDMA-OFDM systemrating without the assistance of CM commu-
nicating over the Short Wireless Asynchronous Transfer &&@WATM) channel of [4]. The impulse response of
the three-tap SWATM channel was given in Figure 3.32, whike specific channel parameters used were given in
Table 3.10. Each of the three paths experiences indepeRdgiteigh fading having the same normalized Doppler
frequency off; = 1.235 x 1075, Atotal of 512 subcarriers and a cyclic prefix of 64 samplesaesed for the OFDM
modem.

Figure 4.4 compares the BER verdi}g Ny performance of the MMSE-SDMA-OFDM system equipped with two
receiver antenna elements, while supporting one or twasimeth with and without WHTS, respectively. Furthermore,
the performance of the unprotected single-user BPSK scliemenunicating over an AWGN channel is also provided
for reference. As expected, the WHTS-assisted schemesrpebietter than their non-spread counterparts, both for
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Figure 4.4: BER versusk,/Ny performance of th&VHTS-assisted MMSE-SDMA-OFDM system employing a
4QAM scheme for transmission over tBAVATM channel, wherd.=1, 2 users are supported with the aid B£2
receiver antenna elements. The WHT block size us8@.is

one and two users. Itis also beneficial to view the subcaBfieRs as a function of both the subcarrier index and the
E;,/ Ny, which was portrayed in Figure 4.5 for the SDMA-OFDM systequipped with two BS receiver antennas
for supporting two users. The subcarrier BER is defined a8t averaged over a specific subcarrier of all the
consecutive OFDM symbols transmitted by the users. It wasddhat at a specifiE, / Ny value, the subcarrier BER
curves shown at the top of Figures 4.5, exhibit undulatiamess the frequency domain owing to deep channel fades
at certain subcarriers, which could be potentially elintédlawith the aid of WHTS, as observed at the bottom of the
figure. This suggests that the system’s average BER perfaretzan be potentially improved by using WHTS, since
the bursty subcarrier errors can be effectively spreadsadite subcarriers of the entire WHT block.

4.3.2 CM-and WHTS-assisted MMSE-SDMA-OFDM

Similarly to the previous sections, let us first investighie SDMA-OFDM system’s performance while communicat-
ing over the SWATM channel [4].

4.3.2.1 Performance Over the SWATM Channel

For the various CM schemes used, we select the parametdnatsalltschemes have the same effective throughput
and the same number of decoding states, hence have a simdadidg complexity. More specifically, the code
memoryv is fixed to 6 for the non-iterative TCM and BICM schemes, sd tha number of decoding states becomes
S =2V = 64. For the iterative TTCM and BICM-ID schemes, howeuveis fixed to 3, while the number of iterations
for these schemes is set to 4 and 8, respectively. Hencetti@tmber of trellis states &' -4 -2 = 64 for TTCM and
23.8.1 = 64 for BICM-ID, since there are two 8-state decoders, whictirmreked in four iterations in the scenario of
TTCM, while only one 8-state decoder is employed in the cara€BICM-ID. The generator polynomials expressed
in octal format for TCM, TTCM, BICM and BICM-ID ar¢l17 26], [13 6], [133 171]and[15 17], respectively.
The parameters of the various CM schemes used are summerizable 4.1.

4.3.2.1.1 Two Receiver Antenna Elements

In Section 4.3.1 the beneficial effects of WHTS on the MMSBEVBBDOFDM system’s performance have been
demonstrated. Let us now combine the various CM schemesdeoed with the multi-user MMSE-SDMA-OFDM
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Figure 4.5: BER versusE;, / Ny performance as a function of the subcarrier index oiMSE-SDMA-OFDM (top)
andWHTS-assisted MMSE-SDMA-OFDM (bottom) systems employing a 4QAM scheme for transmission over the
SWATM channel, wheré&=2 users are supported with the aidRf2 receiver antenna elements. The WHT block size
used is32.

CM Code | Data | Parity | Code | Iterations| Codeword| Modem
Scheme | Rate | Bits | Bits | Memory Length
TCM 1/2 1 1 6 1024 4QAM
TTCM 1/2 1 1 3 4 1024 4QAM
BICM 1/2 1 1 6 1024 4QAM
BICMID 1/2 1 1 3 8 1024 4QAM

Table 4.1: The parameters of the various CM schemes used in the meltiS3BMA-OFDM system for communicating

over the SWATM channel of Figure 3.32.
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system. The corresponding simulation results are pordrayé-igure 4.6, where the top and bottom of the figure
illustrate the BER and CodeWord Error Ratio (CWER) vergyg Ny performance of the proposed CM-MMSE-
SDMA-OFDM schemes, respectively.

Here we define the user load of Aruser and®-receiver SDMA-OFDM system as:
X, = = (4.14)

which assumes a value of unity in case of full user load, whemumber of users is equal to the number of receiver
antenna elements. The simulation results generated inotfiext ofx, = 0.5 anda, = 1 are plotted at the left
and right side of Figure 4.6, respectively. The BER perfaroeaof the 32-state TC code assisted MMSE-SDMA-
OFDM [5] system is also portrayed as a reference. Furthezntbe performance of the unprotected 4QAM SDMA-
OFDM system and that of the single-user BPSK scheme commtimgoover an AWGN channel is also provided as a
benchmarker. As observed in Figure 4.6, the TC-assistadgement and the various CM-assisted schemes provide a
similar BER performance in both scenarios. As expectedhalFEC-aided schemes perform significantly better than
their unprotected counterparts in the BER performancestiations. Furthermore, the TTCM-aided scheme is found
to give the best CWER performance from the set of all CM-aisigfliemes in both the half-loaded and fully-loaded
scenarios, where, is equal to 0.5 and 1, respectively. This suggests that manermission errors can be eliminated
by TTCM than by the other three CM schemes, although the learsts inflicted by deep frequency-domain channel
fades cannot be recovered completely. However, this efffegt be potentially mitigated by employing WHTS, as
discussed in Section 4.2.2.2.

As expected, for each of the schemes evaluated, we may rtbtitehe performance achieved in the context
of v, = 0.5, is better than that attained, when we haye= 1. This phenomenon may be explained as follows.
Since P receiver antenna elements are invoked at the BS, ther® aiglink paths for each MS user having one
transmitter antenna. Hence the achievable spatial diyesaier provided by thé® paths remains the same for each
user, regardless of the total number of simultaneous usersosted. However, when the user load is lower, i.e. the
number of users supported is lower, the MMSE combiner witldfié from a higher degree of freedom in terms of the
choice of the array weights optimized for differentiatimg tdifferent users’ transmitted signal, and thus the system
becomes more efficient in terms of suppressing the reducéiitWker Interference (MUI).

In Figure 4.7, we provide the subcarrier based BER veEys\, performance of the TTCM-assisted MMSE-
SDMA-OFDM system in the context of two users and two receaetenna elements. Comparing Figure 4.5 to
Figure 4.7, where the beneficial effects of WHTS have beeracherized, we may notice that the achievable perfor-
mance improvement attained by TTCM, or more generally byakkeschemes, is typically higher than that achieved
by WHTS.

Having discussed the beneficial effects of WHTS and thosewwb@ the SDMA-OFDM system, as described in
Section 4.3.1 and earlier in this section, respectivelynae combine the MMSE-SDMA-OFDM system with CM
and WHTS. The corresponding simulation results are pcgtiay Figure 4.8, where the left and right side of the
figure illustrate the scenarios af = 0.5 anda, = 1, while the top and bottom of the figure shows the BER and
CWER performance, respectively. Again, the TTCM-aidecesed was found to give the best CWER performance
among all the CM-aided schemes considered. Comparisorgafé-é4.6 and Figure 4.8 shows that in the CM-aided
MMSE-SDMA-OFDM system the employment of WHTS having a blscte of 32 only insignificantly improves the
system’s BER and CWER performance, since most of the adbliedaversity gain may have already been achieved by
using the CM schemes. However, the employment of WHTS hagdtential of further enhancing the CM-SDMA-
OFDM system’s performance in highly-dispersive propagaginvironments, an issue which will be further discussed
in Section 4.3.2.2.

Furthermore, if a longer CM codeword length is used, theesy'st performance can be further improved at the
cost of a higher computational complexity. The effects &fedent CM codeword lengths can be seen in Figure 4.9. As
expected, when a higher codeword length is employed, thtersysperformance becomes better, since a longer CM
codeword is capable of better averaging the bursty errectsf However this performance improvement is achieved
at a substantially higher complexity. For examples of tls@eimted complexity issues, the interested reader isreefer
to Chapter 9 of [359].

4.3.2.1.2 Four Receiver Antenna Elements

In Section 4.3.2.1.1, we have compared the various CM- and B/eided schemes in the context of one or two users
and two receiver antenna elements. In this section, wetigats a higher-order spatial diversity assisted scermfio
increasing the number of receiver antenna elements, asdtipporting a higher number of simultaneous users.
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Figure 4.6: BER (top) andCWER (bottom) versusE, / Ny performance of th€M-assisted MMSE-SDMA-OFDM
system employing a 4QAM scheme for transmission ovelSWATM channel, wheré=1 (left) or L=2 (right) users
are supported with the aid ¢¥=2 receiver antenna elements. The CM parameters are giverbie Fal. The CM
codeword length i4024 symbols. The BER performance of the same 4QAM MMSE-SDMA-@F§/stem assisted
by the half-rate TC code [5] (the curves with the legendldfs also provided for reference.
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Figure 4.7: BER versusE;, /Ny performance as a function of the subcarrier index of TR€M-assisted MMSE-
SDMA-OFDM system employing a 4QAM scheme for transmission ovelSWATM channel, wheré.=2 users are
supported with the aid d?P=2receiver antenna elements. The TTCM codeword lengi®2lsymbols.

Figures 4.10 and 4.11 show the BER and CWER performancewathisy the CM- and WHTS-aided MMSE-
SDMA-OFDM schemes in the scenario, where there are fouivesesupporting a maximum number of four users.
The BER performance of the 32-state TC code assisted MMSEADFDM [5] system is also provided as a refer-
ence. As seen in Figure 4.10, similar to the two-receivenade of Figure 4.8, the TC-assisted arrangement and the
various CM-aided schemes achieve a similar BER performanaespecific user load. However, again, the TTCM-
aided scheme stands out of all CM-aided schemes by attaantiegter CWER performance.

Furthermore, comparing Figure 4.8 to Figure 4.10, wheresthee two receivers supporting a maximum of two
users, we find that at the same user load level, for examplg at «, = 05 0ra, = a, = 1.0, the E,/Np
performance achieved by the four-receiver system is ajmately 4.5dB better than that of the two-receiver system,
provided that the same CM-assisted scheme is used. Thisabe, when the number of the BS receiver antenna
elements is increased, the SDMA-MIMO system becomes calproviding a higher diversity gain, which may be
expected to improve the system’s performance for each user.

4.3.2.2 Performance Over the COST207 HT Channel

In this section, we will investigate the performance of thd-Gnd WHTS-assisted MMSE-SDMA-OFDM schemes,
while communicating over a more dispersive channel, naredy the 12-path COST207 [447] Hilly Terrain (HT)
channel. The impulse response of the channel model is pediia Figure 4.12, while the specific channel parameters
are given in Table 4.2. Each of the twelve paths experiemukpiendent Rayleigh fading having the same normalized
Doppler frequency of’; = 1.0 x 10~5. Compared to the 512-subcarrier OFDM modem used for comzatioh over

the SWATM channel investigated in Section 4.3.2.1, we nowlegna higher number of 2048 subcarriers and a cyclic
prefix of 256, since the maximum path delay of the COST207 Hanaokl is longer than that of the SWATM channel,
hence it requires a longer cyclic prefix for combatting tHeas of Inter-Symbol Interference (I1SI) [5, 26].

In Sections 4.3.2.2.1 and 4.3.2.2.2, we will compare theéesponding performance of the various CM- and
WHTS-assisted MMSE-SDMA-OFDM schemes, when communigativer the COST207 HT channel. The pa-
rameters of the CM schemes used are summarized in Table 4.3.

4.3.2.2.1 Two Receiver Antenna Elements

We present the BER and CWER performance of the CM-assiste(SEHEDMA-OFDM system dispensing with
WHTS for transmission over the COST207 HT channel at the féjigures 4.13 and 4.14, respectively. Two receiver
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Figure 4.8: BER (top) and CWER (bottom) versusE;, / Ny performance of th€M- and WHTS-assisted MMSE-
SDMA-OFDM system employing a 4QAM scheme for transmission ovelSYWATM channel, wheré.=1 (left) or

L=2 (right) users are supported with the aid BE2 receiver antenna elements. The CM parameters are given in
Table 4.1. The CM codeword lengthi®24symbols and the WHT block size used3® The BER performance of the
4QAM MMSE-SDMA-OFDM system assisted by the half-rate TC €¢8] (the curves with the legend 6&f) is also
provided for reference.
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Figure 4.9: BER (left) andCWER (right) versusE, /Ny performance of th& TCM- and WHTS-assisted MMSE-
SDMA-OFDM system employing a 4QAM scheme for transmission ovelSWATM channel, wheré.=2 users are
supported with the aid d#=2receiver antenna elements. The TTCM parameters are giviabie 4.1, although a range
of different codeword lengthsis employed. The WHT block size used3a.

Lt [ ow | f | s [ K o
| 9.14MHz | 19.9ps | 92.6Hz| 101075 | 12 | 2048 | 256 |

Table 4.2: Sampling Ratel /Ts, maximum path delay;,,x, maximum Doppler frequency;, normalized Doppler
frequencyfé, number of paths, FFT lengthK and cyclic prefix lengtlep of the COST207 Hilly Terrain (HT) channel
of Figure 4.12.

CM Code | Data | Parity | Code | lterations| Codeword| Modem
Scheme | Rate | Bits Bits | Memory Length
TCM 1/2 1 1 6 - 2048 4QAM
TTCM 1/2 1 1 3 4 2048 4QAM
BICM 1/2 1 1 6 - 2048 4QAM
BICMID 1/2 1 1 3 8 2048 4QAM

Table 4.3: The parameters of the various CM schemes used in the meltiSBMA-OFDM system communicating

over the COST207 HT channel of Figure 4.12.
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Figure 4.10: BERversusE, /Ny performance of th€M- and WHTS-assisted MMSE-SDMA-OFDM system em-
ploying a 4QAM scheme for transmission over tB&/ATM channel, wherd.=1 (top left), L=2 (top right), L=3
(bottom left) or L=4 (bottom right) users are supported with the aidR#£4 receiver antenna elements. The CM pa-
rameters are given in Table 4.1. The CM codeword lengttO4 symbols and the WHT block size used32 The
BER performance of the 4QAM MMSE-SDMA-OFDM system assidigdhe half-rate TC code [5] (the curves with
the legend ofJ) is also provided for reference.
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Figure 4.11: CWER versusE, /N, performance of th€M- and WHTS-assisted MMSE-SDMA-OFDM system
employing a 4QAM scheme for transmission over 8\ WATM channel, wheré =1 (top left), L=2 (top right) , L=3
(bottom left) or L=4 (bottom right) users are supported with the aid Bf4 receiver antenna elements. The CM
parameters are given in Table 4.1. The CM codeword length2¢ symbols and the WHT block size useda
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The COST207 Hilly Terrain Channel
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Figure 4.12: COST207 Hilly Terrain (HT) channel impulse response. Theesponding parameters of the channel are
summarized in Table 4.2.

antenna elements are employed for supporting a maximumaofisers. The simulation results show that the TTCM-
aided scheme constitutes the best design option in termstothe BER and CWER, attaining a coding gain ranging
from 2dB to 4dB over the other three CM-aided schemes at the BE10—> without the assistance of WHTS.
Furthermore, when WHTS is incorporated into the CM-MMSEMDOFDM system, as seen in the bottom of
Figures 4.13 and 4.14, a further usefiyl/ N; gain is achieved by most of the four schemes, especially &y @M-
aided arrangement. However, recall that in Section 4.3vhdre the SWATM channel was employed, the additional
E;, /Ny gain achieved by spreading in the context of the various OM-\WHT S-assisted schemes was rather modest.
This result may suggest that in highly dispersive enviromtsiesuch as that characterized by the 12-path COST207
HT channel, the channel-coded SDMA-OFDM system'’s perfarceanay be further improved by employing WHTS.
This spreading-induceH, / Ny gain was achieved, because the detrimental effects impmséte system’s average
BER performance by the deeply-faded subcarriers has beeadspver the entire WHT block, and these randomized
or dispersed channel errors may be more readily correctéueb@M decoders.

