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Summary

Multiple-input-multiple-output (MIMO) channels are extensively proposed as a means to over-
come the random channel impairments of wireless communications. Based upon placing mul-
tiple antennas at both the transmitter and receiver sides of the communication, their virtues are
twofold. On the one hand, they allow the transmitter: i) to concentrate the transmitted power
onto a desired eigen-direction, or i) to code across antennas to overcome unknown channel fad-
ing. On the other hand, they permit the receiver to sample the signal on the space domain. This
operation, followed by the coherent combination of samples, increases the signal-to-noise ratio
at the input of the detector. In summary, MIMO processing is able to provide large capacity,

and reliability, gains within rich-scattered scenarios.

Nevertheless, equipping wireless handsets with multiple antennas is not always possible or
worthwhile. Mainly, due to size and cost constraints, respectively. For these cases, the most
appropriate manner to exploit multi-antenna processing is by means of relaying. This consists
of a set of wireless relay nodes assisting the communication between a set of single-antenna
sources and a set of single-antenna destinations. With the aid of relays, indeed, MIMO channels
can be mimicked in a distributed way. However, the exact channel capacity of single-antenna
communications with relays (and how this scheme performs with respect to the equivalent

MIMO channel) is a long-standing open problem. To it we have devoted this thesis.

In particular, the present dissertation aims at studying the capacity of Gaussian channels when
assisted by multiple, parallel, relays. Two relays are said to be parallel if there is no direct link
between them, while both have direct link from the source and towards the destination. We
focus on three well-known channels: the point-to-point channel, the multiple-access channel
and the broadcast channel, and study their performance improvement with the aid of relays.

Throughout the dissertation, the following assumptions are made (unless otherwise stated): 7)
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full-duplex operation at the relays, i) transmit and receive channel state information available

at all network nodes, and iii) time-invariant, frequency-flat tfading.

Firstly, we analyze the multiple-parallel relay channel, where a single source communicates to
a single destination in the presence of /V parallel relays. The capacity of the channel is lower
bounded by means of the achievable rates with different relaying protocols, i.e. decode-and-
forward, partial decode-and-forward, compress-and-forward and linear relaying. Likewise, a
capacity upper bound is provided for comparison, derived using the max-flow-min-cut theo-
rem. Finally, for the number of relays growing to infinity, the asymptotic scaling laws of all

achievable rates are presented, as well as the one of the upper bound.

Next, the dissertation focusses on the multiple-access channel (MAC) with multiple-parallel
relays. The channel consists of multiple users simultaneously communicating to a single desti-
nation in the presence of N parallel relay nodes. We bound the capacity region of the channel
using, again, the max-flow-min-cut theorem and find achievable rate regions for the decode-
and-forward, linear relaying and compress-and-forward protocols. In addition, we analyze the
asymptotic performance of the obtained achievable sum-rates, given the number of users grow-
ing without bound. Such a study allows us to grasp the impact of multi-user diversity on access

networks with relays.

Finally, the dissertation considers the broadcast channel (BC) with multiple parallel relays.
This consists of a single source communicating to multiple receivers in the presence of N
parallel relays. For the channel, we derive achievable rate regions considering: i) dirty paper
encoding at the source, and ii) decode-and-forward, linear relaying and compress-and-forward,
respectively, at the relays. Moreover, for linear relaying, we prove that MAC-BC duality holds.
That is, the achievable rate region of the BC is equal to that of the MAC with a sum-power
constraint. Using this result, the computation of the channel’s weighted sum-rate with linear

relaying is notably simplified. Likewise, convex resource allocation algorithms can be derived.



Resumen

Los canales multiple-entrada-multiple-salida (MIMO) han sido ampliamente propuestos para
superar los desvanecimientos aleatorios de canal en comunicaciones inaldmbricas. Basados en
equipar tanto transmisores como receptores con multiple antenas, sus ventajas son dobles. Por
un lado, permiten al transmisor: i) concentrar la energia transmitida en una direccién-propia
determinada, o i7) codificar entre antenas con el fin de superar desvanecimientos no conocidos
de canal. Por otro lado, facilitan al receptor el muestreo de la sefal en el dominio espacial.
Esta operacion, seguida por la combinacidn coherente de muestras, aumenta la relacién sefial a
ruido de entrada al receptor. De esta forma, el procesado multi-antena es capaz de incrementar

la capacidad, y la fiabilidad, de la transmision en escenarios con alta dispersion.

Desafortunadamente, no siempre es posible emplazar multiples antenas en los dispositivos
inalambricos, debido a limitaciones de espacio y/o coste. Para estos casos, la manera mas
apropiada de explotar el procesado multi-antena es mediante retransmision, consistente en
disponer un conjunto de repetidores inaldmbricos que asistan la comunicacién entre un grupo
de transmisores y un grupo de receptores, todos con una unica antena. Con la ayuda de los
repetidores, por tanto, los canales MIMO se pueden imitar de manera distribuida. Sin em-
bargo, la capacidad exacta de las comunicaciones con repetidores (asi como la manera en que
este esquema funciona con respeto al MIMO equivalente) es todavia un problema no resuelto.

A dicho problema dedicamos esta tesis.

En particular, la presente disertacion tiene como objetivo estudiar la capacidad de canales Gaus-
sianos asistidos por multiples repetidores paralelos. Dos repetidores se dicen paralelos si no
existe conexion directa entre ellos, si bien ambos tienen conexién directa con la fuente y el
destino de la comunicacién. Nos centramos en el andlisis de tres canales ampliamente conoci-

dos: el canal punto-a-punto, el canal de miiltiple-acceso y el canal de broadcast, y estudiamos



su mejora de funcionamiento con repetidores. A lo largo de la tesis, se tomardn las siguientes
hipétesis: i) operacion full-duplex en los repetidores, ii) conocimiento de canal tanto en trans-
misién como en recepcidn, y iii) desvanecimiento no selectivo en frecuencia, e invariante en el

tiempo.

En primer lugar, analizamos el canal con multiples repetidores paralelos, en el cual una tinica
fuente se comunica con un Unico destino en presencia de /V repetidores paralelos. Derivamos
limites inferiores de la capacidad del canal por medio de las tasas de transmision conseguibles
con distintos protocolos: decodificar-y-enviar, decodificar-parcialmente-y-enviar, comprimir-
y-enviar, y repeticion lineal. Asimismo, con un fin comparativo, proveemos un limite superior,
obtenido a través del Teorema de max-flow-min-cut. Finalmente, para el nimero de repetidores
tendiendo a infinito, presentamos las leyes de crecimiento de todas las tasas de transmision, asi

como la del limite superior.

A continuacidn, la tesis se centra en el canal de miultiple-acceso (MAC) con multiples repeti-
dores paralelos. El canal consiste en multiples usuarios comunicidndose simultineamente con
un dnico destino en presencia de N repetidores paralelos. Derivamos una cota superior de
la regién de capacidad de dicho canal utilizando, de nuevo, el Teorema de max-flow-min-cut,
y encontramos regiones de tasas de transmision conseguibles mediante: decodificar-y-enviar,
comprimir-y-enviar, y repeticion lineal. Asimismo, se analiza el valor asintético de dichas
tasas de transmision conseguibles, asumiendo el nimero de usuarios creciendo sin limite. Di-
cho estudio nos permite intuir el impacto de la diversidad multiusuario en redes de acceso con

repetidores.

Finalmente, la disertacion considera el canal de broadcast (BC) con multiples repetidores
paralelos. En él, una tunica fuente se comunica con multiples destinos en presencia de N
repetidores paralelos. Para dicho canal, derivamos tasas de transmision conseguibles dado:
i) codificacién de canal tipo dirty paper en la fuente, ii) decodificar-y-enviar, comprimir-y-
enviar, y repeticion lineal, respectivamente, en los repetidores. Ademads, para repeticion lineal,
demostramos que la dualidad MAC-BC se cumple. Es decir, la region de tasas de transmision
conseguibles en el BC es igual a aquélla del MAC con una limitacion de potencia suma. Uti-
lizando este resultado, se derivan algoritmos de asignacién 6ptima de recursos basados en teoria

de optimizacién convexa.
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Notation

Tabulated below are the most important notations and symbols used in this dissertation.

Csir'
Csor

C ()

CN (n,0?%)
c.df.

coh (+)

det (+)
diag (a)

Scalar notation
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Vector notation

[ai,...,aN]

{a; : a; € G}
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Matrix notation

Element in row r and column ¢ of matrix A

Transpose of A

Conjugate transpose of A

Conjugate transpose of A with respect to the opposite diagonal

e.g, A =lay, ay; as, as) then A* = [a}, a3 ; a3, a].

Complex numbers
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Complex Gaussian distribution with mean 7 and variance o>
Cumulative density function
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Without loss of generality

Branch zero of the Lambert W function

Set notation

Complementary set of X
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XX



Chapter 1

Introduction

1.1 Motivation

Multiple-antenna processing is widely used to boost performance of telecommunications sys-
tems: from remote sensing, radar and radio-astronomy to wireless communications and media
broadcasting. Serve as example the stunning Very Large Array (VLA) that the National Radio

Astronomy Observatory (NRAO) owns in New Mexico to explore the confines of the universe.

Virtues of deploying multiple antennas are many and wide. First, it allows the transmitter to
concentrate the transmitted power onto a desired spatial direction; thus, augmenting the re-
ceived signal-to-noise ratio at the intended receiver and drastically reducing the interference
onto non-desired ones. This processing is referred to as beamforming, for which channel
knowledge is required at the transmitter [2, Chapter 5]. With line-of-sight (LoS) propaga-
tion, it reduces to conjugating the steering vector of the desired direction. In contrast, with
non-LoS and rich-scattering, the beamforming consists of transmitting along the eigen-vectors

of the channel matrix [3]. Unfortunately, the source node is not always aware of the chan-



1.1. Motivation

nel realizations. For those cases, multi-antenna processing takes the form of space-time cod-
ing [4-6], consisting of coding the transmitted message across different antennas and channel
uses. Examples of these codes are space-time (orthogonal) block codes and space-time trellis
codes [7]. With them, deep fading on several antennas can be overcome by good channels
on others. Thus, extra diversity is introduced into the system (referred to as spatial diversity),

which makes communication more reliable.

On the other side, having multiple antennas at the receiver allows to coherently combine the
received samples, increasing the signal-to-noise ratio at the input of the detector [7, Chapter 5].
This is referred to as coherent detection, and receive channel knowledge is required. Likewise,
multiple receive antennas can be used for parameter estimation such as e.g., direction of arrival.
In fact, with multiple antennas, the receiver samples the signal onto two dimensions: time and
space. Accordingly, the number of available samples increases, thus boosting the performance
of detectors and/or estimators [8]. The outstanding feature of this technology is that gains come

without sacrificing additional degrees of freedom in time or frequency.

When applied to wireless communications, multi-antenna processing augments the channel ca-
pacity in two manners: on the one hand, with transmit and receive channel knowledge, beam-
forming and coherent detection increases the available power at the receiver node, thus allowing
for higher data rates. On rich-scattering scenarios, this is translated into the parallelization of
the communication onto its eigen-channels [3]. On the other hand, without channel knowledge
at the transmitter, space-time coding overcomes fading by stabilizing the received power at the
destination. Thus, it increases the set of rates that can be reliably transmitted. Unfortunately,
for this case, the more reliability required, the lower the transmitted rate can be, and viceversa.

This concept is known as the diversity-multiplexing tradeoff [9].

Nonetheless, deploying multiple antennas at the wireless handsets (e.g., mobile telephones,
GPS receivers, WLAN cards) is not always possible due to size constraints. Likewise, in some
cases, their deployment is not worthwhile regarding a cost-performance criterion. For these
cases, the most suitable manner to exploit spatial diversity is by means of relaying [10-12].
Relay channels consist of a set of wireless relay nodes assisting the communication between a
set of single-antenna sources and a set of single-antenna destinations. With such a setup, multi-
antenna processing can thus be performed in a distributed fashion [13, 14]. As an example,

consider the network in Fig. 1.1 where a user S wants to transmit a message to user D, and

2
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Figure 1.1: Relay channel.

makes use of relay nodes R; and R,. The node R; helps the source to transmit the message
by means of e.g. distributed beamforming. On the other hand, relay R, helps node D to
receive it using e.g., distributed coherent detection. For such a communication with relays, a
fundamental query rapidly comes up: how close are the capacity and robustness of this setup
to those of the equivalent MIMO channel? Or, in other words, can MIMO communications be
mimicked using distributed antennas? Answering this question is the main aim and motivation

of this dissertation.

Indistinctively, the relay nodes can be either infrastructure nodes, placed by the service provider
in order to enhance coverage and rate [15], or a set of users that cooperate with the source and
destination, while having own data to transmit [16]. Nonetheless, in order to apply relaying to
current wireless networks, still a number of practical issues need to be addressed. Those issues
are out of the scope of this dissertation, which is focused on the theoretical performance only.

However, for completeness, we briefly highlight some of them:

1. How to synchronize spatially separated antennas: beamforming and space-time coding
require symbol synchronization among the transmit antennas. When realizing them us-
ing physically separated relays, this leads to a distributed synchronization problem that
implies serious difficulties in practice. Indeed, for single carrier communications with
high-data rates, synchronization becomes unfeasible. However, the problem can be soft-
ened resorting to OFDM modulation, due to the higher length of the multicarrier symbol.

Likewise, it is possible to rely on asynchronous space-time code designs.
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2. How to propagate topology state information to the receiver: when decoding a space-
time signal, the receiver must be aware of the channel with all the transmit antennas.
In relay-based transmissions, this forces the receiver to know a priori the set of relays
involved in the communication. This is an unlike scenario for relaying, which gener-
ally takes an opportunistic approach: relays transmit or do not transmit based on local
decisions, without centralized control [17]. To solve the problem, and decode without
channel knowledge, differential space-time codes can be utilized [18]. However, those

have a 3 dB penalization.

3. How to merge routing and PHY layer forwarding: the optimum selection of nodes per-
forming layer 3 routing, and the selection of nodes performing PHY layer relaying is an

involved cross-layer research topic.

4. How to provide incentives for cooperation among selfish nodes: incentive mechanisms
must be put in place in order to make egoistic nodes relay each others’ messages, and to

ensure a fair, reciprocal exchange of communication resources.

1.2 Previous Work

The study of relay channels dates back to the 70s, when Cover, El Gamal and Van der Meulen
introduced the three-terminal network [10, 19,20]. This is composed of one source, one relay
and one destination, all three with a single antenna. For the network, the authors presented sev-
eral relaying techniques (namely, decode-and-forward D&F and compress-and-forward C&F)
and compared their achievable rates with the max-flow-min-cut capacity bound [21]. Years
later, other relaying protocols such as partial decoding PD, amplify-and-forward A&F and lin-
ear relaying LR, helped to widen the analysis [22-24]. Among all, D&F and C&F turned out to
be asymptotically optimal for the relay infinitely close to source and destination, respectively,
while PD was shown to outperform all other techniques for the half-duplex relay [22]. The

capacity of the channel, however, remained an open problem.

The extension of the results in [10] to multiple relays also attracted a lot of attention [11,25-34].

Two main approaches have been followed: the multi-level relay model' [25] and the multiple-

' Multi-level relaying has been referred to as Information-theoretic multi-hopping in [27].
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parallel relay model [26]. The former considers every relay node receiving information from
the source and/or a subset of relays and forwarding it to the destination and/or another sub-
set of relays. Every subset of relays is referred to as a level-set, across which information
flows in the network [28]. Intuitively, it brings classical multi-hop transmission down to the
physical-layer. The capacity of the multi-level channel is also unknown. However, an achiev-
able rate with decode-and-forward is derived by Xie and Kumar in [25, Theorem 1], and with
compress-and-forward and superposition coding schemes by Kramer et al. in [11, Theorems
3 and 4]. Moreover, as for the single relay case, decode-and-forward is capacity-achieving for

the degraded multi-level relay channel [25, Theorem 3.2].

