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Abstract

In several signal processing applications for wireless communications, the received
signal is multidimensional in nature and may exhibit a multilinear algebraic struc-
ture. In this context, the PARAFAC tensor decomposition has been the subject
of several works in the past six years. However, generalized tensor decomposi-
tions are necessary for covering a wider class of wireless communication systems
with more complex transmission structures, more realistic channel models and
more efficient receiver signal processing. This thesis investigates tensor modeling
approaches for multiple-antenna systems, channel equalization, signal separation
and parametric channel estimation. New tensor decompositions, namely, the block-
constrained PARAFAC and CONFAC decompositions, are developed and studied
in terms of identifiability. First, the block-constrained PARAFAC decomposition
is applied for a unified tensor modeling of oversampled, DS-CDMA and OFDM
systems with application to blind multiuser equalization. This decomposition is
also used for modeling multiple-antenna (MIMO) transmission systems with block
space-time spreading and blind detection, which generalizes previous tensor-based
MIMO transmission models. The CONFAC decomposition is then exploited for
designing new MIMO-CDMA transmission schemes combining spatial diversity
and multiplexing. Blind symbol/code/channel recovery is discussed from the uni-
queness properties of this decomposition. This thesis also studies new applications
of third-order PARAFAC decomposition. A new space-time-frequency spreading
system is proposed for multicarrier multiple-access systems, where this decompo-
sition is used as a joint spreading and multiplexing tool at the transmitter using
tridimensional spreading code with trilinear structure. Finally, we present a PA-
RAFAC modeling approach for the parametric estimation of SIMO and MIMO
multipath wireless channels with time-varying structure.
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Résumé

Dans plusieurs applications de traitement du signal pour les systemes de com-
munication sans fil, le signal recu est de nature multidimensionnelle et possede
une structure algébrique multilinéaire. Dans ce contexte, la décomposition ten-
sorielle de type PARAFAC a fait 'objet de plusieurs travaux au cours des six
dernieres années. Il s’avere que des décompositions tensorielles plus générales sont
nécessaires pour couvrir des classes plus larges de systemes de communication fai-
sant intervenir a la fois des modeles de transmission et de canal plus complexes
et des méthodes de traitement plus efficaces. Cette these traite les problemes de
modélisation des systemes multi-antennes, d’égalisation de canal, de séparation
de signaux et d’estimation paramétrique de canal a l'aide d’approches tenso-
rielles. Dans un premier temps, de nouvelles décompositions tensorielles (bloc-
PARAFAC avec contraintes et CONFAC) ont été développées et étudiées en termes
d’identifiabilité. Dans un deuxieme temps, la décomposition bloc-PARAFAC avec
contraintes a été appliquée tout d’abord pour mettre en évidence une modélisation
tensorielle unifiée des systemes suréchantillonnés, DS-CDMA et OFDM, avec appli-
cation a I’égalisation multiutilisateur. Puis, cette décomposition a été utilisée pour
modéliser des systemes de transmission MIMO avec étalement spatio-temporel et
détection aveugle. La décomposition CONFAC a ensuite été exploitée pour conce-
voir un nouveau schéma de transmission MIMO/CDMA combinant diversité et
multiplexage spatial. Les propriétés d’'unicité de cette décomposition ont permis
de réaliser un traitement aveugle au niveau du récepteur pour la reconstruction du
canal et des symboles transmis. Un troisieme volet du travail concerne ’application
de la décomposition PARAFAC pour la conception de nouveaux schéma de trans-
mission spatio-temporel-fréquentiel pour des systemes MIMO multiporteuses, et
pour 'estimation paramétrique de canaux multitrajets.
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Resumo

Em diversas aplicacoes do processamento de sinais em sistemas de comunicacao
sem-fio, o sinal recebido é de natureza multidimensional, possuindo uma estru-
tura algébrica multilinear. Neste contexto, a decomposic¢ao tensorial PARAFAC
tem sido utilizada em varios trabalhos ao longo dos ultimos seis anos. Observa-
se, entretanto, que decomposicoes tensoriais generalizadas sao necessarias para
modelar uma classe mais ampla de sistemas de comunicacao, caracterizada pela
presenca de estruturas de transmissao mais complexas, por modelos de canal mais
realistas, e por técnicas de processamento de sinais mais eficientes no receptor.
Esta tese investiga novas abordagens tensorias e suas aplicacoes em modelagem de
sistemas MIMO, equalizagao, separacao de sinais e estimacao paramétrica de ca-
nal. Inicialmente, duas novas decomposigoes tensoriais (PARAFAC em blocos com
restrigoes e CONFAC) sao desenvolvidas e estudadas em termos de identificabili-
dade. Em uma segunda parte do trabalho, novas aplicagoes destas decomposicoes
tensoriais sao propostas. A decomposicaio PARAFAC em blocos com restrigoes
¢é aplicada, primeiramente, a modelagem unificada de sistemas superamostrados,
DS-CDMA e OFDM, com aplicagao em equalizagao multiusuaria. Em seguida,
esta decomposicao é utilizada na modelagem de sistemas de transmissao MIMO
com espalhamento espago-temporal e deteccao conjunta. Em seguida, a decom-
posicao CONFAC ¢é explorada na concepgao de uma nova arquitetura generali-
zada de transmissao MIMO/CDMA que combina diversidade e multiplexagem. As
propriedades de unicidade desta decomposicao permitem o uso do processamento
nao-supervisionado no receptor, visando a reconstrucao dos sinais transmitidos e a
estimacao do canal. Na terceira e 1ltima parte deste trabalho, explora-se a decom-
posicao PARAFAC no contexto de duas aplicagoes diferentes. Na primeira, uma
nova estrutura de transmissao espago-temporal-frequéncial é proposta para siste-
mas MIMO multiportadora. A segunda aplicacao consiste em um novo estimador
paramétrico para canais multipercursos.
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Notation

In this thesis the following conventions are used. Scalar variables are denoted
by lower-case letters (a,b,...,a, 3,...), vectors are written as boldface lower-case
letters (a,b,...,a,3,...), matrices correspond to boldface capitals (A,B,...),
and tensors are written as calligraphic letters (A, B,...). The meaning of the
following symbols are, if nothing else is explicitly stated:

C set of complex-valued numbers

C! set of complex-valued I-dimensional vectors
chJ set of complex-valued (I x J)-matrices
ChoxxIn set of complex-valued (I; x -+ x Iy)-tensors
a* complex conjugate of a € C

|a modulus of a

l|lal|1 [-1 norm of a

IEY [-2 norm of a

AT transpose of A

AH Hermitian transpose of A

At inverse of A

Af Moore-Penrose pseudo-inverse of A

|A| 7 (| A]|r) Frobenius norm of A(A)
1y “All-ones” vector of dimension N.

Iy Identity matrix of dimension N.



NOTATION XV

eV n-th canonical vector in R¥, i.e. a unitary vector containing
an element equal to 1 in its n-th position and 0’s elsewhere.
N = (e E\J,V)} Canonical basis in R".
(Al iy = @iy 4y (i1,149)-th element of matrix A € Ch>f2,
[A];,.([A].,) i1-th row (io-th column) of A.
[(Aiy iz = Qiyin.is (i1,12,13)-th element of tensor A.
A, . € Chxb i1-th first-mode matrix-slice of tensor A.
A, € Clxh 19-th second-mode matrix-slice of tensor A.
A, € Chxl i3-th third-mode matrix-slice of tensor A.
aob Outer product between a € C* and b € CP.
aiby -+ aiby,
aob = : : € Chixlz,
CL[lbl Cl,]lbjz
A®B The Kronecker product of A € C'™*/ with B € CK*L,
&1,1B Gl,zB T a1,JB
A®B= a21B 0228 02,8 € CIExJL,
a[,lB CLI,QB te aI,JB
A|®|B The “block-wise” Kronecker product.
For A=[AW...A@] c ™/ B=[BW...B@] c CK*L,
Al®|B = [A(l) @BWO ... AQ@ g B(Q)] € CIExE,
with AW € C'*/e, BW@ ¢ CK*La,
Q Q Q
and J=>J,, L=> L, R=)> J,L,
q=1 q=1 q=1
A+B The Khatri-Rao (column-wise Kronecker) product.
For A € C'*X and B € C/*K,
AoB = [Al X B-17 ceey AK (%9 BK] S (CIJXK.
vec(A) The vectorization operator.
A,
For A € C™*7: vec(A)= : e C.
A
diag(a) Diagonal matrix with diagonal entries

given by the elements of a.

blockdiag(Aq,...,Ay) Forms a block-diagonal matrix out of
the N matrix blocks Ay, ..., Ayn.
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Introduction

Several existing signal processing problems in wireless communication systems
with multiple transmit and/or receive antennas are modeled by means of matrix
(2-D) decompositions that represent the transformations on the transmitted signal
from the transmitter to the receiver. At the receiver, signal processing is generally
used to combat multipath fading effects, inter-symbol interference and multiuser
(co-channel) interference by means of multiple receive antennas. Usually conside-
red signal processing dimensions are space and time dimensions [114]. This area
has progressed over the past twenty years and has resulted in several powerful
solutions. In order to allow for a higher spectral efficiency, numerous works have
proposed blind signal processing techniques, which aim at avoiding the loss of
bandwidth due to the use of training sequences. Blind receiver algorithms gene-
rally take special (problem-specific) structural properties of the transmitted signals
into account such as constant-modulus, finite-alphabet, cyclostationarity or sta-
tistical independence for performing multiuser signal separation, equalization and
channel estimation [114, 141, 149, 11, 153, 151, 154].

On the other hand, signal processing solutions based on the use of multiple trans-
mit and receive antennas have come latter, and date back to ten years ago. In-
tensive research has been carried out, and the literature is abundant. Wireless
communication systems employing multiple antennas at both ends of the link,
commonly known as Multiple-Input Multiple-Output (MIMO) systems, are being
considered as one of the key technologies to be deployed in current and upco-
ming wireless communications standards [113]. MIMO systems have shown to po-
tentially provide high spectral efficiencies by capitalizing on spatial multiplexing
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[66, 67, 143, 70], while considerably improving the link reliability by means of
space-time coding [2, 142, 112, 76, 59]. The integration of multiple-antenna and
Code-Division Multiple-Access (CDMA) technologies has also been subject of se-
veral studies [78, 79, 56, 123, 97, 57]. The combination of MIMO and multicarrier
modulation by means of Orthogonal Frequency Division Multiplexing (OFDM) has
also been the focus of a large number of recent works [137]. In MIMO-OFDM sys-
tems, multiple transmit antennas and orthogonal subcarrriers are jointly employed
to achieve high data rates and to combat fading effects by means of Space-Time-
Frequency (STF) coding [1, 6, 139, 138, 124].

The use of tensor decompositions has gained increased attention in several signal
processing applications for wireless communication systems. In wireless communi-
cations, the fact that the received signal is a third-order tensor, means that each
received signal sample is associated with a three-dimensional space, and is repre-
sented by three indices, each one associated with a particular type of systematic
variation of the received signal. In such a three-dimensional space, each dimen-
sion of the received signal tensor can be interpreted as a particular form of signal
“diversity”. In most of cases, two of these three axes account for space and time
dimensions. The space dimension generally corresponds to the number of receive
antennas while the time dimension corresponds to the length of the data block
to be processed at the receiver. The third dimension of the third-order tensor
depends on the particular wireless communication system. This dimension is ge-
nerally linked to the type of processing that is done at the transmitter and/or at
the receiver.

In the context of wireless communications, the practical motivation for a tensor
modeling in signal processing comes from the fact that one can simultaneously
benefit from multiple (more than two) forms of diversity to perform multiuser
signal separation/equalization and channel estimation under model uniqueness
conditions/requirements more relaxed than with conventional matrix-based ap-
proaches. One of the most popular tensor decomposition is the Parallel Factor
(PARAFAC) decomposition, independently proposed by Harshman [73] and Ca-
roll & Chang [12]. This tensor decomposition has been used as a data analysis
tool in psychometrics, phonetics, exploratory data analysis, statistics, arithme-
tic complexity, and other fields and disciplines. Intensive research on PARAFAC
analysis has been conducted in the context of chemometrics in the food indus-
try, where it is used for spectrophotometric, chromatographic, and flow injection
analyses [7, 8, 135]. The attractive feature of the PARAFAC decomposition is
its intrinsic uniqueness. In contrast to matrix (bilinear) decompositions, where
there is the well-known problem of rotational freedom, the PARARAC decompo-
sition of higher-order tensors is essentially unique, up to scaling and permutation
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indeterminacies [90, 136]. Aside from its powerful uniqueness properties, tensor
models are mathematically elegant and allow a new algebraic interpretation of the
transmitter-channel-receiver transformations over the transmitted signals.

Tensor modeling appears in several existing wireless communication systems where
the received signal has a multidimensional nature. For instance, in addition to
common space and time dimensions, in a Direct-Sequence Code-Division Multiple-
Access (DS-CDMA) system [116], the third dimension is the spreading dimension
which appears due to the use of a direct sequence spreading at the transmitter. The
use of temporal oversampling at each receive antenna and the use of multicarrier
modulation at the transmitter also create a third dimension to the received signal,
which is called here oversampling and frequency dimensions, respectively. This
interpretation is illustrated in Fig. 1.
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Figure 1: Tridimensional visualization of the received signal in oversampled,
DS-CDMA and OFDM systems.

The seminal works using tensor decompositions in wireless communications are
due to Sidiropoulos et al.. In [131], the authors show that a mixture of DS-CDMA
signals received at an uniform linear array of antennas can be interpreted as a
third-order tensor admitting a Parallel Factor (PARAFAC) decomposition. In
[128], the same authors established an interesting conceptual link between the
PARAFAC decomposition and the problem of multiple invariance sensor array
processing. Following these works, the authors have proposed applications of PA-
RAFAC to blind multiuser detection in Wideband Code Division Multiple Access
(W-CDMA) systems [130], Orthogonal Frequency Division Multiplexing (OFDM)
systems, [81], blind beamforming [133], multiple-antenna space-time coding [129],
and blind spatial signature estimation [119] (see the reference list of [126] for further
related works). This decomposition has also been exploited for the blind identifica-
tion of undetermined mixtures [17, 118] and for the blind separation of DS-CDMA
signals [53] using higher-order statistics. Generalized tensor decompositions have
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been proposed in [28, 40, 47, 109] to handle frequency-selective channels under
different assumptions concerning the multipath propagation structure. Tensor de-
compositions have also been exploited recently for the blind identification of linear
and nonlinear channels [63, 64, 65, 85, 86] and for kernel complexity reduction of
third-order Volterra models [83, 84].

In the context of MIMO antenna systems, the use of tensor modeling has first
appeared in [129], where a space-time coding model with blind detection has been
proposed. This multiple-antenna scheme allows to build a third-order PARAFAC
model for the received signal thanks to a temporal spreading of the data streams at
each transmit antenna as in a conventional CDMA system. In [48], a tensor model
is proposed for a MIMO-CDMA system with multiuser spatial multiplexing, but
no spreading across the transmit antennas is permitted. In our recent works [32,
33, 39], we have proposed a generalization of [129] and [48], by covering multiple-
antenna transmission systems with partial or full spatial spreading of each data
stream across sets of transmit antennas. This idea was further generalized by
the authors in subsequent works [35, 36, 37, 42] using the CONstrained FACtor
(CONFAC) decomposition. They provide extension of [32, 33, 39] by allowing to
use multiple transmit antennas and spreading codes per data stream. In [43, 45],
the PARAFAC decomposition was exploited to design a new signaling technique
for multi-carrier multiple-access MIMO systems. These works proposed a space-
time-frequency transmission model based on a PARAFAC decomposition of the
3-D spreading code into space-, time- and frequency-domain spreading codes.

For the applications mentioned above, the key characteristics of signal processing
based on tensor decompositions, not covered by matrix based signal processing, are
the following. It does not require the use of training sequences, nor the knowledge
of channel impulse responses and antenna array responses. Moreover, it does not
rely on statistical independence between the transmitted signals. Instead, the pro-
posed receiver algorithms are deterministic, and exploit the multilinear algebraic
structure of the received signal, treated as a higher-order tensor. The proposed
receiver algorithms act on blocks of data (instead of using a sample-by-sample pro-
cessing approach) and are generally based on a joint detection of the transmitted
signals (either from different users or from multiple transmit antennas).

This thesis lies in a research field that connects tensor decompositions and
signal processing for wireless communications. New (generalized) tensor de-
compositions are developed and exploited as a modeling and signal proces-
sing tool for wireless communication problems, such as multiuser signal separa-
tion/equalization/detection, multiple-antenna transmission systems, and channel
modeling/estimation. We will show that several wireless communication systems
can be modeled by means of generalized tensor decompositions other than the
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standard PARAFAC one. For instance, this is the case of i) oversampled, DS-
CDMA and OFDM systems under frequency-selective propagation and multiple
paths per user and ii) multiple-input multiple-output (MIMO) antenna systems
under different space-time spreading/multiplexing strategies.

Contributions
The contributions of this thesis will address the three following main research axes:

e Multiuser signal separation/equalization/detection;
e Multiple-antenna transmission structures;

e Channel modeling and estimation;

Multiuser signal separation/equalization/detection: Several works have fo-
cused on the use of the PARAFAC decomposition. Despite its simplicity and po-
werful uniqueness properties, the PARAFAC decomposition has its own modeling
limitations and does not cover certain wireless communication systems. Little at-
tention has been given to the study of other tensor decompositions, with the aim
of covering a wider class of systems where the received signal has a more com-
plicated algebraic structure. This is generally the case when frequency-selective
fading and specular multipath propagation are jointly present. In this context, we
have proposed a generalized tensor decomposition for an unified tensor modeling
of oversampled, DS-CDMA and OFDM systems, with application to blind multiu-
ser separation/equalization/detection. We have studied this issue in several works
[28, 29, 27, 40]. These works can be viewed as generalizations of the ideas originally
presented in [131] under different channel models and working assumptions.

In the context of MIMO antenna systems, we propose a new modeling approach for
multiuser downlink transmission. A block space-time spreading scheme is formu-
lated using the tensor formalism. The proposed model allows multiuser space-time
transmission with different spatial spreading factors (diversity gains) as well as dif-
ferent multiplexing factors (code rates) for the users. This approach can be viewed
as a generalization of [129, 48] due to the fact that i) it is designed to cope with
multiuser MIMO transmission and ii) it jointly performs space-time spreading and
multiuser spatial multiplexing. In contrast to [129, 48] where no spatial spreading
is allowed and the number of data streams is restricted to be equal to the number
of transmit antennas, the proposed MIMO system allows a variable number of
data streams to access all the transmit spatial channels. We have addressed this
subject in [32, 33, 39, 24].
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Multiple-antenna transmission structures: Few applications of tensor de-
compositions to multiple-antenna (MIMO) systems have been developed. In this
thesis, we give special attention to the application of tensor decompositions to
MIMO systems by showing that they are useful in the design of different transmis-
sion structures with blind detection. As will be shown, transmission schemes com-
bining transmit diversity, spatial multiplexing and spatial reuse of the spreading
codes can be formulated by explicitly exploiting the multilinear algebraic struc-
ture of tensor decompositions. We have addressed this subject in several recent
works [32, 33, 35, 36, 37, 43, 45]. The originality of the proposed tensor-based
multiple-antenna transmission structures is on the following aspects.

First, the tensor-based models of [35, 36, 37] allow the association of multiple
spreading codes and data streams per transmit antenna, in contrast to [129, 48],
where each transmit antenna is necessarily associated with only one spreading
code and data stream. Secondly, a different way of exploiting the trilinear struc-
ture of the PARAFAC decomposition is originally studied in this thesis. In this
case, tensor decomposition is exploited also at the transmitter for designing a new
signaling technique. We propose an STF multiple-access transmission model ba-
sed on a 3-D spreading code tensor decomposed into the outer product of the
space-, time- and frequency-domain spreading codes. These codes allow the data
streams to simultaneously access the same set of transmit antennas, chips and sub-
carriers/tones. Compared to competing multiple-antenna multiple-access models
such as [157, 58, 105, 106], the trilinear STF spreading model has the flexibility for
controlling both the spreading and the multiplexing pattern over space, time and
frequency dimensions while allowing a blind joint detection and channel estimation
thanks to the PARAFAC modeling. We have addressed this subject in [43, 45].

Channel modeling and estimation: Another problem of interest in this the-
sis is that of modeling/estimation of SIMO and MIMO wireless communication
channels by means of a PARAFAC modeling approach. We benefit from the fact
that paths amplitudes are fast-varying, while angles and delays are slowly-varying
over multiple transmission blocks or data-blocks to build a third-order PARAFAC
model for the wireless channel and for the received signal. We have treated this
problem in [31, 25]. Contrarily to other parametric channel estimation approaches
such as [153, 151, 154], in which multipath parameters are extracted from a pre-
vious unstructured channel estimate, the proposed PARAFAC-based estimator
directly works on the received signal, avoiding error propagation in cases where
the unstructured channel estimate may not be accurate. The proposed estimator
also works with fewer receiver antennas than multipaths thanks to the uniqueness
properties of the PARAFAC decomposition.



8 INTRODUCTION

The different contributions of this thesis are associated with both transmitter
and receiver processing. Some of them focus primarily on receiver signal pro-
cessing (multiuser signal separation/equalization/decoding and channel estima-
tion). Others emphasize the transmitter signal processing (e.g. space-time multi-
plexing/spreading, space-time-frequency multiple-access), although these also af-
fect the receiver processing. Figures 2 and 3 link the use of tensor modeling to the
signal processing purpose at both ends of the communication chain and highlight
the three signal dimensions that generally appear in each case. Figure 4 links the
chapters to the three main research axes of the thesis.

Received
signal tensor

Receiver processing (analysis model)
> - multiuser signal separation;
X- - equalization/decoding;
- channel estimation;

*

Conception of the
tensor model

Receive antennas /
subcarriers

Symbols

Figure 2: Link of tensor modeling to receiver signal processing.

Transmitted
signal tensor

Transmitter processing (synthesis model)
- Space-time spreading; >

- Multiuser spatial multiplexing; x
- Space-time-frequency spreading;

!

Conception of the
tensor model

Transmit antennas

Chips

Figure 3: Link of tensor modeling to transmitter signal processing.
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processing processing

Figure 4: Link between the chapters and the research axes of the thesis.

To summarize, the major contributions of this thesis are the following:

Development of new generalized tensor decompositions (block—constrained

PARAFAC and CONstrained FACtors (CONFAC));
Study of the uniqueness property of the CONFAC decomposition;

Unified tensor modeling of oversampled, DS-CDMA and OFDM systems
under frequency-selective channels with specular multipath propagation;

Proposal of a new blind multiuser separation/equalization receiver based on
the block-constrained PARAFAC model and combining a subspace method
with finite-alphabet projection;

Development of new tensor-based transceivers for multiple-antenna systems
using space-time spreading/multiplexing based on the block-constrained PA-
RAFAC decomposition;

Tensor modeling of MIMO-CDMA transmit schemes with blind detection
exploiting the CONFAC decomposition;

Proposal of a new space-time-frequency spreading model for MIMO multi-
carrier system with trilinear decomposition structure of the spreading code;

Development of a PARAFAC-based estimator of time-varying multipath
SIMO channels and generalization to MIMO channels.
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Organization

The different contributions of this thesis are divided into six chapters. In the
following, we briefly describe the content of each chapter.

Chapter 1: Tensor Decompositions: Background and New Contributions. This
chapter provides an overview of multilinear algebra and tensor decompositions. It
contains the basic material to be exploited throughout the thesis. We first intro-
duce the mathematical formalism, representations and most important operations
involving tensors. In the second part, we provide a survey of tensor decomposi-
tions and also present original contributions. We begin by presenting the Tucker-3
decomposition and its special cases. Then, the PARAFAC decomposition is intro-
duced and its uniqueness properties are discussed. An overview on block tensor
decompositions is given. We present two new tensor decompositions, which are
the block-constrained PARAFAC and the CONstrained FACtor (CONFAC) de-
compositions, and their uniqueness properties are studied.

Chapter 2: Tensor Modeling for Wireless Communication Systems with Appli-
cation to Blind Multiuser Fqualization. This chapter presents a new tensor mo-
deling approach for the received signal in wireless communication systems with a
receive antenna array. Assuming a frequency-selective channel model with specular
multipath propagation and multiple paths per source, we formulate the received
signal in temporally-oversampled, DS-CDMA and OFDM systems using a block-
constrained PARAFAC decomposition. A unified tensor modeling for these three
systems is proposed. A generalization of this unified model based on a constrained
Tucker-3 decomposition is presented by considering that the number of multipaths
of each user can be different. A new blind receiver is presented as an application
of the proposed tensor model to multiuser separation/equalization.

Chapter 3: Multiuser MIMO Systems Using Block Space-Time Spreading. In this
chapter, a new block space-time spreading model is proposed for the downlink of
a multiuser MIMO system based on tensor modeling. The core of the proposed
transmitter model is a 3-D spreading tensor that jointly spreads and combines
independent data streams across multiple transmit antennas. The received si-
gnal is formulated as a block-constrained PARAFAC model, where the two fixed
constraint matrices reveal the overall space-time spreading pattern at the trans-
mitter. We present a receiver algorithm based on a deterministic elimination of
multiuser interference by each user, followed by a blind joint channel and symbol
recovery stage.

Chapter 4: Constrained Tensor Modeling Approaches to MIMO-CDMA Sys-
tems. This chapter presents new modeling approaches to MIMO-CDMA trans-
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mit schemes based on the CONstrained FACtor (CONFAC) decomposition. We
show that this generalized decomposition can be exploited to design space-time
spreading/precoding schemes for MIMO-CDMA systems with a meaningful phy-
sical interpretation for the constraint matrices of this tensor decomposition. We
begin by considering a MIMO-CDMA transmission model based on the type-3
CONFAC decomposition with two constraint matrices only. A systematic design
procedure for the canonical precoding matrices leading to unique blind symbol re-
covery is presented. Then, generalized transmission model is proposed which fully
exploits all the three constraint matrices of the CONFAC decomposition. Blind
symbol/code/channel recovery are discussed from the identifiability properties of
this decomposition.

Chapter 5: Trilinear Space-Time-Frequency Spreading for MIMO Wireless Sys-
tems. This chapter presents a new space-time-frequency spreading model for
MIMO multicarrier multiple-access wireless communication system using tridimen-
sional (3-D) spreading code with trilinear decomposition (PARAFAC) structure.
The proposed transmission model, called Trilinear Space-Time-Frequency Sprea-
ding (T-STFS), is based on a joint multiplexing and spreading of multiple data
streams across space (transmit antennas), time (chips) and frequency (tones). The
diversity performance of the proposed T-STFS model is analyzed and a necessary
condition for maximum diversity gain is derived. A PARAFAC model for the re-
ceived signal is developed and exploited for a blind joint detection and channel
estimation, and identifiability issues are discussed.

Chapter 6: PARAFAC Methods for Modeling/Estimation of Time-Varying Mul-
tipath Channels. In this chapter, we address the problem of multipath parameter
estimation of time-varying space-time wireless channels using PARAFAC mode-
ling. We use the fact that the variation of multipath amplitudes over multiple
data-blocks is faster than that of angles and delays for showing that the received
signal can be modeled as a third-order (3D) tensor. A PARAFAC-based estimator
using a training sequence is proposed for jointly recovering the directions of arrival,
the time delays and the complex amplitudes of the multipaths. We also extend
this joint modeling/estimation approach to MIMO channels.

The organization of this thesis is illustrated in Fig. 5, where the links between the
different chapters are given.
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Figure 5: Organization of the thesis in block-diagram.
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CHAPTER 1

Tensor Decompositions: Background
and New Contributions

Multilinear algebra is the algebra of tensors of order higher than two. The de-
compositions of higher-order tensors can be viewed as generalizations of matrizc
decompositions. In the first part of this chapter, we briefly introduce the basic ma-
thematical formalism, the main representations, and operations involving tensors.
A background on tensor decompositions is given in the second part. We begin by
presenting the Tucker-3 decomposition and its special cases. Then, the PARAFAC
decomposition is introduced and its uniqueness issues are discussed. Connections
between Tucker-3 and PARAFAC are given. An overview on tensor decompositions
in block terms is also given. Then, we present some original contributions of this
thesis, which are the block-constrained PARAFAC and the CONstrained FACtor
(CONFAC) decompositions. Both decompositions will be exploited in subsequent
chapters in the context of the applications we shall treat.
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The theory of tensors is a branch of linear algebra, called nowadays multilinear
algebra. The word “tensor” was first introduced by William R. Hamilton in 1846,
to denote what is now called modulus. In 1899, Woldemar Voigt was the first
who used this word in its current meaning. The first tensor notations and deve-
lopments were done by Gregorio Ricci-Curbastro around 1890 in the context of
differential geometry. A broader acceptance of tensor calculus was achieved with
the introduction of Einstein’s theory of general relativity, around 1915.

A different way of viewing and treating a tensor was developed between 1960 and
1970, where the attention was given to the analysis, factorization or decomposition
of third-order tensors. L. R. Tucker [148], Richard A. Harshman [73], Carroll
and Chang [12] and Kruskal [90] are the first “players” in the development of
tensor decompositions, which can be seen as extensions of matrix decompositions
to higher-orders. Among them, two types have been extensively studied in the
literature, while being focus of several applications in different domains. These
are the Parallel Factor (PARAFAC) analysis/decomposition [73, 74], also known as
Canonical Decomposition (CANDECOMP) [12], and the Tucker-3 decomposition,
which can be interpreted as a generalization of Principal Component Analysis
(PCA) to higher orders [148]. The Tucker-3 decomposition, also known as three-
mode PCA, has been successfully applied in different areas such as chromatography
[8] and person perception analysis [89].

The attractive feature of the PARAFAC decomposition is its intrinsic uniqueness.
In contrast to matrix (bilinear) decompositions, where there is the well-known pro-
blem of rotational freedom, the PARARAC decomposition of higher-order tensors
is essentially unique, up to scaling and permutation indeterminacies [90, 136]. The
first uniqueness proof was provided by Kruskal in [90]. Recently, this proof has
been reformulated using basic linear algebra [136]. A concise proof that is valid
for complex tensors was given in [131]. A generalization of the uniqueness result
of [90] to tensors of arbitrary order was given in [127]. An alternative proof can
be found in [82, 136]. Contrarily to the PARAFAC decomposition, the Tucker-3
decomposition possesses no intrinsic uniqueness and is not interesting from a pa-
rameter estimation point of view. However, by using constrained versions of the
Tucker models one can sometimes overcome this problem [87, 144].

Tensor decompositions implicitly appear in the context of Higher-Order Statistics
(HOS) [98, 15, 16, 19]. This is due to the fact that the PARAFAC decomposi-
tion describes the basic structure of high-order cumulants of multivariate data.
HOS-based Independent Component Analysis (ICA) of non-Gaussian source mix-
tures intrinsically involves manipulation of tensor objects [14, 49, 54, 18]. A solid
contribution to the area of multilinear algebra and tensor decompositions was gi-
ven by De Lathauwer in [49], who generalized the concept of matrix Singular Value
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Decomposition (SVD) to tensors, with applications to blind source separation pro-
blems using ICA.

Tensor decompositions fall within an inter-disciplinary research field. Although
important progress has been obtained, this research field has several open issues.
On-going research ranges from fundamental studies such as uniqueness, degeneracy
and rank [20], to more practical aspects, where tensors decompositions are used
to model physical phenomena.

1.1 Basics of tensor algebra

Several approaches exist in the literature for the definition of the term tensor. They
generally depend on the scientific domain in which they are used. In a general case,
a tensor is defined in generalized coordinate systems where the coordinate axes are
general curves and not necessarily orthogonal. In this context, a tensor is treated
as a mathematical entity that enjoys the multilinearity property after a change of
coordinate system [15]. A N-th order tensor is interpreted here as an array that
exhibits a linear dependency with respect to N vector spaces, and the elements
of which are accessed via N indices [49]. Tensors are also used as a synonym of
multidimensional arrays, also known as multi-way arrays.

As special cases, a tensor of order 2 is a matrix, a tensor of order 1 is a vector
and a tensor of order 0 is a scalar. Provided that a tensor is a multilinear form
and has its own associated linear vector space, common linear operations that are
valid for matrices can be extended to higher orders.

Definition 1.1 (scalar notation) Let X € Cl'*2XXIN pe q N-th order tensor. A
scalar component of X is specified as

Tiyigoniiy = [ X )isimins (1.1)

where i, 15 the n-th dimension of X, also called the mode-n of X .

Definition 1.2 (inner product) The inner product of two tensors X and Y of the
same order N is given by:

I I Iy

<X7 y> = Z Z T Z Liyig,..in Yir iz, in - (12)

i1=lip=1  in=1
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Similar to the case of matrices, the notion of orthogonality between two tensors
1s linked to the inner product, i.e., X and Y are said to be mutually orthogonal
tensors if (1.2) equals 0.

Definition 1.3 (outer product) Let X € Ch*2x-xIn gnd Yy € CHxJ2xxIm pe
two tensors of orders N and M respectively. The outer product between X and Y
s given by:

(X 0 VNissin,miin st doring = Tirsizmiin Yt doreoing - (1.3)

The outer product of two tensors is another tensor, the order of which is given by
the sum of the orders of the two former tensors. Equation (1.3) is a generalization
of the concept of outer product of two vectors, which is itself a matrix (second-order
tensor). It also gives the notion of rank-1 tensor [88], as a special case.

Definition 1.4 (rank-1 tensor) A rank-1 tensor X € Ch>I2x-xIx js g tensor that
can be written as the outer product of N vectors u) € C'*,u®® e C2,... ,u™ ¢
CIv, de.:

(2) (N)

_ @
xilyi%m:iN - U’Z'l u’ig o .uiN : (14>

The vectors v are called the components of X. As a special case, a rank-1

matriz is given by the outer product of two vectors. As will be clear later, tensor
decompositions are in general linear combinations of rank-1 tensors.

Definition 1.5 (Rank) The rank of an arbitrary tensor X € Ch>I2X-xIn _denoted
by R = r(X), is the minimal number of rank-1 tensors that yield X in a linear
combination.

Definition 1.6 (Frobenius norm) The Frobenius norm of a tensor X €
ClhixlzxxIn g defined as:

LI Iy 1/2
i1=lia=1  iy=1

The Frobenius norm can be interpreted as a measure of “energy” in the tensor.

Definition 1.7 (Unfolded matrices) The n-th mode unfolded matriz X,, of a ten-
sor X € Chxl2x=xIn js defined as the I, x I\ 15 - - - I,_1I,,.1Ix matriz, the columns
of which are the I,,-dimensional vectors (mode-n vectors) obtained by varying index
1, and keeping the other indices fized.
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The order of appearance of the mode-n vectors in X,, may vary from one definition
to another. A visualization of the three unfolded representations X;, X, and X3
for a third-order tensor X € C'*%22*Is ig depicted in Fig. 1.1.

Third-order tensor

1, First-mode slices Second-mode slices  Third-mode slices

X X., X

ie e .iye .o

Figure 1.1: Visualization of the unfolded representations of a third-order ten-
SOT.

Definition 1.8 (mode-n rank) Let X,, be the n-th mode unfolded matriz of X €
Clixl2xxIn  The mode-n rank of X is the dimension of the vector space generated
by the n-th mode vectors (i.e., the columns of X,, ).

The definition of mode-n rank is a generalization of the classical concept of rank for
matrices. Contrarily to the matrix case, where Ry = Ry = R (i.e. row rank equal
to column rank), mode-n ranks of a higher-order tensor are not necessarily the
same. Furthermore, when the mode-n ranks are equal, they can still be different
from the rank of the tensor. The mode-n rank is always inferior or equal to the
rank, i.e., R, < R.

Definition 1.9 (mode-n product) The mode-n product of a tensor X €
Chixl2xxXIN gnd a matriv A € C»*In denoted by X e, A is specified as:

I
(X @0 Aliyinossin 1 jmsinsin = E Tiy g im—1imsin s 1reeeriny Unsin (1.6)

in=1

The result of a mode-n product is a tensor of the same order, but with a new n-th
dimension J,,.

The mode-n product is a compact way of representing linear transformations invol-
ving tensors. It is an alternative to the so-called Einstein summation convention
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[98]. As pointed out in [49], this notation makes clear the analogy between matrix
and tensor decompositions, as well as it gives an intuitive understanding of tensor
decompositions.

1.2 Background on tensor decompositions

This section is focused on the decomposition of higher-order tensors (multi-way
arrays). Tensor decompositions, also referred to as multi-way factor analysis, is an
area of the multilinear algebra that characterizes a tensor as a linear combination
of outer product factors. Depending on the approach considered, tensor decompo-
sitions can be viewed as generalizations of Principal Component Analysis (PCA)
or Singular Value Decomposition (SVD) to orders higher than two. The analysis
of a tensor in terms of its decomposed tensor factors is useful in problems where
a multilinear mixture of different factors or contributions must be identified from
measured data. In the context of this thesis, the computation of a tensor decom-
position of an observed data tensor separates the signals transmitted by different
sources. This is exactly the goal of several signal processing problems that will be
addressed in this thesis. In the following, some tensor decompositions are presen-
ted. More attention is given to decompositions of third-order tensors or three-way
arrays, since this will be the case in most of the applications encountered in this
thesis. In some cases, the generalization to the N-th order is also given.

1.2.1 Tucker-3 decomposition

The Tucker-3 decomposition was proposed by L. Tucker in the sixties [148]. It
can be seen as an extension of bilinear factor analysis to third-order tensors. The
Tucker-3 decomposition is also a common name to denote the Higher-Order Sin-
gular Value Decomposition (HOSVD) of a third-order tensor [49]. The Tucker-3
decomposition is general in the sense that it incorporates most of the other third-
order tensor decompositions as special cases.

The Tucker-3 decomposition of a tensor X € C**2%s can be written in scalar

form as:
P Q R
Liyiniz = E E E , ail,pbichiw“gpﬂﬂ”? (17)
p=1 ¢g=1 r=1
where a;, , = [Aliyp, bing = [Blisg and ¢, = [Cli,, are scalar components of

three factor matrices A € Ch*P B ¢ C2*Q and C € CB*® respectively, and
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Q

Figure 1.2: Visualization of the Tucker-3 decomposition.

Gp.ar = |Glp.qr 18 & scalar component of the core tensor G € CP*QxE,

From (1.7), we note that a Tucker-3-decomposed tensor is equal to a linear combi-
nation (or weighted sum) of PQR outer products, where the coefficient (or weigh-
ting factor) of each outer product term is the corresponding scalar component of
the core tensor. We call P as the number of factors in the first mode of the tensor
X. Similarly, @) and R denote the number of factors in the second and third modes
of X. The Tucker-3 decomposition can be referred to as a tensor decomposition
that allows interactions among factors across the three modes of the tensor [73].
An illustration of the Tucker-3 decomposition is given in Fig. 1.2.

The Tucker-3 decomposition can also be stated by resorting to the mode-n product
(tensor) notation defined in (1.6):

X:g01A02B03C. (18)

Alternatively, we can state the Tucker-3 decomposition using a matriz-slice no-
tation. This notation characterizes the tensor by a set of parallel matrix-slices
that are obtained by “slicing” the tensor in a given “direction”. Each matrix-slice
is obtained by fixing one index of a given mode and varying the two indices of
the two other modes. For a third-order tensor, there are three possible slicing
directions. We call X;,.. € C2%%3 the i;-th first-mode slice, X ;,. € C*11 the iy-th
second-mode slice and X.;, € CI**%2 the iz-th third-mode slice. In order to obtain
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the matrix-slice notation for the Tucker-3 decomposition, we rewrite (1.7) as:

P
Z biQ’inS»r (Z ah,pgp,q,r) ) (19)

1 r=1 p=1

iy ig,is

Q
q:

and define an “equivalent” (first-mode combined) core as:

P
1
ugl?q,r - Z Qi1 ,pGpgr = G e A]il,q,r (1.10)
p=1
Le., ugll?qﬂ" =[G &1 AJ;, 4r- The ij-th matrix slice X;,., 4y = 1,..., Iy, is given by:

X,,.=BUVCT, iy =1,...1, (1.11)

where Ugl) is the i;-th first-mode matrix-slice of the transformed core tensor UM €
ChHx@xE The other two matrix-slice notations are obtained in a similar way, by
changing the order of the summations in (1.7) and defining

Q R
2 3
uj(),i)g,r = Z bis,q9p.q.rs u;f?,;,ig = Z Cis,r9p.q,rs (1.12)
q:l r=1
as scalar component of the transformed core tensors U? = [G ey B] € CP*12xR
and U®) = [G o3 C] € CP*@*I3. This leads to:
X, = CUPAT iy=1,... 1, (1.13)
and
X, = AUYBT, iy=1,... 1. (1.14)

Let X; € Chhxlz X, ¢ Ch2*ls agnd X3 € CPB*I be the first- second- and
third-mode unfolded matrices of X. These matrices are defined as:

X.1 X;.. X1
: ) X2 = ) X3 = :

Xy = :
X..1, X,

X.1,.

1+

It can be shown from (1.11), (1.13) and (1.14) that X;, X3 and X3 can be expressed
as:

X; = (C®A)G;B", X;,=(A®B)G,C", X3=(B®C)G3A”", (1.16)
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where G; € CRPXQ G, € CP*E and G4 € COB*P are unfolded matrices of the
core tensor G, which are constructed in the same fashion as (1.15), i.e.:

G..1 Gl.. G-1~
: ) G2 - ) G3 = :

G = : :
G.n Gp. G.o.

: (1.17)

and ® denotes the Kronecker product. Each one of the three unfolded matrices
in (1.16) are different rearrangements of the same information contained in the
tensor X

N-th order Tucker

The generalization of the Tucker-3 decomposition to the N-th order is straight-
forward. Let us consider a N-th order tensor X € Cl*/2x*In  Ttg N-th order
Tucker decomposition can be expressed as:

R1 R2 Ry
2 (V)
Liy iz, in = Z Z T Z Ay Vig g " Qi Irasras e (1'18>
ri=1re=1 ry=1
where al(:’)rn = [A™)]; . is a scalar component of the n-th mode factor matrix and

Griroe oy = |Glrira, oy 18 @ scalar component of the N-th order core tensor. The
mode-n product notation for (1.18) is written as:

X=Go AV oy A® ... 0y AV, (1.19)

Let us go back to the third-order case. The Tucker-3 decomposition is not unique,
since there are infinite solutions for the factor matrices and for the core tensor
leading to the same tensor X. In other words, the Tucker-3 decomposition allows
arbitrary linear transformations on the three factor matrices (provided that the
inverse of these transformations is applied to the core tensor) without affecting
the reconstructed tensor X'. In order to see this, let us define nonsingular matrices
T, € CP*P T, € C2*Q and T, € C"*E. Considering the unfolded matrix X;, we
have that:

X, = (CT.T.'® AT,T,")G,(BT,T,")"
(CT.) @ (AT,)] [(T;' © T,")G: T, "] (BT,)",
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ie.,

X; = (C® A)G,B7, (1.20)

where A = AT, B = BT, and C = CT. are transformed factor matrices and
G, = (T;' ® T;1)G,T, " is a transformed Tucker-3 core. In (1.20), we have
applied the following property of the Kronecker product:

Property 1.1 : Given A € C'*F. B € C/*¥ C € C**P and D € C*?, we
have:
AC®BD = (A®B)(C®D). (1.21)

Equation (1.20) means that we have an infinite number of matrices A, B, C
and G; giving rise to the same matrix X;. This fact clearly states the general
nonuniqueness of the Tucker-3 decomposition. Complete uniqueness of the factor
matrices and the core tensor of a Tucker-3 decomposition is only possible in some
special cases, where at least two factor matrices have some special structure that
allows a unique determination of the transformation matrices. It has been shown
that partial uniqueness (i.e., uniqueness of at least some factors) may exist in cases
where the Tucker-3 core tensor is constrained to have several elements equal to
zero [144].