It transpires from Figures 4.13 and 4.14 that the four CMedidchemes communicating over the COST207 HT
channel attain a different performance. This observasodifferent from what was noted in Figures 4.6 and 4.8,
where the performance of the various CM-aided schemes carcating over the SWATM channel was more similar.
The reason for this phenomenon is that the amplitude vanaif the FD-CHTFs becomes both more frequent and
more dramatic, when the channel exhibits a longer path d8&8)]. Since the COST207 HT channel’s maximum path
delay is 19.9s, which is significantly longer than the 4&:9maximum dispersion of the SWATM channel, the fades
occur more frequently in the FD-CHTF of the COST207 HT chdraemindicated by Figure 4.15. Apparently, in the
COST207 HT channel displayed at the left hand side of Figutg,4he frequency domain separation between the
neighbouring fades is proportionately lower than that & 8WATM channel shown at the right side of Figure 4.15.
This characteristic will result in more uniformly distritad corrupted subcarrier symbols which can be more readily
corrected by the channel codes. More specifically, when p fdeke occurs in the FD-CHTF of the SWATM channel, a
number of consecutive subcarriers which are located indhesponding faded block of subcarriers may be seriously
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Figure 4.13: BER versusE, /Ny performance of theCM-assisted MMSE-SDMA-OFDM (top) and CM- and
WHTS-assisted MMSE-SDMA-OFDM (bottom) systems employing a 4QAM scheme for transmission over the
COST207 HT channel, wherd.=1 (left) or L=2 (right) users are supported with the aid B£2 receiver antenna
elements. The CM parameters are given in Table 4.3. The CMveod length i2048symbols and the WHT block
size used i82.
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Figure 4.14: CWER versusE,/ Ny performance of th&€M-assisted MMSE-SDMA-OFDM (top) and CM- and
WHTS-assisted MMSE-SDMA-OFDM (bottom) systems employing a 4QAM scheme for transmission over the
COST207 HT channel, wherd.=1 (left) or L=2 (right) users are supported with the aid B£2 receiver antenna

elements. The CM parameters are given in Table 4.3. The CMveod length i2048symbols and the WHT block
size used i82.
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affected by the fade.
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Figure 4.15: The FD-CHTF amplitudes of th€OST207 HT (left) and SWATM (right) channels plotted for the
duration of one OFDM symbol.

This implies that the channel codes, for example one of the @M schemes, may have a lower chance of
correcting less-frequently occurring but prolonged eburnsts, than more frequently encountered isolated erfares.
more prolonged error bursts imposed by the SWATM channehadverload the error correction capability of the CM
schemes, regardless of which of the four CM schemes is uiseg,@wving to the preponderance of transmission errors
their trellis decoder often opts for choosing the wrondis@ath. This is particularly true for CM schemes using shor
channel interleavers. Therefore, this phenomenon reésudtsimilar performance for the various CM-aided schemes,
when communicating over the SWATM channel, as seen in Fggii@and 4.8.

By contrast, in the context of the COST207 HT channel suclopged error bursts are unlikely to occur, since the
faded subcarriers resultin more frequent but less proldeg®r bursts, which are reminiscent of the error distidng
experienced in AWGN channels and therefore may have a hajtagrce of being corrected by the CM decoders used
at the receiver. Hence, the different error-correctingatiéljiy of the various CM schemes becomes more explicit, as
revealed in Figures 4.13 and 4.14.

4.3.2.2.2 Four Receiver Antenna Elements

As mentioned in Section 4.3.2.1.2, when the number of receintenna elements is increased to four, the perfor-
mance of the system becomes better, than that experienabeé itwo-receiver scenario, which was discussed in
Section 4.3.2.2.1. In Figures 4.16 and 4.17, we comparethetBER and CWER performance of the different CM-
and WHTS-assisted schemes for transmissions over the Q3R channel, while employing four receiver antenna
elements at user loads ®f = 0.5 anda, = 1.0, as shown at the left and right hand sides of Figures 4.16 &t 4
respectively. Again, it can be seen in the figures that théopeance achieved by the four-receiver SDMA-OFDM
system, which has a higher diversity order, is better tham alttained by the two-receiver system both at the user
loads ofa,, = 0.5 anda,, = 1.0, averaging at an approximately 3d/ Ny improvement for a specific CM-aided
scheme. Hence a plausible conclusion is that at a specifidagsy ,, the more receivers the SDMA-MIMO system
employs, the higher attainable grade of diversity and thmuisrgoroved performance may be achieved. However, the
relative performance improvement achieved by an alreagly-brder system upon doubling the number of receivers
is expected to be lower than that in a lower-order systentesmost of the attainable gain may have already been
achieved, which results in a near-Gaussian performance.
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Figure 4.16: BER versusE, /Ny performance of theCM-assisted MMSE-SDMA-OFDM (top) and CM- and
WHTS-assisted MMSE-SDMA-OFDM (bottom) systems employing a 4QAM scheme for transmission over the
COST207 HT channel, wherd.=2 (left) or L=4 (right) users are supported with the aid B£4 receiver antenna
elements. The CM parameters are given in Table 4.3. The CMveod length i2048symbols and the WHT block
size used i82.
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Figure 4.17: CWER versusE,/ Ny performance of th&€M-assisted MMSE-SDMA-OFDM (top) and CM- and
WHTS-assisted MMSE-SDMA-OFDM (bottom) systems employing a 4QAM scheme for transmission over the
COST207 HT channel, wherd.=2 (left) or L=4 (right) users are supported with the aid B£4 receiver antenna

elements. The CM parameters are given in Table 4.3. The CMveod length i2048symbols and the WHT block
size used i82.
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4.3.2.2.3 Performance Comparisons

CM a,, = 0.5 a,, = 1.0
Schemes| Spreading | ULR2 | U2R4 | U2R2 | U4R4

No WHTS | 20.85 | 12.99 | 41.97 | 38.85
(NoFEC)| WHTS | 14.53| 953 | 23.30 | 20.78
E,/NoGain | 6.32 | 3.46 | 18.67 | 18.07
NoWHTS | 553 | 1.73 | 10.28 | 6.91
TCM WHTS 462 | 1.45 | 888 | 6.11
E,/NoGain | 0.91 | 0.28 | 1.40 | 0.80
NoWHTS | 2.60 | 041 | 587 | 241
TTCM WHTS 247 | 038 | 561 | 235
E,/NoGain | 0.13 | 0.03 | 0.26 | 0.06
NoWHTS | 4.47 | 1.08 | 8.72 | 525
BICM WHTS 4.06 | 1.03 | 7.97 | 473
E,/NoGain | 0.41 | 0.05 | 0.75 | 0.52
NoWHTS | 4.48 | 0.88 | 8.89 | 535
BICM-ID WHTS 3.92 | 079 | 815 | 4.96
E,/NyGain | 0.56 | 0.09 | 0.74 | 0.39

Table 4.4: The E;,/ N, values required and the spreading-induced gains achievise 8ER of10~> of the various
CM- and WHTS-assisted MMSE-SDMA-OFDM schemes for commaitig over the COST207 HT channel. The CM

parameters are given in Table 4.3. The CM codeword length48 2ymbols and the WHT block size used is 32. All
data are in dB.

Table 4.4 summarizes th§,/ Ny values required by the various CM- and WHT S-assisted MMSBAS-OFDM
schemes for achieving a BER t0—°. The corresponding spreading-indudgg’ Ny gains achieved by the WHTS-
assisted schemes are also provided, which are defined &gtV difference, expressed in terms of dBs, at a BER
of 10~° between the WHTS-assisted and the unspreading systenghthgisame effective throughput.

Several useful points can be concluded from Table 4.4.1¥;ixghen we have a specific user load, the spreading-
inducedE, / Ny gain achieved by a system having a lower diversity ordeighéi, regardless whether CM is employed
or not. For example, when we have a user load gf = 0.5, the spreading-inducell,/ Ny gains achieved in the
No-FEC-, TCM-, TTCM-, BICM- and BICM-ID-assisted two-rager systems are 6.32, 0.91, 0.13, 0.41 and 0.56dB,
respectively. By contrast, lower spreading-indu€gd N, gains of 3.46, 0.28, 0.03, 0.05 and 0.09dB are achieved in
the corresponding four-receiver systems, respectivelgther words, in relatively lower diversity-order sceoarithe
subcarrier-based WHTS technique may be expected to attaghar system performance improvement.

Furthermore, if the number of users supported is fixed buntiraber of receiver antenna elements is varied,
similar conclusions may be drawn. When there are two simatias users, for example, the spreading-induced
E,/ Ny gains achieved in the two-receiver scenario, are higher thase achieved in the four-receiver scenario, as
observed in Table 4.4. A plausible explanation for this faely be as follows. In the SDMA-MIMO system, when
a higher number of receiver antenna elements is employedtemimlly higher space diversity can be achieved. In
this scenario, the benefits of spreading may be less suladt@specially in the CM-aided system, since most of the
attainable gain has already been achieved by using the ehemafes.

Secondly, when the BS employs a given number of receivemaatelements, the spreading-indudagd Ny
gains achieved in the context of the fully-loaded systeneshdgher than in the half-loaded systems, regardless of
the employment of channel codes. For instance, if we haveréweivers installed in the BS, the various schemes
having a user load af, = 1.0 attain a higher spreading-inducgg/ Ny gain, than their half-loaded counterparts, as
seen in Table 4.4. This suggests that more benefits may aniseWHTS, especially in the fully-loaded scenarios,
where the MUD suffers from a relatively low efficiency in difentiating the different users’ signals. Furthermore, if
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a longer WHT block size is used, ttg / Ny gain of WHTS may even be higher, since the detrimental buesiyr
effects degrading the system’s average BER performanteedpread over a higher block length, hence increasing
the chances of correcting a higher number of errors, aslib@ipresented in Section 4.3.2.3.
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Figure 4.18: BER versusE,/ Ny performance of th@ TCM- and WHTS-assisted MMSE-SDMA-OFDM system
employing a 4QAM scheme for transmission over @@ST207 HT channel, wherd& =1, 2, 3, 4users are supported
with the aid ofP=4 receiver antenna elements. The TTCM parameters are giv€abile 4.3. The TTCM codeword
length is2048symbols and the WHT block size used3ia

In order to characterize the system’s performance at éiffeuser loads, as an example, we portray the BER
performance of the TTCM- and WHTS-aided scheme at a rangéfefeht user loads in Figure 4.18. As expected,
the system’s performance improves, when the user load &rj@ince the MUD will have a better chance of separating
the different users’ signals. It is also observed in Figuig4hat the relevarkt, / Ny gain achieved by a lower-load
scheme over a higher-load arrangement reduces, when théoadedecreases. This again shows that most of the
achievableE, / Ny gain has already been attained at a medium user load.

Figure 4.19 shows thg, /N, crossing points of the various CM-WHTS-MMSE-SDMA-OFDM sches at the
BER of107°. It is shown explicitly that the performance gap betweendifferent CM-aided schemes increases as
the user load increases. Furthermore, from Figure 4.19 wéhsg the TTCM-aided scheme performs best in high
user-load scenarios, namely for > 0.5. In other words, the other three CM schemes, namely the TAMIVBand
BICM-ID arrangements will suffer a higher performance @efation than TTCM, when the MUD’s user-separation
capability erodes owing to the increased MUI.

In Figure 4.20 we compare the total gain achieved by the fdgterdnt CM-aided schemes, which includes both
the coding gain and the spreading-induégd Ny gain. As the figure indicates, the TTCM-aided scheme acHiave
further E, / Ny gain of 3.76dB, 2.38dB and 2.61dB over the TCM, BICM and Bl@Maided schemes in the fully-
loaded scenario, respectively. At a relatively low usedloaamely fora, < 0.5, the various schemes provide a
similar performance, because most of the attainable gatmeifiour-receiver SDMA-OFDM system has already been
achieved, as discussed earlier in this section.

4.3.2.3 Effects of the WHT Block Size

In Sections 4.3.2.1 and 4.3.2.2 we have investigated the @d-\WHTS-assisted MMSE-SDMA-OFDM system for
transmission over the SWATM and COST207 HT channel, reggtin this section, we will study how the variation
of the WHT block size affects the system’s performance, wd@nmunicating over the above two channel models.

As mentioned in Section 4.3.2.2.3, when a larger WHT blozk $6 used for the SDMA-OFDM system, the
system’s performance may potentially be improved, sinessttnals carried by the subcarriers that are badly-affecte



4.3.2. CM- and WHTS-assisted MMSE-SDMA-OFDM 125

CM-WHTS-MMSE-SDMA-OFDM, Lx/P4, 4QAM, COST207 HT

7

1(dB)

w » al

E,/Ng Crossing Point at BER
N

ebn0-vs-load_uxr4_mmse_wht32_cm_4gam_cost207ht.gle Sun Jan 30 2005 11:29:31

O TCM, WHTS
0O TTCM, WHTS
A BICM, WHTS
{ BICM-ID, WHTS

-

—

0

-1

0.25 0.5 0.75 1.0
Load

Figure 4.19: E, /N

Crossing Pointat the BER of10~> versus user load performance of tB&1- and WHTS-

assisted MMSE-SDMA-OFDM system employing a 4QAM scheme for transmission ove@Q®&T207 HT channel,
wherelL=1, 2, 3, 4users are supported with the aidR#4 receiver antenna elements. The CM parameters are given in

Table 4.3. The CM ¢

odeword length2848symbols and the WHT block size used3a

CM-WHTS-MMSE-SDMA-OFDM, Lx/P4, 4QAM, COST207 HT

40

35 A BICM, WHTS

Gain (dB)
o 8

N
o

=
(&)}

10

gain-vs-load_uxr4_mmse_wht32_cm_4gam_cost207ht.gle_Sun Jan 30 2005 11:32:19

O TCM, WHTS
0O TTCM, WHTS }]

¢ BICM-ID, WHTS /;

=
e

0.25 0.5 0.75 1.0

Load

Figure 4.20: Gainat the BER ofl0~® versus user load performance of - and WHTS-assisted MMSE-SDMA-
OFDM system employing a 4QAM scheme for transmission ove@@&T207 HT channel, wheré=1, 2, 3, 4users
are supported with the aid ¢¥=4 receiver antenna elements. The CM parameters are givenbie #a3. The CM
codeword length i2048symbols and the WHT block size useia



126  Chapter4. Coded Modulation Assisted Multi-User SDMA-@-DM Using Frequency-Domain Spreading

WHTS-MMSE-SDMA-OFDM, L2/P2, 4QAM, SWATM TTCM-WHTS-MMSE-SDMA-OFDM, L2/P2, 4QAM, SWATM

0

1d 1(!0_(_)(!fwht_u2r2_mmse_whtx_ttcm_4qam_swatm.gle Sun Jan 30 2005 11:41:28
* (AWGN) * (AWGN)
O (No FEC) O (No FEC)
10_]% A (No FEC), BIk=8 16 ] TTCM
= <> (No FEC), Blk=16 =S A TTCM, Blk=8
X & (No FEC), BIk=32 N <> TTCM, Blk=16
\& \% © (No FEC), Blk=64 \\k 8o & TTCM, Blk=32
102 10° 3 O TTCM, Blk=64
o o a f i Se
] L N\l
m X LN m X 0“61@\6
10° \t % & 10° =
\\ 5 X
T L) i R\
10* \ X 7 10* ; \
: % ; 7
\ AN \
\ 2 \
0 5 10 15 20 25 30 0 2 4 6 8 10 12 14 16 18 20
E/N, (dB) Ey/N, (dB)
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elements. The TTCM parameters are given in Table 4.1 andT@Mrcodeword length i4024symbols.