On the other hand, the multiple-parallel relay channel arranges all the relay nodes into a unique
set. That is, relays receive information only from the source, and retransmit directly to the des-
tination. This channel was pioneered by Schein and Gallager in [26, 35] and accounts for
scenarios where relays have directional antennas to the destination (as e.g., cellular uplink
channels with relays) or where delay constraints do not allow multi-hop transmission. The ca-
pacity of the channel is unknown, and few achievable rates have been reported so far: for N
relays with orthogonal components, decode-and-forward and amplify-and-forward were stud-
ied by Maric and Yates in [29] and [30], respectively. Moreover, decode-and-forward with
half-duplex relays is considered in [31]. Finally, the multiple-parallel relay channel capacity,
although unknown, is shown by Gastpar to scale as the logarithm of the number of relays [32],
given Rayleigh fading. A variant of the channel, where relays are independently connected
to the destination via lossless links of limited capacity, is considered by Sanderovich et al.
in [36-38]. For such a network, authors present achievable rates with compress-and-forward,
assuming ergodic and block-fading, respectively, and considering distributed Wyner-Ziv com-
pression at the relays [39]. We build upon this result to derive the multi-relay compress-and-

forward results of the dissertation.

The application of all previous results to schemes with multiple sources (MAC) and multiple
destinations (BC) recently witnessed an immense growth of interest [11,40-44]. First, the
MAC assisted by a relay is presented in [11,40] where, assuming time-invariant fading and
channel state information (CSI) at the sources, the rate regions with D&F and Wyner-Ziv C&F
are derived. Additionally, A&F is analyzed in [41] for the MAC without CSI at the sources,

and shown to be optimal at the high multiplexing gain regime. On the other hand, the BC with
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relay is first studied by Liang ef al. in [42]. A network with a single source and two receivers,
one acting as relay for the other, is considered and rate regions derived using D&F and PD.
In parallel, A&F for the two-hop BC (i.e., no connectivity between source and destinations) is
studied by Jafar et al. in [43]. In that work, the optimal power allocation to relays is presented,
as well as the celebrated MAC-BC duality. In this dissertation, we extend this duality result to

the BC with direct link between the transmitter and the receivers.

1.3 Organization of the Dissertation

This dissertation aims at studying the capacity of Gaussian channels when assisted by multi-
ple, parallel, relays. Two relays are said to be parallel if there is no direct link between them,
while both have direct link from the source and towards the destination. In particular, our
analysis focuses on three well-known channels: the point-to-point channel, the multi-access
channel and the broadcast channel. For them, we present achievable rates and capacity outer
regions. Throughout the dissertation, we assume transmit and receive channel state information
available at all network nodes, and time-invariant, frequency-flat fading. The research contri-
butions of this dissertation are presented in Chapters 3-5. Additionally, Chapter 2 introduces
the necessary mathematical background to follow the derivations, and Chapter 6 summarizes

conclusions and outlines future work.
Research results are organized as follows:

Chapter 3. This part of the dissertation analyzes the multiple-parallel relay channel, where a
single source communicates to a single destination in the presence of /N parallel relays. All
network nodes have a single antenna. The capacity of the channel is upper bounded using the
max-flow-min-cut theorem, and lower bounded by means of the achievable rates with decode-
and-forward, partial decode-and-forward, compress-and-forward and linear relaying. Addi-
tionally, for N — oo, the asymptotic performance of all achievable rates is presented. Finally,

results are extended to relay nodes under a half-duplex constraint.

The contributions of this chapter are published in part on:

e A.del Coso and C. Ibars, ”Achievable rates for the AWGN channel with multiple parallel
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relays”, submitted to IEEE Trans. on Wireless Communications, Feb., 2008.

e A.del Coso and C. Ibars, "Distributed antenna channels with regenerative relaying: relay
selection and asymptotic capacity” , EURASIP Journal on Wireless Communications and

Networking, vol. 2007, Nov.

e A. del Coso and S. Simoens, “Distributed compression for the uplink channel of a co-
ordinated cellular network with a backhaul constraint”, in Proc. 9th IEEE International
Workshop on Signal Processing Advances for Wireless Communications (SPAWC2008),
Recife, Brazil, Jul. 2008

e A.del Coso, and C. Ibars, "Partial decoding for synchronous and asynchronous Gaussian
multiple relay channels”, in Proc. IEEE International Conference in Communications

(ICCO7), Glasgow, UK, Jun. 2007

e A. del Coso, C. Ibars, ”Achievable rate for Gaussian multiple relay channels with linear
relaying functions”, in Proc. IEEE International Conference on Acoustics, Speech, and

Signal Processing (ICASSP 2007), Hawai’1,USA, Apr., 2007

e A. del Coso, C. Ibars, "Capacity of Decode-and-forward Cooperative Links with full
channel state information”, in Proc. 39th Asilomar Conference on Signals, Systems and

Computers, Pacific Grove, CA, Nov. 2005

Furthermore, while developing the material of this chapter, I co-authored the partial exten-
sion of previous results to the MIMO relay channel. Such an extension belongs to the Ph.D.

dissertation of Mr. Sebastien Simoens:

e S. Simoens, O. Muiioz, J. Vidal and A. del Coso, ’Capacity bounds for Gaussian MIMO
relay channel with channel state information”, in Proc. 9th IEEE International Work-

shop on Signal Processing Advances for Wireless Communications (SPAWC2008), Re-
cife, Brazil, Jul. 2008.

e S. Simoens, O. Muiloz, J. Vidal and A. del Coso, "Partial compress-and-forward cooper-
ative relaying with full MIMO channel state information”, submitted to IEEE Globecom
2008, New Orleans, Nov. 2008
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Chapter 4. This part of the dissertation focusses on the multiple-access channel with multiple-
parallel relays. It consists of multiple users simultaneously communicating to a single desti-
nation in the presence of N parallel relay nodes. We bound the capacity region of the chan-
nel using, again, the max-flow-min-cut Theorem and find achievable rate regions by means of
decode-and-forward, linear relaying and compress-and-forward. We omit partial decoding as
it is shown in Chapter 3 to perform exactly as D&F for large number of relays. Additionally,
we study the asymptotic achievable sum-rates of the channel when the number of users grows

to infinity, thus estimating the impact of multi-user diversity on relay-based access networks.

The research results of this chapter are published in part on:

A. del Coso and C. Ibars, "Linear relaying for the Gaussian multiple access and broadcast

channels”, to appear in IEEE Trans. on Wireless Communications, accepted Jun., 2008.

e A. del Coso and S. Simoens, “Distributed compression for the uplink of a backhaul-
constrained coordinated cellular network™, submitted to IEEE Trans. on Wireless Com-

munications, Jun. 2008

e A. del Coso, and C. Ibars, "Multi-access channels with multiple decode-and-forward re-
lays: rate region and asymptotic sum-rate”, in Proc. 9th IEEE International Workshop on
Signal Processing Advances for Wireless Communications (SPAWC2008), Recife, Brazil,
Jul. 2008

e A. del Coso and C. Ibars, "The amplify-based multiple-relay multiple-access channel:
capacity region and MAC-BC duality”, in Proc. IEEE Information Theory Workshop
(ITW2007), Bergen, Norway, Jul., 2007

e 7. Ahmad, A. del Coso, and C. Ibars, "TDMA network design using decode-and-forward
relays with finite set modulation”, in Proc. IEEE International Symposium on Personal,

Indoor and Mobile Radio Communications (PIMRC2008), Cannes, France, Sep. 2008

Chapter 5. In this final part, we consider the broadcast channel with multiple parallel relays.
This consists of a single source communicating to multiple receivers in the presence of N
parallel relays. We derive achievable rate regions for the channel considering: i) decode-and-

forward, linear relaying and compress-and-forward, respectively, at the relays and ii) dirty
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paper encoding at the source. Interestingly, we demonstrate that, for linear relaying, MAC-BC

duality holds, which simplifies the computation of the BC weighted sum-rate.

The results of this Chapter are published in part on two publications mentioned for Chapter 4:

e A.del Coso and C. Ibars, "Linear relaying for the Gaussian multiple access and broadcast

channels”, to appear in IEEE Trans. on Wireless Communications, accepted Jun., 2008.

e A. del Coso and C. Ibars, "The amplify-based multiple-relay multiple-access channel:
capacity region and MAC-BC duality”, in Proc. IEEE Information Theory Workshop
(ITW2007), Bergen, Norway, Jul., 2007

Research results not included in the Dissertation. At the very beginning of my graduate
studies, I chose wireless cooperative networks to be the major subject of my research. In
particular, I thought of e.g., outage analysis for cooperative wireless sensor networks (WSN),
diversity-multiplexing trade-off in cooperative multicasting, OFDM relay networks, distributed

receiver architectures, code design, etc.

However, once 1 became more and more involved with cooperative communications (and af-
ter attending a masterly class from Prof. Abbas El Gamal) I realized that Information Theory
needed to be the mandatory minor to be pursued. At the end, the minor has transmuted into
the major. Nonetheless, during the transmutation, I got time to research on cooperative sensor
networks. In particular, under the kind support of Prof. U. Spagnolini, I derived the diversity
order of virtual MIMO channels in cluster-based sensor networks. Additionally, I studied re-
source allocation strategies for those networks under energy constrains. Results are published

in:

e A. del Coso, U. Spagnolini and C. Ibars ”Cooperative distributed MIMO channels in
wireless sensor networks”, IEEE Journal on Selected Areas in Communications, Vol. 25,

no. 2, pp.402-414, Feb. 2007.

e A. del Coso, S. Savazzi, U. Spagnolini and C. Ibars, ”Virtual MIMO channels in coop-
erative multi-hop wireless sensor networks”, in Proc. 40th Annual Conference in Infor-

mation Sciences and Systems (CISS), Princeton, USA, Mar. 2006.
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e A. del Coso and C. Ibars, "Spatial diversity of cluster-based cooperative wireless sensor
networks”, in Proc. MSRI Workshop on Mathematics of Relaying and Cooperation in
Communication Networks, Berkeley, USA, Apr. 2006

Finally, while on intern in New Jersey, I analyzed cooperative multicast networks under the
guidance of Prof. Y. Bar-ness and Dr O. Simeone. The results derived therein are published in

part on:

e A.del Coso, O. Simeone, Y. Bar-ness and C. Ibars, ”Space-time coded cooperative mul-
ticasting with maximal ratio combining and incremental redundancy”, in Proc. IEEE

International Conference in Communications (ICC07), Glasgow, UK, Jun. 2007

e A.del Coso, O. Simeone, Y. Bar-ness and C. Ibars, ”Outage capacity of two phase space-
time coded cooperative multicasting”, in Proc. 40th Asilomar Conference on Signals,

Systems and Computers, Pacific Grove, CA, Nov. 2006
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Chapter 2

Background

2.1 Channel Capacity

Claude E. Shannon presented his Mathematical Theory of Communications [1] in 1948 and
launched digital communications as understood nowadays. Pioneering modern times, Shannon
addressed the fundamental problem of communication via noisy channels: how to reproduce
at one point either exactly or approximately a message selected at another point, regardless of
its meaning [1, p. 379]. His theory triggered a revolution in communications, whose direct and
indirect contributions have boosted telecommunications, signal processing and network design.
In particular, the two fundamental starting points of digital communications are the result of

Shannon’s imagination:

1. The differential entropy as the measure of the uncertainty of a continuous random vari-

able

o0

H(z) = —/ p(x)logy,p (x) dx. (2.1)

o0

11
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Figure 2.1: Schematic diagram of a communication system. Source: C.E. Shannon [1].

With such a selection, Shannon aimed at finding a continuous measure on p (x) with max-
imum uncertainty for the uniform distribution (subject to a limited support set). How-
ever, it is the relationship between the entropy and the number of “typical” sequences
generated from independent realizations of this variable, what makes the measure so

useful [21, Theorem 9.2.1].

2. The schematic diagram of a general communication system (see Fig. 2.1). This con-
sists essentially of five parts [1, Section 1]: i) an information source, which produces
a message or sequence of messages to be communicated to the receiving terminal, ii) a
transmitter, which operates on the message to produce a sequence of signals suitable for
transmission over the channel. We refer to this operation as encoding. iii) The chan-
nel, which is merely the medium used to transmit the signal from transmitter to receiver.
iv) The receiver, which performs the inverse operation of that done by the transmitter,
decoding the message from the signal, and v) the destination, to whom the message is

intended.

Two main reasons brought Shannon to these two concepts. On the one hand, he aimed at
validating symbolic communications. That is, the process of mapping the messages to be
transmitted onto symbols, which are random under the receiver glance and has to be deciphered
by it (as for e.g. telegraphy or Morse). On the other hand, by measuring the uncertainty of
random variables, he responded to the necessity of quantifying the unawareness at the receiver
of the random symbol transmitted by the source. Merging both concepts, Shannon put the
foundations of digital communications, introducing the concept of reliable transmission: how

many messages can be transmitted from a source towards a destination without errors.

In the following, we revisit three important results derived by, or due to, Shannon’s work.

12
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2.1.1 Gaussian Channel

Consider a single source communicating to a single destination. Assume that, for every signal

x transmitted by the transmitter, the receiver receives:
y=h-x+ z, 2.2)

where z ~ CN (0, N,) is additive white Gaussian noise, and / is a non-random complex scalar.

This is referred to as Gaussian channel with time-invariant fading.

Let the source randomly select message w € W = {1, e ,2”3} for transmission, given
equiprobable messages: pyy (w) = Q%R Vw. As stated by Shannon, the message is then passed

from the source to the transmitter, which encodes it using the mapping:
faW—=ar, (2.3)

where X is the transmitter signal space and n the number of symbols within the transmitter

signal sequence. In general, the mapping is constrained to satisfy:
1 - t 2
- E |z" (W) |* < P, Vw. 2.4)
n
t=1

The signal sequence " = f (w) is then plugged onto the channel, and received at the des-

tination following (2.2). Finally, the receiver attempts to recover the message using the de-

mapping:
gV =W, (2.5)
and an error occurs whenever g (y") # w.

The mapping and de-mapping functions, f and g, together with the message set V) = {1, SRR Q”R}
and the signal space X', are compactly referred to as (n, Z”R) channel code. A transmission rate
R [bits/symbol] is said to be achievable if there exists a sequence of channel codes (n, Q”R) for

which
1
lim — Z Pr{g(y") # w|w was sent} = 0. (2.6)

That is, if there are no errors (on average). This is what we refer to as reliable communication.

Finally, the capacity of the channel is the supremum of all rates that are achievable.

13
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Proposition 2.1 [1, Theorem 17] The capacity of the Gaussian channel with time-invariant

fading, given a source power constraint P and noise power N, is

C = max I (z;y) 2.7

p(x): %0 |z2p(z)dz=P
P
= C(|nP*F=—).
(| | NO)

As thoroughly explained in [21, Section 10.1], the capacity is achievable using a random code-
book at the transmitter, with codewords of length n — oo, generated i.i.d. from x ~ CN (0, P).

At the receiver, joint typical decoding is capacity-achieving.

2.1.2 Gaussian Multiple-Access Channel

Consider now two independent sources communicating simultaneously to a single destination.
Assume that, for every signal x; and x, transmitted by user 1 and user 2, respectively, the

receiver receives:
y=hi-x1+hy- 22+ 2, (2.8)

where z ~ CN (0, N,), and hy, hy are non-random complex scalars. This is referred to as

Gaussian multi-access channel (MAC) with time-invariant fading.

The sources select messages wy € W, = {1, S ,Q”Rl} and wy € Wy = {1, S ,Q”RQ} for
transmission, respectively. Then, they pass them to their transmitters, who put the messages
onto the channel as explained in the previous subsection. However, in this case, the transmitters
use a MAC channel code (n, 2nka Q”RQ) , which is defined by: i) the two independent sets of
messages W, and W; ii) two signal spaces X and X, iii) two transmit mappings f; and fs,

one per each user:
fu Wy = &) u=1,2 (2.9)
where each mapping satisfies the per-user power constraint:
1 n
= " Jal (wa) P < P, Ywu, u=1,2. (2.10)
(g
And, iv) a receiver demapping ¢
g:y"—>W1><W2. 2.11)
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In the channel, an error occurs whenever g (y") # (w1, ws). A transmission rate duple (R;, Rs)
[bits/symbol] is said to be achievable if there exists a sequence of codes (n, PACES 2”R2) for
which:

li 1
nLI& 2nR1 27’LR2

Z Pr{g (y]) # (w1, ws)|(w1,ws) was sent} = 0. (2.12)

w2,w2
That is, if the communication is reliable for both users. The capacity region is the closure of

all rate duples that are achievable.

Proposition 2.2 [21], Section 14.3.6] The capacity region of the Gaussian MAC with time-

invariant fading, given a source power constraints Py and P,, and noise power N, is

Ry < I (z1;y|22)
C = coh U R1,2 : Ry < ]($2;y|x1)

levpxgiffooo ||2pay, (x)de< Py, u=1,2.

