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RESUME

Les communications & antennes multiples et les communications coopéra-
tives sont parmi les technologies de pointe qui ont été les plus actives dans
la recherche académique en communication sans fil au cours des derniéres
années. L’atout principal de ces deux technologies consiste & exploiter la
dimension spatiale facilement disponible. Lorsque ces deux technologies sont
combinées ensemble, un gain additionel en puissance peut étre obtenu. Un
exemple pratique d’une telle combinaison est la communication & antennes
multiples par relayage. Dans cette configuration, la communication entre
la (les) source(s) et la (les) destination(s) est assisté par un (ou plusieurs)
noeud(s) relais qui sont équipés d’antennes multiples.

L’objectif principal de cette thése est de présenter une technique permettant
de choisir les relais et les faisceaux d’antennes appropriés pour des canaux
relais & antennes multiples du deux bonds (paralléle ou interférence). Nous
démontrons que la technique d’annulation d’interférence pour le canal a relais
a deux bonds surpasse 'annulation d’interférence distribuée conventionnelle
pour les réseaux a relais pour un nombre pratique de noeuds de relais.
Dans la premiére partie de la thése, nous considérons un canal & relais a
antennes multiples paralléle & deux bonds ou une seule paire de source-
destination équipée de M antennes, communique par lintermédiaire de K
relais semi-duplex utilisant la technique d’amplification et relayage (amplify-
and-forward) chaqun équipé de N antennes. Une technique de beamforming
& multi-usagers est conjointement appliquée & la source et a la destination re-

spectivement afin de multiplexer et de récupérer les données. Afin d’exploiter
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d’avantage la diversité multi-relais, nous proposons un nouveau critére de
sélection de relais basé sur la quasi-orthogonalité des paires de vecteurs pro-
pres (eigenmodes) spatiales ainsi que sur les paires d’antennes des relais.
Comparés & des stratégies précédemment proposé pour les canaux & relais a
antennes multiples, les algorithmes proposés ont une complexité trés faible,
diminuent la quantité de rétroaction, et consomment moins de puissance a
travers les relais . En outre, pour un nombre de noeuds de relais petit a
moyen, la capacité des algorithmes proposés surpassent les autres stratégies
et, asymptotiquement lorsque le nombre des noeuds de relais est grand, la
capacité des algorithmes proposés augmente comme % loglog K (K — 00).
Dans la deuxiéme partie, nous considérons des réseaux d’interférence a relais
a antennes multiples & deux-bonds. Plusieurs noeuds de source commu-
niquent avec plusieus noeuds de destination par 'intermédiaire de K noeuds
de relais chacun équipé de N antennes. Basé sur des techniques récentes
en caractérisation des limites de réseaux X & antenne multiples et le con-
cept de l'alignement d’interférence, nous traitons ce réseau en tant que deux
réseaux en cascade de X a antennes multiples. De ce fait, nous décomposons
le réseau en L canaux non-intéferants a relais a antennes multiples paralléles.
Le raisonnement derriére cette approche peut étre justifié par la théorie de
I'information de canaux X & antennes multiples qui stipule que ces canaux
fournissent des degrés de liberté plus élevés qu’un canal & interférence & an-
tennes multiples. La signalisation, l'alignement d’interférence ainsi que le
choix de relais sont discutés et des résultats de simulation sont présentés.
Comparé a la technique d’annulation d’interférence distribuée, 'approche

proposée offre une capacité plus élevée au prix d’une rétroaction de ’état du
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canal et au prix d’une signalisation plus sophistiquée.
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ABSTRACT

Multiple-antenna and cooperative communications are two advanced tech-
nologies that have shaped the realm of academic research on wireless com-
munication over the last few years. The main leverage of these technologies
is due to exploiting spatial dimension which is easily available. When multi-
antenna and distributed communication are combined together, additional
leverages may be gained. Practical examples of such combination is MIMO
relay channels when the communication between multi-antenna information
source and destination is assisted by a (multiple) relay node(s) which is (are)
equipped with multiple antennas.

The main focus of this thesis is on relay selection and beamforming for two-
hop MIMO (parallel or interference) relay channels. We show that two-
hop interference cancellation technique outperforms conventional distributed
interference cancellation for MIMO multi-hop networks for practical number
of relay nodes.

In the first part of the thesis, we consider a two-hop MIMO parallel re-
lay channel where a single source-destination pair both equipped with M
antennas, communicate via K N-antenna half-duplex amplify-and-forward
relays (K, N > M). A multi-user beamforming technique is jointly applied
at the source and destination to respectively multiplex and recover the data
streams. In order to further exploit the multi-relay diversity, we propose new
relay selection criteria based on semi-orthogonality among spatial eigenmode
and antenna pairs of the relays. The proposed algorithms have very low com-

plexity, decrease the amount of feedback, and consume less power across the



relays compared to previously proposed MIMO relaying strategies. Further-
more, for small to medium number of relay nodes, the proposed algorithms’
capacity outperform the other strategies and in the asymptote of large num-
ber of relay nodes (K — o0), the capacity of the proposed algorithms scales
as —12"’— loglog K.

In the second part, we consider two-hop MIMO interference relay networks,
where L M-antenna source nodes communicate to L M-antenna destination
nodes via K relay nodes each equipped with N antennas. Based on recent
advances in characterizing the limits of MIMO X channel and the concept of
interference alignment, we treat this network as two cascaded MIMO X net-
works. By doing so, we decompose the network into L non-interfering MIMO
parallel relay channels. The rationale behind this approach can be justified
by information theory of MIMO X channels which reveals that they provide
higher degrees of freedom than conventional MIMO interference channels.
Signaling, interference alignment as well as relay selection will be discussed
and simulation results will be presented. Compared to the well-known dis-
tributed interference cancellation technique, this approach offers higher ca-
pacity at the cost of feeding back channel state information from the relays

to the source nodes and more advanced signaling.
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CONDENSE

L’utilisation des antennes multiples aux deux extrémités d’un lien sans-
fil point & point, connue sous le nom de MIMO est une technologie puis-
sante permettant d’améliorer la performance du systéme. Depuis la fin des
années 1990, 'intérét des systémes MIMO a beaucoup augmenté de sorte
qu’ils sont maintenant déployés dans les réseaux cellulaires sans-fil de la
troisiéme génération (3G) et sont considérés comme la technologie principale
des normes de la quatriéme génération (4G) des systémes de communication

sans-fil.

Un systéme de communication MIMO est défini comme un systéme com-
posé d’un émetteur et d’un récepteur chacun équipé d’antennes multiples.
L’avantage des systémes MIMO provient de I'introduction d’une dimension
additionnelle: la dimension spatiale. Cette dimension additionnelle permet
d’aboutir & une augmentation de I'ordre du gain diversité et des degrés de
liberté pour des canaux bien-conditionnés. Un canal bien-conditionné pour
un systéme MIMO fournit des chemins stochastiquement indépendants (non-

corrélés) entre I’émetteur et le récepteur. Ces canaux sont observés lorsque:

1. Le niveau de dispersion et de réflexion dans I’environnement (qui sont
des phénomenes inhérents des canaux multi-trajets a evanouissement)

est élevé.

2. La longueur du réseau des antennes de transmission et de réception est

assez longue et l’espacement entre les antennes est plus grand que la
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moitié d’une longueur d’onde.

En général, il y a trois gains qui peuvent étre réalisés dans des canaux MIMO
bien-conditionnés. Ce sont les gains de diversité, de multiplexage et de puis-
sance qui sont utilisés pour réduire la probabilité d’erreur, pour augmenter

le taux de transmission et pour augmenter le SNR, respectivement.

Avec des architectures cellulaires conventionnelles, les débits envisagés pour
les systémes sans-fil de la quatriéme génération ne semblent pas étre at-
teignables. Méme les techniques avancées des systémes MIMO ne peuvent
pas fournir seules assez de puissance pour réaliser le niveau désiré de per-
formance. Dans ce contexte, 1'utilisation des techniques de communication
distribuée et le relayage en particulier, pourraient fournir une puissance ad-
ditionnelle sans exiger des cofits significatifs & 'infrastructure. Le relayage
sans-fil est un outil puissant avec un vaste domaine d’application pour fournir

une transmission fiable et un haut débit dans les réseaux sans-fil.

Dans un environnement cellulaire, un relais peut étre déployé dans les secteurs
ou il y a des effets d’ombrage, comme dans les batiments et les tunnels. Pour
les réseaux ad hoc, le relayage est essentiel non seulement pour surmonter
l'effet d’ombrage causé par des obstacles, mais il est aussi nécessaire pour
réduire la puissance de la transmission et 'interférence aux noeuds voisins.
Le déploiement dynamique des relais est utile pour augmenter la fiabilité du
réseau et réduire la probabilité d’erreur dans des applications tactiques. Avec
cette motivation, il y a eu récemment un grand intérét dans les centres de

recherches universitaires ainsi que dans 'industrie sur le concept du relayage
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pour des réseaux sans-fil (réseaux sans-fil locaux, réseaux cellulaires 4G et

réseaux sans-fils 4 bande large).

Dans ce mémoire, nous considérons un réseau a relais & antennes multiples
a deux bonds ou la communication entre la (les) source(s) et la (les) desti-
nation(s) est assisté par plusieurs noeuds relais qui sont équipés d’antennes
multiples. Nous supposons également que les sources et les destinations fonc-
tionnent en mode de multiplexage spatial, c.a.d. des signaux statistiquement
indépendants sont transmis par des différentes antennes du (des) noeud(s)

de source vers le (les) noeud(s) de destination.

Afin de réduire la complexité du traitment de signal & ’émetteur et au récep-
teur, nous supposons que tous les noeuds traitent leurs signaux linéairement.
En nous basant sur ces hypothéses, nous établissons des algorithmes per-
mettant de choisir les relais et de calculer les faisceaux de transmission et
de réception. Ces algorithmes sont de faible-complexité et exigent peu de
rétroaction sur I'état du canal. Les résultats de simulation démontrent que
les algorithmes proposés surpassent les techniques d’annulation d’interférence

distribuées pour de petits ou moyens nombres de noeuds de relais .

Puisque ce mémoire est basé sur le canal MIMO & relais, nous présentons
une analyse générale des communications MIMO et des canaux de transmis-
sion & relais aux chapitres 2 et 3. Au chapitre 2, nous présentons une analyse
théorique de la capacité des systémes MIMO en posant différentes hypotheses

concernant la connaissance du canal. De plus, nous déterminons également
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les valeurs limites sur le gain de puissance et sur le gain de diversité des

canaux MIMO.

Au chapitre 3, nous présentons le canal & relais composé d’une source d’infor-
mation, d’une destination d’information et d’'un noeud de relais. Divers
protocoles de relayage comme Time-Divison Duplex (TDD) et Full-Duplex
(FD) sont étudiés. Ainsi plusieurs stratégies de relayage sont analysées
comme: amplify-and-forward (AF), decode-and-forward (DF) et compress-
and-forward (CF). Enfin nous comparons ces protocoles et ces stratégies de

relayage en termes de capacité & différents régimes de SNR.

Au chapitre 4, nous étudions les canaux de relais de parallele MIMO ou il
y a une seule paire de source destination et un grand nombre de noeuds de
relais. Nous considérons un canal & relais 4 antennes multiples paralléle &
deux bonds ol une seule paire de sourcedestination équipée de M antennes,
communique par l'intermédiaire de K relais semi-duplex utilisant la tech-
nique d’amplification et relayage (amplify-and- forward) chacun équipé de N

antennes.

Une technique de beamforming & multi-usagers est conjointement appliquée
& la source et & la destination respectivement afin de multiplexer et de
récupérer les données. Afin d’exploiter davantage la diversité multi-relais,
nous proposons un nouveau critére de sélection de relais basé sur la quasi-
orthogonalité des paires de vecteurs propres (eigenmodes) spatiales ainsi que

sur les paires d’antennes des relais. Comparés & des stratégies précédemment
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proposé pour les canaux & relais & antennes multiples, les algorithmes pro-
posés ont une complexité trés faible, diminuent la quantité de rétroaction, et
consomment moins de puissance a travers les relais. En outre, pour un nom-
bre petit & moyen de noeuds de relais , la capacité des algorithmes proposés
surpassent les autres stratégies et, asymptotiquement lorsque le nombre des
noeuds de relais est grand (K — o0), la capacité des algorithmes proposés

augmente comme % loglog K.

Au chapitre 5, nous considérons des réseaux d’interférence a relais a an-
tennes multiples a deux-bonds. Plusieurs noeuds de source communiquent
avec plusieurs noeuds de destination par l'intermédiaire de K noeuds de
relais chacun équipé de N antennes. Basé sur des techniques récentes en
caractérisation des limites de réseaux X & antenne multiples et le concept de
Palignement d’interférence, nous traitons ce réseau en tant que deux réseaux

X en cascade & antennes multiples.

De ce fait, nous décomposons le réseau en L canaux non-interférents a relais a
antennes multiples paralléles. Le raisonnement derriére cette approche peut
étre justifié par la théorie de I'information de canaux X & antennes multi-
ples qui stipule que ces canaux fournissent des degrés de liberté plus élevés
qu’un canal & interférence & antennes multiples. La signalisation, I’alignement
d’interférence ainsi que le choix de relais sont discutés et des résultats de sim-
ulation sont présentés. Comparé a la technique d’annulation d’interférence
distribuée, 'approche proposée offre une capacité plus élevée au prix d’une

rétroaction de 1’état du canal et d’une signalisation plus sophistiquée.
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Finalement, au chapitre 6, nous présentons des conclusions et nous suggérons

des portes de recherche basées sur les idées développées dans ce mémoire.
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CHAPTER 1

INTRODUCTION AND BACKGROUND WORK

1.1 Introduction

The use of multiple antennas at both ends of a point-to-point wireless link,
known as multiple-input multiple-output (MIMO) wireless, is a powerful
performance enhancing technology [1-4]. In point-to-point wireless links,
MIMO systems improve spectral efficiency, link reliability and power effi-
ciency through spatial multiplexing gain, diversity gain and array gain!, re-

spectively.

The very high data rates envisioned for fourth-generation (4G) wireless sys-
tems in reasonably large or dense areas do not appear to be feasible with con-
ventional cellular architectures. Multiple antenna techniques and advanced
signal processing techniques (such as interference cancellation algorithms)
by themselves cannot provide enough leverage to achieve the desired level
of performance. In this context, distributed communication techniques and
relaying in particular, could provide an additional leverage without requiring
significant infrastructure deployment costs. Wireless relaying is a powerful
tool to provide reliable transmission, high throughput and broad coverage

for wireless networks in a variety of applications. In a cellular environment,

1These three terms are defined in section 2.1.



a relay can be deployed in areas where there are strong shadowing effects,
such as inside buildings and tunnels. For mobile ad hoc networks, relay-
ing is essential not only to overcome shadowing due to obstacles but also to
reduce unnecessary transmission power and hence radio frequency interfer-
ence to neighboring nodes. For tactical applications, dynamic deployment of
manned or unmanned relays are useful to enhance the network’s reliability,

throughput and low probability of detection and/or interception.

With this motivation, there has recently been growing interest both in academia,
and industry in the concept of relaying in infrastructure-based wireless net-
works such as next generation cellular (B3G, 4G), wireless local area networks
(WLANS) (802.11) and broadband fixed wireless (802.16) networks [5]. Dis-
tributed cooperation techniques over single-antenna relay channels have been
studied by [6-8] and extended to the MIMO relay channel in [9]. Capacity
scaling laws and Shannon-theoretic power-bandwidth trade-offs over large-

scale MIMO relay networks were characterized in [10-13], respectively.

In this thesis, we consider a two-hop fading MIMO interference relay net-
work (MIRN), where the communication between the multi-antenna source
node(s) and destination node(s) is assisted by several multi-antenna relays
between the source(s) and destination(s). We also assume that the source(s)
and destination(s) operate in spatial multiplexing mode, i.e. statistically in-
dependent signals are transmitted from the different antennas of the source
node(s) toward the destination node(s). In order to reduce the transceiver
complexity, we constrain all nodes to process their signals linearly. Based

on these assumptions, we design low-complexity relay selection and beam-



forming algorithms that require small amount of channel state information
feedback. Simulation results show that the proposed algorithms outperform
distributed interference cancellation techniques for small to medium number

of relay nodes.

1.2 Contributions

This thesis is concerned with information theoretic analyses of MIMO parallel
relay channels and MIMO interference relay networks. The main contribu-

tions contained in this study can be classified into two broad categories:

1. We consider a two-hop MIMO parallel relay channel where a single
source-destination pair both equipped with M antennas, communicate
via K N-antenna half-duplex amplify-and-forward relays (K, N > M).
Multi-user beamforming techniques are jointly applied at the source
and destination to respectively multiplex and recover the data streams.
In order to effectively exploit the multi-relay diversity, we propose new
relay selection criteria based on semi-orthogonality among spatial eigen-
mode and antenna pairs of the relays. The proposed algorithms have
very low complexity, decrease the amount of feedback, and consume
less power across the relays compared to previously proposed MIMO
relaying strategies. Furthermore, for small to medium number of relay
nodes, the proposed algorithms’ capacity outperform the other strate-
gies and in the asymptote of large number of relay nodes (K — o0),

the capacity of the proposed algorithms scales as ¥ loglog K [14].
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2. We consider a class of wireless ad hoc networks, namely two-hop MIMO
interference relay networks, where L M-antenna source nodes com-
municate to L M-antenna destination nodes via K relay nodes each
equipped with N antennas. Based on recent advances in character-
izing the limits of MIMO X channel and the concept of interference
alignment, we treat this network as two cascaded MIMO X networks.
By doing so, we decompose the network into L non-interfering parallel
MIMO relay channels. Signaling, interference alignment, relay selection
will be discussed and simulation results will be presented. Compared
to the well-known distributed interference cancellation technique, this
approach offers higher capacity at the cost of feeding back CSI from

the relays to the source nodes and more advanced signaling [15].

1.3 Thesis Outline

Since MIMO relay channels form the backbone of this thesis, we present de-
tailed analysis of MIMO communications and relay channels in chapters 2 and
3 respectively. In chapter 2, we investigate the information theoretic capac-
ity analysis of MIMO systems with different channel knowledge assumptions.
Moreover, bounds on the array gain and diversity gain of MIMO channels in

the so-called "beamforming (BF)" mode are derived.

In chapter 3, we introduce the relay channel consisting of an information
source, an information destination and a relay node. Various relaying proto-

cols, namely full duplex (FD), time-division duplex (TDD) and half duplex
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(HD) are investigated as well as several relaying strategics such as: amplify-
and-forward (AF), decode-and-forward (DF), and compress-and-forward (CF).
We compare these relaying protocols and strategies in terms of capacity at

different SNR regimes.

In chapter 4, we study the MIMO parallel relay channels where there is
a single source-destination pair and a large number of relay nodes. Semi-
orthogonal relay selection and beamforming at the source and destination is

discussed and the system capacity scaling is presented.