0

WHTS-MMSE-SDMA-OFDM,L2/P2,4QAM,COST207 HTTTCM-WHTS-MMSE-SDMA-OFDM,L2/P2,4QAM,COST207 HT

1d d _féwht_uer_mmse_whrx_ttcm_4qam_cost207ht.gle Sun Jan 30 2005 11:43:06
* (AWGN) * (AWGN)
O (No FEC) O (No FEC)
1o A (No FEC), Blk=8 . 0 TTCM
S~~~ ¢ (NoFEC),Blk=16 N—<— | ~ TTCM,Blk=8
R & (No FEC), Blk=32 = { TTCM, Blk=16
% © (No FEC), Blk=64 "~ | % TTCM, Bk=32
107 & 107 S O TTCM, Blk=64
% % % - % \\ S
- \ R -
===
\ 2
10* \ 10" \
\ K 1
1050 10 15 20 5 30 1050 1 3 4 5 6 7 8 9 10
Ey/No (dB) E/N, (dB)
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by deep channel fades could be spread over a larger set cdrsigios, which may mitigate the detrimental channel
effects and thus assists the receiver in achieving a begédonmance. In order to show the effects imposed by
different-length WHTS schemes, we provide simulation itssgenerated in the context of different WHT block sizes
in both the No-CM and CM-aided scenarios, as shown in thatedtright hand sides of Figure 4.21, respectively. As
expected, the system’s performance was improved uponasioig the WHT block size, regardless whether CM was
employed or not. In the context of the COST207 HT channel gtifé 4.12, similarly, a performance improvementis
observed, when an increased WHT block size is employed &saged in Figure 4.22.

Furthermore, we may notice that the spreading-induged\, gains achieved by the No-CM schemes, when us-
ing a larger WHT block size, are significantly higher thansthattained by the TTCM-aided schemes, as observed in
Figures 4.21 and 4.22. This suggests that in the SDMA-OFDstesy employing no CM, the performance improve-
ment potential owing to the employment of a larger WHT bloizk $s higher than that in the CM-aided system, where
most of the achievable diversity gain has been attained &yitie-diversity of the CM schemes. However, as sug-
gested by Table 4.2, the other three CM-aided schemes, émnge the TCM-aided arrangement, may be capable of
achieving a higher spreading-induced gain than the TTGl@&scheme with the aid of WHTS. Therefore, owing to
their lower time-diversity and relatively more modest ursa performance, a potentially higher spreading-induced
E;, /Ny gain may be achieved by combining WHTS with the TCM, BICM an@®-ID assisted schemes than in
conjunction with the TTCM-aided arrangement, when a laWyefT block size is used. Having studied the effects of
different WHT block sizes, let us now consider the impactafying the Doppler frequency.

4.3.2.4 Effects of the Doppler Frequency
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COST207 HT channel, wheré.=2 users are supported with the aid ®£2 receiver antenna elements. The TTCM
parameters are given in Table 4.3. The TTCM codeword lers2B48symbols and the WHT block size usedia

In our further investigations we have generated the BERugdts/ N curves of the TTCM- and WHTS-assisted
MMSE-SDMA-OFDM system communicating over the COST207 Harmhel, when the maximum Doppler fre-
quency was fixed to a range of different values. For simplidiere we have assumed perfect channel estimation.
As before, the CIR of the 12-path COST207 HT channel of Figut® was used. For the sake of presenting these
results in a compact form, thg, / N, values required for maintaining a BER ti—> were extracted. In Figure 4.23,
we show theE;, /N, crossing point at BERE) > versus the maximum Doppler frequency for the WHTS-assisted
MMSE-SDMA-OFDM system both with and without the aid of TTCihere two receivers were used for supporting
two users. We conclude from the near-horizontal curves shinwigure 4.23 that the maximum Doppler frequency
does not significantly affect the performance of the WHTSistisd MMSE-SDMA-OFDM system, regardless of the
employment of TTCM. This may be a desirable benefit of thererandomizing effect of WHTS, resulting in a robust-
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ness against the variation of the mobile speed. Moreovexxpscted, the performance of the TTCM-aided scheme
was consistently better, than that of the scheme using nanghaoding, as evidenced by Figure 4.23.

It is worth noting that when the channel’'s Doppler frequeisdyigh, the effects of Inter-Carrier Interference (ICI)
may become significahtas argued on page 81 of [5]. In this case for example the #@tellation techniques of
Chapter 4 in [5] may be invoked for combating the ICI effects.

4.4 Chapter Summary

The system model of our multi-user uplink SDMA-based OFDMteyn was presented in Section 4.2, where the
SDMA-MIMO channel model was introduced in Section 4.2.ligiwed by the detailed description of the CM-assisted
multi-user SDMA-OFDM system employing the frequency-damsaibcarrier-based WHTS scheme of Section 4.2.2.
The theoretical foundations of the Minimum Mean-Square@Ebased Multi-User Detector were provided in Sec-
tion 4.2.2.1. Furthermore, a detailed discussion of the \®8chnique was presented in Section 4.2.2.2.

In Section 4.3 the performance of the various CM- and WHTSstsd MMSE-SDMA-OFDM schemes was
studied and compared. The uncoded MMSE-SDMA-OFDM systesfikst investigated in Section 4.3.1, where it
was found that WHTS was capable of improving the system®op@ance, since the bursty subcarrier errors can be
pseudo-randomly spread across the subcarriers of the &HIT block. In the investigations outlined in Section 4.3.2
our performance comparison among the different CM- and WAd3Ssted MMSE-SDMA-OFDM schemes was de-
tailed. Specifically, the unspread CM-aided SDMA-OFDM systusing two receiver antenna elements was studied
in Section 4.3.2.1.1, whose performance was compared tottiae WHTS-assisted system dispensing with the em-
ployment of CM. Firstly, it was found that the performancéiaged by all half-loaded schemes was better than that
attained by the fully-loaded arrangements. This is becausen the user load is lower, the MUD will achieve a higher
efficiency in differentiating the different users’ transted signal, since the multi-user interference is lowerergh
fore, the system becomes more efficient in terms of supmrgs$ise detrimental fading channel effects. Secondly, it
was also noticed that the achievable performance improneattained by CM was typically higher than that achieved
by WHTS, as evidenced by comparing Figure 4.5 to Figure 4.7.

Furthermore, we combined the MMSE-SDMA-OFDM system withthb@M and WHTS in Section 4.3.2.1.1.
The corresponding simulation results portrayed in Figufe showed that the TTCM-aided scheme achieved the
best CWER performance among all the CM- and WHTS-assisteehses considered. Moreover, the comparison of
Figure 4.6 and Figure 4.8 suggested that in the CM-aided MH@BMA-OFDM system the employment of WHTS
having a block size of 32 subcarriers only insignificantlypnoved the system’s BER and CWER performance, since
most of the achievable diversity gain may have already behieaed by the time-diversity of the CM schemes. It
was also found that when a higher CM codeword length was tisedystem’s performance was further improved, as
observed in Figure 4.9, since a longer CM codeword is caphiere efficiently dispersing and averaging the bursty
error effects.

In Section 4.3.2.1.2, the system’s performance evaluatéuke four-receiver CM scenarios was compared, when
communicating over the SWATM channel of Figure 3.32. CormgpFigure 4.8 to Figure 4.10, we found that at the
same user load level, for examplesgt = «, = 0.5 ora, = a, = 1.0, the E;, /Ny performance achieved by the
four-receiver system was better than that of the two-recresystem, provided that the same CM-assisted scheme was
used. The reason for this phenomenon is that when the SDM¥@Isystem’s space-diversity order is increased
by employing a higher number of receiver antenna elemdriscomes capable of providing a higher diversity gain,
which may be expected to improve the system’s performaraesfch user.

The performance of the various CM- and WHTS-assisted MMB®B8-OFDM systems was evaluated in the
context of the COST207 HT channel of Figure 4.12 in Secti@242, which included the two- and four-receiver
scenarios in Section 4.3.2.2.1 and Section 4.3.2.2.2ecéisply. It was found that without the assistance of WHTS
the TTCM-aided scheme constituted the best design optiterins of both the BER and CWER in comparison to the
other three CM-aided schemes. When WHTS was incorporatethia CM-MMSE-SDMA-OFDM system, a further
E, /Ny gain was achieved by all the schemes, which was different fite scenario of Section 4.3.2.1 recorded for
transmission over the SWATM channel, where the additidalN, gain achieved by WHTS in the context of the
various CM- and WHT S-assisted schemes was rather moddstmaly suggest that in highly dispersive environments,
such as that characterized by the 12-path COST207 HT chafhiéyjure 4.12, the channel-coded SDMA-OFDM

1Since the ICI is caused by the variation of the channel ingptésponse during the transmission of each OFDM symbol, twedince the
OFDM-symbol-normalized Doppler frequendy [5]. In the case of a maximum Doppler frequency of 200Hz, faraple, the corresponding
OFDM-symbol-normalized Doppler frequenéy will become as high ag; = f; - NTs = f; - N = 0.023, whereN is the cyclically-extended
OFDM symbol's total duration expresseds= K + cp, while the associated values ff, f}, Ts, K andcp are given in Table 4.2.
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system’s performance may be further improved by employitdj\®. This is because the detrimental fading-induced
bursty error effects degrading the system’s average BERmeance owing to the deeply-faded subcarriers can be
spread over the entire WHT block, and these dispersed addmarned channel errors may be more readily corrected
by the CM decoder.

Furthermore, the four CM-aided schemes communicating theelCOST207 HT channel of Figure 4.12 attain
a different performance, as shown in Figures 4.13 and 4.1s donclusion is different from what was noted in
Figures 4.6 and 4.8, where the performance of the variousaitldd schemes communicating over the SWATM
channel of Figure 3.32 was more similar. This is owing to tr@erfrequent and more dramatic amplitude variation
of the FD-CHTF in the COST207 HT channel, which exhibits axgigantly longer maximum path delay than that
of the SWATM channel, as indicated by Figure 4.15. This cti@réstic resulted in more randomly dispersed rather
than burstily corrupted subcarrier symbols, which can beemeadily corrected by the channel codes. Hence, in
the context of the COST207 HT channel of Figure 4.12, theethffit error-correcting capability of the various CM
schemes becomes more explicit, than that exhibited in thiess®o of the SWATM channel of Figure 3.32.

In Table 4.4 of Section 4.3.2.2.3 we summarized Hy¢ Ny values required by the various CM- and WHTS-
assisted MMSE-SDMA-OFDM schemes for achieving a BER®T°, also showing the corresponding gains attained
by the WHTS-assisted schemes. We observed that on one haed, we had a specific user load, the spreading-
inducedE, / Ny gain achieved by a system having a lower diversity order vigisemn, regardless of the employment
of CM. In other words, the subcarrier-based WHTS technigag be expected to attain a higher system performance
improvement in relatively lower diversity-order scenaridMoreover, if we supported a fixed number of users but
varied the number of receiver antenna elements, similaclusions may be drawn. A plausible explanation for this
fact may be that in the SDMA-MIMO system, a potentially higlspace diversity gain may be achieved, when a
higher number of receiver antenna elements is employedthargdthe benefits of WHTS may be less substantial.
This may be particularly true in the context of the CM-aidgdtems, since most of the attainable gain has already
been achieved by using the channel codes. On the other hdueth, avgiven number of receiver antenna elements
was used, the spreading-indudgg/ Ny gains achieved in the context of the fully-loaded systemevisgher than
in the half-loaded systems, regardless of the employmenhafnel codes. This suggests that more benefits may
arise from WHTS, especially in the fully-loaded scenanmisere the MUD suffers from a relatively low efficiency in
differentiating the different users’ signals.

Additionally, we provided the&E, / Ny crossing points and the corresponding total gain achieyetthd various
CM-WHTS-MMSE-SDMA-OFDM schemes at the BER t~>, in Figures 4.19 and 4.20 of Section 4.3.2.2.3, re-
spectively. It was demonstrated that the performance gapelea the different CM-aided schemes increased, as the
user load increased. Furthermore, it was observed in Bguié® and 4.20 that the TCM, BICM and BICM-ID-aided
schemes suffered a higher performance degradation thahin@# arrangement, when the MUD’s user-separation
capability eroded owing to the increased multi-user irtenfice. At a relatively low user load the various schemes
provided a similar performance, because most of the atilérgain of the four-receiver SDMA-OFDM system had
already been achieved, as discussed earlier in Sectich2.3.

The effects of using different WHT block sizes was studie8action 4.3.2.3, in both the SWATM and COST207
HT channel scenarios, as seen in Figures 4.21 and 4.22 cieghe As expected, it was found that the system'’s
performance was improved, while the WHT block size used waseased. This is because when a larger WHT
block size is used by the SDMA-OFDM system, the data symbaiser] by the subcarriers that are badly-affected
by deep channel fades could be spread over a larger WHT lanptbh may mitigate the detrimental channel effects
and thus assists the receiver in terms of achieving a bettar @rrection capability. Furthermore, it was suggested
by the simulation results of Section 4.3.2.3 that in the SDRMRDM system operating without the aid of CM, the
performance improvement potential owing to the employneéatlarger WHT block size was higher than that in the
CM-aided system, where most of the achievable diversity gas been attained by using CM.

Finally, we studied the effects of the Doppler frequency @ttidn 4.3.2.4. It was concluded that the maximum
Doppler frequency does not significantly affect the perfance of the WHTS-assisted MMSE-SDMA-OFDM system,
regardless of the employment of CM, as for example portray&iyure 4.23.

From the investigations conducted, we conclude that thewsiICM schemes, namely TCM, TTCM, BICM and
BICM-ID are capable of substantially improving the achigeaperformance of SDMA-OFDM systems. The em-
ployment of WHTS has the potential of further enhancing trsesm’s performance in highly dispersive propagation
environments. As a result, the TTCM- and WHTS-assistedraehgas found to have the best CWER performance in
all the scenarios investigated. Furthermore, it was aled#st design option in terms of the achievab)g Ny gain
expressed in dB, when communicating in highly dispersiwgrenments, for example over the COST207 HT channel
of Figure 4.12, while carrying a high user loadagf > 0.5.