Ry + Ry < I (x1,792;y)

By <c(Im*4)
= {Ri,: R, <C (|h2|2%> (2.13)
Ri+Ry<C (\h1|2% + |h2\2%>

This proposition points out one of the most interesting features of the MAC: while for the
Gaussian channel we search for the distribution p (x) that maximizes the mutual information
(2.7), for the MAC we consider the union over all possible distributions p,,, p,, that satisfy
the power constraint. This is common for all multi-access networks as e.g., with multiple
antennas [45], with memory [46], etc. Nevertheless, here, all distributions are outperformed
by the Gaussian distribution. Indeed, as noted in [21, Chapter 14], any point of the region is
achievable using random codebooks at the transmitters, generated i.i.d. from x,, ~ CN (0, P,),

u = 1, 2, respectively. At the receiver, joint typical decoding is again optimal.

2.1.3 Gaussian Broadcast Channel

Let a single source communicate simultaneously with two destinations, transmitting different

messages to each other. Assume that, for every signal = transmitted by the transmitter, the two
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receivers receive:

y1 = hi-x+ 2z, (2.14)
Y2 = hy-x+ 2,
where z, ~ CN (0, N,) and h,, is non-random complex scalar, for v = 1,2. This is referred

to as Gaussian broadcast channel (BC) with time-invariant fading. Consider hereafter, without

loss of generality, that |hy| > |hs.

The source selects two messages wy € Wy = {1,--- , 2"} andwy, € Wy = {1,--- 272},
for transmission to destination 1 and destination 2, respectively. The transmitter sends them
over the channel using a BC channel code (n, PACES 2”R2), which is defined by: i) the two

independent sets of messages WV, and W, ; ii) a unique signal space X’; iii) a unique transmit

mapping:
fIW1XW2—>Xn, (215)
that satisfies the source power constraint:
I 2
= ot (wi,we) [P < P, Vwr,ws, (2.16)
n
And, iv) two receiver demappings g; and g», one per each destination
Gu Vo — Wy, u=1,2. (2.17)

In the channel, an error occurs whenever g; (y}) # w; or go (y5) # wo. A transmission
rate duple (R;, Rs) [bits/symbol] is said to be achievable if there exists a sequence of codes

(n, 2 27%2) for which no errors occur:

nh_}Oo 2an2nR2 Z Pr{ U Gu (Yi) # wy| (w1, ws) was sent} 0. (2.18)

w2,w3 u=1,2

The capacity region is then the closure of all achievable rate duples.

Proposition 2.3 [21, Example 14.6.6] The capacity region of the Gaussian BC with time-

invariant fading, source power constraint P and noise power N, at both receivers is

oo U s mee(nr)

: 2 (l-a)P (2.19)
0<a<l1 Ry <C <|h2| W)
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There are two different coding schemes that are able to achieve any point of the capacity region.
The first one assumes all the processing efforts at the receivers, while the second one centralizes

the processing at the transmitter:

1. Superposition coding at the transmitter plus successive interference cancellation (SIC)
at the receivers [21, Section 14.1.3]: the transmitter generates two random codebooks,
with codewords of length n — oo, generated i.i.d. from x; ~ CN (0,aP) and x5 ~
CN (0, (1 — «) P), respectively. It maps message w; using the first codebook and wy
using the second codebook. Finally, the source transmits the superposition of both map-
pings. Receiver 2 decodes message ws using joint typicality, considering the codeword
intended to user 1 as interference. In contrast, receiver 1 first decodes wo; then, it re-
moves the w, contribution onto the received signal, and decodes w; without interference.

This is referred to as SIC.

2. Dirty Paper coding at the transmitter and independent joint typical decoding at the re-
ceivers [47]: The source encodes wo as if destination 2 was alone in the network, i.e.,
using random coding. Next, the source encodes the message w, utilizing the (non-causal)
knowledge of the interference that the signal intended to user 2 is going to make on user
1. It was shown by Costa in [47] that such a coding allows the first user to decode w;,
using joint typical decoding, as if it had not interference from the second user. In con-
trast, the second receiver decodes w- suffering the interference of the signal intended to

the first user.

2.2 Constrained Optimization

In a wide range of communication problems, designers aim at maximizing a network cost
function given a constraint on the network resources. This is referred to as constrained opti-
mization [48, Chapter 3], and is of capital importance on the research, design and development
of wireless communications. In this section, we review its main results, which are used along

the dissertation.
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Consider an optimization problem of the form

max f(x1.y) (2.20)

T1, TN

s.t. i (mlzN) S Ria 1= 1a T, M,

where f (-) and g; (-) are continuously differentiable functions, not necessarily convex or con-
cave. The union of all points x;.y where the constraints are satisfied, i.e. g; (z1.n) < R;,
t = 1,---,m, is denoted by feasible set X. Every point of the feasible set is referred to as

feasible point.

The problem consists in finding the maximum value of the function f () within the feasible set
X. Usually, many local maxima are found in the function. The objective of the search is to find
the greater of these, which is called the global maximum. It can occur that the function is not
uniquely attained: that is, the global maximum is achieved at more than one feasible point. As
an example, the function 2% takes maximum value within the feasible set X = [—1,1] at the

points x = 1 and x = —1. This will have no implications on the theory.

In order to solve such a constrained maximization, a parameterized function, which is always

an upper bound on f (-) within the feasible set, is defined: the Lagrangian function. It is

constructed using Lagrange multipliers Ay, - - - , A, > 0 and reads as follows:
L (1N, Arm) = [ (T1:8) — Z Ai (gi (1n) — Ry). (2.21)

i=1

As mentioned, it satisfies
L(x1.n, A1) > [ (21:8), Vv € XL (2.22)

since for all the feasible points: g; (x1.n) < R;, 7 = 1,--- ,m. This is indeed the reason-of-
existence for the Lagrangian: it always upper bounds the function at hand, allowing thus to
upper bound its maximum value and, in cases, to obtain it. Consider the non-convex maxi-

3 — e” constrained to 22 < 25. The function and its associated Lagrangian

mization: f (z) =
(parameterized for A = 1 and A = 1.2) is plotted in Fig. 2.2 with respect to the feasible set.

The relationship (2.22) is clearly shown: the Lagrangian upper bounds the function.

Making use of the Lagrangian, many results regarding the maximum value of the function
can be derived [48]. Here, we present the two most important. First, the necessary condition

that the maximum of (2.20) must satisfy: the Karush-Kuhn-Tucker (KKT) conditions. Later,
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2.2. Constrained Optimization

Figure 2.2: Lagrangian function.

the general sufficiency condition for a feasible point to attain the maximum. We will show
that, for convex problems, both are equivalent and thus KKTs are necessary and sufficient for

optimality.

Proposition 2.4 (Karush-Kuhn-Tucker Necessary Conditions [48, Proposition 3.3.1]) Let 7.
be a local maximum of (2.20). Then, there exists a unique Lagrange multiplier vector X}, for
which the KKT conditions:

a‘C (mT:N’AT:m)
&ri
Xi>0, j=1,---,m

=0, i=1,-,N (2.23)

N (gi(xhy) —Rj) =0 j=1,---,m,

hold.

Being the condition necessary, it is not sufficient. It can occur, thus, that a feasible point
satisfies the KKTs and it is not a local maximum of the function. Therefore, it is not the global

either. In order to be it, it must also satisfy the sufficient condition for optimality.

Proposition 2.5 (General Sufficiency Condition [48, Proposition 3.3.4]) Consider the problem

(2.20). Let x7. 5 be a feasible point which, together with a Lagrange multiplier vector A7.,,, > 0,
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2.2. Constrained Optimization

satisfies
and maximizes the Lagrangian L (x1.n, A}.,,,) over the feasible set:

]y € arg max L (x1.n, A],,) - (2.25)

€. NEX

Then, x7.y is the global maximum of the problem.

Mixing both Propositions, a generic strategy to solve constrained optimizations is as follows:
first, we search for all feasible points that satisfy the KKT conditions. That is, find all points
for which (2.23) has a unique solution on Aj.,,. Among all, we next find out one for which
the general sufficiency condition holds. This will be the global maximum of the problem.
However, many and wide drawbacks can be drawn on this procedure: i) there can be co points
satisfying the KKTs, making the computation tedious. ii) Usually, these points are obtained
resorting to iterative algorithms, making the computational time excessively long. iii) The
general sufficiency condition is not easy to demonstrate when the Lagrangian is not a concave

function on ;..

Fortunately, when the function f (-) is concave and the constraints g; (-), ¢ = 1,---,m are
convex, both necessary and sufficient conditions become identical. In fact, for this case the
Lagrangian in (2.21) is concave with respect to «;.y. Thereby, it takes its maximum (2.25) at
the point where:

a‘c (wT:N7 ATm)
&’ci

=0, i=1,---,N, (2.26)

which is identical to the KKT condition in Proposition 2.4. Hence, KKTs become sufficient
also. This simplifies notably the search, which is reduced to solving (on .y and Ay.y) the
system of equations defined by the KKT conditions (2.23). Every solution is a global maximum
due to the sufficiency condition. Notice that the KKTs are defined by means of N +m equations
with N + m variables. Thus, the problem is solvable. However, the solution is not necessarily

unique.
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2.2. Constrained Optimization

2.2.1 [Iterative Algorithms

Many times in optimization, the KKT conditions (2.23) cannot be solved in closed-form. That
is, the system of N +m equations with N +m variables is solvable but an analytical expression

for the solution cannot be given. It has to be obtained, then, resorting to iterative algorithms.

Here, we present two well-known algorithms to solve constrained optimizations iteratively.

Additionally, we provide an extension for the case where the cost function is not differentiable.

Block-Coordinate Ascent Algorithm

Let us consider a special case of problem (2.20):

max f(x.y) (2.27)

T1, TN

where g; (+) are convex functions on z;. No assumption is taken on the concavity of f (-).
Besides the convexity of g; (-), the main difference with the original problem is that, now,
the optimization variables are decoupled: each constraint only involves one variable. In other
words, being the convex set X; = {z; | g; (x;) < R;}, then the feasible set X is the cartesian

product of convex sets:
X=X x-xXn. (2.28)

The algorithm consists of iteratively optimizing the function with respect to one x; while keep-

ing the other variables fixed:

t+1 t+1 t+1 t t s
x;" € argmax f(yc1 ,~--,xi_1,xi,xi+1,-~-,xN), 1=1,--

mieXi

-, N, (2.29)

with ¢ the iteration index. Intuitively, it performs a cyclic best-effort among variables. The
algorithm is also known as Non-Linear Gauss-Seidel algorithm, and makes sense whenever the
optimization (2.29) is slightly more easy to solve than (2.27) [49, Section 3.3.5]. Clearly, each
iteration increases the cost function. Two convergence results and a corollary can be drawn for

it.
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2.2. Constrained Optimization

Proposition 2.6 [48, Proposition2.7.1] Consider (2.27) with f (-) continuously differentiable.
Furthermore, let

rgé%‘é( f<x17”' 7xi*17§7xi+17”' ,.TN), L= 17 7N (230)

exist and be uniquely attained. Then, the limit point of sequence . is a stationary point, i.e.,

mi:N - a’.){:N Wlth vf (mTN)T ' (mliN - mTN) S 0’ vmliN € X.

Remark 2.1 Notice that all local maxima are stationary points, but not all stationary points
are local maxima [48, Proposition 2.1.2]. Therefore, the sequence is guaranteed to converge,

but not necessarily to a local maximum.

Corollary 2.1 [49, Proposition 3.9] Whenever f (-) is also concave, the limit point of se-

quence x' ,; converges to the global maximum of the problem.

Proof: As mentioned in [48, Proposition 2.1.2], for concave cost function f (-), stationarity
is not only necessary but also sufficient for global-optimality. Thus, the limit point satisfies

Proposition 2.5. u

Proposition 2.7 [49, Proposition 3.10] Consider the assumptions in Prop. 2.6, with f (-) not
necessarily concave. Furthermore, let the mapping R (x1.y) = ®1.xn + v - Vf(x1.n) be a
block-contraction' for some ~. Then, the limit point of sequence x! ., converges to a global

maximum of the problem.

Gradient Projection Algorithm

For the previous algorithm, two strong assumptions were taken: i) the feasible set needed
to be defined as the Cartesian product of convex sets; ii) the maximization with respect to
one variable, keeping the rest fixed, needed to be uniquely attained. Those two assumptions
restrict the applicability of the algorithm. We thus propose new alternatives to iteratively solve

optimization problems not satisfying 7) and/or ii).

ISee [49, Section 3.1.2] for the definition of block-contraction, and sufficient conditions to hold.
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2.2. Constrained Optimization

Consider now the more general problem (2.20), and let X be the feasible set, closed but not
necessarily convex. The Gradient Projection method searches for the maximum iterating as

follows [48, Section 2.3]:

oy =2l + 7 (@Bay — 2ly), 2.31)

where ¢ is the iteration index, v; € (0, 1] the step-size, and:
_ L
@iy = [xly +s- VS (2hy)] - (2.32)

Here, s; > 0 is a scalar, Vf (-) the gradient of f (-) and [-]* the projection onto the feasible
set X. Two important issues must be noted here: i) the projection of a vector ;. onto the

feasible set X" consists of finding a vector aj. € X such that:
- L
aj.y €arg min |lany — Tyl = (@] = aly, (2.33)
a;:NeX

given a preselected norm. ii) The algorithm is not, in general, amenable for parallel imple-
mentation. Although the computation of &, + s; - V f (x!.) can be easily parallelized, the
computation of the projection requires the solution of a non-trivial optimization involving all

components of ;..

The selection of the step size 7; and the scalar s; is generally crucial to obtain good convergence
properties for the algorithm. Some of the commonly used rules to choose them are brilliantly
revisited by Bertsekas in [48, Section 2.3.1], e.g., limited maximization rule, Armijo’s rule
along the feasible direction, Armijo’s rule along the feasible arc and diminishing step-size. We

refer the reader to that textbook for an in-depth discussion.

Proposition 2.8 [48, Proposition 2.3.1] Let xt ., be a sequence generated by the gradient
projection method, with v, and s; chosen by the limited maximization rule or the Armijo rule

along the feasible direction. Then, every limit point of ., is a stationary point.

Corollary 2.2 Whenever f (-) is concave, and the feasible set X convex, the limit point of

sequence X'\ converges to the global maximum of the problem.

One important property of the algorithm is that, when the feasible set is defined as the cartesian

product of sets, i.e. X = X} x --- x X, the algorithm can be parallelized without loosing
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2.2. Constrained Optimization

convergence properties [49, Section 3.3.4]. That is, we can define it as:

xt+1_$;+%(jn_x;)’ n=1,--,N (2.34)

and:
To=[ah 45 Vo f (®hy)] n=1,--- N (2.35)

where V. f (-) is the gradient with respect to x,,, and the projection is independently carried

out onto each set X,.

Subgradient Methods

In the previous analysis and algorithms, we assumed that the objective function is continuously
differentiable. In fact, we considered the gradient known and computable in closed-form. How-
ever, this might not be the case for all optimizations in communications; thus, here we propose

an alternative: the subgradient search.

It iterates exactly as the gradient method. However, instead of computing the gradient, a sub-

gradient is utilized. A subgradient is defined as a function h (x;.) that satisfies:

flawn) = f(@in) > h(ziy) (ay — 2zin), Yauy # ziy. (2.36)
With it, the algorithm iterates:
iy =y + v (Buy — xly) (2.37)
where ¢ is the iteration index, v; € (0, 1] the step-size, and:
Tiy = [y +s-h ()] (2.38)
In contrast to the gradient method, the new iterate may not improve the cost function. However,

as discussed in [49, Section 6.3.1], diminishing step-size rules guarantees convergence to a

stationary point of the cost function.

2.2.2 The Dual Problem

The algorithms introduced in the previous subsection are of wide use in network optimization

for e.g. covariance optimization for MIMO multi-user networks [50] and distortion design for
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multi-source compression [51]. However, there are many other problems where the applicabil-
ity is limited. On one hand, the block-coordinate approach requires the feasible set to be the
cartesian product of convex sets, which is not common. On the other hand, the gradient pro-
jection is built upon the projection of vectors onto feasible sets. This can be computationally
intensive?, and in some cases, unfeasible. Hence, new approaches are needed. Here, we present

a powerful one: dual decomposition.