In chapter 5, we study the MIMO interference relay network (MIRN) where
multiple source-destination communicate via multiple relay nodes which are
located between the source and destination nodes. Based on the concept
of "interference alignment", we consider the first and second hop as two
cascaded MIMO X channel and decompose the MIRN into multiple non-
interfering MIMO parallel relay channels as described in chapter 4. Signal-
ing, relay selection and interference alignment is discussed throughout this

chapter.

Finally, in chapter 6, we provide concluding remarks and discuss possible

future works based on the ideas developed in this thesis.



CHAPTER 2

INTRODUCTION TO MIMO COMMUNICATIONS

2.1 Preliminaries

Wireless communication strives for higher data rates as well as better quality
of service (QoS). The use of multiple-input multiple-output (MIMO) com-
munication systems is aimed at these goals [1]. Since the late 90’s, interest
in MIMO systems has exploded such that they are now deployed in third-
generation (3G) wireless cellular networks and are considered as a key tech-
nology for next-generation wireless communication standards (4G). A MIMO
communication system is defined as a system of transmitter and receiver each
equipped with multiple antennas. The significance of MIMO systems stems
from the introduction of an additional dimension: the spatial dimension. This
additional dimension can lead to an increase in the diversity order and in
the degrees of freedom [16] over well-conditioned channels. Well-conditioned
channels for MIMO systems are the ones that provide stochastically indepen-
dent (uncorrelated) signal paths from the transmitter to the receiver. Such

channels are observed when [17]:

1. The amount of scattering and reflection in the environment (which is

an inherent part of multi-path fading channels) is large.

2. The length of the transmit and receive antenna arrays is long enough



and the antenna spacing is larger than half a wavelength.

In this case, the surprising feature of MIMO systems appears. Multi-path
fading [18], which was known to be detrimental for wireless communications,
has ironically turned out to be an advantage for MIMO systems. In other
words, multi-path fading increases the degrees of freedom of the system which

may be used to:

1. increase data rate via spatial multiplexing [4],
2. reduce bit error rate via space-time coding [3,19] or

3. a combination of both [20-22].

In general, there are three gains that can be achieved in MIMO systems and
any MIMO configuration may be described by the amount of those gains.
They are the diversity, multiplexing and array gains. Due to frequent use of
these terms throughout this thesis, their definitions are mentioned according

to [23]:

1. Diversity Gain: The gain provided by the spatially independent links
either at the transmitter, the receiver or both, and is necessary for

mitigating the adverse effects of fading.

2. Multiplexring Gain: Capacity gain at no additional power or bandwidth
consumption obtained through the use of multiple antennas at both
sides of a wireless link which increases the number of degrees of freedom

available to send data.



3. Array Gain: The average increase in the SNR at the receiver that
arises from the coherent combining effects of multiple antennas at the
transmitter, receiver or both. This is the gain provided by the channel

state information (CSI).

In the rest of this chapter, we present the basic information-theoretic data
rates supported by MIMO systems under different CSI assumptions. We
will also discuss the bounds on the diversity and array gains supported by
MIMO systems. In section 2.2, a probabilistic model for MIMO channel is
introduced. Section 2.3 treats two important notions for the capacity charac-
terization in wireless channels: ergodic capacity and outage capacity. In this
section, we derive the ergodic capacity for two channel knowledge assump-
tions (CSIR and CSIT). Finally in section 2.4, we will consider a special
MIMO configuration called "beamforming" or "maximum ratio transmis-
sion" and will derive the bounds on array and diversity gains achieved by
this configuration. In each section, numerical results are presented to give

further insights into theoretical aspects.

2.2 MIMO System Model

We consider a MIMO system with M; transmit antennas and M, receive
antennas as shown in Figure 2.1. The MIMO transmitter produces a chan-
nel input symbol x, which is an (M, x 1) vector over the complex field, per
channel use. The corresponding channel output symbol is given by y which

is a (M, x 1) dimensional vector over the complex field. The probabilis-



.
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Figure 2.1 Block diagram of an (M, x M,;) MIMO system.

tic MIMO channel can be characterized by (M, x M,)-dimensional channel
state matrix H which is over the complex field. In general, each channel
state realization H = H, specifies a channel state transition probability
Py = y|x = 2, H = H). Without loss of generality, we assume discrete
inputs and discrete outputs. Generalization to continuous inputs and con-

tinuous outputs is straight-forward.

The channel transition probability of MIMO channels can be completely char-
acterized by the conditional channel transition probability and the channel

state sequence probability as

y|x]) ZP Ve, HY\P(HY), (2.1)

where @7’ = [, ..., 2] denotes a block of N transmitted symbols, y¥ =

[Y1,- -, Yn] denotes a block of N received symbols and HY = [H,, ..., Hy]
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denotes a block of N channel states. In general, the output symbol at any
time depends not only on the current transmitted symbol but also on the past
and future transmitted symbols. If this is the case, the channel is said to have
memory. Otherwise, the probabilistic channel is said to be memoryless. In
other word a channel is said to be memoryless if the unconditional transitional

probability can be expressed into a product form:
N
P(yy|a)') = [ [ Plynlen) (22)

n=1

Now we look at two important channel models.

2.2.1 Fast Flat Fading MIMO Channels
The discrete-time input-output relationship is given by:
Yo = HnZn + 25, (2.3)

where z, is a (M, x 1)-dimensional independently identically distributed
(i.i.d) zero-mean circularly symmetric complex Gaussian (ZMCSCG) noise
vector with unit variance. In this model, ¢, and y,, are the input and output
complex vectors. {H,} are i.i.d. complex channel state sequences. Given

HY and 2V, the channel transition probability is given by

N
Py 2], 1Y) = [ ] P(ynlen, Ha) (2.4)
n=1
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Together with the i.i.d. channel state sequence property:

N
]P(Hiv) = H ]P(Hn)’ (25)
n=1
the fast flat fading channel is equivalent to a memoryless channel because

the channel transition probability can be decomposed into a product form.

2.2.2 Quasi-static Flat Fading MIMO Channels

As the transmission bit rate increases and the frame duration becomes shorter,
we may have a slow-fading situation across the entire symbols of a frame. In
fact, the transmit symbols over a frame will share the same channel fad-
ing; that is, H; = H,,... = Hy = H. Such slow-fading situation is
called quasi-static fading. The quasi-static flat-fading MIMO channel has
the transition probability P(y|zY, HY) = [, P(y,|®,., H). Because of
quasi-fading channel across entire frame, the quasi-static fading channel is
not memoryless because the unconditional channel transition probability can
not be decomposed into the required product form. Hence, this channel is a

non-ergodic memory channel.

2.3 Capacity Definitions

Now, we shall clarify two important concepts of Shannon’s capacity for prob-

abilistic channels with states. For ergodic channels, the interpretation of the
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channel capacity is straightforward. Specifically, for any rate R < C there
exists at least one encoder and decoder that achieves arbitrarily small prob-
ability of error. For non-ergodic channels, this is no longer the case because
channel capacity in Shannon’s sense is zero. In general, we have two im-
portant definitions of channel capacity, namely the ergodic capacity and the

outage capacity which are described in the sequel.

2.3.1 Ergodic Capacity

Ergodic capacity refers to the channel capacity in Shannon’s sense; that is,
for any rate R < C, there exists at least one encoder and one decoder
that achieves a small probability of error. Conversely, if R > C, the error
probability is greater than zero for any encoder and decoder. For example
consider the transmission of a block of N symbols & = {z,xs,...,zx}
with N symbols across a flat fading channel with state sequence ’Hf] =
{H1, Hs, ..., Hy}. If the encoding frame is large enough (larger than the
coherence time of the fading channel), such that {H;,Hz, ..., Hy} spans
across an ergodic realization of ergodic fading process H(t), the resulting

ergodic capacity is nonzero and is given by :

.1
C = lim ﬁl(whm%'"7wN;y11y27"'7yN7H1aH27"'7HN) (26)

N—oo

The ergodic capacity reduces to the following well-known formula:

C=I(x;y,H) = I(x;y|H). (2.7)
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Now, if the transmitted rate is lower than the ergodic capacity, the error
probability is exponentially decaying with the frame length N for capacity

achieving codes.

2.3.2 Outage Capacity

The ergodic condition is not necessarily satisfied in many practical com-
munication systems operating over fading channels. In this case, there is
no significant channel variation across the encoding frame and there is no
classical Shannon meaning to the capacity in this typical situation. In the
extreme case, when the frame is very short or the coherence time is very
long, the entire encoding frame share a single fading state realization, which
is Hy = H; = ... = Hy = H. In this case, the channel belongs to the
type of non-ergodic memory channel and the mutual information becomes

information unstable. The channel capacity in Shannon’s sense is given by
R G
C = liminf Nl(wl Y1, H) (2.8)

where lim inf is in probability sense and %,—I (xl; yY, H) is the normalized se-
quence of mutual information. In fact, the mutual information is considered
as a function of the random realization of H and therefore is a random vari-
able itself. Hence, there may be a non-negligible probability that the value
of transmission rate exceeds the current capacity. This situation gives rise
to error probabilities that do not decay with the increase of block length N.

Hence, the ergodic capacity of the channel is zero, meaning that no matter
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how small the transmission rate is, there is no guarantee that the transmitted
frame will be error-free. Instead of looking at the ergodic capacity in Shan-
non’s sense, we can characterize the capacity from an outage perspective.
The outage capacity Cyy; at a given outage probability P, is defined as the

maximum data rate R such that
P{R < C} < P,y. (2.9)

In other words, the outage probability P,,; is the cumulative distribution

function of the random mutual information.

2.3.3 Perfect CSIR

Now we consider the case when we have perfect channel state information
at the receiver but have no channel state information at the transmitter
side (perfect CSIR but no CSIT). In this case, the MIMO channel has the

following transition probability:

Pyy, HY |z)) = Pyl 1Y,z )P(HY). (2.10)
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For ergodic CSI sequences, the channel capacity is given by:

T N., N ayN
Cosir = Iégllm‘ﬁﬁlmaﬁf(wuyuﬂl) (2.11)

1
= lim_ 5 max I yy [HY) + 1= 1Y) (212)
—0 P(xy

= Jim  max Iy 7)) (213)
where I(z; HY) = 0 because the transmitted symbol is independent of the
channel state. Furthermore, if the conditional channel transition probability
can be decomposed into product form and channel state sequence ’H{V is
i.id. then the equivalent channel is memoryless. Hence the channel capacity
becomes:

Cesir = max I(x;y|H). (2.14)

In order to derive the ergodic capacity of fast flat fading channels, we write

the input-output relationship:
Y, = HoZp + 25, (2.15)

From probability theory we know that if @, and z, are two independent
circular symmetric complex gaussian random vectors, then so are H,,x,, and
y,. Besides that, for a zero-mean random vector x with covariance matrix

R,, the entropy is upper bounded by:

h(x) < log det(meRy) (2.16)
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where equality holds if x is circularly symmetric complex Gaussian (h(.)
denotes entropy) [24]. From information theory, we also know that mutual

information becomes
I(x;y[H) = h(y[H) - h(y|x, H). (2.17)

From (2.16) and (2.17), we then have that the first entropy is upper bounded
by log det(meRy) while the second entropy is upper bounded by log det(wel).

Furthermore there is a total power constraint on transmit power:
Tr(Ry) < P. (2.18)

Therefore, the capacity of the fast flat fading MIMO channel can be written

as:

Cesig = max JEH[logdet (IMT+HRXH*>] (2.19)
s.t. Tr(R.) < P

where the optimization is performed over all input covariance matrices. It can
be easily proven that the optimal transmit covariance matrix that achieves
the capacity when there is no CSIT is the diagonal matrix that allocates
power equally across the transmit antennas [4]. Therefore, we can write the
capacity as:

Cosir = Ex [1og det (IMT + %HH)] (2.20)
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If Ay > Ay > ... > Ay are the ordered singular values of ‘H, then we can

write 2.20 as
Cesin = ]E[
). (2.21)

where M = min(M;, M;). By applying Jensen’s inequality [24] to the above

formula, we obtain the following inequality:

= P, Pr1 X .
;mg (14372 < Miog (1+ M[M;AD (229

with equality if and only if the singular values are all equal. At high SNR
regime, the capacity for the i.i.d. Rayleigh channel is given by

P &
Cosra~ Mlog o+ + ) " Ellog A7], (2.23)
L
and
E[log A?] > —oo, (2.24)

for all <. Hence, M degrees of freedom is achieved. In fact, we have

M max( My, M)
D Ellog]= > Ellogxd] (2.25)
i=1 i=| Mg — My |+1

where x2; is x-squared random variable with 2 degrees of freedom.
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At low SNR regime, we use the approximation log,(1 + z) ~ zlog,e for

z << 1 and obtain

> E[iog (14 £7%)]
E

Z —]5[— E[)]log, e
>
M,

]E[Z 1] logs e

= M,.P. log2 €. (2.26)

C’CSIR =

Q

Thus at low SNR, an M, x M, MIMO system yields an array (power) gain
of M, over a SISO system. Note that increasing the number of transmit
antenna does no increase the power gain, since unlike the case when there
is CSIT, transmit beamforming (or maximum ratio transmission which is
discussed in this chapter) can not be done to add signals constructively at

the transmitter.

Figure 2.2 shows the capacity of the i.i.d Rayleigh channel (H ~ CN(0, I))for
various number of antennas. As we see, at moderate to high SNR, the ca-
pacity of an M x M is about M times the capacity of a SISO channel.
The asymptotic slope of capacity versus SNR in dB scales proportional to
M log SNR. In this regime, full degrees of freedom is attained and the impact
of array gain is less impressive than that of multiplexing gain. At low SNR,
a system with M x M antenna yields a power gain of M over SISO channels
not because of the number of transmit antennas but in fact because of the

number of receive antennas which provide a power boost over SISO channels
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with no CSIT. In fact, in this regime, there is only one degree of freedom

and the impact of array gain is much more than the multiplexing gain.
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Figure 2.2 Ergodic capacity with perfect CSIR as a function of SNR for
Mi=M,=M=1,2,3,4.

2.3.4 Perfect CSIR and Perfect CSIT

With perfect CSI, adaptation in channel encoding is possible and with per-
fect CSIR channel matched decoding is possible. Hence the capacity of the
channels with perfect CSIR and CSIT is higher than the capacity with only
perfect CSIR. The MIMO channel capacity with perfect CSIR and CSIT is
defined as:

I(x;y|H = ’H)] . (2.27)

Cesir,csir = ]EH{ max
x|H=M

P(x[H=H)
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For an in-depth analysis of capacity with CSIT , interested readers may refer
to [25] for SISO channels and [4,26] for MIMO channels. As before, we
consider a flat fading MIMO channel with input-output relationship y, =

h,x, + z,. The ergodic capacity is given by:

Cosmosm = EH(p(,ffhai‘H) I(x;y[H = 1)) (2.28)
= B, me [yH=H)—hiyk H=10]) (@29)
= En (m,fﬁ?._?‘w h(y[H = H)) ~ h(z). (2.30)

Since the channel noise is Gaussian, the capacity achieving distribution is
complex gaussian with covariance Ry(H) = E{xx*|H} . The ergodic ca-
pacity of fast flat fading MIMO channels with full CSIT and CSIR is given
by:

Ceosircsit = En [max log det (IM,, + HRXH*)] (2.31)

where the input symbols must satisfy an average power constraint
]E[TT(RX)] <P (2.32)

Given any fading channel realization H, the optimum input covariance ma-
trix is [17]:
R.(H) =UDU", (2.33)
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where U is a M, X7 (r=rank of channel matrix) eigenvector matrix of HH* =

UAU™ and D is a r x r diagonal matrix with diagonal elements given by:

diiz(i———%>+ i=1,2,. .. r (2.34)

)

where the A;’s are the diagonal elements of A and 1t is a constant that satisfies
> iy diz = P. Here we need no adaptation to achieve ergodic capacity. As it
can be inferred, the optimal solution involves both spatial power water-filling
and temporal power water-filling. Spatial water-filling refers to the optimal
distribution of power across r spatial channels. More power is allocated to
spatial channels having a better condition and less power is allocated to
spatial channels that have poor conditions. Temporal power water-filling
refers to allocation of total power across various fading symbols temporally.
Smaller total power is allocated during time-instances that Y. 1/X? is large
S0 as to save power for better time instances. It is easy to prove that for
iid. Rayleigh channels’ at high SNR, the waterfilling solution allocates
equal power to all spatial eigenmodes as well as equal amount of power over
time. Thus,
l P

Cesircsr = ; [IOg(l + —M—)\f] (2.35)
If we compare this with Cogrr, we see that the number of degrees of freedom
is unchanged but there is an array gain of M, /M. Thus when the number of
transmit antenna is larger than the number of receive antennas, there is an

array gain of My/M due to CSIT. At low SNR, there is a further gain from

f H is an i.i.d. Rayleigh channel matrix, then with probability one, the random
channel HH* has full rank.
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from CSIT compared to CSIR case due to dynamic allocation of power which
gives more power to the stronger eigenmodes. In Figure 2.3 we have plotted
the ergodic capacity of a MIMO system with and without CSIT for M — 2,4
antenna as a function of SNR. We see that at low SNR, array gain is the
dominant factor and due to dynamic allocation of power, there is an extra
power gain compared to the no CSIT case. At high SNR, ergodic capacity
with and without CSIT converge, since there is equal number of transmit
and receive antennas which results in no gain for Cosrrcsir compared to
Ccsir. However, if there is more antennas at the transmitter than at the

receiver, Cogrr,csir will outperform Cogrg at high SNR regime.

% L
20 ....... - T T T N <. SO
~—dle— M=4, with CSIT
N ~ B ~ M=4, w/out CSIT
§ <@ M=2, with CSIT : ' :
E15 ........ '-b-'M=2,W/0utCS|T N
s ; : : .
3
L3 : : : : ; : ) K-
(3] : : : : : : : .
o 10F - B R E . Sl "‘_p‘v.
B : : : . . : p— .
5 o é .
w : P : :
" : .
o% i R S
0 2 4 6 8 10 12 14 16 18 20

SNR (dB)

Figure 2.3 Ergodic capacity with and without perfect CSIT as a function of
SNR for My = M, = M = 2,4.
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2.4 Beamforming or Maximum Ratio Transmission

MIMO systems can be configured to obtain diversity and array gains instead
of capacity gain. This type of configuration for multiple-antenna systems is
referred to as MIMO beamforming or mazimum ratio transmission. In this
configuration, contrary to spatial multiplexing systems (where multiple sym-
bols are simultaneously transmitted), a single symbol, weighted by a complex
vector, is sent over each transmit antenna, so that the input covariance ma-
trix has unit rank. An essential requirements of such configuration is the
availability of (partial or perfect) channel knowledge at transmitter (CSIT).
The term "beamforming" in MIMO communications is different from the sim-
ilar term in smart antennas and those two must not be mistaken. Literature
on point-to-point MIMO beamforming is very rich and a short discussion on
this topic deserves separate treatments. But for a quick review, we will men-
tion some of the pioneering works. MIMO beamforming was first considered
in [27] in terms of array and diversity gains. In [28], Dighe et al analyzed
the performance of MIMO beamforming in terms of symbol error probability
over Rayleigh channels and in [29] investigated the outage probability over
Rayleigh and Rician channels. [30| and [31] have also analyzed the array
gain in MIMO channels. All these works have assumed a perfect channel
knowledge at the transmitter. But in practice, obtaining the unlimited-rate,
error-free and undelayed channel information at transmitter is challenging
(especially for multiple antenna systems). As a result, follow-up works have
assumed imperfect, partial or limited channel knowledge at the transmitter

and have proposed efficient algorithms to transfer channel information from
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receiver to transmitter. Examples of such works are found in [32-37]. In the

sequel we present the fundamentals of MIMO beamforming assuming perfect

CSIT and perfect CSIR.