In the next chapter, our research is targeted at contrivingi@ sophisticated MUD, namely the Genetic Algorithm
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(GA) assisted MUD, in order to further improve the SDMA-OFDRystem’s achievable performance.



Chapter

Hybrid Multi-User Detection for
SDMA-OFDM Systems

5.1 Introduction

In the previous chapter, the MMSE MUD has been investigat¢ldg context of various CM schemes assisted SDMA-
OFDM systems. Furthermore, the WHT-based frequency-dosmeading technique has been incorporated into the
CM-assisted MMSE-SDMA-OFDM system for the sake of attagrperformance enhancements. However, the SDMA
system’s performance is somewhat limited due to the empdoyrof the low-complexity MMSE MUD, which is
devised based on the sub-optimal linear MMSE algorithm.H@rother hand, the high-complexity optimum Maximum
Likelihood (ML) MUD is capable of achieving the best perf@nte owing to invoking an exhaustive search. However,
the computational complexity of the ML MUD typically increéas exponentially with the number of simultaneous
users supported by the SDMA-OFDM system, which may rendeinplementation prohibitive. In the literature,

a range of sub-optimal nonlinear MUDs have been proposei, as for example the MUDs based on Successive
Interference Cancellation (SIC) [5, 194, 198, 442—-444] aralel Interference Cancellation (PIC) [5,442,444,445]
techniques. Instead of detecting and demodulating thes'usiginals in a sequential manner, as the MMSE MUD
does, the PIC and SIC MUDs invoke an iterative processinignigcie that combines detection and demodulation.
More specifically, the output signal generated during thevious detection iteration is demodulated and fed back to
the input of the MUD for the next iterative detection stepmiar techniques invoking decision-feedback have been
applied also in the context of classic channel equalizatidowever, since the philosophy of both the PIC and SIC
MUDs is based on the principle of removing the effects of titerfering users during each detection stage, they are
prone to error propagation occurring during the conseeudtection stages due to the erroneously detected signals
of the previous stages [5]. In order to mitigate the effeétercor propagation, an attractive design alternative is to
simultaneouslyletect all the users’ signals, rather than invoking iteeaititerference cancellation schemes. Recently,
another branch of multi-user detection schemes referrad 8phere Decoder (SD) [448—454] has also been proposed
for multi-user systems, which is capable of achieving MLfpenance at a lower complexity.

As far as we are concerned, most of the above-mentioneditp@mwere proposed for the systems, where the
number of users is less than or equal to the number of resgireferred to here as the underloaded or fully-loaded
scenarios, respectively. However, in practical applaraiit is possible that the number of usérso be supported
exceeds that of the receiver anten®asvhich is often referred to as averloadedscenario. In overloaded systems,
the (P x L)-dimensional MIMO channel matrix representing fiiex L) number of channel links becomes singular,
thus rendering the degree of freedom of the detector ingerfficThis will catastrophically degrade the performanice o
numerous known detection approaches, such as for exang\ettical Bell Labs Layered Space-Time architecture
(V-BLAST) [106, 109, 455] detector of [136], the MMSE algtbnin of [5, 442] and the QR Decomposition combined
with the M-algorithm (QRD-M) algorithm of [173].

Based on this motivation, in this chapter a sophisticatendlinear MUD is devised, which exploits the power
of genetic algorithms. Genetic Algorithms (GAs) [456—46@lve been applied to a number of problems, such as
machine learning and modeling adaptive processes. MoregByebased multiuser detection has been proposed by
Junttiet al.[461] and Wanget al.[462], where the analysis was based on the AWGN channel ialikence of diversity
techniques. The proposal by Ergénal. [463] utilized GAs as the first stage of a multistage multiudetector, in
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order to provide good initial guesses for the subsequegestalts employment in Rayleigh fading channels was
considered by Yert al. in [40, 464] and [40, 465] in diverse scenarios both with antheut the aid of diversity
techniques, respectively.

However, most of the GA-aided transceiver research meatiabove was conducted in the context of Code Divi-
sion Multiple Access (CDMA) systems [40, 466]. By contrastthis chapter, we apply GAs in the context of multi-
user OFDM schemes, rather than CDMA systems. More spetyfiead combine GAs with the MMSE MUD for the
sake of contriving a more powerful concatenated MMSE-GA Muich is capable of maintaining near-optimum
performance in the above-mentioned overloaded systenmthefmore, TTCM is selected as the FEC scheme for the
proposed MMSE-GA multi-user detected SDMA-OFDM systemgsiit generally provides the best performance in
the family of CM schemes in the context of MMSE-SDMA-OFDM ®ss, as demonstrated in Chapter 4. We will
show in this chapter that the proposed MMSE-GA assisted TISIMAA-OFDM system is capable of achieving a
similar performance to that attained by its optimum ML MUDBsiated counterpart at a significantly lower computa-
tional complexity, especially at high user loads. Furthemmthe performance of the proposed GA-aided system can
be further improved, if an enhanced iterative GA MUD is emyplh. This improvement is achieved at the cost of an
increased complexity, which is however still substangitdiver than that imposed by the ML MUD.

The structure of this chapter is as follows. The overvienwhef GA-assisted TTCM-aided MMSE-SDMA-OFDM
system is given in Section 5.2.1, followed by the introdoictof the basic principles of the concatenated MMSE-GA
MUD of Section 5.2.2. Our simulation results are provide&ettion 5.2.3, while the associated complexity issues
are discussed in Section 5.2.4. The enhanced GA MUD is intredlin Section 5.3, including the improved mutation
scheme of Section 5.3.1 and the enhanced GA MUD frameworleofié 5.3.2, while the associated simulation
results are provided in Sections 5.3.1.3 and 5.3.2.2, otigply, followed by the associated complexity analysis in
Section 5.3.3. Our final conclusions are summarized in Seétid.

5.2 Genetical Algorithm Assisted Multi-User Detection

5.2.1 System Overview
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Figure 5.1: Schematic of the MMSE-GA-concatenated multi-user deteSBMA-OFDM uplink system.

In Figure 5.1, we present the schematic of the proposed temzizd MMSE-GA MUD aided SDMA-OFDM
uplink system. At the transmitter end, as seen at the topgfrEi5.1, the information bit sequences of the geographi-
cally separated. simultaneous mobile users are forwarded to the TTCM [358bdars, where they are encoded into
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symbols. The encoded signal(é) (I =1,---,L) of the L users are then forwarded to the OFDM-related Inverse
Fast Fourier Transform (IFFT) based modulator, which cosvéne frequency-domain signals to the time-domain
modulated OFDM symbols. The OFDM symbols are then transthitty the independent Mobile Stations (MSs) to
the Base Station (BS) over the SDMA MIMO channel, which haanqgresented in Section 4.2.1. Then each element
of the receiver antenna array shown at the bottom of Figureegeives the superposition of the transmitted signals
faded and contaminated by the channel and performs FaseFduansform (FFT) based OFDM demodulation. The
demodulated outputs, (p = 1,---, P) seen in Figure 5.1 are forwarded to the proposed concate NESE-GA

MUD for separating the different users’ signals. The sejearaignalss(!) (I =1,---,L), namely the estimated
versions of thd. users’ transmitted signals, are then independently detby¢éhe TTCM decoders of Figure 5.1.

5.2.2 MMSE-GA-concatenated Multi-User Detector
5.2.2.1 Optimization Metric for the GA MUD

The optimum ML MUD [5] uses an exhaustive search for findirgyrtost likely transmitted signals. More explicitly,
for a ML-detection assisted SDMA-OFDM system supporfirgjimultaneous users, a total3F- metric evaluations
has to be invoked, where denotes the number of bits per symbol (BPS), in order to tidted.-user symbol vector
§w. that consists of the most likely transmitted symbols ofthesers at a specific subcarrier, given by:

B :arg{vm}/rlle—Hé||2}, (5.1)
se

where the(P x 1)-dimensional received signal vectorand the(P x L)-dimensional Frequency-Domain CHannel
Transfer Function (FD-CHTF) matrid are defined by Equations (4.2) and (4.5), respectively. €hd ¢ in Equa-
tion (5.1), which is constituted b8/ number of trial vectors, is formulated as:

¢
—
—_
—

¢

@ ... s ¢ MC}, (5.2)

where M, denotes the set containing tB& number of legitimate complex constellation points asdediavith the
specific modulation scheme employed. Explicitly, the nundbenetric evaluations required for detecting the optimum
vector increases exponentially with the number of ugers

Furthermore, the optimum ML-based decision metric of Eigua(5.1) may also be used in the GA-based MUD
for the sake of detecting the estimated transmitted syméciovs... In the context of the SDMA-OFDM system
employingP receiver antenna elements, the decision metric requilretdé(pth receiver antenna, namely the antenna-
specificobjective function (OFj40] can be derived from Equation (5.1), yielding:

Q,(3) = |x,—HpsP, (5.3)

wherex, is the received symbol at the input of tp@ receiver at a specific OFDM subcarrier, whilg, is thepth row

of the channel transfer function matX. Therefore the decision rule for the optimum multiuser deteassociated
with the pth antenna is to choose the specifisymbol vectoi, which minimizes the metric given in Equation (5.3).
Thus, the estimated transmitted symbol vector oflthesers based on the knowledge of the received signal af’fhe
receiver antenna and a specific subcarrier is given by:

8ca, = arg {méin (O (3)] } . (5.4)

However, it transpires from above derivation that we wil@& metrics in total for theP receiver antennas. Since
the channel impulse responses of each of Rh@ntennas are statistically independent, thgymbol vector that is
considered optimum at antenna 1 may not be considered aptahantenna 2, etc. In other words, this implies that a
decision conflict is encountered, which may be expressed as:

arg {rnéin [Q; (§)]} =8y, 7 8on; = arg {mém [Q; (3)] } , (5.5)
whereV i,j € {1,---,P}, i # j. This decision conflict therefore leads to a so-called rabjective optimization

problem, since the optimization of thiemetrics may result in more than one possiblsymbol solutions. A similar
decision conflict resolution problem was studied in [467&4mattempt to reconcile the decision conflicts of multiple
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antennas resulting in a decision dilemma. In order to restiiis problem we may adopt a similar approach and may
amalgamate th@ number of antenna-specificsymbol metrics into a joint metric as follows:

QB) = Y 0,03). (5.6)

Hence, the decision rule of the GA MUD is to find the specifiéneated transmitted.-symbol vectos, that mini-
mizesQ) (s) in Equation (5.6) for every OFDM subcarrier considered.

5.2.2.2 Concatenated MMSE-GA Multi-User Detection

The BER performance of the MMSE MUD is somewhat limited, siiitcis the total mean-square estimation error
imposed by the different simultaneous users that is miredhizather than directly optimizing the BER performance.
Therefore, the MMSE-SDMA-OFDM system’s BER performanceyrbha potentially further improved with the aid
of a concatenated GA-aided MUD, which is capable of expigithe output provided by the MMSE MUD of Sec-
tion 4.2.2.1 in its initial population. For the sake of bitgyive will portray the philosophy of the proposed system in
as simple terms as possible. However, the readers who aaeniliafr with GAs might like to consult Appendix A.1
for a rudimentary introduction to GA-based optimizatiorhe context of multi-user SDMA-OFDM systems.

The GA invoked in the SDMA-OFDM system commences its seaochfe optimumL-symbol solution at the
initial generationwith the aid of the MMSE combiner. In other words, using GAlpace, the so-callethdivid-
uals of they = 1% generation having @opulationsize of X are created from the estimated lendttransmit-
ted symbol vector provided by the MMSE combiner, where tHe (x = 1,---,X) individual is expressed as
S(yx) = [sfg?x), s”g?x), e, §E§)x) |, and we havégly)’x) € M. (Il =1,---,L). Note that here a complex sym-
bol representation of the individuals is employed, whiclésived from the classibinary encodingechnique [40],
where a binary vector constituted by binary zeros and onases to represent an individual. Then the GA-based
optimization selects some of tHesymbol candidates from a total &f legitimate individuals in order to create a
so-calledmating poolof T number ofL-symbolparentvectors [40]. TwoL-symbol parent vectors are then combined
using specific GA operations for the sake of creating bagymboloffspring[40] and this ‘genetic evolution-like’ pro-
cess of generating neli*symbol offspring continues ovéf number of consecutive generations, so that the optimum
L-symbol solution may be found.

The selection of thé.-symbol individuals for creating the mating pool contamif number ofL-symbol parents
is vital in determining the GA's achievable quality of optration [468]. In our research the individual-selection
strategy based on the concept of the so-calactto Optimality[457] was employed. This strategy favours the so-
called non-dominatedndividuals and ignores the so-callédminatedindividuals [40]. More specifically, tha!"
L-symbol individual is considered to be dominated by#Heindividual, if we have [469]:

Vi e {1,' .- ,P} : Qi(g(y,v)) < Qi(g(y,u))
VAN ;l] S {1, cee ,P} : Q] (5(%0)) < Qj(g(y,u))' (5.7)
If an individual is not dominated in the sense of Equatiorr®y any other individuals in the population, then it
is considered to be non-dominated. All the non-dominatelivziduals are then selected and placed in the mating
pool, which will have a size 02 < T < X [40]. Two of theT number ofL-symbol individuals in the mating
pool are then selected as parents based on their corresgatidersity-basefltnessvalues calculated with the aid of

Equation (5.6) according to the so-calléthess-proportionateelection scheme [40], which is described as follows.
First the so-calledvindowing-mapping462] technique is invoked in order to get the fithess vq‘{%) associated

with thex*" individual, which is given by:
fuy = Qr—Q@Byy) +o (5.8)

where

Qur =, o, {26} 9

is the maximunObjective Score (O$)achieved by evaluating tHE number of individuals in the mating pool at the
yth generation, and is a small positive constant, which is used for the sake ofiémg the positiveness qf(y,x).

INote that the individual having the maximum OS out of the pufcthe T candidates is considered as the worst solution in the cobofeke
current mating pool, since the GA searches for the optimuntisa which minimizes Equation (5.6).
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Then the fithess-proportionate selection probabijiityof thex!” individual can be formulated as:

pr= S0 (5.10)

Yl fun

When twoL-symbol parents are selected, the so-calletiorm cross-overmutationandelitism operations [40]
are invoked for offering a chance of evolving the parent® on more element symbols to other symbols of the set
M., resulting in two offspring. The above operation is repéatmtil a new population consisting of offspring is
created. Furthermore, the so-calladest preventiof40] technique was invoked during the selection procesgtwh
only allows different individuals to be selected for thessaver operation. Finally, the GA terminates afterumber
of generations and thus ttiesymbol individual having the highest diversity-basedd#s value will be considered as
the detected.-user transmitted symbol vector corresponding to the fipg2FDM subcarrier considered.

From the above arguments, we note that in the GA MUD the diffeusers’ signals are jointly detected. This
mechanism is different from that of the SIC or PIC MUDs, wheaeh user’s estimated transmitted signal is inferred
by removing the interference imposed by the others. Thesetbere is no error propagation between the different
users’ signal detections in the GA MUD.