Consider the optimization problem

p* = max f(x.n) (2.39)

T1, TN

s.t. g (wl:N) < R

For it, the dual problem is defined as follows. First, the Lagrangian function is constructed on

A>0asin (2.21):
,C (331:]\7, /\) = f (1’1:]\1) — - (g (CBLN) — R) . (240)
Next, the dual function is obtained as the maximum of each parameterized function

g(A\) = max L (x1.n,A). (2.41)

T1, TN

Function ¢ (\) has two main and fundamental properties: i) it is convex on A, since it is the
point-wise maximum of a family of affine functions [52, Section 5.1.2]. This holds even for
non-convex problems. ii) ¢ (A) > p*, YA > 0. To demonstrate such an inequality, we can easily

infer from (2.22) that:

L(x1.n,A) > f(x1.n), YA>0,Ve vy € X = max L (x1.n, A) > max f (x1.y) (2.42)

Finally, the dual problem is defined as

¢" =ming(X). (2.43)

A>0

The dual analysis has a nice interpretation, that can be grasped from Fig. 2.2. First, the maxi-
mum of each parameterized function is found, aiming at upper bounding the global maximum
of f. Later, the minimum of all upper bounds is selected as the tightest upper bound on the

sought maximum.

ZRecall that the projection is defined by means of a minimization.
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In order to estimate how good the bound is, the duality gap is used; it is defined as ¢* —p* > 0.
An optimization is said to have zero-duality gap if and only if ¢* — p* = 0. For those cases,

solving the dual problem solves the primal too.

Proposition 2.9 (Strong Duality Theorem for Convex Problems [48, Proposition 5.3.1]) Con-
sider the problem (2.39), with: f (-) concave, g (-) convex, non-empty feasible set X, and finite
optimal value f*. Furthermore, let be there at least one x1.n € X such that g (x1.n) < R. For

such a problem, the duality gap is zero.

With this result, it is demonstrated that convex problems have zero-duality gap. But, what about
non-convex problems? In general, no claim can be made. However, there is a specific family

of non-convex problems for which p* = ¢*; the one who satisfies the time-sharing property.

Definition 2.1 (7ime-Sharing Property [53, Definition 1]) Let x7. and yi.5 be the optimal
solutions for problem (2.39) with R = R, and R = R,, respectively. An optimization problem
of the form of (2.39) is said to satisfy the time-sharing property if for any R,, R, and any
0 < v < 1, there is always a feasible point zy.y such that g (z1.n) < VR, + (1 —v) R, and
f(zin) > vf(x1n) + (1 —v) f(y1.y). That is, if the maximum of (2.39) is concave with

respect to R.

Proposition 2.10 (Strong Duality Theorem for Non-Convex Problems [53, Theorem 1]) Con-
sider the problem (2.39), with f (-) not necessarily concave and g () not necessarily convex. If

the optimization satisfies the time-sharing property, the duality gap is zero.

Therefore, convex problems (and a family of non-convex ones) can be solved resorting to
dual decomposition. However, is this really worthwhile? In most of the cases, it is. The
main reason is that the dual function decouples the constraint. In other words, the involved
constrained maximization (2.39) turns into a simple non-constrained one in (2.41). Clearly, the
latter can be straightforwardly solved resorting to iterative algorithms as e.g., unconstrained

block-coordinate algorithm or unconstrained gradient method [48, Chapter 1].

However, it is still necessary to find the minimum of the dual function g (). As mentioned, the

function is convex. Therefore, a gradient method can be utilized to efficiently search for the
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minimum with guaranteed convergence. Unfortunately, the dual function is not continuously
differentiable in all cases, and for the cases where it is, the gradient may not be known. We can

thus utilize the subgradient search, which consists of following search direction —h (\) such

that’:
/
1) a5 g0y, v £ (2.44)
N —A
Let us now define
x1.v (A) € arg max (1.3, A) (2.45)
L1, TN
xi.y (N) € arg max L (xpn,N). (2.46)
L1, , TN
Hence, it is clear that
qg(A) = f(®iv(N) = A-(9(z1n (V) — R), (2.47)

q (X) = f(zuy (/\,)) -\ (9 (z1n (X)) - R)
> [z () =N (g(z1n (V) — R)

where inequality follows from the fact that there is no greater value than the global maximum.

Therefore, it is possible to bound
qN)=q(N) =2 =N =) (g(zn (A) — R). (2.48)
As a result, the following choice satisfies the subgradient condition (2.44):

h(A) =R —g(x1.n (N)). (2.49)

2.3 Stochastic Convergence

A sequence of random variables {x,} -, is said to converge to a random variable z if, at the

limit, both the sequence and = behave equally. Such a convergence is denoted by:

Ty, — T. (2.50)

3When searching for the minimum, we must follow the opposite direction of the gradient.
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However, what does “behave equally” mean for random variables? It can mean different things,
and each meaning will define a type of convergence. Before reviewing them, let us state that a

non-random sequence {s, } converges to s if and only if:
Ve > 0, IN suchthat |s, —s| <e€ Vn > N. (2.51)

With this in mind, four kinds of convergence can be defined for random sequences [54, pp.

40-42]:

e Almost sure convergence, denoted by z,, “> z, and satisfied whenever Pr{O} = 1,

where O is the event
O ={Ve >0, 3N suchthat |z, —z| <e€ Vn> N}. (2.52)

This is the strongest type of convergence, forcing to be 1 the probability of having a
sampled sequence for which (2.51) holds. Nonetheless, notice that the complementary
event O°¢ can occur (that is, having a sampled sequence which does not converge), but

with probability zero.

. m.s. .
e Convergence in mean-square, denoted by z,, — x, and satisfied whenever

lim E {\xn — x\Q} =0. (2.53)

n—oo

The mean is taken over the probability density function of both z,, and .

e Convergence in probability, denoted by x,, SR x, and satisfied whenever

lim Pr{|z, — x| <e} =1, Ve>0. (2.54)

n—o0

Clearly, such a convergence is guaranteed whenever almost sure converge holds. How-

ever, the converse is not true.

e Convergence in law, denoted by z,, A x. It holds whenever the c.d.f. of x, and that of

x,, satisfy, for all y belonging to the support set:

lim Fy, (y) = Fz (y) - (2.55)

n—oo
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Among all, the convergence in law is the weakest one, holding whenever all others are satisfied.
On the other hand, convergence in mean square and almost sure convergence are the strongest
ones, making all others hold too. Nevertheless, it can occur that one is satisfied while the other
is not. Finally, as mentioned, convergence in probability is satisfied if almost sure and/or in

mean square hold, and implies convergence in law.

Convergence in probability will be the one used to present the convergence results of this thesis.

Let us introduce four lemmas regarding it.

Lemma 2.1 Let x,, > 0 Vn be a sequence of positive random variables, and T < g (n) < oo,

Vn be a non-random sequence with T > 0 a constant. Then:

o — g (n) 5 0 = log, (x,,) — log, (g (n)) = 0. (2.56)

Proof: Consider z,, — g (n) L 0; from definition (2.54) that means:

lim Pr{|z, —g(n)| <e} =1, Ve>O0. (2.57)

n—oo

Such a probability can be rewritten as:
Pr{lz,—g(n)| <e} =Pr{z, <g(n)+e} —Pr{z, <g(n)—e} (2.58)

Clearly, being the logarithm a continuous, non-decreasing function, the first term can be ex-

pressed as:
Pr{z, < g(n)+ e} = Pr{log, (z,) <log,(g(n)+¢€)} (2.59)
On the other hand, recalling that x,, > 0, we can compute the second term as
0 ¢>g(n)
Pr{z, <g(n)—e€} = (2.60)
Pr{log, (z,) <logy (9(n) —€)} €<g(n)
Defining log, (0) = —oo, we can compactly write the probability above as:
Pr{z, < g(n) — €} = Pr{log, (z,) <log, ([g(n) —€")}. (2.61)
Plugging both (2.59) and (2.61) into (2.58), makes:
Pr{|z. —g(n)| <e} = Pr{log,([g(n) — ") <log, (za) <logy(g(n) + )}
Pr{|log, (zn) —log, (9 (n)) | < d(e,n)}

< Pr{| log, () — logy (g (n) | < max (e, i)} (2.62)

IN
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Figure 2.3: Convergence in probability for the log, function.

where we have defined

0(e,n) = max {log, (g (n) +€) —logy (9 (n)) ,log, (g (n)) —log, (g (n) — ") }

— max {log2 (1 + ﬁ) ,—log, ({1 - (gn)] +> } (2.63)

The first inequality of (2.62) follows directly from Fig. 2.3. The second one is straightforward,

noticing that augmenting the interval increases the probability. Now, making use of (2.62) and

denoting € = max; § (€, 1), given (2.57) the following holds:

lim Pr{|log, (z,) —log, (g(n))| <€} =1 Ve > 0. (2.64)

n—oo
However, this does not demonstrate convergence in probability unless the range of €’ is (0, 00).
Let then study the possible values of € = max; ¢ (¢, ). First, since 0 < 7 < g (n) < oo, it is

clear that:

limd (e,n) =0 Vn. = lir% € =0 (2.65)

e—0

Likewise, it is possible to derive that

lim §(e,n) =00 VYn.—= lim € =oc. (2.66)

e—g(n) e—miny, g(n)
Finally, being ¢ (¢,n) a continuous function on € € (0,00), so it is max; d (¢,7). Accord-

ingly, ¢ = max; 0 (¢,i) will take all possible values between (0, c0) when e ranges from
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(0, min,, g (n)]. Therefore, (2.64) holds Ve’ > 0, which demonstrates convergence and con-

cludes the proof. [

Lemma 2.2 Let x,,y, be two independent sequences of random variables, and g (n), f (n) be

two non-random sequences. Then:

Ln — g(n)
Yn — f(n)

R QI {0, yn} —min{g (n), f (n)} 5 0. (2.67)
0

v |

Remark 2.2 The same holds when taking the max instead of the min.

Proof: We follow similar steps as those in Lemma 2.1. However, in this case, we have a two
dimensional mapping 7 (z,y) = min {x,y} instead of a one-dimensional mapping 7 (x) =
log, (x). First of all, being z,, and y,, independent, and given the individual convergence of

both random sequences we can derive that:

lim Pr{lz,—g(n)|<en |y, — f(n)| <e} = (2.68)

lim Pr{lz, —g(n)| <e} -Pr{ly, — f(n)| <e} =1, Ve >0.

n—~o0

Let us now define the sets X (n) = (g (n) —€,9(n) +¢€) and Y (n) = (f (n) — ¢, f (n) +¢€),

so that:
Pr{|lz, —g(n)|<en |y, — f(n)| <e}=Pr{z, e X(n) N y,€Y(n)}. (2.69)

Notice that, within the cartesian product X (n) x ) (n), the mapping 7 (z,y) = min{z,y}

takes supremum and infimum values:

sup min {z,,y,} =min{g (n), f (n)} +e. (2.70)
(Zn,yn)€X (n)xY(n)
inf min {z,,y,} =min{g (n), f (n)} —e.

(n,yn) €X (n)xY(n)

Therefore,

min{g (n), f(n)} — € <min{w,, yo} <min{g(n),f(n)} +e V(rn,yn) € X (n) x Y (n),
Accordingly, it is possible to bound:
Pr{z, € X(n) N y, €Y (n)} < (2.71)
Pr{min{g (n), f (n)} — € <min{@,,y,} <min{g(n), f(n)} + ¢}
= Pr{|min{z,,y,} —min{g(n), f(n)}| <e}.
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First inequality follows from the fact that it might exist (x,,, y,) ¢ X (n) x ) (n) such that:
min{g (n), f(n)} — € <min{w,, y,} <min{g(n),f(n)} +e.
Finally, considering (2.71) and (2.69), we can claim that:
Pr{lz,—g(n)|<en |y, —f(n)] <e} < (2.72)
Pr{|min{zn, y.} —min{g(n), f(n)}| <e}.

Therefore, given (2.68), we obtain:

lim Pr{|min{z,,y,} —min{g(n),f(n)}| <e} =1, Ve > 0. (2.73)
which concludes the proof. [

Lemma 2.3 Let x,, be a sequence of random variables and g (n), f (n) be two non-random

sequences. Furthermore, let

T, —g(n) L0 and 1lim g (n) — f(n)=0. (2.74)

n—oo

Then, x,, — f (n) Lo.

P
Proof: Let us first state the convergence x,, — g (n) — 0 as:

lim Pr{|z, —g(n)| <e} =1 Ve>0. (2.75)

Likewise, the limit (2.74) can be rewritten as:
Ve >0, 3n, suchthat [g(n)— f(n)| <€, Vn>n,. (2.76)
Consider now a fixed value €, for which n, = n, (¢'). It is clear that, for n > n,
X,=(g(n)—egn)+e) CX =(f(n)—e—¢€,f(n)+e+¢). (2.77)
Accordingly, for n > N,:
Pr{lz,—g(n)| <e} = Pr{z, € X,} (2.78)
< Pr{r, e X}
= Pr{|lz,— f(n)]| <e+¢€}

Now, considering (2.78) and (2.75), we can show that

lim Pr{|z, — f(n)| <e+€e} =1 Ve>0. (2.79)
Finally, as ¢’ can be arbitrarily chosen within the interval (0, co), it concludes the proof. [
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2.3. Stochastic Convergence

Lemma 2.4 [55] Let the random sequences x,, and vy, converge in probability to x and v,
respectively. Then,
o 1, ty, Lt Y,
P
® Tn Y — Y,

. P
e ify, >0, Vn, then z—” — %

2.3.1 The Law of Large Numbers

The law of large numbers is the most relevant representative of convergence in probability.
It will be of definite help when deriving scaling laws for relay networks (as e.g., asymptotic

performance with the number of relays and/or users), and reads as follows:

Law of Large Numbers: Let {a, } be a sequence of independent random variables, with mean

tn = E{a,} < 0o and bounded variance. Then, for n — oo

1 & 1 & P
5;%— E;unﬁ 0. (2.80)

Intuitively, it states that the sample mean converges to the average mean. The law can take the

equivalent form, much more useful for the rest of the thesis:

1+Z?:1an N 1+Z?:1,un i

0. (2.81)
n n

From it, and utilizing Lemma 2.1, the following corollary can be derived.

Corollary 2.3 Let x,, > 0, Vn be a sequence of independent random variables with positive,

bounded mean x,, = E{xx»} € (0, 00) and bounded variance. Then:

log, (1 +) Xz'> — log, (1 +) x) £o. (2.82)
=1

i=1

Proof: First, applying the law of large numbers (2.81), the following convergence holds:

L+> i 1+ X Py
n n )

(2.83)
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2.3. Stochastic Convergence

That is,

lim Pr

n—oo

{’1+Z?:1Xi _ 1"’2?:19_@

n n

< 6} =1, Ve (2.84)

Next, notice that given y; > 0:

1+ Z?:l Xi

T+>0" X
2171 X > O7 vn
n n

>0, Vn, and

Therefore, the probability above can be transformed as:

n n o — 1+37 1 xi
1 ‘ ; 1 Y i=1
Pr{’ +Zz:1X . +Zz—lX <€} = Pr{ﬁ—l
i=1 Xi

n n
n

= Pr 12X B P p———
B T4+ >00 X Y X
=1 A\?

n

n

1+ ¥
A +Zz=1x <€}

Let us now define Y., = min; \; > 0, since all random variables have non-zero mean. Hence,
it is possible to bound:

1 Y 1
M > — 4+ Xmin > Xmin, V7. (2.85)
n n

Therefore,

€ < €
71+E?:1 Xi )Zmin
n

, n, (2.86)

which implies that, for all n:

1+
Pr{'7+zllx 1

1+ Z?:l Xi

1+5
MhoiciXs T+ X

n

Plugging this onto the probability above allows to bound:

Pl’{' +Zz:1X o +Zz:1X <€} S PI'{’ +Zz:1X _1'< € }

n n L+>0 X Xmin
Now, defining ¢’ = Z — € (0, 00) and considering (2.84), it is clear that
1 r X
LD =B (2.88)
L4370 Xi
Therefore, we may apply Lemma 2.1, to derive that
1+ ZV-L_ X’i) P
log, [ —=51= | —log, (1) — 0. 2.89
g2(1+2?:1>_<i g2 (1) ( )
That is,

log, (1 +) xi> — log, (1 +) Xi) Lo, (2.90)
i=1 i=1

which concludes the proof. n
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Chapter 3

Multiple-Parallel Relay Channel

3.1 Introduction

Relay channels, cooperative communications and distributed multiple-antenna processing are
the philosopher’s stone of wireless communications, called upon to transform wireless into
wired. Like in gold rush, researchers worldwide wrestle to discover their true potential, and...
patent it. Unfortunately, coming up with panaceas (and making them profitable for one’s own
enterprise) can take a lifetime of research and no success is guaranteed. Aiming, thus, at

limiting the scope of my efforts to attainable ventures, this chapter merely focuses on a single

query:

e How much can the point-to-point channel capacity be enlarged by placing N intermediate

relay nodes?