2.4.1 System Model

Consider the slow-fading (M, x M;) MIMO channel described in section 2.2.
To obtain a (M; x 1) transmit beamforming vector, we need to apply the
following transformation:

w, =~ (w, HY (2.36)

where w, € C1*M- is the receive beamforming vector and a € R is a normal-

ization constant defined by:
a=|w.H| (2.37)
We can write the transmit data vector as:
T = w,s (2.38)

where s is the transmitted symbol chosen from a complex constellation. The

received vector is therefore:
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After processing the received vector by the receive beamforming vector, we

obtain the following scalar quantity:

5§ = ger('w,H)*—kwrz (2.41)
= ngHH*'w;‘+w,z (2.42)
= as+w,n (2.43)

with the signal-to-noise ratio defined by:

(L2

SNR = SNR, = a2SNR,, (2.44)

w,wy

where SNRy is the average SNR in the case of single transmit and receive
antennas and w,w; = 1. From (2.44) we understand that SNR is a function of

w, and maximizing SNR requires optimization over the receive beamforming

vector. Consider the following maximization problem

arg {nguarx {wTHH*'w;‘}} (2.45)

s.t. |lw,| = 1.

According to Rayleigh-Ritz theorem [38], for any non-zero N x 1 complex
vector and a given N X N Hermitian matrix? A, *Ax < |2|*Anes, where
Amas is the largest eigenvalue of A. The equality holds if and only if x is

along the eigenvector corresponding to Ay,,. Based on this fact, solution to

*Matrix A is said to be Hermitian if and only if A = A",
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the above maximization problem is:
W, = Upaz = (U1, Ug, ..., upy )T (2.46)

where Upq, is the eigenvector corresponding to the largest eigenvalue of the
quadratic form HH"*. We thus obtain the following transmit beamforming
vectors:

Wi = Vpmag = (’1)1, Vg, ... aUMt)T (247)

where vy,q, is the eigenvector corresponding to the largest eigenvalue of

H*H. The choice of transmit and receive beamforming vectors gives
a? = Aag (2.48)

which indicates that the amount of increase in the SNR is equal to the largest
eigenvalue of the matrix HH™. In order to further study the bounds on a?,

it can be shown that [27]:

(1

o = (L33 )

T i=1 j=1 k=1
M, M; M M 1
- (ZZVMJ +3 3 Ithh* )2. (2.49)
=1 k=1 i=1 j=1,i#; k=1

2.4.2 Array Gain Analysis

The right-hand term in equation (2.49) is the inner product of the rows of

channel matrix. We can consider two extreme cases for that inner product.
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First, assume that all the rows are mutually orthogonal. In this case, a

becomes
(%S r)’ (2.50)
a = hij 250
M, i=1 j=1
and
E{a®} = M,o3, (2.51)

where a,% is the variance of the entries in the channel matrix. In the second

case, we assume that all rows of the channel matrix are fully correlated which

leads to
1 My M, M; %
a= W(ZZZIMP) (2.52)
T =1 j=1 k=1

and its expected value (array gain) becomes
E{a®} = M, M,o?. (2.53)
Now we have found a lower and an upper bound on the average SNR:
M,032SNRy < E{SNR} < M,M,52SNR,. (2.54)

The p.d.f. of SNR and the outage probability P,,; for maximum ratio trans-

mission can be derived for Rayleigh [29]:

) = e [ 2 ()
P = G2SNR [, Tt — k + DI(s — k + 1)
k=1

<Tr (! (SNSE:,az ). (SNSF2202> JUGn)  (2:59)
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naen)
- < = d
Pou = BSNR <SNRw) = s oo ir . (200

where s = min(M;, M,), t = max(M;, M,), W.(z) is an s X s Henkel matrix

function of z € (0, 00) with entries given by
{e(2)}ij =yt —s+i+j5—-12); 4,7=1,...,s, (2.57)

where (., .) is an incomplete gamma, function and U{(.) is the unit step func-

tion.

2.4.3 Diversity Gain Analysis

For a system consisting of M; x M, antennas, the order of diversity is M;M,; in
other words, the probability of error decreases inversely with the (M, x M, )t
power of the average SNR. Let us assume a system with BPSK modulation.
The channel coefficients are Rayleigh distributed and mutually statistically
independent. Referring back to (2.49), its second term on the right hand side

is always positive. Therefore, the following inequality holds:

M, M;
a? >3 > Iyl (2:58)
i=1 j=1

Thus, the worst error probability P, is the one obtained where we have equal-
ity in (2.58). To determine PP., the probability of error conditioned on a set

of channel coefficients {h;;} must be obtained first. Then the conditional
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error probability is averaged over the probability density function of hij. For

Gaussian noise, the conditional error probability is expressed as

P.(SNR) = Q(v/2SNR)

(2.59)

The probability density function p(snr) can be determined from the charac-

teristic function of SNR which turns out to be the characteristic function of

x?-distributed random variable with 2 x M, x M, degrees of freedom for i.i.d.

channel coefficients. It follows that p(SNR) is given by

MiM,—1

snr )

exp(—m
(M. M, )ISNRM:Mr—1

p(snr) =
where

SNRa = SNRoE{Ih”lz}
= SNR()O';Q1

The error probability is then given by the following integral:

P, = / " B.(SNR)p(snr)d(SNR).

For SNR, > 1, we then obtain

P A ( 1 )Mth 2MM, —1)!
¢ \4SNR, (M, M) (MM, — 1)I"

(2.60)

(2.61)
(2.62)

(2.63)

(2.64)

In Table 2.1, the maximum achievable diversity and array gain in different

MIMO configurations are shown. In Figures 2.4 -2.6, BER performance of
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uncoded BPSK modulation with maximum ratio transmission is plotted. A
Rayleigh channel model is used, where the fading channel coefficients are
complex Gaussian, i.e. H ~ CN(0, I). Because the objective of carrying out
the simulations is to evaluate the performance, it is assumed that transmit-
ter and receiver are perfectly synchronized and perfect knowledge of channel
fading coefficients are available to both. The BER performance curves plot-
ted in these figures show the results of using one and two receiving antennas.

'Iwo observations that are particularly associated with diversity is:

1. The improvement becomes greater as SNR increases.

2. The incremental improvement becomes smaller as the diversity order

increases.

In Figure 2.6, we have compared the performance of 1 x 4 MRT system with
a 2 x 2 MRT. Both systems show 4*"-order diversity but the 1 x 4 MRT
system exhibits an extra power gain (less than 3 dB) because of the number

transmit antennas and exploiting CSIT compared to the 2 x 2 MRT system.

|__CONFIGURATIONS [ ARRAY GAIN || DIVERSITY ORDER ||

SIMO (CSIR) M, M,
SIMO (CSIR, CSIT) M, M,
MISO (CSIR) 1 M,
MISO (CSIR, CSIT) M, M,
MIMO (CSIR) M, M, M,
MIMO (CSIR, CSIT) M, M, M, M;

Table 2.1 Array gain and diversity order for different MIMO configurations.
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SNR [dB]

Figure 2.4 BER of uncoded BPSK over Rayleigh channel with different an-
tenna configurations.

Sl MIMO3X1|,
-8 ~MMO3x2| "

SNR [dB}

Figure 2.5 BER of uncoded BPSK over Rayleigh channel with different an-
tenna configurations.
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Figure 2.6 BER of uncoded BPSK over Rayleigh channel with different an-
tenna configurations.
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CHAPTER 3

INTRODUCTION TO COOPERATIVE COMMUNICATIONS

Despite the indisputable advantages of MIMO communications, there exist
certain circumstances under which these benefits can not be completely ex-
ploited. Due to the size or cost constraints, not all the mobile nodes are
able to be equipped with multiple antennas. Even if there were no such
constraints, as we observed in the previous chapter, in highly-correlated line-
of-sight MIMO links, capacity gains promised in [4] and [39] would not be
achievable. These limitations have motivated researchers to come up with
new wireless communications techniques in order to combat these constraints
as well as preserving the promised MIMO gains. This new technique is known

as user cooperation or cooperative diversity in the literature [40].

Cooperative diversity is an attractive approach to improve performance of
wireless systems by creating distributed virtual antennas across different
nodes. In this setup, the basic idea is to leverage the antennas available
at other nodes in the network as a source of virtual spatial diversity. The
term "user cooperation diversity " was first introduced by Sendonaris, Erkip,
and Aazhang in [6,7] but the principles behind user cooperation can be traced

back to relay channels.

The relay channel is a channel in which there is one source node, one destina-

tion node and several relay nodes which help the source to better transmit
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its data to the destination. In the simplest case, there is only one relay
node to improve transmission from source to destination. Relay channel is a
combination of a broadcast channel (BC)(S — D, R) and a multiple-access
channel (MAC) (R,S — D) [24]. Figure 3.1 shows the block diagram of
such a channel. The Gaussian relay channel was first introduced by Van
der Mullen in [41-43]. Substantial advances in the theory were made by
Cover and El Gamal [44], who developed two fundamental coding strategies
for relay channels. It was not until recently that the relay channel theory
re-gained considerable attention because of its application in cooperative com-
munication [6,7,45-47]. Despite recent works which have addressed capacity
approaching strategies for single-antenna [48,49] and multiple-antenna relay
channels [9], the capacity achieving strategy for a general relay channel is

still unknown.

Figure 3.1 Block diagram of a relay channel.

However, there are several differences in the theory of cooperative communi-

cation and relay channels. First, in cooperative communication, each node
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may act as both a source and a relay (for another node), while in relay
channels, the relays are dedicated to help the source and do not have any
information of their own to transmit. Second, in relay channels, the main
objective is to approach the capacity limits of a Gaussian channel, while in
cooperative communication, the main focus is to leverage diversity to over-

come channel fading in a distributed manner.

The rest of this chapter is organized as follows: we discuss the capacity
bounds of two important classes of relay channels, namely the "full-duplex
(FD)" and the "time-division-duplex (TDD)" channels in section 3.1 and
section 3.2 respectively. In section 3.3 a variant of time-division-duplex relay

channels namely the "half-duplex (HD)" relay channels is scrutinized.

3.1 Full-Duplex (FD) Relay Channels

3.1.1 System Model

A relay node that can transmit and receive simultaneously at the same fre-
quency is said to be in the full-duplez (FD) mode. Data transmission in FD
relay channels is performed over time frames in which n symbols denoted by
zs(l), zs[2], ..., zs[n] are broadcasted from the source. Based on the observa-
tion of the n received symbols at the relay (denoted by yz[1],y=[2], ..., y=[n]),
n symbols (denoted by zx[1],zr[2],...,zr[n]) are transmitted from the re-

lay to the destination. The final input-output relation of a memoryless FD
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relay channel may be written by

yr[n] = hsrrsn] + zz[n] (3.1)

yD[TL] = hS’DxS [n] + hnpxn[n] + ZD[TL] (32)

where yp[n] denotes the n'* received symbol at destination; hsg, hsp and
hzrp denote the channel gains corresponding respectively to S — R, S — D
and R — D links; and finally zg[n] and zp[n| are respectively i.i.d. unit
variance additive white Gaussian noise at relay and destination. There is an

average power constraint on each frame for both source and relay described

by

3.1.2 Capacity Bounds

By applying the max-flow min-cut theorem [24], the capacity of a fixed-gain
Gaussian relay channel is upper bounded by [44,48]:

cumer (max )min {I(xs; YR, Yo|TR), I(zs, TR; yp)} (3.5)
pP\Zs5, TR

1
= max min {5 log (1 + (1 — B)Ps(hzp + h?s’p)),

0<B<1

1
- log (1 + B2 PshZp P + 2\/ﬂh,§ph3wP5PR) } (3.6)
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A lower bound can be derived for the capacity of Gaussian relay channels
with decode-and-forward (DF) strategy at the relay. By DF we mean that the
relay node fully decodes the received signal from the source node, encodes
it using an independent codebook and forwards the encoded data to the

destination node. The DF lower bound is given by [48]:
CRS = max{R;, R,}, (3.7)
where R; and R; are defined by

R, = max min{I(ms;yR|xR),I(a:S;mR,yD)} (3.8)

p(zs,rR)

_ et )
= 0?32‘1 min {ilog (1 +(1- ﬁ)PS(hsn))>

1
5108 (1+ h3p Pship Pr + 2/BiohhpPsPr)}  (3:9)
and
1 2 hf?RPS
Ry = > log (1 + h,Ps + [ TP th et ) (3.10)
+ h%'DPR

3.2 Time Division Duplex (TDD) Relay Channels

3.2.1 System Model

It is very unrealistic in practice for small-sized relay terminals to receive
and transmit simultaneously at the same frequency due to hardware imple-

mentations. Hence, relays must be assigned orthogonal resources for their
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transmit and receive paths. We assume that such separation is performed
in the time domain; another approach would be to use frequency relaying
where the relays receive and transmit in different frequency bands. Consider
time-division relaying as an example. For a given time interval Tp, the relay
captures data from the source for a duration of o7, and relays those data in
the remaining fraction of time (1 — aT}y) to the destination. This holds in
the same way for frequency-division relays; there, the available bandwidth
Wy instead of time is divided into two fractions: aW, for capturing the data
data and (1 — a)W, for relaying the data. Next, we discuss the bounds on

the capacity of Gaussian TDD relay channels.

3.2.2 Capacity Bounds

Similarly to what was mentioned in subsection 3.1.2, an upper bound was

derived on the capacity of a Gaussian TDD relay channel in [48] as:

Crip = Max min{Ry(5), Ra(0)} (3.11)

where R3() and R4(f) are defined by:

o -«

Rs(B) = 5 log (1+ (hp+hp)Pos) +—5log (14 (1 - B)Psahlp),
07

Ri(6) = Zlog (1+hdpPs.)+

(67
5 1og (1+ h2pPsa + hapPr + 2\/ﬁh§Dh3wPS,2PR). (3.12)
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Furthermore, two lower bounds can be achieved by decode-and-forward (DF)
strategy and compress-and-forward (CF) strategies at the relay. The DF
lower bound may be written as [48]:

Cfop = [ax min{Rs(8), Bs(6)} (3.13)

B8<

where Rs and Rg are defined by

Rs(9) = 5 log(1+h3pPs1) (3.14)

+ — % log (1 +(1- 5)h,§DPS,2) (3.15)

(8
Ro(B) = 5 log (1+h§DPS,I)

1 —
+ 5 (log(1 + hpPss + HapPr + 2,/ Bh% o Ps 2P ) (3.16)

Instead of DF strategy at the relay node, we may apply Wyner Ziv [50] lossy
source coding at the relay terminal. This type of strategy is known in the
literature as compress-and-forward (CF) relaying. The relay node forwards a
compressed version of its channel output to the destination node via an error
free channel encoding [24,45]. This information is used as side information
at the destination for decoding. The capacity of CF relaying is given by

(87 h? 13‘5'7 l1—-a
CEbp = 5108 (14 HipPoa+ TE20) + (=57) log(1 + hepPsa) (3.17)
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where 0?2, is the compression noise given by

2 2
0'1_20 = 14 hS'RPS,l + h‘SDPSvl (318)

2 P 1-a ’
(@ + ) — 1) (h3pPs, +1)

3.2.3 Numerical Results

Capacity bounds for FD and TDD relay channels for fixed channel coefficients
hrp = 0,10 dB, hsp = 0 dB is depicted in Figure 3.2 and Figure 3.3 as a
function of source to relay channel gains hgg for Ps = Pr = 5 dB [48]. Noise
distribution at each receiver is assumed to be Gaussian with zero mean and
unit varicance. The CF method can be used for all channels and always gives
a rate gain' over direct transmission, but as hgg becomes larger compared
to hsp, the DF rate is eventually larger than the CF rate. For both cases
of hrp = 0,10 dB, FD relaying schemes outperform both the TDD relaying
and the direct transmission schemes, but only for large source-relay channel
gains they achieve better than direct link with double power. In other words,
FD relaying schemes offer power gain over direct transmission schemes only

when there is a well-conditioned channel from source to relay.

1Rate gain is the gain between the achievable rate compared to direct transmission.
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3.3 Half-Duplex Relay Channels

3.3.1 System Model

Among different TDD relaying protocols, half-duplex (HD) relaying (where
relays listen during half of the time and transmit over the other half) has
gained much more attention in the literature than other TDD relaying schemes.
To our best knowledge, pioneering research by Laneman et al was the first
work on half-duplex relay channels where each relay acts as both information
source and a relay for another source [51-53]. The proposed relaying pro-
tocols achieve cooperative diversity in a distributed manner which compared
with antenna diversity does not require multiple-antenna nodes. The only
drawback of Laneman’s protocols is the loss in spectral efficiency, since the

source node transmits only during half of the available time or bandwidth.

In [8], two more half-duplex relaying protocols were proposed by Nabar et
al and analyzed in terms of diversity and multiplexing gains. In [54], these
protocols were investigated in terms of diversity-multiplexing tradeoff. In
Table 3.1, these three HD relaying protocols are presented. Protocol II is
the Laneman’s protocol [53] while protocols I and II are the ones proposed
by Nabar [8]. As we observe, protocol I is the most inclusive protocol and
protocols IT and III may be regarded as variants of protocol I. For this reason,
in the sequel we study the signal model of protocol I. Extension to protocols

IT and III is straight-forward.

The source transmits symbol zs,1 during the first time slot with power con-
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” I | IT IT1
1 S—R,D S—-R,D S—R
2/|S—-DR—-D| R—-D |S—»D,R—-D

Table 3.1 Three different half-duplex relaying protocols.

straint E{xsylscg’l} < Ps,;1. The signals received at the relay and destination

are given respectively by
Yr = hsrZs1 + 2R (3.19)
and

Ypa = hspZsi + 2p) (3.20)

where hsg and hsp are the channel fading coefficients corresponding to S —
R and & — D links; and zz and 2p; are i.i.d. zero-mean unit variance
Gaussian noise at source and destination respectively. In the second time
slot, the source and relay transmit symbols Zs2 and rg to the destination

with power constraints

E{zs275,} < Psp2 (3.21)
The received signal at destination during this time slot is given by
Yp2 = hrprr + hsptss + zpo (3.23)

where hzp and zps denote channel fading coefficient for R — D links and
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zero-mean unit-variance Gaussian noise at destination respectively. In what
follows, we present the ergodic capacity analysis of these three protocols with

amplify-and-forward (AF) and decode-and-forward (DF) relays.