Special cases: Tucker-2 and Tucker-1

Consider a Tucker-3 decomposition and rewrite (1.7) as:

Q R P Q
Liyizsiz = Z Z aihpbizq (Z Ci377“gp7q77‘> = Z ail,pbi27th7q7i3’ (1'22)
p:

p=1 g=1 r=1 1 ¢g=1

where ¢;, » has been absorbed in the core g,,,, giving rise to an equivalent core
hpqis 1€ hpgis = |G 3 Clpqi,- Equation (1.22) is the scalar notation of an
equivalent Tucker-2 decomposition. Note that the Tucker-2 decomposition is sim-
pler than its Tucker-3 equivalent, since the number of outer product terms has
been reduced to PQ. A Tucker-2 decomposition also arises from a Tucker-3 one
when one of the factor matrices, say C, is equal to the identity matrix. The slice
and unfolded notations for the Tucker-2 case can be easily obtained from (1.11),
(1.13), (1.14) and (1.16) by setting C = I, and G = H € CP*@*I3. The Tucker-2
decomposition is illustrated in Fig. 1.3.
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o |©

(e}

Figure 1.3: Visualization of the Tucker-2 decomposition.
[3 P [3

P

I,

NoX = A

Figure 1.4: Visualization of the Tucker-1 decomposition.

Now, let us rewrite (1.7) as:

P R P
Liyinyis — E : Qi1 p E : E : biz,qcis,?"gp,qm = E , ail,pr7i27i3> (1'23)
p=1

qg=1 r=1

where both b;, , and ¢;, » have been absorbed in the core gy, 4, resulting in another
COTe fpinis 1.4y fpinis = [Go2Be3Cl, ;1. Equation (1.23) is the scalar notation of
the Tucker-1 decomposition. A Tucker-1 decomposition also arises from a Tucker-3
one when two factor matrices, say B and C, are equal to the identity matrix. The
slice and unfolded notations for the Tucker-1 case are obtained from (1.11), (1.13),
(1.14) and (1.16) by setting B = I,, C = I, and G = F € CP*2%5 Figure 1.4
illustrates the Tucker-1 decomposition.

1.2.2 Parallel Factor (PARAFAC) decomposition

The PARAllel FACtor (PARAFAC) decomposition, also known as CANonical DE-
COMPosition (CANDECOMP), was independently developed by Harshman [73]
and Carol & Chang [12] in the seventies. It is also known by the acronym CP
(Candecomp-Parafac). Recently, this decomposition has found several applica-
tions in signal processing. Its has been exploited in wireless communications in a
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Figure 1.5: Visualization of the third-order PARAFAC decomposition.

number of different applications such [131, 128, 133, 53]. The PARAFAC decompo-
sition also describes the basic structure of higher-order cumulants of multivariate
data on which all algebraic methods for Independent Component Analysis (ICA)
are based [14, 80, 18].

For a third-order tensor, it is a decomposition of a tensor in a sum of triple products
or triads. PARAFAC can be equivalently stated as a decomposition of a three-way
array in a sum of rank-1 tensors (c.f (1.4)). The PARAFAC decomposition of a
tensor X € CI1*2%Is has the following scalar form:

Q
Liy gz — E ailyqbiz,qcisym (1'24>
q=1

where a;, 4 = [Ali;q0 bing = [Bling and ¢, = [Cliyq are scalar components of
factor matrices A € C'*?, B € C2*? and C € C3*9 respectively. Q is the
number of factors, also known as the rank of the decomposition. The columns of
the first-, second- and third-factor matrices A, B and C are respectively called
first-, second- and third-mode factor loadings. Other synonyms for the columns of
A, B and C are loading patterns or loading vectors.

Using outer product notation, the third-order PARAFAC decomposition of X can
be written as:

Q
X = ZA.q oB,0C,.

g=1

In Fig. 1.5, a third-order PARAFAC decomposition is visualized as a sum of
@ rank-1 tensors. A different visualization is depicted in Fig. 1.6, where the
PARAFAC decomposition is interpreted as a special Tucker-3 decomposition with
an identity core tensor.
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Figure 1.6: Visualization of the third-order PARAFAC decomposition as a
special case of the Tucker-3 decomposition.

From the three possible slicing directions of X, we get the following notation for

the PARAFAC decomposition:

X;.. = BD;(A)CT,
X, = CD;(B)AT,
X., = AD;(C)B', (1.25)

where D;,(A) forms a diagonal matrix holding the i;-th row of A € C"*? on its
main diagonal.

By stacking row-wise the first-, second- and third-mode slices we have:

[ X, AD(C)
X, = : = : B’ = (Co A)B”,
| X, AD.(C)
[ X,. BD;(A)
X, = : = : C” = (AoB)C7,
R BD;, (A)
[ X, CD,(B)
X; = S : AT = (BoC)AT, (1.26)
| X, CDy,(B)

where ¢ denotes the Khatri-Rao (column-wise Kronecker) product.

One of the most interesting properties of PARAFAC is its uniqueness. Contrarily
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to bilinear (matrix) decompositions, which are in general not unique for ranks
greater than one (rank-one matrices are unique up to a scalar factor), the PARA-
FAC decomposition of tensors of rank greater than one can be unique up to scaling
and permutation of factors.

The first uniqueness studies of the PARAFAC decomposition were done in the se-
venties by Jennrich and Harshman [73, 74]. The deepest formal uniqueness proof
was provided by Kruskal in [90]. Kruskal derived sufficient conditions for uni-
queness of third-order PARAFAC decompositions of real-valued tensors. Around
two decades later, Sidiropoulos et al [131] extended Kruskal condition to complex-
valued tensors. Sidiropoulos & Bro [127] further generalized Kruskal’s uniqueness
condition to N-th order tensors. In [147], ten Berge and Sidiropoulos showed that
Kruskal’s condition is not only sufficient but also necessary for @Q € {2,3}. Further
PARAFAC uniqueness issues were addressed by Jiang & Sidiropoulos in [82], who
derived necessary and sufficient conditions for uniqueness of the so-called restricted
PARAFAC model (i.e., when at least one factor matrix is full column-rank). A
more accessible proof of uniqueness is provided in [136] using conventional linear al-
gebra. In [52], a new uniqueness bound that is more relaxed than Kruskal bound,
is derived from a link between the PARAFAC decomposition and simultaneous
matrix decompositions.

The study of the PARAFAC uniqueness condition is based on a fundamental
concept, which is the concept of k-rank (Kruskal-rank), which is more restric-
ted than the usual concept of matrix rank. The k-rank concept was proposed by
Kruskal in his seminal paper [90], although the term “Kruskal-rank” was first used
by Harshman and Lundy [75]. The k-rank concept has been extensively used as a
key concept for stating PARAFAC uniqueness.

Definition 1.10 (k-rank): The rank of A € C''*Q, denoted by 7, is equal to r
iff A contains at least a set of r linearly independent columns but no set of r + 1
linearly independent columns. The Kruskal-rank (or k-rank) of A is the maximum
number k such that every set of k columns of A s linearly independent. Note that
the k-rank is always less than or equal to the rank, and we have:

ka <ra < min(ly,Q).

Theorem 1.1 (uniqueness) [90]: Consider the set of I matriz-slices X;,.. =
BD;, (A)CT,iy = 1,--- I, defined in (1.25). If

ka + kg + ke > 2Q + 2, (1.27)

the matrices A, B and C are unique up to permutation and (complex) scaling of
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its columns [90, 131]. This means that any matrices A, B and C satisfying (1.25)
are linked to A, B and C by:

A = ATIA,, B =BIIA,, C=CIIA;, (1.28)

where I1 is a permutation matriz and Ay, Ay and As are diagonal matrices sa-
tisfying the condition
A1A2A3 == IQ. (129)

Condition (1.27) is also necessary if @) < 3. However, ten Berge & Sidiropoulos
provided in [147] a simple counter-example to the necessity of (1.27). They also
claimed that the uniqueness of PARAFAC depends on the particular joint pat-
tern of zeros in the factor matrices. This was better explained and clarified by
Jiang & Sidiropoulos in [82]. They provided both necessary and sufficient unique-
ness conditions for PARAFAC, when one factor matrix is full column-rank. This
justified the examples shown in [147].

Theorem 1.2 [132, 126]: For general PARAFAC decompositions with Q > 1, two
necessary conditions for uniqueness are:

mm(rAQB, TBoc,TCOA) = Q and mz’n(kA, /{}B, kc) Z 2. (130)

Conditions (1.30) can be interpreted in the following manner. Note that ra.p <
min(l115, Q), rBoc < min(/lyl3, Q) and rcoa < min(/173, Q). Note also that the
meaning of ka > 2 is that matrix A has no proportional columns (otherwise
ka = 1, according to the definition of k-rank). It is thus equivalent to state that,
uniqueness arises only if: 1) the product of any two dimensions of the tensor is at
least equal to the number of factors and ii) none of the three factor matrices is
allowed to have a pair of proportional columns.

It was shown in [82] that (1.30) is a necessary and sufficient condition if one factor
matrix is full column-rank. Assuming for instance, that C is full column-rank i.e.,
rc = @, it is easily checked that condition (1.30), can be equivalently stated as:

race =@ and min(ka, k) > 2, (1.31)

which means that PARAFAC is unique if and only if the Khatri-Rao product A<B
is full column-rank and ii) neither A nor B has a pair of proportional columns. In
[82], it was also proposed an equivalent necessary and sufficient condition, which is
valid for general PARAFAC decompositions and is also easier to verify than (1.30)
and (1.31).
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As will be shown later, uniqueness of at least a subset of PARAFAC factors is
possible, even in cases where (a maximum of) two factor matrices have proportional
columns. Uniqueness of at least a subset of factors in one or more modes is called
partial uniqueness. It was first observed by Harshman [73, 74], who pointed out
that PARAFAC uniqueness can break down in “parts”. This concept is useful
for studying uniqueness properties of some special PARAFAC models exhibiting
proportional factors in one or more modes.

N-th order PARAFAC

The PARAFAC decomposition of a tensor X € Clt*2XXIn can be stated as:

Q Q N
1 2 N n
Liyjig, iy = Z az(l?qagz?q . 'a%('Nv)q - Z H az(‘n,)q’ (1.32)
q=1 g=1 n=1
where agf?q =[AM™]; 4 in=1,...,,,n=1,...,N. Model (1.32) is a Q-factor

sum of N-fold products. In [127], Sidiropoulos & Bro provided a sufficient unique-
ness condition for N-th order PARAFAC:

N
> kaw >2Q+ (N —1). (1.33)
n=1

For the N-th order case, necessary conditions follow directly from those of the
third-order case, given in (1.30). However, the existence of a necessary and suffi-
cient condition for uniqueness is not well established in the literature.

1.2.3 Alternating Least Squares (ALS) algorithm

The estimation of the three factor matrices of the PARAFAC decomposition is
generally carried out by minimizing the following nonlinear quadratic cost function:

(1.34)

2
F

Q
f(A,B,C) = HX -3 A,0B,eC,
q=1

The Alternating Least Squares (ALS) algorithm is the classical solution to mini-
mize this cost function [7, 131, 135]. It is an iterative algorithm that alternates
among the estimation of A, B and C. In other words, the ALS algorithm converts
a nonlinear (in fact, trilinear) optimization problem into three independent linear
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Least Squares (LS) problems.

Each iteration is composed of three LS estimation steps. At each step, one factor
matrix, say, A is updated while the two others (B and C) are fixed to their values
obtained in previous estimation steps. The algorithm makes use of the Khatri-Rao
factorizations of the unfolded matrices X, Xy and X3 given in (1.26). It can be
summarized as follows:

1. Set 7 = 0; N R
Randomly initialize B(j—p) and C—);

2. i=i+1;

3. From X3 and using ﬁ(i_l) and (A](Z-_l), find an estimate of A by solving the
following LS problem:
2

-~

A ;) = argmin
A

‘X?) — (Bu-no C(z’—l))AT’

Y

the solution of which is given by:

-~

AT = (Bi,_p o Cun) X
(i) (i—1) % (i—1) 35

4. From X;, and using K(i) and é(i_l), find an estimate of B by solving the
following LS problem:

A~

2
B(Z-) = argmin ’Xl — (C(ifl) 3% A(i))BTH s
B F

the solution of which is given by:
B(i) = (C(i—l) <>A(i)> Xi;

5. From X, and using K(i) and ]§(Z~), find an estimate of C by solving the
following LS problem:
2

Y

(AJ(i) = argminHX2 — (A(i) < B(i))CT‘
C F

the solution of which is given by:
~r ~ ~ T
Ci = (A@) <>B(z')) Xa;

6. Repeat steps 2-5 until convergence.

The convergence at the i-th iteration is declared when the error between the true
tensor and its reconstructed version from the estimated factor matrices does not
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significantly change between iterations i and i + 1. An error measure at the i-th
iteration can be calculated from the following formula:

ey = ||Xa = (Cppy o Aw) Bl -

The convergence at the i-th iteration can be declared when |ei 1) — ew|| < 9,
where 4 is a prescribed threshold value (e.g. § = 1079).

The conditional update of any given matrix may either improve or maintain but
cannot worsen the current fit. The algorithm always monotonically converges to
(at least) a local minimum. However, the ALS algorithm is strongly dependent on
the initialization, and convergence to the global minimum can sometimes be slow.
Moreover, the convergence of the algorithm can, in some cases, fall in regions
of “swamps”, during which the convergence speed is very small and the error
between two consecutive iterations does not decrease. In this case, for avoiding
a premature termination of the algorithm, it is a common practice to impose a
minimum acceptable error value e(;), above which the global convergence is not
assumed to be reached yet (even when ||eg1) — eq)| < 6).

Alternative algorithms and methods

Several variants of the ALS algorithm have been proposed in the literature. See
[61] for a critical review on some alternative algorithms. In order to alleviate the
slow convergence problems caused by a random initialization of the algorithm,
an eigenanalysis solution can be used [121, 91, 131]. This solution is also known
as the direct trilinear decomposition in [121]. It consists in obtaining an initial
estimate of the factor matrices of the decomposition by constructing a generalized
eigenvalue problem (or joint diagonalization problem) from two slices of the tensor.
The eigenanalysis based initialization, in addition to be limited to tensors with
only two slices in one of the modes, requires that both two factor matrices are
full column rank and the third one does not contain zero elements. The work
[52] proposes a generalization of the eigenanalysis solution to tensors with more
than two slices by linking the estimation of the PARAFAC factor matrices to the
problem of simultaneous matrix diagonalization.

Another way of improving the speed of the ALS algorithm is based on the Tucker-
3 compression method (see [3, 9] for details). This method is useful when the
dimensions of the tensor are large. [131] proposes an algorithm to accelerate the
ALS convergence This algorithm applies the Tucker-3 compression method followed
by an eigenanalysis based initialization. The convergence of the ALS algorithm
can also be improved by means of the so called Enhanced Line Search (ELS)
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method [117]. The ELS method has shown to be useful when the decomposition
of the tensor is affected by factor degeneracies. The ELS method was also used
for estimating the factors of block tensor decompositions in [111]. A Levenberg-
Marquadt method is proposed in [110].

1.2.4 Connection between PARAFAC and Tucker-3

Although Tucker-3 and PARAFAC are conceptually different tensor decomposi-
tions, it is possible to approach them in some sense. In other words, PARAFAC
can be interpreted as a special case of Tucker-3 as well as Tucker-3 can be viewed as
a constrained version of PARAFAC. This indicates that both decompositions could
in principle be applied to model the same tensor data, although their computation
is different.

Conceptual equivalences between Tucker-3 and PARAFAC were well described and
discussed by Harshman in [73]. He also pointed out that not only PARAFAC can be
equivalently stated as a special Tucker-3 and vice-versa, but both can be combined
in different ways, resulting in hybrid decompositions that simultaneously enjoy
properties of Tucker-3 and PARAFAC. This combination can be useful in cases
where one is interested in characterizing/modeling tensors with a more complex
inherent structure.

Going back to the Tucker-3 model (1.7) and considering that P = @) = R, we
have:

Q
Z Z iy pDiz qCig,r Ipgr = Z iy qDizqCis,099.9.9- (1.35)

q=1 r=1 q=1

P Q R
Tiy ia,ig
=1

p
Note that we fall into the standard PARAFAC model when ¢, 44 = 04.4,4- In other
words, third-order PARAFAC is a special case of Tucker-3 with a “superdiagonal”
core tensor G = I, having zeros in all positions except in the main superdiagonal,
which has all elements equal to one. Zg is called the identity tensor. Note that
the elements in the superdiagonal of g,,, need not to be restricted to one, since
one can always absorb g,,, in any of the three factor matrices and still have an
equivalent PARAFAC representation as a special case. Uniqueness in this special

case is possible, provided that the necessary and sufficient conditions of PARAFAC
are satisfied.

Now, let us go in the opposite direction and show how Tucker-3 decomposition
can be interpreted as a constrained PARAFAC one. Rewrite (1.7) in its equivalent
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Tucker-2 form (1.22):

P%

P
Liy inyig = E

p=1 ¢

iy pbin,gNep,q,is s (1-36>
1

with hyqi = [G @3 Clpgis- Define C € CB*PQ as an unfolded matrix of the
equivalent core tensor hy 44, in the following manner:

Ei:sapyq = [C]isa(qfl)Per' (1'37)

Define also augmented factor matrices A € C1'*F@ and B € CR*PQ ag:

A=[A,...,A], B= Bi.. By, Bo,.... Byl (1.38)

Q@ times P times P times

where A is a concatenation of @ identical matrices A while B is a matrix where
each column of B, denoted by B.;,, ¢ = 1,...,Q), is repeated P times. Taking
these definitions into account, a Tucker-3 decomposition can be represented by
the following third-order PARAFAC decomposition of F' = P(Q) factors:

[M] =

Liyjinyis = dihfgi%féi&f? (1.39)
f=1
where the first- and second-mode factors @;, f = [Al;, s and by, ; = [Bls,.s, are
constrained in the following form:
[A]ih(q—l)Pﬂ) = [Alip,
[B]i27(q—1)P+p = [Blisq» (1.40)

where f = (¢— )P +p,p=1,....P, ¢ =1,...,Q. Hence, a Tucker-3 de-
composition can always be embedded in an equivalent PARAFAC one, where the
first- and second-mode factor matrices have repeated loading vectors while the
third-mode factor matrix is an unfolded matrix of an equivalent Tucker-3 core.
The repetition patterns on A and B are given by (1.40). They produce all pos-
sible combinations of outer product factors necessary to completely characterize
the Tucker-3 interaction structure.

The equivalent PARAFAC decomposition (1.39) is not unique in general, since
uniqueness does not admit a pair of proportional columns in any of the factor
matrices. Both A and B are such that k; = kg = 1 and the necessary condition
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(1.30) fails to prove uniqueness. Therefore, any PARAFAC representation of a
general Tucker-3 structure will show the same indeterminacies as the Tucker-3
representation.

1.2.5 Tensor decomposition in block terms

A tensor decomposition in block terms consists in decomposing a tensor “block”
into a sum of “blocks” of smaller mode-n ranks [50, 51]. Block term decompositions
cover both PARAFAC and Tucker-type decompositions as particular cases.

In its general formulation, the decomposition of a third-order tensor X € C1*1zx1s
into a sum of F' tensor blocks, where the core tensor of each block has mode-1,
mode-2 and mode-3 ranks equal to P, () and R, respectively, is given by:

R

F P Q
Liy igyis = Z Z Z Z a’E{,)p i2,q 7,3,Tg1()fq)7" (1'41>

f=1p=1 g=1 r=1
or, equivalently:

F
X = G ey AY) o, BY) o C(f)7 (1.42)
f=1

where GU) € CP*@*E is a rank-(P,Q,R) core tensor, and AY) ¢ CH*F,
B) € C2%Q and CY) € CB*F are the factor matrices associated with the f-th
decomposed tensor block. Note that (1.41) (resp. (1.42)) is a direct generalization
of (1.7) (resp. (1.8)) by assuming F' > 1 blocks. Therefore, block term decompo-
sitions of third-order tensors are generalized (block) Tucker-3 decompositions. An
illustration of the block term decomposition is provided in Figure 1.7.

e R U
I Iy

I P R e 0 P R ¢ o
A + ..+ I,
X = A r M h r )
B B
g(1) : g(ﬁ)
7 AD A

Figure 1.7: Visualization of the tensor decomposition in block terms.

The matrix-slices X~~i17 1 = 1, ey ]1 7X~~i2; lg = 1, ceny IQ, X..ig, i3 = ]., S ,13, are
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constructed in a similar way as for the Tucker-3 decomposition (c.f. Section 1.2.1):

F
X;,. = ZB(”US’“C(”T, ip=1
f=1
F
X, = ZC(f)Ug’f)A(f)T, iy =1
f=1
F
X ., = ZA(f)Ug”f)B(f)T, is =1
f=1
ie.
X,,.=BUYCT, X, =CUPAT X,
where
[Uz('lLf)]q,r [g(f) o, A(f)]u,q,r’
U7, = 6V eBY], .
37
U] = g0 e ),

are respectively, the first-, second-
associated with the f-th block, and

N

I,

N (1.43)

= AUYBT, (1.44)
(1.45)

and third-mode combined/transformed cores,

A = [A(l) .. A(F)] e ChxFP,
B = [B(l) e B(F)} € Cl2FQ,
C = [C(l) e C(F)} c ClsxFR

(1.46)

are the first-, second, and third-mode block-factor matrices. The unfolded matrices

X1, X5 and X3 are given by:

X; = (Cl®| A)blockdiag(Ggl) e GgF))BT’
X = (A|®] B)blockdiag(Ggl) e GgF))CT’
X3 = (B|® C)blockdiag(Ggl) . G:(),F))AT7 (1.47)

where |®| denotes the block-wise Kronecker product, and Ggf ) € CRPxQ, Ggf ) ¢
CPO<R and GY) € COR*P are the unfolded matrices of the core tensor G, which

are constructed as in (1.17).

Depending on the mode-n ranks of the tensor blocks G(

), ..., GH) special block
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term decompositions are possible. Among them, the most used are the decompo-
sition in rank-(P, P, 1) terms and the type-2 decomposition in rank-(P, @, -) terms
[50, 51]. These decompositions have found applications in blind deconvolution of
DS-CDMA signals [47, 48, 109, 111].

Some uniqueness results for block term decompositions have been obtained recently
in [50, 51]. They capitalize on the concept of k’-rank, which is a generalization of
the k-rank for block-matrices [47]. The generalization of the uniqueness proof for
PARAFAC in [90] for block term decompositions relies on the so-called “generalized
equivalence lemma” [50, 51].

1.3 Block-constrained PARAFAC

We now present a new tensor decomposition also mixing some properties of PARA-
FAC and Tucker-3 decompositions. This decomposition is called block-constrained
PARAFAC [30]. It consists in decomposing a third-order tensor into a sum of ¢
“structured” PARAFAC blocks. Within each block, a constrained pattern of linear
combinations or interactions involving columns of the three component matrices is
permitted. The interaction structure within each block may differ from one block
to another, and is characterized by two fixed constraint matrices.

For a third-order tensor X € C/1*2*5 we consider the following decomposition:

Q ng qu)

_ (@) (@) (@)
Liy jig,is = Z Z Z aiirgw bi;]#gcn Cr?‘”,rgq),ig' (1.48)

q=1 T§Q):1 'réq)zl

Ti, is.is 1S decomposed into a sum of () trilinear blocks, every block being i(t)self
q

the sum of Rg‘I)R;‘Z) triple products. In the composition of the full tensor, a ®
i1,7]

contributes qu) times, and c(?g) @ . contributes
T1 5Ty 7523

q)

q)

contributes qu) times, bt @
12,75

qu)RgJ) times.
Let us define two sets of matrices:
{A(Q)} e CIMRY’)’ {B(q)} c (Cngqu)

)

: @y g . .
and a set of Q third-order tensors {C@} e CR"*’"*Is with typical elements
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given, respectively by:

(@ _ (@ _ (9) _
a’ (@ — [A(q)]il’ryﬁa b.q (@ — [B(q)]igjréq)a Crtiq)mgnﬂ.3 - [C(q)]rgq)’rgq)’i3~

11,7 i2,rg
Define also a set of @ matrices {C1),... C@} ¢ Cl*B” R i the following way:
) _ @ _
[Cl ]¢3,<rgq>_1>qu>+rgq> = Crg‘”,r;‘”,ig’ g=1,...,Q,
where the ¢g-th matrix C@ is linked to tensor C'@ by:
cl@ = [VGC(C(ql)T) o -Vec(C,(f]I)BT)]T,

C(‘Z € CR” xRS being the is-th matrix slice of C(9, i3 = 1,...,I5. The matrix
slices X..;; € C'*22 of X can be expressed in PARAFAC-based form as [40):

Xy =Y (A9 1;éq))Di3(c<q>)(1;§q) @ BT, (1.49)
q=1

Using property (1.21), we obtain the following equivalences:

AW g 1;@ - (A(q) R DI 0 ® 1£(q)) — A(q)(IR(q) ®17,) = ADg@),
2 1 2 1

l%éq)
——
w(a)
and
17 o B@ = (1® B(q))(lT D1 ) = B(q)(lT D1 ) = B@@@
RY]) Rg‘l) R2q qu) qu ?
&)
where
O =T @10, B =15y 010 (1.50)

are constraint matrices that model interactions or linear combinations of factors
of different modes within the g-th block. They have dimensions R\” x R R

and Réq) X qu)Réq), respectively. These definitions allow us to rewrite (1.49) as:

X.i, = ZA(q)\I;(q)Dig(C(q))(B(q)q)(q))T. (1.51)

q=1

Figure 1.8 illustrates the block-constrained PARAFAC decomposition in slice form.
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RY D, (C") 1,
IioX, =15 \ @Ur =
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AQ)

Figure 1.8: Visualization of the block-constrained PARAFAC decomposition.

Now, let us define the following block-matrices:

A AV A@] ¢ clixi
B = BWY,. .. B@W] ¢l
C = [CV,...,Cl9] e Clfhs,

where we have defined
Q Q Q
Ri=> RY Ry=> RY Ry=> RYRY. (1.52)
q=1 q=1 g=1

Define also block-diagonal constraint matrices as:

U = blockdiag(¥W ... ¥@) (R, x Ry)
® = blockdiag(®V .- ®@) (R, x Ry). (1.53)

Taking these definitions into account, (1.51) can be expressed in a compact matrix-
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slice form as:

X, = A®D,;, (C)(B®)". (1.54)
By comparing (1.25) and (1.54), we deduce the following correspondences:

A—-A¥Y, B—-B® C-—-C
Hence, by analogy with (1.26), X;_1 23 can be written as:
X; = (CoA¥)(B®)", X,=(A¥oB®)C?, X;=(B®cC)(AP)". (1.55)
The demonstration of (1.55) is provided in Appendix A.

From the previous equations and definitions, the following can be said about this
tensor decomposition:

e It is the factorization of a third-order tensor into a sum of () structu-
red/constrained PARAFAC blocks, everyone of them being a function of
three component matrices AW B@ and C@. Each component matrix mo-
dels the variation of the tensor data along one dimension or mode.

e Within the same constrained PARAFAC block, it is permitted that columns
of different component matrices are linearly combined to generate the tensor
data. The term interaction is used to denote such a linear combination.

e The interaction patterns within a block are modeled by the constraint ma-
trices W@ and @@ which may differ from block to block.

e When the computation of the decomposition is performed, the term between-
block resolution is a synonym of separability of the () blocks, while the term
within-block uniqueness stands for a unique determination of the three com-
ponent matrices of the corresponding block (up to permutation and scaling).
It depends on the particular interaction structure of each block.

Note that (1.51) can be interpreted as a structured PARAFAC model [73, 12] with
augmented component matrices AW, B® and C. It is also worth noting that
the within-block structure of block-constrained PARAFAC is similar to that of
the PARALIND (PARAllel profiles with LINear Dependencies) model proposed in
[10]. The proposed approach is more general, since it considers multiple constrai-
ned blocks, each one with its own interaction structure. The block-constrained
PARAFAC model can also be linked to Tucker-2 and Tucker-3 analysis [148, §].
From the scalar notation (1.48), it is easy to conclude that this model naturally
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takes the form of a sort of “block-Tucker-2” decomposition with variable within-
block interaction structure. It can also be interpreted as a constrained Tucker-3
decomposition [87, 147]. The block-constrained PARAFAC decomposition can be
written as a constrained decomposition in block terms (c.f 1.2.5), where each block
is constrained to have 1’s and 0’s, possibly having a different constrained structure.

1.3.1 N-th order generalization

The generalization of the block-constrained PARAFAC decomposition to a N-th
order tensor is relatively straightforward. For a tensor X € C/1*/2X*IN ‘it can be
stated as:

Q RY RY, /No1
_ (
Tipin =, D7 D ( a nq(cn) 9w (1.56)

=1 (a)_ () _ n=1
q rlq =1 7‘1\?7171

where o™ ’qz) = [A("’q)]i oyt =1 Iyn=1..N-1g=1...,0Q,is the

Zn:rn

n-th mode factor matrix of the g-th block, while g (q) @ . is the N-th mode
1 TN 1IN
factor matrix of g-th block. Model (1.56) is a sum of @) tensor blocks of N-th order,
N-1

each one being a sum of [] RY outer products. The strength (or Welght) of each

n=1

outer product contribution is given by the corresponding value of g (q) @
s TN 10 'LN

1.3.2 Block-constrained Tucker-3 writing

Recall the expression for Xy in (1.55), and consider the following property of the
Khatri-Rao product:

Property 1.2 : Given A € C™*E B ¢ C/*°, C € C**P and D € C*F, we
have:
AC+BD = (A®B)(CoD,). (1.57)

Property 1.3 : Given block-partitioned matrices:
A= [A(l) .. .A(Q)] c CIXRa B= [B(l) . B(Q)] c (CJXS,

C= [C(l) e C(Q)] cCP*P D= [D(l) o D(Q)] € 5P,
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where
Q

R=> "R, S=>_5,

g=1 q=1

and AW ¢ C*Fa B@ ¢ C/*% CW@ ¢ CRxP D@ ¢ C5%*F we have:

ACoBD = (A |®| B) - blockdiag(C o DY ... C@ o D), (1.58)

Using property (1.58), we can rewrite (1.55) in the following manner:

X, = (A¥ o B®)CT = (A |®| B)F(¥, $)CT, (1.59)
where A |®| B denotes the block-wise Kronecker product, and F (¥, ®) is given
" F (¥, ®) = blockdiag(®W o @V ... ¥@ o @), (1.60)
Note that:

= Iqu) < 1£éq> = IRéq)’ (1.61)
where RY = RYWRY | vielding:
F(‘I’, (I’) = blockdiag(IR<1>, tee 7IR(Q)> = IR3 (162)
3 3
and consequently:
X2 = (A ‘®| B)GQCTa G2 = IRg' (163)

Equation (1.63) is an unfolded matrix of a special block-Tucker-3 model, where
the associated unfolded block-core G is equal to the identity matrix. Working
similarly on the other unfolded matrices

X;=(Co A'Il)<I>TBT7 X3 = (B®o C)\IITAT, (1.64)
we arrive at the two other block-Tucker-3 unfolded matrices:

X, =(C|®] A)G:B",  X3=(B|®|C)GsA’, (1.65)
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where the unfolded block-core representations G; and Gg are given by:

G = blockdiag(Gl,...,G?) e CF *Fe, Ggq):(Iqu><>\Il(‘1))<I>(‘I)T(1.66)

G; = blockdiag(GL,..., Gy e CF *M, Ggq>:(<1><q><>1Réq))\11<q>T(1.67)
' _ S5 R0 pW@ " _ = o) @ ualizati -
where R = > R{"Ry” and R* = ) Ry”R;". The visualization of the equivalent
q=1 q=1

block-constrained Tucker-3 decomposition is provided in Fig. 1.9.

1 .
p le R/ R;U RI(Q) RO Rz(@
3,/ 7 %/’ /i
— e SR | + ...+ — J
I X' -/ R® Gp | ’ /, RI(Q)L_"]%(%_"V I
R B® >
(9]
7, AD A©@ B

Figure 1.9: Interpretation of the block-constrained PARAFAC decomposition
as a block-constrained Tucker-3 decomposition.

1.3.3 Necessary uniqueness condition

Theorem 1.3 (necessary condition for uniqueness): Consider the set of unfolded
representations (1.55) for the block-constrained PARAFAC decomposition. Assume
that the matrices A € C''*fi B € C2*f2 gnd C € CB*%s qre full rank. For the
uniqueness of the decomposition in the Least Squares (LS) sense, the three following
inequalities must hold:

L3 > Ry, ©L1iI, > Ry, IIs > R;. (1.68)
In this case, there are nonsingular block-diagonal transformation matrices

T, = blockdmg(Tgl), e ;T((ZQ))v

T, = blockdiag(Tél), . ,Tl()Q)),
T, = blockdiag(TV, ... T@), (1.69)
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satisfying:
-1

(TYoT?) =TW, ¢=1,...,Q, (1.70)

such that A = AT,, B = BT, and C = CT. give rise to the same matrices
{X}iz123-

Proof: First of all, let us rewrite the three unfolded matrices of the received signal
(1.55) in the following equivalent manner:

X, =7,(C,A)B", X,=17Z,(A,B)C", X;3=2Z3(B,C)A". (1.71)
where

Zl(Cy A) = (CoAW)PT ¢ Clilsxfz
Z2 (A, B) = (A\I}) o (B@) c (ch[zXRg’
Z3 (B, C) = (B(P o C)\IIT c CIQIgXRl ) (172>

From (1.71), B is identifiable in the LS sense if and only if Z;(C, A) admits a
unique left pseudo-inverse, i.e. if it does not exist Y belonging to the kernel K(Z,)
such that Z;(Y + BT) = Z,B”. From the rank theorem, we have:

dim(K(Z;)) = 0 = rank(Z,) = R»,

which means that Z; is full column-rank. Moreover, as we have rank(Z;) <
min(/y 13, Rs), it follows that [;I3 > R,, i.e. Z; is tall. Applying the same rea-
soning to C and A in X, = Zy(A,B)C” and X3 = Z;(B, C)A”, we obtain the
inequalities I;[s > R3 and I3I3 > Ry, respectively.

Now, we prove the relation (1.70). First, it should be noted that the non-singularity
of T,, Ty and T, comes from the full-rank assumption for A, B and C. Inserting
the block-diagonal matrices T, T, = Ig,, T, T, = I, and T, T.;! = I, in the
unfolded representation X, of (1.59), and then using (1.60)-(1.62), we get:

Xy, = (ATaTgl\Il > BTbTb_l(I)>TC_TTZCT
= (A |®‘ B)blo(jkdlag((T;l\I] o TI;l@)T;T) CT

— (A8 B)blockdiag((TgU @ T (T@ @) T,SQ))‘l) F(®,®)T-TC?
———

Ir,

— (A 3| B)G,CT.

(1.73)
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where
G = blockdiag ((T) " @ (T{V) ..., (T@) " @ (T() )T, "
Comparing (1.73) with (1.63), we deduce that we must have:
G _ (@)1 @1y (@) ~" — 1 —1
2 (( a) ®( b) )( c) qu)quh q >"'7Q'

which implies that:

(T @ T = (TD)", ¢=1,...,Q. ® (1.74)
In the special case RY —...R@ _ Ry and RV —...RQ — R, condition (1.68
1 1 2 2

can be rewritten as:
LI, > QR\Ry, 613> QRy, L3> QR

which is equivalent to:

win (| 212 | |52 [ 2 ]) = 0 (1.75)

where | x| is the “floor” operator that rounds x to the nearest smaller integer. This
condition guarantees between-block uniqueness of block-constrained PARAFAC.
Note that, for R, = Ry = 1, condition (1.75) reduces to the necessary uniqueness
conditions for standard PARAFAC [132].

The block-diagonal structure of T,, T}, and T, means that rotational freedom is
confined within the blocks. In other words, the block-constrained PARAFAC de-
composition has between-block uniqueness. Within-block non-uniqueness, however,
remains in the general case qu) > 2 and qu) > 2. Note however, that rotational
freedom affecting the component matrices of a given block is constrained and obeys
qu)T = (T((lq) ® Tl(,q))_l, which imposes some uniqueness constraints on the block-
constrained PARAFAC model that are not as strong as those of unconstrained
Tucker-3 models. For example, complete within-block uniqueness is restored, e.g.,
if C is known. Otherwise, if C has some special structure (e.g. block-diagonal,
Toeplitz, etc) one can enforce the underlying structure during the computation of
the model, in order to restrict within-block non-uniqueness.

Example 1.1: Suppose that Rgl) == RgQ) = 1. This means that interactions
involving the columns of the first- and third-mode component matrices no longer
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exist, for all the blocks. In this case we have (ignoring scaling ambiguity):
T =T 1,...,0, (1.76)

i.e. within-block rotational freedom only affects the second- and third-mode com-
ponent matrices, while {A(l), S A(Q)} can be determined up to common column
permutation and scaling. In this case, the within-block structure of this parti-
cular block-constrained PARAFAC decomposition exhibits partial uniqueness. It
takes on the same partial uniqueness properties of the PARALIND decomposi-
tion considered in [130, 10] (see these references for a constructive proof of partial
uniqueness).

Discussion: Uniqueness of this decomposition is related in some sense to the
“minimum uniqueness conditions” for PARAFAC originally presented in [74]. The
implication of this uniqueness study to our case, is that it establishes between-
block uniqueness of the block-constrained PARAFAC. On the other hand, within-
block uniqueness can be studied by taking special structures of one or more factor
matrices into account. Different levels of partial uniqueness within the blocks
are possible. By “partial uniqueness”, we mean that (at least some columns of)
the component matrices of one or more blocks can be uniquely determined (up to
permutation and scaling) while the determination of the other ones is affected by a
nonsingular matrix multiplication [146]. This means that within-block uniqueness
breaks down “in parts”, as pointed out by Harshman in [74], but also in “in blocks”,
since different levels of partial uniqueness (or restricted nonuniqueness) exist and
may vary from block to block.

1.4 Constrained Factor decomposition

In this section, we present a new third-order tensor decomposition herein called
CONstrained FACtor (CONFAC) decomposition [44, 35]. The tensor is decompo-
sed into a triple sum of rank-one tensor factors, where component combinations,
or interactions, involving the different tensor factors are allowed. The interaction
pattern is captured by three constraint matrices the columns of which are canoni-
cal vectors. Each constraint matrix is associated with a given dimension or mode
of the tensor.

Let us consider a third-order tensor X € CI*2xI3three factor matrices A €
Ch*Ri B ¢ ClxF2 C € CB*Fs and three constraint matrices W € CRxF,
$ c C2*F' Q € CM*F The Constrained Factor (CONFAC) decomposition of X



48 CHAPTER 1. TENSOR DECOMPOSITIONS: BACKGROUND AND NEW CONTRIBUTIONS

with F' factor combinations is defined in scalar form as:

F Ri Rx Rs3

Liy igyis = Z Z Z Z iy, bi27T2Ci3,T3¢7‘1yf¢T27fwT‘37f’ (177>

f=1ri=1ro=1r3=1

with F Z max (Rl, RQ, Rg)

The structure of the constraint matrices are defined by the two following assump-
tions:

A.1 The columns of ¥ (resp. ® and ) are canonical vectors belonging to the
following canonical bases, respectively:

{egRl), . ,e%Rl)} e R, {e§R2), . ,e%Rz)} € Rfz,
{el™ . e} e RAs. (1.78)

A.2 U, & and Q2 are full-rank matrices.

Based on these assumptions, the constraint matrices satisfy the following proper-
ties:

Z Dm(‘P) = Z DTQ((I)> = Z Drs(ﬂ) = IF7 (179>

ri=1 ro=1 rg=1

I (a) ’ F (b) /
I Ny, T1 =T — Npyy, T2 =Ty
ng wh,fwrl,f { O, r ?é r/l ) =1 ¢7‘27f¢7’27f { O, - 7£ T/Q )
F (c) !
_ Neg, T3 =T3
o o = , 1.80
; ra, f9rh { 0, 15t (1.80)

where n? € [1, F — Ry] denotes the number of combinations involving the r-

th column of A® in (1.77), i.e., the number of times that the 7;-th column of
AWM is reused for composing the tensor X. Similarly, ng) € [1,F — Ry] and
n,(ﬂ? € [1, F — Rs] represent the number of combinations involving the ro-th column
of A® and the r3-th column of A®) respectively. In matrix form, (1.80) yields:

v’ =D,, ®®' =D, QO =D;, (1.81)

where D; = diag(nga),...,ngl)), D, = diag(ngb),...,n%;), and D3 =
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diag(nl?, . .. ,ng). We also have:
T o T _ T _
Z (lIl(I) >r1,r2 o Z <(I)Q )7‘2,7‘3 - Z (Q‘Il )7”3,7”1 = F (182)
1,72 72,73 3,71
This property can be demonstrated by noting that:
Z (‘IIQ)T)TLTQ - Z ¢T1,f¢r2,f'
1,72 T1,72,f
For any f € [1, F, there is one and only one pair (r1,72) such as ¢, r¢,, r = 1,
which implies > (\IJ<I>T) , = F. Reasoning similarly for ®Q7 and Q®7T, we

1,72

71,7

obtain (1.82).

The CONFAC decomposition can be stated in a different manner, which sheds
light on a different way of interpreting its constrained structure. By exchanging
summations in (1.77), we obtain:

R1 Ro Rs

Liyizyiz = Z Z Z ai1,7‘1bi2,T2ci3,7’3gT1,T2,T3(\Ilv P, Q)? (183>

ri=1reo=1rz=1
where

F
Grirairs (¥, P, 82) = Z Uy f Pro, fWrs,f (1.84)
f=1

is an element of a tensor G(W, ®, Q) € CH*F2xfs that follows an F-factor PARA-
FAC decomposition in terms of ¥, & and Q. We call G(¥, ®, Q) € CRixR2xs op
simply G, the constrained core tensor of the CONFAC decomposition.