5.2.3 Simulation Results

In this section, we characterize the performance of the ggep TTCM-assisted SDMA-OFDM system using the
concatenated MMSE-GA MUD. The channel is assumed to be ‘ORyMbol-invariant’, implying that the taps of the
impulse response are assumed to be constant for the dusdtioe OFDM symbol, but they are faded at the beginning
of each OFDM symbol [5]. The simulation results were obtdinsing a 4QAM scheme communicating over the
SWATM CIR of Figure 3.32, assuming that the channels’ trangfinctions are perfectly known. Each of the paths
experiences independent Rayleigh fading having the sameatiaed Doppler frequencies ¢f = 1.235 x 1075. The
OFDM modem employe® = 512 subcarriers and a cyclic prefix of 64 samples, which is lorigan the maximum
channel delay spread. For the iterative TTCM scheme [359l@yad, the code memony is fixed to 3, while the
number of iterations is set to 4. Hence the total number disrstates i23 - 4 - 2 = 64, since there are two 8-state
decoders which are invoked in four iterations. The genenaddynomial expressed in octal format for the TTCM
scheme considered [$3 6], while the codeword length and channel interleaver depttfiaed t01024 symbols.
The various techniques and parameters used in our sirmsadiscussed in this section are summarized in Table 5.1.

TTCM-MMSE-GA-SDMA-OFDM, L6/P6, 4QAM, SWATM
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Figure 5.2: BER versusE;, / Ny performance of th& TCM-assisted MMSE-GA-SDMA-OFDM system employing a
4QAM scheme for transmission over the SWATM channel, wher@ users are supported with the aidR£6 receiver
antenna elements. The basic simulation parameters amigii@ble 5.1.
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Modem 4QAM
Code rate 0.5
Code memory 3

TTCM | Octal generator polynomial [13 6]
Codeword length 1024 symbols
Channel interleaver depth 1024 symbols
Number of turbo iterations 4
Population initialization method | MMSE
Mating pool creation strategy Pareto-Optimality
Selection method Fitness-Proportionate
Cross-over Uniform cross-over

GA Mutation M-ary mutation

Mutation probabilityp,, 0.1
Elitism Enabled
Incest prevention Enabled
Population sizeX Varied
Generationy Varied
CIRs SWATM [5]
Paths 3

Channel| Maximum path delay 48.9 ns
Normalized Doppler frequencgy | 1.235 x 1075
SubcarrierK 512
Cyclic prefix 64

Table 5.1: The various techniques and parameters used in the simngaifdSection 5.2.3.

The BER performance of the TTCM-assisted MMSE-GA-SDMA-QFBystem employing a 4QAM scheme for
transmission over the SWATM channel, where six users anpastgd with the aid of six receiver antenna elements, is
portrayed in Figure 5.2. The performance of the TTCM-asdisMSE-detected SDMA-OFDM system, the TTCM-
aided optimum ML-detected system, and the uncoded singgeacheme employing either a single receiver or invok-
ing Maximum Ratio Combining (MRC) when communicating over®VGN channel are also provided for reference,
respectively. The numbers in the round brackets seen iretfents of Figure 5.2 represent the total GA or ML com-
plexity?. It is observed from Figure 5.2 that the BER performance ef TRCM-assisted MMSE-SDMA-OFDM
system was significantly improved with the aid of the GA hgvansufficiently large population si2é and/or a larger
number of generations. This improvement was achieved, since a larger populatiay contain a higher variety of
L-symbol individuals, and similarly, a larger number of gextions implies that again, a more diverse set of individu-
als may be evaluated, thus extending the GA's search spaaeh way be expected to increase the chance of finding
a lower-BER solution. On the other hand, it may be observathtinen we have the same total numbe(Efx Y)
correlation metric evaluations according to Equation)3t8 performance improvement achieved by increasing the
population sizeX was more substantial than that upon increasingthember of generations. For example, when we
haveX x Y = 100, the GA-assisted scheme employing a population Xize 20 andY = 5 number of generations
achieved about 1.5dB;, / Ny gain over its corresponding counterpart that Kas- 10 andY = 10, as evidenced by
Figure 5.2. This may suggest that in the TTCM-assisted MNBEBAA-OFDM system investigated, the GA's conver-
gence speed tends to be faster, when we have a larger popudaéX instead of a higher number of generatidhs
However, when the affordable complexity increases, theavgment achieved by a larger-population GA at a certain
value of (X x Y) becomes modest. For instance, given the maximum affordahelexity of X x Y = 400, the
system associated witk = 80 andY = 5 brought about a modes}, / Ny improvement of 0.25dB over the system

2The quantification of the GA or ML complexity will be given ire&tion 5.2.4.
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associated witlkk = 40 andY = 10, as shown in Figure 5.2. This is because most of the achiegedsformance gain
of the system is likely to have been attained.

TTCM-MMSE-GA-SDMA-OFDM, L8/P8, 4QAM, SWATM
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Figure 5.3: BER versusE;, / Ny performance of th& TCM-assisted MMSE-GA-SDMA-OFDM system employing a
4QAM scheme for transmission over the SWATM channel, whe@ users are supported with the aidR£8receiver
antenna elements. The basic simulation parameters amigii@ble 5.1.

Figure 5.3 shows the performance achieved by the propos@MIVIMSE-GA-SDMA-OFDM system in the
scenario, where the number of supported users and receitenrea elements was increased to eight. As shown
in Figure 5.3, again, the TTCM-aided MMSE-SDMA-OFDM systeperformance was significantly improved by
employing the GA. We may also note that at a specific comprtaticomplexity, th&, / Ny gain achieved by the GA
MUD was decreased, when compared to that attained in thessixsix-receiver scenario of Figure 5.2. For example,
when we haveX = Y = 10 andL = P = 6, the E,/ Ny gain achieved by the TTCM-MMSE-GA-SDMA-OFDM
system over the TTCM-MMSE-SDMA-OFDM system was about 3dBseen in Figure 5.2. By contrast, Figure 5.3
shows that this gain decreased to about 1.8dB, when we usesdiie GA and. = P = 8. This phenomenon may be
explained as follows. On one hand, when the number of usersases, the separation of the different users’ signal
becomes more challenging, since the interference impogdbebundesired users becomes stronger. Therefore, a
higher-complexity GA MUD has to be employed, if we aim for mtaining the samé&;, /N, gain achieved by the
system having a lower user load. On the other hand, when we fave receiver antenna elements installed at the
BS, namely when using a ‘higher-order’ SDMA system, a higdpatial diversity gain may be achieved. Hence, in
a ‘higher-order’ SDMA system, a higher probability of achiey the total attainable gain may be expected than in a
‘lower-order’ SDMA system, potentially approaching thesbpossible AWGN performance. Hence, this trend also
results in a less significant GA-induced performance gain.

Furthermore, it can be seen in Figures 5.2 and 5.3 that the EA8-detected TTCM-SDMA-OFDM system
was slightly outperformed by its optimum ML-detected caupart, since the GAs are unable to guarantee that the
optimum ML solution would be found [40]. However, the neatimmum performance of the GA-aided TTCM-SDMA-
OFDM system was achieved at a significantly lower computaficomplexity than that imposed by the ML-aided
system, as it will be demonstrated in Section 5.2.4.

5.2.4 Complexity Analysis

In this section, an analysis of the associated computdtmoraplexity imposed by the optimum ML MUD aided
SDMA-OFDM system and the GA-aided MMSE-SDMA-OFDM systenti e presented. For the sake of simplicity,
we only compare the optimum ML MUD'’s complexity to that of tB& MUD, since the simple MMSE MUD is used
for providing a single initial solution for the GA's initigdopulation and imposes a significantly lower complexityntha
that of its concatenated GA-aided counterpart. More spadlifi since the proposed GA-aided MUD optimizes the
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metric of Equation (5.3) we will quantify the complexity imposed in terms of the nuenlof metric computations
required by the optimization process.

Complexity Versus Number of Users, 4QAM, SWATM

1 05 comp-vs-usr_mmse-ga-fp-po_ttcm_4gam_swatm.gle Sat May 15 2004 17:54:08

* ML MUD
5| O GAMUD

N

£

=
(=]

(5]

N

(5]

Complexity
a,

N

N
Q

o

N

s

10"

2 3 4 5 6
Number of Users

Figure 5.4: Comparison of the MUD complexity in terms of the number of mee¢valuations, versus the number
of users performance of the 4QAM TTCM-MMSE-GA-SDMA-OFDMdam TCM-ML-SDMA-OFDM systems. The
number of receiver antenna elements employed is equivedeéhé number of users supported, iLe= P.

As mentioned in Section 5.2.2.1, for the ML MUDR"L number of metric computations have to be carried out for
finding the optimum solution [5], namely the most likely teamitted L-user vector, where: denotes the number of
bits per symbol. By contrast, our proposed GA MUD requiresaximum of (X x Y) metric evaluations, sinc¥
number ofL-symbol vectors are evaluated during each of Yheumber of generations, as shown in round brackets
in the legends of Figures 5.2 and 5.3. Furthermore, the nuoflseich metric evaluations may readily be reduced by
avoiding repeated evaluations of identical individuaithex within the same generation or across the entire iterat
process, provided that the receiver has the necessary mdorostoring the corresponding evaluation history. In
Figure 5.4, we compare both the ML- and the GA-aided schemésrins of their complexity, i.e. the number of
metric computations. At a specific user load, we always selecappropriate GA-aided scheme for comparison,
which suffers from less than 1dB, /N, loss at the BER 010~> compared to the ML-aided system. As shown in
Figure 5.4, the ML-aided system imposes an exponentiatisemsing complexity on the order 6§2™), when the
number of users increases, while the complexity of the Gledisystem required for maintaining a near-optimum
performance increases only slowly.

5.2.5 Conclusions

From the investigations conducted, we conclude that thea@#sted TTCM-aided MMSE-SDMA-OFDM system
is capable of achieving a similar performance to that of thgnoum ML-assisted TTCM-SDMA-OFDM system.
Furthermore, this is attained at a significantly lower cotapanal complexity than that imposed by the ML-assisted
system, especially when the number of users is high. For pbeam complexity reduction in excess of a factor of 100
can be achieved by the proposed systenifer P = 8, as evidenced by Figure 5.4.

5.3 Enhanced GA-based Multi-User Detection

In Section 5.2, we have presented a detailed charactenizatithe concatenated MMSE-GA MUD designed for the
TTCM-assisted multi-user SDMA-OFDM system. In this seatian enhanced GA-based multi-user detector will be
introduced, which is capable of further improving the pregdsystem’s performance.

3Similarly, the ML-aided MUD optimizes the metric of Equati¢5.1), from which Equation (5.3) is derived.
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As discussed in Section 5.2, the proposed MMSE-GA-assist&M-SDMA-OFDM system achieves a close-to-
optimum performance at a significantly lower computatiar@hplexity than its optimum ML-assisted counterpart.
Moreover, the GA-aided system can be further improved imeadbdoth of the following two aspects:

e By optimizing the component(s) of the GA MUD for the sake offfitg a better configuration that may improve
the GA's performance in the context of the SDMA-OFDM system;

e By invoking an iterative detection framework so that thetegss performance may be improved iteration by
iteration.

In the following sections we will discuss the techniqued tinay be applied in terms of the above-mentioned two
aspects for achieving an improved system performance.

5.3.1 Improved Mutation Scheme

In the context of GA-based detection techniques, the efffigieof the mutation scheme employed is important for
the success of the entire evolution procedure, since itipesva chance for the individuals of the current population
to influence the forthcoming ones, so that new areas of tla¢ $etarch space may be explored and thus the chance
of finding the optimum solution increases [470]. An efficiemitation scheme is expected to be capable of guiding
the search process in the correct direction for the sake dinfinthe global optimum, rather than the local ones. In
the context of the GA-assisted multi-user SDMA-OFDM systerhen the number of uselsincreases or a high-
throughput modulation scheme is used, the total searctespatsisting o2 number ofL-user symbol vectors
would become excessive. In such cases, the role of mutatyrb@come vital for the success of the overall system,
since the GA may get trapped in local optima without apprdprassistance of the mutation scheme.

In Section 5.3.1.1, we will first discuss a widely-used carii@nal mutation scheme as well as its drawbacks,
which is followed by the introduction of an improved new ntidga mechanism in Section 5.3.1.2.

5.3.1.1 Conventional Uniform Mutation

In Section 5.2.3M-ary mutation was employed by the GA MUD. More specificallgclegenes(!) (I=1,---,L)
of a length{. GA individual § in the X-element population is represented by a specific symbdHin where M. is
the set containing th2” number of legitimate constellation points. In other wottig,/!" gene denotes thé" user’s
estimated transmitted symbol - which is a hard-decodedorers the complex signal - at the subcarrier considered.
During the genetic evolution, when a gene is subjected tatiou, it will be substituted by a different symbol jwt .

based on a uniforrmutation-induced transition probabilily%) 4 which quantifies the probability of th# legitimate
symbol becoming thy’s‘h. For the sake of brevity, from now on we refer to this probiibdls thetransition probability

Furthermore, we shall refer to the mutation scheme empipyiiformly distributeop,(qz) values asJniform Mutation
(UM), which is a widely-used conventional mutation scheme knowthe literature and was also employed by the
GAs invoked in [40].

a(l) Alm

a(l)
S2 S
o N
Re
a(l) a(l)
S S
® ®

Figure 5.5: A 4QAM constellation.

More specifically, UM mutates to all the candidate symboldif with the same probability. For example, let us
consider the 4QAM modem constellation shown in Figure 5l‘fem§§” € M. (i=1,---,4) are the constellation

“Note that the mutation probability,, of Table 5.1 is different from the probabilily%) of mutating to a specific symbol M. The former
denotes the probability of how likely it is that a gene will tate, while the latter specifies, how likely it is that a sfiedymbol in M, becomes
the mutated gene.
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points as well as possible gene candidates fot'theser at a specific subcarrier. th}(H is subjected to mutation,
we have:

s = MutATION (3" | i), ij e {1, 4} i # ). (5.11)

For the UM scheme, the transition probabilji%) =1/(2"—1)isequalforali,j e {1,---,4}, i #j.

Based on the mechanism of UM, the GA has a chance of sucdgsdiitifying the actually transmitted symbol
of the I" user at the subcarrier considered. However, UM has a drawihat may prevent the GA from rapid
convergence under certain conditions. To explain thiskrrtagain, let us consider the example of Figure 5.5. Withou
loss of generality, let us make the following assumptions:

a) §§l) is the received symbol, which is the original gene to be neatzand

b) §§l) is notthe transmitted symbol.

Hence, the task of mutation is to find the actually transmisgmbol from the set of three candidates, nanﬁlgfy(i =

2,-+-,4). According to UM, the probability thaégl) hops toéél), §gl) or§fll) is equal. In other words, in this case
the chance of finding the true transmitted symbol of the d$ijgacser during a single UM operationig 3. However,
this fixed uniform transition probability fails to reflectehealistic channel condition that the system is subjeaied t
More precisely, at different Signal-to-Noise Ratio (SNBydls, some symbols it should not constitute high-

probability mutation targets. For example, at high SNRs, ¢hances are thég) or §gz) is more likely to be the

transmitted symbol, rather théﬁl), since the noise effects are insignificant and thus the bprauption from the

most distant symb(ﬁfll) to the received symbcﬂi” is rare. Hence, it may be more reasonable to conﬁl’%ﬁ}eand

§§l> only as the potential mutation candidates, and assign afieddiansition probabilit)p,(;{) = 0.5 (j € {2,3}).