3.3.2 Amplify-and-Forward (AF) Relaying

The AF relaying scheme provides cooperative diversity while minimizing the
computational load at the relay node. In AF relaying, the received signal
from the source node is simply amplified according to the power constraint
at the relay node. Two of the obvious hinderances of the AF relaying scheme
are the storage limitations for the large amounts of analog data required for
relaying and for combining at the destination, and the noise amplification at

the relay node along with the received source signal.

3.3.2.1 Capacity formulation

For the Gaussian HD relay channel the input-output relation can be written

as [55]:

2Dl
YD1 hsp 0 Tsy 1 0 0
YD,2 ghsrhrp hsp zs,2 0 ghrp 1
. S iy SRV iy - | %p2
Yp A Ts B ~——
z
(3.24)
Yp = Axs + Bz (3.25)
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where g is the amplification gain at the relay node. Equation (3.25) is equiv-
alent to a 2 x 2 MIMO channel with colored noise. The mutual information

of a MIMO channel with colored noise is given by [56]:

Hzs;yp) = hlyp) — h(yples) (3.26)
= Myp) - (W(Azs|zs) + h(Bz|zs)) (3.27)
= h(yp) — h(Bz). (3.28)

From information theory, we know that the entropy of a complex Gaussian

random vector is given by [24]:

h(yp) = log ((ﬁe)MD det(RyD)) (3.29)

where R, denotes the covariance matrix of the vector y,p:

Ry, = E{ypyp}. (3.30)
Here, R, can be expressed as:

R,, = E{(Azs+ Bz)(Axzs+ Bz)*} (3.31)

= E{Axsx;A*} + E{Bzz*B*} (3.32)
= AR, A"+ BR_B* (3.33)
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where R, and R, are the covariance matrices of the transmited signal and

noise vectors. Substituting R, into equation (3.29) yields
h(yp) = log ((me)Mv det{AR., A"+ BR.B")) (3.34)
Similarly, the entropy of Bz becomes
h(Bz) = log ((m)MD det[BRzB*]>. (3.35)

Combining (3.34) and (3.35) into equation (3.26), we obtain the mutual in-

formation of the system

det[AR, A" + BRZB*])

I(ws;y’D) = lOg ( det[BR B*]

(3.36)

Exploiting the properties of matrix determinants, a simple expression is ob-
tained

I(@s; yp) = log ( det[T, + (ARmSA*)(BRzB*)‘l]) (3.37)

The capacity of the system is the maximum mutual information between
the source and destination subject to the power constraints at source and
relay (equations (3.21) and (3.22)). Due to the half-duplex strategy (listen-
and-transmit), we are using half of the degrees of freedom of the channel,

therefore a factor 1/2 penalty is required:

Car = %log (detlT, + (ARw, A%)(BR.BY)™])  (3.39)

= log (detll; + (AR, A*)(BB*)™) (3.39)
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3.3.2.2 Multiplexing Gain and Diversity Analysis

Assuming equal power allocation over two time slots and R — D to be
AWGN, we may order the information rates supported by the three men-

tioned protocol for AF relay channels as follows [8]:

Car 2 Cii 2 Ciy. (3.40)

We shall interpret the above ordering in terms of traditional MIMO gains.
From (3.38), we can see that the price to be paid for cooperative transmission
over two time slots is a reduction in spectral efficiency (compared with a
MIMO system with colocated antennas) accounted for by the factor in front
of the log term. Protocol I is the only protocol that can realize a multiplexing
gain in the classical sense and, hence, recover (to a certain extent) from
this 50% loss in spectral efficiency. We note, however, that the effective
channel is not i.i.d. complex Gaussian as is the case in traditional MIMO
systems. This implies that in general we may not recover fully from the loss
in spectral efficiency. The corresponding difference in performance can be
attributed to the fact that we are dealing with a distributed system where the
individual terminals have to cooperate through noisy links [57]. Protocols
IT and III do not provide multiplexing gain, which explains their inferior
performance when compared with protocol I. Finally, the fact that protocol
II is superior to protocol III can be attributed to the fact that protocol II
corresponds to a SIMO system realizing array gain, whereas protocol III

corresponds to a MISO system devoid of array gain (recall that we assumed
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perfect channel knowledge in the receivers and no channel knowledge in the
transmitters). Maximizing the degree of broadcasting at the source and
receive collision at the destination (as is done in Protocol I) will in general
result in a higher number of degrees-of-freedom (and, hence, higher achievable
rates in the degrees-of-freedom limited case) reflected by the creation of an

effective MIMO channel [54].

We shall next analyze and compare the different protocols from a diversity
point-of-view. Following the approach in [21,53], we shall interpret the outage
probability at a certain transmission rate as the packet-error rate (PER). The
diversity order is then given by the magnitude of the slope of the PER as
a function of SNR (on a log-log scale). To be more precise, we define the

diversity order for transmission rate R as:

d(R) = _lim %ﬁ—j—sm, (3.41)
where P.(R,SNR) denotes the PER or outage probability at transmission
rate R as a function of SNR. Equivalently, a scheme achieving diversity
order d(R) at rate R has an error probability P.(R, SNR) that behaves as
P.(R,SNR) o< SNR™® at high SNR. We summarize the results of [8] by
noting that

PEP}; < PEP}; < PEPLL, (3.42)

and also the fact that all three protocols achieve second-order diversity ac-

cording to the definition in (3.41). Recall that in traditional MIMO systems
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the presence of array gain is reflected by an increased receive SNR when
compared with the case where no array gain is present. Consequently, the
ordering in (3.42) can be interpreted as reflecting the amount of array gain

realized by the individual protocols in the AF mode.

3.3.3 Decode-and-Forward (DF) Relaying

DF type protocols have the advantage that only digital data has to be stored,
but on the other hand they require the relay node to fully decode the signal
stream which may impose a heavy computational load on the relay when the
current prevailing FEC codes (e.g. convolutional, turbo, LDPC codes) are

used.

3.3.3.1 Capacity Formulation

The overall input-output relation of a DF relay channel is given by:

YD1 hsp O zs,1 Zpa
= + (3.43)
Yp,2 hrp hsr Ts2 2p2
——— o -
Yp A x5 z

Note that equation (3.43) assumes that the relay was able to correctly de-
code the data received from the source. From network information theory,
one can realize that the achievable information rate of DF relaying is de-

termined by the max-flow min-cut theorem. The cut set around the source
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forms a broadcast channel and the cut set around the destination forms a
parallel channel (due to the orthogonality in time). The system capacity is
the minimum value of the capacities of the two cut sets. From [10] we have
the following constraints on the achievable rates of a DF relay channel under

relaying protocol I:

R < log (1 + P3,1|h,m;2> — R (3.44)
R < log (1 + Ps1|hsp|? + PthRDP) — RPe (3.45)
Ry, < log (1 + PS,2|hSDf2) = Ry (3.46)
Ri+ Ry, < logdet (12 + PSAA*) = Ryas (3.47)

where R;, R; and Rji, are respectively the achievable rates in the first,
second and both time slots. The capacity of the HD-DF relay channel is
then given by

Cop={ 1% iy 2 T35~ R (3.48)
Rlge, + R, otherwise

3.3.3.2 Multiplexing Gain and Diversity Analysis

The relation between the ergodic and outage capacities of the three relaying

protocols is as follows [8]:

Cbr > CPF > OB (3.49)
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Again, the superiority of protocol I can be attributed to the fact that it
realizes multiplexing gain of two in the classical sense and, hence, recovers
from (some of) the loss due to the use of two time slots for transmission.
On the other hand, protocol II and III achieve multiplexing gain of one. For
diversity gain analysis, similar approach as that of AF relaying can be taken.
From [8], we can mention that protocol II extracts only first-order diversity
in the DF mode which follows intuitively from the fact that the information
rate for Protocol II in the DF mode can never exceed that supported by
the 5 — R Rayleigh fading channel (denoted by Ry%2). Despite weak
performance of protocol II in terms of diversity, protocol I and III extract
second-order diversity in the DF mode. We note that if the R — D link
is assumed fading and the S — R link is static with large channel gain,
so that the S — R link is not a bottleneck over the first time-slot, then it

is straightforward to show that all three protocols are capable of extracting

second-order diversity in the DF mode.

3.3.4 Numerical Results

In Figure 3.4, we have plotted the ergodic capacities of AF relaying for the
three different protocols described in Table 3.1 as functions of SNRs_,% for
SNRs_.p = SNRz_,p = 10 dB. All channel gains hsg, hsp and hzp are
assumed to be independently Rayleigh distributed. We can see that at low
SNR (when there is large noise amplification at the relay terminal), protocol
III is the worst among all protocols. At high SNR (when there is negligi-

ble noise amplification), protocol II and III perform quite similarly and are
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outperformed by protocol I which benefits from multiplexing gain.

Figure 3.5 illustrates the ergodic capacities of three DF protocols as functions
of SNRs_,z for SNRs_,p = SNRz_p = 10 dB. We observe that protocol
II is severely SNR-limited when the § — R is very poor. At high SNR
when § — R is in good shape, protocols II and III perform equally and are
outperformed by protocol I due to its the multiplexing gain which recovers

some of the 1/2 factor loss in a TDMA-based transmission.

We have plotted ergodic capacities of AF and DF relaying as functions of
SNRs_ for different values of SNRs_,p and SNRz_p in Figure 3.6 (for
protocol I) and Figure 3.7 (for protocol II). In these Figures, we see that AF
relaying is far better than DF relaying when the relay terminal is closer to
the destination than the source. On the other hand, when the relay node
approaches the source node (i.e. SNRs_,% increases), the DF capacity starts
to grow and will finally slightly outperform AF relaying at very high SNR.
In Figure 3.8 and Figure 3.9, we have plotted the ergodic capacities of AF
and DF relaying as functions of SNRy_,p for different values of SNRs_,p and
SNRgs_,% for protocol I and II, respectively. For protocol I, as the relay node
approaches the destination node, AF performance deteriorates due to noise
amplification and DF relaying outperforms AF relaying. On the other hand,
for protocol II, AF relaying outperforms DF relaying at all SNRs, since it
has higher order diversity. A more detailed analysis of the impact of relay’s
location on the capacity of cooperative channels has been discussed in [58].
For the rest of this thesis, we use HD-AF relaying under protocol II as the

basis for our relaying scheme. The reason behind this choice is first the lack
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of capacity achieving codes for protocols I and III and the second is the
receiver complexity for the destination node under relaying protocols I and

ITI, and also, the general superiority of AF to DF relaying for protocol II. 2

*However, there are some recent advances on coding for non-orthogonal cooperative
channels (protocol I) in the literature [59,60].
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CHAPTER 4

MIMO PARALLEL RELAY CHANNELS: RELAY SELECTION
AND BEAMFORMING

4.1 Introduction

Cooperative communication has drawn considerable attention from the wire-
less research community over the last few years [40]. In cooperative commu-
nication, multiple relays improve the data transmission from the information
source to the destination. Due to the distributed nature of cooperation, a
virtual antenna array is formed and, as a result, many of the advantages
of multiple-input multiple-output (MIMO) communication, such as gains in
throughput, diversity and power, can be achieved. A recent trend in this
field is to combine the benefits of MIMO and cooperative communication
by employing multiple relays and equipping every node in the network with
multiple antennas. This configuration is often referred to as parallel MIMO

relay channel in the literature [13,61,62].

In [10] and [11], a lower bound to the capacity of such a configuration is shown
to be achieved through distributed interference cancellation in the asymptote
of a large number of relays. Follow-up works have reported capacity improve-
ments through different relaying strategies such as backward and forward

zero-forcing [63], relaying with phase control [64] and multi-user MMSE re-
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laying [65]. Unfortunately, the capacity achieving strategy for MIMO parallel
relay channels is still unknown. In a recent work [13], the authors introduced
two algorithms namely, cooperative beamforming scheme (CBS) and incre-
mental cooperative beamforming scheme (I CBS) which achieve the capacity
with a small gap in the asymptotic case of a large number of relays. However,
these algorithms require a large amount of feedback from the relays to the
source, need cooperation between the relays and the sum power consumed
across the relays is large. A proper approach to resolve such problems is to
pre-select a small number of relays by setting a threshold and have only relays
with large backward and forward channel gains sending their channel infor-
mation to the source node. Then, a selection criteria is further applied based
on semi-orthogonality among either spatial eigenmode or antenna pairs of the
pre-selected set of potential relays. Inspired by [66], which shows the benefits
of distributed MIMO relaying in the downlink of cellular networks, we apply
zero-forcing multi-user transmit beamforming at the source to multiplex data
streams to the selected subset of relays, and perform zero-forcing multi-user
receive beamfoming at the destination to recover and separate the received
data streams. The simulation results show that the proposed algorithms
outperform existing distributed two-hop MIMO relaying schemes for small
to medium number of relays. Furthermore, they require lower sum power
at the relay nodes and also a smaller amount of feedback in the network.
Only as the number of relay nodes goes to infinity, will other algorithms
perform better due to the difference in the capacity scaling of point-to-point

and point-to-multipoint communications.
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4.2 System Model

4.2.1 Network and Protocol Setup

As shown in Figure 4.1, the system under consideration consists of a source
- § and a destination D both equipped with M antennas, and K N-antenna
(K, N > M) relays R, Ro, ..., Ri distributed between the source and the
destination. Throughout this chapter we consider half-duplex amplify-and-
forward (AF) [53] relaying where data transmission from source to destination
requires two channel hops and two non-overlapping time slots. During the
first time slot, the source transmits several data streams to the relays which
are silent. We also assume that the destination does not receive any signal
directly from the source because of large-scale fading effects. During the
second time slot, while the source node is idle, a selected set of relays amplify

and forward their received signal from the source to the destination.

4.2.2 Channel and Signal Model

All channels are considered frequency-flat block fading with independent re-
alization across blocks and the duration of each block length is assumed to
be equal to multiple time slots. During the first time slot, S transmits a
multiplexed data vector s € CM*! to at most M different relays over the
first hop, such that a relay may be assigned with zero, one or even multiple
data streams. For presentation simplicity, we write R = {%Z1, %>, ..., %m}

to represent the set of selected relays (note that %; and %; (i # j) may refer
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Figure 4.1 Block diagram of a parallel MIMO relay channel.

to the same relay). The source transmit vector can be written as:

[ 51
M 5
Ts = Z W, S = L'wsl'ws2 ... wle . (4.1)
m=1 V“’ig .
SMm
L. -
8
where s, is the m'* data symbol, m = 1,2,..., M and w,, € CM*! is the

source transmit beamforming vector corresponding to the m‘ data symbol.

We impose the following long-term power constraint on the source transmit
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vector:

Tr (E{msmj;}) < Ps. (4.2)

Suppose that the relay % has been assigned to the k** data stream with the

corresponding beamforming vector w,,. We can write the received vector at

relay %, as:
Yz, = Hsagxs+ zg, (4.3)
M
= Hsgpw,s,+ Hsa, Z Ws,, Sm + 2, (4.4)
Signal o m=i'f¢’“ , m
Inter ference

where Hsg, € CVM and zg, ~ CN(0,Iy) € CV* denote the S — %,
channel matrix and the white zero-mean circularly symmetric complex Gaus-
sian (ZMCSCG) noise vector at relay %, respectively. Relay %) processes
its received vector yg, linearly by a matrix G, € CN*V and forwards it to

the destination. That i.e. the transmitted vector at relay %y is given by:

L, = Gﬂ'kyﬂk (45)

The aggregate power constraint on the transmit vectors from the relay set R

S (Blanas)) =3 10 (B((Cay2,)(GCaya,)}) < Pr. (46)

The transmit vectors from the selected relays (V% € fR) then cross the
Zr — D channels (which is be denoted by Hg,p € CM*N) and add up with
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a white ZMCSCG noise vector zp ~ CN(0,I) € CMX1 at the destina-
tion. Assuming perfect synchronization between relays we have the following

received vector at destination:

M
yD = Z Hgkpm%k -+ Zp. (47)

k=1
The destination multiplies y, with a receive matrix Wp € CM*M to separate

the interfering data streams:
s = WDyDi (48)

where 8 € CM*1 js the vector of estimated data symbols.

4.2.3 Channel State Information (CSI) Model

All relays are assumed to know their local backward and forward channels
but not those of other relays. These channel informations can be found for
example from nitial training sequences transmitted from source and destina-
tion in a time-division-duplex (TDD) system. After assessing the backward
and forward channels, the relays with strong channels will feedback their CSI
to the source. The source selects a set of relays (according to the algorithms
to be discussed in section 4.3) and then transmits the second round of CSI

to the relays which consists of information on the processing matrices of the
selected relays. Upon reception, the set of selected relays forward those sec-

ondary CSI to the destination to build its receive beamforming matrix and
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decode the data streams (see Figure 4.2).

Figure 4.2 A schematics of the CSI model of a TDD system. S and D
send initial training sequences to the relays (--- >). Ry, R4 and Rs have
strong channels and feedback their CSI to & (—— >). From the feedback
information, § selects R; and Rs and sends them the second round of CSI
which consists of their processing matrices Gg, (— ). R, and R will then
send those secondary CSI to the destination to build its receive beamforming
matrix Wop.
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4.3 Beamforming and Relay Selection Algorithms

4.3.1 Eigenmode Combining

In this section, we discuss a relay selection algorithm based on selecting a
semi-orthogonal subset of relays. The idea of selecting a semi-orthogonal sub-
set of nodes in MIMO multi-user network has been investigated extensively
in the literature [67], [68]. The rationale behind this idea can be illustrated
by a simple example. Consider a single-user MIMO channel as described in
chapter 2. The capacity of this channel with zero forcing receiver is described

by [69]:

Czr(H) = Z log (1 + [7_‘*'0—,:‘]]:]3> (4.9)

where py, is the water-filling solution, and m have replaced dy;’s in (2.34).
In general, we have Czr(H) < C('H) since the zero forcing receiver detects
the data streams independently. Equality occurs when H*H/||H||% = I, or
equivalently when H has columns that are orthogonal. This simple example

motivates the search for semi-orthogonal channels in MIMO communications.