Using the mode-n product notation, the CONFAC decomposition can be written
as:
X:g(\I’,Q,Q) .1A.2B.3 C.

Alternatively, we can use the outer product notation to write the CONFAC de-
composition in the following (PARAFAC-like) manner:

1

X = fF (A®) o (B®) o (CQ) .

Relation with the Tucker-3 decomposition: It is worth noting that (1.83)
takes the form of a constrained Tucker-3 decomposition [8, 87, 144] with the par-
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Figure 1.10: Visualization of the CONFAC decomposition of a third-order
tensor.

ticular characteristic of having a PARAFAC-decomposed core tensor. The main
difference between CONFAC and Tucker-3 decompositions is in the following as-
pect. In the Tucker-3 decomposition, all the Ry Ry R3 possible factor combinations
exist for the composition of the tensor X, where each entry of the Tucker-3 core
tensor G defines the “strength” of each factor combination. Differently, in the
CONFAC decomposition, only F' effective combinations take place for the com-
position of the tensor X'. In this case, the F-factor PARAFAC decomposition of
the constrained core tensor G reveals the pattern of combinations involving the
columns of the factor matrices A, B and C. Figure 1.10 provides an illustration
of the CONFAC decomposition.

Relation with the PARAFAC decomposition: Let us consider the CONFAC
decomposition in (1.77) with R; = F, i = 1,23 and ¥ = & = Q = Ip. In
this case, the CONFAC decomposition coincides with the F-factor PARAFAC
decomposition [73]:

F
Tivinis = D iy fbis fCig - (1.85)
F=1

Matrix representations: The CONFAC decomposition can be represented in
matrix forms. Two different matrix representations of the tensor X € Chi*/2x%
are possible, namely the slice and unfolded representations. Their construction is
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similar to that of the standard PARAFAC decomposition [73, 131]. By analogy
with (1.25), these matrix-slices can be expressed as a function of {A,B,C} and
{¥, P, 0}, by the following set of equations:

X;,.. = B®D, (A\II) (CQ)T c Cl2xIs
X, = CQD,, (B@) (A\II)T c Clxh (1.86)
X.;, = A®D,(CQ)(B3)', €l

The full information contained in the tensor X € Ct*2*5 can be organized
in three unfolded matrices X, € Clslixlz X, € Chl2xl and Xy € Cl2Bx0i,
constructed from the sets of matrix-slices, according to (1.15).

X, Xg, and X3 can be expressed by the following set of equations:
X, = (CQoA®)(B®)
X, = (A®oB®)(CQ)’,
X; = (B®oCQ)(AW)". (1.87)

Demonstration: The demonstration of (1.86) and (1.87) is simple. It is similar
to the one presented in [62] for the PARAFAC and Tucker decompositions. The
CONFAC decomposition (1.77) can be rewritten as:

F R2 R3
Tiyinis = Z bi271”2¢7‘27f Z Cig,rsWrs, f

f=1 \r2=1 rz=1
Ry
) (Z ail,hwrl,f)
ri=1
F
which means that:

xl,lﬂ'g DRI x1712’i3

X"i3 —= : .
xIl,l,i;; .. x111127i3

— (A®)D,(CQ)(B®)"



52 CHAPTER 1. TENSOR DECOMPOSITIONS: BACKGROUND AND NEW CONTRIBUTIONS

and
X .y AWD, (CQ)
X,=| i | = ; (B2)",
X, AWD, (CR)
— (CQoAW)(BD). (1.89)

The factorization of Xy and X3 can be demonstrated in a similar way.

Relation with the PARALIND model: By comparing (1.88) with the stan-
dard PARAFAC decomposition (1.85), we remark that the CONFAC decompo-
sition can be viewed as an [F-factor PARAFAC decomposition with equivalent
(rank-deficient) matrices A = AW € Ch*F B = B® € C2*F' C = CQ € CB*F.
The rank-deficient structure due to the repetition of some columns of A, B and
C, is controlled by the constraint matrices ¥, ® and €2, respectively. A rank defi-
cient tensor model using constraint matrices is proposed in [10]. This tensor model,
which is called PARALIND, makes use of two constraint matrices to model inter-
action patterns between columns of different factor matrices. In the PARALIND
model, the number of factor combinations/interactions is equal to the number of
columns of the factor matrix that is not rank-deficient. The PARALIND model
can be obtained from the CONFAC one by making F' = I3 and €2 = Ij,. Therefore,
the CONFAC tensor model can be viewed as a generalization of the PARALIND
one.

Interpretation as a constrained Tucker-3 decomposition: As previously
mentioned, the CONFAC decomposition can be interpreted as a constrained
Tucker-3 decomposition with PARAFAC-decomposed core tensor. We can also
rewrite (1.87) as a function of the constrained core tensor G(W¥,®,€Q). Let us
define G,,.. € Cf2xfs G, € Cfs*M and G, € CM*f2 gbtained by slicing the
constrained core tensor along its first, second and third dimensions, respectively.
In order to factorize the unfolded matrices X;—; 23 as a function of the constrained
core tensor G € CR1*F2xBs e apply the property (1.57) to obtain the following
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expressions:
X; = (C®A)(QoTv)d"B”
(C® A)G,B”,
X, = (A@B)(¥To®)Q"'C”
(A®B)G,C",
X; = BeC)(®oQ)¥ AT
= (B®C)GsAT, (1.90)
where

G = (QoW)®" (R3R; x Ry),
G2 = (‘I’O‘I’)QT (R1R2 X Rg),
G; = (2oQ)U" (ReR3 x Ry), (1.91)

are the three unfolded representations of the constrained core tensor G, with

[Gl] (r3—1)Ri+r1,r2 — [GQ] (ri—1)Ra+r2,r3

= [G3](r2—1)R3+7’3,T1 = Grira,rs-

Using the definition of the Khatri-Rao product, we have:

\IlDl(Q) G--l
G, = : =1 : |,
W Dg, () G. g,
(1.92)
where
G.,=9D,, (Q)®" c C*f, (1.93)
In the same way, we get:
G,. = ®D, (¥)Q7 e CRxEs,
G, = QD,(®)¥T c Cr*f (1.94)

Definition 1.11 (interaction matrices) The interaction matrices of the CONFAC
decomposition (1.77) characterize the interaction pattern involving the factors of
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different pairs of modes. They are defined by:

R3
G = Y G, =V (R x Ry),

rz3=1

Ry
G(2,3) — Z Grl_ = @QT (R2 X Rg), (195)

ri=1

Ro
GOV = Y "G, = Q" (R; x Ry),

ro=1

where we have used property (1.79).

Due to the canonical structure of the constraint matrices satisfying A.1-A.2, the
three interaction matrices satisfy the following relation:

Dol =g =) g% =F, (1.96)
1,72 79,73 3,71
where gf«}j?«g, ggig and gq(ni’qlaz are the typical elements of G012, G23) and GG,
respectively. We can distinguish the two following situations:

° g,(ﬂ}?g = 0 means that there is no interaction between the r;-th column of A

and the ro-th column of B;

° g,(&?g = 712 > 0 means that there are v; o interactions between the 7-th

column of A and the r9-th column of B.

The same is valid for gﬁﬁi@ (w.r.t B and C) and gﬁjii (w.r.t C and A).

Example 1.2: Let us consider the CONFAC decomposition of a third-order tensor
with F' = 4, Ry = Ry = 2, R3 = 3 characterized by the following constraint
matrices:

1100

‘I':‘I’:[o 01 1

1
| o=
0

o = O

10
00]|. (1.97)
01
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From (1.95) we have:

2 0 110
(1,2) — (2,3) _
R R

GBI =

O = =
—_ O =

G2 indjcates that A.; and B.; interact twice. The same is valid for A., and B.s.
From G(% we can see that B.; interacts with {C.;, C.,} while B., interacts with
{C.1,C.3}. According to GG, there is interaction between C.; and {A.;, A5}
while C., interacts with A.q, and C.3 interacts with A.5. Summing the nonzero
elements of G0, GZ3) and GGV yields the number F of factor combinations.

Example 1.3: Now, consider F' = 4, Ry = Ry = 3, Ry = 2, with constraint
matrices having the following structure:

1100 0010
vr=|10001}], =11 0 0 [,
0010 0001
1110
asfl110] 09
yielding the following interaction matrices:
0 20 10
G =1001]|, GE)=1]2 0],
1 00 01
2 01
(3.1 —
G [O 1 01'

According to G2 each column of A interacts with a different column of B. In
particular, A.; interacts twice with B.;. We also have C.; interacting once with
B.; and twice with B., as indicated by G?®). On the other hand, C.; interacts
twice with A.; and once with A 3.
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1.4.1 Special CONFAC decompositions

Recall that the CONFAC decomposition allows arbitrary interaction patterns in-
volving the factors of different modes. We have shown that the factors (i.e. the
columns of the matrix) associated with a given mode can be recombined, or reu-
sed, more than once in the composition of the full tensor. However, when there
is no recombination of factors along a given mode, simpler representations of the
CONFAC decomposition are possible. Three special writings of this decomposition
exist depending on which mode is free of interactions. When there is no interac-
tion in the first mode, we have ¥ = I. Likewise, when no interaction takes place
within the second and third modes, we have ® = I and € = I, respectively. In
each case, we can simplify (1.77) as shown below:

1. Type-1 CONFAC (no interactions in the first mode):

F Rz Rs3
Liyiayiz = Z Z Z iy 1 big v Cig g Pra, fWrs (1.99)
F=1 ra=1r3=1

with F 2 max (RQ, Rg)

2. Type-2 CONFAC (no interactions in the second mode):

F Ri Rj

Liyjigsiz = Z Z Z a’ilﬂ’lbizﬂ“zcia,?"sw?"hfwrs,f’ (1100)

f=1ri=1r3=1

with F' > max (Ry, R3).

3. Type-3 CONFAC (no interactions in the third mode):

Ro

F Ry
Liy inyis — Z Z Z iy, biQ,T26i3ﬂ“3wT17f¢T2,fﬂ (1'101)
f:

1=17r2=1

with F' > max (R, Ry).

In Chapter 4, the type-3 CONFAC decomposition will be exploited for designing
blind multiple-antenna CDMA schemes. This application also appears in [37, 36].
The works [32, 33] can be viewed as a particular case of type-3 CONFAC, where
the two corresponding constraint matrices have a fixed structure.
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1.4.2 N-th order generalization

The CONFAC decomposition (1.77) can be straightforwardly generalized to tensors
of any order higher than three. Let us consider an N-th order tensor X € CIt>**In
a set of N factor matrices {A(™} € C"*Fn and a set of N constraint matrices
{1} ¢ CR*F n =1,...,N. The CONFAC decomposition of X € Cl*xIn
with I factor combinations is given in scalar form by the following expression:

----- Z Z (H a;, rn) 97"1,---,7’1\1(\1’(1)7 ) \I’(N))a

ri=1 ry=1 \n=1

1.4.3 Uniqueness results

The uniqueness of the factor matrices A, B, C of the CONFAC decomposition (up
to permutation and scaling) depends on the particular structure of the constraint
matrices ¥, ®, 2. Specifically, the degrees of freedom introduced in the decom-
position by the three constraint matrices can induce a transformational ambiguity
over (at least a subset of) the columns of the factor matrices.

Theorem 1.4 : Let us consider the CONFAC decomposition (1.77) of a third-
order tensor with F' factor combinations. Suppose that A, B and C are full column-
rank, and that the joint structure of {¥, ®,Q} is such that Gy (R3Ry X Ry), Gy
(R1Rsx R3) and Gz (RyR3 X Ry ) are also full column-rank, then the decomposition
is identifiable from equations (1.90).

Identifiability of A, B and C means that they are unique up to a multiplication by
a nonsingular matrix, i.e. any alternative set {A, B, C} yielding the same tensor
X is linked to the true set {A, B, C} by:

A=ATY B=BT?® C=cCT®

with T ¢ CRxfr TR ¢ CRxR2 gpnd TG e CHs*Fs gatisfying the following
equality:
(TD)"1w o (T?)"1®) (T™)"'0Q)" = (¥ o ®)Q" (1.102)
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Proof: Recall the following properties. For arbitrary matrices A € C/*/, B ¢
CHE*I and C € CM*/_ with B full column-rank, we have:

rank(A ® C) = rank(A)rank(C), (1.103)
rank(BA) = rank(A). (1.104)

Let us define the following quantities:

Z, = (Co®A)G, e Chli*f
Z, = (A®B)G, € Chi>xfs
Z; = (B®C)G; € Chih,

Identifiability of A, B and C from (1.90) requires that Z;, Z, and Zjz are full
column-rank to be left-invertible. Since A, B and C are full column-rank, using
(1.103) implies that C ® A, A ® B, and B ® C are also full column-rank. From
(1.104), we can conclude that rank(Z;) = rank(G;) = R, since G, is assumed to
be full column-rank, and therefore Z; is itself full column-rank. The reasoning is
similar for Zy and Zs. |

Definition 1.12 (admissible transformation matrices): The transformation ma-
trices TW, T® and T® are called admissible i.i.f. they preserve the constrained
structure of the decomposition satisfying (1.102).

Definition 1.13 (essential uniqueness) [90]: Essential uniqueness means that any
alternative set {A,B,é} giving rise to the same tensor X is equal to the set
{A,B,C} up to permutation and scaling of their columns, implying admissible
transformation matrices of the form:

T(l) = All_[l, T(Q) - AQHQ, T(3) — A3]:[37 (1105)

where A;—1 23 are diagonal matrices satisfying the relation AAAs = 1, and
I, 2 3 are permutation matrices.

A proof of (1.105) is given in [136] for the standard PARAFAC decomposition,
which also applies here.

Partial uniqueness

The CONFAC decomposition is said to be partially unique (or restrictively nonu-
nique), when a subset of the columns belonging to the set {A, B, C} are essen-
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tially unique while the remaining columns are affected by a linear transformation.
Partial uniqueness was first observed in [74], and also investigated in [130] and
[145] in the context of the standard PARAFAC decomposition. For the CONFAC
decomposition, the partial uniqueness property is linked to the structure of the in-
teraction matrices. It can also be studied from equivalence relations between pairs
of constraint matrices. In this section, we present sufficient (but not necessary)
conditions for the partial uniqueness of the CONFAC decomposition implying es-
sential uniqueness in one or two modes.

We assume that A, B and C do not contain a zero row. Introducing:
A=ATY B=BT?®» C=CT®

into the slice representations (1.86), we obtain:

X;. = B[(T®)7'G;Y(T®)T]CT,
X, = C[T®) GV (TM)T]AT, (1.106)
~ _ _(1’2) _ ~
X, = A[(T(l)) 1Gi3 (T(Q)) T}BT’
where G.°' = ®D;, (A(TO)"'w)Q7, GOV = QD, (B(T®)"'®)¥7, and
Gg’” = D, (C(T®)"'Q)®”. Note that Eg’g), Gg”l) and Eﬁi’z) have the same

pattern of zeros (up to permutation and scaling) as G3), G®1 and G1?)| res-
pectively. This comes from the assumption that A, B and C do not contain a zero
row. Therefore, the uniqueness property of A, B and C is directly linked to the
structure of the interaction matrices. For instance, uniqueness of A can be che-
cked by searching the admissible structures of T preserving the pattern of zeros
of G2 and GGV, Similarly, uniqueness of B can be checked by searching the
admissible structures of T preserving the pattern of zeros of G223 and G012,
Finally, uniqueness of C can be checked by searching the admissible structures of
T®) preserving the pattern of zeros of G31) and G239,

Theorem 1.5 (partial uniqueness): Consider the CONFAC decomposition of
X € Chvi2xIs gg q function of factor matrices A, B and C, and characterized
by interaction matrices G2, G233 and GGV, Suppose that the three factor
matrices contain no zeros. We have:

1. If rank(G1?) = rank(G®3V)) = Ry, then A is essentially unique;

2. If rank(G??%)) = rank(G(?)) = R,, then B is essentially unique;
3. If rank(G®Y) = rank(G®??®)) = Rj3, then C is essentially unique.
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Note that rank(G™1?) = rank(G®Y) = R; only happens when R; < R, and
Ry < Rs,ie. when R; < min(Ry, R3). Similarly, rank(G®?) = rank(G™1?) = R,
only happens when Ry < min(R;, Rs), and rank(G®V) = rank(G?%) = R3 when
R3 < min(R;, Ry). For instance, when R; < Ry < Rj3, only A is essentially unique,
while B and C are not guaranteed to be unique since only condition 1 of Theorem
1.5 is satisfied. Nevertheless, partial uniqueness (i.e. essential uniqueness of a
subset of columns) of B and C is possible.

The degree of partial uniqueness depends on the joint interaction structure of the
decomposition. The only case where all the three above conditions are met is
the one with Ry = Ry = Rs, in which the CONFAC decomposition is close to
the PARAFAC one. If rank(G®1?)) < R; and/or rank(G®Y) < R, the essential
uniqueness of A is not guaranteed by Theorem 1.5. The same comments are
valid for the essential uniqueness of B and C. The three above conditions are
sufficient but not necessary for the essential uniqueness of the factor matrices of
the decomposition.

Definition 1.14 (equivalent constraint matrices): When Ry = Ry (resp. Ry = Rj
and Ry = R3), the matriz set {¥, ®} (resp. {®,Q} and {Q, ¥}) is said to be
equivalent if

=11, ®, (resp. ®=1LO, Q= H3\Il>, (1.107)

where I, 2 3 are arbitrary permutation matrices.

Note that the equivalence of two constraint matrices means that there is no inter-
action between the columns of the associated factor matrices. For instance, when
¥ = II; P, we have:

G1? = v@” = 11,88” = I1,D,, (1.108)

where D; is defined in (1.81). Note that, in this case, G(? has only one nonzero
element in each row and column, which means that there is a one-to-one corres-
pondence between the columns of A and B, i.e. there is no recombination of the
columns of these matrices. In Example 1.2, where ¥ = & are given in (1.97)
and G2 is given in (1.98), no interaction between columns of A and B exist.
Similarly, when ® = IT,2 and ©Q = II3¥, we have:

G2 = [,D;, GGY =TL,D,. (1.109)
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Partial uniqueness corollaries: Based on such a concept of equivalence bet-
ween constraint matrices, and from (1.107)-(1.109), we can deduce the following
corollaries for partial uniqueness:

C.1 When Ry = Ry = R < Rz and {¥, ®} is an equivalent set, we have:
e {A B} essentially unique;

C.2 When Ry = R3 = R < Ry and {®,Q} is an equivalent set, we have:
e {B, C} essentially unique;

C.3 When Ry = R3 = R < Ry and {¥,Q} is an equivalent set, we have:

e {A, C} essentially unique.

We can observe that the equivalence between ¥ and ® implies G2 = IT;D; (see
(1.108)). In Corollary C.1 the essential uniqueness of {A, B} comes from the fact
that the two first rank conditions of Theorem 1.5 are satisfied, i.e. rank(G(}?)) =
rank(G?%) = rank(G®Y) = R. The same observation is valid for explaining the
essential uniqueness of the matrix pair {B, C} in C.2 and {A,C} in C.3.

These corollaries show that the essential uniqueness in one or two modes comes
at the expense of a restrictive nonuniqueness in the remaining mode(s). Such a
“uniqueness tradeoff” is inherent to the CONFAC decomposition. For an illustra-
tive purpose, we can apply C.1 to Examples 1.2 and 1.3, for evaluating the partial
uniqueness property in each case. In Example 1.2, A and B are essentially unique
while C is nonunique. In Example 1.3, C is essentially unique while A and B are
partially unique.

1.5 Summary

This chapter has provided some fundamentals of multilinear algebra and tensor
decompositions. In the first part of the chapter, we have provided some basic
concepts related to the algebra of tensors. Some operations involving tensor objects
have been defined. In the second part of this chapter, we have presented several
tensor decompositions that are important to the context of this thesis. These
decompositions have been formulated in both scalar (multi-indexed) and tensor
(outer product or n-mode product) forms. In each case, the factorization of the
tensor in slice and unfolded forms have been defined. The uniqueness property
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of these decompositions has been discussed, and uniqueness conditions have been
presented for these decompositions.

The chapter contains original contributions which are the development of two
new tensor decompositions, namely, the block-constrained PARAFAC and the
CONFAC decompositions. The block-constrained PARAFAC decomposition
mixes some properties of the PARAFAC and Tucker-3 decompositions. At the
same time, it falls within the framework of block term decompositions [50, 51].
We have shown that the CONFAC decomposition is more general than the block-
constrained PARAFAC one, by allowing arbitrary interactions across all the modes
of the decomposed tensor. The partial uniqueness of the CONFAC decomposition
has been studied. A sufficient condition for the essential uniqueness in one or two
modes has been derived.

The two proposed tensor decompositions will be exploited throughout the thesis
in the context of the different applications we will address. For instance, a unified
tensor modeling of the received signal in oversampled, DS-CDMA and OFDM
systems along with blind multiuser detection/equalization will be presented based
on the block-constrained PARAFAC decomposition. This decomposition will also
be exploited for modeling multiple-antenna transmissions with block space-time
spreading and blind detection. Concerning the CONFAC decomposition, we will
show that it is useful for designing finite sets of multiple-antenna CDMA schemes
with canonical precoding, where the allocation of multiple spreading codes and
data streams to transmit antennas is modeled by means of the constraint matrices
of this decomposition.






CHAPTER 2

Tensor Modeling for Wireless
Communication Systems with
Application to Blind Multiuser
Equalization

This chapter presents a new tensor approach for modeling wireless communication
systems with a recetwer antenna array under the assumption of specular multipath
propagation and frequency-selectivity. The proposed tensor model uses a third-
order (3D) block-constrained PARAFAC decomposition with factor interactions.
It aims at unifying the received signal modeling for (i) Temporally-Oversampled,
(i1) Direct-Sequence Code Division Multiple Access (DS-CDMA) and (iii) Ortho-
gonal Frequency Division Multiplezing (OFDM) systems. We show that the model
for each particular system can be derived from the proposed model by making appro-
priate choices in its dimension and/or structure. As an application of the proposed
tensor model to blind multiuser separation/equalization, a new receiver algorithm
is derived, which combines tensor modeling (for multiuser signal separation) with
a subspace method (for user-by-user equalization). Simulation results illustrate the
Bit-Error-Rate (BER) performance of the proposed blind receiver.
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2.1 Introduction and motivation

Most of existing array signal processing approaches rely on matrix (2D arrays)
models for the received signal. In wireless communication systems, array signal
processing is generally used at the receiver to mitigate multiuser (co-channel) in-
terference, inter-symbol interference as well as to benefit from spatial diversity
available in the wireless channel. Usually considered signal processing dimensions
are space and time dimensions. In space-time matrix models, space dimension
usually varies along the rows of the received signal matrix while time dimension
varies along the columns. However, the main limitation of working with a matrix
model for the received signal is its lack of inherent uniqueness. Regarding the blind
recovery of information, blind algorithms generally take special (problem-specific)
structural properties of the transmitted signals into account such as orthogona-
lity, finite-alphabet, constant-modulus or cyclostationarity in order to overcome
the non-uniqueness of matrix decompositions and successfully perform multiuser
signal separation and equalization [114, 141, 150].

Unlike 2D (matrix) models, the use of 3D (tensor) received signal models in array
signal processing problems result from the incorporation of a third “axis”, also
called dimension or mode, in addition to the usually considered space and time di-
mensions. For example, when temporal oversampling is used at the antenna array
receiver, oversampling can be interpreted as the third dimension of the received
signal. In a direct-sequence code division multiple access (DS-CDMA) system,
spreading is the third dimension while in an orthogonal frequency division multi-
plexing (OFDM), frequency plays the role of this additional dimension. From a
signal processing perspective, treating the received signal as a 3D tensor makes
possible to simultaneously exploit the multiple forms of “diversity” inherent to it
for a signal recovery purpose. In [128], the PARAFAC model has first appeared as
a generalization of the ESPRIT method [120] for high-resolution direction finding.
It has also been applied to the problem of multiuser detection for DS-CDMA sys-
tems in several works [131, 130, 47, 48]. In [81], a PARAFAC receiver was also
proposed for blind channel estimation in OFDM systems.

In this chapter, we make use of the block-constrained PARAFAC decomposition for
modeling the received signal in the uplink of some wireless communication systems
subject to frequency-selective multipath fading. The proposed signal model unifies
three systems: i)temporally-oversampled systems, ii) DS-CDMA systems [116],
and iii) OFDM systems [152]. An antenna array is assumed at the base-station
receiver. Each user contributes with a finite number of multipaths to the received
signal. We show that the proposed model is subject to structural constraints
in some of its component matrices, and that the same “general” tensor model is
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shared by the three systems [28, 40]. For each particular system, the corresponding
model can be obtained from the general one by making appropriate choices in the
structure/dimension of its matrix components. For the DS-CDMA system, our
tensor modeling approach generalizes those of [130] and [47], which are limited to
special propagation models with a single path per user. Our modeling assumption
are also more general than that of [133]. Therein, multiple paths per user were
assumed but a frequency-selective channel model was not taken into account.

2.2 Channel and system models

Let us consider a uniform linear array of K half-wavelength spaced omnidirectional
antennas receiving signals from () co-channel users. The propagation channel is
assumed to be time-dispersive and it is considered that multipath delay spread
exceeds the inverse of the coherence bandwidth of the system, i.e. multipath fading
is frequency-selective. The channel impulse response is assumed to span I symbols.
Synchronization at the symbol level among the different user signals is assumed.
The channel impulse response linking the ¢g-th user to the k-th receive antenna has
a finite duration and is assumed to be zero outside the interval [0, (I —1)T'), where
T is the symbol period. The wireless channel is also assumed to be time-invariant
over N symbols. In order to simplify the presentation of the signal model, we omit
the additive white Gaussian noise term from the received signal throughout this
section. The discrete-time baseband representation of the signal received at the
n-th symbol period by the k-th antenna can be expressed as:

Q Q
=" a5 () =D P (i) (n —i+1), (2.1)

q:l q:l =1

where h,(f) (1) is the i-th component of the ¢-th user FIR channel, 5@ (n) is the n-th
symbol transmitted by the ¢-th user.

Let us assume that the signal transmitted by each user is subject to multipath
propagation and arrives at the receiver via L “effective” specular paths'. By “ef-
fective”, we mean that each cluster of scatterers is associated with a dominant
multipath (see Fig. 2.1). Each clustered multipath has a mean angle of arrival.

n this model, we have assumed that all the users have the same number of multipaths in
order to simplify the mathematical notation and the presentation of the model. In section 2.5,
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antenna array

Clust;erL K
Figure 2.1: Schematic representation of the multipath propagation scenario.

We assume that the cluster angle spread around the mean angle of arrival is small
compared to the spatial resolution of the antenna array and will not be considered
in the received signal model. The adopted model is valid in practice, provided
that the receive antenna array, generally located in a base transceiver station, is
sufficiently high so that it is unobstructed and no local scattering occurs. These
assumptions on the propagation scenario are typical for cellular suburban deploy-
ments [60], where the base transceiver station is on a tower or on the roof of a
building. The multipath propagation channel is usually factored in the following
manner [149]:

L
n2) =" 8P O)g (i —1-7Y), i=1,...1, (2.2)
=1

where @(q) is the fading envelope of the [-th path of the ¢g-th user. The term ak(el(q))

is the response of the k-th antenna to the [-th path of the ¢-th user, Ql(q) being

(9)

the associated angle of arrival. Similarly, the term 7, is the propagation delay

(normalized by the symbol period T') and the term ¢(@ (i — 1 — Tl(q)) represents the
i-th component of the pulse-shaping filter response. In matrix form, (2.2) can be

written as:

L
HO =3 570" (1), (2.3)
=1

we will consider a more general model where users may have different number of multipaths.
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where

T
a(Q)(Ql(q)) _ [agq)(gl(q)) L (Q)(Q(Q))}
_ [1 e—jﬂsin9§q> e—]ﬂ'(K 1) blnG(q ] € (CK (24)
and
g(q) (Tl(q)) _ [g(q)(_TI(Q)) .. -g(Q)(I 1 Tl(q))}T cR!

as the vector antenna array responses and pulse-shape filter responses, respectively.
Defining:

[ afl) ] [ Qﬁlz) ]
h([{) - [H(q)]ki’ NG q)(g(q ) al(cql) 7 gl(q) - g(q) (Tl(q)> _ g(%) :
a%)l J L 9?,11) 4

we can rewrite (2.2) in a simpler form as:

Zﬁ a“klgzl (2.5)

In order to write (2.3) in terms of matrix products, let us define:

A — [agq) N _a(q)] c CkxL (2.6)
B = dlag(ﬁ ﬁL ) € CrkE (2.7)
G(q) _ [ggfﬂ gé)} RLXI (28)

as matrices concatenating I antenna array responses, multipath gains and pulse
shape responses, respectively. Eliminating the summation in (2.3), we get:

B g’
H@ = [ aﬁ‘” ag]) ] : = AWBWGW (29
3y g

Using these definitions, the received signal vector x(n) = [z1(n) - - zx(n)]T € CK
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can be factored as:

Q
x(n) =Y HWs@(n), (2.10)
where
s{W(n) = [s(q)(n) s — T4 1)]T e, (2.11)

is the g-th user symbol vector. Collecting the received signal samples during N
symbol periods, yields [149]:

Q
X = [x(1)---x(N)] = > HWSOT, (2.12)
q=1
where
s@7T(1)
S@ = : e CV*, (2.13)
s@T(N)

is a symbol matrix having a Toeplitz structure with (n,i)-th element defined as:

= 5@ — i+ 1).

n,i

Now, let us concatenate the () user contributions in the following block-matrices:

A — [A(l) . ..A(Q)] e CKxQL

B = blockdiag(B"") - - - B(®)) ¢ COL*QF
G = blockdiag(GW - .. G(@) ¢ ROL*C!
S =[SW...8@] ¢ cN*Ql

the received signal matrix (2.12) can be rewritten in a more compact form:
X = AHS”, where H = BG. (2.18)

Model (2.18) is the reference model for the development of the block-constrained
PARAFAC model for oversampled, DS-CDMA and OFDM systems.
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2.3 Tensor signal models

In this section, we rewrite the received signal of each of the three considered com-
munication systems using a tensor modeling approach [28, 46, 40]. The matrices
A and S in (2.18) model the space and time dimensions of the 2D (matrix-based)
received signal. As will be shown, when the tensor model is introduced, the matrix
H in (2.18) will depend on the third dimension of the 3D received signal tensor.
The third dimension can be either an oversampling, a spreading or a frequency
dimension. In the following, the tensor notation is introduced for modeling the
received signal.

2.3.1 Model 1: Oversampled system

Typical wireless communication signals use some excess bandwidth, i.e., the Ny-
quist rate is larger but still close to the symbol rate. Some additional information
can be extracted from the received signal by means of temporal oversampling. We
assume an oversampling factor of P, which means that the signal at each receive
antenna is sampled at 7'/ P-spaced intervals. Consequently, each transmitted infor-
mation symbol gives rise to P received over-samples. Temporal oversampling is ap-
plied at each receive antenna after the conversion of the received signal to the base-
band format. The joint use of multiple receive antennas and oversampling has been
studied in several works for blind channel identification/equalization, multiuser si-
gnal separation and multipath parameter estimation [101, 141, 150, 149, 151, 154].

Due to temporal oversampling at the receiver, the temporal resolution of the pulse-
shaping filter response is increased by a factor P, which then increases the temporal
resolution of the received signal by the same factor. We show that the use of
oversampling can be interpreted as an incorporation of a third dimension to the
received signal [29)].

Defining the oversampled versions of the received signal and pulse shape response
as:

Lk,n,p = xk(n + (p - 1)/P)> 9lip = 9(2 -1+ (p — 1>/P - qu)a

we can rewrite the received signal (2.1) and the multipath channel (2.5) as:

Lknp = ZZ l(gz),p nz (219)

qg=1 =1



2.3 TENSOR SIGNAL MODELS 71

and

k,z,p Zﬂl ak:lglzp’ (2.20)

Let us define the overall channel impulse response (or, simply, channel response)
as:

hz ip = (Q) gl(z?p
Substituting (2.20) into (2.19), we obtain:
Q
Lhnp = ZZZ a (f l,z,p nz (221>
qg=1 =1 i=1

The received signal xy,,, (k-th receive antena, n-th symbol, p-th oversample) can
be interpreted as an element of a third-order tensor X € CK*¥*F  The channel
response Ny ; , is also an element of a third-order tensor H € C*/*” The received

signal model (2.21) expresses the received signal tensor in the form of summations

of products involving three factors aggql), sg{g, and El(’qi?p, associated with the space,

time and oversampling dimensions of the received signal, respectively.
We define the [-th slice of the channel tensor as:
hlq)T
H=| : |ec” (2.22)
By
where HZ(Z-) = [Ez(,qz‘?ﬁl(j‘g x El(z) p|T € RY collects the P oversamples associated with

the i-th component of the ([, ¢)-th channel response. A matrix concatenating the
L channel response vectors is defined as:

ﬁ(q) _ [H(q)T H(Q) ] CPxLI (2‘23)

By comparing (2.21) with (1.48), we deduce the following correspondences:

(Ib]%]37qu)aqu)7A(q)7B(q)7C(q)) - <K7 N7 P, L7 ]7A(q)7s(q)7ﬁ(q))7 (224>

By analogy with (1.51) and (1.54), and taking the above correspondences into
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CKXN

account, we can express the p-th slice X., € as:
J (9)
w4
X, = ZA(Q)\I;(Q)DP(H )(S@W&@NT
q=1
= AVYD,(H)(S®)” (2.25)

where ¥@ =1, ® 1T @ = 1T ® Iy, and

v = blockdiag(\Il(l) e \II(Q)) =Ip® (I, ®17),
® = blockdiag(®V .- @) =1y ® (17 o 1)

are constraint matrices that depend on the number @) of users, on the number
L of multipaths, and on the length I of the channel impulse response. The re-
ceived signal follows a block-constrained PARAFAC model, the number of blocks
corresponding to the number of users.

2.3.2 Model 2: DS-CDMA system

The DS-CDMA system enables multiple access by means of spread spectrum mo-
dulation [116]. In a classical DS-CDMA system, the transmitted symbol sequence
is spread across the spectrum at a higher rate. The spreading operation consists
in multiplying the narrowband signal to be transmitted by a spreading sequence,
or code (see Fig. 2.2). In a DS-CDMA system, the users share the same frequency
band and time slot to communicate, and each user is identified by a unique sprea-
ding code. At the receiver, the recovery of users’ signals uses the same spreading
code as the one used for spreading at the transmitter to perform correlation detec-
tion (also known as despreading) [116, 140]. Let us define ¢(?(¢) as the spreading
sequence associated with the ¢-th user. The spreading sequences are symbol-
periodic, i.e. their period is equal to the duration of one symbol, and are given

by:

D (t gt —(j - DT, (2.26)

M“

j=1

where c ) e {+1,—1}, 5 =1,...,J is the spreading code, g(t) is the pulse shaping
filter, T is the chip period sat1sfying T.=T/J, and J is the spreading factor (i.e.
the ratio between chip- and symbol- rates).

Including the multipath propagation model of Section 77, the spreading code is
replaced by the effective signature code, given by the convolution of the spreading
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Figure 2.2: Simplified transmitter diagram of a DS-CDMA system.

code with the channel impulse response sampled at the chip-rate. Similarly to the
oversampled system, we can define the Chlp rate versions of the received 81gnal and
the channel impulse response as . ; = zx(n + (j — 1)/J) and hy,;; = Bl

Define also: J
(@ _ 7(a) (2)
Wig = Z Mjig—j €y

j'=1

lz,]

as the convolution of the spreading codes with the channel response. With these
definitions, the received signal model for oversampled and DS-CDMA systems
are essentially the same, the only difference is that the spreading factor J plays
the role of the oversampling factor P. Thus, the scalar component (k-th receive
antenna, n-th symbol, j-th chip) of the distrete-time baseband received signal can
be written in tensor notation as:

Lhn,j = Z Z Z at{ l,'L,j nz (227)

g=1 [=1 i=1

Note that (2.27) is equivalent to (2.21), where ul(” plays the role of h“p and

J — P. Therefore, the slice factorization of X.; € C**¥ follows (2.25) and is
given by:

X, = ZA q))(s(q (I)(q)

= A\Ile(U)(S‘I)) (2.28)
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where U@ is defined as:

U@ = cOmE? ¢ ¢/, (2.29)

C@ e C’*/ being a Toeplitz matrix with first row and column defined as C{? =

(70 .- 0] and C¥ = [49 (P ... (97 respectively, and 7’ being analogous to
that defined in (2.23), where J replaces P.

2.3.3 Model 3: OFDM system

OFDM is a special form of multicarrier modulation, where a single data stream
is transmitted over a number of lower rate orthogonal subcarriers. One of the
main reasons to use OFDM is to increase the robustness against frequency selec-
tive fading and narrowband interference. This characteristic is very attractive,
especially for high-speed data transmission [152]. A simplified block-diagram of a
multicarrier OFDM system is depicted in Fig. 2.3 focusing on the ¢-th user and
considering a single-antenna system. In an OFDM system, the symbol sequence

OFDM

) signal @)
Sna—> > X1

(9) (9)
52 ey _cP FIR o CcP » FFT Xhn2

. 7| insertion channel ” removal P .

@ y @

g”, xk nF

Figure 2.3: Simplified block-diagram of an OFDM system.

to be transmitted is organized into blocks of F' symbols (serial-to-parallel conver-
sion), where F'is the number of subcarriers. Multicarrier modulation consists in
linearly combining the F' symbols using Inverse Fast Fourier Transform (IFFT).

Let us define s\, as the f-th symbol of the n-th OFDM block associated with the

n,f

g-th user. The éignal at the output of the IFFT block is given by:
T
(9 _ (@) jj2m(i-1)(f-1)/F _ _
Z) e = ——= 8, :€ , n=1,...,N, =1,...,F, 2.30

where N denotes the number of transmitted OFDM blocks. After the IFFT, a
guard period in the form of a cyclic prefix (CP) is inserted to each OFDM block.
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The CP is used to avoid intercarrier interference, i.e. the interference between
adjacent OFDM blocks [152]. We also assume that band-limited pulse shaping is
employed at each frequency tone, and the spacing between the frequency-domain
pulses is assumed to be sufficient so that they will not overlap each other. At
the receiver, inverse processing is done, i.e. the CP is removed and the resulting
OFDM block is linearly combined by means of Fast Fourier Transform (FFT).
Defining:

1 1 1
1 1 ’Yl ,YF—I
r=—|. . . : , (2.31)
1 APl .. A FDE-D

as the FFT matrix, where v = e 7%7/F the signal at the output of the IFFT block
can be expressed by the following input-output relation:

7@ =T ¢ CF, (2.32)
where
) S
2@=1 : |, s@W=1| : |. (2.33)
or s\

We assume that the length of the CP is equal to the memory I — 1 of the channel
impulse response. The CP insertion consists in copying the last I — 1 samples of
vector z to the beginning of it. Therefore, the augmented OFDM symbol block
to be transmitted after the insertion of the CP is composed of F' 4+ I samples.
The transmitted signal of each user undergo frequency-selective propagation. Let
{h,(ﬂ, e h,(gq}} represent the length-I Finite Impulse Response (FIR) channel bet-
ween the ¢-th user and the k-th receive antenna. At the receiver, the baseband
signal at each receive antenna is then serial-to-parallel converted into blocks of
F + I samples. Then, the CP is removed from each block and the FFT is applied,

yielding the following input-output relation [152]:
Q
X = »_ D). (2.34)
q=1

where D{¥ = diag(d,(ﬂ = d,(ﬂql)p) and d,(g} is the frequency-domain channel at the
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f-th subcarrier, given by:
I
) = Z hi2)er2m =D/, (2.35)

In scalar form, (2.34) can be written as:

Q
Thg = D dilys,). (2.36)
=1

Using the multipath propagation model (2.5), the channel response (2.35) can be
rewritten as:

L I
) = S AT S
=1 \z:l
9l

= Zﬁ akl (2.37)

Finally, substituting (2.37) into (2.36) and defining )\fl = Z(Q)gfl, yields:
Q L
Pins =3 DAy (2.38)
q=1 I=1

Tk, f i & scalar component (k-th receive antenna, n-th symbol, f-th subcarrier) of
the received signal tensor X € CE*N*F the third-dimension of which corresponds
to the number of subcarriers.

In order to allow for a direct comparison of (2.38) with (2.21) and (2.27), we rewrite
(2.38) in the following equivalent manner:

Thon f = Z Z Z a,(g /\l(ﬂjsm, where /\l(?i?f = )‘ng)@‘f- (2.39)

As it has been done for the two previous communication systems, we are interested
in representing the received signal tensor in slice notation. A matrix collecting the
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F scalar channels associated with the [-th multipath is defined as:
A9 = diag(AY) - A) e €T
Now, let us concatenate the L multipath contributions into the following matrix:
A — [AF%) . A(qL)] c CF*LF
A symbol matrix collecting N OFDM symbols is defined as:
qu)T

S(Q) — : c CNXF

S0

Taking these definitions into account, and comparing (2.39) with (1.48), we deduce
the following correspondences:

(I, I, I, R, R AW B@W C@) - (K,N,F, L, F,A® 8@ A@)  (2.40)

By analogy with (1.51) and taking these correspondences into account, we obtain
the following writing for the f-th slice X..; € CK*N of X € CK*NxF,

Q
X.; = ZA(q)\I;(q)Df(A(Q))(S(q)cp(q))T
q=1

= AWUD;(A)(S®)". (2.41)

Remark: The received signal models (2.25), (2.28) and (2.41) are similar, and all
of them follow the block-constrained PARAFAC decomposition defined in (1.51).
The main differences are in the structure and /or in dimension of certain component
matrices. The general tensor formulation is identical. Such a similarity is our main
motivation to formalize a unique tensor model that unifies the received signal
model of the three systems. This is done in the following section.

2.4 Unified tensor model

In this section we formalize the unified tensor model for the oversampled, DS-
CDMA and OFDM systems [40]. The proposed model brings together the received
signal modeling for these systems in a single model using a unique mathematical



78 CHAPTER 2. TENSOR MODELING FOR WIRELESS COMMUNICATION SYSTEMS

notation. The proposal of a unique model is based on the observation that the
received signal in each system can be formulated as third-order tensors following
fundamentally the same tensor model.