This fact implies that at different SNR levels we may restite effectiveGA search space with the aid of a biased
mutation, which ignores the constellation points that areffom the received symbol. This is especially beneficial
for the system employing high-throughput modulation sceemsuch as 16QAM, where the total search space is
exponentially expanded as a function of the number of BPSewed to lower-throughput modems. In such a system,
the UM-aided GA which allows mutation to all legitimate syotdmay suffer from a slow convergence speed and
might result in a high residual error floor, since a considkraortion of the GA's searching power may be wasted
on mutating to highly unlikely gene candidates, especiallyigh-SNR scenarios. By contrast, the above-mentioned
biased mutation guided GA is expected to achieve a bettéompeance, since it searches for the optimum solution in

a more efficient way, as it will be demonstrated in Sectionl523

5.3.1.2 BiasedD-function Based Mutation

The conventional UM and its drawbacks have been discussBddtion 5.3.1.1. In this section, an improved novel
mutation scheme will be presented, which we shall refer BiasedQ-function Based Mutation (BQM)

5.3.1.2.1 Theoretical Foundations

As discussed in Section 5.3.1.1, for an original gene to beatad, a SNR-relatebiasedtransition probabilityp,(;?

has to be assigned to each of the target candidate symhfk inThe calculation oia,%) may be carried out with the
aid of the widely-knowrQ-function [471]:

Qx) = /231, x> 0. (5.12)

1 [e°]
— e
V271 /x

For the sake of easy explanation, let us first consider a simpé-dimensional (1D) scenario. In Figure 5.6 we
plotted the 1D real component of the constellation symbl%)sin the context of the 4QAM modem constellation seen
in Figure 5.5. The horizontal axis is then divided into twaes, each of which represents one specific 1D constellation

symbolsg; (i = 1,---,2), as separated by the vertical dashed line of Figure 5.6g;lfis the original gene to be
mutated, the Gaussian distributidf(0, o) may be centered at the positionsgf;, wherec is the noise variance at a
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Figure 5.6: lllustration of the 1D transition probabilityr;—]t for 4QAM.

given SNR level. In this specific examplg,, is the only mutation target and the 1D transition probapditmutating

fromsgq to sgro, i.€. p(%), is characterized by the shadow area shown in Figure 5.@hatigiven by:

m
12 _ do
P = Q) (5.13)
whered,, is half of the distance between the neighbouring constetiatymbols. Similarly, we have:
d
p%) _ Q(FO)‘ (5.14)

Furthermore, we also have a certain probability for theinabgene to remain unchanged, which can also be expressed
in terms of the Gaussian distribution as:

= P =1, (5.15)
W | e
{12}, {21} )

SRS

Q(
{11}, {22} | 1-Q(3)

Table 5.2: The 1D transition probabilities for 4QAM.
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Figure 5.7: lllustration of the 2D transition probability%) for 4QAM, which is the product of the relevant 1D transition
probabilities. sg; andsy; (i € {1,2}) denote the 1D constellation symbols in the context of théaed imaginary

components of the 4QAM constellation symbols, respegtivel

The above-mentioned 1D transition probabilities are surnired in Table 5.2. The corresponding two-dimensional

(2D) symbol transition probabilityo,(?z) can be derived by combining the 1D real and imaginary trenmsfirobabil-
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ities®. Let us again consider the 4QAM modem of Figure 5.5 as an eleamyhich is replotted in Figure 5.7. In

Figure 5.7, for instance, the 2D transition probability afitating from the constellation symb@ill) to §£Z), namely
p%), can be calculated by multiplying the two relevant 1D tréagiprobabilities according fo

d d
P = = -] o, (5.16)
while the associated 2D probability of remaining in the eatrstate is:
dn 12
Pt = pﬁf”pﬁ}?)—[l—Q(;‘))] . (5.17)
A
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Figure 5.8: lllustration of the 1D transition probabilityf%) for 16QAM.

For higher-throughput modems, for example for 16QAM and AN¥Qthe same algorithm can be invoked for
calculating the corresponding 1D and 2D transition proliads. In Figure 5.8 an example associated with 16QAM
is provided. According to Figure 5.8, assuming that is the original gene to be mutated, whilg, is the mutation
target, we have the following 1D transition probability of:

doy o3

g (2

pa? = Ql

Similarly, we can derive the remaining 1D transition prabigés for L6QAM, which are summarized in Table 5.3. For
the sake of brevity, here we omit the derivation of the cqroesling 2D transition probabilities. Note that the propbse
BQM scheme can be readily extendedMBdimensional (MD) constellations, since the MD transitigmobability
associated with a specific MD symbol can be readily derivezhupultiplying theM number of corresponding 1D
transition probabilities.

). (5.18)

However, when a mutation takes place during the evolutioa,nbutating gene or constellation symbol should
not be allowed to be mutated to itself. Hence, the effect efflobability of mutating a symbol to itself should

be removed. This can be achieved by normalizing the 2D miansprobabilityp(”) (i # j) with the aid of the

mt
original gene’s probability of remaining unchanged, neyT;éth), following the principles of conditional probability
theory [472]. For more details concerning the normalizagiocess, the interested reader is referred to Appendix A.2

5.3.1.2.2 Simplified BQM

In Section 5.3.1.2.1 we have provided a detailed explanatiche mechanism of BQM. Furthermore, the proposed
BQM scheme can be effectively simplified, when only a subell the theoretically-possible mutation target symbols
are considered. More precisely, for the original gene sabgeto mutation, we may only consider its adjacent neigh-
bouring constellation symbols as mutation target candglaince the original transmitted symbol is less unlikely t
be corrupted to a relatively distant constellation symbol.

SNote that the 1D transition probabililzyi,%) is different from the transition probability%), which is based on the 2D constellation symbols.

6Note that the superscriptsandj of the 2D transition probabilit)pf;p denote the 2D constellation symb@fé) and§](.’), while the underlined

superscripts and;j of the 1D transition probabilitya,(n%) represent the 1D constellation symbsfg andsg;, respectively.
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{ij} Pt
{34}, {21} QP)
{24}, {31} Q%)
{14}, {41} Q%)
{11}, {44} 1-Q(%)
{22}, {33} 1-2Q(%)
{12},{23}, {32}, {43} | Q(%)-Q(3%)
{13}, {42} Q) — (%)

Table 5.3: The 1D transition probabilities for 1L6QAM.
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Figure 5.9: An example of the simplified BQM for 16QAM.

An example of the simplified BQM designed for 16QAM is provdda Figure 5.9. As shown in Figure 5.9, for
example, we assume thﬁp is the original gene subjected to mutation, éﬂa(i =2,---,9) represents the adjacent

neighbours oﬁ(l), while the symbols represented by the dashed-line circlesggaored. Therefore, the GA's entire
search space is reduced. Moreover, the search space carther iompressed, when we only consider the nearest

neighbours oﬁy). In this case, only the symbo&,&l) (i = 3,5,6,8) printed in grey in Figure 5.9 will be regarded

as the legitimate mutation candidates, each of which igjaesian equal 2D transition probabilim;(,r}{) =1/4(j =
3,5,6,8), while all other constellation symbols printed in white aeglected. Since the transition probability for
each selected mutation candidate is equally fixed, the BQMrse is simplified to a scheme similar to UM, which
we may refer to as th€losest-Neighbour Uniform Mutation (CNUMEheme. Note that similar to the scenario of
BQM, in CNUM the corresponding transition probability valis also dependent on the location of the original gene.
For instance, if the original gene is located in one of the fmrners of the constellation map plotted in Figure 5.9,

the relevant transition probability,(qz) becomes 1/2, since in this case only two nearest-neighlyoobals exist.
The CNUM-related transition probability values of the difnt modems are summarized in Table 5.4. Hence, by
introducing the simplified BQM scheme or the CNUM arrangeingre computational complexity of BQM can be

reduced. This issue will be discussed in Section 5.3.3.

5.3.1.3 Simulation Results

In this section, we provide our simulation results chanazteg the achievable performance of the TTCM-assisted
MMSE-GA-SDMA-OFDM system employing UM or BQM. For the BQMabed schemes, all the parameters used,
including the TTCM-, GA- and channel-related ones, are #mesas those specified in Table 5.1, except that the UM
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‘ Modem ‘ Transition probability value seﬁ

4QAM 1/2
16QAM 1/2, 1/3, 1/4
64QAM 1/2, 1/3, 1/4

Table 5.4: Possible transition probability values for the CNUM scheme

component was substituted by the BQM in the GA MUD.

5.3.1.3.1 BQM Versus UM

TTCM-MMSE-GA-SDMA-OFDM, L6/P6, 4QAM, SWATM
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Figure 5.10: BERversusE;, / Ny performance comparison of tid CM-assisted MMSE-GA-SDMA-OFDM system
usingUM or BQM, while employing &4QAM scheme for transmission over the SWATM channel, wheré users
are supported with the aid &=6receiver antenna elements. The basic simulation parasrateigiven in Table 5.1.

In Figure 5.10, the BER performance of the UM- and BQM-aide®-&sisted TTCM-MMSE-SDMA-OFDM
systems employing a 4QAM scheme for transmission over th&T3¥\thannel of Table 3.10 are compared, where
six users are supported with the aid of six receiver antefemaents. Again, the performance of the TTCM-assisted
MMSE-SDMA-OFDM system, the TTCM-aided optimum ML-detett®ystem and the uncoded single-user scheme
employing either a single receiver or invoking MRC when camimating over an AWGN channel are also provided
for reference, respectively. As expected, we can see frgur&i5.10 that the BER performance of the TTCM-assisted
MMSE-SDMA-OFDM system was further improved at relativelgler SNRs, when BQM rather than UM was used.

Furthermore, a higher performance improvement can be \aathiey the BQM-aided scheme, when we have a
higher user load or higher throughput, as seen in Figure. SMdre specifically, the left hand side of Figure 5.11
shows the simulation results attained in the scenario, evadrigher number of = 10 users is supported. In this
case, arE, / Ny gain of about 1dB was attained by the employment of BQM for al®ing a size oX = 20 and
Y = 5 at the BER ofl0~°. ThisE,/N, gain was achieved, since a higher user load results in arlaegech space
and hence the conventional UM suffers more from its inefficrautation mechanism, while BQM may more readily
be able to guide the mutation in the desirable directions ewdow SNRs, especially in the scenarios having higher
user loads. On the other hand, when a high-throughput modelmas for example 16QAM is employed, BOM may
significantly outperform UM, as evidenced at the right haide ®f Figure 5.11. As seen in the figure, the UM-aided
scheme yielded a high residual error floor, since the GA agybrsettled in local minima during its search due to the
less efficient mutation strategy. By contrast, BQM signifitaimproved the GA's performance by lowering the error
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TTCM-MMSE-GA-SDMA-OFDM, Lx/Px, 4QAM/16QAM, SWATM
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Figure 5.11: BERversusE, / Ny performance comparison of tid CM-assisted MMSE-GA-SDMA-OFDM system
usingUM or BQM, while employing &4QAM or 16QAM scheme for transmission over the SWATM channel, where
L=6 or L=10 users are supported with the aid B£6 or P=10 receiver antenna elements, respectively. The basic
simulation parameters are given in Table 5.1.

floor by about two magnitudes to the BERXf°. Note that at SNRs higher than 20dB, however, a cross-ovet po
appeared on the curves, where a GA havihg: 160 andY = 5 could no longer improve the MMSE-aided system’s
performance, when the SNR was increased. The reason fouetgcing this phenomenon at a high SNR level is that it
becomes more difficult for a moderate-complexity GA to natethe associated symbol errors, amongst the increased
number of the 16QAM constellation symbols in comparisom®4QAM constellation symbols. Hence, for the sake
of improving the attainable performance of systems emplpyigh-throughput modems, we may either use a more
complex GA, which is less attractive for complexity-semsisystems, or invoke an improved MUD framework, as it
will be discussed in Section 5.3.2.

5.3.1.3.2 BQM Versus CNUM

As discussed in Section 5.3.1.2.2, the BQM scheme may bdiedpo the CNUM arrangement, which mutates to
only one of the closest neighbours of the original gene, ittigring a lower complexity in comparison to BQM. How-
ever, CNUM does not necessarily degrade the system’s peafoce dramatically. Figure 5.12 provides a comparison
of CNUM and BQM for both low- and high-throughput systems. observed in Figure 5.12, the BQM-GA-assisted
system achieved a slightly better performance than its CNG#Wassisted counterpart. This may suggest that in
such scenarios the CNUM scheme may become an attractivaatlte to the BQM scheme for the sake of further
decreasing the complexity imposed.

5.3.2 lterative MUD Framework

In Section 5.3.1, we have presented an enhanced mutatiemsgmamely BQM, which is capable of improving the
GA MUD's performance, especially in systems having highr dsads and/or employing high-throughput modems.
This may be regarded as GA-related improvement in the confake GA MUD. In this section, we will focus our
attention on an enhanced iterative MUD framework, so thastfstem’s performance may be further improved in all
the scenarios considered so far.
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TTCM-MMSE-GA-SDMA-OFDM, L6/P6, SWATM
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Figure 5.12: BERversusE,/ Ny performance comparison of tid CM-assisted MMSE-GA-SDMA-OFDM system
usingCNUM or BQM, while employing &#QAM or 16QAM scheme for transmission over the SWATM channel, where

L=6 users are supported with the aidR¥£6 receiver antenna elements, respectively. The basic siimulparameters
are given in Table 5.1.
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Figure 5.13: Schematic of the IGA MUD assisted multi-user SDMA-OFDM uglisystem.
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Figure 5.14: Structure of the MMSE-initialized iterative GA MUD used AetBS.

5.3.2.1 MMSE-initialized Iterative GA MUD

In the literature, iterative techniques such as Succes$steeference Cancellation (SIC) [198, 442—-444] and Pelrall
Interference Cancellation (PIC) [442,444,445], have béesigned for multi-user OFDM systems. Following the
philosophy of iterative detections, we propose a MMSEdtited iterative GA (IGA) MUD for multi-user SDMA-
OFDM systems. Figure 5.13 shows the proposed IGA MUD asbistdti-user SDMA-OFDM uplink system. Upon
comparing Figure 5.1 and Figure 5.13, we can observe thatdheatenated MMSE-GA MUD used in the BS of
Figure 5.1 is replaced by the MMSE-assisted IGA MUD seen @rttiddle-bottom part of Figure 5.13, while the
detailed structure of the IGA MUD is outlined in Figure 5.More specifically, the received lengfhsymbol vector

x of Equation (4.2) is first detected by the MMSE MUD, which autgothel. MMSE-detected symbols(fM)SE (I =
1,---,L) of the L users, and forwards them fonumber of independent TTCM decoders. The TTCM-decdded
symbol vector, which is more reliable than the MMSE MUD’s utt is then fed into the concatenated GA MUD
for assisting the creation of the initial population. Thée genetically enhanced output symbol ve&gr, which
may be expected to become more reliable, will be fed backedlthCM decoders in order to further improve the
signal’'s quality, invoking a number of iterations. Follawithe last iteration, the final GA solution will be decoded
by the TTCM decoders, and the hard-decision version of thmated information bits of thé independent users is
forwarded to the output, which is only enabled at the finahien by the switch seen in Figure 5.14.