To achieve a good performance by using zero-forcing beam-forming, the se-
lected sub-channels must have high gains and be nearly orthogonal to each
other. As the number of relays increases, it becomes easier to satisfy these
requirements. However, the exhaustive search for selecting the best set of
users is very complex. Furthermore, the source node must have perfect CSI
for backward and forward channels of all relay nodes. To avoid the huge

amount of CSI feedback to the source node, we follow the selection algo-
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rithm proposed in [70]. To do so, we consider the first hop as a MIMO-BC
and the second hop as a MIMO-MAC and propose an efficient sub-optimum
algorithm that assigns the coordinates of transmission space to different re-
lays. We will assume that zero-forcing beam-forming is used at the source
and destination nodes as the precoding and receiving schemes, respectively.
The algorithm starts by setting a threshold value. By applying Singular
Value Decomposition (SVD) [38] to backward and forward channels of all
relay channel matrices, only the eigenvectors whose corresponding singular
values are above the set threshold are considered. Then, among these can-
didate eigenvectors, the algorithm chooses a set of size M which are nearly
orthogonal to each other. As a result of this orthogonality, and the fact that
the selected dimensions have large gain values, one can then achieve a good
performance in terms of sum-rate throughput. The proposed algorithm is

described in details in the following:

Let the singular value decomposition of relay R;’s backward and forward

channel be:

1
-I-TI-S'R’,)C = USRk Ang V;’Rk (4‘10)

1
Hryp = UrpAg,pVizp (4.11)

1 1
where AZp € CV*M and A2 , € CM*V are diagonal matrices compris-
ing the eigenvalues of Hsg, and Hg,p respectively, and Ugp, € CV*V,
Ur,p € CM*M Vp. € CM¥*M and Vg, p € CV*N are unitary matrices of

eigenvectors.
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1. Initialization: We define a set of modes consisting of three indices indi-
cating the index of the relay, the index of the backward eigenmode and
the index of the forward eigenmode. The selected set (search domain)

is described by:

T = {(Rk,i,j)‘ksm(i) > Ao; Aryp(F) = /\0} (4.12)

where Asg, (i) and Ag,p(j) are the i and j** singular values of H sroHsp,
and Hg, pHp, 1, respectively, and Ag is a threshold value. The goal
of this threshold is to limit the search space for semi-orthogonal eigen-
modes and, most importantly, to constraint the amount of CSI feedback
from the relays to the source. The threshold value ) is discussed in

section 4.4.

2. Start-up: In the second step, after CSI feedback, the source node
chooses the mode with the largest effective channel gain. The met-
ric for the effective channel gain of a mode is the ratio of product and
sum of backward and forward channel gains of that mode (which has

been previously proposed in [71] for single-antenna relays):

«% ,b ] = ar max k' - )
( 1, V1 fl) ) (Rii,3)€T0 AS'Rk ('L) -+ A’R,kD(J)

(4.13)

where (%, by, f1) refers to relay %, receiving from its backward channel
eigenmode b; and transmitting over its forward channel eigenmode f;.

After selecting (%i,by, f1), we eliminate this mode from the search
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domain 7; to obtain a new search domain 7;:
T =Ty — {(%,b1, f1)}. (4.14)
Besides that for V(Rg, 4, j) € 71 we define:

P (1) = max {740, 14() } (4.15)

where fy;nk(z) and ’7;;11@( j) are defined as:

YD) = @ (vs@m(bm), VSR, (i)) (4.16)

k@) = ¢ (wtnn(fn)s wri0 () (4.17)

and vsg, (i) and ug,p(j) are the i** right and j** left eigenvectors of
H sy, and Hg, p, respectively, and ¢(a, b) is a measure of orthogonal-

ity between vectors a and b defined as:

plab) = o (4.18)

3. Iterations: For 2 < m < M, the source performs the following steps:

b = i L —~1 4.19
(@ma ms fm) a‘rg (Rk,i,r‘rjl)lé’l'fm_l (’L,J)k) (m ) ( )
Do (m) = Dy (m — 1)+ max {17, 40, vmi(i) s (421)

V(Rk, Z,j) € Tm
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Now for the k** selected mode, we may write the processing matrix as:

Ga, = gﬂkvﬁkD(fk)ug‘ﬂk (bk) (4'22)

where the coefficients g,k = 1,2, ..., M satisfy the aggregate power con-
straint in equation (4.6). Considering the processing matrices Gg,, k =
1,2,..., M, we obtain the following equivalent input-output relationship for

the first hop:

Tk = Usg, (bk)Hsz,xs + usg, (br)za,

= [ Asa, (bi)vsa (be)Ts + 2, k=1,2,...,M (4.23)

where 7 is the signal plus interference at %, and z,’c is a zero-mean unit-
variance AWGN at the output of filter us, (bx). Appending the above equa-

tions, we can re-write them in vector format:
=1 = Hsr®s + zr, (4.24)

7 ’ . .
where 7 = [ry,...,7u]¥, 2r = [2,..., 2] is a ZMCSCG noise vector, and

Vs (b1)v5g, (b1)
V Asa, (b2)v5 g, (b2)

Hsr = e CcM*M (4.25)

V Nsitrs Gat 0ty (bas)

is the equivalent channel matrix of the first hop. Relay %) amplifies the

received signal 7, by a factor of g4, to obtain ¢; and then filters it through
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the filter vg,p(f). Re-writing equation (4.7), we obtain the equivalent input-

output relationship of the second hop:

M
Yp = ZH%D”%D(fk)tk‘FZD

M
= 2 ao(uaos(fot + 2o. (4.26)
k=1

We may write the above equation in a simpler format:

= Yp = Hropt + 2p, (4.27)
where ¢ = [t1,...,ty]7 and
- 9T
Aglv(jl)u.glp
A ul
Hrp = #olf 2) o/ € CMxM (4.28)

. A%MD(fM)u;MD(fM) |

is the equivalent channel matrix of the second hop.

Since we want the k** mode to only amplify and forward the symbol s,
we apply a zero-forcing matrix at the source regarding the effective channel
matrix of the first hop to pre-cancel the inter-stream interference term. A
proper choice for the zero-forcing matrix is the pseudo-inverse of the equiva-

lent channel matrix; which in the case of a square channel matrix equals the
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inverse of the matrix [38]:
Ws=Hsr' =Hsp L. (4.29)

For the second hop, instead of using successive interference cancellation or
MMSE receive techniques, the destination multiplies its received vector yp by
a zero-forcing matrix Wp to separate the data streams and fully cancel the
inter-stream interference. Similarly to the first hop, the zero-forcing matrix

at destination becomes the pseudo-inverse of the equivalent channel matrix:
Wp = Hgp' =Hrp " (4.30)

Using linear beamforming matrices (i.e. Wp and W) results in M parallel
compound sub-channels from the source to the destination. The effective

SNR of the k** compound sub-channel will be [63]:

— nS%kn.%kD (4'31)
1+ nsa, + Nz’

Mk

where s, and ng.p denote respectively the effective SNR corresponding
to the first-hop and the second-hop components of the k** compound sub-
channel. Consequently the Shannon capacity of these M parallel compound

sub-channels may be written as the following maximization problem:

M
O = Entn,rnn ] max Y_(0.5) log(1+71:)} (4.32)

k=1

subject to the power constraints in (4.2) and (4.6). We may subsitute (4.31)



into (4.32) and obtain:

M
§ : 1 1
C = }EHS’R;H’R_D{ max (05) log (( + 77&%%)( + n.g?k'D)
s MDA

M M
r2 2
s.t. § Ckask S PSa E U,%k S PR
k=1 k=1

1+ nsa, +nz.p

71

)

(4.33)

where afk and aggk denote respectively the amount of transmit power allo-

cated to the symbol s; and to the relay Z;’s output signal t;:

ol = E{ssi},

o, = BE{titi}

2
and nsr, = 03,, M@, = %’1, and [72],[69]
Sk

!

G = [(Pxmen) ],

¥

"

I

G = [(H%DHRD) -1] Kk

(4.34)
(4.35)

(4.36)

(4.37)

In fact, ¢ ,; and (,: represent respectively, the amount of channel gain reduction

at the source and noise amplification at the destination due to zero-forcing.

The solution to this non-concave optimization problem requires an iterative

approach which has been discussed in [73,74]. For convenience, we assume

uniform power allocation across each sub-channel at the source and the relays
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which gives:

Ns#, = T«r[ (H;RHSR>_1], (4.38)
— PR

N#p = TT[ (H%DHRD)_I], (4.39)

G = 1:% (4.40)

4.3.2 Antenna Combining

In this section, we consider relay selection based on relays semi-orthogonality
a technique called antenna combining [75]. All the operations in this algo-
rithm are the same as the previous algorithm with the difference that instead
of searching for semi-orthogonality among backward and forward channel
eigenmodes of the relays, we search among rows and columns of backward
and forward channels of the relays, respectively. Indeed, we perform receive
antenna selection [76] over the first hop and transmit antenna selection over
the second hop. The relay selection and antenna combining algorithm is pre-
sented in the following.

Consider the backward and forward channel matrices of relay k to be written

as:

Hsr, = [hsr,(1) hsg,(2) ... hsg, (N)]T € CV*M (4.41)
H'Rkp = [h/]gk'p(l) thD(Z) thD(N)] S CMXN (442)
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where hsg, ()T € CM and hgr,p(j) € CM are respectively the channel vec-

tors from source to i** receive antenna of relay R, and from relay Ry’s j*

transmit antenna to the destination.

1. Initialization:
To = { (Rus,)| Ihor,(0)] > hoj lhr,o(i)] > ho }

where hg is a threshold value.

2. Start-up:

|hsr, (5) | |h,o (5)
K1,b1, f1) = arg _max > —
(%1, b1, f1) ® ReteTs [hor, () + [hr,p ()P

T =T — {(%, b1, 1)}

Do (1) = max {1,4(0), 71 £(5)}

where 'y;,k (i) and ’Y;I,k( j) are defined as:

;o hsa (b))  hsr, (i)
7 (7) <|h3%(b1)|’ |hsr, (i)|)
. hao(fi) hro()
Nili) = gp(|hgzm(f1)l’ |thD(j)|)

and ¢(.,.) is defined in (16).

3. Iterations: For 2 <m < M,

By by fn) = in_ Tu(m—1
( m afm) arg (Rk,ir,nj)len’l"m_l (w,k)(m )

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)
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Tm = Tm—l - {('@ma bma fm)} (450)
Loy (m) = Doy (m = 1) +max {7}, @), vns ()}, (451)
V(Rei,i,5) € Ton. (4.52)

Thus, for the k** mode, the relay %, selects the antenna by, for reception and
amplifies the signal by a factor g, and transmits from antenna fi. Similarly
to the eigenmode combining algorithm, the equivalent channel matrix of the

first-hop is:

Rig, (b1)

hZ. (b
HSR = 851’2( 2) € CMXM (4.53)

| RSy, (bu) |

and consequently the source beamforming matrix would be:
Ws=MHsr L. (4.54)

The equivalent channel matrix of the second hop and the receive beamforming

matrix at destination become respectively:

Hro = [hao(A)lhasn (£l [hayo(fu)] € CY (455)

Wp=Hrp ~ (4.56)
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4.4 Discussion on the Threshold Value

From [77], we know that the sum rate of a MIMO broadcast channel (which
can be achieved by dirty paper coding (DPC) [72,78]) scales linearly with the
number of transmit antennas and double logarithmically with the number of
users [77]. Since we are applying a MIMO multi-user technique at the source
node, the best capacity scaling that we may achieve is that of a DPC ap-
proach. Therefore, we set the threshold such that the capacity of zero-forcing
beamforming (eigenmode-combining or antenna-combining) approaches that

of DPC asymptotically or in the other words:
lim Cppc - CZF = 0. (457)
K—oo

Thus, the effective channel gains of each sub-channel from source to relays
(and also from relays to the destination) must be comparable to log K. There-
fore, we heuristically set the threshold for both eigenmode combining and

antenna combining algorithms equal to
hg, Ag ~ log K. (4.58)

This implies that as the number of relay nodes increases, we set a higher
threshold to reduce the amount of feedback from the relays to the source.
This threshold is not optimum and the optimum threshold should be a little
bit smaller than this threshold.
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4.5 Capacity Scaling Law

When it is not possible to exactly characterize the capacity of large networks,
a powerful tool is the capacity scaling in the asymptote of large number
of nodes. This powerful tool was introduced in [79][49] for single-antenna
AWGN channels and the results have been extended to single-antenna fading

channels in [80][81].

Now, we present the capacity scaling of the proposed algorithms. The proof
for this theorem is very similar to the proof presented in [70]. The first step
is to prove that there exists with probability one a semi-orthogonal subset of
relays. The next step is to find the capacity of the selected subset of semi-
orthogonal relays and to study the asymptotic behavior of that capacity by

considering equal power allocation across each sub-channel.

Theorem 1 The capacity of eigenmode (antenna) combining algorithm scales

as:

M
C= 42/[—loglogK +0(1) = 710glog K. (4.59)

4.6 Simulation Results

In this section, numerical results for the proposed algorithms are presented.

In order to give a comprehensive comparison, we use the following systems :

1. Upper Bound: By using multi-terminal network information theory and
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applying theorem 14.10.1-[24] to two cutset over first hop (broadcast
cut) and the second hop (multiple-access cut), we obtain an upper
bound on the capacity of the two-hop parallel MIMO relay network.

The cut-set around the first hop gives the following rate:

Rl = llp”r(lf,)g I(CBS; Y Yrys o+ o yRK|ch1, LR,y - - -, iL'RK). (460)
'S
and the cut-set around the second hop gives us:

R, = max Iz, TRy, ..., TRy Yp)- (4.61)
P(le vazy"'!wRK)

The upper bound on the capacity is the minimum of these two rate:
Cupper - IIliIl(Rl, Rz) (462)
In [13], it is shown that this upper-bound capacity scales as:

Clupper = —A; log K +O(1) = —42/1— log K (4.63)
. Cooperative Beamforming Scheme (CBS): This scheme and its variant
Incremental Cooperative Beamforming Scheme (ICBS) have been pro-
posed in [13]. In this scheme the overall channel matrix from the source
node to all relay nodes Hgp = [Hjp |Hér,| . - . IH:";RK] is decomposed
by singular value decomposition which gives Hgr = USRAERVTSR
where Ugsr and V gr are unitary matrices of sizes KN X M and M X M

respectively and Agr is an M x M diagonal matrix. Ugg can be par-
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titioned into sub-matrices as [Ugg, |Usg,|. .- [Usg,]. The k™ relay
multiplies its received signal by Ugp, and then passes it through a
zero-forcing matrix H LRk and finally amplifies it by a gain factor «

which is computed from

P
a= " . (4.64)
maxy, | lHRkDUSRk Yr, I

The final input-output relation of the channel is given by:

K

Yp = « Z Hy,pxr, + 2p (4.65)
k;l

= Z HyoHp, pUsr, Yr, + 20 (4.66)

= alk]::(HSRwS +2r)+ 2p (4.67)

= a(AIV @5+ 25) + zp (4.68)

As we observe the channel is diagonal and the noise vector is white
and Gaussian. As the number of relays increases, we expect to have
smaller values of a with high probability. In other words, there is a
higher chance of having at least one ill-conditioned downlink channel
among the relays. In this case, a subset of relays which are in good
condition is selected and the rest is turned off. In the ICBS, we select
a subset of relays which results in a high value of «. Defining fy =
Ees,2n, [| |H ;szU SROYR |21 , we activate the relays which satisfy g, <
(3, where [ is a predefined threshold. In this manner, it is guaranteed

that a > \/% . This improvement in the value of « is realized at the
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expense of turning off some of the relays, creating interference in the
equivalent point-to-point channel. More precisely, by defining A =

{k|Bx > B}, we have

Yp = a((Agg—Z UZRkHSRk VSR)ZE+ Z USRkZRk) +zZp (4.69)
keA ke Ac

As the above equation shows, by decreasing the value of 3, one can
guarantee a large value of a while increasing the gap of the equivalent
channel matrix to A‘ls/é It is shown that by appropriately choosing the

value of [ , the rate of such a scheme would be at most O( below

;)

log K
the corresponding upper bound capacity.

3. Coherent relaying: introduced in [10] and [11] where relaying is based
on backward and forward zero-forcing at each relay [10] or backward
and forward match filtering at every relay node [11]. The capacity of

M

coherent relaying scales as Cooherent = %’I— log K +0O(1) = Flog K.

4. Non-coherent relaying or simple amplify-and-forward: where each relay
multiplies its received vector by a diagonal matrix Gy = gIy where g
is found from a per-relay long-term power constraint. In this case the
capacity scales as Cron—coherent = % log(SNR) + O(1) = %log(SNR)
where SNR is a constant [10], [11].

In Figures (4.3)-(4.12), we have plotted the ergodic capacity of our proposed
algorithms together with the four schemces mentioned above. The source and
relay transmit powers are assumed to be equal; Ps = P = 0,10, 20,30 dB

and, M = 2,4,6. All channels are assumed to be zero-mean unit covariance



&0

Rayleigh fading channel while the effect of large-scale fading is neglected.
Mont Carlo simulation are performed over 10000 channel realizations. We
can observe the upper-bound capacity linearly scaling in the number of
source/destination transmit antennas and logarithmically scaling in the num-
ber of relays. The capacity of non-coherent relaying scales like a constant as
the number of relays tends to infinity. In fact, increasing the number of relays

does not improve the performance of simple amplify-and-forward relaying,

Although coherent relaying array gain is much larger than that of eigenmode
combining, due to two-hop interference cancellation by eigenmode combin-
ing (compared to distributed interference cancellation in coherent relaying),
there is a considerable difference in the capacity of those algorithms for small
to medium number of relays. In fact, for small to medium number of relays,
eigenmode combining algorithm outperforms coherent relaying [11] and co-
operative beamforming [13] because of the superiority of O(1) term in 4.59
than the O(1) term in the capacity scaling of coherent relaying and coop-
erative beamforming. On the other hand, for extremely large number of
relays (which is not very common in practice), CBS and coherent relaying
achieve higher capacity than the proposed algorithms, due to their asymp-
totic relaying (logarithmically in K) compared to the proposed algorithms
(double-logarithmically in K). In fact we can say that for small to medium
number of relays we have outperformed relaying schemes which achieve the
asymptotic capacity by sacrificing the array gain and enhancing the O(1)
term. We also observe that the capacity of the antenna combining algorithm
is very close to that of eigenmode combining with a slight difference which is

due to the extra array gain obtained in eigenmode combining by cooperation
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among the antennas. In Figures (4.15)-(4.18), we have plotted the capacity
of eigenmode combining algorithm as a function of number of relay nodes
for different number antennas at each relay. The simulation results confirm
the capacity scaling of eigenmode combining by showing that the value of N

does not have any effect on double logarithmic term and only adds up to the

O(1) term.
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CHAPTER 5

MIMO INTERFERENCE RELAY NETWORKS

5.1 Introduction

Noise, fading and interference are the three communications bottlenecks that
have challenged engineers since the early days of wireless communications.
Although we can argue that our knowledge of noise and fading mitigation
techniques is mature enough, the same argument is not valid for interference.
It was not until mid 80’s that the optimistic view on interference started to
flourish especially for centralized networks [82]. Before that, it was assumed
that interference can not be mitigated and at best we can treat interference
as AWGN. However, despite these advances on mitigating interference in cen-
tralized networks, little is known about the distributed interference channels
(IC) where multiple source nodes communicate with their paired destination

nodes over a shared physical channel.