All the contributions in this chapter try to address this question.
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3.1. Introduction

3.1.1 Opverview

This chapter studies the multiple-parallel relay channel under AWGN (see Fig. 3.1). We con-
sider single-antenna source, destination and relays, in a time-invariant and frequency-flat chan-
nel. Transmit and receive CSI are available at the source and destination, respectively, and
all network nodes operate in the same frequency band. Finally, relaying is full-duplex: relays

transmit and receive, simultaneously, using the same frequency.

Our focus is the channel capacity. We first provide an upper bound and then lower bounds by
means of the achievable rates with different relaying techniques. We organize our contributions

as follows:

e First, the max-flow-min-cut Theorem is used to provide an upper bound on the capacity
of the channel. The obtained bound turns out to scale as log, N in Rayleigh-fading (/V is
the number of relays). Likewise, it is shown to be reciprocal: source-relay channels and
relay-destination channels can be interchanged without modifying the upper bound. That
is, the bound does not distinguish whether the source is transmitting to the destination or

viceversa.

e Decode-and-forward (D&F) is the first relaying technique studied. We derive its achiev-
able rate as the generalization, to arbitrary number of relays N, of the single-relay

result [10, Theorem 5]. Moreover, for Rayleigh-distributed fading, we obtain that as

Roer —C (2 W (é—ﬁ) : §> Lo (3.1)

N — oo:

This scaling law is shown to be always lower than log, log N. As argued in the sequel,

this fact comes from the source-relays broadcast limitation.

o Two-level partial decode-and-forward (PD&F) is presented next as a generalized version
of D&F. We derive its achievable rate and show that, for large number of relays, it does

not outperform D&F. Hence, new techniques need to be considered.

o Compress-and-forward (C&F) is studied considering distributed Wyner-Ziv compression
at the relays [39]. The achievable rate turns out to be the solution of a non-convex op-

timization problem with 1 + SV, (JZV ) = 2% constraints, which becomes untractable

36



3.2. Channel Model

for large number of relays. As a benchmark to this technique, we thus provide a com-
putable upper bound that can be calculated using known optimization tools. Finally,
we demonstrate that the C&F rate scales as log, log (V). In this case, it is due to the

relays-destination MAC limitation.

e Linear Relaying (LR) is studied last. It consists of relay nodes transmitting, on every
channel use, a linear combination of previously received signals [24]. We first derive
the source temporal covariance that maximizes the achievable rate. Once the optimum
source signal is obtained, the search for the optimum linear functions at the relays is an
untractable optimization problem. To overcome this limitation, we propose a subopti-
mum approach. Regarding asymptotic performance, Dana et al. have previously shown
that the achievable rate with amplify-based relaying scales as log, (V) [56]. We present
an alternative proof. Finally, we show that the LR rate is also reciprocal, in the same

manner as the max-flow-min-cut, and unlike all other relaying techniques.

e To conclude the chapter, all techniques are adapted to half-duplex operation at the relays.

The remainder of the chapter is organized as follows: Section 3.2 presents the channel model,
main assumptions and the max-flow-min-cut bound. Sections 3.3 and 3.4 study D&F and
PD&F, respectively, while Sections 3.5 and 3.6 are devoted to C&F and LR, respectively. Sec-
tion 3.7 presents numerical results on all techniques. Finally, Section 3.8 extends the analysis

to half-duplex relaying, and Section 3.9 states conclusions.

3.2 Channel Model

The multiple-parallel relay channel (MPRC) is a channel in which there is a single source s
communicating to a single destination d with the aid of aset ' = {1, - - , N'} of parallel relay
nodes (see Fig. 3.1). Source, relays and destination transmit/receive scalar signals, and wireless
channels are time-invariant, frequency-flat, modeled using a complex coefficient. The complex
channel between source and destination is denoted by a, and the channels from source to relay
i € N, and from relay ¢ € N to destination by b; and c;, respectively. Unlike the multi-level
model [25], no wireless connectivity between relays exists in our model: we assume that relays

use transmit directional antennas to the destination.
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Figure 3.1: Multiple-Parallel Relay Channel.

We refer to the signal transmitted by the source as ” = {z!}' € C", where 2! is the
transmitted symbol during channel use ¢ and n the codeword length. This is received at the

relays embedded into observations y* = {y!};_, € C", i€ 1,--- ,N:
Yy, =bi -z + 2], (3.2)

where z; ~ CN (0, N,) is additive white Gaussian noise (AWGN) at relay i. The signal
transmitted by relay ¢ = 1,---, N is denoted by x! = {z!},", € C", and is defined by
means of a causal relaying function: zf = fi (yl-l, e ,yf‘l). Finally, the destination node
yi = {y}};_, € C" receives the superposition of signals transmitted by source and relays

N
ygza'w;‘+2q-w?+z§, (3.3)

i=1

with z; ~ CN (0, N,). For the channel, we assume the following:

(Al). Full-duplex operation: relays transmit and receive simultaneously in the same frequency
band. It can be implemented in practice using different, uncoupled antennas for trans-

mission and reception.

(A2). Transmit channel state information (CSI) and receive CSI at the source and destination,

respectively. Channel awareness not only includes the source-destination channel, but
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3.2. Channel Model

also the source-relay and relay-destination channels. It may be difficult to satisfy this
assumption in practice. However, distributed knowledge can be obtained in slow varying

channels via channel reciprocity, and feedback, during a set up phase.

(A3). The total transmitted power in the network is constrained to P:

n N
9 <E{|x2|2} +ZE{\x§|2}> <P (3.4)
t=1 i=1

The aim is to provide a fair comparison with the no-relay channel with source power P.

3.2.1 Preliminaries

Definition 3.1 A (n, 2”R) code for the MPRC is defined by:

e a set of messages VV = {1, cee Q”R}, a signal space X, and a source encoding function
fs W — &,
o N signal spaces X;, 1 = 1,--- N and N causal relay functions

fri:ygl%')(@'n7 i=1,---,N,
e adecoding function g : Y — W.

Definition 3.2 A rate R is achievable if there exists a sequence of codes (n, 2"R) for which

lim,, oo P' = 0, where

1
P! = ot Z Pr{g (y)) # w|w was sent } . (3.5)

Definition 3.3 The capacity of the MPRC is the supremum of all transmission rates that are
achievable. Recently, it has been derived as the mutual information between the source input

and the destination output, maximized over the input distribution and over the relay functions:

1
C=lim max —-I(x};y]), (3.6)

" b i, "

and subject to causal relaying in Definition 3.1 and power constraint (3.4) [57, Theorem 2.1].

However, deriving a single letter expression for the capacity (3.6) is still an open problem. In

this section, we present an upper bound on it.
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3.2. Channel Model

3.2.2 Max-flow-min-cut Upper Bound

The max-flow-min-cut theorem defines a necessary (but not sufficient) condition that any trans-
mission rate within a connected network must satisfy in order to be achievable. It is evaluated
here in order to provide an upper bound on (3.6). The condition is expressed using a max min

operation, and for our problem is formulated as follows [21, Theorem 14.10.1]:

C < max min I(xr;yre|lere) ¢, 3.7
= p(@smin) {Tc{s,1,~~~,N,d}tséT,deTc ( T yT‘ T )} ( )

where maximization is subject to (3.4). The bound can be interpreted resorting to data flows;
clearly, (3.7) states that the maximum transmission rate between the source s and the destina-
tion d is always lower than or equal to the maximum data flow between the set of inputs 7+ and
the set of outputs yr., whenever s € 7 and d € 7°. This is, somehow, obvious. Notice that
the minimization in (3.7) is taken over 1 + vazl (]j ) elements, as much as possible subsets 7°
(also known as network cuts). However, here, we only consider the MAC and BC cuts, which

yields the following bound.

Upper Bound: The capacity of the AWGN multiple-parallel relay channel satisfies

¢ < max min {C ((la? + p 22, lel?) £ )¢ ((lal2 + S5 02) 1= p) £ )} 38

0<p<1

N
Sy il P
:C<<|a|2+ 2 N 12 N 22|Ci|2 N,
|a|? + Zi:l |bi|* + Zi:l |ci i=1 o

Remark 3.1 Interestingly, the obtained upper bound is reciprocal. That is, interchanging

channels b; < c; maintains (3.8) unaltered. This has a nice, and democratic, interpretation:
the upper bound does not distinguish whether s is transmitting to d or viceversa. Although yet
undemonstrated, the MPRC capacity (3.6) is expected not to distinguish either and to perform
equally from s to d than from d to s. This is an open question that we were not able to answer

in this dissertation.

Proof: Let us consider only two network cuts at the minimization of (3.7): 7 = {s,1,--- , N}

and 7 = {s} . With them, we can bound

C < max min {I($5,$1:N§yd) ) ]($s§yd>y1:N|iB1:N)}> (3.9

p(s,21.N)
where maximization is subject to power constraint (3.4). We build upon [11, Section VIL.B] to

evaluate such an upper bound to our network. Firstly, we notice that both parts of minimization
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3.2. Channel Model

are maximized, under AWGN, with p (x4, x1.y) jointly Gaussian. Hence, Gaussian distribution
is the optimum input distribution. Furthermore, it is easy to show that the two elements of the
minimization are individually maximized (and so it is the minimum of them) for x4, - ,zn
fully correlated:
B {wers ) _1, Vi jeN. (3.10)
VE{lz:}E {|x;%}

This is due to two facts: i) the multiple-access cut [ (4, 1.n; yq) takes maximum value when

random variables add coherently, i.e. when they are fully correlated. i7) Conditioning reduces
entropy [21, Theorem 2.6.5]. Thatis, H (A|B) > H (A|B, C), with equality whenever B and

C are fully correlated or A is conditionally independent of C', given B. Therefore, since
I (zs;ya, yun|zin) = H(ya yun|®in) — H (Ya, Yun|Ts, T1.N) (3.11)
= H(yd7y1:N|w1:N) - H(zdvzlz]\/) )

it is clear that the broadcast cut I (xs; ¥4, Y1.n|®1.n) takes maximum value when all zq, - - - |z

are fully correlated.

With such an input distribution, and defining p,, = |E {22} } /\/E {|z.]>}/E {|;]>}]. Vj €

N as the source-relays correlation, we can evaluate:
al cov {xs|xin}
[ (zgyayunlmen) = C| | laf+ > [0l —“V> (3.12)
i=1

N,
E{|x5|2}>

(1—p)P=(1-p2,)E{|z,*}. (3.13)

~—r

N 1 — 2
= ¢ {lafP+> nP St
=1

&

N
= C|{laP+ > 1) (1)
i=1

2|

where we have defined

Furthermore, it is also possible to bound:

I(zs,x1.8ya) = I(zs;yal@rn) + 1 (21.85Ya) (3.14)
o (1o (L= 62 B ()
< N,

(lof? + 32X leil?) (22, B ks ) + S0 B {laif?} )

+C
N, + |a|2 (1 - p?,r) E {|x5|2}
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3.2. Channel Model

_ oflePa-pPY (Ia\2+2ﬁ1\cil2)pP
- N, No+lal* (1= p) P

al P
(D>
i=1 °

where the second equality is derived by noting that p? E {|z,|*} = E {|z,|*} — (1 — p) P from
definition (3.13), and E {|z,?} + 3_~  E{|z;|*} = P from power constraint (3.4). Further-

more, the inequality has been derived by noting that
I(z1.n;ya) = H (ya) — H (yalz1.n) (3.15)
N 2
= log, |a|2 (1 - pg,r) E {|:E3|2} + <|a|ps,r E{|:ES|2} + Z |CZ| V E{|x1|2}> + N,
i=1

—log, (|a|2 (1 — pir) E {|x5|2} + NO)

(lalowr BT + S0, el VE )

=C
No + ‘CL|2 (1 - pg,r) E{‘xS‘Q}
(1ol + X, 1ei?) (22, B4l 2} + S B {laif})
<C
Ny +lal? (1= p2,) E{|z,[?}
The second equality comes from the fact that xy, - - - , xy are fully correlated, having all corre-

lation p, , with the source. Finally, the inequality holds since maximal ratio combining upper

bounds the square value of the sum.

At this point, it remains to maximize over p the minimum of the two cuts. For that purpose,
notice that (3.14) is an increasing function of p, while (3.12) is decreasing. Therefore, the
maximum over p of the minimum of both is given at the value where both are equal:
N 2
* ZiZI |bl|
- N N :
lal* + 3200 [0 + 2200 |al?

This concludes the proof. As a remark, it can be shown that, for N — oo and unitary-mean,

P (3.16)

. . . oqe N P
Rayleigh fading, the bound converges in probability to C <5E> . [

The above result is also an upper bound on the capacity of the multi-level relay channel, as we
did not take any assumption on the inter-relay connectivity. Likewise, notice that Gastpar also
considers the MAC and BC cuts in [32]; however, in that work, both are optimized separately

over the input distributions, resulting in a less tight bound than (3.8).
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3.3. Decode-and-forward

3.3 Decode-and-forward

Decode-and-forward (D&F) is the first relaying technique considered in this chapter. With it,
the relay nodes fully decode the source message. Then, they re-encode it and retransmit it
coherently to destination. The relays thus help the source by mimicking a transmit antenna
array towards the receiver. This technique is presented for a single relay in [10, Theorem
5] and extended here to multiple relays. The extension is based upon a key fact: the higher
the cardinality of relays that decode the source message, the higher the multiple-antenna gain
towards the destination. However, the more relays, the lower the source’s rate that all can
decode. Clearly, there is an optimum subset of relays to be active: the one who better trade

among the two effects.

Theorem 3.1 The AWGN multiple-parallel relay channel achieves the rate

= P P
_ : 2 . 12 2
Rowe = a5, o i {C (('a' HLmm 2l ) —NO> < "—No)} S
2 m |12 P
= s € (i {1, PRI L P

1<m<N o2+ Y00 al?

with decode-and-forward. The source-relay channels have been ordered as:

1] > - > o] = -+ > [bn]. (3.18)

Proof: Letthe N relay nodes be ordered as in (3.18), and assume that only the subset R,,, =

{1,--+,m} C N is active. The source selects message w € {1, e ,2”3} for transmission,

and splits it into B sub-messages of xR bits, with k = %, ie, w = [w!,--- ,w5]. The

submessages are then pipelined into B + 1 channel blocks, with x channel uses per block. We

consider n, k, B > 1, so that 325 ~ 1.

The source encodes the message using a block-Markov approach [21, Sec. 14.7]: on every
block b, it transmits the sub-message w® to the relays and destination. Simultaneously, it coop-
erates with the relays in R, to retransmit its previously transmitted sub-message w’~!. To that

end, source and relays transmit

" [b] — g (wb a’ V" (wb—l) 7

)+
V0ol + Ticr,, Ll

g 0" (W), Vi€ R

7
V0ol + Ticr,, leil
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3.3. Decode-and-forward

Here, we have selected s” (-) to be a random Gaussian codebook, generated i.i.d. from s ~
CN (0,nP). In turn, v* (-) is a random Gaussian codebook, generated from v ~ CA (0, (1 — n) P).
Being 0 < 1 < 1, we notice that the power constraint (3.4) is satisfied with equality. The re-

ceived signal at the relays and destination thus reads:
bl' -a*

_l_
V0ol + Tz, Ll
yilb] = a-s* () + \/\a|2 + Z o2 - v* (W) + 25

Yo = b;-s" (W) v (W) +2F, VieR,

7))

On every block b, all nodes in R, are able to decode w® and therefore retransmit it coherently

during block b + 1 iff (assume they have all estimated w®~! correctly):

R < min [ (s;y|v) (3.19)

- 1€ERm

P
_ 2
¢ (|bm| nNO) ’

The equality is due to ordering (3.18). Next, consider the decoding at the destination in the
same block b. Assume that sub-message w’~2 has been successfully decoded. Then, using
parallel channel decoding as in [58, Sec IIL.B], the destination uses signals y’ [b — 1] and

Y’ [b] to estimate message w®!. It can do so reliably iff
R < I(s;yalv) + 1 (v;ya) (3.20)
= 1(s,v;9a)

¢ <<Ia\2 +(1=n) Z \ci\2> %) :

where I (s;yq|v) is the mutual information that the destination extracts from y/; [b — 1] to de-

code w’!, given a priori knowledge of w’2.