First note that the tensor models of the three systems are quite similar. The basic
difference is in the definition of the term associated with the third-dimension of

the received signal tensor, which is El(z-’p for oversampled case, ul(?j for the DS-

CDMA case and A§3{f for the OFDM case (see (2.21), (2.27) and (2.39)). Another

difference is in the structure of the component matrix S(@, which is not Toeplitz
in the OFDM model.

In order to link the unified tensor model to (1.48), let us define I3 as the length
of the third dimension of the received signal tensor. For the oversampled system
(I3, Re) = (P, I), for the DS-CDMA system (I3, Ry) = (J,I) and for the OFDM
system (I3, Ry) = (F,F). The other parameters, which are common for all the
systems are Iy = K, I, = N, Ry = L. In its general form, the tensor modeling of
the three systems can be unified in the following expression:

X.i; = A¥D,;,(W)(S®)”, (2.42)
where
U=I,® (I, ®1%) € CORR @ -1, (17 @ 1s,) € COHRxQR2_ (2 43)

and W is either H (c.f. (2.25)), or U (c.f. ((2.28)) or A (c.f. (2.41)), depending
on the considered system.

Concatenating I3 slices X..;,, 15 = 1,..., I3, we get:
X; = (WoAW)(S®)”. (2.44)
Comparing (2.44) with (1.55) we deduce the following correspondences:
A—-A B-—-S C-—-W.

The link of the block-constrained PARAFAC model to each considered system is
provided in Table 2.1 for comparison.

In order to study the identifiability of the unified tensor model (2.44), we make use
of the necessary uniqueness condition of the block-constrained PARAFAC model
presented in (1.75).

Theorem 2.1 (identifiability condition) For full-rank A, S and W, a necessary



2.5 GENERALIZATION USING TUCKER-3 MODELING 79

Table 2.1: Unified tensor model for the three wireless communication systems

Oversampled DS-CDMA OFDM

(I3) oversampling(P) spreading(.J) frequency(F)

(R2) delay(7) delay(I) frequency(F)

W H=-H",... Y| u=[u0,. . U@ |A=[AD,. . A@)
dimensions P x QLI J X QLI FxQLF
structure no structure no structure diagonal blocks
Matix S | S=[8U,...,8@] | S=[S™,....S@] | §=[S1,...,S7]
dimensions N x QI N x QI N x QF
structure block-Toeplitz block-Toeplitz no structure

condition for the identifiability in the general case is given by the three following
inequalities:
I3K > QRy, KN >QRyL, NI3> QL. (2.45)

From (2.45), the following corollaries can be obtained:

1. For N > QL and K > @R, I3 > 1 oversamples/chips per sym-
bol/subcarriers are necessary for identifiability;

2. For N > QL and I3 > QQR;, K = R, receive antennas are necessary for
identifiability;

3. For I3 > QL and K > QQR,, N = L received samples are necessary for
identifiability.

2.5 Generalization using Tucker-3 modeling

In the previous section, we have modeled the received signal of oversampled, DS-
CDMA and OFDM systems using a block-constrained PARAFAC model, by consi-
dering that all the users have the same number of multipaths. We have also worked
under the assumption of frequency-selective channel with specular multipath pro-
pagation. In this section, we provide a more general tensor formulation of the
received signal, by assuming that the number of multipaths associated with each
user can be different. Moreover, two practical multipath propagation scenarii are
considered: i) far-field reflections without angular spread and ii) local scattering
with small delay spread. For these scenarii, we present block-constrained Tucker-3
models, where the Tucker-3 core tensor is parameterized by the two constraint
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matrices used in the block-PARAFAC model of the previous section [38]. The
Tucker-3 core captures the spatial and temporal structure of the wireless channel.

Let us assume that the g-th user reaches the receiver via L@ propagation paths.
Recall the unified tensor model (2.44), which is rewritten here as a function of the
g-th user contribution:

ng) _ (A(q)\I;(q) o S(Q)Q)(Q))W(Q)T’ (2.46)
where
AW =[a?...al) ] e CcrxE, (2.47)
L(9paths

concatenates the L@ array responses for the ¢-th user,

D=1, @15, 9 =17 &I, (2.48)
and
W@ — [qu) . 'W(ngq)] c (CI;;XRQL(‘I)’
—_———
L(@paths
where Wl(gl)) collects R, channel responses of the {(9-th multipath. Note also that

(Ry, I3) = (I, P) or (1,.J) or (F, F), where W@ is either H@ for the oversampled
system, or U@ for the DS-CDMA system, or A for the OFDM system.

Using property (1.57), we can rewrite (2.46) as:
ng) — (A(q) ® S(Q))Géq)W(q)T,

where
G = 0@ 6 . (2.49)

Substituting (2.48) into (2.49), we get:

Ggq) = (IL(q) ® 1%2) < (1};((1) ® IRz) = (IL(‘?) ® IRQ) = IR2L<‘1)’ (250)

which allows us to rewrite the overall received signal (summed over all the users)
in the following form:

Q Q
Xy =Y X =3 (AW @S@W)WWT ¢ CKN, (2.51)
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or equivalently,

wLT
X, — A(1)®S(1)...A(Q)®S(Q)] : = (A|2|S)WT (2.52)
w@T

where A € CK*L S € CVN*2Q and W € CB*F2L are block matrices (their matrix
blocks can have different number of columns in this case), and

T = Z L@
q=1

In a similar way, by taking property (1.57) into account, we can obtain two other
equivalent Tucker-3 matrix representations Xz € C3V*E and X, € CKB>*N:

X; = (S|®|W)G;AT, X; = (W|®|A)G;S".

Model (2.52) can be viewed as a constrained Tucker-3 decomposition [148, 144]
with Tucker-3 core matrices given by:

G, = blockdiag(G{" - G\¥) =T, (2.53)
Gy, = blockdiag(G" .- - GY) e CK'E¥E (2.54)
G; = blockdiag(G{"---G{?) e CKIxKQ (2.55)

where

T — (L<q))2,

Mo

1

Q
Il

G\ =1, ), while GY? and G{? are factored in terms of ¥@ and ®@ as follows:

Gy = (B ol)BWT e CHEIXLY, (2.56)
GY = (IgpwoW@)@WT ¢ CHEW <K, (2.57)

It is worth mentioning that the Tucker-3 model (2.52) can be viewed as a special
case of the block-Tucker-3 model of [50, 109], where the Tucker-3 core has 1’s and
0’s elements.
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2.5.1 Case 1: Far-field reflections without angular spread

In some practical propagation scenarii, multipath reflections occur in remote ob-
jects that are located in the far-field of the receive antenna array. We assume
that most energy is concentrated in a single spatially resolvable path in the di-
rection of the transmitter [149]. In [130] and [47], two different tensor modeling
approaches for the received signal were proposed under the assumption of far-field
reflection without angular spread. Here, we also work with this assumption and
show that a constrained Tucker-3 formulation is also possible. Let us assume that
the L@ reflections relative to the ¢-th user are located in the far-field of the an-
tenna array, so that the L@ spatial signatures can be considered identical, i.e.,
agq) == a(Lq()q) =al9  ¢=1,...,Q. Consequently, the array response matrix
A defined in (2.14) is now constituted of ) blocks of L@ identical columns each,
and can be explicited as:

with A = [a®), ... a@] and

Y= . (2.59)
1%(@)
Substituting (2.58) into (2.52) and (2.53) yields:
X, = (AY|®|S) W',
X3 = (S|®|W)Gy(AY)", (2.60)
X; = (W|®|AY)G;S".

Let us consider the following property of the block-wise Kronecker product:

Property 2.1 : For arbitrary block-matrices A, B, C and D composed of @)
blocks, with C and D block-diagonal matrices with compatible dimensions, we
have:

AC|®|BD = (A || B)diag(CY @ DY, ..., C@ @ D), (2.61)
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Using this property in each of the three unfolded representations (2.60), we get
the following equivalent constrained Tucker-3 representations:

X, = (Ale[S)GiW", Xy =(S|9|W)GA', Xi = (W[e|A)Gs',
(2.62)
where G = diag (Gﬁ”, e ,Ei@), Gy = GyYT and G3 = diag(ﬁél), e ,@éQ))
are the associated constrained core matrices, with qu) = 1:Lp(q) ® Ik and Géq) =
(IKL(Q) %) 1€(q))Ggq)-

2.5.2 Case 2: Local scattering with small delay spread

Now, consider that all scattering objects are local to the receive antenna array so
that the relative propagation delays are much smaller than the symbol period, i.e.
maz (1) << T, q=1,...,Q. It is assumed that multipath delays are different.
This is also known as the incoherent multipath assumption with small delay spread,
which was addressed in [133] using tensor modeling. Since temporal dispersion at
the symbol-level is no longer present (R, = 1), we can drop the dependence of
both the pulse-shape matrix and symbol matrix on the index ry. These matrices
can be rewritten as:

_ . ) _
W= [ wiewl wl @ wl?) [ e ot (2.63)
L<1)\[;aths L(Q)\;aths

and S = [sM)...s(@] € CV*9, where sl = (sl ... )T ¢ CN. Substituting
W and S into (2.52) we can rewrite the resulting model as:

X, — [Au)@S(l)...A(Q)®S(Q>}WT:(A|®|§) G, W,

X; = (S|®|W)GsAT, X, = (W|2|A)G,S . (2.64)

Using (2.48), we have:
v =1, ®9=17,,

and (2.49), (2.56) and (2.57) are reduced to:
Géq’ =T, woll, =1,

GEQ.Q) - lf(Q) © IL(Q) - IL((J); Ggq) = (IL(q) © IL(q))lL(q)'
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Using (2.43), (2.49), (2.56)-(2.57) with Ry = 1, we get the following constraint
matrices: W@ = I;(» and @) — 1:Lr(q>, which gives G; = G2 = I and

G;s = dz’ag(Gél) e Gé@) with Ggq) = (Inw ©I.@)l@. Table 2.2 summarizes
the constrained Tucker-3 models presented in this paper for each scenario.

Table 2.2: Unification of constrained Tucker-3 models for blind beamforming

Factor matrices : {A,S,W} , Core matrices : {G1, Gz, G3}

Unfolded matrices of the received signal:

X, = (A]8]S)GiWT,  Xp=(S|s|W)GoA'.  Xs=(W|e|A)GasT

General case Case 1: no angular spread | Case 2: small delay spread
A=A=[AD A@] A =10 . a@)] A=A=[AD .  A@]
A@ g CMxL a@ e CM A@ g CMxL
S=[sM,.. ., s@] S=[sM, ..., s@] S =[sM, ... s@]
S@) ¢ CNxFz S(@) e CNxF: s e cN
w=[wlh . W] w=[woh . W@ w=[wbh . W]
W@ ¢ (CPszL(q) W@ ¢ CPXR2L<‘7> W@ ¢ CPxL@
G, = diag(GV,...G\Y), i=1,23
G =G\” Gl = 17, ®Ix, G =1,
agq) _ G_g]) agq) _ Ggq)]-L(q) E§Q) — IL(q)
G _ g@ G _ (1 17 g G _ I 1
3 = 3 3 = ( RoL(@) @ L(q)) 3 3 = I olpw)liw

with G\, G and GI? given in (2.50), (2.56) and (2.57).

2.6 Application to blind multiuser equalization

The blind multiuser equalization problem consists in recovering the information
sequence from several users under the assumption of frequency-selective fading.
We propose a deterministic tensor-based blind multiuser receiver performing user
separation and equalization iteratively [26, 40]. We consider the oversampled sys-
tem. The receiver makes use of the block-constrained PARAFAC model. Multiuser
signal separation is carried out in the 3D tensor space, exploiting space, time and
oversampling dimensions of the received signal. Our tensor-based receiver does not
require the use of training sequences, nor the knowledge of the channel impulse
responses and antenna array responses. Moreover, it does not rely on statistical
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independence between the transmitted signals. The number @ of users is, however,
assumed to be known at the receiver.

The Alternating Least Squares (ALS) algorithm [73] is used for this purpose. Equa-
lization is done in the 2D matrix space, where the Toeplitz structure of the symbol
matrix as well as the Finite-Alphabet (FA) property of the transmitted symbols
are exploited to estimate the transmitted symbols via a subspace method. The key
aspect of the proposed algorithm is that multiuser signal separation (PARAFAC
stage) and equalization (Subspace+FA stage) is done in an iterative way. The goal
of the PARAFAC stage is to estimate three component matrices from which the
PARAFAC model parameters can be determined. In turn, the goal of the sub-
space+FA stage is to solve the transformation ambiguity problem that is inherent
to the proposed model as well as to estimate the transmitted symbols in the 2D
space, exploiting the FA property. The FA-projected symbols are in turn used as
an input to the PARAFAC stage to refine the multiuser signal separation in the
3D space. In the following, we describe the proposed algorithm.

2.6.1 Iterative PARAFAC-Subspace receiver

For the received signal tensor X' (K x N x P), multiuser signal separation is carried
out in the 3D tensor space using the ALS algorithm, which consists in estimating
in an alternating way three matrices Z; € CV*!1Q Z, ¢ CK*LQ and Z3 ¢ CP*IEQ
from the matrix representations X;—; 23 of the received signal tensor (see Sec.
1.2.3). The multiuser signal separation problem is formulated as a set of three
independent nonlinear least squares problems:

Z, = argmin||X; — (Z3 0 Z,P)(Zy®)"||7,
Zs

Z3 = argmin ||X2 — (Zl\I’ < ZQ@)(Z3)T||%‘7 (265)

Z3
Z, = argmin|X; — (Zo® 0 Z3)(Z,P)" |7
7

Thus, one iteration of the multiuser signal separation stage has three steps. At
each step one component matrix is updated while the others are fixed to the values
obtained at the previous steps. By analogy with (2.44), we have Z; — A, Zy — S
and Z3 — W. Uniqueness of A and W is not important in the present context
since we are interested in recovering the user symbol sequences (which is the final
goal in the blind multiuser equalization problem) that should be extracted from
S. We have:
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Table 2.3: Pseudo-code for the iterative PARAFAC-Subspace algorithm
i = 0; Initialize Z,(0) and Z3(0)

l.i=1+1;

2. Update ZZ (i) = [(23(1’ 1) o Zu(i— 1)\11) @T]Txl;
3. Subspace+FA stage (go to table 2.4);

4. Form Zo(i) = [ng(i),...,z;@(i)];

~ ~ ~ T

5. Update ZI (i) = [zl(i )P ZQ(z)cb} X
~ ~ ~ T

6. Update Z7 (i) = [(Zg(i)tbozg(i)) \IIT} X

7. Go to step 1 until convergence.

where T@ € C'*! ¢ = 1,...,Q are non-singular (ambiguity) matrices to be
determined. The determination of T@ and S@ can be viewed as an equivalent
single-input multiple-output (SIMO) blind channel identification problem, where
T@, ¢g=1,...,Q play the role of virtual length-I SIMO channels with I outputs.

The subspace+FA stage of the proposed receiver aims at determining TW, ¢ =
1,...,Q, by the following steps. Matrices T ... T(@ are determined at each
ALS iteration, via a subspace method. We use the subspace method originally pro-
posed by Moulines et al. in [101]. For reasons of space, we report the interested
reader to the original work for further details. After determining ’T‘(Q), the associa-
ted symbol matrix S@ can be estimated (up to permutation) by pseudo-inversion.
An estimation of user symbol sequences 5@ ¢ CV is obtained by properly avera-
ging over the columns of S@ followed by a FA-projection. We assume that the
first symbol of each user sequence is known and equal to 1. This allows us to
eliminate scaling ambiguity by normalizing each estimated symbol sequence $(@ (4)
by its first element. An updated (post-equalized) version of Z, is then formed and
used as an input to the PARAFAC stage to refine user signal separation in the 3D
space. At the end of the algorithm, the permutation ambiguity is resolved using a
greedy least squares (SS9, S(@)-column matching algorithm [131].

Tables 2.3 and 2.4 summarize the proposed iterative PARAFAC-Subspace algo-
rithm. Table 2.3 describes the steps of the proposed algorithm, with emphasis on
the ALS algorithm, while in Table 2.4 the steps associated with the subspace+FA
stage are detailed. The operator proj ( ) projects each entry of its vector argument
to the closest point of the finite symbol-alphabet. At the end of the i-th iteration,
an overall error measurement between the estimated model and the received signal
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Table 2.4: Pseudo-code for the subspace + FA projection stage
for g =1 to Q,

~ Partition Zs(i) = [zgﬂ@, 7R

~ Determine T@(4) from Z{” (i) (subspace method);
- 80(0) = ZP @[T

— 89 (i) =Average over the columns of S (i);

A~

B qu) (i) = Toeplitz (g(q) (7/))’
end ¢

tensor can be obtained from the following equation:

e — Hxl — (Zali) 0 (1)) (Z(i)@)T (2.66)

F

We declare convergence at the i-th iteration when |e; — e; ;| < 1077.

2.6.2 Simulation results

In this section, the performance of the proposed tensor-based blind multiuser recei-
ver is evaluated through computer simulations. Each obtained result is an average
over R = 1000 independent Monte Carlo runs. For each run, multipath fading
gains are generated from an i.i.d. Rayleigh generator while the user symbols are
generated from an i.i.d. distribution and are modulated using binary-phase shift
keying (BPSK). Perfect synchronization is assumed at the receiver. In all cases, a
block of N = 100 received samples is used in the blind estimation process. The
channel impulse response follows a raised cosine pulse shape with roll-off factor
0.35. We consider I = 2 channel taps, () = 2 users and a fixed oversampling factor
P = 8. At the beginning of the algorithm 250) and 2&0) are randomly initialized.
More sophisticated initialization strategies exist, which are based on Tucker-3 com-
pression [131] or on eigenanalysis [130], but they are beyond the scope of this thesis.
We have observed however that convergence of the estimates is rapidly achieved
(within 10 ALS iterations in most of cases), and this is attributed to the use of
the FA property within the ALS loops.
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BER calculation

We adopt the following criterion for the Bit-Error-Rate (BER) calculation. 1%
of the total number of runs are discarded, corresponding to inevitable bad runs
that reach a local minimum. The criterion for selecting the bad runs is based on
the observation of the steady state estimation error, i.e., the error between the
received tensor and the tensor reconstructed from estimated components matrices
after convergence. The runs with the highest error values are discarded from
the BER averaging process. For the bit-error-rate (BER) versus signal-to-noise
ratio (SNR) results, the BER shown is the BER averaged over both users and R
independent runs, i.e.:

R
1 < BERy(r) + BERy(r)
BER = —
R=f2 ) >

r=1

where BER; (r) and BERy(r) are the BER of the first and second users at the r-th
run, respectively.

Propagation scenarii

We adopt the multipath propagation model described in Section 2.2 and consider
L = 2 effective multipaths per user, each path being associated with a different
cluster of scatterers. Cluster angle spreads are the same for both users and are
given by (Afy,, Aby,) = (0°,5°), ¢ = 1,2. Concerning the mean angle of arrival, we
consider two propagation scenarii. In the first one, we have (611,62) = (0°,20°)
for the first user and (612,62) = (—10°,10°) for the second one. The second
propagation scenario is more challenging. The mean angle of arrival of the first
(zero-delayed) path of both users is identical, and we have 61; = 615 = 0°, while the
other multipaths have the same angles as those of the first scenario. All multipaths
have the same average power E[3,8; ] =1,1=1,...,L,q=1,...,Q.

Performance results

We begin by evaluating the convergence of the proposed PARAFAC-Subspace
algorithm. Figure 2.4 shows typical convergence curves, considering the first pro-
pagation scenario. The median values of the normalized error e?/(M PN), where
e; is given in (2.66), are plotted as a function of the iterations for various SNR
values. It can be seen from Fig. 2.4 that the algorithm rapidly converges, usually



2.6 APPLICATION TO BLIND MULTIUSER EQUALIZATION 89

K=2, P=8, N=100
=2, L=2

Normalized estimation error

|
w

[EY
o
T

10_4 I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Number of Iterations

Figure 2.4: Convergence of the PARAFAC-Subspace receiver.
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Figure 2.5: Convergence of ALS+Subspace+FA and standard ALS as a func-
tion of the SNR.
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within 10 iterations. We have observed that convergence is actually accelerated
due to the use of FA property within the ALS loops.

In Fig. 2.5, we compare the proposed algorithm with the standard ALS algorithm
in terms of convergence speed. We plot the number of iterations for convergence
as a function of the SNR. We consider two propagation scenarii, the first one
with delay spread (I = 2) and the second one without delay spread (I = 1). We
can observe that the proposed algorithm converges with fewer iterations than the
standard ALS algorithm. In particular, note that the convergence of the standard
ALS algorithm is more sensitive to the delay spread, in contrast to the proposed
algorithm. The difference on the required number of iterations between both
algorithms is more pronounced for low to medium SNR values.

The BER versus SNR results are evaluated considering the first scenario, where
the users have distinct spatial signatures. In order to verify the influence of the
multipath delay spread, we consider two cases. In the first one (714, 724) = (0,7) =
(0,7"), while in the second one (714, 72,) = (0,7) = (0,0.25T), ¢ = 1,2. The
results are shown in Figure 2.6, for K = 2 and 4 receive antennas. It can be
seen that the BER performance of the proposed receiver is remarkable, even with
K = 2 receive antennas only. A significant performance gain is observed when the
number of receive antennas is increased from 2 to 4, since more degrees of freedom
are available in the space domain to separate the two user signals. Improved
performance is obtained when 7 = T', i.e., when the delay of the second multipath
(for both users) coincides with one symbol period. Multipath combination is more
effective when 7 = T, since the multipaths are better distinguished in the time
domain. Moreover, when 7 = 0.257", some multipath energy is spread beyond
I = 2 symbol periods and this is ignored in our tensor model.

We now consider the second propagation scenario, where the first path of both
users have identical directions of arrival. We want to illustrate that in this type
of scenario, path diversity becomes important and frequency-selectivity indeed
helps the separability of the user signals in the time domain. In order to evaluate
this, the average power of the second (one-symbol delayed) path of each user is
varied. We define  as the average ratio between the gain of the second and first
multipaths, which are assumed equal for both users. We consider § = 0.1,0.25,0.5
and 1. According to Figure 2.7, improved performance is obtained when the first
and second paths have the same average power, i.e., 6 = 1. In this case, the
path diversity gain is maximum. The worst result is obtained with § = 0.1 (nearly
flat-fading channel). These results indicate that the proposed PARAFAC-Subspace
receiver effectively combines the multipaths of each user to provide a path diversity
gain, being able to blindly separate the two user signals.
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Figure 2.6: BER versus SNR results. First propagation scenario.
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Figure 2.7: BER versus SNR results. Second propagation scenario.
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Figure 2.8: Blind PARAFAC-Subspace receiver versus MMSE receiver with
perfect channel knowledge.

In order to provide a performance reference for the proposed PARAFAC-Subspace
receiver, we also evaluate the performance of the Minimum Mean Square Error
(MMSE) receiver. In contrast to our blind iterative PARAFAC-Subspace receiver,
the MMSE one assumes perfect knowledge of all channel parameters as well as
the knowledge of the SNR. We consider K = 2 and 4 receive antennas. Figure
2.8 shows that the PARAFAC-Subspace receiver has nearly the same BER vs.
SNR improvement than that of MMSE with perfect channel knowledge. The gap
between both receivers is smaller for K = 4. For example, considering a target
BER of 1072, the proposed receiver provides a loss in performance of 5dB for
K =2 and 3dB for K = 4, with respect to the MMSE receiver.

In the next experiment, we consider Q = 2 users, I = 3, LV = 2, [ = 3,
N =50, P =12 and K = {2,3}. The angles-of-arrival and the time-delays are
described in Table 2.5. Figure 2.9 shows that the performance of source 2 is better
than that of source 1. Indeed, the signal from source 2 is received via L) = 3
paths (against L(® = 2 paths for source 1), thus achieving a higher path diversity
gain. Performance is also improved for both users, when the number of receive
antennas is increased. The figure also shows the performance of the non-blind
MMSE receiver which assumes perfect knowledge of A and H for source 2 with
K = 3. The performance loss of the proposed receiver with respect to the MMSE
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one is 3dB for a BER of 1072.

Table 2.5: Multipath parameters for the simulated scenario.
angles-of-arrival | time-delays

Source 1 | (—50°, —20°) (0,7)
Source 2 | (0%,30°,50°) | (0,0.2T,T)

K=2 or 3, N=50, P=12
10 T T T

BER

(MMSE)

107° ‘
0 5 10 15 20 25
SNR (dB)

Figure 2.9: Receiver performance for two users with different number of mul-
tipaths.

2.7 Summary

This chapter has proposed a new tensor modeling approach for the received signal
in three wireless communication systems, namely, the oversampled, DS-CDMA
and OFDM systems. The tensor models assume frequency-selective channel with
multipath propagation characterized by a few dominant paths. The first and
second dimensions of the received signal is common for the three systems, while
the third-dimension is associated with oversampling, spreading or frequency. We
have seen that the received signal tensor in each of these systems can be unified
by means of the block-constrained PARAFAC decomposition.
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A generalization of this unified model has been presented by considering that the
number of paths of each user can be different. The formulation of this generalized
model is based on a constrained Tucker-3 model. Based on the generalized mo-
del, two practical multipath propagation scenarii have been considered, namely,
far-field reflections without angular spread and local scattering with small delay
spread.

A blind receiver based on the proposed tensor model has been presented for mul-
tiuser separation/equalization under the assumption of frequency-selective fading
and in the oversampled case. The proposed receiver is deterministic, and does not
require the use of training sequences, nor the knowledge of the channel impulse
responses and antenna array responses. The IPSP receiver iteratively combines
the ALS algorithm (for multiuser separation in the tensor space) with a subspace
method (for single-user equalization in the matrix space). The FA property of the
transmitted symbols is also used. The BER performance of this receiver has been
evaluated for some propagation scenarii.

In the next two chapters, we will show that the block-constrained PARAFAC
decomposition is also useful for modeling multiple-antenna systems with space-
time spreading and multiplexing in the context of MIMO systems.






CHAPTER 3

Multiuser MIMO Systems Using Block
Space-Time Spreading

In this chapter, we consider a point-to-multipoint downlink multiuser wireless com-
munication system, where a multiple-antenna base station simultaneously transmits
data to several users equipped with multiple receive antennas. The transmit an-
tenna array is partitioned into transmission blocks, each one being associated with
a given user. Space-time spreading is performed within each block using a transmit
antenna subset. We formulate block space-time spreading using a tensor modeling.
The space-time spreading structure is chosen to allow a deterministic M Ultiuser
Interference (MUI) elimination by each user. A block-constrained PARAFAC mo-
del is then presented for the received signal, where the fixed constraint matrices
reveal the overall space-time spreading pattern used at the transmitter. The distin-
quishing feature of the space-time spreading model of this chapter, is the possibility
of modeling a multiuser space-time transmission with different spatial spreading
factors (diversity gains) as well as different multiplexing factors (code rates) for
the users. Simulation results illustrate the performance of the proposed transceiver
model in terms of bit-error-rate and link-level throughput.
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3.1 Motivation and previous work

Several works have addressed the design of MIMO signaling techniques for multiu-
ser multiple-access systems, especially in the downlink, by using space-time sprea-
ding in conjunction with DS/CDMA techniques (see e.g. [103, 56, 22, 57] and the
references therein). By exploiting excess bandwidth, these approaches are gene-
rally based on the combination of linear space-time spreading codes and multiuser
spatial multiplexing, and rely on linear multiuser detection at the receiver side
to handle Multiuser Interference (MUT). [103] proposes a space-time multiplexing
model that allows several users to simultaneously access all the spatial channels, by
using mutually-orthogonal spreading codes for the transmit antennas. This idea is
pursued in [56], by using different space-time multiplexing matrices (i.e. different
2-D spreading codes) for each user. In [22], space-time multiplexing and algebraic
rotation are combined to yield full transmit diversity to each user. The receiver is
based on linear multiuser detection followed by single-user sphere decoding. [57]
proposes a space-time multiplexing model for the downlink of a Multiuser (MU)
Space-Time (ST) MIMO system and a new spreading matrix structure. All these
approaches assume that the channel is perfectly known at the transmitter (or it
has been estimated using training sequences), and rely on the orthogonality pro-
perties of the spreading codes to handle MUI at the receiver. They also focus
on suboptimal receiver structures as an alternative to Maximum Likelihood (ML)
detection.

The use of tensor decompositions in MIMO antenna systems has been addressed
in [129, 48, 32, 33| by focusing on single-user transmissions. In [48], a generalized
tensor model for MIMO systems was proposed. However, this modeling approach
only considers spatial multiplexing. The MIMO system model of [129] considers
spreading of each data stream in the temporal dimension only, i.e., across conse-
cutive chips. There is no spreading across the transmit antennas. In [32], we
proposed a constrained tensor model for MIMO systems which allows spreading
of each data stream across both space and time dimensions.

The proposed block-constrained tensor based MU-MIMO system can be viewed as
a generalization of [129] and [24, 32] due to the fact that i) it is designed to cope
with multiuser MIMO transmission and ii) it jointly performs space-time spreading
and multiuser spatial multiplexing. The MU-MIMO framework proposed here
is close to those of [103, 56, 57|, which use space-time multiplexing codes for
downlink MU-MIMO systems. Our block space-time spreading structure acts as
a tridimensional (3-D) spreading sequence [39].

The tensor model presented in this chapter is more general than that of the pre-
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Figure 3.1: Block-diagram of the considered MU-MIMO system.

vious chapter in the sense that it allows constrained PARAFAC blocks with dif-
ferent interaction structure per block. We limit ourselves to a flat-fading channel
model.

3.2 System model and assumptions

Let us consider the downlink of a multiuser MIMO wireless communication system
where a multiple-antenna base station simultaneously transmits data to () users
equipped with multiple receive antennas. Let P denote the temporal spreading
factor of the system. The base station is equipped with M transmit antennas, and
the ¢-th user is equipped with K receive antennas, ¢ = 1,...,Q (see Fig. 3.1). It
is assumed that the base station has no knowledge of the downlink channels!.

The transmission is organized into time-slots of N symbols, each one being compo-
sed of P chips. We assume that the wireless channel is characterized by scattering-
rich propagation and is frequency-flat. The channel is also assumed to be constant
during the time necessary to transmit a time-slot, but varies between two consecu-

"When @ priori information of the users’ channels is available at the transmitter, multiuser
scheduling policies can be used to allocate the transmit antennas to the users. This is the role of
the antenna-to-user mapping block shown in Fig. 3.1. Although interesting, we do not pursue
the antenna allocation issue here by simply bypassing this stage.
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tive time-slots. For the g-th user, the discrete-time baseband version of the signal
received at the k-th receive antenna, associated with the p-th chip of the n-th
transmitted symbol, can be written as:

)

M
xl(g)((n—lPer th n—l)P+p)
m=1

n=1,...,N, p=1,..., P,

where h,(f;z is the complex channel gain between the m-th transmit and the k-th
receive antenna and ¢, ((n—1)P+p) is the ((n— 1)P + p)-th sample of the signal
transmitted by the m-th transmit antenna. Let H®@ ¢ CK*M and C, € CP*M
denote the MIMO channel matrix and the transmitted signal matrix at the n-th
symbol period. Let h(q) = H9];,, and ¢,((n — 1)P 4+ p) = [Cylpm be the
entries of these matrices. Taking these definitions into account, we can represent
the n01seless received signal at the n-th symbol period by a P x K matrix X ,
with xk (( —1)P+p) = [Xﬁﬁ)]pvk. This matrix can be expressed as:

X9 =Cc,HIT p=1,... N. (3.1)

We assume that the channel matrix has i.i.d. entries following a zero-mean unit-
variance complex-Gaussian distribution with E[trace(HOH@H)] = MK, where
trace(+) is the trace operator. We also have Eltrace(C, CH)] = Pr, ensuring that
the total transmitted power Pr is maintained irrespective of M and P.

3.3 Block space-time spreading model

In this section, we describe the proposed transmitter/receiver model by using
the tensor formalism [39]. We assume that the M transmit antennas are asso-
ciated with @ transmission blocks of M@ antennas each, i = 1,...,Q. These
() transmission blocks are disjoint in the sense that they do not share a com-
mon transmit antenna. The total number of transmit antennas is then given by
M = MM 4 ... 4+ M@ Each transmission block is associated with a different
user to be served. At the i-th block, a serial input data stream is parsed into
R® parallel streams, which are individually spread in the space and time domains
over M transmit antennas and P chips, respectively. After space-time spreading,
these R® data streams are summed up at each transmit antenna to yield the co-
ded signal tensor that is effectively transmitted. Let us denote the total number of
multiplexed data streams by R = R 4 .. 4+ R@)_ After serial-to-parallel conver-
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sion, the n-th symbol of the 7?-th data stream of the i-th transmission block is
given by: ‘ ‘
sP = =s((r —1)N +n), (3.2)

n, r(

wheren=1,...,N,r® =1,... R® i=1,...,Q. Let us define a symbol matrix
concatenating these R® data streams as:

i i i (@)
SO =8 ...8" 1e M, (3.3)
where S(ﬁ) = [sgil(i) --~sg\?r(i)]T € CV*1 ¢ =1,...,Q. The aggregate symbol

matrix is defined as the concatenation of the ) symbol matrices:

S =[SW...8@] c CN*E,

Due to the partitioning of the M transmit antennas into () disjoint blocks, we can
view the MIMO channel matrix H(@ defined in Section 3.2 as a block-partitioned

matrix:
H©® — [H<q,1> L HOQ| ¢ cExM, (3.4)

with H@9 € CEXM™  Taking the above definitions into account, we can visualize
the block space-time spreading process as a tensor transformation. Define W®
e CMWxPxRY 49 the 3-D spreading code tensor having three dimensions: the
first one is equal to the number of transmit antennas M@, the second one defines
the temporal spreading factor P, while the third one is equal to the number of
multiplexed data sub-streams R®. Space-time spreading is formulated as:

w8 ¢ i=1....0Q, (3.5)

where ) € CM"*NxP ig 4 tensor collecting the coded signals over M transmit
antennas, N symbols and P chips/symbol, associated with the i-th space-time

spreading block.

3.3.1 Scalar writing

The block space time spreading model can be ertten in scalar form. Defining

w(l)(i) O p and ¢ - ) . as the entries of W @) and C®, respectively, we have:
mv) rt) p n,p

IS

R

m<l) nvp Z S T"L m(l ’r‘()p Z: 17"'7@' (3.6)

r()=1
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Note that the transmitted 51gna1 tensor is given by a linear combination of R®
signal contributions. Let A, (@ Z( be the channel gain between the m(®-th transmit

)

antenna and the k-th receive antenna of the g-th user. The discrete-time baseband
signal received by the ¢-th user is a third-order tensor X9 € CE*N*P with typical
element x,(w)l’p representing the signal received by the k- th receive antenna of the

g-th user, associated with the n-th symbol and p-th chip. In absence of noise, 79

k,n,p
can be written as:
Q Q MW
(9) _ (qZ) 2 : § : (g8) (4)
xk’,n,p o Ly TP hk m(?) m( ) n,p
Q M® RGO
_ (@)
= DD D oW o, (3.7)
=1 =1 r@=1

Figure 3.2 illustrates the proposed block space-time spreading MU-MIMO system,
where W is interpreted as a 3-D spreading code for multiple data streams and
multiple transmit channels.

O
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Received signal Channel
tensor (¢-th user) matrix

Figure 3.2: Decomposition of the received signal tensor (¢-th user) in absence
of noise.

Generalization to frequency-selective channels using MIMO-OFDM

The generalization of the proposed model to frequency-selective channel is straight-
forward under certain assumptions by considering OFDM [33]. In a MIMO-OFDM
system, the R data streams are spread over an M x P x F space-time-frequency
grid associated with M@ transmit antennas, P OFDM symbols and F subcar-
riers, and then linearly combined. The resulting signal at each transmit antenna is
parsed into blocks of N, symbols, and an Inverse Fast Fourier Transform (IFFT)
is applied to each block followed by the insertion of a Cyclic Prefix (CP) before
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transmission. It is assumed that the () transmission blocks use the same set of
subcarriers at the same time. After baseband conversion, the CP is removed and
Fast Fourier Transform (FFT) is applied at each receive antenna. Perfect timing
and synchronization are assumed at the receiver. We suppose that the frequency
selective fading channels between each pair of transmit and receive antennas have
L independent delay paths and the same power-delay profile. It is also assumed
that all path gains are constant over the NV time-slots.

From the assumption of subcarrier orthogonality, the overall system is modeled
as N./F parallel sub-systems of F' subcarriers each. In order to benefit from the
frequency diversity, the F' frequencies can be taken N,./L apart or more.

The received signal model is similar to (3.7), and the main difference is the presence
of the frequency-dependent index f, which adds a fourth dimension to the received
signal tensor. In absence of noise, the received signal is given by:

Q M® RO

(@) @ @
s =20 D0 30 Mmoo

i=1 () =1 r(®

where xﬂw is the g-th user received signal at the k-th receive antenna, f-th
subcarrier, p-th OFDM symbol and n-th time-slot. zfj,, is a F' X K x N X
P fourth-order tensor. We are interested in working with an equivalent third-
order tensor of dimensions F'K x N x P obtained by concatenating the space and
frequency dimensions into one dimension. The unfolded representations of the
received signal also follow a block-constrained PARAFAC model, and are similar
to those of the flat-fading case. For further details, we refer to [33].

3.3.2 DMatrix writing

Model (3.6)-(3.7) admits an equivalent matrix writing. Let us define WSL)() €

CRYXP 45 the m@-th slice of the spreading code tensor W® . This matrix models

the joint temporal spreading and spatial multiplexing of R data streams at the
m(-th transmit antenna. Let us define:

(4) (1)
Cint " Oy
C(l) _ . . = CPXM(i)
n- N N 9
(4) RSO
n, P M@ n P

(3.8)
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as a n-th second-mode matrix slice of the transmitted signal tensor ch ¢
CMOxNxP , containing the received signal samples associated with the n-th symbol.
We can rewrite (3.6) as:

cl)  — {(SS)W?))T Yo (S WY )T}

s W
ST
_ W(Z)T W(i)T 3.9
1 ) * M%) ) ( )
ST

1.e. ' ‘ ‘

CY = WO (1,6 ®SHT), (3.10)
where ' . ' |

Ss‘) = [Sg,l e SS,)R(U] c ClXR(’)’

and

i )T )T PxM® R3)
W() = |:W1 g0 7WM(7')i| c C X

is a space-time spreading matriz. This matrix is linked to the spreading tensor
WO ¢ CM<“><R“>><P by:

[W(i)]p,(m@')—1)R<i>+r<i> = w,(:l)<i>7r<i>,p- (3.11)

Substituting (3.10) into (3.1) and using (3.4), the signal received by the ¢-th user
from the M@ transmit antennas corresponding to the i-th space-time spreading
block, is given by:

ngji) — COHG@IT — W (IM@-) ® ngi')T) H@HT (3.12)

.

The overall signal received by the ¢-th user is then written as:

X ()

“n-

(0 ;
X9 =
i=1
Q
» WO @S HIT, (3.13)

=1

Figure 3.3 illustrates the overall signal transmission/reception scheme in absence
of noise, by focusing on the link between the i-th space-time spreading block and
the ¢-th user.
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Figure 3.3: Signal transmission/reception model linking the i-th transmission
block to the k-th receive antenna of the g-th user.

Let us define an aggregate transmitted signal matrix C.,. € C"*M and an ag-

gregate spreading matrix W € CP*F™ concatenating the ) users contributions
as:

C.=[C)),....c¥], W= S (3.14)

where
Q ' ' Q '
Ry =Y RYMOD =>"R}).
=1 =1

Note that C.,. corresponds to the C,, matrix defined in Section 3.2, now interpreted
as a concatenation of () blocks. Using the partitioned forms (3.4) and (3.14) of

H@ and C.,., the received signal matrix X9 given in (3.13) can be written as:

X = C, H?T = WS,H®7 (3.15)
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where
(IM(I) & Sﬁ}.)T)
Cn=W : (3.16)

(IM(Q) 029 S%Q)T>

S,, € Clmv*M heing an aggregate block-diagonal symbol matrix.

3.3.3 Relation with the Khatri-Rao coding model [129]

In [129] a space-time encoding technique based on the properties of the Khatri-Rao
product was proposed for single-user MIMO antenna systems. In the Khatri-Rao
Space-Time (KRST) coding model, each transmit antenna transmits a single data
stream which is spread in the temporal domain (i.e. across P chips). Let us see
that model (3.15) includes the KRST coding model [129] as a special case. By
setting M® = RO =1,i=1,...,Q, we have M = R = Q. In this particular
case, model (3.15) can be viewed as a single-user MIMO system transmitting ¢
data streams using () transmit antennas. Then, (3.10) is reduced to the following
form:

wy
co-| ;[
ol
so that (3.13) simplifies to:
X0 =3 " wish@ )" = Wdiag(S,.)HYT = WD, (S)H®T, (3.17)

i=1
where

H@ — [h(q,l) ...h@ Q)} c (CKXQ7
Sn. = [s{) - sl@] e C*€,
W = [wl...w@] e CcP*Q,

are the channel, symbol and code matrices. Comparing (3.13) with (3.17), we can
see that the proposed space-time spreading model can be viewed as a generalized
KRST coding model where the data streams are also spread in the spatial domain,
i.e. across the transmit antennas.
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3.3.4 Relation with the ST spreading model [32]

In [32], a space-time spreading model was proposed using tensor modeling. This
model is similar to the present one in the sense that each data stream is spread
across several antennas and chips. It can be obtained from (3.15) by setting @ = 1
(single-user /single-block system) with M) = M. The proposed block space-time
spreading model generalizes [32] by considering multiuser block transmission with
different space-time spreading patterns for the users/blocks. As will be detailed
in Section 3.4, a distinguishing feature of the block space-time spreading model
is its flexibility to share multiplexing (data-rate) and spatial spreading (transmit
diversity) among the different blocks (when @ > 2).

3.3.5 Relation with LD coding [76]

The principle of block space-time spreading is similar to that of Linear Dispersion
(LD) coding. Both approaches propose to transmit multiple data streams in linear
combinations over space and time. In principle, the proposed approach can be
viewed as a sort of LD coding formulated using tensor notation. However, both
approaches differ in some aspects. In LD coding, space-time signal design is based
on numerical optimization with mutual information as the objective function. LD
coding does not necessarily provide full diversity and assumes accurate channel
estimation using training sequences. The proposed block space-time spreading
also provides different data rates and diversity gains, and has the distinguishing
feature of allowing a blind joint channel and symbol recovery.