In the previous chapter, we considered a scenario where a single multi-
antenna source-destination pair communicate via several multi-antenna relay
terminals located in the region between the source and the destination. An
extension to this scenario is where there are multiple source-destination pairs
communicating via several relays over the same common physical channel.

This configuration is known in the literature as MIMO interference relay net-



93

work (MIRN) [12]. The complexity of this configuration stems from the fact
that there are not only inter-stream interferences (ISI) over each source-
destination link, but also there are inter-user interferences (IUI) between
different source-destination pairs. Besides that, because of the distributed
nature of the network, cooperation at source, relay and destination level is

very difficult.

In order to address these problems and motivate our approach, let us first
define the interference channel and then review the background works. In-
terference channel (IC) is a long-standing problem which was first treated
by Shannon [83]. It models the situations where multiple non-cooperative
source-destination pairs communicate over the same physical channel. The
two-user discrete memoryless interference channel is defined by the condi-
tional probability P(y;, y2|z1, x2) where (21, z2) € X1 X X, (y1,¥2) € 1 X V2,
X; and X, are the finite sets of inputs, and ) and ), are the finite sets of
outputs. For coded information of block length N, the two-user interference

channel is denoted by (AN x XN, PV (y,, yol|T1, T2), YV x YIV) where

N
PN (yy, yal1, 2) = [ Pt (n), va(n)|z1(n), 22(n)),
n=1
@ € XN @ € Xy, € V), y, € VY. (5.1)

The two independent non-cooperative sources produce two integers Wy €

{1,...,2¥%} W, € {1,...,2VR2}, respectively. A (2VF1,2VF2 N) code for
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a two-user interference channel consists of two encoding functions

ey : {1,...,2VF} 5 xN (5.2)
ea ¢ {1,...,2V%1 > xN (5.3)

and two decoding functions

dy YN - {1,...,2V) (5.4)

dy « YN —{1,... 2V} (5.5)

We say a rate pair (R, Ry) is achievable if there exists at least a sequence of
(2[NE1l 9INR21 N} codes such that Pey — 0 and Pe; — 0 as N — oo where
P.; and P,y denote the average probability of error for source-destination
pairs 1 and 2. The capacity region of the interference channel is defined as

the closure of the set of all achievable rate pairs (Ry, Ry).

The capacity region of Gaussian interference channels is in general unknown
yet, except for very strong interference cases [84,84-87]. The first formulation
of capacity region was reported by Shannon in [83] which was computation-
ally prohibitive. In a seminal work by Carleial [88], sequential superposi-
tion coding [89] was proposed to achieve a new lower bound for interference
channels. In a later work [85], Han and Kobayashi applied simultaneous su-
perposition coding to obtain a larger lower bound which remains to be the
best reported to date. There are also few upper bounds on the capacity of
interference channel in the literature [90-92]. The capacity region of K-user

interference channel has also been recently under investigation. Two recent
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works can be found in [93,94].

The conventional conjecture on the distributed interference networks was
that because of interfering sources, at most one degree of freedom can be
achieved [57]. Instead of avoiding interfering sources, the effect of interfer-
ing signals may be mitigated by active scatterers using amplify-and-forward
(AF) relaying. Bolcskei, et al took this approach namely, "distributed in-
terference cancellation" by placing multiple relay nodes between the source
and destination nodes to orthogonalize the IC [10,11]. By simple backward
and forward zero-forcing or matched-filtering at the relay nodes, they im-
proved the degrees of freedom of interference networks in the asymptote of
large number of relay nodes. Parallel to that work, it was proved in [95]
that multi-hop AF relaying does not reduce the degrees of freedom as long
as there is full cooperation at the source and destination level. For finite
number of single-antenna relays, a scheme which is based on zero-forcing by
performing a nullspace projection is presented in [63]. The gain factors of
the AF relays are chosen such that interference at the destination nodes is
cancelled. A global phase reference (partial relay cooperation) as well as

channel knowledge are required at the relays.

Extending the results of interference channel to MIMO systems has been
less well studied. Viswanath and Jafar investigated the case where either
transmitters or receivers are equipped with multiple antennas [96]. In [97],
the superposition coding technique is utilized to derive an inner-bound for the
capacity of the MIMO interference channels. Blum considered the capacity

region and optimal signaling for MIMO interference channel with CSIT in
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[98] and with no CSIT in [99]. In [100] the multiplexing gain of the MIMO
interference channel with arbitrary number of transmit and receive antennas
is derived by Jafar and Fakhreddin. All these works have assumed that there
is no cooperation between either transmitters or receivers. In [101,102] it is
shown that if there exists an infinite-rate error-free link between transmitters
or receivers (i.e. perfect cooperation), we can further increase the multiplexing
gain of MIMO interference channels. If the infinite-rate error-free link is
replaced by a fading noisy channel, the multiplexing gain of the interference
channel reduces to one [103]. The result in [103] together with [57] are in a
sense negative since they show that cooperation over fading noisy channels
does not increase the multiplexing gain of the system. Even in the case of
full cooperation between transmitters, there is no proven out-performance

over TDMA or FDMA approaches in terms of multiplexing gain.

In [104-106], a more general case of IC known as X channel was envisioned
where every transmitting node has a message for every receiving node. This
channel integrates IC, broadcast (BC) and multiple-access (MAC) channels.
Maddah-Ali et al showed that by using some spatial filters, this channel can
be decomposed into two non-interfering BC or MAC. The optimality of their
signaling in terms of achieving integer degrees of freedom has been proven in
[107]. The degrees of freedom region of an X channel with two source and
two destination nodes all equipped with multiple antenna was found in [108]
by Jafar and Shamai. There, they used the relativity of interference and the
concept of interference alignment to achieve the limits of MIMO X channel
in terms of degrees of freedom. Relativity of interference means that the

same signal that is favorable to a user may be viewed as undesirable for other
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users and hence, interference depends totally on the signal-space view point of
receivers. Therefore, interference alignment techniques try to force interfering
source to cast overlapping interferences at the undesired destinations to save
in the dimension of interference space and in return, increase the dimension of
signal space at desired receivers. Interference alignment techniques have also
found applications in the multi-user IC [109] and wireless X networks [93].
Despite these marvelous features, interference alignment requires that all the
transmitting and receiving nodes have global channel state information (CSI)
of the network which is difficult to obtain especially in large networks with
multi-antenna nodes. It also needs multiple (long) extensions of the channel

over time or frequency which is not feasible in some scenarios.

In this chapter, we consider a two-hop MIMO interference relay network
(MIRN) as in [11]. Similar to [110], we regard the first and second hop as
two cascaded MIMO X channels since X channels provide higher degrees of
freedom than IC. Interference alignment and the integer degrees-of-freedom-
region is discu.ssed when there is no channel extension over time or frequency
and the nodes need not to have global CSI of the network. We will jointly
optimize the degrees-of freedom region and beamfoming vectors to adapt
to channel conditions. By doing so, we will decompose this channel into
multiple non-interfering parallel MIMO relay channels as described in [14].
We will show that by sacrificing the total degrees of freedom to enhance
"interference alignment", we are able to achieve higher capacity for small to

medium number of rclay terminals.

The rest of this chapter is organized as follows: in section 5.2, we present
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the model for a simple MIMO interference relay network with two sources,
two destinations and two relay nodes. In section 5.3, we discuss the decom-
position approach to MIMO interference relay networks. In section 5.4, we
extend the system model described in section 5.3 to a larger network with
arbitrary number of source-destination pairs and relay nodes. In section 5.9,
we formulate the degrees-of-freedom maximization problem and present the
decomposition approach. In section 5.6, sub-optimum signaling and interfer-
ence alignment for MIMO interference relay network is discussed. Simulation

results and conclusions will follow in sections 5.7 and 5.8, respectively.

5.2 Network Model

For simplicity of the exposition, we consider a MIMO interference relay net-
work with two source-destination pairs denoted by (S1,D1) and (S;,D;) com-
municating via two relay nodes R; and R, which are located in the middle
region between the sources and the destinations (see Figure 5.1). Extension
of this model to a larger network is presented in section 5.4. We make the

following assumptions on the number of antennas at each node i = 1,2:

Ms, = Mp, = M;, (5.6)
Mg, = N;. (5.7)

2
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Figure 5.1 Block diagram of a two-hop MIMO interference relay network with
two source-destination pairs and two relay nodes.

There are also some constraints on the values of My, M, Ny and N, as follows:

My > My, Ny > N, (5.8)
M; < Ny + N, (59)
N1 < M1 + M. (510)

Condition (5.8) is made for simplifying the problem. Conditions (5.9) and
(5.10) are justified by the fact that if M; > Ny+N, or Ny > M;+M,, then the
multiplexing gain is restricted to N; 4+ N, and M; + M,, respectively per each
transmission in time and frequency. Data transmission from S; and S, to Dy
and D, is performed according to the well-known amplify-and-forward (AF)

half-duplex relaying protocol discussed in the previous chapters. Assuming

perfect synchronization between S; and S, we have the following received



100

signals at the relay nodes over the first time slot:

Yr, = H81R1$81 +H52R1w32+z731’ (5'11)

Yr, = H81'R2m$1 -+ H52R2m32 + 2R, (512)

where s, denotes the transmit signal from source node ¢,7 = 1, 2; under the

following power constraint:

Tr(B{ws,x5,}) < Ps (5.13)
Tr(E{zs,xs,}) < Ps, (5.14)
P81 -+ P32 = Ps, (5.15)

H s, denotes the (Mp, x Mg,) channel matrix corresponding to &; — R;
link and finally zr; € CMr;*1 is the unit variance ZMCSCG noise vector
at relay R;;7 = 1,2. In the second time slot, relay R; process its received

(CMRj XMR

vector Yz, by a processing matrix G, € i under the following

power constraints:

Tr(E{zr, %, }) = Tr(E{(Gr,Yr,)(Gr,YUR,)*}) < Pr,, (5.16)
Tr(E{zr,2%,}) = Tr(E{(Gr,Yr,)(GRr:1YR,)*}) £ Pr,y (517)
Pr, + Pr, < Pr. (5.18)

Assuming perfect synchronization between R; and Ry, we obtain the follow-
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ing signals at the destination nodes D; and Dy over the second time slot:

Yp, = Hpp,@r, + Hryp TR, + 21y, (5.19)

Yp, = H'RlDzm'Rl + H'Rz'Dzw'R2 + 2D, (520)

where Hyg,p, denotes the (Mg, x Ms,) channel matrix corresponding to
R; — D; link Vi,j € {1,2}, and finally zp, € CM»; X1 is the unit variance
ZMCSCG noise vector at destination node D;, i = 1, 2.

Definition 1 A (My, My, N1, N3) MIMO interference relay network that
satisfies conditions (5.8),(5.9),(5.10) is called irreducible, if

Ny > Ny > M, > M, (5.21)

Otherwise, it is called reducible to an irreducible MIMO interference relay

network.

Unlike the irreducible systems, a portion of the achieved multiplexing gain in
a reducible channel is attained through exploiting the null-spaces of the direct
or cross links. In the reducible systems, the null-spaces of the links provide
the possibility to increase the number of data streams sent from one of the
transmitters to one of the receivers, without imposing any interference on
the other receiver or restricting the signaling space of the other transmitter.
By excluding thc null spaces to incrcasc the multiplexing gain, the system
is reduced to an equivalent system with (M,, My, N, N,) antennas, where

(M, My, Ny, N,) < (My, My, N1, N;) . As will be explained later, the null-
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spaces of the links in the reducible systems are exploited to the extend that

the equivalent (reduced) system is not reducible anymore.

We define i“:smj and //ij, 1,7 = 1,2, as the number of data streams sent
from S; to R; and R; to Dj, respectively, excluding the number of data
streams obtained through null spaces of the links. On the other hand, us;r,

and pr,p, represent the total number of data streams in MIRN.

5.3 Decomposition Approach

In order to obtain the maximum total degrees of freedom, we regard the first
and second hop as two cascaded MIMO X channels. The rationale behind
this is that MIMO X channels provide degrees of freedom close to that of
point-to-point MIMO channel. For example, a point-to point MIMO channel
with M transmit and N receive antennas provide min{M, N'} degrees of free-

dom [4] while an X channel with M distributed transmit and N distributed

MN

=1 degrees of freedom [93]. The difference be-

receive antennas provide
tween these two figures vanishes as either M or N converge to infinity. In
the case of MIRN, as the number of relay terminals increases, we expect that
the degrees of freedom of the network will approach that of a point-to-point
MIMO channel. In this section, we apply the signaling technique for MIMO
X channels as described in [104-106, 111] into the first and second hop of
MIRN to justify the techniques that we introduce in section 5.6. First, we

give an overview of the definition of degrees of freedom region for MIRN

described in the previous section and then we will present the degrees of
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freedom maximization problem as an integer linear programming problem.

To do so, multiple transmit and receive filters are utilized at every transmit-
ting and receiving node . More specifically, at source node S; the transmit
filter T's, € QCMix(mirthiz) ig yged to multiplex p;; data streams to R; and
piz data streams to Ry, where OCM*N denotes the set of all M x N complex
matrices with mutually orthogonal and normal columns. The transmit filters

T's,, ¢ = 1,2, have two functionalities:

1. confining the transmit signal from &; to a (u;; + ps2)-dimensional sub-
space which provides the possibility of decomposing the system into

two MIMO parallel relay channels by using linear filters,

2. exploiting the null spaces of the channel matrices to achieve the highest

multiplexing gain.

At each relay, two parallel receive and two parallel transmit filters are em-
ployed. The received vector yp, at R is passed through the filter Rs %,
which is used to null out the signal coming from S,. The uy; data streams
sent by S; intended to R, can be extracted from the output of the receive
filter R . After extracting these data streams, R, amplifies the extracted
data streams by the linear matrix Ggr, € C*11*#11 and forwards the am-
plified data streams to D; by passing through the filter T 5, . Similarly, to
extract p2; data streams, sent by Ss to Ry, the received vector yr, is passed
through the reccive filter R, (which is used to null out the signal coming
from S;), amplified by the linear gain matrix Gg,r, € C*21*#2 and passed

through transmit filter T% p,. R2 has the same structure as R;.
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Finally, the destination nodes D; and D, employ receive filters Rp, and Rp,
to respectively demultiplex the data streams received from the relays R, and
Ro. Later, it is shown that if p,;;, Vi,j € {1, 2}, satisfy a set of inequalities,
then it is possible to design the transmit and receive filters to meet the desired
features explained earlier. It means that the system is decomposed into two

non-interfering parallel MIMO relay channels (see Figure 5.2).

o

S ™)

®

Figure 5.2 Decomposition of a two-hop MIMO interference relay network into
two non-interfering parallel MIMO relay channels.

Next, we explain how to select the design parameters including the number of
data streams f,;, Vi, j € {1,2} and the transmit-receive filters. The primary
objective is to mazimize the total degrees of freedom of the network, i.e.
p11 + paz + pa1 + poa. The integer variables (s,r;, (rip;; Vi, 5 € {1,2}, defined
below, will be useful in the subsequent discussions (Note that Q(A) denotes

the sub-spacc spanncd by columns of A.):

® (s,®r, and (r,p, denote the dimensions of Q(H s,%,T's,) and Q(H% 5, Rp,)
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respectively,

® (s,”, and (g,p, denote the dimensions of Q(H s,z,T's,) and Q(H. 2,0, Rs1)

respectively,

® (s,®, and (r,p, denote the dimensions of Q(Hs,z, T's,) and Q(H%, 5, Rp,)

respectively,

* (s,r, and (g,p, denote the dimensions of Q(H s, ,T's, ) and Q(Hy p, Rs,)

respectively.

In the sequel, we only treat the case of an irreducible system (Case I). The
other cases (Case II-IV) are explained in appendix I. To facilitate the deriva-
tions, we use the auxiliary variables (M;, My, Ny, N,). As will be explained
later, for each case, (M;, My, Ny, N,) are computed directly as a function of

(My, M, N1, No). (Bmys thsymy» isyry s symy) 80d (U, py s Hry gy BRypy s pypy)

are then selected such that the following constraints are satisfied:

Womy : Hsymy + T Mom, SN brpy * Bryp, T M;zzvz <M,

My * Hsimy + Hsiry + Hsyra S N1 s Higdy & Brgpy + Brapy + Hrmy < M,

,U’:S2’R2 : H:sznz + N:smz + M:slnl <N, M;agoz : N;azvz + M/Rﬂ)z + N;zml <N,

iRy © Hsimy + Wsira + Hsms < Ny by © brapy + Hrp, prap, < N,
,“:'31721 + N:Sﬂzz <M N;zlvl + N;alvz < B,

Bs,r, T Hs,ry < My, pp,p, + tig,p, < Ny (5.22)

The first eight inequality constraints are due to a Z channel! formed between

1Z channel is a special case of X channel where there is no message or channel from
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any two transmitters and any two receivers as explained in [100]; and the last
four inequality constraints are derived since the total degrees of freedom for a
multi-antenna transmitter can not exceed the number of transmit antennas.
Each of the first eight inequalities corresponds to one of the parameters
uigmj or ,u;m,j, Vi,j € {1,2} in the sense that if lf':smj or '“;ij is zero, the
corresponding inequality is removed from the set of constraints. Besides that

for Vi, j € {1,2}, we define:

piy = min{pse, e, p,} (5.23)
Gj = min{Csw;, (r,Di}- (5.24)

After choosing ,u;j for each case, p;;; 4,7 = 1,2 are computed as function of
u;j; 1,7 = 1,2 as will be explained later. We briefly categorize the design

process into the following steps:

1. How to compute the auxiliary variables (M;, M, Ny, N,) as functions
of (Mla M27 Nl; N2)?

2. After choosing ,u;j; i,7 = 1,2, how to compute p;;?

3. How to choose the transmit and receive filters?

Case I: N1 Z NQ ZMI Z M2

one of the transmitters to one of the receivers [112].
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,u:gmj and ,u;szi, V(i,7) € {1,2} are chosen subjects to constraints (5.22).

We also have that:

!
N'SIRI = /"L51R1

’
KSRy = HsyRry

I
IJ’SIRQ = :U‘Sl’R,z

!
HSyRy = ILLSQRQ

!
HR1Dy = M D>
!
/J’IR&’DI = IU”R.QD]_’
/
HR Dy = UR Dys

!
HRaDy = UR D,

Consequently, p,;j, t,J =1,2, are found from (5.23). T's,, T's,, Rp, and Rp,

are randomly chosen from QCM1*(krtmz)  QCMax(ka1tuz)  QCMix(k1thi)

and QCM2*(k21t122) pegpectively. We also have the following equalities:

(siR1 = Ms;Ry + USyRs 5 (RiDy = BRyD; + HRyDy,»
<S2R1 = MS1R, + HSiRy 5 C’Rz'Dl = HR1D, + HRyDss
CSl'Rz = USSR, + HS;R, 5 C’RlDz = UR1D, + HR2Dy s

CSQRZ = /‘I/SIRl + MS{RQ 4 CRQDQ = /J"R.{D;[ + /»I/'R,z'Dl'

9.33

[
(V4]

)
4)
5)

)

ot
w

9.