In turn, I (v;y,) is the mutual information
extracted from y5 [b] to decode w’~1. Now, considering both (3.19) and (3.20) we obtain the
minimization in (3.17), which shows the maximum achievable rate for a given set R,,, and 7.
However, note that (3.19) is a strictly decreasing function with 7, while (3.20) is an increasing

function. Hence, the maximum over 7 of the minimum of the two is given at the n* that makes

both equal, i.e.,

[om * 42202 [eif?

However, n* has to be lower than or equal to one. Hence, the second equality in (3.17) holds.

Finally, we may arbitrarily choose the decoding set R, from {Rq, -, Rn}. ]
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3.3. Decode-and-forward

As mentioned in the proof, parameter m in Theorem 3.1 denotes the cardinality of the decoding
set, that is, the number of relays that the source node selects to decode and retransmit. Notice

that C ((|a|2 + (1 =n)>" lal?) N%) , increases with the cardinality m, while C (|bm|277N%>

decreases. Therefore, for the optimum number of relays m* both quantities will be similar. Or,

in other words, m* is the cardinality of active relays that better trades among the two of them.

3.3.1 Asymptotic Performance

Consider unitary-mean, Rayleigh fading' within the network: a, b;, ¢; ~ CN (0,1),i=1,--- | N.

The following convergence in probability can be proven for the rate in Theorem 3.1.

Theorem 3.2 Let W, () be the branch zero of the Lambert W function®. Then, for N — oo:

Rper — C (2 W (g) : §> £o. (3.22)

Proof: We focus on the first equality in (3.17). For N > 1, it can be re-stated as:

kN
P P
— : 2 2 2
Bour = he(o1) 0em1 {C (('“‘ (1=n) ZH i ) NO> ¢ (|ka‘ ”NO) } , 3-23)

where, as mentioned, |b.x|* is the kN th ordered channel as in (3.18). Firstly, considering

n # 1, we can apply Corollary 2.3 to show that:

C <<|a\2 +(1—mn) Z |cl-|2> %) —C ((1 + (1 —n)kN) %) Zo. (3.24)

Furthermore, we can use Lemma 2.3 to derive:

kN
C <<|a|2 +(1—=mn) Z |ci|2) %) -C <(1 —n) kN%) Zo. (3.25)

o

Now, recall that the non-ordered source-relay channels |b|? are i.i.d., unitary-mean, exponen-
tially distributed. Therefore, they all share cdf F' (z) = Pr{|b|* <z} = 1 — e *, whose
inverse function is Q (y) = F~! () = —log (1 — y). Hence, we may apply ordered statistics

to show the following convergence in probability, for N — oo [60, Section 10.2]:

[br[? = Q (1= k) = —log (k) . (3.26)

Channels are time-invariant and frequency-flat.
2The function is defined as Wy (z) = {y € R : ye¥ = x}. It satisfies Wy (x) < log (x) YV > e [59].
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3.3. Decode-and-forward

Due to Lemma 2.1, we thus show:

P P
C (|ka\277E) =e (—log (k)ﬁﬁo) (3.27)
Now, notice that max and min functions keep convergence unaltered (see Lemma 2.2). There-
fore, we can plug (3.25) and (3.27) into definition (3.23) to derive

Rper — max max min {C <(1 - 1) kN%) ,C <— log (k) P ) } £o. (3.28)

n_
ke(0,1] 0<n<1 Y N,

It is easy to notice that the optimum value of 7 in (3.28) yields (1 — n*) kN = —log (k) n*, i.e,

* kN
= ¥N—log®) "

Therefore, we can rewrite:
log(k)kN P\ p
Rper — C| "~ 0. 3.29
Der o] ( kN —log(k)N,) (3:29)
Finally, using standard arguments for non-convex optimization, the maximization over k is

2
shown to be attained at k* = {k :—log (k) =V k:N} = 4@. As aresult,

log (k*)K*N P\ p
Now, the following can be derived:
c <_ log (k*) kK*N i) _ VE*NE*N £ (3.31)
*N — log (k*) N, k*N + VE*N N, '

_ o VEN P
1+ (k*N)~2 No

2Wy (\/N/Q) P
14 (2Wo (\/N/2>)_1 No

)

where first equality comes from definition of £* and third from its closed form expression.

-1
Therefore, noting that lim . <2WO <\/N / 2)) = 0, we can claim that

lim C <— log (k") k" IV ﬁ) _C <2W0 <@> ﬁ) —0 (3.32)

N—co  \ k*N —log (k*) N, 2 | N,

Hence, considering (3.32) and (3.30) on Lemma 2.3, it concludes the proof. ]

This result shows that R, performs worse than C <log <%> N%) Hence, for large N, it is

N
2

far from the max-flow-min-cut bound, which scales as C ( N%) This fact is explained by the
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3.4. Partial Decode-and-Forward

source-relays broadcast limitation: the maximum transmission rate with D&F is constrained by
the maximum rate at which the source can communicate with relays. This rate is lower than, or
equal to, the source to the best-relay channel capacity. It is well-known that the highest capacity
of a set of N i.i.d. Rayleigh-faded capacities scales as C <10g (N) N%) < C <N N%) [61,

Lemma 2]. This result suggests that other techniques may be more effective for large V.

3.4 Partial Decode-and-Forward

Fartial decode-and-forward (PD&F) was introduced in [10] for the single-relay channel and
is a generalization of decode-and-forward. The relays are only required to partially decode
the source data, which is useful given that the amount of decoded data can be adapted to the

source-relay channel quality.

In this dissertation, we consider two-level partial decoding, which is defined as follows: the
source splits its transmitted message w into two independent messages, and simultaneously
transmits them using superposition coding. The first message is directly sent to the destination.
The second message is transmitted through the relays using block-Markov encoding. The
destination, in turn, estimates both messages using successive decoding. The performance
of PD&F is optimized by optimally allocating power to the two messages. Previous results
regarding partial decoding for a single relay can be found in [11,22,57] and in the original

work [10]. We extend these results here to the multi-relay case.

Theorem 3.3 The AWGN multiple-parallel relay channel achieves the rate

a“ P
— ] 2 —_— . 2 —_—
Rpper = 1£1a§XN Ogr(%,%})(glmln {C <<|a| + 0 (1 77) Z |Cz| ) NO> )

i=1
b |* B0 P 2 P
1—-0)— 3.33
(mrmrngr) re(ra-ag)} e
with two-level partial decode-and-forward. The source-relay channels have been ordered as in

(3.18).

Remark 3.2 As previously, m denotes the cardinality of the decoding set. Additionally, pa-

rameter 1 — (3 is the fraction of power dedicated to the non-relayed message, and 1 — n the
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3.4. Partial Decode-and-Forward

correlation between the source and relays messages. The maximization is not convex on 1, [3

and shall be solved using exhaustive two-dimensional algorithms.

Proof: The proof follows equivalent arguments to the proof of Theorem 3.1. First, let the NV
relay nodes be ordered as in (3.18) and assume that only the subset R,, = {1,--- ,m} C N
is active. The source divides its transmitted message w € {1, cee 2”3} into two independent
messages wy € {1, R ,Q”Rd} and w, € {1, R ,Q”R*}, and transmits them using superpo-
sition coding. The total transmission rate is R = R; + R,. Each of the messages is then
split (as for D&F) into B sub-messages, and pipelined onto B + 1 channel blocks. The first
message is directly sent to destination, while the other is transmitted through the relays using

block-Markov encoding. On a given block b, source and relays transmit:

*

a

_l_
V0ol + Sier, lei

ol [b] = u” (wh) + 8" (WD)

S s

2’0"‘ (wff_l) ,

*

| =
V0ol + Yicr,, Ll

where we have selected u” (-) to be a random Gaussian codebook, generated i.i.d. from

xf[b

i

<" (wb_l) , VieR,

r

u~ CN (0, (1 —f3) P)and s” (-) to be arandom Gaussian codebook, generated i.i.d. from s ~
CN (0, SnP). In turn, v" (-) is also random Gaussian, generated from v ~ CA (0, 5 (1 — n) P).

Since 0 < 3 < 1,0 < n < 1, the power constraint (3.4) is satisfied with equality.
On block b, all relay nodes in R, attempt to decode w®. They can (all) do so iff (assume w’ !

has been detected correctly):

R, < min I (s;y;|v) (3.34)

T i€Rm
Ny +|bm2(1=08)P )’

where the inequality is due to the ordering in (3.18). At the same block b, the destination is able

to decode wb~! from y%[b — 1] and yj[b] iff (assuming w’~? detected correctly) [58, Section

II1.B]:

R, < I(s;yq4v)+ 1 (v;ya) (3.35)

= 1(s,v;v4)
c (ﬁnlaP + 61 =n)(la* + 31, ICiIQ)P)
Nyo+lal2(1—=p)P
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3.4. Partial Decode-and-Forward

Moreover, once decoded wfffl, the destination removes its contribution to ¥ [b—1] and decodes

2

message wg’l (assumed wff‘ well estimated). It can do so iff:

Ry < I(u;yagls,v) (3.36)
¢(laP(1-p)4).

Finally, the transmission rate equals R = R, + R,4. Thus, adding (3.35) and (3.36) we obtain
the left part of minimization in (3.33), while by adding (3.34) and (3.36) we obtain the right
part. This shows the achievable rate for a given 'R,,,. However, notice that we may arbitrarily
choose the decoding set R, from {R4, -+, Ry}. Likewise, we can optimally allocate power

to codes. ]

3.4.1 Asymptotic Performance

The main result of this subsection is that, assuming Rayleigh-fading, Theorem 3.2 also holds
for Rpper:

Roner — C (2 W <\/2—N> - %) Lo (3.37)

That is, the rates with D&F and with two-level partial decoding are asymptotically equal.

In order to explain this result, let us briefly discuss the impact of |a|? on the achievable rate.
On the one hand, it is clear that, when the source-destination channel |a| is of similar mag-
nitude than the source-relay channels |b,,| , the two-level approach provides a gain of almost
C <|a|2 (1-75) N%) with respect to D&F. On the other hand, when the source-destination chan-
nel is much weaker than the source-relay channels (i.e. |a|*> < |b,,|?), it is possible to show

that:

c(impa-55) ¢ (lara-05

o o

) ~C <\bm\2 (1-0) %) : (3.38)
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Therefore, we can approximate:

|bm|2ﬁ77p 2 _
C(No+|bm|2(1—ﬁ)P) +C(|a| (1—5)E) = (3.39)

c (1t a=s+om )~ (I a-n

c (1t =s+om 1)~ (IFa-p

C( (b 0 P )
No—"‘bM‘Q(l_ﬁ)P’

where we assumed 1 # 0. That is, the contribution of the direct link |a|? (1 — 3) P is negligi-

ble compared to the interference caused: |b,,|? (1 — 3) P. Hence, considering (3.39), the rate

optimization (3.33) remains:

. 2 = 2 P |bm|2ﬁ77P
o&%%{gmm{c (('“' #A=m R o ) E) (e —ﬁ)P)}

which is clearly attained at:

g =0
* |a|2+2£1|q|2

n° = minq 1, — },
{ Ibml2+2i:1|0i|2

yielding an identical rate as that of D&F. Accordingly, PD&F does not provide gain. Intuitively,

this is easy to explain: the weaker the source-destination channel is with respect to source-relay
channels, the less worthy is to transmit data directly to destination and the better it is to transmit
it via coherent beamforming among relays. Hence, relays do not partially but totally decode

the source message.

Taking this into account, we can derive the asymptotic performance of Rpper. Consider, as
previously, unitary-mean, Rayleigh fading within the network: a, b;, ¢; ~ CN (0, 1). For such
a channel distribution, we showed in Subsection 3.3.1, equation (3.26), that the ordered channel

b, can be approximated (for sufficiently large N) as

m

b |* = —log <N) (3.40)

Hence, for small m < N, the source-relay channel satisfies |b,,|> > |a|* and partial decoding
does not provide gain. Using this fact, it is demonstrated that Theorem 3.2 also holds for Rppgr.
We omit the complete proof as it does not provide new arguments. Therefore, D&F and PD&F

are asymptotically equivalent.
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Max-flow—min-cut bound
Lambert W asymptote
Partial decode—and-forward
4 | —©— Decode-and-forward

= = = Direct link capacity

»
(6}
T

Achievable rate [bps/Hz]

Number of relays

Figure 3.2: Comparison of the max-flow-min-cut bound and the achievable rates with D&F
and PD&F. Transmit SNR = 5dB. Wireless channels are i.i.d., unitary-power, Rayleigh distrib-
uted. The expected value of the achievable rate, averaged over the joint channel distribution, is

shown.

Nonetheless, asymptotical equivalence does not mean that two-level PD&F and D&F perform
always equal. As an example, both achievable rates are plotted in Fig. 3.2 versus the total
number of relays, and compared with the max-flow-min-cut bound. We clearly notice that
for low number of relays, PD&F indeed provides significant gains, being a very competitive
approach for N = 1. However, for increasing number of relays both grow following the same
Lambert W scaling law (as derived in Theorem 3.2). Hence, both diverge from the upper bound
that scales as log, N. This suggests that non-regenerative techniques shall be studied in order

to improve performance at the large N regime.
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3.5 Compress-and-Forward

Unlike previous techniques, with compress-and-forward (C&F) the relays mimic a receive an-
tenna array [10]: they send their received signals y*, © = 1,--- , N to the destination, which
makes use of them (within a coherent detector) to estimate the source’s message. Note that
relays do not decode the source signal; hence, the broadcast limitation discussed earlier is elim-
inated. However, the communication is indeed constrained by the relay-destination channels:
since they are of limited capacity, relays need to compress their signals before transmitting

them to destination.

Operation is as follows. Let y*, ¢ = 1,--- , N be the observations at relays of the signal trans-
mitted by the source, following (3.2). The relays perform two consecutive steps: first, they
compress their observations, in a distributed manner and without cooperation among them.
This is referred to as multi-source compression [62]. Later, they send the compressed sig-
nals towards the destination; to do so, they map them onto a multiple-access channel (MAC)
code. In turn, the destination performs three consecutive tasks: first, it decodes the MAC code
and estimates the compressed signals transmitted by the relays. Next, it decompresses the
signals using its own received signal y;; as side information; and, finally, the destination coher-
ently combines the de-compressed vectors, along with its own received signal, to estimate the

source’s message.

Notice that the proposed strategy imposes source-channel separation at the relays, which is not
shown to be optimal [63]. However, it includes the coding scheme that, to the best of author’s
knowledge, has tighest known performance: Distributed Wyner-Ziv (D-WZ) coding [39]. Such
an architecture is the direct extension of Berger-Tung coding to the decoder side information
case [64]. In turn, Berger-Tung can be thought as the lossy counterpart of Slepian-Wolf lossless

coding [65]. D-WZ is thus the coding scheme proposed to be used.

We start by defining the multiple-source compression code. Then, we present recent results on
the minimum compression rates with D-WZ coding [39]. Finally, we derive the achievable rate

of the MPRC with C&F at the relays.

Definition 3.4 (Multiple-source compression code) A (n,2"%, - 2"*N) compression code

with side information vy, at the decoder is defined by N + 1 mappings, fi(-),i = 1,--- , N,
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and g,(-), and 2N + 1 spaces Y;, Yi,i=1,---,N and ), where

f;:yf—>{17...,2n¢i}’ i=1,---,N

gn {1, 2m0 e x {1 27 L ) Y P x YR

Proposition 3.1 (Distributed Wyner-Ziv Coding [39]) Consider y; defined in (3.2), and let
the random variables y;, i = 1,--- , N, have conditional probability p (y;|y;) and satisfy the
Markov chain (ya,y5,95) — yi — Ui Then, considering a sequence of compression codes

(n, NP1 ... onoN ) with side information y, at the decoder, the following holds:

: 1 n,,mn n n n N N
lim —7 (ws;ycbgn (yd7frlz <y1)7 7fT]LV (yN))) = I(xs;ydayh'" 7yN> (341)

n—oo N,

e each compression codebook €;, i = 1,--- N consists of 2"% random sequences Y

drawn i.i.d. from [T,_, p (9:), where p (9:) = 3=, p (i) p (%ily:),

e foreveryi =1,--- N, the encoding f! (-) outputs the bin-index of codewords gy} that

are jointly typical with the source sequence y!". In turn, g, () outputs the codewords gy,

1 =1,---, N that, belonging to the bins selected by the encoders, are all jointly typical
with yJj,
e the compression rates ¢y, -+ , ¢y satisfy
I (yoiglya,95) <> ¢ VG C{l,--- N} (3.42)
i€g

Proof: The proposition is proven for discrete sources and discrete side information in [39,
Theorem 2]. Also, the extension to the Gaussian case is conjectured therein. The conjecture
can be proven by noting that D-WZ coding is equivalent to Berger-Tung coding with side
information at the decoder [64]. In turn, Berger-Tung coding can be implemented through time-
sharing of successive Wyner-Ziv compressions [66], for which introducing side information ¥,

at the decoder reduces the compression rate as in (3.42). |

We are now able to derive the achievable rate with such a compression scheme at the relays.
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Theorem 3.4 The AWGN multiple-parallel relay channel achieves the rate

R e (L +§: Uk (3.43)
= max —~ . s :
cer Vs> Y1:NPLN N, i1 Ny, + pi !

|bu
73 u NO
st. C 2uc Ny +Y ¢ (—) <
Pu

|a? |65
1+ Vs (To + ng.ég No]“l‘pj) ueg

C ZM VG C N.
No+|a|275 ’ -

u€eg

N

i=1

with D-WZ compress-and-forward relaying.

