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increased proportionately to the number of transmit antenm linear capacity increase is achieved upon increasing
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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.

xXiii
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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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List of Symbols

The indices indicating the* subcarrier of the: OFDM symbol
The transposition operation

Hermitian transpose

Complex conjugate

The imaginary component of a complex number

The real component of a complex number

Imaginary part of a complex value

Mutual information,sort

The ratio of the circumference of a circle to the diameter
Real part of a complex value

The exponential operation

The remaining user set for th# iteration of the subcarrier-to-user assignment process
Matrix/vector transpose

Matrix/vector hermitian adjoini,e. complex conjugate transpose

Matrix/vector/scalar complex conjugate

Matrix inverse

Moore-Penrose pseudoinverse

Trace of matrixj.e. the sum of its diagonal elements

The user load of ah-user andP-receiver conventional SDMA system

The overall system throughput in bits per OFDM symbol
Number of (channel estimation,detection,decoding)itena
Energy per transmitted bit

Energy per transmittet-QAM symbol

Number of data-frames per transmission burst

Number of data SDM-OFDM symbols per data-frame
Number of pilot SDM-OFDM symbols in burst preamble
OFDM symbol duration

OFDM FFT frame duration

Maximum Doppler frequency

Number of OFDM subcarriers

Signal bandwidth

RLS CIR tap prediction filter forgetting factor
Uncostrained capacity

Carrier frequency

PASTD aided CIR tap tracking filter forgetting factor
OHRSA search resolution parameter

Number of receive antennas

Number of transmit antennas
OFDM-symbol-normalized PDP tap drift rate

OHRSA search radius factor parameter

Gaussian noise variance

XXV
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LIST OF SYMBOLS

RMS delay spread

Pilot overhead

MIMO-CTF RLS tracking filter forgetting factor
The (mp)" bit of thel'" user’s transmitted symbol
Size of the transmitted bit-wise signal vector

The!!" user’s detected soft bit

The detected soft bit block of tHé" user
The information bit block of thé! user

The coded bit block of th&" user

The complex space

The (x x y)-dimensional complex space

Convolutional codes with the number of input bitsthe number of coded bits and
the constraint lengtk

Identity matrix

Hadamard matrix

Log Likelihood Ratio value

Set of M-PSK/M-QAM constellation phasors

The DSS signature sequence assigned td‘theser and associated with tgéh DSS

group
The (1 x L;)-dimensional DSS code vector

The (G, x 1)-dimensional DSS code vector

The spreading code sequence associated witgtﬂiass group
The user signature vector

the!!" user's code sequence

The DSS code vector for tH€" user in theg™ DSS group

A priori signal vector estimate

A posteriorisignal vector estimate

Unconstraine posteriorisignal vector estimate
Subcarrier-related MIMO CTF matrix

Transmitted bit-wise signal

Transmitted subcarrier-related SDM signal
Transmitted subcarrier-related bit-wise SDM signal
Received subcarrier-related SDM signal

Gaussian noise sample vector

Soft-information aided signal vector estimate

The random step size for ttig, 1)t channel gene during step mutation associated with

the x" individual of they!" generation
The pilot overhead

The OFDM-symbol-normalized Doppler frequency
Covariance of two random variables

Variance of a random variable

Expectation of a random variable

Exponential integral

Jacobian logorithm

Channel estimation efficiency criteria

Second order norm

Probability density function

Root mean square value

Normalized Doppler frequency

Carrier frequency

Maximum Doppler frequency

Carrier frequency associated with ul]fé sub-band
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The fitness value associated with tté& individual of they" generation

The number of DSS user groups in a DSS/SSCH system
The total number of different DSS codes used by the usensdici) theqth subcarrier
The rectangular pulse within the duration[6f7)

The FD-CHTF associated with th& user and the'” receiver antenna element

The FD-CHTF associated with the specific link between!thaiser and the!" re-
ceiver at they'" subcarrier

The true FD-CHTF associated with the channel link betweeri‘thuser and they""
receiver

The improveda posteprioriFD-CHTF estimate associated with the channel link be-
tween thd" user and the'” receiver

The FD-CHTF matrix

The FD-CHTF vector associated with tHe user

The (P x 1)-dimensional FD-CHTF vector associated with the transiorisgaths be-
tween thel'” user’s transmitter antenna and each element ofPteéement receiver
antenna array, corresponding to Qﬂ‘é DSS group at thq”‘ subcarrier

The p'" row of the FD-CHTF matrixH

The (P x I )-dimensional FD-CHTF matrix associated with 18 DSS group at the
g'" subcarrier

Thep!" row of the FD-CHTF matrid, , associated with the!" DSS group at thg!"
subcarrier

The initial FD-CHTF estimate matrix associated with all tteannel links between
each user and the/"* receiver

The L, users’(L; x L,)-dimensional diagonal FD-CHTF matrix associated with the
q'" subcarrier at the'" receiver

The diagonal FD-CHTF matrix associated with all the chafink$ between each user
and thep' receiver

The trial FD-CHTF matrix of the GA-JCEMUD

The FD-CHTF chromosome of the GA-JCEMUD individual asstedawith thex!”
individual of they!" generation

The(p, 1) channel gene of the GA-JCEMUD FD-CHTF chromosome assabieite
thex!" individual of they!" generation

The initial FD-CHTF estimate associated with the chanm between thé!" user
and thep' receiver at thé&!" subcarrier in the first OFDM symbol duration

The initial estimate of the CIR-related taps associateti tie channel link between
the!'" user and the'" receiver