(
(
(
(5.36
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Considering the transmit and receive filters described above, we define:

)

Hz,p, = R}, Hg,p,,
Hz,p, = R}, Hy,p,,
ﬁnml = Ry Hg,p,,
Hr,p, = Ry, Hr,p,.

5.37)
8)
)
)

Ut
w

ot
(M)

(
(
(5.39
(

5.40

Therefore, Rs,» ; € oCN*Ni—sim;) and Trp, € QCM*(Mi=¢r;D;) 416 chosen

such that (Note that AL B means that each column of matrix A is orthogonal

to all columns of matrix B):

Rs,r, L Hs,r,
R52R1 J-I—IS1'R,1
RS;['R.z J—H82R2

Rg,r, L Hg 1,

~%
Tr,p,LH RaDy

~%
TRQDl -LH'RlD1 ’

o~
TR1D2-LHR2D2a

~%
TR2D2 _LHT\’,]_'Dz .

Considering all transmit and receive filters, the total equivalent channel ma-

trices and the equivalent noise vectors are described by the following equa-

tions:

—— * o~
H51R1 = R51R1 H81R1
—— _ * I~
H51R2 = R31R2H51R2
—— _ x o~
H52R1 - RSgRl H52R1

—_—— * o~
Hg,r, = Rg,n,Hs,r,

—— e

Hg,p, = Hs g, Tr,p,,
H'R,;[D1 - HS1R2T'R,1'D2>
Hpr,p, = Hs,2, Tr,p,,

—_—— T~
H’R.l’Dl - Hssz 11732D2 .



zg, = Rgr 2R (5.49)
zn, = Rip zr,, (5.50)
zr, = Rbr,ZRe (5.51)
zr, = R, 7R, (5.52)

The first parallel MIMO relay channel viewed from the source-destination

pair (S;1,D;) is represented by the following equations:

(

yle = ﬁSl’le:sl + szlv
(81, D1) > yr, = Hsrg@s, + 2z, (5.53)
. y;Jl = ﬁRlvlw:Rq + ﬁR?DlmﬁRz + z/Dl’
( " e ’ "
Yr, = H52R1 T, + ZR1s
(82, D2) — 4 y;;& = ﬁ‘gﬂgzng -+ z;b, (554)
L leg = ﬁRlDzw;zl + ﬁRzpzw;Zg + z'IDg)
where
2o, = Rbzo, (5.55)
z'D2 = Ry, zp,.

and x5, € CH1X1, gy € CraXl, g € CMix! and xp, € C*2X! are the data
vectors transmitted over S; — Ry, S; — Rz, R; — Dy and R; — D, links,
respectively. The decomposition schemes proposed in section 5.3 simplify the
signaling design and the performance evaluation for the X channels. How-

ever, such decomposition schemes deteriorate the performance of the system
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because: (i) filters at the relay nodes are chosen such that the interference
terms are forced to be zero, while the statistical properties of the interfer-
ence should be exploited to design these filters, (ii) source transmit filters and
destination receive filters are chosen randomly, while the gain of the channel

matrices in the different directions should be considered.

5.4 Extension to Larger Networks

In the previous section, we considered a MIMO interference relay network
which consists of only two sources, two relays and two destination nodes. Or-
thogonal beamforming was used at the source and destination nodes to multi-
plex and demultiplex the data streams respectively, while zero-forcing beam-
forming was used at the relay nodes to cancel the cross-link interferences. In
the rest of this chapter, we extend that network model to an arbitrary number
of sources, relays and destination nodes and use zero-forcing beamforming at
the source and destination nodes and apply orthogonal beamforming at the
relay nodes. In fact we switch the beamforming technique at the relay nodes

with the one at the source and destination nodes.

The extended MIRN consists of L source nodes (denoted by Si,...,S.), L
destination nodes (denoted by D, ..., D) all paired together and equipped
with M antennas, and K N-antenna (K,N > M,KN > LM,N < LM)
relays Rq, Ra, ..., Rk distributed between the source and destination nodes
(see Figure 5.3). The number of antennas at each node is carefully chosen

such that we do not use the null space of any link to multiplex the data
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streams (as Case [ in section 5.3).

Similar to the previous chapter, we consider half-duplex amplify-and-forward
(AF) [53] relaying where data transmission from source to destination re-
quires two channel hops and two non-overlapping time slots. During the first
time slot, the source nodes transmit several data streams to the relays which
are silent. We also assume that the destination nodes do not receive any
signal directly from the source nodes because of large-scale fading effects.
During the second time slot, while the source nodes are idle, a selected set of
relays amplify and forward their received signal from the source to the des-

tination nodes. All channels are considered frequency-flat block fading with

Figure 5.3 Block diagram of a two-hop MIMO interference relay nework.

independent realization across blocks and the duration of each block length

is assumed to be equal to multiple time slots. During the first time slot,
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Si,1 < ¢ < L, transmits a multiplexed data vector s, € CM*! to at most
u; different relays over the first hop where u; € Z* is the spatial degrees of
freedom available to the source node S;, such that a relay may be assigned
with zero, one or even multiple data streams. For presentation simplicity, we
write R; = {Z;1, ..., %, ; to represent the set of selected relays associated

with the source node S;. The source transmit vector can be written as:
g, — TSiSi (5.56)

where s; € C%*1 is the data vector transmitted by &;, Vi € {1,2,...,L}
and T's, = [Ts,1, 5.2, > T ps] € CM*# is the spatial transmit filter de-
signed to cancel the interference. We impose the following long-term power

constraint on the source transmit vector:

L
ST (E{m&,m;}) < Ps. (5.57)
i=1
Suppose that &) denotes the set of source nodes that select relay Ry to
convey part of their data streams. We can write the received vector at relay

Ry as:

L
Yr, = Z Hgr,xs, + zr, (5'58)
i=1
= Z HSiRkai + Z HSiRkai + 2R, (5'59)
V5i€6k L VSigSy P
(Signal + I:;erfe'rence) (Inter};rence)

where Hgsr, € CN*M and zg, ~ CN(0,Iy) € CV*! denote the S; — Rk
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channel matrix and the white zero-mean circularly symmetric complex Gaus-
sian (ZMCSCG) noise vector at relay Ry, respectively. Relay Ry processes
its received vector Y, linearly by a matrix Gr, € CN*N and forwards it to

the destination nodes. G, may be written as
Gr, = Vz, FrUp, (5.60)

where Vg, € CVX%itit Fp € CZihikxTitik and Ug, € CN*Zikik denote
respectively the receive beamforming, gain and transmit beamforming ma-
trices corresponding to relay Ri2. The aggregate power constraint on the

transmit vectors from the relay set % = -, R; is®:

S Tr(Blerai,}) = 3 Tr(E(Gryr)(Gryr,)}) < Pr

VRLER YRrER

(5.61)

The transmit vectors from all selected relays (YRy; € fR) then cross the
R — D; channels (which is denoted by Hg,p, € C¥*¥) and add up with a
white ZMCSCG noise vector zp, ~ CN(0, Iy) at destination D;. Assuming

perfect synchronization between relays, we have the following received vector

2Hik denotes the number of data streams sent from S; to D; via Ri. i = D4 Mik
denotes the number of data streams sent by S; to D;

R; = {%:1,-..,%iu.,} denotes the set of relays selected by source-destination pair
(Szapz)
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at Dii
Yp, = Z HRkDink + 2p, (5'62)
VRLER
= Z HR;C’D,-w’R,k + Z HRkDink +Z‘Di- (563)
VR ER; YR ER;
Signal + I?zrter ference I nter;;rence
D, multiplies yp, by a spatial receive filter Rp, = [p5, 1, P, 25 - - » Phy )" €

CrxM to separate the interfering data streams:
8 = Rp,yp,, (5.64)

where §; € CH is the vector of estimated data streams corresponding to

(S1, Dr).

Since there are L source-destination pairs and each pair has y; independent
non-interfering sub-channels, we may write the sum capacity for a given T's,,
Rp, and Gg,, Ry € R as the summation of the signal to interference plus

noise ratio (SINR) of these sub-channls:

Ly
Coum = Y _ »_(0.5)log(L + 7.m) (5.65)
i=1 m=1
where 7; ,, is the mt* m =1,..., u;, sub-channel gain of the *",i =1,...,L,

source-destination pair and the (0.5) factor is due to the half-duplex con-
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straint. The value of 7; , may be expressed as [74]

! n
_ ni,mni,m
Tim

LA, 0

(5.66)

where n;’m and n;im are the SINR of the first and second-hop component of

h

the m* compound sub-channel of (S;, D;). We have the following expression

7 1"
for n, ., and 7, ,.:

n: . O-‘ZSi,m|u;Zi,mHSi'%i,mTS’iam’2 (5.67)
i,m 1+ Z ZV(j,n)#(i,m)agj;n|u«%i,mHSj-%i,mTSj,n!2 ’
2

O'.z%ym |pDi,mH-@i,m'Dz’ V% m !

, (5.68)
1+ Z Zv(j,n);é(i,m) U%j,n |pDi,mH‘%j,nDiv‘%ivm ‘2

"
7)z',m

. R 2
where vg,,, and ug,,, are columns of Vg = and Ug,,, respectively; og .

and ‘722,- . satisfy the following power constraint

L p
S50 liTsmll® < Ps, (5.69)

i=1 m=1
L pi
> 0%, < Pr. (5.70)
i=1 m=1

Now, the capacity of the MIRN can be written as the following optimization

problem:

C= max Cym (5.71)

TSi 1R’DirGRk
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subject to the power constraints in (5.69) and (5.70). Determining the op-
timal Ts,, Rp, and Gg, is difficult in practice, especially for large K. In
the sequel, we will discuss the value of degrees of freedom p;, i = 1,...,L
allocated to each source node, the choice of selected relays by the source
nodes R = {Z1,...,Rips-- R, -, Rru }, the spatial transmit and
receive filters T's, and Rp,;i = 1,..., L, at the source and destination nodes

respectively and the relay gain matrices G, ; VR € R.

5.5 Problem Formulation

Suppose that r;;(SNR) denotes the rate of transmission from S; to D; through
R; (S; = R; — D;) such that the probability of error could be made arbi-
trarily small for this rate at signal to noise ratio SNR. For such rate function,
the degrees of freedom p;; is defined as:

= lim i
i = sNRSoo Tog SNR

(5.72)

Now the degrees of freedom region of such networks (denoted by DOF)
is defined as the matrix of degrees of freedom [u;;] corresponding to the
simultaneously achievable rate matrices [R;;(SNR)] with the capacity region
C(SNR) [93]. Having A = {1,...,L} x {1,..., K}, the degrees of freedom
region (DOF') is defined by:

We may write the degrees-of-freedom maximization as the following linear
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DOF = {[,uij] € VAR

Vlwy] € ZXF, wijpy; < lim sup sup wij Ry 573
’ o SNR
(i,j)eA SNR—00 - [Ri;]€C(SNR) (;"~C 4

programming problem:

max Z Wij (5.74)
i,J

subject to the following inequality constraints for V(4, 7) € \A:

K K
D Mg D Mik — Hij < N,

X (5.75)
Zk=1 i < M.

The first set of K L inequality constraints are due to a MAC formed at any
receiving node as explained in [100] and the last L set of inequality constraints
are derived since the total degrees of freedom of a multi-antenna transmitter
can not exceed the number of transmit antennas. Now we have an integer
linear programming (ILP) problem . To solve such problems, we may relaz
the integer constraint which will result in a lower bound to the optimal value
of ILP. Another approach is the "branch-and-bound" algorithm that we follow
to solve such problems. This algorithm works by recursively decomposing the
problem into smaller ILP and use the lower bounds from LP relaxation to
solve the sub-problems [113]. In the following, we assume that each source

node is aware of the feasible region of the ILP in (5.74).
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5.6 Sub-Optimum Signaling and Interference Alignment

In this section we mention the three challenges ahead in the calculation of
transmit and receive filters, gain matrices and the values of degrees of free-

dom. Then we will present the proposed algorithm to address these issues.

1. To achieve the maximum total degrees of freedom of the MIMO X
networks, every transmitting node requires global channel knowledge
of the network. In the case of MIMO interference relay networks, this
requirement enforces all transmitting nodes to have full knowledge of
the channels of all other nodes in the first and second hop. As the
number of relays increases, it will become much more troublesome for

those nodes to acquire such channel information.

2. The degrees-of-freedom region of MIMO interference and MIMO X
networks are achieved through interference alignment which requires
long channel extensions in time or frequency to generate enough space
dimensions for the received signal at the destination nodes. The length
of channel extension increases as the number of transmit/receive pair
or the number of constraints as in (5.75) the increases. However this
extension of channel may not be always feasible (fast fading or narrow-

band channels).

3. The choice of ;;,V(%, ) € Ais based solely on an optimization problem
which does not take into account the channel conditions. On the other

hand, relay selection and interference alignment depend entirely on the
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channel state. Therefore, we need to jointly optimize both.

In order to address all these issues, we pursue the following procedure. First,
we randomly order the source-destination pairs from 1 to L and pick the
first pair, namely (Si,D;). Then, (S),D;) performs semi-orthogonal relay
selection and beamforming as explained in the previous chapter. In this
algorithm, the source and the destination perform zero-forcing (channel in-
version) to multiplex and recover the data streams to/from the relay nodes
respectively, while the set of beamforming direction from the source to the

relays and from the relays to the destination form a semi-orthogonal set [13].

The selection and beamforming algorithm by (S, D) divides the relay nodes
into two sets: those which are selected by (S1, D;) pair (denoted by R;) and
those which are not (denoted by SR — R;). Hence, (S1,D;) pair generates a
signal sub-space and an interference sub-space at R; and R—R,, respectively.
Beamforming and selection by (S, D;) also generates a signal sub-space at
D; and an interference sub-space at D — D; where D denotes the set of all

destination nodes.

In the second step, the second randomly selected pair (denoted by (Sz, Ds))
performs selection and beamforming based on the knowledge of the first pair’s
transmit and receive filter matrices as well as gain matrices of JR;. Suppose
that the set of selected relays by this pair is denoted by Rs. For any choice of
the relays and the beamforming directions, (S,, D,) generates a signal sub-
space at Ry and D, while it generates an interference sub-space at R — R,

and D — D,. Selection and beamforming by (S, D;) must be such that the
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beamforming directions must not only be semi-orthogonal to each other but
also semi-orthogonal to the signal space generated by (Si, D;) (or in other

words be aligned in the interference sub-space generated by (S1, Dy)).

Therefore, the relays and beamforming directions are selected such that they
cast aligning interference at undesignated receivers and casts semi-orthogonal
projection at designated receivers. The next steps follow from the same
rule: "Cast aligning interference at the interference sub-space of undesired
receivers and cast orthogonal projection to the signal sub-space of desired

receivers".

Here’s the detailed steps of this algorithm: Let the singular value decompo-

sition of relay Ry’s backward and forward channel be:

HSiRk = USiRkA‘IS{’?ZngiRk) (5'76)
HRkDi = URk'DiA'}Q/:Di ’)Ik?,k’Dp (577)

where A% € CV*M and A%, € CM*N are diagonal matrices compris-
ing the eigenvalues of Hg,, and Hg,p, respectively, and Ug, € CV*V,
Ur,p, € CM*M Vgpn € CM*M and Vi, p, € CV*V are unitary matrices

of eigenvectors.

Step 1: The source-destination pairs are randomly ordered. We assume
that the random ordering of source nodes is (81, D1), (S2, Da), - .., (St, D).
(81, D,) solves the ILP in 5.74 and among the set of solutions picks the largest
t1. (S1,D;) then performs beamforming and relay selection according to

semi-orthogonal relay selection and beamfroming algorithm as described in
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chapter 4. At the same time, this node informs the other source nodes of its
beamforming matrix and its selected relays. Here we summarize the selection

algorithm by (Sy, D, ):

1. Start-up: For (81, D) pair, we define a set of modes consisting of three
indices indicating the index of the relay, index of the backward eigen-
mode and the index of the forward eigenmode. The selected set (search

domain) is described by:

Tip= {(Rk,p, Q)‘Asmk (P) = Ao; Aryr(q) > )\0} (5.78)

where As .z, (p) and Ag,p,(q) are the p* and ¢ singular values of
Hgs r Hy , and Hy,p Hy, p,, respectively, and A is a threshold
value. The goal of this threshold is to limit the search space for semi-
orthogonal eigenmodes and, most importantly, to constrain the amount
of CSI feedback from the relays to the source. The proposed algorithm
works as follows. The source chooses the mode with the largest effective
channel gain. The metric for the effective channel gain of a mode is
the ratio of product and sum of backward and forward channel gains of
that mode which has been previously proposed in [71] for single-antenna

relays:

(%1,1,b1,1, fr1) = arg _ max Asir, () A2, (0) (5.79)

(Ri:2,9)€Ti0 AS; Ry, (p) + )‘Rle (q)

where (%Z1,1,b1,1, f1,1) refers to relay %1 receiving from its backward

channel eigenmode by, and transmitting over its channel eigenmode
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fi1. After selecting (%1,1,b11, f11), we eliminate this mode from the

search domain 7; ¢ to obtain a new search domain 77 ;:

Tia="To— {(Z1,b11, f11)} (5.80)

Besides that, we define an empty set M to denote the set of selected
modes and add (11,11, f11) to this set:

M = MU {(%1,1,b1,1, f11)}- (5.81)
Besides that for V(Rg, 1, j) € 71,1 we define:

I'11(i, 4, k) = max {’71,1("‘, k), ’Y;l,l(j» k)} (5.82)

where v1.m (7, k) and y1.m (7, k) are defined as:

'Y;,m@’k) = ‘P(051%1,m(b1,m)7visk(i)) (5'83)

NmB) = 0wy s (fr.m), wri: (7)) (5.84)

and wvs,, (4) and ug,p,(j) are the i right and ;i left eigenvectors
of Hg , and Hg,p,, respectively, and ¢(a,b) is defined in equation

(4.18).