3.4 Performance analysis

We apply the rank criterion for space-time code design [142] to the equivalent
matrix model (3.16) for performance analysis in terms of diversity gain. Suppose
that the joint Maximum Likelihood (ML) decoding is performed at the receiver
to recover C.,. using perfect channel knowledge. Consider an erroneous decoding
leading to an estimation of the transmitted signal matrix C’,, with C.,. # C/,,.
The pairwise error probability can be upper bounded by [142]:

P(C,. —C.)< (2”; 1) (1:[1 )\Z) B (SNWR) -




3.4 PERFORMANCE ANALYSIS 107

where v is given by:
V=Tg, =7T(C.,-C,)

A1, ..., A, are the nonzero eigenvalues of E,,. Full transmit diversity gain is ob-
tained when E,, is full-rank, i.e. v = rg, = min(P, M), for all C.,. # C’,.. Using
(3.15), we have:

E, = C,—-C,=W(,-85,). (3.18)

n-

In our analysis, we must ensure that S, —§; is full rank. From (3.16)), this requires

that ng.) — ng.)/ contains no zeros, for all Sff.) =+ ng.)/. This holds if appropriate
linear precoding over the symbol vectors Sg.), cee ng.’?) is used [21, 155, 59, 94].
The use of linear precoding by means of constellation rotation is important to
ensure maximum diversity gain in MIMO systems with space-time coding. These
constructions are generally based either on algebraic number-theoretic construc-
tions or on exhaustive computer search. This issue is beyond the scope of this

work and is not addressed here.

Under the assumption that S,, — §; is full rank, the diversity gain, denoted by v,
is upper-bounded by:
Kmin(P, M).

In frequency-selective channels and assuming F' > L, the diversity gain is given
by:
v < K Lmin(P, M). (3.19)

In the MIMO-OFDM case, the overall rate is given by:

Rate = (%) - logy () bits/channel use. (3.20)

3.4.1 Design requirement and spreading structure

In order to achieve an aggregate transmit diversity gain of order M, we must have
= —7

rank(E,) = rank(S,, —S,,) = M, which implies that the spreading matrix W must

be full column rank, i.e.:

Q Q
P>Y"ROMD =3"R{) = Ry, (3.21)
=1

=1
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Note that this design requirement relates the temporal spreading factor P to both
the spatial spreading and multiplexing factors {M® R} i = 1,...,Q. We
choose the spreading matrix W as the following Vandermonde matrix [129]:
1 2m(p=1) (s

W], =—-e" 7 UV p=1...P ' =1,...,Ru.

[ ]P, \/ﬁ p M
Note that W is a full rank semi-unitary matrix which satisfies the following condi-
tions:

WHIW =15,

This structure of W has the attractive feature of allowing MUI elimination de-
terministically at the receiver, provided that all the receivers have knowledge of
their corresponding spreading matrix [94]. Moreover, the chosen structure allows
to control the number of transmit antennas M as well as the number of mul-
tiplexed data-streams R by simple truncation of W. Using this Vandermonde
structure can be beneficial when the channel matrix is rank-deficient (e.g. due to
strong correlation of the spatial channels). In such a situation, an equivalent full
rank channel matrix is created from the combination of the original (rank-deficient)
channel matrix with the space-time spreading matrix. A similar structure is also
considered for constructing the KRST coding model [129].

Remark: The spreading matrix W can, in principle, be any matrix satisfying the
condition for full diversity and deterministic MUI elimination. For instance, W
can be chosen as a Hadamard matrix associated with an orthogonal transforma-
tion existing for dimensions two and all dimensions multiple of 4, which satisfies
WITW =1Ig,, up to a scalar factor [22]. In this case, our transmission model can
be interpreted as a sort of space-time spreading DS/CDMA model, and is close in
structure to those proposed in [103, 56, 57] with W being a matrix of spreading
sequences of length P = Rj,. It is to be noticed that the Hadamard transform
is also used to design quasi-optimal constellation rotations in space-time coding
[21], and has the property of reducing the peak to mean envelope power ratio [23].

3.4.2 Rate issues

Taking the above design requirement and spreading matrix structure into account,
the rate of the proposed space-time spreading model can be calculated by using
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the simple formula:
R@
P\ = (T) log, (1) (bits per channel use), (3.22)

where p is the modulation cardinality. Note that the ) data streams can share dif-
ferent rates, depending on their spatial spreading factors { M@} and multiplexing
factors {R@}, ¢ = 1,...,Q. Such a rate sharing characteristic comes from the
design requirement (3.21) which establishes a lower bound for the spreading factor
(which is common for all the users) function of the multiplexing factors (which
can vary across users). Table 3.1 shows different rates (in bits per channel use) for
@ = 2 and different values of {M® RMWY} and {M?® R®}. The users’ rates are
calculated using (3.22) considering 64-QAM modulation (1 = 64) with P = Ry;.

Table 3.1: User rates for different spatial spreading and multiplexing factors.

(MU, RO} (M@, RO} [ {p0, @] [ p0 /@
{2,1}; {1,1} {2,2} 1
(2.2} {1,1} (24,12} 2
{2.1}; {1,2} {15,3} 1/2
2.1y 2.1 (15,15} 1
{2,2}; {2,1} {2,1} 2
(2.3} {2,1} {2.25,0.75} 3
{3.1}; {1,1} {1515} 1
{3.3}: {1,1} {1.8,0.6} 3
{3.1}; {1,2} {1.2,2.4} 1/2

In order to illustrate the rate sharing characteristic of the proposed block space-
time spreading model, let us consider a system with () = 2 and M = 2. The
modulation has cardinality 4 = 16. Assume that the space-time spreading blocks
of both users have the same number of transmit antennas, i.e. M® = M® = 1.
Figure 3.4 illustrates the theoretical (maximum) rate sharing between two users as
the multiplexing factor R of the first user is increased while that of the second
one is fixed at R® = 1 or 2. The rates are calculated using (3.22) with P satisfying
the design requirement (3.21) in each case. First of all, note that the total rate
pM + p? is constant. The increase of p™ comes at the expense of a decrease of
p?). The crossing of both rate curves occurs when R = R® =1 and 2. This
figure suggests that the rate of the different space-time spreading blocks can be
controlled by varying their multiplexing factors.

In Fig. 3.5, we show the influence of the number of transmit antennas on the
achievable rate for fixed multiplexing factors {R(), R@} = {2,1} and u = 64.
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Figure 3.5: Rate versus number of antennas, for fixed multiplexing factors.
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Users’ space-time spreading blocks have the same number of transmit antennas.
As the number of transmit antennas used for spatial spreading is increased (so is
the transmit diversity gain), the achievable rate of both users is decreased. Such
a rate decrease comes from the fact that P must be increased according to the
number of transmit antennas in order to satisfy (3.21).

3.5 Block-constrained received signal model

We formulate the received signal tensor (3.7) in equivalent matrix forms associated
with a block-constrained PARAFAC model. Moreover, we show how the constrai-
ned structure of this model is linked to the block space-time spreading pattern
used at the transmitter.

Recall the scalar writing of the received signal model (3.7). By analogy with (1.48),
and using (1.55), we can deduce the following correspondences:

(I, I, I5, R, R A, B,C) — (K,N,P,M? R® H@ S W),

so that the unfolded matrices of the received signal X\? € CPExN X0 ¢ CENxP
and X:(,)Q) € CNP*K are factored as:

X = (Wo(HOW))(S®)T, (3.23)
XY = (HO®)o(S®))W7, (3.24)
X = ((S®)o W) (HO®)" (3.25)

where H@ is defined in (3.4), S = [SM) ... S(@] while ¥ and & are block-diagonal
constraint matrices:

gl

- e RMxPar (3.26)

w(Q)

& = € RIExfin (3.27)
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where their i-th blocks have, respectively, the following Kronecker structures:

; (i) (%)
g — IM(Z')@]-E(i) € CMYxRy;

. i (1)
0 = 17 @Iy, € CR*Mi, (3.28)

with RE\? defined in (3.21).

3.6 Physical meaning of the constraint matrices

In the present context, the constraint matrices ¥ and ® admit an interesting phy-
sical interpretation. They can be viewed as symbol-to-antenna allocation matrices
and their structure reveals the overall block space-time spreading pattern conside-
red at the transmitter. This interpretation sheds light on the different space-time
spreading designs that can be achieved by properly configuring these matrices
with 1’s and 0’s. For example, let us consider M = 3 transmit antennas and a
transmission for ) = 2 users, which implies () = 2 transmission blocks. Assume
(MO RDY = {2,1}, {M?P R®} = {1,3}. From (3.26)-(3.28), ¥ and ® have

the following structures:

10000 Sl

T={01000], &=
00111 000710
0000 1

First, note that both ¥ and ® are block-diagonal matrices with two diagonal
blocks, i.e.:
{\I’(l)a ‘11(2)} = {127 1;{}7 {(I)(l)v (I)(Q)} = {1;13}'

Each row of W defines the multiplexing factor at each transmit antenna. The
number of 1’s entries in each row of W defines the number of symbols combined
into each transmit antenna. Observe that the first and second rows of ¥ (both
associated with the first transmission block) have only one non-zero entry, which
indicates that both transmit antennas of this block transmit only one symbol at a
time. The third row contains three non-zero entries, meaning that three symbols
are simultaneously transmitted by the antenna of the second block.

Now, let us look at the structure of ®. Its number of rows corresponds to the total
number of multiplexed data streams. Each row of ® defines the spatial spreading
factor associated with each data-stream: The number of 1’s entries in each row of
® defines the number of antennas used to transmit each data-stream. Note that its
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first row has two non-zero entries, which means that the first data-stream is spread
over the two first transmit antennas. The three other rows have only one non-zero
entry, which indicates that the three other data-streams are transmitted using
only one transmit antenna, i.e., they are not spatially spread at the transmitter.
The chosen spreading-multiplexing configuration can be checked by means of the
following matrix:

el =

O = =

00 0
0 0 0| eCMxE
111

This matrix product reveals the joint spreading-multiplexing pattern. For a fixed
row, one can check for the number of data-streams multiplexed at a given antenna
by counting the number of 1’s entries in that row. On the other hand, for a fixed
column, one can check for the number of antennas over which a given data-stream
is spread.

3.7 Receiver algorithm

As mentioned in the last section, the choice of a semi-unitary (Vandermonde) ma-
trix W allows the separation of users’ transmissions deterministically, so that the
detection of each user transmitted data can be carried out independently. In the
following, we exploit the knowledge and structure of W for MUI elimination and
then the tensor structure of the received signal for a blind joint channel estimation
and symbol recovery.

3.7.1 MUI elimination

The first processing step at each receiver performs a deterministic MUI elimination,
by relying on the structure of the unfolded spreading matrix W € CP*fm and

assuming P > Ry;. Let us define F(9 = W@+ ¢ CP <B57 ag the g-th user receive
filter. For the g-th user, the elimination of the MUI coming from the transmission
blocks {1,...,¢—1,¢q+1,...,Q}, consists in post-multiplying the received signal
matrix ng) given in (3.24) by F@, which gives:

Yéq) _ Xé‘I)F(q) _ ((H(q)\p) o (Sq))) D@, (3.29)
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where
|
Rg\?f )XRSZ) (@
I Ry xR
D(q) - W F(Q) — | EZ) c Chum ’

0 (Rar—TR37) xR
q
with Ry = Y RY).
i=1
Note that all the blocks in D@ except the one corresponding to the g-th user are
zero. This allows us to rewrite (3.29) as a MUI-free model:

YSJ) _ ((H(q,q)\p(q))O(S(q)cp(q)))I (3.30)

RE\Z) )

which can be viewed as a single-user tensor model with constrained structure.
Therefore, Yiq) is an unfolded matrix of a tensor Y@ € (CRMXRE\?I)XN resulting
from a linear transformation of the received signal tensor X(@ € CRm*PxN Ly the
associated receive filter F@ € CP*RY as shown in (3.29). A one-to-one corres-
pondence between the multiuser and single-user tensor models can be obtained by
comparing X\? in (3.23) with Y5 in (3.30). This correspondence is:

(H(q)7S7W’\Ij’ <I>) - (H(q,q)’s(q)’I \II(Q)’Q)(Q))‘

Ry

By analogy with (3.23) and (3.25), we can also represent the information contained
in Yiq) by means of two other unfolded matrices:

Y@ — (sVa@) o IRE&)) (H(M)\IJ(Q))T, (3.31)
Y@ = (IREC‘} o (H@DW@)) (S(q)(I,(q))T. (3.32)

@ ( :
Note that Y7 € CRN*K and Y7 € CERY*N are “reshaped” versions of Y

€ CNEXRY. Defining:
Zs (S(‘l)) - ((S(q)q>(q)) o IR(Q)>\I[(‘1)T7 c CRE\?NXM@ (3.33)
M
/A (H(q,q)) — (IR<‘1) o (H(%q)\l;(q)))q)(Q)T c CKRS\?XR(”’ (3.34)
M

we can rewrite Y. and Y9 as:

Yéq) _ Zg(S(q))H(q’Q)T, Yi‘” =7 (H(q’Q))S(Q)T, (3.35)
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3.7.2 Identifiability

For studying the identifiability of model (3.35), let us make the following assump-
tions concerning the structure of S@ and H@9:

A1: “Persistence of excitation” of the transmitted symbols which implies, in our
context, that S@ can be considered as a full rank matrix with probability
one if N is large enough.

A2: An “ideal” MIMO channel so that the entries of the channel matrix are assu-
med to be independent and randomly drawn from an absolutely continuous
distribution, which implies that H(@% is full rank with probability one.

Under assumptions A1 — A2, joint channel-symbol identifiability from the MUI-
free model defined in (3.35) requires that Z3(S@) and Z;(H@9) in (3.33) and
(3.34) be full column-rank, since these matrices must have a left-inverse. Let us
study the rank properties of Zg (S(q)) and Z; (H(q’q)). We make use of the concept
of k-rank [131], which is recalled here for convenience:

Definition 1: The k-rank of A € C™*¥| denoted by ky, is equal to r if any set of
r columns of A is independent, but there exists a set of r 4+ 1 linearly dependent
columns in A. We have ka < rank(A) < min(/, F).

We have to note that if two columns in A are repeated, and if A does not contain
a zero column, then we have ko = 1. Let us also recall the two following lemmae:

Lemma 1 (k-rank of the Khari-Rao product)[133]: Suppose that A € C™*F and
B € C/*F are such that ko > 1 and kg > 1 (i.e. neither A nor B has a zero
column). If ko + kg = F + 1, then A ¢ B is full column-rank.

Lemma 2: If A is full column-rank, then we have rank(AB) = rank(B).

Taking the definitions (3.28) of ¥(9 and ®? into account, we have:

1T
R(@)
@ = = rank(¥?) = M@,
1T
R R(a)
M(q;;imes

@9 = [Tpe - Ipw] = rank(®9) = R,

N————

M(a) times
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which implies that U@ and ®@ be full row-rank. From these expressions of ¥
and ®@, we get:
S@ga) — [S(q) e S(q)]’

M (@) times
and
HOOw@ = H) . g .. g g ]
R(@ times T

which implies that:
kswa@ = Fpeowo = 1.
As we have kIK(q) + kswa@ = K@ 4+ 1, application of Lemma 1 to the Khatri-

Rao product in (3.33) implies that I o (S@W®@) be full column-rank, i.e.
rank (I ¢ (S@®@)) = R(@. Application of Lemma 2 leads to rank(Z;(S?)) =
rank(\IJ(q)T) = rank(\Il(‘I)) = M9 ie Zsg (S(Q)) is full column-rank. The same
reasoning applies for showing that Z, (H(‘M)) is also full column-rank.

3.7.3 Blind joint channel and symbol recovery

After MUI elimination at each receiver, we propose to apply the ALS algorithm
on the resulting interference-free tensor model (3.35) in order to blindly recover
the transmitted symbols jointly with channel estimation. As in the previous chap-
ters,the algorithm is initialized using a random value Siq:)(]. At the t-th iteration,
the two least-squares update equations are:

~ ~ T
BT = [27,(8)] i, (3.36)
~ ~ T
ST = [z(\)| Y. (3.37)
For the ¢-th receiver, the following error measure is computed at the ¢-th iteration:

eiq) _ HYYD — 7 (ﬁg%q))gg@

, (3.38)

F

We choose |e§Q) - el(ﬂ)l| < 1079 as the convergence threshold, ¢ = 1,...,Q. The
estimation of both H@% and S is affected by a scaling ambiguity. In other
words, the columns of the estimated channel and symbol matrices are affected by
unknown scaling factors that compensate each other. Following [129], we eliminate
this scaling ambiguity by assuming that the first transmitted symbol of each data
stream is equal to one, which corresponds to have all the elements in the first row
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of S equal to one. Thus, we eliminate the scaling ambiguity by normalizing each
column of S by its first element yielding:

S =8YD;' (%),

where S corresponds to the estimated value obtained after convergence and D (-)
denotes the diagonal matrix formed from the first row of its matrix argument. After
such a normalization, we obtain a final estimate of the channel matrix without
scaling ambiguity using (3.36):

H@oT — [Z?, (§(()g))] i Yéq).

[e.9]

Discussion: Recall that we have modeled the channel between each transmit and
receive antenna by a flat-fading coefficient. In a more practical scenario with time-
dispersive multipath propagation, the channel between each pair of transmit and
receive antennas is usually characterized by a number of resolvable multipaths with
different relative propagation delays. In this scenario, we can still work with the
proposed block space-time spreading model by assuming that the spreading codes
are augmented by a number of trailing zeros, or “guard chips” in order to avoid
inter-symbol interference. The main impact is that, in this case, the spreading
matrix W is unknown at the receiver due to the convolution of the transmitted
spreading codes with the impulse response of the multipath channel. Since the
orthogonality between the transmitted data streams is destroyed by multipath
propagation, the two-steps receiver algorithm (MUI elimination + ALS) should
be replaced by a multiuser detection receiver based on the classical three-steps
ALS algorithm where the channel, symbol and spreading matrices are iteratively
estimated [131]. The price to pay is, of course, the increased complexity of the
receiver algorithm.

3.8 Simulation Results

In this section, the performance of the proposed block space-time spreading
based MU-MIMO system using the ALS algorithm is illustrated by means of
computer simulations. The number of Monte Carlo runs vary from 1000 to
5000 depending on the simulated Signal-to-Noise Ratio (SNR) value. At each
run, the noise power is generated according to the sample SNR value given by
SNRzl()loglo(Hng) 12,/ V2 1%), where V{7 represents the additive noise matrix.
A Rayleigh fading MIMO channel is assumed. The elements of the channel ma-
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trix H@ are independent and identically distributed (i.i.d) samples of a complex
Gaussian process with zero mean and unit variance.

Each run represents a different realization of the MIMO channel and the transmit-
ted symbols are drawn from a pseudo-random QPSK or QAM sequence. The BER
curves represent the performance averaged on the transmitted data streams. In all
the results, we focus on system configurations with a small number K of receive
antennas (K < M is generally assumed). For clarity of presentation, we consider
@ =1, 2 or 3 users. In some simulations, we focus on the individual performance
of each user by averaging the performance over the data streams of each user. In
some others, the performance is averaged over all the transmitted data streams o
all the users.

3.8.1 BER performance

We begin by evaluating the BER performance of the block space-time sprea-
ding based MU-MIMO system using the ALS algorithm. We consider a two-
users system () = 2) with corresponding transmission blocks parameterized by
{M® RWY = {1,2} and {M® RP} = {2,2}. A time-slot containing N = 10
symbols is processed at the receiver. QPSK modulation is used (@ = 4). Unless
otherwise stated, we assume P = MMRWM + M@ R in order to satisfy the re-
quirement (3.21) for maximum transmit diversity. In this case we have P = 6
and both users have the same rate p") = p(® = 2/3 bits per channel use. A
single transmit antenna is used to transmit the two data streams of the first user,
while two transmit antennas are dedicated to the second user. Figure 3.6 shows
the individual performance of each user assuming K = 1 and 2 receive antennas.
We can clearly see that the second user has an improved performance over the
first one, due to a higher transmit diversity gain obtained by spreading the data
streams across two transmit antennas.

Now, we investigate the influence of the spreading factor P on the receiver per-
formance. We assume ) = 1 (single-user/single-block case) and consider two
space-time spreading configurations {M, R} = {2,2} and {M,R} = {4,2}. As
shown in Fig. 3.7, for {M, R} = {2,2}, the transmit diversity gain is degraded
with P = 3 (note that P = 3 does not satisfy (3.21)) in comparison with P = 4
(satisfying (3.21)). The same comment is valid for P = 6 with respect to P = 8.
Such a lack of diversity, explaining the BER floors in the figure, comes with a
marginal increase in rate. Indeed, the rate is p = 4/3 for P = 3 and p = 1 for
P = 4. These comments are also valid for {M, R} = {4,2}. These results confirm
that the receiver performance is sensitive to the spreading factor.
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Figure 3.7: BER versus SNR for different values of P.
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In Fig. 3.8, we compare block space-time spreading with KRST coding [129]. We
consider M = 4, K = 2 and 16-QAM. Different space-time spreading configura-
tions are simulated by varying the number of space-time spreading blocks/users.
We consider the following cases: i) Q = 3 with {M® M@ MO} = {2 1,1}, ii)
Q = 2 with {M® M@} = {2 2} iii)) Q = 1 with {M} = 4. Note that KRST
coding is a special case of the proposed approach for Q = M = 4 (constellation
rotation is not considered here for simulating KRST coding). KRST coding pro-
vides the best performance in terms of rate, but the worst performance in terms of
BER. In the proposed approach, by decreasing the number of space-time spreading
blocks, the BER performance is improved since more transmit antennas are used
to achieve higher transmit diversity gains. However, this comes at the expense of
a decrease in rate.

M=4, N=10, 16-QAM

—v— KRST coding, Q=M=4
—*— proposed, Q=3, {(M®,M® MCh=(2 2,1}
—6— Proposed, Q=2, {(M®,M@h=(2,2}

—+&— Proposed, Q=1, M=4

0 3 6 9 12 15 18
SNR (dB)

Figure 3.8: Block space-time spreading versus KRST coding.

Figure 3.9 compares the proposed MIMO system with the Alamouti code [2] in
the particular single-user case with Q = 1, M = K = 2 and R = 2. For the
Alamouti code, perfect channel knowledge is assumed at the receiver, contrarily
to our system which uses blind detection. In order to keep the same rate (1
bit/channel use) for a fair comparison, the Alamouti code uses BPSK while the
proposed MIMO system uses QPSK. The performance gap between the proposed
approach and the Alamouti code is 3dB for a BER of 2 - 1073. The slope of the
BER curves indicate that both approaches have the same diversity gain.
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Figure 3.9: Block space-time spreading versus Alamouti code.
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Figure 3.10: Symbol RMSE for different values of N.
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3.8.2 RMSE performance

In the next experiment, we investigate the accuracy of the ALS algorithm in re-
covering the channel and symbol matrices. The fixed simulation parameters are
Q=1 M=2 R=1, K =2. The evaluation is based on the Root-Mean-Square
Error (RMSE) between the estimated and true matrices calculated according to
the following formulae:

RMSE(S) — \ﬁiH&o(m—s‘;
RMSE(H) = \ﬁi”ﬁwm_H‘i’

where L is the number of Monte Carlo runs, while So(I) and He(l) are the
estimated matrices after convergence at the [-th run. In this experiment, we assume
L = 1000. Figure 3.10 shows that the RMSE associated with the estimation of the
transmitted symbols exhibits a linear decrease as a function of the SNR. Estimation
accuracy also improves as N increases.

In Fig. 3.11, the RMSE associated with the channel estimation is depicted for
different numbers M of transmit antennas with Q@ =1, R =2, K =2 and N = 10.
Improved estimation of the channel matrix is obtained as M is increased. Note
that, despite the increase of the number of channel parameters to be estimated
when M is increased, this performance improvement is attributed to the higher
transmit diversity gain.

3.8.3 Comparison with classical MIMO schemes

In this section, we are interested in comparing the proposed MIMO system with
classical schemes such as Spatial Multiplexing (SM) [69] and Orthogonal Transmit
Diversity (OTD) [142], also known as V-BLAST and “Alamouti” schemes, respec-
tively. These schemes provide a performance reference for the proposed MIMO
system. The simulation of both SM and OTD consider a single-user system (no
multiuser interference) with perfect channel knowledge, which leads to the best
performance they can achieve. Contrarily to SM and OTD, the proposed space-
time spreading system is simulated in a blind setting using the ALS algorithm.

Figure 3.12 shows the BER performance of the proposed system with P = 2,
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Figure 3.11: Channel RMSE for different values of M.

compared with that of SM, for two different spectral efficiencies (2 and 4 bps/Hz),
and for M = 2 and K = 2 or 3. For achieving 2 and 4 bps/Hz, the proposed
system uses 4-PSK and 16-QAM, respectively while SM uses 2-PSK and 4-PSK,
respectively. In can be seen that, at 4bps/Hz, the proposed system is worse at low-
to-medium SNR and tends to be better at high SNR. From the slope of the two
BER curves, it can be noted that the block space-time spreading MIMO system
has a higher diversity gain than the classical SM scheme. We attribute such a gain
to the use of the spreading structure, which enforces orthogonality between the
transmit spatial channels. At 2 bps/Hz, the proposed MIMO system outperforms
SM. Note that the proposed system K = 2 has the same diversity gain as SM with
K = 3 (see the slope of the curves).

Figure 3.13 compares the proposed MIMO system with the OTD scheme. Diffe-
rently from the previous results, we now include channel frequency-selectivity and
OFDM. We consider a two-path channel (L = 2) with independent (zero and one
symbol-delayed) equal power taps and N. = 64 subcarriers. The other transmit
parameters are Q =1, M = K =2, R=2, P=2 and F = 1. The OTD scheme
codes the input symbols in the time-domain (i.e. across P = 2 consecutive OFDM
symbols) and not in the frequency-domain. It can be seen that both systems
achieve the same diversity gain and the gap between the proposed MIMO system
and OTD is approximately 6 dB for BER=10"3.
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Figure 3.12: Proposed MIMO system versus SM (V-BLAST scheme)

3.8.4 Performance with pilot symbols

In a practical system, a training sequence in the form of pilot symbols is used
for channel estimation. Here, we aim at evaluating possible performance gains
obtained when pilot symbols are used in conjunction with the ALS algorithm. We
make use of the Pilot-Assisted Channel Estimation (PACE) method for obtaining
an initial (more accurate) initialization of the channel matrix for the ALS algo-
rithm. The PACE method consists in estimating the frequency-selective MIMO
channel by using an orthogonal training sequence structure (see [93, 5] for details).

We evaluate the BER performance of the block space-time spreading MIMO system
for @ = 2, using i) standard PACE followed by LS symbol detection and ii) ALS-
based detection with joint channel-symbol estimation. It is worth mentioning
that the PACE method is sensitive to the number of pilot subcarriers, and its
performance considerably degrades when a small number of pilot subcarriers is
used. The proposed system uses Q = 2 with { MM M@} = {2 2} {RW RO} =
{1,1}, N. =64 and F' = L = 2. Figure 3.14 shows the performance of the proposed
system with PACE and ALS based detection for N, = 16. We can observe that
the ALS based receiver outperforms the conventional PACE receiver. The gain is
more pronounced when the number of receive antennas is increased.
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Figure 3.13: Proposed MIMO system versus OTD (Alamouti scheme)

3.8.5 Throughput performance

In this section, the average throughput of the proposed MIMO system is studied for
some system configurations. Our aim is to show that the block space-time sprea-
ding model covers different “transmission modes” that could be adapted according
to the SNR in a practical transmission setting. Throughput results are interesting
from a practical point of view, since they provide a more realistic insight on the
physical-layer performance of the proposed receiver strategy.

In order to obtain Block Error Rate (BLER) measures for throughput calculation,
we introduce an 8-bit Cyclic Redundancy Check (CRC) scheme at each data block,
which is defined as a collection of N R symbols (N symbols per data stream x R
data streams). We only vary the temporal spreading factor P which can be viewed
as a parameter controlling the redundancy of the transmitted symbols in the time
domain. The average values for the BLER are calculated over 1000 independent
runs for each SNR value. No channel coding is used. The calculation of the total
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Figure 3.14: Comparison between PACE and ALS based receivers.

throughput I' (summed over the @ users) is made using the following formula:

F:ZF(Q) _

Q
q=1 q=

(1 = BLER@) - p@ (bits/Tinoc),
1

where BLER is the block-error-rate of the g-th user, p'9 is the nominal rate of the
g-th transmission block defined in (3.22), and Ty = N RTs denotes the duration
of one transmission block of N R symbols, T being the symbol period. The number
of symbols per data stream is fixed at N = 10. In Fig. 3.15, we consider ) =
2 users with {M® RMW} = {21} and {M?® R®} = {1,1}. Note that both
users have the same multiplexing factor (thus the same nominal rate) but different
spatial spreading factors. In this figure, we evaluate the individual throughput
performance of each user. Each user throughput curve is reproduced for two values
of P. In the first case, we have P = MMWRW 4 M RP) = 3. In the second case,
P = 2 is assumed, which is below the required value for achieving the maximum
transmit diversity gain. Considering first P = 3, we verify from Fig. 3.15 that
the expected transmit diversity gain of the first user is effectively translated into
a higher throughput gain with respect to the second user. When P is decreased,
we observe an increase in the first user’s throughput for medium-to-high SNR
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Figure 3.15: Per-user throughput performance for P =2 and P = 3

levels, while, for low SNR levels, a throughput loss is observed. Therefore, the
diversity loss that occurs when P is decreased is compensated by a throughput
gain, especially for high SNR levels. For the second user, where no transmit
diversity is available, a significant degradation in the throughput performance is
observed.

Figure 3.16 shows a set of throughput curves for different values of P considering
Q=1 M=4 R=4, K =2, and using 16-QAM. This figure indicates that it is
possible to obtain a variable throughput performance by adjusting P according to
the SNR. Otherwise stated, this experiment suggests that a sort of link adaptation
could be implemented by varying the temporal spreading factor P in order to keep
the best throughput within each SNR region. In this case, the switching points
between different values of P occur at a SNR of 15, 21 and 28 dB.

3.9 Summary

This chapter has presented a new block space-time spreading model for the down-
link of MU-MIMO system based on tensor modeling. The core of the transmitter
is a 3-D spreading code tensor that jointly spreads and combines independent data



128 CHAPTER 3. MULTIUSER MIMO SYSTEMS USING BLOCK SPACE-TIME SPREADING
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Figure 3.16: Throughput performance for different values of P.

streams across multiple transmit antennas. We have formulated the received signal
as a block-constrained PARAFAC model, where the two fixed constraint matrices
reveal the overall space-time spreading pattern at the transmitter. The proposed
approach is flexible in the sense that it allows different spatial spreading factors
(diversity gains) as well as different multiplexing factors (code rates) for the users.
At the receiver, deterministic MUI elimination is performed by each user, followed
by a blind joint channel and symbol recovery stage using the ALS algorithm.

Simulation results have shown that the proposed MU-MIMO system is not far from
the classical SM receiver with perfect channel knowledge. We have considered the
use of pilot-assisted channel estimation in conjunction with the ALS algorithm.
According to the obtained results, significant performance gains can be obtained
when pilot symbols are used for initializing the ALS receiver. Our simulation
results have also shown that the block space-time spreading based MU-MIMO
system can achieve variable BER and throughput performances by adjusting the
three transmit parameters which are the spatial spreading, multiplering and tem-
poral spreading factors.

In the next chapter, we show that the constraint matrices ¥ and ® can be exploited
for designing more general MIMO transmit schemes. This is done by relying on a
CONFAC decomposition of the transmitted and received signals.






CHAPTER 4

Constrained Tensor Modeling
Approaches to MIMO-CDMA Systems

This chapter presents new modeling approaches to MIMO-CDMA transmit schemes
based on the CONstrained FACtor (CONFAC) decomposition. The constraint ma-
trices of the CONFAC decomposition are the core of the proposed transmission
model. They are exploited as allocation matrices that define the allocation of
users’ data streams and spreading codes to the transmit antennas. We begin by
considering a MIMO-CDMA transmission model based on the type-3 CONFAC
decomposition with two constraint matrices only. A systematic design procedure
for the allocation matrices leading to unique blind symbol recovery is proposed. We
show that a finite-set of spatial spreading schemes using multiple spreading codes
can be derived by controlling the canonical structure of the CONFAC constraint
matrices. In the second part of this chapter, a generalized transmission model
is proposed which fully exploits all the three constraint matrices of the CONFAC
decomposition. The core of the generalized model consists of a precoder tensor de-
composed as a function of three constraint matrices. Identifiability issues for blind
symbol/code/channel recovery are discussed. The bit-error-rate performance of se-
veral MIMO-CDMA schemes are evaluated for different structures of the constraint
matrices.



4.1 INTRODUCTION 131

4.1 Introduction

Several transmission models for MIMO systems using CDMA codes have been the
subject of recent research [79]. Spatial multiplexing strategies in conjunction with
CDMA is addressed in a few recent works [123, 97, 55] with focus on layered space-
time processing. In [123], the multiple transmit antennas are organized in groups
and a unique spreading code is allocated within the same group. The separation of
the different groups at the receiver is done by using a layered spacetime algorithm
[69]. Focusing on the downlink reception, [97] also considers the spatial reuse of the
spreading codes and proposes a chip-level equalizer at the receiver to handle the
loss of code orthogonality. A space-time receiver for block-spread MIMO-CDMA is
proposed in [55]. In this case, block-despreading is used prior to space-time filtering
in order to eliminate multi-user interference and reduce receiver complexity.

On the other hand, CDMA-based transmit diversity schemes have been proposed
earlier in [78, 56] and recently in [57]. These methods, commonly called space-time
spreading, are capable of providing maximum transmit diversity gain without using
extra spreading codes and without an increased transmit power. However, space-
time spreading methods put more emphasis on diversity than on multiple-access
interference. [158] investigates the performance of a range of linear single-user and
multiuser detectors for MIMO-CDMA schemes with space-time spreading. In prac-
tice, due to the joint presence of multiple-access interference and time-dispersive
multipath propagation, the large number of parameters to be estimated at the
receiver (e.g. users’ multipath channels, received powers, spreading codes) may
require too much processing/training overhead and degrade receiver performance.

In this chapter, we show that several MIMO-CDMA schemes ranging from full
transmit diversity to full spatial multiplexing and using different patterns of spa-
tial reuse of the spreading codes can be modeled with the aid of the constraint
matrices of the CONFAC decomposition introduced in Chapter 1. The distin-
guishing features of the proposed approaches w.r.t existing tensor-based CDMA
models can be briefly summarized as follows:

e The constraints in the tensor model allow to cope with multiple transmit
antennas and spreading codes per user or per data-stream, which provides
an extension of [129, 48, 32] where each data stream is associated with only
one spreading code;

e Several transmit schemes with varying degree of spatial spreading, spatial
multiplexing and spreading code reuse can be obtained by adjusting the
constraint matrices of the tensor signal model accordingly.
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4.2 System model and assumptions

We consider the uplink of a single cell synchronous MIMO-CDMA system with
@ active users and spreading factor P. The base-station receiver is equipped
with K antennas and the ¢-th user transmits I, independent data streams using
M, antennas. Multiple spreading codes per user are allowed, and J, denotes the
number of spreading codes associated with the g-th user. Each transmitted data
stream contains N symbols. The wireless channel is assumed to be constant during
N symbol periods. Flat-fading and user-wise independent multipath propagation
are assumed. The transmit parameter set {R,, M,, J,}, ¢ = 1,...,Q, utilized by
the ¢-th user, as well as the number () of active users are considered to be known
at the base-station receiver. Users’ spreading codes are assumed to be symbol-
periodic spreading codes.

We assume that the propagation channel between each pair of transmit and receive
antennas is characterized by L resolvable multipaths, where the [-th path delay
is (I — 1)T., T. being the chip duration in seconds, i.e., the maximum path delay
is equal to T4 = (L — 1)7T.. The multipath channel is assumed to be constant
during N symbols. We assume small angle-spread around the receiver, which arises
when the multipath reflectors are in the far field of the receive antenna array [149].
Inter-Symbol Interference (ISI) is handled by assuming that the codes include L
trailing zeros (or “guard chips”) [131]. In this case, only Inter-Chip Interference
(ICI) exists, and the known codes are interpreted as unknown “effective signature
codes”, and are given by the convolution of the transmitted spreading codes with
the impulse response of the multipath channel [156], with P denoting the number
of ISI-free chips per symbol. Under the assumption of independent multipath
propagation, the effective signature codes (henceforth referred to as “spreading
codes”) are pseudo-random and mutually independent codes. We simply adopt
the term “spreading code” for simplicity reasons.

4.3 Type-3 CONFAC-based MIMO-CDMA

For the considered multiuser MIMO-CDMA system, we formulate a new tensor
model for the received signal [37, 36]. This model is based on the type-3 CONFAC
decomposition introduced in Chapter 1 (c.f. Section 1.4). We start with a single-
user model for simplicity reasons. Let hg,, be the spatial fading channel gain
between the m-th transmit antenna and the k-th receive antenna, s,, = s((r —
1)N +n) be the n-th symbol of the r-th data stream, and ¢, ; be the p-th element
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of the j-th spreading code. Let us define H € CK*M S ¢ CN*® and C € C/
as the channel, symbol and code matrices, where hy., = [Hlkm, Snr = [Slar,
and ¢, ; = [C],; are, respectively, the entries of these matrices. We can view the
discrete-time baseband version of the noise-free received signal at the n-th symbol
period, p-th chip, and k-th receive antenna as a third-order tensor X € CN*P*xK
with the (n, p, k)-th element defined as x,,,,; = xx((n — 1)P + p). We propose the
following input-output model for the considered MIMO- CDMA system:

M
xn7p7k - Z un,p,mhk,m7 (41)
m=1

where Uy, pm = up((n — 1)P + p) is the (n,p,m)-th element of the third-order
tensor U € CV*P*M pepresenting the effective transmitted signal. We treat U as
the output of a constrained space-time spreading operation, which is modeled by
the following constrained tensorial transformation:

R J

Un,pm = Z Z gm(ra j)sn,rcp,j7 9m (’f‘, j) = wr,mgbj,ma (42)

r=1 j=1

where g,,(r,7) is the (r,j)-th element of G,, € C*. This matrix defines the
allocation of R data streams and J spreading codes to the m-th transmit antenna.
Let us define:

G=v®" e C™/

as the stream-to-code allocation matrixz. This matrix synthesizes the constrained
structure of the model. It is given by the inner product of two allocation matrices
W ¢ CHPM and @ € C/*M | respectively. Note that ¥ and @ controls, respectively,
the allocation of R data streams and .J spreading codes to M transmit antennas. ¥
can be viewed as a stream-to-antenna allocation matriz and ® as a code-to-antenna
allocation matriz.

The physical interpretation of (4.2) is that each data symbol s, , is spread up to J
times using the spreading codes ¢, 1, ..., ¢, . Each spread symbol s, ,c,; is then
loaded at the m-th transmit antenna. Depending on the structure of the g,,(r, j)’s,
the same spread symbol s, ,c,; may simultaneously be loaded at several transmit
antennas in order to benefit from transmit spatial diversity. From (4.1) and (4.2),
we can express the received signal as

M R J
Tnpk = Z Z Z 9m (T, j)sn,rcp,j hk,m (43)
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By comparing (4.3) with (1.101), we can deduce the following correspondences:

([17[27]37R17R2aF) - (N,P,K,R, JvM)a
(A,B,C) — (S,C,H), (4.4)

which means that the received signal model follows a type-3 CONFAC decompo-
sition.

4.3.1 Multiuser signal model

Some definitions are now introduced, which allow us to view (4.3) also as a mul-
tiuser signal model. In the multiuser case, R = Ry +---+ Rg, J = J1 +--- + Jo,
and M = M; + --- + Mg denote, respectively, the total number of data streams,
spreading codes and transmit antennas considered, i.e., summed over all the @
users. In this case, H, S and C are interpreted as aggregate channel, symbol and
code matrices concatenating () matrix-blocks, i.e.:

H = HY, . H]eCkM,
S = [SW,... 8@] e CVNE
C = [CW,....Cc9ec?, (4.5)
where héqgn = H9)ym, = H] Sy(qqlq = [S9],,, = [S] , and
Mg k7§1 Mi+myg n,gl Ri+rq
c;?;q = [C(Q)]p,jq = [C] qf] . define the entries of the ¢-th user channel, symbol
p, Jq

and code matrices, respectlvely We can also view the aggregate allocation matrices
as a block-diagonal concatenation of () matrix-blocks:

U = blockdiag(¥W ... w@) e CcFM
® = blockdiag(®V ... »@)) c Cc/*M (4.6)
where ¥, = (E0),m, = (@l oo and ¢, = [@0],, =
Z Ri+rq, Z Mi+mq !
(@], -1 define the entrles of the g-th user allocation matrices. Si-
Z JitJas Z Mi+mq

i=1

mllarly, the aggregate stream-to-code allocation matrix is defined as:

G = blockdiag(GW, ...  G@)) = we? ¢ C*,
with G@ = $@WeWT =1 ... Q. (4.7)
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Figure 4.1: Uplink model of the proposed multiuser MIMO-CDMA system.
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Figure 4.2: Constrained decomposition of the received signal tensor (k-th
third-mode matrix slice).

Figure 4.1 depicts the proposed multiuser MIMO-CDMA model. Figure 4.2 illus-
trates the constrained factorization of the k-th third-mode slice of the received

signal tensor.

Note that the received signal model (4.3) can be expressed in equivalent matrix
forms. Let us define the three unfolded matrices of the received signal tensor as:

Xi)te—1)N4np = [Xo]a-1)ppk = Xslp-1)Kth0 = Tnpk
Comparing (4.3) with (1.83) and using (1.87), we have:
X; = (Ho (S®))(C®)", X,=((S¥)o(CP))H"

X; = ((C®)oH)(S¥)". (4.8)
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Relation to the PARAFAC model of [131]

The parallel can be made by assuming {R,} = {J,} = {M,} = 1. In this case,
the correspondences between both tensor signal models are (M, R, J) — (Q, Q, Q),
and we have ¥ = ® = I, meaning that the noiseless received signal model reduces
to a single-antenna CDMA tensor model [131]:

Q
Tppk = Z Sn.qCp.gli.q- (4.9)

g=1

Therefore, the proposed model can be viewed as a generalization of the one in [131],
which is restricted to the single-antenna CDMA case. The introduction of ¥ and
® gives flexibility (and more degrees of freedom) to our tensor signal modeling, in
the sense that it models CDMA systems with multiple transmit antennas, multiple
data streams and multiple spreading codes per user.

Remark 4.1: This constrained tensor model has properties similar to those of
the tensor model proposed in [130] for blind single-antenna CDMA systems with
large delay spread. This model can be also viewed as a constrained tensor model
where the constrained structure is fixed and intrinsic to the propagation channel
(and not to the multiple-antenna transmitter design as in our context).