Remark 3.3 In the maximization, p; and vy;, @ = 1, - -- | N stand for the compression noise and
power allocated to relay i = 1,--- | N, respectively. In turn, v, denotes the power allocated
to the source. Clearly, the optimization is not convex, and needs to be solved using exhaustive

search. The search is, unfortunately, unfeasible for large N.

Proof:  Let the source select message w € {1, e ,Q”R} for transmission, and divide it
into B sub-messages of xR bits each, with k = Z: w = [wl, e ,wB}. The sub-messages
are then pipelined onto B + 1 channel blocks, of s channel uses each, and transmitted using
block-Markov encoding as in [21, Sec. 14.7]. First, on every block b, the source transmits

sub-message w" to relays and destination
zl [b] = s" (W), (3.44)

where we have selected s (-) to be a random Gaussian codebook, generated i.i.d. from s ~

CN (0,7s). The signal is received at the relays following (3.2):

yr[b) = bs" (W) +2f, i=1,--- N. (3.45)

7

The signals are then distributedly compressed at the relays using a compression code as that in

Proposition 3.1. That is, each relay maps y!*[b] using functions

fLoyr— {1, 200 (3.46)
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where ¢; is the compression rate of relay 7. On the next block b + 1, the relays send to the
destination (via the MAC channel) the indexes s;[b] = f: (yr[b]), 7 = 1,---, N. To do so, they

map them onto multiple-access channel codebooks v (+),7=1,---, N:
xf b+ 1] =vf (s;[b]), i=1,---,N. (3.47)

Gaussian codebooks are well known to be optimal for the AWGN MAC. In this case, we
generate them i.i.d. from v; ~ CN (0,7;),7 =1,--- , N. The received signal at the destination

on this block thus follows (3.3):

N

'yg[b + 1] = qs” (warl) + Z CZ-'UZI-€ (Sl[b]) + Zg. (3.48)

i=1
Let us now define the decoding at the destination in block b + 1. First, it recovers indexes

s1.5[b] from its received signal y/j[b + 1].The destination can do so iff transmission rates ¢; lie

within the capacity region of its MAC channel (being s” (wbH) interference):

2
Y duscC (M) VG C . (3.49)

2
e No + af*ys
Once the indexes s1.y[b] have been estimated, the destination removes their contribution on
yi[b+1]:
yrb+1] = yib+1 Zcz fb+1] (3.50)
= as” (wbH) + zy.

After that, the destination decompresses indexes s,.y[b] using its received signal y,[b] as side

information. Following Proposition 3.1, the indexes are then de-mapped by means of function
G {1 250 e x {1 28N s Y P (3.51)

Finally, the de-mapped vectors gy [b] = g (s1[b], -, sn[b],y,5[b]) are used, along with

y;”” [b], to decode message wb, which is correctly estimated iff [38,67]:

R < lim 11 <ws,yd  Or (f1 (yi), - Y (yz“v%y;”)) (3.52)

R—00

= I<xs;ydayl7"' 73/N>-

The second equality follows from (3.41) in Proposition 3.1. However, equality only holds for

compression rates satisfying the set of constraints (3.42):

1 (yg:gglysn55) <> 60 YGCN. (3.53)

ueg
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Therefore, taking into account the constraints (3.53) and (3.49) and the rate (3.52), the maxi-

mum achievable rate R with C&F is:

Rewe = o max I (2iynd) (3.54)

N N
[T:21 p(@ilys) vsvi:nvs

/ Z |Cu‘27u
s.t.l( .5 ,AC)<C Zueg |l v ey
Yg;Ygl¥a, Ug ) < <NO+|G|Q% G C
N
ﬂYs—i_ZﬂYZSP’
=1

where the last constraint accounts for the power constraint (3.4). As mentioned, the source
signal is Gaussian x, ~ CN (0,~,). Despite that, the solution of maximization in (3.54) is

still an open problem, which has remained unsolvable for us. We propose, thus, a suboptimum

approach, which is p (§;|y;) i = 1,- -+, N to be Gaussian too: p (9;|y;) = \/%exp (_\yi;%y#)’

where p; is hereafter referred to as compression noise. With such a codebook distribution, we

Y ja? o~ bl
[<$S,yd,y1:N> = c<<NO +;No+pi v | - (3.55)

Furthermore, it is possible to evaluate:

can derive:

I (yg; Ys |V, yg) = H (9glys. 95) — H (Yslys, v Y&) (3.56)

Il
~

xs,yglyd,yg) + H (Yg|zs, v, 95) — H (9glyg. vy, 95)

Il
~

Il
~

Ts, yAg|y;l7 gé) + 1 (ygu gg|x87 yéb gé)

= 1wy i) = 1 (w00 96) + 1 (o Yolws, vl 96)

“e((8 e mwin) ) (8- 2a5) )

)

u€eg
[bu|?
Vs D N,
C ‘a|2 eg No+pu |b‘2 + ZC (_) .
L+ (TD + Zj¢g No]+pj) u€g

where the second equality follows from the definition of mutual information and the third from

(s 9l 95 ) + H (Gl vl 95) — H (Il o, vl 55)

the Markov chain in Proposition 3.1. Finally, the fifth equality comes from the chain rule for
mutual information. Plugging (3.55) and (3.56) into (3.54), and optimizing over p;. concludes

the proof. [
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As mentioned, the maximum achievable rate with C&F (3.43) is the solution of a non-convex
optimization problem with 1+ vazl (]j ) constraints. Its computation thus requires non-convex
algorithms that (for large V) become unfeasible. The next subsection proposes an upper bound
on the C&F achievable rate that can be easily computed using known approaches in the litera-

ture. This will be used as a benchmark for C&F.

3.5.1 Upper Bound

In Theorem 3.4, the relay compression rates have been constrained to lie within the MAC ca-
pacity region of the destination, thus forced to satisfy vazl (le ) constraints. In order to relax
the problem and provide a computable upper bound, we consider the compression rates satisfy-
ing the sum-rate constraint only. This model applies to scenarios where relays are not connected
to the destination via an interfering wireless medium but e.g., common wired Ethernet [51]. Let

us then eliminate ZZ 1 ( ) — 1 constraints of (3.43) to define:

5 af? 5~ bl
R = C — — |- 3.57
oer ’st‘/rlrzlga}i)lw N, + zzl N, + pi 7 ( )
N |by)? N
Vs Zu 1 Nyt |Cu| Yu
1. C o C <C s ;<P
S ( 147,48 +uz ZN +laf?y ’7+;7_
Clearly, Rcr is an upper bound on R..:. Moreover, notice that the optimization variables
1, -+ ,yn only appear at the right hand side of the first constraint, for which it is easy to
show:
N
max Z lcul®Vu = (1- )P -max |c,|? (3.58)
Y1 YN )
N
s.t Z% <(1-p)P
u=1

Let us then define j = arg max|c,|?. Considering (3.58) into the maximization in (3.57), it is
clear that the optimum point of the latter v, ;. v, 1.y satisfies v = 0, Vi # j. Accordingly,

the following equality holds:

Reer = max C |“|2 § T (3.59)
cer ﬁvplzN N _'_pz .
8P zu Uv‘ﬁipu o> (1=p) P
S.t.C( 1+ﬁP% uE C( ) (W), 0<pB<1
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We have then reduced the problem in (3.57) to a simpler computable one. Now, the optimiza-
tion over p;.y, for a fixed value of (3, can be solved using a dual decomposition approach.
Afterwards, the maximization over 3 can be carried out using a simple one-dimensional ex-

haustive search. The algorithm is described in the next subsection.
Iterative Algorithm to Compute the Upper Bound
Let us rewrite Rogp = maXge (0,1 7 (), where:
2 b, 2
r(8) = maxC <<|"‘ ‘ d )513) (3.60)
P1:N N ;

|bu N
st. C sl ZulN";pu +ZC( )<®T>
1+ BPLt

. 2 —_ . . . . . .
with &7 =C (%). We first notice that maximization (3.60) is not concave in standard

form: although the constraint defines a convex, regular set, the objective function is not concave

but convex. Therefore, KKT conditions become necessary but not sufficient for optimality.

In order to solve the optimization, we need to resort to other strategies. In particular, we
proceed as follows: first, we show that the duality gap for the problem is zero. Afterwards, we
propose an iterative algorithm that solves the dual problem, thus solving the primal problem
too. As mentioned in Chapter 2, the interesting property of the dual problem is that the coupling

constraint in (3.60) is decoupled.

First of all, let us rewrite the objective function of (3.60) as:

a2 N [bif? _ (|a|2 ) BP Y Nt
c<<N0+;NO+m oP) =P ) +C P ) (3.61)

Therefore, the Lagrangian of (3.60) can be defined on p;.y > 0 and A > 0 as:

|by N
Lippnd) = (1=A)C (ﬁ 1%‘;3;2"?”“) - (ZC (jpv—) —%) - 862
u=1 u

The dual function g () is thus constructed for A > 0 following Subsection 2.2.2:

g ()\) = maX ‘E (p17 : 7pN7 )\) . (363)

p1,,pN 20

Finally, the solution of the dual problem is then obtained from

C'=ming(N). (3.64)

A>0
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Lemma 3.1 The duality gap for optimization (3.60) is zero, i.e., the primal problem (3.60) and

the dual problem (3.64) have the same solution.

Proof: As derived in Proposition 2.10, the duality gap for problems of the form of (3.60),
and satisfying the time-sharing property, is zero [53, Theorem 1]. Time-sharing property is
satisfied if the solution of (3.60) is concave with respect to the compression sum-rate ®7. It is
well known that time-sharing of compressions can neither decrease the resulting distortion [21,
Lemma 13.4.1] nor improve the mutual information obtained from the reconstructed vectors.

Hence, the property holds for (3.60), and the duality gap is zero. |

We then solve the dual problem in order to obtain the solution of the primal. First, consider
maximization (3.63). As expected, the maximization can not be solved in closed form. How-
ever, as the feasible set (i.e., p1,---,pny > 0) is the cartesian product of convex sets, then
a block coordinate ascent algorithm can be used to search for the maximum (see Subsection
2.2.1). The algorithm iteratively optimizes the function with respect to one p,, while keeping

the others fixed, and it is defined for our problem as:

o = argmas £ (G, s e ) (365

where ¢ is the iteration index. As shown in Proposition 3.2, the maximization (3.65) is uniquely

attained.

Proposition 3.2 Let the optimization p;, = arg max, >0 L (p1,- -, pn, \) and define
_ |ba|*BP
B Jal? [bi[2
L+ (4 S ) P

+ N,. (3.66)

The optimization is uniquely attained at

. 1/1 1 117
P = {X (VO_E)_VJ : (3.67)

4

Remark 3.4 Within the proposition, we consider the definition % Q.
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Proof: First, let us expand the function under maximization as:

flon) = Lp1,---,pn,N) (3.68)

PY. |b: ]2
— (1-))cC (ﬁ 1%?;&*”) -\ (Zc <JZ—) —@T)
No i#En

s— N, N,
1-XNC 2)=XC|=2).
* ) <N0+pn) <pn)

Clearly, only the last two terms depend on p,,. Therefore, it is enough to maximize the function:

Pl =-ne (3 ) -ae(2)

0+pn Pn

which is continuous, but neither concave nor convex. However, for A > 1, it is clear that

f (pn) <0, VYp,, and therefore p} = oo.

On the other hand, for A < 1, we can change variables p,, = a,, 1> ( and transform:

~ s— N,
f(an) = (1 — )\)C (anm

= (1=X)C(ans) —C(anN,),

) — XC (a,N,) (3.69)

for which it is can be shown that there is no more than one stationary point:

%:oﬁagzi(i_l)—i. (3.70)
For the stationary point, we can prove that its second derivative exists and is smaller than zero;
accordingly, it is a local maximum of the function, unique because there is no other. Moreover,
it is easy to obtain that: i) f (0) = 0, and ii) since A < 1, then lim,, . f (a,) = —oc. That
is, a,, = oo is the global minimum of the problem. Making use of i) and ii), we can claim that
the local maximum a; is the global maximum. However, we restricted the optimization to the

values a,, > 0. Hence, function f (a,,) takes maximum at:

. [1 /1 1 11" B
ST ANAN, T 5) TN '

Finally, we change variables again to recover p; as (3.67) which concludes the proof. Notice

that for A > 1, (3.67) evaluates as 7, = oo which was the optimum value derived above.

Therefore the solution is valid for all A. [
The function £ (py,-- -, pn, A) is continuously differentiable, and the maximization (3.65) is
uniquely attained. Hence, the limit point of the sequence {p},-- - , ply } is proven to converge
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3.5. Compress-and-Forward

to a stationary point of £ () (see Proposition 2.6). However, in order to demonstrate con-
vergence to the global maximum (that is, to g (\)), it is necessary to show that the mapping

aL ac | : .
T(p1, - ,pn) = |p1+ Yoprs "o PN T Vap—N] is a block-contraction for some 7 (Proposi-
tion 2.7). Unfortunately, we were not able to demonstrate the contraction property on the

Lagrangian, although simulation results always suggest global convergence of our algorithm.

Once g ()) is obtained through the Gauss-Seidel Algorithm?, it must be minimized on A > 0.
First, recall that g (\) is a convex function, defined as the pointwise maximum of a family
of affine functions [52]. Hence, to minimize it, we may use a subgradient approach [68].
As mentioned in Section 2.2.1, the subgradient search consists on following search direction

—h (M) such that

gXN) =g

> h(A v 3.72
T 2 hO) (3.72)

Such a search is proven to converge to the global minimum for diminishing step-size rules [69,

Section II-B]. Moreover, given the analysis in Section 2.2.2, the following h (\) satisfies (3.72):

PN |l N N,
h(\) = ®p —C 21 ) -Ye < ° ) . (3.73)
]‘_'—ﬁpg[o u=1 pu()\)

where pi.y () is the limiting point of algorithm (3.65) for A. This is used to search for the

optimum A\ as:
increase A\ if h (\) <0 or decrease A if h (\) > 0. (3.74)

Consider now \° = 1 as the initial value of the Lagrange multiplier. For such a multiplier, it is
easy to show that the optimum solution of (3.63) is {7}, . . ., piy} = 0o. Hence, the subgradient
(3.73) is h (A\) = ®r. Following (3.74), the optimum value of \ is then strictly lower than one.
Algorithm 1 takes all this into account in order to solve the dual problem, hence solving the

primal too. Recall that we can only claim convergence of the algorithm to a stationary point.

3.5.2 Asymptotic Performance

The C&F achievable rate (3.43) is, as pointed out previously, a computationally untractable

optimization problem for N — oo. Deriving, thus, its asymptotic performance in closed form

3 Assume hereafter that the algorithm has converged to the global maximum of £ (p1,- -+ , pn, A).
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3.5. Compress-and-Forward

Algorithm 1 Computation of the Upper Bound
1: for =0:1do

— lc;?(1-B)P
Define &7 = C <m>

N

3:  Initialize A\, = 0and Ao = 1

4:  repeat

5: A = Amax—min

6: Obtain {p; (A), -+, pn (A\)} = argmax,, , L (p1,- -, pn, A) from Algorithm 2
7: Evaluate A ()) as in (3.73).

8: If h (\) <0, then A\, = A, else A\jax = A

9:  until A\ — A\pin < €
10: 7 (B)=L(p1(A), - ,on(A), )
11: end for

12: Reger = max 7 ()

is mathematically unfeasible. However, it is indeed possible to use the upper bound in the

preceding subsection to bound the asymptotic performance of the achievable rate.

In particular, assuming unitary-mean, Rayleigh fading within the network: a, b;, ¢; ~ CN (0, 1),

the following convergence in probability can be proven.