2. Iterations: For 2 < m < py, the source performs the following steps:

R, D1.ms fLm) = & min Mmo1(i, 4,k 5.85
(Z1,m, b1,m, f1,m) = arg R 1(4, 4, k) (5.85)
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ﬂ,m = 7—1,m—1 - {(gl,m, bl,ma fl,m)} (586>
M = MU {(‘@1,7717 bl,m7 fl,m)}- (587)

Piim(i, 5, K) = Tam(i, 5, K) + max {7 m(0), %55},

V(Rk,iaj) € z,m' (588)

Now for the k** selected mode by (81,Dy), we may write the processing

matrix as:

G'%l,k: = 91,kV%, D, (fl,k)’u"*sl,%l,k (bl,k) (589)

where the coefficients ¢; x, 1 < k < py satisfy the aggregate power constraint
in (5.70). Similar to parallel MIMO relay channels introduced in the previous
section, we may write the the effective channel matrix for the first-hop and

second-hop of (81, D;) pair by:

Asia,1(b1,1)05, 4, , (b1,1)

) bk o (b
Hs,m, = 5112 ”f) Sima(012) e CM*M (5.90)

L \/ A&S1=%1,1.L1 (blyﬂl)’vglﬂl,y,l (bl,lll) 3

and
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)\.%1,11)1 (fl,l)ugl’l’D(fl,l)

)\-%1,27)1 (f172)uczg-;1’2'D(f1,2)

Hoyp, = e CM*M, (5.91)

L A-@Lyl'Dl(fl,m)u?%?’llul’l)(fl,M)

Therefore, the transmit and receive filters deployed by (Si,D;) are respec-

tively pseudo-inverses of Hg, s, and Hux,p,:

Ts, = HEn, (5.92)
Ry, = Hhp, (5.93)

Step 2 to L: By inserting the values of pix, 1 < j < i, into (5.74), (Si, D) re-
solves (5.74) and searches the set of solution for the largest y; that maximizes
(5.74). Having known the filter matrices of (81, D1),. - -, (Si-1, Di-1) and the
set of selected relays Ry,. . ., R;_1 and their processing matrices, (S;, D;) finds
the beamforming directions that are semi-orthogonal to the signal sub-space
and are aligned with the interference subspace previous source-destination

pairs.

1. Initialization: For (S;,D;) pair, we define a set of modes consisting of
three indices indicating the index of the relay, index of the backward

eigenmode and the index of the forward eigenmode. The selected set
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(search domain) is described by:

Too = {(Rep ) Psm) 2 i dmm (@ 2 0} (599)

where As,z, (p) and Ag,p,(g) are the p* and ¢** singular values of
Hgr, Hg.p, and Hg,p Hy, p,, respectively, and Ay is a threshold

value.

. Start-up: The first selected mode is found from:

‘%'L' ab’i s J1 == i I‘z s ,k 5.95
(Ri1,bi1s fin) arg . min olo, B, k) (5.95)

where (%;1,bi1, fi1) refers to relay %;, receiving from its backward

channel eigenmode b;; and transmitting over its channel eigenmode

fi1; and T o(a, B, k) is defined as:

Lig(e, B, k) = max {7}(a, k), 70(8, k) } (5.96)

where 'y;,o(a, k) and 7;:0(,8 , k) are defined as:

dalek) = o (U0 Hsa,, ) (VAsr(@vsm (@), (97

Yio(B, k) = ZV( 2, )M ( gD (0)ur,D; (/3)) (H ;. nDiV%; (y))

In fact, 7;,0(04, k) and '7;:0(@ k) represent the amount of projection of
the candidate mode over previously selected modes over the first and
second hop, respectively. After selecting (%1, bia, fi1), we eliminate

this mode from the search domain 7;¢ and add to the set of elected

. (5.98)
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modes to obtain:

Ta = Tio—{(Zin. bin, 1)} (5.99)
M = MU (i, bia, fin)- (5.100)

Besides that for V(Ry, o, §) € 7;1 we define:

Pus(a, B, k) = max {7, (e, k), 7/1(8, k) } (5.101)
where 7, (@, k) and 7, ,,(8, k) are defined as:

'7;,1(0%’“) = 7;,0(aak) ug? Hszﬁ]n Asir (@) V5w, (@)),(5.102)
Yi1(0,k) = 7o(B, k) + (v5, Ha Ao, (B) i, p, (8)) (5.103)

and vsg, (@) and ug,p,(B) are the ' right and B left eigenvectors

of Hs,z, and Hyg,p,, respectively.

3. Iterations: For 2 < m < p;, the source performs the following steps:

i s bim, [im) = ar min Fimo1(e, B,k 5.104
( ’ ’ f ’ ) g (Rk’a7ﬁ)€TL,m*l ’ 1( ﬁ ) ( )

Zm = Z,m—l_{('%i,m7bi,m7fi,m)} (5105)
M = MU{( 1,m> zmafzm)} (5106)

im(c B, k) = max { ¥, (@), 7/ (8) }.

V(Ri, , B) € Tim. (5.107)
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Now for the k* selected mode by (S;, D;), we may write the processing matrix
as:

where the coeflicients g;x,2 < ¢ < L,1 < k < y;, satisfy the aggregate power
constraint in (5.70). Similarly to the previous chapter, we may write the the

effective channel matrix from S; to R; and from R; to D; as the following:

Vs, (bi,l)vgﬂi,l (bi,1)
V )‘51'5?1,2 (bz‘,Z)”fs,-%,z (bi,z)

Hsm = _ e CM*M (5.109)

)‘Si%i,ui (bi,m)v‘*si%,w (bisﬂi) ]

and

- - T

VA%, (fi)ug, . p(fir)
vV )‘gf/’i,z'Di (fi,Q)’u"gi‘zD (fi,?)

LV )‘%z‘,uﬂ)i(fi,m)u?ﬁzi,uiD(fi,M) i

Therefore, the transmit and receive filters deployed by (S;, D;) are respec-

€ CMxM, (5.110)

tively pseudo-inverses of Hs,m, and Hwy,p,:

[
2

TSZ = SR (5111)

Rp, = Hbp,. (5.112)

Il
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5.7 Simulation Results

In this section, numerical results for the proposed algorithm are presented.
In Figure 5.4 we have plotted the ergodic capacity of the proposed algorithm
(interference alignment) together with the capacity of upper bound, coherent
relaying [11] and full cooperation. By full cooperation we mean that all the
source and destination nodes are connected and perform semi-orthogonal
relay selection and beamforming as described in chapter 4. The source and
relay transmit power is assumed to be constrained to 10 dB. All channels are
assumed to be zero-mean unit covariance Rayleigh fading channel while the
effect of large-scale fading is neglected. We also set the value of the threshold

equal to log K — loglog K.

We observe that although interference alignment offers lower degrees of free-
dom than coherent relaying, it has higher capacity. The reason is that by
sacrificing some degrees of freedom, we may achieve higher SINR which com-
pensate for the loss in the degrees of freedom. We can also see that if all
the source and destination pair were fully cooperative, the rate of capacity

growth would remain the same as interference alignment.

5.8 Conclusions

In this chapter, we considered the applications of MIMO X channel to the
so-called "MIMO interference relay networks (MIRN)". The best known

techniques which achieve the capacity of such channel required distributed
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Figure 5.4 Ergodic capacity as a function of number of relays for M = 3,
N=3,L=3and SNR=10dB.

interference cancellation in the asymptote of large number of relays or perfect
cooperation among relay terminals. Based on the information-theoretical re-
sults that highlights the effect of interference alignment in enhancing the
multiplexing gain of interference and X channels, we showed that cascad-
ing the first and second as two X channel is an alternative to the conven-
tional techniques. Maximum degrees of freedom and interference alignment
were discussed and simulation results confirmed the theory that for small to
medium number of relays, decomposing MIRN into several parallel MIMO
relay channels outperforms the conventional "distributed interference cancel-

lation".
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CHAPTER 6

CONCLUSIONS

6.1 Concluding Remarks

The main focus of this thesis is on "relay selection" and "beamforming" for
two-hop MIMO (parallel or interference) relay channels. We show that two-
hop interference cancellation technique outperforms conventional distributed
interference cancellation for MIMO multi-hop networks for practical number

of relay nodes.

In Chapter 2, we provided the necessary literature survey and provide defi-
nitions for the performance measures, i.e., ergodic and outage capacity, mul-
tiplexing gain, array gain and diversity gain for MIMO channels. We in-
vestigated the potential benefits of MIMO channels in terms of these gains
compared to SISO channels.

In Chapter 3, we introduced the relay channels and two classes of relay nodes,
namely FD and TDD. We showed that FD relay channels outperform direct
link channels at all SNR’s. However, superiority of TDD relay channels over
direct link channels with no relaying depends strictly on S — R, R — D
and S — D channels. Since there are RF constraints for having FD relays,
TDD relaying and in particular HD relaying are considered as potential can-

didates for relaying. For HD relay channels we investigated three different
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transmission protocols together with AF and DF relay nodes. We showed
that capacity performance of AF and DF relaying under these three protocols
as function of SNRgs_,p, SNRs_z and SNRr_,p. We observed that protocol
I outperforms other protocols because of its multiplexing gain but has much
more transceiver complexity than protocol II. As a rule of thumb for protocol
II, we may say that DF relaying is beneficial when the relay node is close to
the source node and AF relaying is helpful when the relay node is closer to
the destination node than to the source node. DF relaying strategy enforces
several constraints on the transmission rate for § = R, R - Dand § — D
links. As the number of relay nodes increases, the number of these constraints
grow exponentially. Besides that, there are non-trivial implementation issues
associated with DF relaying which makes them less popular than HD-AF re-
laying. Therefore, we selected HD-AF relaying scheme in the sequel of this

thesis.

In Chapter 4, we studied the MIMO parallel relay channels where data trans-
mission from the source node to destination node is assisted by a large number
of relay nodes which are located in the middle region between the source and
destination. Two threshold-based, low-feedback, low-complexity relay selec-
tion algorithms namely, eigenmode combining and antenna combining were
introduced based on semi-orthogonality among the backward and forward
eigenmodes or antennas of the relays. Capacity scaling of relay selection is
also discussed in Chapter 4. The main result of this chapter is that applying
MIMO broadcast techniques (e.g. zero-forcing beamforming) to the first hop
and MIMO multiple-access techniques (e.g. zero-forcing beamforming) at the

second hop will outperform the conventional distributed interference cancel-
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lation techniques. This is mainly due to capacity scaling of & loglog K +O(1)
compared to & log K + O(1) for distributed interference cancellation tech-
niques. In fact for small to medium number of relay nodes, the loss in array
gain from log K to loglog K is compensated by the superiority of O(1) term
in the selection algorithms than that of the distributed interference cancel-

lation techniques.

In Chapter 5, we studied the MIMO interference relay network (MIRN) where
multiple source-destination nodes communicate via multiple relay nodes which
are located between the source and destination nodes. By introducing the
concept of "interference alignment" and treating the first and second hop
as two cascaded MIMO X channels, we jointly optimized the degree-of-
freedom (DOF) and beamforming directions of the network. Simulation
results showed that similarly to the previous chapter, two-hop interference

cancellation outperforms distributed interference cancellation.

6.2 Suggestions for Future Works

Throughout this thesis, we assumed dedicated relay nodes which do not have
any information of their own to transmit. On the other hand, the source
and destination nodes do not assist any node as a relay. In a more general
case, any node (whether it be source, relay or destination) may be a relay,
destination or source for another node. Besides that, in ad hoc networks there
are scenarios where there is a direct link from the source to the destination

which makes relaying inefficient in terms of multiplexing gain. Addressing
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this issue requires the application of random graph theory. A brief summary

of the possible extension works is listed below.

1. Extension of the relay selection and beamforming algorithms to het-
erogeneous networks where the constraint on the location of the relays
(to be in the middle region between the source and the destination) is

relaxed,

2. Relay deployment in cellular networks and extension of MIRN to MIMO

interfering cells,

3. Resource allocation and optimization for distributed MIMO ad hoc

networks,

4. Cross layer design of an ad hoc network where every node may serve

as a source, relay or destination for other nodes.
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APPENDIX 1

Case I1: N; > M1 > N2 > M,

In this case, at source node S; and destination node Ry, (M;— Nz)-dimensional
sub-spaces (i.e., N(H s,r,) and N(H7%_p,)) are respectively exploited to trans-
mit (M; — N,) data streams from source S, to relay Ry and from Ry to Dy
without imposing any interference at relay R, and destination D,. For this

case, we have:

M, = N, (7.1)
M, = M,, (7.2)
N, = Ny + Np — My, (7.3)
N, = N,. (7.4)

Then Mlsmj and NIiju V(i,5) € {1,2} are chosen subjects to constraints

(5.22). Consequently, we obtain the following equalities:

psry = Hsry + Mi— No, pimyp, = pigyp, + M1 — No,  (7.5)
USsR1 = HsoR, 3 MRaD1 = HRryDyo (7'6)
HsiRy = Hsyry » MRiDy = HRyDys (7.7)

USSRy = HsyRy 1 MR2D2 = HR;Dye (78)
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Ts, and Rp, are chosen as:

Tsl € QCM1x(p1+p2) ’ TS1 — [TS{RU T81R2]> (7.9)

IZ'D1 € @CMIX(#11+M21) , 1'2[)1 = [R'Rlpl, anpl], (710)
where

T51R1 S @(CM1X(N1_M2) ) T$1R1 € N(HS1R2)) (711)

Ts,p, € QCM Wtz g o g (7.12)

RRID1 € QCMix(N1-My) , RR1D1 € N(H;zlvz), (7_13)

Rp,p, € OCM>*(tmn)  Ro o\ Ry o (7.14)

T's, and Rp, are chosen from QCMz>*Wai+u) 5nq QCMz*(H21+s22)  Fyreher-

more, we have the following equalities:

CsiR1 = ISsRy T BS3Rs » CRuDy = MRyDy + BRyD, (7.15)
CsyRy = B 1Ry F Hs1Ry > (ReDy = BRiDy + HRyDo) (7.16)
(81R2 = MSaRy T US:Rs » (RiDz = URiDy + HRyDy s (7.17)
(simy = MR, + BsiRa » (Ramy = Hiapy + HRyD, - (7.18)

Case III: Ny > My > My > Ny and N1+ Ny > M + My

In this case, at Sy and Ry, (M; — Ny)-dimensional sub-spaces (i.e., N(Hg,z,)
and N(H%,p,)) are utilized to increase the number of data streams sent re-

spectively from S; to R, and from R; to D; without imposing any interfer-
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ence at Ry and D, respectively. In addition at source node S, and relay node
Rz, (Mz — Ny)-dimensional sub-spaces, (i.e., N(Hs,r,) and N(H%_p,)) are
utilized respectively to increase the number of data streams sent from Sy to
Ri and from Ry to Dy by (Ms — N,) without imposing interference at R

and D;. We also exclude the following subspaces:

L. (M, — Nz)-dimensional sub-spaces N(Hs,%,) and N(H%_ 1) from the

signaling space at &7 and D; respectively,

2. (M; — N;)-dimensional sub-space N(Hs,z,) and N(H%, 5, ) from the

signaling space at transmitter S, and D,,

3. (M — N1) + (My — N,)-dimensional sub-space §2 (HglRIN(Hglnz)) u
Q (HS2R1N(HSQR2 )) a‘nd Q (H%lDlN(H;Zz'Dl )) U Q (H;lezN(H;az'Dz))

from the signaling space at R;.

The reduced system with (M,, My, N;, N;) is now defined by:

M, = Ny, (7.19)
Mé = Ny, (7.20)
N, = N, + 2N, — My — M, (7.21)
N, = N,. (7.22)



The number of data streams are found from (5.22). Then we have:

Hs$i1R1 = #:31721 + My — Ny, prip, = Mr,p, T+ M, — N,
fsRy = Psyry + Mo — Ny propy = Hgyp, + M2 — Ny,
HS1R2 = H§i Ry 3 HR1D2 ™ MR Dos

I 7
HSaR, = KSRy 3 HR2D2 = Hpr Dy

Ts, and Rp, are chosen as:

TS] € @CMS]X(M11+HIQ) y T81 = [T81R1)TS1R2]’

Rp, € QCMry *(m1+p12) , Rp, = [Rr,p,, Rr,p, ]
where

Ts,r, € OCM*h=No) g o € N(Hs,g,),
Ts,r, € QCMiX (ki H2) v Tsiri LT s 1Ry
Rp, € QCM <= = R o € N(Hr,p,),
Rp, € @CM1><(n’n+u12) , Rgp,p,LRgz,p,.

Ts, and Rp, are chosen as:

CI'S2 c @CM2X(M21+M2) y TSQ = [T52R1’ TS2R2]’

sz c @Csz(Ml-Htlz) : IQD2 — [RR1'D27RR2'D2]7
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where

Ts,r, € QCM2xM2=N2) o € N(Hg,r,), (7.35)

Ts,r, € QCM2*Uantun) g o | Tg o (7.36)

Ry,p, € OCM*0L=M2) - Rp b € N(Hpy,p,), (7.37)

Rp,p, € @Csz(uZl-’_u”) , Rr,p,LRn,p,. (738)

We also have:

CSl’R,l = HUSR, + HSaRa » C’Rﬂ?l = :u‘Rsz + HR2D2s (739)

CS2R1 = US;R;y T USSR, » CRle = U'IRl'Dg + UR2D2s (740)

§$1'R,2 = M:SQ’R] + HSaRs CR1D2 = UR1D + MR2D1y (74‘1)

§S2722 = M:Sle + HUsiRs CRzD2 = N‘;Zl’Dl + UR2D; - (742)

Case 1V: M1>N12N22M2 andN1+N22M1+M2

In this case, (M; — N;)-dimensional sub-spaces N(Hg,,) and N(H%,p,)
are utilized to increase the number of data streams sent from &; to R; and
from R, to D; without imposing any interference at R and D,. In addition
(M; — Ny)-dimensional sub-space N(Hg,%,) and N(HZ% p,) is exploited to

increase the number of data streams sent over §; — Ry and Ry — D; links,
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without imposing interference at R, and Ds.

M{=N1+N2—M1,
M, = M,,
N, = N, + Ny — M,

Ny = Ny + Ny — M.

The number of data streams are found from (5.22). Then we have:

H& Ry = I‘L'I51R1 + M1 - N2
MSQRI = uSz'R,l
HsiRy = /’1’1517?,2 + Ml - Nl

!
/"’SQRQ = MSQRz
Ts, and Rp, are chosen as:

Tsim, € OCM it

Rp.p, € @CM1X(M1—N2+M1—N2)
1D1

RRZD1 c @(CMIX(NIM“*'NH)

/’LRIDI = /’l"lr\’,l'Dl + M1 - N2’ (747)
HRyDy = :U';'\’,Q’Dla (748)
:U“RIDZ = IU‘:RQDQ + M1 - Nl? (749)
HRsDy = HRyDy- (7.50)
T81R1 —LT81R2 (751)

RR1D1 E N(H;Zl’Dz) U N(H%1D£7'52)

Rr,p, LRy,p,. (7.53)

T's, and Rp, are chosen randomly from QCMz*(katkz) gnd QCMzx(kartra)



respectively. In this case, we have:

(511 = SR, T SRy
!

(53R = MRy + Hs R,

(s1Ry = US;R: + US:R,

(SaRy = bs Ry T HSi1Ra

3

3

3

C'R,l'D1 = UR,1D; + UR2Ds
!

CRZ'Dl = :u’R1D2 + :U’R2D27

(R1D2 = URyDy + HR1D1 s

7
(RaDy = PryDy + HR2D: -
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