Frequency domain

v

Sub. 0 Subc.l Subc.N-1
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o . :
-
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TTCM-coded Frame Length = N

Figure 5.15: The 2D optimization provided by the MMSE-IGA MUD of Figureld. The square brackeld denote

the subcarrier indices in the TTCM-coded frame of lenyyth

Therefore, two improvements have been achieved by the MMEBEMUD. Firstly, a more accurate initial knowl-
edge of the transmitted signals, namely the output of the MTd@coders rather than that of the MMSE MUD, is
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supplied for the GA MUD. This reliable improvement therefoiffers a better starting point for the GA's search. Sec-
ondly, the iterative processing ensures that the detdciggkr symbol vector can be optimized in two dimensions, as
demonstrated in Figure 5.15. During every iteration, ontoeed, eaclti-symbol vector at a specified subcarrier slot
is optimized by the GA in the context of theser domain On the other hand, the entire TTCM-coded frame of each
user is optimized by the TTCM decoder in the context of the MH@latedcodeword domainor more specifically
thefrequency domainHence, as the iterative processing continues, an infeomakchange takes place between the
two domains, resulting in a 2D optimization which may be etpd to improve the system’s performance.

5.3.2.2 Simulation Results

In this section, we combine the IGA MUD with BQM, which has hgegesented in Section 5.3.1.2, and compare the
associated simulation results with our previous resultsteNhat for the sake of fairness, we halved the number of
TTCM decoding iterations for the IGA-aided scheme, so thattbtal TTCM-related complexity remains approxi-
mately the same as in the non-iterative system. For the coewee of the reader, in Table 5.5 we summarize the basic
simulation parameters used for generating the resultsgedun this section.

Modem 4QAM
Code rate 0.5
Code memory 3

TTCM | Octal generator polynomial [13 6]
Codeword length 1024 symbols
Channel interleaver depth 1024 symbols
Number of turbo iterations 2
Population initialization method | MMSE

Mating pool creation strategy

Pareto-Optimality

Selection method

Fitness-Proportionate

Cross-over Uniform cross-over
Mutation UM or BQM
GA Mutation probabilityp,, 0.1

Elitism Enabled
Incest prevention Enabled
Population sizeX Varied
Generationy Varied
Number of IGA iterations Varied
CIRs SWATM [5]
Paths 3

Channel| Maximum path delay 48.9 ns

Normalized Doppler frequencgy | 1.235 x 1075
SubcarrierK 512

Cyclic prefix 64

Table 5.5: The various techniques and parameters used in the simmgaifdSection 5.3.2.2.

5.3.2.2.1 Performance in Underloaded and Fully-loaded Soarios

In this section, we will investigate the system’s achieegiérformance generated in the so-called underloaded and
fully-loaded scenarios, respectively, where the numbearsefrsL is less than or is equal to the number of receiver
antennad.
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5.3.2.2.1.1 BQM-IGA Performance

TTCM-MMSE-IGA-SDMA-OFDM, L6/P6, 4QAM, SWATM
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Figure 5.16: BERversusE,/ Ny performance comparison of thiterative or non-iterative TTCM-assisted MMSE-
GA-SDMA-OFDM system usingJM or BQM, while employing 4QAM scheme for transmission over the SWATM
channel, wheré=6 users are supported with the aid®6 receiver antenna elements, respectively. The basic simula
tion parameters are given in Table 5.5.

Figure 5.16 shows the BER performance achieved by the \@sdlemes considered. The numbers in the round
brackets seen in the legends of Figure 5.16 denote the atstciumber of IGA MUD iterations and the total GA or
ML complexity, respectively. From the results of Figuretivo conclusions may be arrived at. Firstly, an improved
performance can be achieved, when the GA commences itstimpefiram a better initial population, regardless of the
different mutation schemes used. For example, at the samed@plexity, the single-iteration IGA MUD assisted
systems outperformed their non-iterative GA aided coynatets, since the initial GA population of the former systems
were created based on the first-iteration outputs of the TT@bbders, rather than on the less reliable MMSE MUD
regardless, whether UM or BOM was employed.

Secondly, the system employing the BQM-aided two-iteratGA MUD was capable of achieving the same
performance as the optimum ML-aided system at an even lowaptexity compared to the UM- or BQM-aided non-
iterative GA MUD, which was characterized in Figure 5.10r Fwstance, Figure 5.16 shows that the two-iteration
BQM-IGA MUD having a complexity of 200 achieved virtually distinguishable performance in comparison to its
ML-aided counterpart, while the non-iterative UM/BQM-GAWD having a complexity of 400 attained a slightly
inferior performance in comparison to the ML-aided arranget, as observed in Figure 5.10.

Having investigated the system using the 4QAM modem, letawg consider various high-throughput scenarios.
As mentioned in Section 5.3.1.3, the non-iterative GA MUDymesult in a high residual error floor in high-throughput
scenarios, even if BOQM is employed. However, with the aidhaf tGA MUD, the error floor can be effectively
reduced, as seen in Figure 5.17. 16QAM modem was employedl theaschemeScharacterized in Figure 5.17,
except for the uncoded single-user benchmark scheme coioating over the AWGN channel, which used 8PSK for
the sake of maintaining the same effective throughput of SBP the other TTCM-coded schemes. Similarly to the
4QAM scenario of Figure 5.16, it can be seen in Figure 5.17dHzetter initial population resulted in an improved
performance in both the UM- and BQM-aided systems. Howawemay notice that even when assisted by a reliable
initial knowledge of the transmitted symbols, the UM-aidgalgle-iteration IGA MUD was unable to substantially
decrease the error floor. Even when we increased the numhévidiGA MUD iterations, the situation remained
the same, except for the modest improvements achieved at $Wer than 16dB. By contrast, the BQM-aided
scheme is capable of substantially exploiting the benaiggg from both a better initial GA population and from an
increased number of IGA MUD iterations. More specifically,ane hand, the improved initial population provides a

"Note that in this case the associated complexity of the Miedischeme is as high as on the orde@¢2""L) = O(2*%) = O(16,777,216),
which imposes an excessive complexity and hence cannotrhdased.
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Figure 5.17: BERversusE,/ Ny performance comparison of thiterative or non-iterative TTCM-assisted MMSE-
GA-SDMA-OFDM system usingJM or BQM, while employing al6QAM scheme for transmission over the SWATM
channel, wheré=6 users are supported with the aidR%6 receiver antenna elements, respectively. The basic simula
tion parameters are given in Table 5.5.

good starting point for the GA, thus assisting the BQM, whitkurn benefits the entire detection process, resulting
in a substantial performance improvement. On the other hituediterative processing invoked by the IGA MUD
further enhances the system’s performance with the aideo2hoptimization, as discussed in Section 5.3.2.1, since
the beneficial information exchange between the user doarairthe frequency domain assists both the GA MUD
and the TTCM decoder in eliminating more and more errors daarthe received signal, as the iterative procedure
continues.

5.3.2.2.1.2 Effects of the Number of IGA MUD Iterations

Figure 5.18 shows thg;, / Ny gain achieved by the BQM-IGA assisted TTCM-MMSE-SDMA-OFDRystems em-
ploying 16QAM at the BER ofil0—°, while using different number of IGA MUD iterations. THg,/N, gain is
defined here as thE,/ N, difference measured at the BER 1if° between the systems employing the BQM-IGA
MUD or the MMSE MUD. As expected, when we had a higher numbé&ét MUD iterations, a higheE;, / Ny gain

was attained. Itis also found in Figure 5.18 that most of tttéevable gain may be attained, when the number of IGA
MUD iterations reaches 8. Furthermore, when the compl@fitie GA MUD increases, because for example a higher
population size is employed, a higher gain can be achievedeen in Figure 5.18. Moreover, we may also notice
that when the number of IGA MUD iterations was increaseddifference between thE, / Ny gains achieved by the
higher-complexity and the lower-complexity IGAs tends ®larger. For example, as observed in Figure 5.18, when
we had only one IGA MUD iteration, thg, / Ny gain difference between the two curves was about 1dB, whige t
value increased to about 3dB, when the number of iterati@ssimcreased to 8. This suggests that a high-complexity
IGA may benefit more from a higher number of IGA MUD iteratighan its lower-complexity counterpart.

5.3.2.2.1.3 Effects of the User Load

Figure 5.19 exhibits the correspondiBg/ N, gains achieved by the SDMA-OFDM system exploiting= 6 receiver
antenna elements at the BER 1> in the scenarios, where the user load varies. The user l0S®NA-OFDM
systems was defined by Equation (4.14) in Section 4.3.2 Aslobserved in Figure 5.19, firstly, it is shown that
when the user load becomes higher, a higher gain can beeaaitaffor example, for the single-iteration IGA-aided
system, a further gain of about 3.5dB is achieved, when thaxeun of users increases from four to six. This is because
when more users were accommodated by the SDMA-OFDM systenreference MMSE MUD suffered a higher
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Figure 5.18: Iteration gain at the BER 0fl0—°> versus number of IGA MUD iterations performance of tRECM-
assisted MMSE-IGA-SDMA-OFDM system usindQM, while employing al6QAM scheme for transmission over
the SWATM channel, where=6 users are supported with the aidRt6receiver antenna elements. The basic simulation
parameters are given in Table 5.5.
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Figure 5.19: Ep, /Ny gain at the BER ofl0~° versus number of users performance of THeCM-assisted MMSE-
IGA-SDMA-OFDM system usind3QM, while employing al6QAM scheme for transmission over the SWATM chan-
nel, whereL.=4, 5, 6users are supported with the aidRf6 receiver antenna elements, respectively. The basic simula
tion parameters are given in Table 5.5.
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performance degradation than the IGA MUD, and thus a highgN, gain was attained by the IGA MUD. Secondly,
a higher number of IGA MUD iterations provides a higltgy Ny gain for the system. For instance, in the full-user-
load scenario, namely fdr = P = 6, the two-iteration IGA-aided system achieves a furthen ghiabout 2.7dB over
its single-iteration counterpart, providing an oveijl/ Ny gain of 7dB over the base-line TTCM-MMSE-SDMA-
OFDM benchmark system dispensing with the GA MUD.

5.3.2.2.2 Performance in Overloaded Scenarios

Recall thatin Section 5.1 we pointed out that in practicali@ations the number of useksmay be higher than that of
the receiver antenndj resulting in the overloaded scenario. However, most oéttisting MUD techniques, such as
for example the MMSE algorithm of [5,442] and the QRD-M aligfum of [173], suffer from a significant performance
degradation in overloaded scenarios, owing to the insaffiadegree of detection freedom at the receiver. By contrast
we will show in this section that the proposed IGA MUD is calealf adequately performing in overloaded scenarios.

5.3.2.2.2.1 Overloaded BQM-IGA
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Figure 5.20: BER versusE,/ Ny performance comparison of tierCM-assisted MMSE-IGA-SDMA-OFDM sys-
tem usingBQM, while employing &4QAM scheme for transmission over the SWATM channel, whe, 7, 8 users
are supported with the aid =6 receiver antenna elements, respectively. The basic siimnilparameters are given in
Table 5.5.

Figure 5.20 shows the performance achieved by the BQM-I@A&T TCM-SDMA-OFDM system using 4QAM,
when six, seven and eight users are supported by six re@itenna elements, respectively. It is seen in Figure 5.20
that in the so-called overloaded scenarios, where the nuofibsers exceeds the number of receiver antenna elements,
the linear MMSE MUD suffered from an insufficient degree addom for separating the different users, since the
high number of users incurred an excess Multi-User Interfee (MUI). This results in a significant performance
degradation in the context of the system using the MMSE MUBemvthe number of users increased from six to
eight, as observed in Figure 5.20. However, in such casesyiitem employing the proposed BQM-IGA MUD was
still capable of maintaining a near-ML performance. Forregle, when we had. = 8, the two-iteration based
BQM-IGA MUD reduced the BER measured at 3dB by four orders afnitude in comparison to the MMSE-aided
benchmark system, as evidenced by Figure 5.20. This relsaiticterizes the robustness of the BQM-IGA MUD,
which has successfully suppressed the high MUI experieimcederloaded scenarios.

Figure 5.21 shows the iteration gain achieved by the BQM-K38isted TTCM-MMSE-SDMA-OFDM system
employing 4QAM at the BER 010~°, while using different number of IGA MUD iterations. Therigion gain is
defined here as thg, / N, difference of the systems employing different number of IBAD iterations measured
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Figure 5.21: Iteration gain at the BER ofl0—> versus number of IGA MUD iterations performance of fRECM-
assisted MMSE-IGA-SDMA-OFDM system using3QM, while employing 8&4QAM scheme for transmission over
the SWATM channel, wherk=6, 7, 8 users are supported with the aidR#£6 receiver antenna elements, respectively.
The basic simulation parameters are given in Table 5.5.

at the BER ofl0~° in comparison to the baseline system employing a single IGADMteration. It is found in
Figure 5.21 that when more users are supported, highetidergains may be obtained by iterative detection. For
example, a gain of about 6dB was attained by the eight-usteisyat the second IGA MUD iteration, while that
attained by the six-user system was only about 0.5dB. Fumibie, as the number of iterations was increased from
two to six, the former scheme provided a further gain of adaB, while no explicit gain was achieved by the latter
arrangement, as shown in Figure 5.21. It is also seen in &gl that most of the achievable iteration gain has been
attained at the second IGA MUD iteration for all the schemes.

5.3.2.2.2.2 BQM Versus CNUM

In Section 5.3.1.3.2, we have shown the performance of therrangement discussed in Section 5.3.1.2.2 in a
fully-loaded scenario. In Figure 5.22, we characterizeGhNJM aided system’s performance achieved in an over-
loaded scenario, where six receiver antennas were useaehsis Figure 5.22, the BQM-IGA aided system slightly
outperformed the CNUM-IGA aided system. This suggests shatlar to the case of fully-loaded scenarios, the
CNUM scheme may also be employed in overloaded scenari@cfoeving a further complexity reduction over the
BQM scheme without suffering from a significant performaloss.

5.3.2.2.3 Performance Under Imperfect Channel Estimation

As a further investigation, we provide the simulation résgkenerated in the scenario, where the Channel State Infor-
mation (CSI) was assumed to be imperfect. The estimated k&jIRere generated by adding random Gaussian noise
to the true CIR taps; as:

hiln] = hiln] + \/?”i[”]/ i=1,---,L, (5.19)

wheree is the effective noise factar? is the noise variance at the specific SNR lewgls an AWGN sample having
zero-mean and a variance of unit§,is the number of CIR taps an| denotes the:!” OFDM symbol. In the
scenarios associated with imperfect CIRgjas set to 64 and was set to 3 for the three-path SWATM channel used.
In this case, the effective noise power added to the true &R during each OFDM symbol for the sake of simulating
imperfect channel estimation wag - £L/e = 02 x 4.69%. A snap shot of the SWATM channel is portrayed in
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Figure 5.22: BERversusE,/ Ny performance comparison of ti& CM-assisted MMSE-IGA-SDMA-OFDM sys-
tem usingBQM or CNUM, while employing a4QAM scheme for transmission over the SWATM channel, where
L=6, 7, 8users are supported with the aidRf6 receiver antenna elements, respectively. The basic siionilparam-
eters are given in Table 5.5.

Figure 5.23, which shows both the real and imaginary compisra the FD-CHTFs associated with both perfect and
imperfect CIRs.