Example 4.1: In order to illustrate the physical meaning of the allocation ma-
trices, let us consider the simple example of a single-user multiple-antenna system
(Q = 1). Assume that the serial input stream is divided into R = 2 parallel
data streams transmitted by M = 4 transmit antennas using J = 3 orthogonal
spreading codes. Suppose that the allocation scheme is defined by the following
constraint matrices:

1100
\Il:[(l)(l)(l)(l)], =001 0 (4.10)
0001

The unitary entries in the first row of the stream-to-antenna matrix ¥ means that
the first data stream is spread across the first and second transmit antennas. Like-
wise, the second row of ¥ shows that the second data stream is spread across the
third and fourth transmit antennas. Now, looking at the code-to-antenna matrix
®, we can see that the first two antennas share the same spreading code for trans-
mission while the third and fourth transmit antennas are associated with different
spreading codes. Several allocation structures with different allocation patterns
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involving data streams and spreading codes for an arbitrary number of transmit
antennas can be accommodated in our tensor model. However, the question is
whether or not the chosen structure guarantees the uniqueness of the parameters
of interest which is the symbol matrix and, possibly, the code matrix. In the next
section, the design of the allocation matrices is studied.

4.4 Design of the allocation matrices

In this section, we study the design of the allocation matrices for ensuring blind
symbol recovery (i.e. uniqueness of S). Then, we describe a procedure for designing
¥ and ® which allows us to derive a set of multiple-antenna schemes for a fixed
number of transmit antennas.

4.4.1 Generating vectors

For simplicity reasons, we omit the user-dependent index ¢ in the design of the
allocation matrices by considering a single-user system. Since the design criterion
for these matrices is exactly the same for all the users, we can bypass the user-
dependent notation without loss of generality while simplifying the notation.

We propose to parameterize the two allocation matrices ¥ and ® by their ge-
nerating vectors. Let us define @ = [ag---ag| and B = [B;---Bgr|, where
Br = [Br1---Brs] as the generating vectors of ¥ and ®, respectively. These
vectors completely characterize the allocation structure in the considered MIMO
system. Note that:

e «, is the r-th spatial spreading factor, and denotes the number of transmit
antennas associated with the r-th data stream;

e 3., is the j,-th code reuse factor, and denotes the number of transmit anten-
nas reusing the j,.-th spreading code of the r-th data stream, j, =1,..., J,.

The generating vectors are linked to the allocation matrices by the following rela-
tions:

UOT = diag(ay,...,ar) = diag(a),
®®" = diag(By,...,Br) = diag(B),
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For instance, in Example 4.1 the generating vectors of ¥ and ® are respectively:
a=1[22, B=[211]

where oy =2, ap =2, 811 =2, f21 =1 and B2 = 1. Note that o and 3 satisfy
the following constraint:

R R J
Yo =33 6 - (4.11)

r=1 r=1 Jr:1

4.4.2 Design criterion

We borrow some basic concepts from partition theory [4] in order to design the
allocation matrices. Specifically, the generating vectors a = [ - - - ag] and B =
[B1 - Br| are interpreted here as partitions of size M and dimensions R and J,
respectively. The fact that a and 3 are partitions of the same size is due to (4.11).
Physically, a¢ is a partition of M transmit antennas into R subsets transmitting
different data streams (i.e.,the r-th data stream is spread across «a, antennas).
Likewise, 3 is a partition of M transmit antennas into J subsets, each one of
which is associated with a different code (i.e., the j,.-th code is reused by S, ;,
antennas). We suppose that a and 3 satisfy the following design criterion:

Jr
S B =Bl =, 1<r<R (4.12)

jr'zl

where J, is the dimension of the r-th subpartition 3, = [5,1--- 5] of B3, with
Ji+---+Jgp=J. B corresponds to the number of times the j,-th spreading
code is reused by the r-th data stream, while J,. corresponds to the number of
different spreading codes within the r-th antenna set.

Based on (4.12), we propose the following partitioned construction for ¥ and ®:
v = [Uy,..., P, ... P

with ¥, =17 ®e” (Rxa,), r=1,...,R,
(4.13)
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and
P = [‘I)la ) ¢T7 ) q)R]a
with (I)T = [@7«71, . (I)r,jra 7(I)T,Jr] (J X Oér),
- ,JI_J Kﬁj r_ -
A
and @, = | 17 @) | (JxB,), (4.14)
O(J—jr)xﬂm-r
where 1,, = [11 --- 1]” is an n-dimensional vector of ones, and J, = Y J;. Note

i=1
that W, is the allocation matrix associated with the r-th transmitted data stream,

and @, ; is the allocation matrix associated with the j,-th spreading code used
by the r-th data stream.

Constructing ¥(ar) and ®(8) according to the design criterion (4.12), we can
verify (see Appendix B) that any S and C satisfying the model are related to S
and C, respectively, by:

S = ST, T=diag(t,...,tgIx,

C = CU, U = blockdiag(Uy,...,Ug)II,, (4.15)

where U, € C’/*/ is a non-singular transformation ambiguity matrix, Il €
CExR is a permutation matrix and II; € C’*/ is a block-diagonal permutation
matrix. In other words, the symbol matrix S is unique up to column permutation
and scaling while the code matrix C is unique up to a multiplication by a non-
singular block-diagonal matrix and column permutation. It is worth noting that
the simultaneous uniqueness of S and C up to permutation and scaling arises in a
particular case of (4.12) where R =J and o, = 3, r =1,..., R.

Remark 4.2: The uniqueness of S is the major concern here, since our final goal
is the blind recovery of the transmitted data streams. On the other hand, the
uniqueness of H is not required in our context, since we are mostly interested in a
“direct” detection without using any knowledge about the channel.

Practical implications of the proposed design criterion: The proposed
design criterion based on a and @ has some practical implications. First, we
can observe that the spatial spreading of the data streams and the reuse of the
spreading codes are restricted to adjacent transmit antennas only. This restriction
can easily be deduced from the repetition pattern of identical canonical vectors
in these matrices. Another implication of this construction is that different data
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streams cannot be associated with the same spreading code for transmission. In
other words, spreading code reuse only takes place across the transmit antennas
transmitting the same data stream.

4.4.3 Design procedure

We propose a systematic procedure for building the allocation matrices ¥ and ®
in (4.13)-(4.14) based only on the generating vectors v and 3, according to the
following steps:

(i) A choice of ac is made for a fized number M of transmit antennas (partition
size) and a fixzed number R of input data streams (partition dimension);

(ii) For every a.., a sub-partition B, = [B.1---Br4.] of size a,. and dimension
J, is formed so that (4.12) is satisfied, and B3 = [B1---Br]. The value of
J,., i.e. the number of spreading codes for the r-th data stream, is a design
parameter.

(i) ¥ and ® are built according to (4.13)-(4.14).

4.4.4 Set of allocation schemes

More than one choice for 3 may be possible for a fixed a. This is due to the
fact that more than one way of choosing a sub-partition 3, from «a,., r =1..., R
may be possible without affecting the uniqueness property of the model. Each
choice will lead to a different allocation structure G = ¥(a)®(3)?. Following the
proposed design procedure, a set of MIMO-CDMA schemes can be derived from the
different possible choices of a and 3. Table 4.1 shows the set of schemes for M = 4
transmit antennas. We assume that oy > -+ > ag,and 11>+ > 315, > -+ >
Br1i > -+ > PBr.y,. This assumption eliminates equivalent (redundant) schemes.
For example, an allocation scheme with @ = [1 3] and 8 = [1 2 1] is considered
equivalent to the one with o = [3 1] and 8 = [2 1 1]. Both schemes have the
same spreading and multiplexing pattern (the order of association of data streams
and spreading codes with the transmit antennas is irrelevant), and have the same
uniqueness property (both schemes satisfy condition (4.12)). In this table, the
different schemes are listed according to increasing values of R and J.

It can be seen from this table that 14 allocation schemes are possible. Note that for
some values of R and J, 2 schemes exist. Let us consider the case (R, J) = (1,2),
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Table 4.1: Set of schemes for M = 4.

(R,J) a’s B’s nb. of schemes
11 4 1 1
i3 1 | (BLET
1,3 1 211
1,4 1 1111
1); [22]}
2,3) [ {[31]; [22]} | [211]

ul\Z)
S

e e e IS Y Y B )

| ol w
S

/‘\/‘\/‘\/\/\/‘[\3/\/‘\/‘\/\
[\
—— | = — N —
~
w
=
[}
9,
——
~=
w

where we have 2 possible choices. For 3 = [3 1], antennas 1, 2 and 3 use the same
spreading code, which is different from the one used by antenna 4. On the other
hand, for 3 = [2 2] each spreading code is used twice by two different antenna sets.
Both are full spatial spreading schemes, but having different code reuse patterns.
For (R,J) = (2,2), we have 2 feasible schemes, and they correspond to those
satisfying a = 8. For (R, J) = (2,3) and (2,4) we also have 2 schemes. Note that
the basic difference between the schemes (R, J) = (2,2), (2,3) and (2,4) is on the
code reuse/multiplexing pattern, the spatial spreading pattern being the same.

Remark 4.3: In this chapter, we have considered an uplink MIMO-CDMA system
model, with multiple transmitters/users and a single (base-station) receiver. In
[41], we address the downlink case with multiuser/multicode transmission. From
the viewpoint of tensor modeling, this model is a generalization of the uplink model
of this chapter to the case of multiuser spatial multiplexing, since several user
transmissions are multiplexed across the same set of transmit antennas. Another
distinguishing feature of [41] is the design of the allocation matrices. This work
proposes a complete parametrization of the two allocation matrices along with new
design constraints that allow to easily derive sets of downlink allocation schemes
for a fixed number of transmit antennas.

4.4.5 Discussion

In practice, ¥ and ® can be designed based on practical restrictions such as the
number of available spreading codes and transmit antennas, data-rate and diversity
requirements. One way of optimizing the allocation matrices is to take advantage
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of a priori channel state information at the transmitter. Since our design proce-
dure allows the determination of a finite-set, or codebook, of feasible allocation
schemes, limited feedback precoding methods [77, 95] can be used to select the best
pair of constraint matrices at the transmitter. Although interesting, performance-
oriented optimization of ¥ and @® is a topic beyond the scope of the thesis and
will be elaborated in the future. Here, we only focus on uniqueness aspects for
designing the transmit schemes. However, we conjecture that the optimization of
the allocation structure can allow substantial performance gains compared to the
non-optimized case. This issue is under investigation.

4.4.6 Identifiability

Let us rewrite the three unfolded matrices of the received signal (4.8) in the follo-
wing equivalent manner:

X, = ZI(H, S)CT, Xy =7 (S, C)HT, X3 = Zg(C,H)ST. (4.16)
where

Z,(H,S) = (Ho (S¥))®” € CKV*/ Z,(S,C) = (S¥) o (CP®) € CNP*M,
Z3(C,H) = ((C®) o H)WT e CPKxER,

are the three constrained Khatri-Rao factorizations of the received signal model.

Theorem 5.1 (identifiability): The identifiability of the constrained tensor mo-
del (4.3) in the Least Square (LS) sense requires that Z; (H, S), ZQ(S,C), and
Zs (C,H) are full column-rank, i.e.:

KN>J NP>M, and PK > R. (4.17)

Proof: The proof is equal to that of Theorem 1.3 by using the following corres-
pondences: (I, s, I3, Ry, Ry, R3) — (N, P, K, R, J, M). |

From (4.17), the following corollaries can be obtained:

1. For R = J = M (equal number of data streams, spreading codes and trans-
mit antennas), the type-3 CONFAC decomposition of the received signal
reduces to the PARAFAC decomposition of M factors, and (4.17) is equiva-
lent to condition [132]:

min(KN, NP, PK) > M
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2. For 1 < R = J < M (equal number of data streams and spreading codes)
we can decouple (4.17) into the two following conditions:

K -min(N,P) > R, and NP > M.

3. For 1 < R < J = M (equal number of spreading codes and transmit anten-
nas), we obtain the two following conditions:

N -min(K,P) > M, and KP > R.

4.4.7 Discussion on the identifiability conditions:

Interpretation of (4.17)

These conditions relate all the system parameters of interest, which belong either
to the transmitted or to the received signal dimensions. The transmitted signal
dimensions are (R, J, M) while the receiver dimensions are (N, P, K'). These iden-
tifiability conditions can be interpreted in the following manner. An increase in
a transmitted signal dimension (e.g. data stream, spreading code, or transmit an-
tenna dimension), representing an increase in the number of system parameters
to be identified at the receiver, must be compensated by an increase in the cor-
responding received signal dimension(s). As a consequence of tensor modeling, an
identifiability tradeoff arises in (4.17). For instance, an increase in the number R of
data streams can be compensated by increasing the number K of receive antennas
or by increasing the spreading factor P, or both, accordingly. A similar reasoning
applies when the number of spreading codes or transmit antennas is increased.

On k-rank based conditions

Model (4.8) can be viewed as a third-order PARAFAC model with three equivalent
factor matrices S = S¥, C = C® and H. Due to the presence of sets of identical
columns in ¥ and ®, and consequently in S and C, the identifiability result of
[131], which is based on the concept of k-rank, does not apply to this constrained
tensor model. This is due to the fact that S and C have k-rank equal to one,
and the sufficient condition of [131] fails (see [131] for further details). The same
comment is valid for the PARALIND model of [130] and [10], which exhibits similar
constrained structure.
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4.5 CONFAC-based MIMO-CDMA

Now, we present a CONFAC-based MIMO-CDMA model which generalizes the
one proposed in the previous section [44, 35, 42]. At the transmitter, R input
data streams are transmitted using J spreading codes and M transmit antennas.
The proposed transmission model consists in: i) generating F' precoded signals to
be transmitted by spreading R input data streams' with the aid of J spreading
codes and then ii) associating these F' precoded signals with the M transmit
antennas. The simultaneous transmission of the data streams across multiple
transmit antennas may use different codes, or fully reuse the same code, or partially
reuse one, or a set of, spreading code(s). Such a code reuse pattern will be explicitly
modeled by fully exploiting the CONFAC decomposition structure.

4.5.1 Precoder decomposition

The signal to be transmitted is modeled by the sum of F' precoded signal compo-
nents. Let g, ;. be the (r,7,m)-th element of the precoder tensor G € CH*/*M,
This tensor determines the allocation of the r-th data stream and the j-th sprea-
ding code to the m-th transmit antenna. The F-factor decomposition of the pre-
coder tensor is given, in scalar form, by the following “constrained” PARAFAC
decomposition:

F
Grjan (W, @, Q) =~y 1) pwm, - (4.18)
=1

W c C*F @ ¢ C/*F, Q € CMXF are stream reuse, code reuse and antenna reuse
matrices, respectively. Therefore, the precoder tensor G € C**/*M can be viewed
as a joint stream-code-antenna multiplexer which is decomposed in terms of ele-
mentary stream, code and antenna reuse matrices. For instance, ¥, @; jwp, = 1
means that the r-th data stream is spread by the j-th spreading code and then
transmitted by the m-th transmit antenna.

! Although not mentioned, the R input data streams can be associated with R users in a
multiuser model.
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4.5.2 Transmitted signal model

The transmitted signal is represented by the third-order tensor U € CN*FxM
with entry ;.. The discrete-time baseband version of the transmitted signal
associated with the m-th transmit antenna, n-th symbol and p-th chip, is defined
as Uppm = um((n —-1)P+ p). We propose the following constrained factorization
for modeling the effective transmitted signal:

M:a

anrcpjgr]m \I’ P Q)

1 j=1

R J
ZZSH T‘de wrfgbj fwm o (419)

1 r=1 j=1

J
Un,pm

T

NE

T

By comparing (4.19) with (1.83), we have the following correspondences:

(117127]37R17R27R37F) A (Na P; Ma R7 J7Ma F)7
(A,B,C) < (S, C,1Iy).

Hence, the transmitted signal model is a special case of the CONFAC decomposi-
tion, where the third-mode matrix is equal to the identity matrix.

We can rewrite (4.19) in the following form:

R J
Unpm = ZZ (Z¢ ,f¢]f7wmf> Sn,rCp,j

r=1 j=1 \f=1
R J
) [ ] S (4.20)
r=1 j=1 "
Krj = [\IIDm(Q)q)T} - = 1 means that the m-th transmit antenna transmits

7‘7]
the r-th data stream using the j-th spreading code. The transmitted signal slice
U..,, € CN*F associated with the m-th transmit antenna can be expressed as:

> s,C, (4.21)

Tuj/’ir,jzl

or, equivalently, in terms of the constraint matrices:

U.,, = S(¥D,(Q)®@")C". (4.22)
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Figure 4.3: Block-diagram of the CONFAC-based MIMO transmission system.

The block diagram of the proposed MIMO transmission system is shown in Fig.
4.3. In this figure, the precoder tensor is shown in terms of its M matrix-slices.
The m-th precoder slice generates a tensor signal component u,,,, at the m-
th transmit antenna by combining transmitted symbols and spreading codes, the
combination pattern being determined by ¥, ® and D,, ().

Example 4.2: In order to illustrate the physical meaning of the precoder decom-
position, let us consider a MIMO-CDMA system transmitting R = 2 data streams
with J = 3 spreading codes across M = 3 transmit antennas. Assume that F' = 3
precoded signals are generated using the following constraint matrices:

100
w:[é?” dP=0=|010]=I.
00 1

We have:

\IJDl(Q)ch:H 8 8] \IIDQ(Q)QT:[O ; 0},
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resulting in the following decomposition of U.;, U., and U.3:

T T T
————— ————— N—————
signal at tx antenna 1 signal at tx antenna 2 signal at tx antenna 3

The first data stream is reused at the first and third transmit antennas with two
different spreading codes, while the second data stream is transmitted by a single
antenna using a single spreading code.

Example 4.3: Now, consider that we have R = J = 2, M = 3 and F = 4, with
the following precoder constraint matrices:

1 010
@z@z{éé??}, Q=101 00
00 01
We have:
r |10 r |10 r 00
D, ()P _{O e WDy (N)D" = 00| UD3(0N)P" = 01|

From (4.21), we deduce that:

T T T T
U..1 == S-lc.l + S.QC.Q, U..2 - S.lc_l y U..3 == S.QC_Q
signal at tx antenna 1 signal at tx antenna 2 signal at tx antenna 3

In this case, the first and second data streams are code-multiplexed at the first
transmit antenna. The first and second data streams are reused respectively by the
second and third transmit antennas in order to achieve transmit spatial diversity.

Several transmit schemes can be designed for a fixed parameter set (R, J, M, F),
by varying the pattern of 1’s and 0’s of the precoder constraint matrices.
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4.5.3 Received signal model

CNXPXK

The scalar component x,, ,, , of the received signal tensor X € is factored,

in absence of noise, as:

M
xn7p7k = : : hk7mun7p7m
m=1
R M

- Z Z Z Sn,rCp,iPkm Grjm (¥, ®, 82) (4.23)

r=1 j=1 m=1

which is a CONFAC decomposition of the received signal as a function of symbol,
code and channel matrices, the constrained structure being determined by the
precoder tensor g j (¥, ®,€2). The following correspondences can be deduced by
comparing (4.23) with (1.83):

(-[17-[27]37R1aR27R37F) = (NaP7K7R7‘]7M7F)a
(A,B,C) < (S,C,H). (4.24)

The unfolded matrices X; € CPE*XN X, € CENXP and X3 € CVPXEK can be
factored as in (1.87) by taking the correspondences (4.24) into account.

4.6 Blind detection: uniqueness tradeoffs

As discussed in Chapter 1 (c.f. Section 1.4.3), the partial uniqueness property of
the CONFAC decomposition leads to a “uniqueness tradeoff”, where the essential
uniqueness in one or two modes comes at the expense of a restrictive nonuniqueness
in the other mode(s). The implications of this uniqueness tradeoff in terms of blind
symbol/code/channel recovery are now studied.

Recall that the uniqueness conditions of Section 1.4.3 establish equivalences bet-
ween pairs of constraint matrices ensuring essential uniqueness in two factor ma-
trices of the CONFAC decomposition. Having in mind the correspondences (4.24),
these equivalences admit a physical interpretation in terms of allocation of data
streams and spreading codes to transmit antennas, leading to different blind sym-
bol/code/channel recovery properties. We shall distinguish the precoder strategies
in two groups: i) those with reuse across two dimensions only and; ii) those allo-
wing reuse across all the dimensions. These two cases are now detailed:
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4.6.1 Reuse across two dimensions only

We assume that either i) data streams and spreading codes (but not the transmit
antennas) are reused more than once in the composition of the F precoded signals,
or ii) transmit antennas and data streams (but not the spreading codes) are reused
more than once. These two configurations are detailed below:

(l.La) R=J < M = F (no transmit antenna reuse): Each data stream is associa-
ted with a different spreading code. Each data stream/spreading code can
be reused more than once by different transmit antennas (spatial diversity).

(2.a) M =R < J=F (no spreading code reuse): Each transmit antenna is asso-
ciated with a different data stream. Each data stream/transmit antenna can
be reused more than once by different spreading codes (code diversity);

4.6.2 Reuse across all the dimensions

We assume that data streams, spreading codes and transmit antennas are reused
more than once in the composition of the F' precoded signals. We consider two
different situations:

(1.b) R=J < M < F: Equal number of data streams and codes.

(2.b) M = R < J < F: Equal number of data streams and antennas.

Resorting to the partial uniqueness corollaries C.1 (for (1.a) and (Lb)) and C.3
(for (2.a) and (2.b)) given in Section 1.4.3, we have the following results:

e For configurations (1.a) and (1.b), if ¥ and ® are equivalent, then both S
and C are essentially unique, i.e. joint symbol-code recovery is achieved.

e For configurations (2.a) and (2.b), if ¥ and € are equivalent, then both S
and H are essentially unique, i.e. joint symbol-channel recovery is achieved.

These results illustrate the existing link between the space-time precoder struc-
ture with constraints used at the transmitter and the resulting blind sym-
bol/code/channel recovery property at the receiver using the proposed CONFAC
model. Several degrees of freedom for space-time precoder design are available for
ensuring the blind symbol recovery.
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It is worth noting that for configurations with more transmit antennas than data
streams (meaning that there is one or more data streams spatially spread using
multiple transmit antennas), the proposed transmission model is similar to space-
time spreading [103, 78, 56]. On the other hand, if we have more data streams than
transmit antennas (meaning that two or more data streams are code-multiplexed
at the same transmit antenna), the proposed transmission model is close to space-
time multiplexing [102, 57].

4.6.3 Receiver algorithm

As in the previous chapters, we make use of the ALS algorithm. In the present
context, this algorithm consists in fitting a CONFAC model to the received signal
tensor in order to estimate the symbol, code and channel matrices in presence of an
additive white Gaussian noise. Since the precoder constraint matrices ¥, ® and
2 are known at the receiver, they are fixed during the whole iterative estimation
process.

Define X; = X; + V;, i = 1,2,3, as the noisy versions of X;, where V; is an
additive complex-valued white gaussian noise matrix. The algorithm consists of
the following steps:

1. Set 1 =0; N R
Randomly initialize S(—) and H(—);

2.1 =14+ 1;
3. Using Xy, find an LS estimate of Coy:

~ ~ ~ T~
Ci) = [(H(z’—nﬂ ° S(z‘—l)‘I’)‘I’T] Xy;

4. Using X,, find an LS estimate of H;:

~ ~ ~ T~
HY) = |[(Si W o Co@)?| Xy

5. Using 5(3, find an LS estimate of S;:
~ ~ ~ T~
St = [(Cp@ o HyR)w?| Xy

6. Repeat steps 2-5 until convergence.
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In practice, it is reasonable to assume known spreading codes at the receiver. In
this case, the matrix C is fixed during the ALS algorithm and Step 3 is skipped.
The knowledge of one factor matrix generally accelerates the convergence of the
ALS algorithm, even with small blocks of received samples [129]. Therefore, ex-
ploiting the knowledge of the spreading code matrix (whenever it is available) is
beneficial from this viewpoint.

4.7 Performance evaluation

We present some simulation results for illustrating the performance of the pro-
posed MIMO-CDMA transmission models. We are interested in the symbol and
channel recovery with the knowledge or not of the spreading codes at the receiver.
Therefore, two different detection assumptions are considered:

o (Code-assisted detection: The spreading code matrix C is assumed to be
known at the receiver so that Step 3 of the ALS algorithm is skipped.
Hadamard(P) spreading codes are used in this case.

e (Code-blind detection: The spreading code matrix C is assumed to be unk-
nown at the receiver as a consequence of multipath delay propagation. In
this case, the ALS receiver fully iterates for estimating the code matrix C.
The spreading code matrix is generated by convolving the Hadamard(P)
code with the considered multipath delay channel [156].

Performance evaluation is based on average Bit-Error-Rate (BER) versus Signal-
to-Noise Ratio (SNR) plots, obtained by means of Monte Carlo runs. The number
of runs vary from 1000 to 5000 depending on the simulated SNR value. At each
run, the additive noise power is generated according to the SNR value given by:

1% 1%
F

This SNR measure takes into account the effects of multiple transmit/receive an-
tennas, fading and multipath. The spatial channel gains and multipath fading
are drawn from an i.i.d. complex-valued Gaussian generator while the transmitted
symbols are drawn from a pseudo-random Quaternary Phase Shift Keying (QPSK)
sequence. Our simulations focus on challenging system configurations with a small
number of receive antennas and short received data blocks, which is more attractive
in practice.
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It is known that the ALS algorithm is strongly dependent on the initialization
in the completely blind case (where S, C and H are unknown). Indeed, ill-
convergence to local minima generally occurs for bad initializations. At each run,
we consider 10 different random initializations and the best one is chosen for perfor-
mance evaluation. The best initialization corresponds to the one with the smallest
error. The scaling ambiguity affecting the estimates of the symbol matrix is resol-
ved by assuming that the first symbol of each data stream is equal to 1. We recall
that the unknown scaling factor that is inherent to the blind estimation process is
eliminated by normalizing each column of the estimated symbol matrix by its first
element. Differential modulation/encoding can optionally be used to eliminate
this ambiguity [131]. In the unknown spreading code case, the inherent column
permutation ambiguity in S is resolved using a greedy least squares (S, S)-Column
matching algorithm [131].

4.8 Simulation results—Part 1

This section contains the first part of our computer simulation results. We eva-
luate the BER performance of the type-3 CONFAC-based MIMO-CDMA model
of Section 4.3. The second part will be dedicated to the CONFAC-based model
of Section 4.5. Different allocation structures for M = 2,3 and 4 are considered.
The ALS algorithm is used as the multiuser detection receiver. Note that for the
type-3 CONFAC MIMO-CDMA model, the ALS algorithm coincides with the one
described in (4.6.3) with 2 = I.

The BER curves represent the performance averaged on the R transmitted data
streams, except in some figures, where we plot the individual performance of each
data stream for a more detailed analysis. We assume K = 2 and N = 10 throu-
ghout the simulations, unless otherwise stated. The most relevant parameters to
be considered here are the generating vectors a and 3 of the allocation structure,
defining the spatial spreading and code reuse factors, respectively. In all the si-
mulations, the transmit parameters are shown at the top of each figure. We recall

that for given o and 3, the corresponding values of R and J can be deduced, as
shown in Table 4.1 for M = 4.

It is worth mentioning that our simulation results do not distinguish between the
detection of ) user signals with M, transmit antennas, R, data streams and J,
spreading codes each, or the detection of a single-user signal with M = M;+---+
Mg antennas, R = Ry + --- + Rg data streams and J = J; + -+ + Jg spreading
codes. Since the ALS receiver is based on a joint multiuser detection, distinguishing
between both cases is not relevant for purposes of performance evaluation.
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Figure 4.4: Average performance of 3 different transmit schemes with M = 2.
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Figure 4.5: Average performance of 4 different transmit schemes with M = 4.
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4.8.1 Performance of different schemes (M =2 and M = 4)

First, we consider the code-assisted detection and investigate the performance of
some MIMO-CDMA schemes for M = 2 and M = 4 transmit antennas. Figure 4.4
depicts the performance of 3 different schemes for M = 2. The allocation matrices
for these schemes are given by:

generating vectors | allocation matrices
a=08=]1] U=0=1,

a=2 p=[11 [¥=[11, &=1I,
a=08=2 U= =]11]

We can observe that performance improves when going from full spatial multi-
plexing (a = B = [1 1]) to full spatial spreading with code reuse (a = 8 = 2).
Such a performance gain comes at the expense of a reduction of the spectral
efficiency P/R by a factor of two. Spatial spreading with code multiplexing
(e = [2],8 = [1 1]) offers nearly the same average performance as spatial sprea-
ding with code reuse. The use of code multiplexing in place of code reuse can be
more attractive in scenarii where the spatial channels from the different transmit
antennas are correlated and transmit spatial signatures are poor [102]. We shall
come back to this issue latter in our simulation results. Figure 4.5 shows the per-
formance of 4 different schemes for M = 4, considering R = J and a« = 3. The
spreading factor P is adjusted for keeping the spectral efficiency P/R constant
(except for a = B = 4 where spectral efficiency is reduced twice). A variable
degree of spatial diversity is afforded by the different choices of o and 3.

4.8.2 Influence of the code reuse pattern (choice of 3)

Figure 4.6 compares the performance of two different schemes combining spa-
tial spreading and spatial multiplexing for M = 3. Both schemes have the same
spatial spreading pattern, the difference being on the code reuse/multiplexing pat-
tern. In contrast to previous figures, we plot the individual performance for each
data stream in order to verify the influence of code reuse/multiplexing. It can be
concluded that the difference between these transmit schemes is basically on the
performance of the second data stream, which is significantly better as code multi-
plexing is used. This result confirms that using different codes for transmitting the
same data stream across different antennas allows the receiver to use both spatial
and code information to distinguish the transmitted substreams, corroborating
with [79] and [102].
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Figure 4.6: Individual data stream performance for 2 different transmit
schemes with M = 3 and different choices of 3

4.8.3 Performance over spatially-correlated channel

Now, we are interested in investigating the impact of using different codes for trans-
mitting the same data stream over a practical (non-ideal) channel with transmit
correlation. We assume that only the transmit antennas are correlated, which can
be a reasonable assumption in uplink transmission with poor scattering around
the transmitter. At the base-station receiver, we assume sufficient scattering so
that the receive antennas are uncorrelated. We adopt the following channel model
with transmit correlation [125]:

H=H,R,?,

where H, is a matrix of complex i.i.d. Gaussian variables of unity variance and
R; the transmit covariance matrix. In this experiment, we assume M = 4 and Ry
is given by [71]:

1 0.57e2257  (0.17¢0-027 (.29 =294
R, — 0.57¢2:2%7 1 0.57e~2255  (.17¢0-027
7] 0.17e700% 0.57e%25 1 0.57¢~225

0.29¢%%4  0.17e799%  (.57¢225 1
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Figure 4.7: Average performance of 4 different transmit schemes with M = 4
over a channel with transmit spatial correlation.

We consider four allocation schemes having different spatial sprea-
ding/multiplexing and code reuse/multiplexing patterns. We focus on the
isolated performance for each data stream. According to Figure 4.7, for a fixed
choice of a and 3, better results are obtained when full code multiplexing is
used (3 = [1 11 1]). Note that, when @@ = 3 = [2 2|, the performance tends to
saturate at high SNR as a consequence of transmit spatial correlation. Keeping
o = [2 2] and using B =[1 1 1 1] in place of B = [2 2], a significant performance
improvement is obtained at the expense of using twice the number of spreading
codes. The same comment is valid for e = [2 1 1]. These results show that the
choice of the generating vectors is important in practical scenarii.

4.8.4 Code-blind versus code-assisted detection

In all the previously obtained results, we have considered code-assisted detection
by assuming perfectly orthogonal spreading codes (no inter-chip interference). The
next results consider the more challenging code-blind detection, where the (effec-
tive) spreading codes are unknown to the receiver due to multipath propagation.
The effective spreading codes are generated by convolving a Hadamard code with
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Figure 4.8: Comparison between code-assisted and code-blind detection with
M = 3.

a two-tap multipath delay channel, the delay between the two taps being equal to
two chip periods. At each run, these multipath components are drawn from an
i.i.d. complex-valued Gaussian generator. Figure 4.8 compares the performance
of code-blind and code-assisted detection. In this case we fix N = 10, P = 8,
a = B = [21] while K is varied. We can observe a performance loss of the
code-blind receiver with respect to the code-assisted one. The performance gap
is attributed, in part, to the presence of inter-chip interference and the lack of
knowledge of the code matrix which induces more parameters to be estimated by
means of the ALS algorithm.

4.8.5 Comparison with the optimum ZF receiver

As a reference for comparison, we now consider the performance of the Zero Forcing
(ZF) receiver with perfect knowledge of the channel and code matrices. The ZF
receiver is compared with the channel- and code-blind ALS receiver. The ZF
receiver consists in a single-step estimation of the symbol matrix given by

St = [((C®) o H)WT]' X,
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Figure 4.9: Comparison between code-blind ALS and ZF receivers (Perfect
channel /code knowledge is assumed for the ZF receiver).

H and C being perfectly known. We consider two allocation schemes with o =

B =

[21] (M = 3) and [2 2] (M = 4). It can be seen from Figure 4.9 that the

gap between ALS and ZF is around 6dB in terms of SNR for BER=2-1072. We
can observe that the same performance improvement is obtained for both ZF and
ALS when M is increased.

4.9 Simulation results—Part 2

In this section, simulation results are provided for performance assessment of the
CONFAC-based MIMO-CDMA model (4.23). Unless otherwise stated, K = 2
receive antennas and N = 50 signal samples are assumed throughout the simula-
tions.
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4.9.1 Performance of different allocation schemes

We evaluate the receiver BER performance for some choices of the precoder
constraint matrices. We begin by considering a flat-fading channel with the know-
ledge of the spreading codes at the receiver. We assume F' = 3 precoded signals,
J = 2 or 3 spreading codes, and M = 2 or 3 transmit antennas. The spreading fac-
tor is set to P = 4. The orthogonal spreading codes are columns of a Hadamard(4)
matrix. The data stream allocation matrix W is the one of Example 3 of Section
4.5.2, which is recalled here for convenience:

10 1
‘I’{o 1 o}'

Three different precoding schemes for 2 or 3 spreading codes/transmit antennas
are tested by varying the structure of the code and antenna allocation matrices ®
and €2:

=V Q=I3(J=2M=3),

100

o=, Q_[O | 1} (J=2,M=2),
100

P =1, Q:[O . 1} (J=3,M=2).

The BER performance of the three schemes are depicted in Figure 4.10. It can
be seen that the first and second schemes have similar performance. The third
scheme provides the best performance due to the fact that the two first schemes
reuse one spreading code which is not the case for the third scheme.

In a second experiment, we assume F' = 4 precoded signals, and J = 2, 3 or 4
orthogonal spreading codes. The number of transmit antennas is fixed at M = 4,
and the spreading factor at P = 4. The fixed structure of ¥ and €2 is as follows
(the same used in Example 4 of Section 4.5.2):

1010
‘I’:Hé?ﬂ Q=010 0 (4.25)
0001

According to the structure of ¥ and €2, we can see that each data stream is
simultaneously transmitted by two transmit antennas. We consider three code
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Figure 4.10: Performance of different allocation schemes with ' = 3.

reuse patterns. The three choices for the code allocation matrix ® are:

11
=0 (J=2), ®=|0 0
0 0

o = O
—_ o O
—~
<
Il
w
N—

®=1, (J=4). (4.26)

The first scheme reuses twice both spreading codes. The second one reuses only
the first spreading code while the third one uses different spreading codes. The
results are shown in Figure 4.11. As expected, the performance improves at the
expense of using more orthogonal codes. From the slope of the BER curves, we
remark that an increased spatial diversity gain is obtained with the third precoding
scheme.

4.9.2 Performance with unknown spreading codes

We now consider the case where the spreading codes are unknown at the receiver
resulting from the presence of ICI due to multipath/delay propagation. We assume
that the channel has L = 3 chip-spaced multipath components. The multipaths
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Figure 4.11: Performance of different allocation schemes with ' = 4.

undergo independent Rayleigh fading. In order to avoid ISI, L = 2 trailing zeros
(guard chips) are included in each spreading code, as discussed in Section 4.5. We
consider two transmit schemes with F' = 4. The first one with R = J = 2 and
P = 4 ISI-free chips (Hadamard(2) codes increased by L = 2 trailing zeros) and
the second one with R = J = 3 and P = 6 ISI-free chips. Both schemes have
the same antenna reuse pattern and the chosen €2 is the one given in (4.25). The

two other precoding constraint matrices are given below for the first and second
schemes, respectively:

1100

QI_@_{O 01 1} (R=J=2) (4.27)
1000

T=®=[0100]| (R=J=3).
0011

Note that both schemes trade off spatial multiplexing and transmit diversity. In the
first one, each data stream is transmitted by two transmit antennas. In the second
one, spatial multiplexing takes place within the first and second antennas. Both
schemes have the same spectral efficiency (the ratio R/P is constant). According
to Figure 4.12, the first scheme outperforms the second one. This is due to the
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Figure 4.12: Performance of two transmit schemes with multipath/delay pro-
pagation and unknown spreading codes, for R = 2 and 3 data streams.

improved signal separation/resolution that is obtained at the receiver when fewer
data streams are transmitted.

4.9.3 Comparison with a PARAFAC scheme

Now, we consider three transmit schemes with F' = M = 4 (i.e. 2 = I;) and
R = J = 2. In the first scheme, ¥ and ® are given by (4.27). In the second one,
we have:

q):ql:{l 11 0}‘

0001

The third scheme coincides with the PARAFAC scheme of [131], where R = J =
M and ¥ = & = Q = I, (no stream/code/antenna reuse takes place). The
results are shown in Figure 4.13. The first and second schemes offer improved
performance over the third (PARAFAC) one. Note that the CONFAC schemes
transmit fewer data streams than transmit antennas, in order to achieve spatial
spreading. Consequently, more degrees of freedom are available at the receiver for
separating the data streams as compared to the PARAFAC scheme, which is a
full spatial multiplexing scheme. It is worth noting, however, that the PARAFAC
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Figure 4.13: Comparison of two CONFAC schemes with a PARAFAC scheme
for M = 4.

scheme has twice the spectral efficiency as the CONFAC schemes by simultaneously
transmitting four data streams instead of two.

4.9.4 Comparison with the nonblind ZF receiver

In order to provide a performance reference of the proposed blind receiver
(CONFAC-ALS), we have plotted the performance of the nonblind Zero Forcing
(ZF) receiver. Contrarily to the proposed receiver, the nonblind ZF one assumes
perfect knowledge of the channel parameters (fading gains and multipath/delay
response) as well as the knowledge of the spreading codes. We consider a frequency-
selective channel with L = 2 multipaths. The spreading codes are unknown at the
receiver and P = 6. The results are depicted in Figure 4.14. The chosen ¥ and ®
are given by (4.27) and Q = I,. We can observe a gap of, approximately, 7dB in
terms of SNR between blind ALS and nonblind ZF receivers for BER= 2 - 1073,
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Figure 4.14: Comparison between blind CONFAC-ALS with nonblind
CONFAC-ZF receivers.

4.9.5 Blind channel recovery

As discussed in the previous section, joint blind symbol and channel recovery is
possible for some precoder structures with antenna reuse. We evaluate the accu-
racy of the blind channel estimation from the Root Mean Square Error (RMSE)
measure averaged over 100 Monte Carlo runs and defined as follows:

2

Y

F

100
RMSE(H) = m 3 Hﬁ(t) ~H
t=1

where H(t) is the channel matrix estimated at the t-th run. We consider two
schemes with R = M and ¥ = (2. Orthogonal and known spreading codes are
assumed with P = 4. The structure of these matrices for the first and second
schemes are as follows:
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Figure 4.15: RMSE performance for the blind channel estimation.
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Figure 4.15 displays the results. The dashed lines are for R = M = 2 and the solid
lines for R = M = 3. The results are shown for K = 2 and 4 receive antennas.
In all the simulated configurations, a linear decrease in the channel estimation
error as a function of the SNR is observed. The RMSE increases as the number of
data streams/transmit antennas is increased. On the other hand, the estimation
accuracy is improved as the number of receive antennas is increased.

4.9.6 Evaluation of the convergence

Figure 4.16 depicts an ALS convergence histogram (for 100 Monte Carlo runs)
for two transmit schemes: i) CONFAC scheme with (F, R, J, M) = (4,2,2,3); ii)
PARAFAC scheme with (F = R = J = M = 4). For the CONFAC scheme,
¥ = ® and Q are given by (4.25). We remark that the convergence of the
CONFAC scheme is achieved within 500 iterations for approximatively 90 % of
runs. In average, the PARAFAC scheme has a slower convergence, with less than
40 % of runs converging within 500 iterations. Such a difference certainly comes
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Figure 4.16: Convergence histogram for CONFAC and PARAFAC for 100

runs.

from the exploitation of the known interaction structure incorporated into the
received signal model by means of the constraint matrices. Consequently, the
number of parameters to be estimated is smaller with the CONFAC scheme as
compared to the PARAFAC one.

4.10 Summary

This chapter has presented new tensor modeling approaches for multiuser MIMO-
CDMA systems with blind detection based on the CONFAC decomposition. We
have shown that this decomposition can be exploited to design space-time sprea-
ding/allocation schemes for MIMO-CDMA systems with a meaningful physical
interpretation for the constraint matrices of the decomposition. First, we have
presented a transmission model based on the type-3 CONFAC decomposition with
two constraint matrices only. The two constraint matrices of the tensor model act
as allocation matrices and control the spatial spreading of the data streams and
the spatial reuse of the spreading codes. We have parameterized the two allocation
matrices by their corresponding generating vectors, and have presented a design
procedure for systematically deriving a set of transmit schemes with guaranteed
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blind symbol recovery.

In the second part of the chapter, we have presented a CONFAC-based transmis-
sion model, where a precoder tensor fully exploiting the CONFAC decomposition
structure defines the allocation of the data streams and spreading codes to trans-
mit antennas. Based on the CONFAC modeling of the received signal, we have
discussed blind symbol/code/channel recovery from the partial uniqueness proper-
ties of this decomposition. The BER performance of several transmit schemes has
been evaluated. Simulation results have shown that remarkable performance is
obtained with only two receive antennas and short data blocks.

The key difference between the type-3 CONFAC- and the CONFAC-based mode-
ling approaches is on the transmission flexibility that the second approach offers
as compared to the first one. As opposed to the type-3 CONFAC MIMO-CDMA
model, the CONFAC-based model allows the reuse of the same transmit antenna
by different data streams/speading codes. This comes from the introduction of
a third constraint matrix. Thanks to the transmit antenna reuse, the CONFAC-
based model covers a wider class of MIMO-CDMA transmit schemes.

We emphasize that the introduction of the two allocation matrices into the MIMO-
CDMA model can be further exploited. For a fixed number M of transmit anten-
nas, we could resort to limited feedback precoding [77, 95] to properly select the
allocation matrices from the finite-set of feasible choices (c.f. Table 4.1 for M = 4)
by taking practical requirements into account such as diversity and data-rate. We
conjecture that antenna subset selection can be implemented by introducing more
degrees of freedom in the structure of the constraint matrices of the tensor signal
model. Generalization of the CONFAC tensor modeling approach to multi-carrier
CDMA systems with space-time and frequency-domain spreading is an interesting
topic for future work.