Identity matrix
The range of CIR-related taps to be retained

Number of simultaneous mobile users supported in a SDMAegyst
The number of users that activate ifié subcarrier
The LLR associated with theng )" bit position of thel*" user’s transmitted symbol

The subcarrier activation function

The number of users in tl‘géh DSS group
The maximum mutation step size of the step mutation

The WHT block size

The set consisting &L number of(L x 1)-dimensional trial vectors

The specific subset associated with tHeuser, which is constituted by those specific
trial vectors, whosé" element's(mg)™" bit has a value ob
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LIST OF SYMBOLS

The set containing th&" number of legitimate complex constellation points asdedia
with the specific modulation scheme employed

The bit position of a constellation symbol

The average FD-CHTF estimation MSE

The average FD-CHTF estimation MSE associated witmth@FDM symbol

The total number of OFDM symbols transmitted

The AWGN at thep'” receiver

The noise signal associated with #1& subcarrier at thg!" receiver

The (G, x 1)-dimensional effective noise vector associated withgffiesubcarrier at
the p” receiver

Noise signal vector

The cross-correlation coefficient of tifé DSS group’s and thﬁh DSS group’s signa-
ture sequence

The GA's joint objective function for all antennas

The GA's joint objective function for all antennas assoeihivith theg”‘ DSS group at
theg" subcarrier

The GA's objective function associated with tg@ DSS group of thqy”’ antenna at
theg" subcarrier

The GAs objective function associated with th#& antenna

The maximum GA objective score generated by evaluatingithiedividuals in the
mating pool

Number of receiver antenna elements employed by the BS in/SBpdtems
Transmitted signal power

The normalized mutation-induced transition probability

The 1D transition probability of mutating from a 1D symbg} to another 1D symbol
SRj

The original legitimate constellation symbol’s probatyilbf remaining unchanged
The mutation-induced transition probability, which quifies the probability of thé!”
legitimate symbol becoming th‘é“

The mutation probability, which denotes the probabilityhofv likely it is that a gene
will mutate

The cost function of the OHRSA MUD

The cumulative sub-cost function of the OHRSA MUD at tHerecursive step
The!" user’s phase angle introduced by carrier modulation

The sub-cost function of the OHRSA MUD

The Q-function

The L-order full permutation set

The number of available subcarriers in conventional or SS@tems
The number of available sub-bands in SFH systems

The number of subcarriers in a USSCH subcarrier group

The subcarrier vector generated for ##esubcarrier group

The USSCH pattern set of thé user

Code rate

The (P x P)-dimensional covariance matrix

The (G, x Lg)-dimensional cross-correlation matrix of tiig users’ DSS code se-
guences

The received signal at the" receiver

The discrete signal received at thé subcarrier of the!" receiver during an OFDM
symbol duration

The despread signal of tigéh DSS group at thgth receiver
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(1)

S Thei!" constellation point of\1, as well as a possible gene symbol for tfeuser

i

s'g(]l,%(t) The transmitted signal at th@ subcarrier associated with t##é user in theg!” DSS
group

st The transmitted signal of th&" user at a subcarrier

sgl?q(t) The information signal at the/" subcarrier associated with tié user in theg!” DSS
group

SRi Thei'" 1D constellation symbol in the context of real axis

3 TheL, users’(L; x 1)-dimensional information signal vector

§ The candidate trial vector

$; The sub-vector o at thei” OHRSA recursive step

() Thel"" user’s estimated information symbol block of the FFT length

§V(Vl) The estimated’ user's WHT-despreading signal block

§v% The estimated” user's WHT-despread signal block

Sca The estimated transmitted symbol vector detected by the @M

Scag, The GA-based estimated, x 1)-dimensional signal vector associated with e
DSS group at thq”‘ subcarrier

§MMSEM The MMSE-based estimate(dg x 1)-dimensional signal vector associated with the
¢'" DSS group at thg'" subcarrier

§[n, k] The trial data vector of the GA-JCEMUD

5(y,x) Thex' individual of they generation

Syl K| The symbol chromosome of the GA-JCEMUD individual assedatith thex! indi-
vidual of they" generation

s Transmitted signal vector

s Thel® user’s information symbol block of the FFT length

sv(vl) The!t" user's WHT-spread signal block

sv% The!*" user's WHT-spreading signal block

S¢ The(Iy x 1)-dimensional trial symbol vector for the GA's objective filion associated
with the g DSS group

§Ely)x) [, k] The!" symbol gene of the GA-JCEMUD symbol chromosome associaitcthe x!”

' individual of they" generation

012 Signal variance associated with tH&user

o2 Noise variance

Ty, The FH dwell time

TC(n,k, K) Turbo convolutional codes with the number of input litshe number of coded bits
and the constraint lengtk

Ty The reuse time interval of hopping patterns

T, The DSS chip duration

Unirg TheK-order WHT matrix

g, [c] The ¢! element of theg™ row in the (G x G)-dimensional WHT matrix, which is

associated with th&" user

\% The upper-triangular matrix having positive real-valukgh@ents on the main diagonal
v CM code memory

4% System bandwidth

Wi Subcarrier bandwidth

Wimise The MMSE-based weight matrix

WMMSEM The MMSE-based P x lg)-dimensional weight matrix associated with tgfé DSS

group at thefh subcarrier

X GA population size
Xp The received signal at theé" receiver at a subcarrier
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Xp,q

Xp
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The despread signal associated with4Hesubcarrier at the” receiver
Received signal vector

The received symbol block of the FFT length at yﬁé receiver

The (P x 1)-dimensional despread signal vector associated witgtt’hSS group at
theg" subcarrier

Number of GA generations