Our performance comparison of the proposed BQM-IGA aide@NMIMMSE-SDMA-OFDM system under the
assumptions both of perfect and imperfect CSl is providdeigure 5.24. As seen in Figure 5.24, the proposed sys-
tem was capable of attaining an acceptable performancevatieout accurate channel knowledge. Moreover, it was
found that when imperfect channel estimation was assurhed®M-IGA aided system outperformed its ML-aided
counterpart, especially in the scenarios associated vigheh user loads. This phenomenon may be explained as
follows. When the CSl is imperfect, the ML-detected signe¢dimes less reliable than that detected in the scenario
benefitting from perfect CSI. The relatively unreliableputtof the ML MUD may readily mislead the TTCM decoder
due to error propagation, resulting in a performance degiaal However, the detrimental effects of imperfect CSI
may be mitigated by the proposed IGA MUD. More specificalig tGA MUD optimizes the detected signal in two
dimensions, namely in both the user domain as well as in #wgugncy domain, as discussed in Section 5.3.2.1. The
beneficial information exchange offered by the IGA MUD betwéhe two domains may effectively assist the con-
catenated detection-decoding procedure in counterattiindetrimental effects of imperfect channel estimatidmsT
therefore results in a better system performance in comgato that achieved by the ML-aided system. Furthermore,
when a higher number of users had to be supported, the Midaigitem using imperfect CSI suffered more from the
inaccurate multi-user detection, while a more robust bielamwas exhibited by the IGA-aided system, as shown in
Figure 5.24.

5.3.3 Complexity Analysis

Compared to the conventional UM scheme, BQM is capable affeigntly improving the GA's performance, espe-
cially in high-throughput or high-SNR scenarios, as disedsin Section 5.3.1.3.1. Furthermore, this performance
improvement was achieved at the cost of a modest complexitgase and a modest memory requirement. More
specifically, at different SNR levels, for each of @& constellation symbols, a specific set containfagj — 1) num-

ber of normalized 2D transition probabilities has to be twéaHowever, this only imposes a modest “once-for-all”
calculation, since we can derive the associated trangitiobabilities with the aid of off-line experiments for a num
ber of typical SNR levels, where the calculated data candredtin the base station’s memory, hence incurring no
further computational complexity. Furthermore, by intuothg the simplified BQM scheme of Section 5.3.1.2.2, the
associated complexity and memory cost may be dramaticadlyaed, especially for high-throughput modems such
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OFDM symbol at &,/ Ny value of 0dB in terms of both perfect and imperfect CIRs.
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Figure 5.24: BERversusE,/ Ny performance comparison of ti&CM-assisted MMSE-IGA-SDMA-OFDM sys-

tem usingBQM with perfect or imperfect CSl , while employingdQAM scheme for transmission over the SWATM
channel, where.=6, 7, 8 users are supported with the aid B£6 receiver antenna elements, respectively. The basic
simulation parameters are given in Table 5.5.
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as 16QAM or 64QAM, since the number of mutation target caagisldecreases and thus fewer transition probability
calculations are required. Moreover, if the CNUM schemenipleyed, the associated complexity can be further
decreased, since in this case there is no need to calcutateatisition probabilities, which are already available in
Table 5.4. This may significantly reduce the associated ¢exitp and memory requirement, while still maintaining
a similar performance to that of the BQM scheme, as seen ur&sp.12 and 5.22.
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Figure 5.25: Complexity per user versug,/ Ny performance comparison of tierCM-assisted MMSE-SDMA-
OFDM, ML-SDMA-OFDM , andMMSE-BQM-IGA-SDMA-OFDM systems, while employing4QAM scheme for
transmission over the SWATM channel, whére8 users are supported with the aidR#6 receiver antenna elements.
The basic simulation parameters are given in Table 5.5.

As shown in Figures 5.18 and 5.21, the system’s performaacde further improved, when the number of IGA
MUD iterations is increased. When the other parametersiretha same, using a higher number of IGA MUD
iterations will result in a further increased complexityowkver, this may still be significantly lower than that impds
by the ML-aided scheme. Figure 5.25 provides our compaigahe TTCM-assisted MMSE-SDMA-OFDM, ML-
SDMA-OFDM and MMSE-BQM-IGA-SDMA-OFDM systems in the conteof their MUD complexity, which was
quantified in terms of the number of complex additions andtiplidations imposed by the different MUDs on a
per user basis. As illustrated in Figure 5.25, the compjexfithe ML MUD is significantly higher than that of the
MMSE MUD or the IGA MUD. Furthermore, the IGA MUD’s compleyitdoes not significantly vary at different
E, /Ny values and depends on the number of IGA MUD iterations as agetin the GA's parameters, for example
the population size. In Figure 5.26 the complexity of theioas systems is compared in terms of different user
loads at anE,/ Ny value of 0dB. At a specific user load, we always select an ap@e GA-aided scheme for
comparison, which achieved a similar performance comptartéite ML-aided system at the BER t0—°. As seen in
Figure 5.26, the ML-aided system imposes a linearly inéngasomplexity on a logarithmic scale, which corresponds
to an exponential increase when the number of users inareByecontrast, the complexity of the IGA-aided system
required for maintaining a near-optimum performance iases only moderately.

In order to characterize the advantage of the BQM-IGA schinterms of the performance-versus-complexity
tradeoff, in Table 5.6 we summarize the computational cexipl imposed by the different MUDs assuming an
Ep/ Ny value of 3dB. As observed in Table 5.6, the complexity of theMUD is significantly higher than that of the
MMSE MUD or the IGA MUD, especially in highly overloaded s@ivs. By contrast, the IGA MUD reduced the
BER by up to five orders of magnitude in comparison to the MMSEDVat a moderate complexity.

5.3.4 Conclusions

In Sections 5.3.1 and 5.3.2 we proposed specific techniqesegrted for further enhancing the achievable performance
of the TTCM-assisted MMSE-GA-SDMA-OFDM system. The nov€)®@ scheme is capable of improving the GA's
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scheme for transmission over the SWATM channel, wheré, 7, 8 users are supported with the aidR£6 receiver
antenna elements. The basic simulation parameters amigii@ble 5.5.

7
Number of Users

‘ L ‘ MUD ‘ + X BER

ML | 28x10% | 27 x10* | 1.8 x 1077

6| IGA |81x10% |79x10% | 22x1077
MMSE | 7.1 x 10! | 9.0 x 10! | 1.5 x 1073

ML 1.1 x10° | 1.1x10° | 5.1 x 1077

71 IGA | 87x10% | 85x10% | 62x 1077
MMSE | 7.1 x 10! | 88 x 10! | 75 x 1073

ML | 43x10° | 42x10° | 85x 1077

8| IGA | 18x10° | 1.7x10% | 9.8 x 1077
MMSE | 7.1 x 10! | 8.7 x 10! | 2.2 x 1072

Table 5.6: Comparison of MUD complexity in terms of number of complexiidns and multiplications measured at

E,/ Ny = 3dB on a per user basis in the 4QAM TTCM-SDMA-OFDM system.
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search at a modest complexity increase, thus significamthgasing the chances of finding the optimum GA solution
in high-SNR and/or high-throughput scenarios. On the olfeerd, the 2D optimization provided by the proposed
IGA MUD has been shown to be beneficial for the SDMA-OFDM sisia both the frequency and user domains.
Finally, the scheme that combines BQM with the IGA MUD yiettle best and near-optimum performance in all
scenarios considered, including the so-called overloadedario, where the performance of most of the conventional
detection techniques such as the classic linear MMSE MUDifsigntly degrades, owing to the insufficiently high
degree of freedom. Furthermore, this superior performahttes proposed scheme is achieved at a significantly lower
computational complexity than that imposed by the ML-dssisystem, especially when the number of users is high.
For example, a complexity reduction of three orders of maglei can be achieved by the proposed BQM-IGA aided
system in the overloaded scenario associated with8, as evidenced by Figure 5.26. Moreover, we demonstrate that
the proposed scheme is capable of providing a satisfacesfgpnance even when the channel estimation is imperfect.

5.4 Chapter Summary

In this chapter, we proposed a TTCM-assisted MMSE-GA MUDigled for SDMA-OFDM systems. In Sec-
tion 5.2.1 we provided a system overview of the proposed Ggisted TTCM-MMSE-SDMA-OFDM system. The
optimization metric designed for the proposed GA MUD wasdbed in Section 5.2.2.1. Section 5.2.2.2 outlined the
concatenated MMSE-GA MUD, while its performance was ev&déan Section 5.2.3, where the GA-based schemes
were shown to be capable of achieving a near-optimum pedoece Furthermore, a complexity comparison be-
tween the proposed GA MUD and the optimum ML MUD was provide&eéction 5.2.4, where we showed that the
complexity of the GA MUD was significantly lower than that etML MUD.

For the sake of further improving the performance of the TF&ddisted MMSE-GA-SDMA-OFDM system, an
enhanced GA MUD was proposed in Section 5.3. This was desthiltwo steps. Firstly, the novel BQM scheme was
proposed in Section 5.3.1, including a review of the coneaial UM scheme, followed by the detailed explanation
of the BQM mechanism, which were the subjects of Sectiond 3.&nd 5.3.1.2, respectively. The BQM-aided GA
MUD exploits an effective mutation strategy and thus it ipafale of achieving a better performance in comparison
to its UM-aided counterpart, especially at high SNRs or higér loads, as evidenced by the simulation results given
in Section 5.3.1.3. Moreover, this was achieved at a modesptexity increase. Secondly, a MMSE-initialized IGA
MUD was introduced in Section 5.3.2. The theoretical fouiwte of the IGA MUD were presented in Section 5.3.2.1,
where the IGA framework as well as its optimization cap&piliere characterized. Our related simulation results were
provided in Section 5.3.2.2, where the combined BQM-IGAstsd system was found to give the best performance
in all scenarios considered, while maintaining a modestpmgdational complexity. In low-throughput scenarios, for
example a six-user system employing a 4QAM modem, a twadtiter BQM-IGA MUD associated wittX = 20
andY = 5 was capable of achieving the same performance as the optiiiaided system at a complexity of
200, which is only about 50% and 5% of the MUD-related comipyermposed by the conventional UM-aided single-
iteration IGA MUD and the optimum ML MUD, respectively. Onetlother hand, in high-throughput six-user systems
employing for example a 16QAM modem, a two-iteration BQMAI®IUD associated withX = 40 andY = 5
achieved arE;, /N, gain of about 7dB over the MMSE MUD benchmarker at the BER®f°, while the UM-
aided GA or IGA MUDs suffered from a high residual error flooer when the iterative framework was employed.
Furthermore, the associatég/ N, gain was attained at a modest complexity of 400, which is 6r119238% of the
excessive complexity imposed by the ML MUD that cannot beusated in this case.

Moreover, the proposed BQM-IGA MUD is capable of providingear-optimum performance even in the so-
called overloaded scenarios, where the number of userglighthan the number of receiver antenna elements, while
many conventional detection techniques suffer from anssieely high error floor. For example, when we Hae- 8
users and® = 6 receivers, the two-iteration based BQM-IGA MUD reduced BER recorded at afi, / Ny value
of 3dB by four orders of magnitude in comparison to the ctaB8M1SE MUD aided benchmarker system, as shown
in Figure 5.20. This result characterizes the robustnefseoBQM-IGA MUD, which has successfully suppressed
the high MUI experienced in overloaded scenarios. As a &uritivestigation, we demonstrated in Section 5.3.2.2.3
that the proposed system is capable of achieving a satisfaperformance even in the case of imperfect channel
estimation. Furthermore, the complexity of the proposeedai®mn scheme is only moderately higher than thatimposed
by the linear MMSE MUD, and is substantially lower than thrapbsed by the optimum ML MUD, as discussed in
Section 5.3.3. We also showed that in both the fully-loadedario of Section 5.3.1.3.2 and in the overloaded scenario
of Section 5.3.2.2.2.2 the complexity of the BQM approachtafurther reduced by employing its simplified version,
namely the CNUM scheme of Section 5.3.1.2.2, at the cost liflatly degraded system performance.

Note that the system parameters of the IGA framework, sutiheasumber of TTCM iterations, the number of IGA
MUD iterations and the GA-related parameter settings, lreadily configurable, enabling us to strike an attractive
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tradeoff between the achievable performance and the carhpimposed. For specific scenarios, the TTCM scheme
used in the system can also be conveniently substitutedigy BEC schemes, for example the TC codes. Therefore,
the facility provided by the proposed IGA MUD may make it pbsto applications in multi-mode terminals, where
good performance, low complexity and easy flexibility addraportant criterions. It is also worth pointing out that
the proposed BQM-aided IGA MUD can be readily incorporat&d ithe multi-user CDMA systems, for example
those of [40]. In this case, the initial detected signal $iggpto the GA MUD for creating the first GA population

is provided by the bank of matched filters installed at the GORS, rather than by the MMSE MUD. However, the
BQM scheme may remain unchanged.

In the next chapter, our attention will be focused on a TTQdisted MMSE-IGA multi-user detected SDMA-
OFDM system employing a new type of Frequency-Hopping (Fedhhique for the sake of achieving further perfor-
mance enhancements.
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Chapter

Direct-Sequence Spreading and Slow
Subcarrier-Hopping Aided Multi-User
SDMA-OFDM Systems

6.1 Conventional SDMA-OFDM Systems

In Chapters 4 and 5, Coded Modulation (CM) [359] assisted 3BBFDM systems invoking both Minimum Mean-
Square Error (MMSE) and Genetic Algorithm (GA) based Mulser Detection (MUD) have been investigated, re-
spectively. Specifically, in terms of the bandwidth sharstigitegy the SDMA-OFDM systems discussed in these
chapters are referred to here asc¢baventionaSDMA-OFDM systems [5,194], where all the users exploit thére
system bandwidth for their communications. However, tlaisdwidth sharing strategy exhibits a few drawbacks.

On one hand, the conventional SDMA-OFDM systems can ex|itbét frequency diversity, since each user ac-
tivates all available subcarriers. This limitation can biégated by combining both Frequency-Hopping (FH) and
SDMA-OFDM techniques, resulting in the FH/SDMA-OFDM sysige In FH/SDMA-OFDM systems the total sys-
tem bandwidth is divided into several sub-bands, each otlwvhbsts a number of consecutive subcarriers, and a
so-called FH pattern is used for controlling the sub-baitatation for the different users. Since each user activates
different sub-bands from time to time, the achievable festy diversity improves, as the width of the sub-bands is
reduced.

On the other hand, when the number of users becomes highenireigtional SDMA-OFDM systems, a higher
Multi-User Interference (MUI) is expected across the eniandwidth and hence all users will suffer from a perfor-
mance degradation. Unfortunately, the same phenomenacdiatered also in FH/SDMA-OFDM systems at those
sub-bands that are shared by excessive number of users.ubbedty, the best solution to eliminate the MUI is to
avoid sub-band collisions between the different users bigasg each sub-band exclusively to a single user. This
“one-subband-for-one-user” scheme will inevitably regltice system’s overall throughput. The attainable system
throughput can be increased with the aid of higher-orderant] which are more vulnerable to transmission errors
as well as impose an increased MUD complexity at the recgivenich is undesirable. Therefore, subcarrier-reuse
based SDMA-OFDM using efficient frequency-hopping techeigis preferable, since it is capable of maintaining
a sufficiently high overall system throughput even with thepoyment of a relatively low-order, low-complexity
modem, while effectively suppressing the associated high.M

In this chapter, we will introduce a new bandwidth-efficiapproach for employment in SDMA-OFDM systems
designed for solving the two problems mentioned above.

6.2 Introduction to Hybrid SDMA-OFDM

During last decades, a range of Time Division Multiple Acc€EDMA) [38], Frequency Division Multiple Access
(FDMA) [38] and Code Division Multiple Access (CDMA) [39—#3chemes have found employment in the first-,