CHAPTER D

Trilinear Space-Time-Frequency
Spreading for MIMO Wireless Systems

We consider a point-to-point Multiple Input Multiple Output (MIMO) multicar-
rier multiple-access wireless communication system. For this system, a new Space-
Time-Frequency (STF) spreading model is proposed. A tridimensional (3-D) sprea-
ding code with trilinear decomposition structure is used for modeling the core of an
STF transmitter that jointly multiplezes and spreads multiple data streams across
space (transmit antennas), time (chips) and frequency (subcarriers). The pro-
posed model, called Trilinear Space-Time-Frequency Spreading (T-STFS), covers
different orthogonal signaling techniques using multiple antennas, while allowing
a variable degree of multiplexing and spreading over each one of the three signal
dimensions. The diversity performance of the proposed T-STFS model is analy-
zed and a necessary condition for maximum diversity gain is derived. A trilinear
(PARAFAC) model of the received signal is developed. Thanks to the identifiabi-
lity property of this model, blind joint detection and channel estimation is possible
using the alternating least squares algorithm. The bit-error-rate of T-STFS with
blind detection is evaluated from computer simulations in a variety of system confi-
gurations. The simulations also compare T-STFS with some existing Space-Time

(ST)/STF spreading models.
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5.1 Introduction

Recently, Space-Time-Frequency Spreading (STFS) transceivers were proposed re-
lying on a combination of direct-sequence spread spectrum and multicarrier modu-
lations, to enable orthogonal multiple-access in multiuser multi-antenna systems.
[58] proposed space-frequency spreading codes for the downlink of a multiuser
MIMO-OFDM system. The transmission is designed to support more multiplexed
signals than transmit antennas and to provide full-diversity for each multiplexed
signal. Another STF transmission framework based on spread spectrum modula-
tion is proposed in [104] for Multicarrier Spread Space Spectrum Multiple Access
(MC-SSSMA), with the idea of fully spreading each user symbol over space, time
and frequency. MC-SSSMA is a generalization of the single-carrier SSSMA model
proposed in [105, 106]. Despite the spectral efficiency gains achieved, the design
of [104] was restricted to the case where the number of transmit and receive an-
tennas is equal to the spreading gain. In [157], a STF transmit diversity strategy
was proposed for multicarrier DS-CDMA, which is based on the concatenation of
a space-time spreading code with a frequency-domain spreading code. A common
characteristic of these works is the assumption of perfect channel knowledge at the
receiver, which is an optimistic assumption in practice. The decoding complexity
of these codes is considerably high and prohibitive in some cases.

The distinguishing feature of the proposed T-STFS model when compared to the
existing models is the flexibility for controlling both the spreading and the multi-
plexing pattern over space, time and frequency dimensions by adjusting the corres-
ponding spreading matrices. In our context, the trilinear decomposition acts as a
triple product code that allows several data streams to simultaneously access all the
three signal diversity dimensions [34, 43, 45]. The blind joint detection/channel
estimation that is possible thanks to the identifiability property of the PARAFAC
model is a distinguishing feature of the proposed approach.

5.2 System model

Consider a MIMO multicarrier system with M transmit antennas, K receive an-
tennas and N, subcarriers. The transmission of information is organized in a time-
frequency grid of N; x Ny symbols, where N; denotes the number of time-slots and
Ny = N./F denotes the number of frequency-slots. Each time-slot is composed of
P chips, and each frequency-slot is composed of F' subcarriers. This means that
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the N, subcarriers are partitioned into N; frequency-slots of F' subcarriers'.

The proposed system uses jointly space-, time- and frequency-domain spreading.
At the transmitter, each one of the R input data streams is spread across M
transmit antennas, P chips and F subcarriers. After such a spreading operation,
the R spread data streams are summed up to generate the transmitted signal. In
order to allow a full spreading of the R data streams over space, time and frequency
dimensions, three spreading code sequences are employed for transmitting each
data stream, namely, the Space(S)-, Time(T)- Frequency(F)-domain spreading
codes.

The transmitted signal is interpreted as a concatenation of signal tensor blocks over
a tridimensional (3-D) space-time-frequency grid, as shown in Fig. 5.1. Each STF
symbol is interpreted as an M x P x F' tensor spanning M transmit antennas,
P chips and F subcarriers. Note that each point xistpr}f ) in the Ny versus ng
coordinate system on the left, is an element of a transmitted signal tensor of

third-order X ("ems) € CM*PXF on the right.

The construction of the transmitted signal is now formalized. Let us define the
r-th symbol to be spread within the (n;, ns)-th time-frequency slot as:

8£nt,n,f) = 3r(<nt — 1)Nf + nf)7
nt:1,...,Nt, nle,,Nf (51)

A 1-D vector representation of the 3-D STF spreading sequence associated with
the r-th data stream is given by:

c, = [CT(l) : --CT(F)}T e CMPE

. r r r T
with c.(f) = [clif e Cg\/[);,f e CMPJ] , ecMP, (5.2)
where c(mr?pJ is the p-th chip through the m-th antenna and the f-th frequency

subcarrier from the r-th data stream. Each STF-spread symbol is then generated
by:
R
X(m,nf) _ Zcrsfnnt,nf)7

r=1

Interleaving in the frequency-domain can be used after the STF spreading process for achie-
ving frequency diversity. In this case, the F' subcarriers are not necessarily adjacent. We bypass
the frequency interleaving stage here for ease of explanation.
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Figure 5.1: Illustration of the STF-spread sample x( o.f ns) as an element of the
(n¢,ny)-th signal tensor block.

or, equivalently,
(nt,ny) nz,nf)
L —1)MP+(p-1)M+m Z ) 25T

where x(™nf) = x%’nf )T~-xgzt)’nf )T] € CMPF concatenates F' space-time-

spread symbols, xgq;;’nf ) e cmP,

Figure 5.2 depicts the baseband representation of the STF spreading transmitter
focusing on the r-th data stream. At the output of the STF transmission block , the
structure of which will be detailed in Section 5.3, the resulting signal vector x (™)
is serial-to-parallel converted, and then organized as a concatenation of N, space-
time signal vectors of M P components each: An N_.point Inverse Fast Fourier
Transform (IFFT) is applied. Then, a Cyclic Prefix (CP) of appropriate length is
inserted. We assume that the length of the CP is at least equal to the multipath
delay spread. Band-limited pulse shaping is employed at each frequency subcarrier.
The spacing between the frequency-domain pulses is assumed to be sufficient so
that they will not overlap one another, avoiding intercarrier interference. Under
these assumptions, the time-dispersive channel between each transmit and receive
antenna can be modeled as a set of N, scalar (flat-fading) components. The channel
is assumed to be constant across the N; time-slots. At the receiver, and after
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Figure 5.2: Baseband representation of the STF spreading transmitter.

baseband conversion, matched filtering and sampling, the CP is properly removed
and an N.-point Fast Fourier Transform (FFT) is applied to the resulting signal.
The modeling of the received signal will be discussed in the next section.

5.3 Trilinear STF spreading (T-STFS) model

The basic idea of the proposed STF spreading model is to treat the 3-D spreading
code vector defined in (5.2) as the Kronecker product of three spreading code
vectors:

C,=u, @V, QW,, (5.3)

where w, = [u.1-u.p)? € CM v, = [v.1--v,.p]7 € CP and w, =
[wy1 -+ w, p]T € CF are the Space(S)-, Time(T) and Frequency(F)-domain sprea-
ding code vectors associated with the spreading of the r-th data stream over
the transmit antennas, chips and subcarriers, respectively. Let us define three
spreading matrices U = [ujuy---ug] € CM*E 'V = [vyvy---vg] € CP*F and
W = [wywy---wg] € C'™ with entries U, = Uy, [V]pr = v, and
[(Wlsr = wy,.
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Due to the Kronecker (trilinear) product structure of the 3-D spreading code in
(5.3), we can naturally formulate the 3-D spreading model as a tensor model. Let

X meng) ¢ CMXPXF he the (ng,ny)-th transmitted signal tensor with entry o)

m,p,f -
Similarly, we can define C, € CM*P*F ag the r-th spreading code tensor with

typical element CS;?% ;- Using the outer product notation, C, is given by:
C,=u,ov,ow,. (5.4)

Note that (5.3) and (5.4) are two different (resp. vector and tensor) writings of
the 3-D spreading code.

Let us define a vector containing the R data symbols transmitted within the n;-th
time-slot and ns-th frequency-slot as:

S(ns) 2 [ founs) | foun|T ¢ R (55)

In order to satisfy the transmit power constraint, the input symbols are normalized
so that E[||s™m)|?] = 1

Definition 5.1 (Trilinear STF spreading): Given the input symbol vector s(mens)
and the three spreading matrices U,V and W, we define the following trilinear

mapping:
f(U,V, W) :snens) , yleng),

The STF signal tensor transmitted at the n,-th time-slot and ns-th frequency-slot
is a trilinear combination of R rank-1 outer product terms:

R
xneny)  — Z (men)e

5
= Z nt’nf U, 0V, 0W,). (5.6)

Figure 5.3 depicts the transmission block-diagram of the T-STFS model using
tensor notation.

We can express (5.6) in scalar form:

R
xi:;;f}f) — Z Sq(ant,nf)um7rvp7rwf7r. (5.7)
r=1
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Figure 5.3: Transmission block-diagram of the T-STFS model.
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Figure 5.4: PARAFAC decomposition of the STF signal tensor at the (ns, ny)-
th time-frequency slot.

We clearly recognize (5.7) as a PARAFAC decomposition. It expresses the third-
order STF tensor X'(™") as a sum of R trilinear terms (rank-1 tensors), each one
being the outer product of three spreading code vectors scaled by the correspon-
ding information symbol to be transmitted. Figure 5.4 illustrates the PARAFAC
decomposition of the (ns, ny)-th transmitted signal tensor.

Definition 5.2 (Multiplexing and spreading factors): The multiplexing factor of
the T-STFS model is defined as the rank of the PARAFAC decomposition (5.7).
It corresponds to the number of data streams that simultaneously access the same
STF resource. The spreading factors are defined as the dimensions of X™ens),
corresponding to the lengths of the code vectors u,, v,., w,, r =1,..., R.

Note that in (5.6), the r-th term contributing to the generation of the resulting
signal tensor can be interpreted as a modulated version of the STF spreading code
vectors, the modulating factor being the r-th information symbol s The-
refore, the proposed T-STFS model can be viewed as a STF modulation scheme
written with the tensor formalism. It is worth noting that, in a multiuser trans-
mission, the R data streams can be associated with R different users sharing the

same STF resource.

Let us define X.(th’nf ) as the f-th slice of X7) with [X,(Zf’nf ) = ") Thig

i|m,p o mvpvf
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slice admits the following factorization:
XU = UD (W) diag(s™ ") VT, (5.8)

with s(™") defined in (5.5). By stacking column-wise these F' slices in a matrix
X(meng) ¢ CFMXP e get:

X(’Itvnf)
X (nmyp) : =(Wo U)diag(s("f’”f))VT. (5.9)
(neny)
X_'.F

Special cases:

The T-STFS model (5.9) subsumes some existing space-time signaling schemes
depending on the structure assumed for the spreading matrices U, V, W:

e Space-time spreading: For N, = 1 (single-carrier transmission, flat-fading
channel), we can abandon the frequency-dependent index in (5.8) and our
model reduces to space-time spreading using multiple spreading codes, which
is close to several existing approaches [102, 78, 104, 56, 57, 22]. From (5.8),
we get the following factorization of the space-time spread signal:

X ) — Udiag(s("t))VT e CM*P,

e Spatial multiplexing: For N, =1, R = M and U = I;, model (5.8) coincides
with a spatial multiplexing multiple-antenna CDMA system using a different
spreading code per transmit antenna [79]. This is the case of the Khatri-Rao
Space-Time (KRST) coding model [129]. The n;-th transmitted signal in
(5.8) is then factored as:

X () — diag(s(”t))VT e CM*P,

e Spatial spreading: For N, =1, R = M and V = I,;, model (5.8) reduces to
full spatial spreading transmission:

X (o) — Udiag(s("t)) e CM*M,

e Time-frequency spreading: For N, > 1, R = M and U = I,;, only time-
and frequency-domain spreading takes place and T-STFS reduces to the
multicarrier CDMA model of [158].
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5.3.1 Channel modeling

The frequency-selective MIMO channel between each transmit-receive antenna pair
is assumed to have L independent multipaths and the same power-delay profile.
Let ay m, denote the complex amplitude of the I-th path between the m-th transmit
antenna and the k-th receive antenna, modeled as a zero-mean complex Gaussian
random variable, for any (k,m,l), k=1,..., K, m=1,...,.M,l=1,...,L. The
ak,m,’s are assumed to be mutually independent. The average power of each path,
assumed to be the same for every transmit-receive antenna pair, is denoted by
v = Ellagmi|*],¥(k,m,l), where E[-] stands for the mathematical expectation.
They are normalized such that 42 + ... +~7 = 1. Due to the partitioning of
subcarriers in Ny = N./F frequency-slots, the frequency response of the ns-th
STF “subchannel” can be expressed as:

I(cnrj:zf_zakmlwfl s nleﬂ"'7Nf7 (510)

(np—1)F+f—1

—J27 T
where w](c lf) —e ( e ) " and 7; is the delay of the [-th path.

The ng-th MIMO channel matrix at the f-th subcarrier is defined as:

() (np) (n)
huf,{ hl,zf,{ hufu
pl) g ne) o )
H.(_Zif) _ 2,'1,f 2,2,f 2Mf c CExM (5.11)
() ) (n))
hK?‘fl7f h/K7f27f e hK7‘);\47f

5.3.2 Received signal modeling

By exploiting the T-STFS structure of the transmitted signal, we now formulate
the received signal as a trilinear (PARAFAC) model. This model is considered in
Section 5.5 for blind detection. At the receiver, perfect synchronization is assu-
med. The received signal is down-converted, and matched-filtering at each receive
antenna and subcarrier is applied. The CP is removed and then an FFT transform
is applied. After the FF'T block, we can write the (n;, ns)-th scalar component of
the discrete-time baseband received signal as:

(n¢,n (ng) ne,n
Yo = thvfzf o (5.12)
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Using (5.8), we can write (5.12) in slice form in the following manner:

Y_(j}tanf) _ Hfsz)X'(sztt:nf)
= H"/UD;(W)diag(s"") VT, (5.13)
N Gip ,
ie.,
Y,(?’nf) = GFZcf)diag (s(”t’”f))VT,
where

G =H"UD;(W). (5.14)

Note that G.(_Y}f ) is the effective space-frequency channel, i.e. the original channel
combined with the space- and frequency-domain spreading codes.

By stacking column-wise the slices Y. >YF.T;’nf) and the slices
G-(-qf)u ceey G(g), we obtain:

: = : diag (s(”t’”f))VT,
Y Gy

Y(Vlli my) G(qf)

~

vy () cCFK x P G"f)eCFKxR

ie.
Y(ntanf) — G(nf)diag<s(nt7nf)>VT. (515)

Collecting the received signal over N; time-slots, we obtain:

B Y(l,nf)T

v = |
Y(Nt,nf)T

[ Vdiag(s""))
= : Gn)T

| Vdiag(sMm))

Using the definition of the Khatri-Rao product, we get:

Y = (80 o V) QT (5.16)
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where .
S(nf) - S(lvnf)s(27nf) e S(Nt7nf):| E CNtXR'

Consider the following property:

Property 5.1 : For A € C'*® B € C/*X and c € C®, we have:

vec(Adiag(c)BT) = (Bo A)c. (5.17)

From (5.15) and property (5.17), we get:
Vec(Y(”f’”f)) = (V<> G(nf))s(nt,nf) c CFKP.

and then, collecting the received signal over N; time-slots, we obtain:

Yénf) = [vec(YIm1)). . vec(YNemr))] € CFEEXN:
= (V<> G(”f)) [S(Lnf) .. .S(Ntv”f)] 7
(5.18)
ie.
Y = (Vo Gr))seoT, (5.19)

Note that (5.16) and (5.19) are two different matrix writings of the received data,

which follow a PARAFAC model. Both Y\"") and Y\ concatenate the informa-
tion contained in the received signal tensors Y1) . YWNeng) ¢ CEXPXE geross
the NV, time-slots.

5.4 Performance analysis/spreading structure

In this section, we study the diversity gain of the T-STFS model (5.9) from a
code design viewpoint. Then, a necessary condition for maximum diversity gain
is derived. The structure chosen for the three spreading matrices U, V and W is
also presented.

Recall the input-output model (5.15) with an Additive White Gaussian (AWG)
noise:
Y "enr) = G diag (s ) VT 4 Nmens),

where N(71) ¢ CFEXP i5 the AWG noise matrix. Our analysis supposes that joint
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Maximum Likelihood (ML) decoding is performed at the receiver to recover s(™:ms).
We assume a perfect channel knowledge at the receiver. Uncorrelated multipath
propagation with equal multipath profile for each transmit-receive antenna pair
is assumed. Let us consider an erroneous decoding in favor of the “codeword”
X mens)  where X(nr) #+ X(ns) - Under the above assumptions, the pairwise
error probability can be upper bounded by [142]:

—1
~ w—1 Y SNRY\ ”
P(x(nt,njf) X(nt:nf)> < )\1 o r
— S V H M ’

where v is the rank of E(mns) = X(neng) _ X(eng) e CFMP and A, ..., )\, are
its nonzero eigenvalues. Provided that E("s) is full rank, the diversity gain is
given by:

K- -v=K- -min(FM,P). (5.20)

Theorem 5.1: Suppose that E"™f) s full rank, for all X(ens) £ X(ens) - For
F =L, a dwersity gain M KL requires:

P> FM. (5.21)

From condition (5.21), we have:

e For the single-carrier flat-fading case (F = L = 1), T-STFS reduces to
space-time spreading, and a diversity gain KM requires P > M,

e For the single transmit antenna case (M = 1), with F' = L, T-STFS reduces
to time-frequency spreading, and a diversity gain of KL requires P > F'.

This illustrates the existing tradeoff between space- and frequency-domain sprea-
ding which is inherent to the T-STFS model.

The rate of the T-STF'S code is given by:
R .
Rate = (ﬁ) log, (1) bits/channel use, (5.22)

where 1 is the cardinality of a p-Quadrature Amplitude Modulation (QAM). We
call attention that it is possible to choose P < M F' to tradeoff diversity and rate.
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From (5.9), let us define:
E(m’nf) _ (WOU)diag(e(nt’nf))VT, where e(nt,nf) — S(nz,nf) _ g(nt,nf).

We remark that linear precoding in the form of constellation rotation can be used
[155] to ensure e(™"s) # 0z. We assume that the elements of s(""s) are coor-
dinates of a rotated constellation of dimension R with full modulation diversity

[68]. The rank of E(™"s) is still dependent on the structure of U, V and W. We
consider the two following criteria for choosing these matrices:

1. Ue CM*E VvV ¢ CP*E and W € CF*® are full rank;

2. [Ulms, [V]pr and [W];, have unit magnitudes;

Both criteria are satisfied if U, V and W are Vandermonde matrices defined as:

j2r(TFh) (m—l)’

Ul =€
[V],, = & Um )0,
W], =2 (7)0-D, (5.23)

With this choice, U, V and W are full-rank semi-unitary matrices, as required
for maximum diversity gain. It is to be noted that this spreading structure is not
necessarily optimal for a code design viewpoint. However, using the Vandermonde
structure we can independently control both the spreading degree in each one of
the three signal dimensions as well as the number of multiplexed data streams
by truncating the spreading matrices. To be specific, a subset of columns and/or
rows of a Vandermonde matrix forms another semi-unitary Vandermode matrix
satisfying the maximum diversity criterion [100]. Therefore, the Vandermonde
design gives some spreading flexibility.

Remarks:

1. The generators of the spreading matrices can alternatively be chosen using
an algebraic number-theoretic criterium. As an example, in the case M = R
we can choose 0,, = e/t m =1 .. M, as the generators of U. This
structure can provide full diversity in space-time transmission with M trans-
mit antennas for finite QAM symbol constellations [68],[99]. A satisfactory
choice is to use M = 2¢, i € N. A jointly optimized design of the trilinear
spreading set {U, V, W} using information-theoretic tools is under investi-
gation.
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2. An alternative design approach for the three spreading matrices is based
on the Walsh-Hadamard codes. This code structure was considered in the
design of DAST codes [22] and is also applicable to the proposed STF sprea-
ding model. In this case, the proposed T-STFS transmission model is close
to a multicarrier CDMA transmission using space-, time-, and frequency-
domain spreading codes [157],[104] (the columns of U, V, W are orthogonal
spreading codes). In contrast to the Vandermonde structure, the Walsh-
Hadamard design can be useful for reducing the peak-to-mean power ratio
which results from the multiplexing of the R symbols.

5.5 Blind receiver

A distinguishing feature of the T-STFS approach is the possibility of blind detec-
tion without a priori channel estimation or training sequences. The PARAFAC
model of the received signal derived in Section 5.3.2 is exploited here for blind
joint detection/channel estimation. We present an identifiability condition, and
the blind receiver algorithm is detailed.

Recall the two matrix writings of the received signal Yﬁnf ) and Y;nf ' in (5.16) and
(5.19), in presence of an AWG noise:

Yﬁnf) — (S(nf)ov)G(nf)T_i_Ngnf),

Y = (Vo Gr)senT 4 NJ™. (5.24)

The two matrix writings (5.24) reveal the trilinear structure of the received signal,
which can be viewed as a third-order tensor ) € CFEXNexP following a rank-R
PARAFAC decomposition with factor matrices G ¢ CFExE gns) ¢ CNexE
and V € CP*E,

5.5.1 Identifiability

Applying the identifiability result of PARAFAC [136], we present the following
theorem:

Theorem 5.2: Suppose that G, S™) and V are full rank matrices, V is known,
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and R > 1. If
min(FK, R) + min(P, R) + min(N, R) > 2R + 2, (5.25)
then G and S are unique up to scaling of their columns, i.e.:
Gy) — G(”f)Ag’ St = SIA,, (5.26)

where G) and S are any alternative matrices satisfying the model, while Ay
and Ag are diagonal (scaling) matrices satisfying AyAs = Ig.

We assume that N, > R, which is generally the case in practice. In this case,
(5.25) reduces to the following identifiability condition:

min(FK, R) + min(P,R) > R+ 2. (5.27)

Proof: The complete uniqueness proof is given in [136]. The proof relies on the
fundamental concept of “Kruskal rank” [90]. In the general proof, the uniqueness
of the three factor matrices of the PARAFAC model are also affected by a column-
permutation ambiguity. In our case, this ambiguity does not exist since V is
known.

Note that this condition links the received signal diversity dimensions (F, K, P)
to the number R of multiplexed data streams. From (5.21) and (5.27), we can
obtain the following corollaries:

Corollary 5.1: For M = K = 1 (single transmit/receive antenna case) and
P > R, spreading across I' = 2 subcarriers is enough for blind symbol recovery. On
the other hand, condition (5.27) is equivalent to P > 2. Therefore, for satisfying
both diversity and identifiability conditions we must have:

P > max(R,?2).
In this case, the (frequency) diversity gain is equal to F.
Corollary 5.2: For F' = L = 1 (single-carrier flat-fading case), with P > R > 1
and K = 2, the identifiability condition is always satisfied, which means that two

receive antennas are enough for blind symbol recovery (regardless of the number
M of used transmit antennas). In this case, for achieving a diversity gain MK,



5.5 BLIND RECEIVER 183

we must have:
P> M,

which means that it is enough to temporally spread across P = M chips.

Example: Consider a system with M = 4 transmit antennas and K = 3 receive
antennas. Suppose that R = 8 data streams should be spread across space- and
time- dimensions using P = 4 chips. The identifiability condition (5.27) yields:

min(3F,8) > 6,

i.e. F' > 2 subcarriers are enough to guarantee blind detection. In a single-carrier
system, where frequency-domain spreading is not available (F' = 1), we should
have K > 6 receive antennas for satisfying this identifiability condition. On the
other hand, if a single receive antenna is used (K = 1), spreading across F' = 6
subcarriers is sufficient. Therefore, space- and frequency- spreading diversities can
be exchanged for allowing blind detection.

The use of frequency-domain spreading is beneficial in situations where the number
of receive antennas is small (e.g. K = 1 or 2). Although condition (5.21) for
maximum diversity is not satisfied in the considered configuration (since P < M F'),
blind detection is still possible.

5.5.2 Receiver algorithm

In this context, the ALS receiver alternates between LS estimations of S) and
G based on the two matrix writings of the received data Y™ and Y{"). This
is the first stage of the blind receiver. After obtaining the final estimate of the
symbol matrix, the second stage of this receiver consists in recovering the MIMO
channel response. The proposed blind receiver benefits from the knowledge of the
trilinear spreading set {U, V, W} in the following manner:

1. The knowledge of V allows some complexity reduction (otherwise a third LS
estimation step for updating V would be necessary).

2. The knowledge of U and W is exploited in the second stage of the receiver
for estimating the MIMO channel.

The overall receiver algorithm is summarized as follows:
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Ist Stage (blind symbol recovery):

for ny=1,2,--- Ny :

1. Set i = 0; Randomly initialize Sgg)f);
2 i=i+1;

3. From Y™, find an LS estimate of é‘égf):

AT | q(ng
Gy = [Su—

) f &)
1)<>V] Y

4. From anf), find an LS estimate of SEZL)f):

(np)T _ (ng) [ (ng),
s = [voa| v,

D. Repeat steps 2-4 until convergence;

~

— 8 GER — Gl

2nd Stage (channel estimation):

for nf:1,2,~~~Nf:

1. From éﬁ’&ﬁi = : = : , find LS estimates of
G H" ' UD(W)
H.(.r}f), f=1,...,F, by solving the following LS problem:

H = argmin HG..ff) ~H'UD;(W)
H

)
F

the analytic solution of which is given by:

~

n n T
HYY = Gl [up,w)| . f=1..F
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end ny;
Remarks:

e Convergence of the estimates at the first stage is declared at the -th itera-
tion when the error between the received signal tensor and its reconstructed
version from the estimated matrices does not significantly change between
iterations 7 and 7 + 1.

e In order to eliminate the column scaling ambiguity affecting G®) and S ),
we assume that an “all ones” data stream is transmitted at the first time-slot
n, =1, i.e:

S =111, ny=1,....,N;.

In this case, the arbitrary scaling matrices A; and A, in (5.26) can be
estimated and then eliminated.

5.6 Performance evaluation

The performance of the T-STFS model using the proposed blind receiver is eva-
luated. In all the results, the BER is shown as a function of the SNR. Each plotted
BER curve is an average over 1000 independent Monte Carlo runs. At each run,
the additive noise power is generated according to the sample SNR value given by:

(ng) 12

Y

SNR = 10log,, (%) :
Ny

ng=1,..., Ny. The MIMO channel coefficients are drawn from an i.i.d. complex-
valued Gaussian generator while the transmitted symbols are drawn from a pseudo-
random pu-QAM sequence. The BER curves represent the performance averaged
on the R transmitted data streams. Unless otherwise stated, we assume N; =
10 time-slots. Multicarrier transmission is simulated with N, = 64 orthogonal
subcarriers over a total bandwidth of 1MHz, which means that the chip duration
(corresponding to one multicarrier symbol) is 7" = 64us without the cyclic prefix.
We assume that multipath delays are equal to 7, = (I — 1)T/N,, |l = 1,...L.
When considering frequency-domain spreading, F' = L spreading subcarriers is
always assumed. We recall that a CP of appropriate length is used along with
band-limited frequency-domain pulses with sufficient spacing in order to avoid
intercarrier interference. Perfect synchronization is assumed.
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R=1, K=2, Nt=10, 16-QAM
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Figure 5.5: Performance as P and M are jointly increased.

5.6.1 Performance of different T-STFS configurations

The performance behavior of T-STFS with blind detection is shown in Fig. 5.5
for M = P =2, 4,8, and considering R =1 and F' = L = 1 (no frequency-domain
spreading). This figure shows that performance is improved as the space- and
time- spreading factors are jointly increased. In Fig. 5.6, T-STFS performance
is evaluated for two different multiplexing factors R = 1 and R = 2. The spatial
spreading factor (number of transmit antennas) is also varied. In each case, the
temporal spreading factor P is set to the minimum value satisfying (5.21) and
(5.27). Note that improved performance is obtained when R = 1 but this comes
with a rate reduction by a factor of two (c.f. (5.22)). This result illustrates the
existing trade-off between the multiplexing factor R and the spatial spreading
factor M. It is to be noted that configurations (R, P) = (2,8) and (R, P) = (1,4)
have the same spectral efficiency (c.f. 5.22). Both configurations also have the
same spreading/multiplexing ratio since we have M = P/2.

Now, we evaluate the influence of the temporal spreading factor P. The spatial
and frequency spreading factors are set to M = 4 and F' = L = 2, respectively.
The chosen multiplexing factor is R = 1 (single data stream transmission). We
consider P = 2, 3 or 4. Figure 5.7 shows that performance improves (due to higher
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K=2, F=2, Nt=10, 16-QAM
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Figure 5.6: Performance for different combinations of multiplexing factors
(R =1,2) and spatial spreading factors (M = 2,4).

diversity gain) when P is increased at the expense of a rate reduction. Therefore,
a diversity-rate trade off takes place when the value of P is adjusted. In Fig. 5.8,
the influence of the number L of resolvable multipaths is evaluated. The number
I of spreading subcarriers is assumed to be equal to L. We consider K =1 and 2
receive antennas. It can be noted that the BER is improved as L is increased from
2 to 4, indicating that T-STFS efficiently exploits frequency (multipath) diversity.
Note that such a performance is achieved even with a single receive antenna.

5.6.2 Comparison with the nonblind ZF receiver
As a reference for comparison, we simulated the performance of the nonblind Zero

Forcing (ZF) receiver. Contrarily to the proposed blind receiver, the ZF one as-
sumes perfect channel knowledge. The ZF solution is given by:

~ T~
ST = [VOG( fﬂ i),

where G() is defined in (5.14)-(5.15), with H.(Zcf) assumed to be known, f =
1,...,F. In this experiment, we assume R = M = P = F = 2, K = 1 and
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R=1, M=4, K=2, F=2, Nt=10, 64—-QAM
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Figure 5.7: Influence of the temporal spreading factor P.

4-QAM. We can observe from Fig. 5.9 that the ZF receiver outperforms the blind
receiver as expected. Note that the performance gap between both receivers is
nearly 4dB for BER=1073.

5.6.3 Comparison with a STS scheme [78]

In [78], a Space-Time Spreading (STS) scheme based on spacetime codes was
proposed to achieve transmit diversity in the forward link of DS-CDMA systems.
For two transmit antennas and one receive antenna, the STS scheme achieves the
same spatial diversity gain as the Alamouti code [2] with the advantage that no
extra spreading codes are required. Here, we compare STS with T-STFS (with
F = 1), for R = 2 data streams, M = K = 2 transmit/rceive antennas and
spreading factor P = 2. The STS scheme uses orthogonal Walsh-Hadamard codes
for spreading both data streams. Both schemes use 4-QAM to achieve a rate of 2
bits per channel use. Perfect channel knowledge is assumed for the STS scheme,
which leads to the best performance this scheme can achieve. The proposed T-
STFS scheme uses blind detection. The results are depicted in Figure 5.10. Note
that the gap between both schemes is around 5dB for BER=10"3. From the slope
of the BER curves, we can see that both schemes have the same diversity gain.
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R=2, M=2, Nt=10, 16-QAM
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Figure 5.8: Influence of the number L of resolvable multipaths and frequency
spreading factor F'.

5.6.4 Comparison with the SSSMA model of [104]

In [104], a multicarrier based Spread-Space Spectrum Multiple-Access (SSSMA)
model was proposed to provide space and frequency diversities in the forward link
of a MIMO wireless system. The STF spreading model proposed therein, is a
generalization of [105, 106] to frequency-selective channels. In the multicarrier
SSSMA model, each transmitted data stream is modulated with a distinct space-
time “diagonal” spreading sequence (its structure is detailed in [106]) at each
subcarrier. Frequency-domain spreading is achieved by extending the space-time
spread signal across multiple orthogonal subcarriers. The multicarrier SSSMA
model is similar to the T-STFS one in the sense that space-, time- and frequency-
domain spreading is performed. Both models differ, however, in the construction of
the STF spreading codes. In Figure 5.11, the performances of SSSMA and T-STFS
are compared. We assume M = 2 transmit antennas, K = 1 or 2 receive antennas,
and F' = 2 subcarriers. For a fair comparison, we adjust the transmit parameters
and the modulation to keep the same data-rate for both approaches. The SSSMA
scheme assumes R = 8, P = 2 and BPSK. For the T-STF'S scheme, we have R = 4,
P = 4 and 16-QAM. In this case, both schemes have a rate of 2 bits per channel use.
Moreover, the SSSMA scheme uses a ZF receiver, and perfect channel knowledge
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Figure 5.9: T-STFS: Comparison between blind ALS and nonblind ZF recei-
vers.

is assumed. The results are displayed in Figure 5.11. For K = 1, the SSSMA
scheme exhibits a poor performance. Indeed, this scheme only works for K > M.
The proposed approach has a considerably better performance in this case. The
performance gap between both approaches is due to the fact that T-STFS makes
an efficient use of the frequency diversity to separate the transmitted data streams
when spatial diversity is not available at the receiver. This is in accordance with
the identifiability results of Section 5.5.1, which illustrate the trade-off between
F and K (see (5.27) and Corollary 3). For K = 2, SSSMA outperforms T-STFS
over the low-to-medium SNR range. For higher SNR values, T-STFS has superior
performance. The slope of the BER curves indicate that the T-STFS scheme has
a higher diversity gain.

5.6.5 Channel estimation performance

As detailed in Section 5.5.2, the second stage of the proposed blind receiver consists
in estimating the MIMO channel on a per-subcarrier basis by exploiting the known
T-STFS structure. The estimation accuracy of the proposed algorithm is evaluated
from a Root Mean Square Error (RMSE) measure obtained from 100 independent



5.7 SUMMARY 191

M=2, K=2, Nt=10, 2 bit/channel use

10 T T T
i —&8— T-STFS with F=1 (blind)
—6— STS (known channel)
107
x -
w10}
m
107}
i}
10_5 I I I I

3 6 9 12 15 18
SNR (dB)

Figure 5.10: Comparison between T-STFS (with blind detection) and a ST'S
scheme (with perfect channel knowledge).

runs. The overall RMSE is calculated using the following formula:

N
100 f 9

1 S(ng)
RMSE= |—— HH s _H<nf>H
100K M Ny ; 7;1 @ F

The following system configuration is considered: R = 4, M = P = F = 2
(Ny = N./JF = 32), N; = 10, and K = 1 or 2. We can observe from Figure
5.12 that the RMSE has a linear decrease as a function of the SNR in both cases.
Using K = 2 antennas provides a performance gain of 3dB over the single receive
antenna case. Such a gain comes from the increased spatial diversity that helps the
separation/resolution of the data streams, despite the larger number of parameters
to estimate.

5.7 Summary

We have presented a new space-time-frequency multiple-access transmission mo-
del for MIMO wireless systems. The proposed Trilinear (T)-STFS model can be
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Figure 5.11: T-STF'S (with blind detection) versus SSSMA (with perfect chan-
nel knowledge).

viewed as a 3-D spreading code tensor decomposed into the outer product of the
space-, time- and frequency-domain spreading codes. These codes allow multiple
data streams to simultaneously access the same set of transmit antennas, chips
and subcarriers. We have investigated the diversity gain and rate of the proposed
T-STFS model along with a necessary condition for maximum diversity gain in
a frequency-selective MIMO channel. The T-STFS structure affords a variable
degree of diversity across each one of the three spreading dimensions. It also
accommodates an arbitrary number of multiplexed data streams.

We have shown that T-STFS allows blind detection without a priori channel esti-
mation or training sequences. This is achieved thanks to the uniqueness property
of the PARAFAC decomposition. An identifiability condition has been presented.
This condition gives an upper-bound on the number of transmitted data streams
that can be detected/separated for a given system configuration. Some practical
corollaries that result from this identifiability condition have also been discussed.

In a multi-user scenario, a generalization of the T-STFS model would consist in
reusing the same spreading code in space, time and/or frequency for data streams
of the same user, while employing orthogonal spreading codes between users. We
conjecture that different reuse patterns of the spreading codes can be incorporated
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Figure 5.12: RMSE of the estimated channel.

into the T-STFS model using constraint matrices, or alternatively, resorting to the
CONFAC decomposition. This idea would generalize the modeling approach of
(37, 35].



CHAPTER 0

PARAFAC Methods for
Modeling /Estimation of Time-Varying
Multipath Channels

In this chapter, we address the problem of multipath parameter estimation of time-
varying space-time wireless channels based on PARAFAC modeling. We exploit
the different varying rates in the structure of the multipath channel over multiple
data-blocks to build a 3D tensor from the received signal. The proposed estima-
tion methods make use of a training sequence that is periodically extended over
multiple data-blocks, across which the fading amplitudes are assumed to vary. In
the case of SIMO channels, a PARAFAC-based estimator using the ALS algorithm
is proposed for joint recovering of the directions of arrival, time delays and com-
plex amplitudes of the multipaths. We also extend this joint modeling/estimation
approach to MIMO channels. Simulation results are provided to demonstrate the
accuracy of the proposed approach under different channel conditions.
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6.1 Motivation and previous work

The issue of parametric multipath channel estimation has been exploited in several
works [153, 151, 154]. Most of approaches are based on subspace methods, which
exploit shift-invariance properties and/or the knowledge of the pulse shape func-
tion. Simultaneous estimation of angles of arrival and delays benefits from the fact
that path amplitudes are fast-varying while angles and delays are slowly-varying
over multiple transmission blocks or data-blocks. In [153, 151, 154], the angles
and delays are blindly-estimated using a collection of previous estimates of the
space-time channel impulse response. As in [151, 154], the linear-phase variation
property of the frequency domain transformed version of the known pulse shape
function is exploited.

Training-sequence-based space-time channel estimation methods exploiting the
multiblock invariance of angles and delays have been proposed recently in [134]. In
[107, 134], unstructured methods are proposed which are based on the invariance
properties of the spatial and temporal subspaces. In [115], a multiblock approach is
proposed for multipath parameter estimation in the context of Time Division-Code
Division Multiple Access (TD-CDMA) systems. In [108], multiblock processing is
also considered for unstructured estimation of the low-rank space-time channels.

In the context of MIMO channels, channel estimation typically uses training/pilot
symbols. An accurate channel estimation is important in coherent MIMO com-
munication systems as well as it allows the design of efficient space-time signaling
techniques that better exploit the MIMO channel. Parametric channel estimation
techniques relying on a physical description of the MIMO channel (i.e. multipath
angles, delays and fading amplitudes) are of great interest in wireless position-
location systems and future wireless intelligent networks.

Different approaches for channel estimation have been proposed in several works
[13, 92, 72]. [13] proposes a modal analysis/filtering concept which exploits the
different varying rates of the multipath parameters for estimating time-varying
(block-fading) frequency-selective MIMO channels. The authors show that more
accurate channel estimates with respect to the standard LS estimation method
can be obtained. The approach proposed in [72] is based on spectral factorizations
of the specular channel into stationary (space) and non-stationary (fading ampli-
tudes) signature subspaces, and uses linear prediction for estimating/tracking the
time-varying channel. In [92], a subspace method is proposed for the parametric
estimation of physical MIMO channels. This approach works on a previous un-
structured channel estimate, and performs a subspace decomposition of the channel
covariance matrix to determine DOAs, DODs and delays.
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6.2 Parametric estimation of SIMO channels

In this section, we use the fact that the variation of multipath amplitudes over
multiple data-blocks is faster than that of angles and delays for showing that the
received signal can be modeled as a third-order (3D) tensor [31]. A PARAFAC
model arises thanks to the use of a training sequence which is periodically extended
over multiple data-blocks, which are jointly processed at the receiver. By tapping
on the powerful identifiability properties of the PARAFAC decomposition, the
proposed method performs joint estimation of the angles of arrival, the time-delays
and the fading amplitudes of the multipaths without any ambiguity.

Contrarily to other parametric channel estimation approaches such as [153, 151,
154], in which multipath parameters are extracted from unstructured estimations
of the space-time channels, the proposed PARAFAC modeling approach directly
works on the received signal, thus avoiding error propagation in cases where the
unstructured space-time channel is not accurately estimated. Numerical results
from computer simulations show that the PARAFAC-based estimator is capable of
estimating the triplet angle-delay-amplitude for each multipath with good accuracy
even for short training sequences, provided that the number of processed data-
blocks is enough. The proposed estimator also performs well with fewer receiver
antennas than multipaths.

6.2.1 Signal and channel models

Let us consider a wireless communication system in which a digital signal is trans-
mitted in a specular multipath environment. The receiver is equipped with an
array of K antennas spaced half wavelength or closer. We focus on the case of
a single-user transmission. The transmitted information symbols are organized
into N, data-blocks. We adopt a block-fading model for the space-time channel,
which is based on the fact that, angles and delays (long-term parameters) usually
experience a much slower rate of variation than the fading amplitudes (short-term
parameters). We assume that the data-blocks are sufficiently short so that the
channel fading can be regarded as stationary over a time-interval necessary for
the transmission of a whole data-block and it varies independently from block to
block. This is typically the case of Time Division Multiple Access (TDMA )-based
systems. In such type of system, different data-blocks are allocated to different
mobile users [134].

Figure 6.1 illustrates the idea of a block-transmission. A time-frame is defined as
a concatenation of a given number of data-blocks with equal duration. In practice,
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Figure 6.1: Multiblock transmission

each data-block is allocated to a given user, so that the time interval between two
data-blocks of a given user is equal to the frame duration.

We assume that the considered system is training-sequence based, with the particu-
lar characteristic that consists in reusing the training sequence: A known training
sequence of N symbols is periodically extended over multiple data-blocks that are
jointly processed at the receiver. The idea of processing multiple data-blocks, ba-
sed on training sequence reuse is also known as multiblock processing. As will be
shown, thanks to such a multiblock processing, the problem of multipath parame-
ter estimation can be addressed using PARAFAC analysis.

Let {s(n)}_, be the training sequence known at the receiver. The temporal
support of the channel impulse response is (0,17]. The oversampling factor at
the receiver is equal to P. During the n,-th training block, the received baseband
discrete-time signal impinging the k-th receive antenna at the n-th symbol period,
can be written, in absence of noise, as:

I
Ty, kn,p = § hnb,k,i,psn,ia (61)
=1

where s,,; is the (n,4)-th element of a Toeplitz symbol matrix S € C¥*! construc-
ted from the training sequence {s(n)}»_;, with s, ; = [S],; = s(n — i+ 1). Note
that both the received signal and the propagation channel are fourth-order tensors.
Comparing (6.1) with (2.19), we can see that the first is a generalization of the
later in the sense that a fourth dimension is added in order to model the variation
of the fading amplitudes across blocks. It is to be noted, however, that (6.1) is a
single-user model (i.e. @) = 1) as opposed to (2.19). However, the extension to the

multiuser case is straightforward.

We are interested in writing the received signal as an equivalent third-order PA-
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RAFAC model by concatenating the third and fourth dimensions into a single
dimension. In order to write (6.1) in matrix form, we define H,,; € C¥*¥ and
Xyym € CEXP ag slices of the fourth-order channel and received signal tensors
H € CNoXEXIXP and X € CNoxXEXNXP “yegpectively, in the following manner:

[Hnb~i-]k,p = hnb,k,i,p7 [an~n-]k,p = Ly k,n,p

Using these definitions, the (n, n)-th slice X,,, ... for the received signal tensor can
be written as:

I
an-n- = ZHnb'i' Snyi (62)
i=1
Concatenating the [ slices of H,,.;. and N slices of X,,,.,,. in the following matrices
H,,. = [Hy.1 - H,.]ecCKF
an.. = [an~1- s an.N.] S CKXNP,

We call express an.. as:

51,1IP SN,1IP
Xy = [ Hypaoo - Hyyr | :

b

81,IIP SN,IIP

where B
S — S ® IP c (CNPXIP‘

6.2.2 Third-order PARAFAC model

Now, we write the propagation channel h,, ;, in parametric form by means of a
third-order PARAFAC model. The multipath channel within the N, blocks can be
modeled as a combination of L paths, each one of them being characterized by an
angle of arrival #;, a relative propagation delay 7; and a complex valued amplitude
(fading coefficient) (3, ; that accounts for the channel variations over the N, blocks.
The variations of angles and delays of the paths over the N, blocks are assumed
to be negligible so that the set of parameters {6, 7;}£, can be assumed constant,
i.e., block-independent. In mobile communication systems, this assumption is
reasonable if the number of blocks IV, is chosen according to the mobile speed and
multipath geometry.
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The block-varying propagation channel can be written, in a scalar form, as follows
(c.f. (2.20)):

L
Py i = Z DBrag 1k 1 G- (6.4)
=1

I, ki 1s interpreted as the (np, k, i’)-th element of an equivalent third-order tensor
H € CNoXEXIP "and i/ = (i — 1) P + p — 1. Note that:

ﬁnb,z = [B]nb,la g1 = [A(B)]k,z,

Gt = g(z”/P - Tz) = [G(T)]l,i’a

B € C™*L collects the fading gains during the N, blocks, and A(6) € CK*L
concatenates L array responses, and G(7) € C*IP concatenates L pulse shape
responses. Its I-th row Gy.(7) is given by:

G .(t)=[9(—m),9(1 —7),...,9(IP—1—7)] (1 xIP).

A(0) and G(1) are parameterized by the set of angles and delays T = [rq, ..., 7]
and @ = [A,...,0,]. We assume that the envelope of the fading amplitudes
{Bn,1}, follows a Rayleigh distribution while the associated phase is uniformly
distributed. They are assumed to be uncorrelated from block to block, although
this is not a necessary assumption in our context.

The channel model (6.4) is as an L-factor PARAFAC decomposition of the equi-
valent third-order channel tensor H € CNe*KxIP The difference between (2.21)
and (6.4) are the following. As opposed to (2.21), the block-dependent index
ny is present in (6.4). Another difference is on the definition of the pulse shape
response. In (2.21), the oversampling index p is associated with the third dimen-
sion of the pulse shape response g;;,, while in (6.4), p and 7 are concatenated in
giiv- Moreover, (6.4) is a single-user model, while in (2.21) a multiuser model is
considered.

The n,-th first-mode matrix slice of H € CNoXEXIP ig given by:
H,, B =A0)D,B)G(T), n=1,...,N,. (6.5)

Collecting the Ny slices of the channel response, we arrive at the following unfolded
matrix representation for the channel tensor:

H,. A(6)D;(B)
H=| : |-= : G(r) = (BoA(0)G(r).  (6.6)
A(0)Dy,(B)

b
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Now, let us go back to model (6.3), which expresses the received signal for the n,-

th block. Stacking column-wise the N, slices of the received signal Xj.., ..., Xy,..,
we get:
X;.. H,.
Xo=| : | =] : |S =(BoA(0)G(T)S . (6.7)
XN, - Hy,.

We make use of the fact that a Fourier transform maps a delay to a certain phase
shift. This fact will be exploited for an unambiguous multipath parameter esti-
mation. If the pulse shape function is bandlimited and sampled at or above the

Nyquist rate, the Discrete Fourier Transform (DFT) of (Gl.(T))T can be expressed
as [151]:

1
¢TZP
g = DFT[(Gz.(T))T] = diag(go) - (W,P)? = diag(g) - £(7, ),

(¢nP)IP-1

£(71,9)

where
¢ =eICTIP) 5, = T'g,

g is the pulse shaping function at the zero delay, g, its associated DFT, (7, ¢)
is the phase shift of the frequency response at delay 7, and

IP—-1
R e
i (bH.D—l . ¢(]P.—1)2

is a DF'T matrix. Therefore, by taking the Fourier transform of the signal at each
receive antenna, we effectively perform a Fourier transform on every row G;.(7)
of G(7), and we can rewrite (6.7) as:

Xj..

X,=| : | =H,S = (BoA(®))(Sk(r,¢)", (6.8)
X n, .
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Figure 6.2: Decomposition of the (multi-block) received signal tensor.

where y

F(T,¢) = diag(g) - F(r,¢) € C'"*, (6.9)
and F is a Vandermonde matrix:

1 .. 1
¢7—1P . ¢TLP
F(r.¢) = | | = [£(r. )+ £(r1,9)] (6.10)

(¢71P'>1P—1 o (¢TL15)1P—1

Defining

C(1,¢) = SF(r,¢) € CV*L, (6.11)
and using (1.26) with the correspondences (A,B,C) — (B,A(0),C(1,9)), we
obtain the three following unfolded representations for the DFT-transformed re-
ceived signal tensor:

X, = (BoA(0))C"(1,¢) € CFNNE,
Xo = (A(0)0Clr,¢)BT € CVxN,
X; = (C(r,¢)oB)AT(6) € CNNXE (6.12)

Figure 6.2 depicts the PARAFAC decomposition of the received signal tensor into
the component matrices characterizing the time-varying SIMO channel.

6.2.3 Identifiability

At this point, we focus on the identifiability conditions of model (6.12) and dis-
cuss its link to the problem of multipath parameter estimation. Using Kruskal’s
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identifiability condition given in Theorem 1.1 (Chapter 1, Section 1.2.2), if
kae) + kB + kcr,g) > 2(L + 1), (6.13)

the matrices A(0), B and C(7,¢) are unique up to permutation and scaling of
columns.

It is worth mentioning that the permutation ambiguity does not need to be solved
in the context of the multipath parameter estimation problem, since the ordering of
multipath spatial and temporal responses is not important. Concerning the scaling
ambiguity, it can be eliminated from our model by exploiting the Vandermonde
structure of A(0) and F(7, ¢).

In the present context, we make the following assumptions concerning the multi-
path channel structure:

e The array manifold is known and the multipath signals arrive at the array
at distinct angles and delays;

e The multipaths undergo independent fading and vary independently from
block to block.

Under these assumptions, the identifiability condition (6.13) can be further sim-
plified if some additional structure of the model is taken into account. Let us first
state the following Lemmas:

Lemma 7.1 (Vandermonde k-rank Lemma [133]): A Vandermonde matriz 'V
e C™™ with distinct nonzero generators ¢1,¢s, ..., ¢, € C is full k-rank, i.e.,
kv = rv = min(m,n).

Lemma 7.2: Let A € CP*™ and B € C™*" be two matrices. If A is full column
rank, then rag = rg. If B is a Vandermonde matriz with distinct nonzero gene-
rators ¢1, ¢a, ..., ¢, € C, then the full column rank condition of A implies that
rag = min(m,n).

Note that the matrix of spatial array responses A is Vandermonde, for which
Lemma 7.1 applies, i.e., kag) = min(K, L). Let us study the structure of matrix
C(7,¢) in (6.11). This matrix is factored as a function of S and F(7, ¢). Without
loss of generality, let us assume that I[P > L. Under the condition of “persistence
of excitation” of the training symbols, matrix S is full column-rank (also full k-
rank). Thus, Lemma 7.2 can be directly applied to C(7,¢) = §]§‘(7‘, ¢), which



6.2 PARAMETRIC ESTIMATION OF SIMO CHANNELS 203

means that kg(r,g) = min(/P, L) = L. Finally, the matrix of fading amplitudes
B is also full k-rank with probability one, under the condition of independent
multipath fading variation [131]. Thus, the identifiability condition (6.13) can be
equivalently stated as

min(K, L) + min(Ny, L) > L+ 2. (6.14)

By studying condition (6.14), we can distinguish two cases:

1. For N, > L, K > 2 antennas are enough for estimating the L multipath
parameters;

2. For K > L, N, > 2 training blocks are enough for estimating the L multipath
parameters.

6.2.4 PARAFAC-based estimator

The receiver algorithm for the joint estimation of angles, delays and amplitudes of
the multipaths fully exploits the trilinear structure of the multipath channel model,
and is based on the classical ALS algorithm. As usual, the matrices A(6), B and
C(1, @) are estimated by optimizing the three following least squares criteria:

X, — (C(r, ¢) <>B)AT(<9)H2 :

)3(3 — (A(6) o C(r, (;b))BTHi , argmin B

A(0)

X, — (BoA(6))C?(r, ¢)H , (6.15)

argmin
B

argmin

2
C(t,9) F

where X 23 are the noisy versions of X;—1 2 3.

Elimination of the scaling ambiguities

At this point, we show how the scaling ambiguities are eliminated. As previously
mentioned, permutation ambiguity is not important in the present context and we
do not take it into account. However, we must take care of the scaling ambiguity
in order to obtain the final estimates of the channel parameters. At the end
of the ALS-based estimation stage, an estimate of the DFT-transformed pulse

shape response is obtained from (6.11) as F(r,¢) = (g)T(A}(T,qb). The final
(unambiguous) estimate of A(0) (array responses), B (fading amplitudes) and
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F(7, ) (delay responses), denoted by A(8), B and F(r,¢), are linked to the
ALS-based estimates by:

~

AB) = AB)AT, B=BA;', F(r,¢)=F(r ¢)A;, (6.16)

The a priori knowledge of the Vandermonde structure of A(@) and F(7, ¢) means
that the first row of both matrices have all-ones entries, i.e.:

AL(0)=1[1,...,1], Fi(r,¢9)=]1,...,1].
This allows a unique determination of the scaling ambiguity matrices A;—; 23 as:

A, = Di(A(0), As;=Di(F(T,9)), A,=(A1A;)", (6.17)

~
o~

from which the final estimates A(0), B and f’(T, ¢) are obtained.

6.2.5 Simulation results

In this section, the performance of the PARAFAC-based multipath parameter
estimator is evaluated through computer simulations. The training sequence to
be used over the N, blocks is randomly generated at each run, following a normal
distribution with unity variance. The pulse shape function is a raised cosine with
roll-off factor 0.35. The L paths are assumed to have the same average power. The
results are averaged over 100 Monte Carlo runs. For each run, multipath fading
amplitudes for the IV, data-blocks are drawn from an i.i.d. Rayleigh generator. For
the ALS algorithm, random initialization is used. If convergence is not achieved
within 100 iterations, we re-start the algorithm from a different initialization point.
The Root Mean Square Error (RMSE) between the estimated and true matrices
is used here as the evaluation metric of the estimator performance.

Figure 6.3 depicts the RMSE versus SNR for the estimation of the array (angle)
and pulse shape (delay) responses, considering a multipath scenario with L = 3
paths. The angles of arrival and time delays are {6y, 05,03} = {—10°,0,20°} and
{m, 7,1} = {0,1.17,2T}. considering K = 2 antennas and N = 8 training
symbols and an oversampling factor P = 4. The temporal support of the channel
is I = 5. The results are shown for N, = 5 and IV, = 10 data-blocks. It is seen that
the proposed estimator exhibits a linear decrease in its RMSE as SNR increases.
This is valid for both angle and delay RMSE. The performance gap between angle
and delay estimation is due to the fact that the raised cosine pulse shape function
is not bandlimited, which leads to some delay estimation bias. As expected, the
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estimator performance improves as the number of data-blocks increases. Although
not displayed in the figure, the RMSE results for the fading amplitudes are very
close to those for the delay responses. Note that these performance results are
achieved with fewer antennas than multipaths and with a short training sequence,
which is interesting characteristic of the proposed PARAFAC-based estimator.

K=2, L=3, I=5, P=4, N=8

10 T T T
N . —— Nb=5 (delays)
—O—- Nb:10 (delays)
) —o—N.=5 (angles)
. —O—- Nb=10 (angles)
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107}
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Figure 6.3: RMSE performance (angles and delays).

In Fig. 6.4, we evaluate the impact of the number of training symbols N on the
accuracy of the PAFAFAC-based estimator. We assume L = 3 with {61, 0,,05} =
{=10°,0,20°} and {7, 72, 73} = {0,0.25T,2T'}. The other parameters are I = 3,
Ny, =38, P =4 and K = 2. We consider three different training sequence lengths:
N =5, 10 and 20. In this figure, we plot the RMSE of the overall estimated
channel by averaging over the NV, data blocks. The RMSE is calculated according
to the following formula:

100 2
1 =
RMSEoverall — m TZ:; 2(T> - H2 F; (618)

where Hy, = (Bo A(0))F7 (7, ¢) is defined in (6.8), and Hy(r) is its reconstructed
version at the r-th run. It can be seen from this figure that the performance
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improves as N increases, as expected. The gain is more pronounced when N is
increased from 5 to 10.

K=2, L=3, I=3, P=4, Nb=8
10 T T

: —6—N=5
¢ —— N=10

—¥— N=20

RMSE (overall channel)

10_2 i i i i
0 5 10 15 20 25 30 35 40

SNR (dB)

Figure 6.4: RMSE performance for different values of N.

Now, we evaluate the influence of the angular separation of the multipaths on the
performance of the proposed estimator. We assume {1, 7,73} = {0,0.25T, 2T},
and the two angular distributions are i) {0°,3°,5°} (small angular separation)
and ii) {0°,15°,30°} (large angular separation). The other parameters are I = 3,
Ny, =5, N=8, P =4and K = 2. The results are displayed in Fig. 6.5, where
the RMSE of the overall channel calculated using (6.18) is plotted. We can see
that the performance of estimator is degraded as the angular separation becomes
smaller. Such a degradation becomes more important at higher SNR values. For
small to medium SNR values (e.g. between 0 and 20dB), there is no significant
difference between the two scenarii.

In the next experiment, we evaluate the RMSE for each set of estimated multi-

o~

path parameters, i.e. angles (A(8)), delays (f‘(T, ¢)), and fading amplitudes (]§)
The multipath channel is characterized by L = 2 dominant paths with associated
angles and delays equal to {0,6,} = {—10°,0} and {7y, 7, } = {0,7}. The other
parameters are [ = 3, N =8, P = 8 and K = 2. We consider N, = 2 and 10
blocks. Figure 6.6 depicts the results. For a fixed value of N,, we can observe
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Figure 6.5: RMSE performance for two angular distributions.

that the estimation accuracy of the array responses A(@) is better than that of
the delays and fading amplitudes. As previously mentioned, the estimation of the
delays is biased due to bandlimited pulse shaping. Since the final unambiguous

estimate of the fading amplitudes B directly depends on the scaling factor of the

estimated matrix ]?‘(7'7 ¢) (c.f. (6.17)), the estimator performance is also limited
for the fading amplitudes. A performance gain is obtained when [V, is increased.
Such a gain is significant w.r.t the estimation of the angles and delays while be-
coming less important for the estimation of the fading amplitudes. The RMSE of
the overall estimated channel is also shown in Fig.6.6.

6.3 Parametric estimation of MIMO channels

Here, we present a parametric approach for estimating frequency-selective block-
fading MIMO channels, which can be viewed as an extension of the tensor modeling
approach of the previous section [25]. It is based on the observation that the consi-
dered MIMO channel model also has a tensor structure and follows a PARAFAC
model. This model is exploited for estimating the complete set of MIMO mul-
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Figure 6.6: RMSE of the estimated channel parameters.

tipath parameters: Directions Of Arrival/Departure (DOAs/DODs), delays and
fading amplitudes. The estimation method consists in using the ALS algorithm,
followed by a final estimation stage that relies on the knowledge of the training
sequence.

6.3.1 System model and assumptions

Let us consider a MIMO antenna system with M transmit and K receive antennas.
The spacing between any two antennas at both the transmit and receive arrays is
assumed to be half-wavelength, so that we can apply the far-field approximation
by assuming a locally plane wave. In this case, the MIMO channel can be charac-
terized by specular multipath propagation, i.e., the channel between each transmit
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Figure 6.7: MIMO multipath propagation scenario

Tx array

and receive antenna can be parameterized as the superposition of L paths. This
model is widely used for outdoor scenarii and has been adopted for MIMO systems
[13].

Figure 6.7 illustrates the considered MIMO propagation scenario. Each path is
associated with a different scatterer located between the transmitter and the re-
ceiver. The location of the [-th scatterer determines a DOD ¢; and a DOA 6, (with
respect to the transmit /receive array broadside) and a relative propagation delay 7
for the [-th path [122]. As in the SIMO case, it is also assumed that the maximum
path delay exceeds the inverse of the coherence bandwidth so that the channel is
frequency-selective. The finite support of the channel impulse response is equal to
I symbol periods and the oversampling factor at the receiver is equal to P times
the symbol rate. Let us define the following matrices collecting the transmitter
and the receiver array responses and as well as the combined transmitter/receiver
pulse shape responses:

Ay (@) = [aw (1) - - a(Pr)] € CcMxL
A(0) = [a(h,)---a(f,)] € CEXL
G(7) = [g(n)---g(r)] € CH'7.

6.3.2 Block-fading MIMO channel model

As considered in the previous section, we also adopt a block-fading model for
the time-varying propagation channel. Recall that the fading amplitudes of the
multipaths are considered constant over an entire data transmission block, but
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vary between two blocks. On the other hand, ¢;, 6, and 7; are assumed to be
constant over an interval of stationarity spanning N, blocks. This block-fading
channel model is reasonable in most of mobile communication systems with block-
transmission, and has been exploited in [13, 72], for purposes of MIMO channel
estimation.

6.3.3 Multi-block training sequence

At the transmitter, each transmission block is organized in M data streams that
are transmitted by the M transmit antennas. The structure of these data streams
depend on the considered particular scheme (e.g., spatial multiplexing, space-time
coding, etc). Each one of the M data streams has a training sequence of N symbols
known at the receiver.

The length-N training sequence at the m-th transmit antenna for the n,-th trans-
mission block is represented by:

Sm (1) = [Sm(np, 1) - 5 (0, N)] € CV.

We make the following assumptions concerning the design of the training se-
quences:

A.1 The M training sequence vectors si, ...,y are linearly independent;
A.2 The training sequence length N satisfies N > M I;

A.3 The training sequence s,,, m = 1,..., M, is reused across N, successive
transmission blocks, and we have s,,(ny) = s,,, Vg € [1, N].

We remark that the “independence” assumption does not lead to an optimal trai-
ning sequence set for estimating the MIMO channel. An optimal design should
ensure that the training sequences have perfect periodic autocorrelations and cross-
correlations within I — 1 temporal shifts [96], where I is the temporal span of the
channel impulse response. Here, we are not concerned with optimal training se-
quence design, and we simply assume independent training sequences. As will be
shown later in our simulation results, the independency assumption is enough to
guarantee accurate estimates of the MIMO channel using the proposed approach.

Figure 6.8 outlines the multiblock MIMO transmission structure with training
sequence reuse across transmission blocks. It is to be noted that one transmission
block comprises M parallel data blocks, each one of which having its own training
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Figure 6.8: Multiblock MIMO transmission with training sequence reuse

sequence. Note also that the figure indicates that the same set of training sequences
is inserted into N, transmission blocks. Each data block has Nyioek = N + Naata
symbols, Nq.i. denotes the number of “useful” data symbols of each data block. For
signal modeling and channel estimation purposes, we focus only on the training
sequence portion of each data block. After having estimated the channel, the
useful data portion can be processed/recovered in a subsequent step by means of
space-time processing.

6.3.4 Third-order PARAFAC model

The block-fading MIMO channel can be viewed as a fourth-order tensor H €
CNoXEXMXIP 1 ot us define hy,, gm as a scalar component of the MIMO channel
tensor H, which represents the impulse response of the #’-th tap of the channel
between the m-th transmit and k-th receive antenna for the n,-th fading block,
and i = (i —1)P+p—1. Similarly to the SIMO case of Section 6.2.2, here we also
propose a third-order PARAFAC model for the block-fading MIMO channel. In
PARAFAC form, the scalar component Ay, i m. of the L-path block-fading MIMO
channel is a direct generalization of (6.4), and can be written as:

L
Py fe,mir = Z Brg 1k 1@ 1 G+ (6.19)

=1
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where 3, 1 = [Bln, 1, aky = [A(0)]k1, Gy = [Ata(D)]mi, g1 = [G(T)]1ir-

After baseband conversion and oversampling at each receive antenna, we collect
NP received samples at each receive antenna. Let us define z,, 1, as a scalar
component of the received signal tensor X € CNoXEXNP = representing the n'-th
received signal sample at the k-th antenna for the n,-th transmission block, and
n’ = (n—1)P+p— 1. In absence of noise, &y, 1 can be written as:

M IP
xanf,n’ = § E hnb,k,m,i’ Sn/,m,i/a (620)
m=14¢=1
where
Sn! myil = [S]n’,(i’fl)Mera

is an element of S = S ® Ip € CNP*MIP and
S = blocktoeplitz(sy, - - - ,s3,) € CV*M! (6.21)

is a block-Toeplitz training sequence matrix. The ny,-th first-mode matrix-
slice H,,. € CKXMIP of the MIMO fourth-order tensor H, defined as
Hy, .k, (m—1)1P+i = Py k.7, can be expressed as a function of the MIMO multi-
path parameters as:

H,,. = A(0)D,,(B)U (T,¢), ny=1,..., N, (6.22)
where U(7, @) € CI*MIP ig defined as:
U(T,9) = Ap(p) o GT (1) € CMIPXL, (6.23)

The ny-th matrix-slice of the received signal, denoted by X,,. € CE*NPcan be
written as:

=T

X, = H,,.S" = A(0)D,,(B)CT(1,¢), ny=1,...,]N,,

where

C(T,¢) = SU(T, ¢) € CNI*L (6.24)

is a combined space-time channel response at the receiver side, i.e., a convolution
between the receiver space-time signatures and the training symbols.

Let us stack N, slices Xy..,..., Xy

.- 0 a matrix Xy € CENoXNP “and N, slices



6.3 PARAMETRIC ESTIMATION OF MIMO CHANNELS 213

H,.,...,Hy,. in a matrix Hy € CENoxMIFP,
Xl-- Hl--
X2 = ) H2 =
XNb“ HNb"

X, and Hy are unfolded representations of the tensors X and H, respectively.
Using (6.22)-(6.23), we obtain the following input-output relation:

X, = H,S' = (BoA(9))C (7, 6), (6.25)

where

H, = (BoA(0))U" (1, ¢).

The two other unfolded matrix representations are:

X; = (A(0)0C(1,¢))B" € CNPEN,
X; = (C(r,¢)oB)A"() € CMNPXE,

6.3.5 Identifiability

Identifiability of (6.25) allows one to uniquely determine (up to trivial ambiguities)
the parameters of the L multipaths from the observed received signal tensor X &
CNoxEXNP = According to the identifiability results of the PARAFAC model, the
identifiability of A(80), B, and C(7, ¢) is linked to the concept of k-rank of these
matrices. In our context, a sufficient condition for identifying the MIMO multipath
parameters can be obtained by recalling useful results on the k-rank of a matrix
having Khatri-Rao product structure as well as on the k-rank of a Vandermonde
matrix. These results are derived in [133] (c.f. Lemmas 7.1 and 7.2, respectively).
A sufficient identifiability condition for our model can be obtained by applying the
identifiability theorem of [133] to our context:

Theorem 7.1 : Suppose that the L multipaths have statistically independent pro-
pagation (i.e. distinct DODs, DOAs and delays). A sufficient condition for iden-
tifiability is:

min(Ny, L) + min(K, L) + min(M + IP —1,L) > 2(L + 1)

Proof: Use assumptions A.1-A.2 to conclude that S is full rank (and full k-
rank) to deduce r¢(rg) = Tu(re)- Apply Lemma 7.1 in [133] by making the
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following correspondences: A — G(7), B — Ay (@), to verify that ryg) >
min(kg(r)+ka,,(¢)—1, L). Finally, use the fact that the k-rank of a matrix is equal
to its rank with probability one whenever its columns are drawn independently
from an absolutely continuous distribution. Thus, we have ka ) = min(K, L),
k}B = min(Nb, L), k‘c(.,-,d,) = kU(T,d)) = min(M +IP — 1, L) [ |

Remarks:

1) The identifiability condition established in the Theorem 7.1 is sufficient but not
necessary. Assuming M > 1 and N > 1 (irrespective of the oversampling factor
P), a necessary condition is kg > 2 [74]. In practice, this means that at least

N, > 2 transmission blocks must be collected at the receiver to ensure uniqueness
of model (6.25).

2) Column permutation is unremovable although not relevant in our context, since
the ordering of the multipath responses is unimportant for channel estimation
purposes. Scaling ambiguity can be eliminated by exploiting prior knowledge of
the space-time manifold structure i.e., the array geometry and the pulse shape
function.

6.3.6 Estimation of the MIMO channel parameters

The estimation of the MIMO multipath parameters is done in two-stages. The
first one is blind, and consists in using the trilinear ALS algorithm for fitting a
third-order PARAFAC model to the received signal tensor X EACN*’XK/X\N oAt
the end of the ALS algorithm, we will have the estimates A(6), B, and C(7, ¢).

The second stage consists in using the training sequence matrix S to find an LS

estimate of U(7T, @) = Ay (¢) o GT (1) as:
Ulr.¢) =8'Ce(r.9).

It is worth noting that separated estimations of A, (¢) and G(7) as well as the
elimination of the scaling factors can be carried out by exploiting the Vandermonde
structures of A(6) and Ay.(¢). Note that U(7,¢) has a Khatri-Rao factoriza-
tion structure. Since the first row of A4, (¢) and A(0) only have unitary entries,
ie. (A1)w(ep) =1[1,...,1] and Ay.(0) = [1,...,1], an estimate of G(7) can be
extracted from the first matrix block of U(, ¢) of dimension L x I P (c.f. (6.23)).
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6.3.7 Simulation results

In this section, some simulation results are shown to illustrate the performance of
the proposed parametric MIMO channel estimator. We assume N = 10 training
symbols per transmit antenna. The training symbols are modulated using Binary
Phase Shift Keying (BPSK). The oversampling factor is assumed to be P = 2.
The pulse shape function is a raised cosine with roll-off 0.35. We consider L = 3
specular multipaths with equal average power. The vector containing the DODs,
DOAs and delays of the multipaths are respectively ¢ = [—10°, 30°, 50°], 8 =
[—18°, 20°, 35°] and T = [0, T, 2T, where T denotes the symbol period (I=3
is assumed). The fading amplitudes are modeled as complex Gaussian random
variables and assumed to be uncorrelated between two successive blocks.

In order to evaluate the accuracy of the proposed method in estimating the spatial
signatures, Fig. 6.9 depicts the normalized MUSIC spectrum for the DODs and
DOAs. We have assumed M = K = 4, N, = 10 and a SNR of 20dB. We can
see that accurate estimates of the transmitter and receiver spatial signatures are
obtained. Figure 6.10 shows the RMSE between estimated H and true H chan-
nel matrices as a function of the SNR. These results are an average over 1000
independent realizations assuming M = K = 2 and N, = 3, 10 or 30. In this
simulation, 95% of the runs were retained for plotting the results. The 5% worst
(ill-convergent) runs were discarded. Convergent runs have converged within 30
iterations in average. Note that the estimation performance improves as the num-
ber of transmission blocks is increased. In fact, fading amplitudes variation across
the blocks is converted into temporal diversity for resolving the multipath signals.

6.4 Summary

In this chapter, we have presented a new method for estimating space-time wire-
less channels based on PARAFAC modeling. The proposed estimator relies on a
parametric channel model for a time-varying multipath channel. In other words,
we have used the fact that the variation of the multipath amplitudes over multiple
data-blocks is faster than that of angles and delays in order to build a third-order
PARAFAC model for the channel. We have shown that the received signal can
also be viewed as a third-order PARAFAC model thanks to the use of a training
sequence which is periodically extended over multiple data-blocks to be jointly
processed at the receiver. Using the alternating least squares algorithm, the mul-
tipath parameters are estimated directly from the received signal tensor. The
PARAFAC-based estimator provides a good estimation accuracy even for short
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Figure 6.9: The normalized MUSIC spectrum for estimated DODs and DOAs.

training sequences, provided that the number of processed data-blocks is large en-
ough. Due to the identifiability properties of the PARAFAC decomposition, the
proposed estimator performs well with fewer receiver antennas than multipaths.
We have also generalized the PARAFAC modeling/estimation approach to the case
of MIMO channels.

In a future work, we should compare the proposed modeling/estimation technique
with classical ones that determine the multipath parameters using previous un-
structured channel estimate [153, 151, 154, 92]. Although we have used a third-
order PARAFAC approach for channel modeling/estimation, which have allowed
the use of classical PARAFAC identifiability results, a fourth-order tensor mode-
ling approach is also possible by means of the block-constrained PARAFAC model.
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Figure 6.10: RMSE versus SNR performance (PARAFAC-MIMO estimator).



Conclusion and perspectives

This thesis has dealt with the study of generalized tensor decompositions with
applications in signal processing for wireless communications. Our contribu-
tions have addressed the following main research axes by means of tensor modeling:

— Multiuser signal separation/equalization/detection;
— Multiple-antenna transmission structures;
— Channel modeling and estimation.

The original contributions of this work are based on two new tensor decomposi-
tions: the block-constrained PARAFAC and the CONstrained FACtor (CONFAC)
decompositions (Chapter 1). These decompositions combine properties of the PA-
RAFAC and the Tucker-3 decompositions by allowing interactions between factors
associated with different modes of the tensor. It turns out that he CONFAC de-
composition is more general than the block-constrained PARAFAC one, in the
sense that arbitrary interaction patterns across all the modes of the decomposed
tensor is permitted. The partial uniqueness of the CONFAC decomposition has
also been studied and sufficient conditions for the essential uniqueness in one or
two modes have been derived.

Different applications of the block-constrained PARAFAC decomposition have
been presented in Chapters 2 and 3. In Chapter 2, the block-constrained PARA-
FAC decomposition has been used for a unified tensor modeling of oversampled,
DS-CDMA and OFDM systems under the assumption of specular multipath pro-
pagation with multiple paths per user. A generalization of this unified model has
been presented by considering that the number of paths of each user can be dif-
ferent. The generalized model was formulated by means of a constrained Tucker-3
modeling. A blind receiver based on the proposed tensor model has been pre-
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sented for multiuser signal separation/equalization. The IPSP receiver iteratively
combines the ALS algorithm with a subspace method, and makes use of the FA
property of the transmitted symbols. The proposed receiver is deterministic and
does not require the use of training sequences, nor the knowledge of the channel
impulse responses and antenna array responses. The block-constrained PARAFAC
decomposition has also been exploited in Chapter 3 to formulate a new multiu-
ser downlink system with block space-time spreading. We have shown that the
proposed system allows multiuser space-time transmission with different spatial
spreading factors (diversity gains) as well as different multiplexing factors (code
rates) for the users. At the same time, the proposed tensor modeling approach ge-
neralizes previous work on tensor-based multiple-antenna systems by allowing full
spatial spreading of the transmitted data streams across fixed transmit antennas.

Concerning the CONFAC decomposition, we have presented a new modeling ap-
proach for MIMO-CDMA systems with space-time spreading/precoding and blind
detection (Chapter 4). We have shown that the constrained structure of the
CONFAC decomposition has a meaningful physical interpretation. The constraint
matrices can be exploited for designing several multiple-antenna schemes with va-
rying degree of spatial spreading, spatial multiplexing and spreading code reuse.
Compared with the block space-time spreading model of Chapter 3, the CONFAC-
based MIMO-CDMA model of Chapter 4 copes with multiple transmit antennas
and spreading codes per user or per data-stream. We have first presented a trans-
mission model based on the type-3 CONFAC decomposition with two constraint
matrices only. A design procedure for deriving sets of transmit schemes with
guaranteed blind symbol recovery was presented. Then, we have derived a more
general CONFAC-based transmission model, where a precoder tensor fully exploi-
ting the decomposition structure defines the allocation of the data streams and
spreading codes to transmit antennas. Blind symbol/code/channel recovery has
also been studied from the partial uniqueness properties of this decomposition.

This thesis has also studied new applications of the third-order PARAFAC decom-
position. In Chapter 5, a Trilinear Space-Time-Frequency Spreading (T-STEFS)
multiple-access model for MIMO wireless systems was proposed. T-STFS is based
on a 3-D spreading code tensor decomposed into the outer product of the space-,
time- and frequency-domain spreading codes. These codes allow multiple data
streams to simultaneously access the same set of transmit antennas, chips and
subcarriers. At the receiver, blind detection without a priori channel estimation
or training sequences is possible thanks to PARAFAC uniqueness. The PARAFAC
decomposition was also exploited in Chapter 6 for modeling/estimation of SIMO
and MIMO multipath wireless channels with time-varying structure. The propo-
sed PARAFAC-based estimator relies on the ALS algorithm to jointly estimate
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the angles of arrival, the time-delays and the fading amplitudes of the multipaths.
The estimator is deterministic and works directly on the received signal without
the need of a previous unstructured channel estimate.

Some perspectives of this thesis work can be drawn. We give hereafter some
research topics to be pursued:

e The development of efficient algorithms for estimating the factors of the
CONFAC decomposition is an interesting topic for future research. The
convergence properties of these algorithms when the number F of factor
combinations is large, or when the constraint matrices of the decomposition
are unknown should be better understood. Moreover, the identifiability pro-
perties of this decomposition deserves further investigation. The influence of
the number F' of factor combinations on the uniqueness properties is to be
studied.

e With respect to CONFAC-based MIMO-CDMA systems, we call attention
that the design of the precoder constraint matrices has only focused on uni-
queness aspects and has not considered performance optimization at the
receiver. We conjecture, however, that limited feedback precoding principles
[77, 95] can be used to properly select the canonical precoding matrices from
the finite-set of feasible choices by taking practical requirements into account
such as diversity and data-rate. Cross-layer optimization can also be taken
into account to implement antenna selection and rate adaptation on top of
the proposed modeling framework. This would introduce more degrees of
freedom in the structure of the canonical precoding matrices.

e In the context of the T-STFS model presented in Chapter 5, an interesting
generalization would consist in introducing spreading code reuse in space,
time and/or frequency. This can achieved by introducing space-, time- and
frequency-domain constraint matrices into the T-STFS model, by means of
a CONFAC-based STF model. These constraint matrices would determine
the allocation/reuse of the spreading codes by the different transmitted data
streams.

e Perspectives of the PARAFAC-based approach for channel mode-
ling/estimation proposed in Chapter 6 include a performance comparison
with classical methods that rely on previous unstructured channel estimate
[153, 151, 154, 92]. Although we have used a third-order PARAFAC approach
for channel modeling/estimation, which allows the use of the classical PA-
RAFAC model, a fourth-order tensor modeling approach is also possible by
means of the block-constrained PARAFAC decomposition.






APPENDIX A

Expansion of the block-constrained
PARAFAC decomposition using
canonical vectors

In the following, we provide a demonstration of the block-constrained PARAFAC
decomposition given by (1.55) in Chapter 1. For this sake, we expand the tensor
Tiyinis 10 (1.48) in the form of multiple summations involving tensor products of
canonical vectors [62].

Let us recall (1.48):

Q R1 R

Lininsiz = Z Z Z aZl 1 Z(g r2 T?)Tg iz (1'1)

q=1 ri=1ro=1

Consider the canonical bases EU1) = {egl1 eéh),. egl)}, | DICEV
{el™ &l ,...,egQ)} and B3 = {el™ e . el ey, *)} associated with vector
spaces Rh R’z R’ respectively.

The unfolded matrix X, € CH2*%5_ defined as @, 4,1, = [Xo](i,—1)1s+is,i5, Can be
expanded in terms of these canonical vectors in the following manner:

I I I3

I I I)T
Xo =Y 3D wnaalel” @l el (1.2)

i1=11i3=113=1
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Substituting (1.1) into (1.2) we have:

I, Iz Q@ R

I Ro
X2 - Z Z ZZ Z Z allﬁl Z27T2 T(i,m,ls( (Il) ® (12)) 1(3{3)T

t1=112=143=1 qg=1 r1=11r2=1

Q Ri Ro I T
zzz(ze ) (ze%ﬁzm) (ze ) |

qg=1 ri1=1re=1 \i;=1 i9=1 i3=1

Define a'? as the r,-th column of A@ € Ch*F1 b as the ro-th column of B@
e C*F2 and c?,, as the [(r1 — 1)Ry 4 ry)-th column of C@ e Ch*fiR and
observe that:

I
I I
Z el(ll) allqﬂ"l g?’ Z e( 2) Eg ro g"g)’ Z e 1“1,1“2,Z3 = CS“?)J“Q’
i1=1 i2=1 i3=1
we have:
Q R R
X, =3 > > (@ @b)ell, (1.3)
q=1 r1=1mr2=1
Define the set of canonical vectors e,(an), ro =1,..., Ry. Inserting (egb)) eg”) =1

into (1.3) gives:

Q Ri R

=22 > (@7 @bf)el] [elf'c]. (1.4)

qg=1 ri=1ro=1

As egﬁ) = 97(52) o egb) the use of property (1.57) allows to rewrite (1.4) as

Q Ri R
=33 [alelET o bWelfT] [elfcT] . (15)
q= 1 ri=1re=1

Due to the presence of the unit vector egﬁ), we can rewrite (1.5) as

Q R Ro
X, = ZZ Za Rz)TOme TQ ][ZeRz) grz]

qg=1 r1=1 [ro=1 ro=1 ro=1
Q R

= ZZ (a9 @ 1%) o B@] T, (1.6)
=1r=1
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with C\¥ = Z cl?,, elf)T o Claxhe,

ro=1

Inserting e™7el™) = 1 into (1.6) and using property (1.21), it follows that:

Xy = Y

1
1

Q R
Z el Tlfl) ® [( (@) ® 1%2) OB(Q)} Cgti)T
g=1rm=

1
[T @ [(a? © 1% ) o BD]] - [ef) @ COT] . (1.7)
q= 1

1=

Note that:

el g [(al? @ 17, ) o B?] = [T @ (al? @ 17, )] o [e!™T @ BW],

T1 T1

which allows us to express (1.7) in the following form:

Due to the block structure with zeros introduced by the factor e,(fl), we can rewrite

(1.8) as

S {[$ e owgon
q=1

ri=1

Ry
) [Z SR

ri=1

} [ZeRl ® CY

ri=1
(1.9)
which leads to:

Q
Z [(AY @1 )o (1}, ® BW)] . Cc@T. (1.10)

Now, using again property (1.21), we have:
AV @1%, = (AY @ 1)1 ©1k,) = AW (I ©1%,) = AVY,
v

and
1%, @ BY = (1@ BY) (1}, ®Ip,) = BY(1}, @ 1n,) = BY®,
N—_——

o3
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and (1.10) can be expressed as:

Q
Xy =) (AYwoBWR)COT. (1.11)

q=1

Defining A = [AM ... A@Q)] ¢ Cx@f B = [BW...B@] € C=XQF2 and C =
[CW...C@] ¢ CB*RFul2 and ¥ =T,®@ W and ® = I5® ®, we can equivalently
write (1.11) as:

X, = (A¥ o B®)C”,

and the demonstration is finished.



APPENDIX B

Uniqueness of the design criterion (4.12)

We demonstrate that the design criterion (4.12), which results in a partitioned
structure for the canonical allocation matrices according to (4.13)-(4.14), leads to
the uniqueness of S up to column permutation and scaling while the uniqueness
of C exists up to multiplication by a non-singular block-diagonal matrix and a
block-diagonal permutation matrix.

Let us define C = [Cy---Cpg] € CP*/ and C, = [C,;---C, ;] € C’** with
C, , € CP*Prir_j =1,...,J,, as the partitioned spreading code matrix. Let us
also define H = [H; ---Hy| € CE*M ag the partitioned channel matrix. Based
on these definitions, we can rewrite the k-th third-mode slice X.,, € CV*F of the
received signal in terms of this partitioning as:

R
X, = S (Z w,D, (H,) @Z) cT
r=1

J/

g

Hy

= SH,C”. (2.1)

Due to the canonical structure of ¥, and @, defined in (4.13)-(4.14), it follows
that Hy, is a row-wise block-diagonal matrix (it has only a single non-zero element
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per column), the blocks of which are row-vectors:
E](:,l) o h(l 1)
Hk = T . s

where

with 3, = Zﬁm Let T € C®% U € C’/*’ be non-singular transformation

matrices. Insertmg TT ! and UU ! in (2.1) yields:
X., = (ST) (T'H,U ) (CU)". (2.2)

First, note that T~! acts over the rows of Hj, while U~7 acts over the columns
of Hy, respectively. It can be easily checked that T~! only preserves the row-wise
diagonal structure of Hy, if it is a diagonal matrix or a row-permutation of it, which
leads to the form (4.15) of T. On the other hand, any non-singular matrix U~"
having a block-diagonal structure with blocks U; € C*/t . Uy € C/r*/r,
preserves the structure of H;, which implies a transformational ambiguity over the
sets of Jy, ..., Jg columns of Cy, ..., Cg. Note also that the blocks Uy, ... Ug can
be arbitrarily permuted without changing the pattern of zeros of Hy, which leads
to the form (4.15) of U.

The transformational ambiguity matrix U = blockdiag(Uy, ..., Ug) exists when
J > R (more spreading codes than data streams). In the particular case J = R
(one-to-one correspondence between spreading codes and data streams) with «,. =
By, 7 =1,...,R, Hy is reduced to a diagonal matrix and the joint uniqueness of
S and C is achieved.
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