Theorem 3.5 Let Ry be defined in (3.43), and consider Rogs = C (maXz‘:l,...,N {la|?, |c:?} N%)
Then:

Reer < Regr, (3.75)

and for N — oc:

. P
Rewr — C (log (N +1) F) Lo (3.76)

o

Remark 3.5 This result demonstrates that the achievable rate with C&F is always upper
bounded by the sum-capacity of the destination’s MAC, given the sum-power constraint among

transmitters.

Proof:  The first part of the proof relies directly on the optimization in (3.59). Let 3%, pi.y

be the optimum values for that optimization, and recall that j = arg max |c,|?. Then, we can
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3.5. Compress-and-Forward

Algorithm 2 Block Coordinate Algorithm to Obtain g (\)

1: Initialize p° =0,n =1,--- ,Nandt =0
2: repeat
33 forn=1toN do

4: Compute

+ N,.

b, |26 P
al? b;|2 b;|?
<| | + Zz<n NO|+I|)§H + Zi>n ]\‘[o—||—p§> 6P

5 Update pttt =1/ [ (— - %) - NLO]JF

6:  end for

7. t=t+1

8: until The sequence converges {p}, -+, pi} — {pi, -+, PN}

9: Return {p}, -~ , piy}

show that:
Regr < Reer (3.77)

o , N HR P

= P

(( N + p; p

- ( ) FP YL, e
Ny 1+ LLpep

ol (el -5 P

= N, N, + |a23*P

_ ( 3P +|c]| )
N, N,

< maxu:L...vN{|a|2,|cu|2}P

—_ NO M

where the second inequality follows from the fact that, at the optimum (%, pj., the constraint
of (3.59) is satisfied. The third inequality is explained by noting that 3 € (0, 1]. Furthermore,
we repeatedly use the equality C (a + b) = C (a) +C (1% +a) This proves (3.75). Now, we need

to prove (3.76). This can be done by first proving the following convergence in probability:

. max,—1.. v {|al? |cu|?}
1 P R -1 =1 . Vi
Jim_ r{‘ log (N + 1) <€ , Ye> 0 (3.78)
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3.5. Compress-and-Forward

To prove the limit, we first expand:

Pr maXu:L...,N {|a‘27 |CU‘2} -1
log (N +1)

Pr {[(1 —e)log (N +1)]" < Jhax, {lal* e’} < (1 +€)log (N + 1)}

< e} = (3.79)

Notice that a, cy, - - - , cy are independent, unitary mean, Rayleigh distributed. Therefore, all
share the same cdf, F' (zr) = 1 — e *, x > 0, which allows to compute the c.d.f. of the

maximum as Pr {max,_;... x {|a|?, |c.|?} < 2} = (1 — e*)""". Accordingly,

1

< e} = (3.80)

Py maxu:17...,N{|a|2> |Cu|2} o
log (N +1)

(1— e (9 1og(N+1))N+1 _ <1 _l-9 1og(N+1)}+>N+1

Now, it is possible to show that

. e\ N+

1 — o (1+e)log(N+1) N+l 1—( —— GO0y 3.81

(1-e ) N+1 - G5

1 1—e N+1 N—oo
<1 _ 19 1og<N+1>]+>N+1 _ <1 - (vm) ) — 0 (0 (3.82)
0 e>1
Therefore, plugging (3.81) and (3.82) into (3.80) demonstrates that (3.78) holds. That is,
2 2
maxy—1,.. n {]al?, |cu|*} 150 (3.83)
log (N +1)

Now, let us upper bound:
Py max,—1.. x {|al?, |cu|*} 1l <
log (N +1)

_ Py NL; maxy=1,..,N {|a|2a |CU|2} B
N%log (N +1)

1| <

6}
P 9 9 P
— m%)fN{\a| eul’} = —log (N +1)

=Pr
No u=1, No

P
<e~ﬁlog(N+1)}

= Pr

P P P
1+ Euirll?--}fN“aP’ lcu|*} — (1 + Elog (N + 1)) <e€- Elog(N—F 1)}

P
< Pr <e-(1+ﬁlog(N+1)

o

P 2 2 P
b o e lals el - <1+ﬁ010g(1\7+1))

N,
<€},

1+ N% max,—1... x {|al?, |cu|*} B

1+ 5 log (N +1)

—NN— —— — =
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3.6. Linear Relaying

where the inequality comes from the fact that, augmenting the interval, increases the probabil-

ity. Therefore, given (3.78) and inequality (3.84), the following convergence is proven

1+ N% max,—1... x {]al?, |cu)?}

P
1—0. 3.85
1+ Nio log (N +1) - (5.85)
Finally, making use of Lemma 2.1, we thus claim that
1+ £ max,_q.. al?, |c,|?
log, — e =8 al%fedy log, 1 2 0. (3.86)
Or, in other words,
P P\ p
2 2
C (uglaXN {lal*, |cu|?} E) -C (log (N +1) E) — 0, (3.87)
which concludes the proof. u

As mentioned, Theorem 3.5 demonstrates that compress-and-forward is limited by the relays-
destination MAC. This has a straightforward cause: after the compression step, the signals
transmitted by the relays are independent and uncorrelated. Therefore, among them, no coher-
ent transmission is possible, and they all have to compete for the power resources P and for
access to the destination. Such an access architecture is known to have a sum-capacity scaling

law equal to log, log () [70].

Aiming, thus, at making relaying more spectrally efficient, we turn now to amplify-based re-

laying. In particular, we consider linear relaying.

3.6 Linear Relaying

Linear relaying (LR) consists of relay nodes transmitting, on every channel use ¢, a linear
combination of previously received signals, i.e. z! = 23;11 i (t,7) v, where ¢; (t, ) is the

J

i

amplifying factor at the relay 7 of received signal y

This technique was proposed by Zahedi and El Gamal in [24] as the natural extension of
amplify-and-forward to full-duplex operation. From a practical standpoint, it is the simplest
and most easily deployed scheme: it only requires buffering and amplifying capabilities. In
this section, we will show that it is also effective, mainly because it is constrained neither by

the source-relays broadcast channel nor by the relays-destination multiple access channel.
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3.6. Linear Relaying

It operates as follows: let the source select message w &€ {1, ey Q"R} for transmission and
map it onto codeword . The codeword is then transmitted into B channel blocks of k = n/B
channel uses each. On every block b, the source transmits the sequence of symbols x[b], which
is received at the relays and destination following (3.2) and (3.3), respectively. Simultaneously,

the relays linearly combine the received signal during this block, and transmit the sequence of

symbols zf[b],7 =1, --- , N, which can be compactly written as:
0] = ®i-y;[b]
= &, (b - ] + 2F) (3.88)

where ®; € CfF is referred to as the linear relaying matrix. It defines the linear combina-
tion of inputs, and is strictly lower triangular to preserve causality. The received signal at the

destination is given by*:

N
Y = a-xi+ Y c-xl + 2] (3.89)

i=1

N N
i=1 i=1

As for previous relaying techniques, the communication is constrained to satisfy (3.4). This can

S u

be stated as follows: let Q" = E {a:” (zc””)T} >~ 0 be the source temporal covariance matrix,
and QF = E {:c” (a:f)T} — |b;|2®;Q"®! + N,®;®!, the relays temporal covariance matrix.

)

Then, the total transmitted power in the network is:
1 N
P"cI).:—t””Et’?‘ 3.90
(QF, ®1.n) H<r{Q}+¢:1 Y{QJ) (3.90)

N N
1
— —tr{Q” <I+§ j\bl-|2<1>j<1>i) +No Yy @j@i},
KR
i=1 =1

which is enforced to satisfy (3.4), i.e., P (Q", ®1.5) < P. Clearly, the signal model (3.89) is
equivalent to that of the Gaussian channel with block memory and colored noise [71]. Using
this analogy, its maximum achievable rate can be derived as the maximum mutual information

between the sequences transmitted and received by source and destination, respectively, when

“For clarity of exposition, we remove index b.
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3.6. Linear Relaying

the number of channel uses per block k — oo (see e.g., [24,71]). That is:

1
Ry = lim max max — I (x%;y5) (3.91)
K=00 &, yeCET PerP(QF,21.N)<P K
1
= lim max max — - log, det (I + HeQ"“HeT)

K00 @y veChlr QUr0:P(QR,®1.N)<P K

where

1
2

N N
1
H = — I+) |c]’®®] a-I+) bic;®; |. (3.92)
No ( i=1 i=1

The second equality is derived using standard arguments for Gaussian channels in [21, Section
10.5] [71]. Unfortunately, unlike the Gaussian channel with memory, no closed-form expres-
sion can be given for optimization (3.91). In fact, the optimization on Q" is convex and can be
solved. However, the other one is not convex on ®;.5 and no solution can be given. Therefore,
in order to tackle the problem, we proceed in two steps: first, we analyze the optimum source
signalling, considering fixed « and a fixed (not necessarily optimum) set ®;.,. We refer to this

result as conditional capacity with LR. Afterwards, we propose suboptimum relaying matrices.

3.6.1 Design of the Source Temporal Covariance

The conditional capacity of LR, given x and the set ®,.5 € Cf ¥, is the supremum of all
rates that are achievable when the relay nodes use the fixed set of relaying matrices ®4.y. It is

defined from (3.91) as :

Ry (®1n) = g{,% — -log, det (I + H.Q"H) (3.93)

s.t. P (QK', ‘1)1:]\7) S P
Notice that we have defined it as a capacity since it is the maximum transmission rate that is
achievable when relays can only transmit by means of amplifying matrices ®4.. The optimiza-
tion is clearly convex in standard form: the objective function is concave and differentiable, and
the constraint defines a convex, regular set. It can be thus solved by means of KKT conditions,

obtaining the optimum source signalling.

Theorem 3.6 Let us define A = <I +3N \bi|2<I>ZT<I>i>, and compute the SVD-Decomposition
H.A: =UAzV'with A = diag(\y, -+ , \y). Then:

RE(®1.y) Zc Ajb) (3.94)
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3.6. Linear Relaying

where

1 17" .
(HES lp — )\—J , sothat tr {NO Ziil @I@i} + ijl Y = KP. (3.95)

The conditional capacity is attained with source covariance Qf = A2 VUVTA 2, being

W = diag(¢y, -+, ¥x).

Remark 3.6 Surprisingly, the optimum covariance does not diagonalize the equivalent H.,

but its modified form HCA_%. This is computed from

N N N -
1
H,A 2 = <I+Z|cl-|2q>i<1>}> <a-I+ZbicZ~‘I>i> <I+Z|bi|2q>}q>i>
VN, i=1 i=1 i=1

From it, we clearly notice that the source-relay channels b; impact on the conditional capacity

1
2

NI

in the same manner than the relay-destination channels c; do. Thereby, both can be inter-
changed (i.e., b; < c;) without modifying the achievable rate. This has an important interpre-
tation in practice: with LR, the achievable rate from s to d is equal to that from d to s. Linear

relaying is thus reciprocal, as the max-flow-min-cut bound and unlike D&F, PD&F and C&F.

Proof: We first write the Lagrangian for optimization (3.93):
L£(Q", Q) =log (det (I + H.Q"H))) +tr {QQ"} — u (kP (Q", ®1.x) — kP)

where p > 0 and matrix €2 > 0 are the Lagrange multipliers for the power and semi-definite
positive constraints, respectively. The KKT conditions for the problem, which are sufficient

and necessary for optimality (due to convexity, and regularity of the feasible set) are [52]:
al 1
i) (I +) |bi|2<1>j<1>i> -Q=H!(I+H.Q"H!) H. (3.96)
i=1

i) (tr {Q“ (I LN \bl-|2<1>j<1>i) + N,V @jq)i} - KP> =0, (3.97)
iii) tr {QQ"} =0
Let us now define A = (I + sz\i 1 |bz~|2<I>Z<I>Z-> , which is clearly singular and Hermitian, semi-

definite positive. Also, consider the change of variables Q = A%Q"‘A% and Q) = A*%QA*%,

both Hermitian, semidefinite positive. With them, we can turn the KKT conditions into:

) p—Q=A:H! <I + HeAéQAéHg)_l H, A (3.98)
i) <tr {Q + N,V q:jq)i} . HP) —0,
iii) tr{QQ} -
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Considering the SVD-decomposition H, eA*% = UA2 V1, it can be derived (as for the capacity
. +
of MIMO channels [3]) that Q* = V¥ VT, with ¢; = [;% — /\—17} . j =1, -,k satisfies
KKTs. p* is such that Zﬁf:l 1+ Notr {sz\il ‘1’1“1’2‘} — kP =0, and Q* computed from KKT
~ 1 1 1\ L 1
as: Q" =V (u — Az (I + Az \IIA§> A2) V1, which is semidefinite positive. Finally,

we recover the optimum source temporal covariance as

= ATTQTATE, (3.99)
for which we evaluate log, det (I + H. Qo H . h. [

3.6.2 Linear Relaying Matrix Design

In the previous subsection, we presented the optimum source temporal covariance, given the
fixed set ®;.5. Now, in order to search for the optimum set of relaying matrices, we need to
solve (3.91):

®7.y = lim arg max R, (®1n). (3.100)

R0 @yNeCyy

As mentioned above, such a maximization is not convex. To solve it, we need to resort to
non-convex optimization algorithms that, for N > 1 and x — o0, become unfeasible. A
suboptimum approach is thus considered. In particular, we propose the relays to use the subop-
timum set of relaying matrices, ®1.y, based upon amplify-and-forward extended to x > 2: on
every channel use ¢, relays only amplify and retransmit the signal received on previous channel
use t — 1. With them, the required memory at the relays is reduced to one sample. They are

defined as:

&, —ndy, i—1,---,N. with (3.101)
@] 2 VB p=q+1; 1<q<k-—-1
0 — )
P 0 elsewhere.

where 7; € C are the beamforming weights and satisfy Z]\i |n:]* = 1. Notice that ﬁ in (3.101)
needs to satisfy kP > Ny (k — 1) so that 37| v; > 0in (3.95). Thatis, 3 < {5

—1

We need now to select the beamforming weights 7; that maximize the achievable rate. Unfor-

tunately, as relays not only amplify the source signal but also thermal noise, the beamforming
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3.6. Linear Relaying

optimization turns out to be non-convex, and unsolvable for us. To simplify the framework, we
propose a suboptimum solution, which we call Maximal Ratio Transmission (MRT). It consists
of relays beamforming towards destination as if they were a transmit antenna array, regardless

of noise amplification:

>k >k
A bz"c

n = R . . (3.102)
Zizl b - ci]?

This is indeed the optimum beamforming with high SNR at the relays. Let us now apply
Theorem 3.6 to the @1, proposed in (3.101). Firstly, we define A = 1+ S~ |b;|2|n:*5 and

B=1+Y" |ci|®n|*B. Then, it is easy to show that for k — oo:
N
I+ |b*®I®; = diag ([AL,_y, 1]) ~ AT, (3.103)
i=1

N
I+ |e|*®®] = diag ([1, B1;_1]) ~ BI,

i=1
where T ~ R stands for lim,_... ||T — R||/||T|| = 0. Therefore, H, A2 in Theorem 3.6

satisfies:

NI

(N AB) 2-a p=¢q,p=1,--- K

[HA2],, % ¢ (NAB) 2 /BN, b2 p=q+1; 1<q<n—1 (104

0  elsewhere

With it, H, A~' H] can be approximated by a Toeplitz matrix of the form:

t,—
-1t ~ P14
[HAH|,, N.A-B (3.105)

with t_1 = CL*\/ ﬁZi\Ll |bzcz 2, to = |(I|2 + ﬁzzj\il |bzcz 2, t1 = a\/ Bzzj\il |bici|2 and tp =0

elsewhere. Let us now denote by A the eigenvalues of H, A~ H, and compute the Fourier

tp

Transform of ~5:

fw) = 555 202t temier (3.106)

la)? + ﬁZﬁil |bici]* + 2Re {a\ /ﬁzi]\il |biCi|2€_jw}
N (14 % nl2ini8) (1+ X0 llini?5)

Thereby, we can make use of [72, Theorem 4.1] to show that, for large «, the eigenvalue
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3.6. Linear Relaying

distribution of (3.105) coincides with the Fourier transform of + tf‘. 5. As aresult:

Q

An f <27TE> (3.107)

K

laf? + B0, [bici® + 2Re {a Ehoni |bici|2ej2ﬂg}
No (1 i |bi|2|77i|25> (1 +3 |Ci|2|77i|25>

We can now introduce (3.107) in Theorem 3.6 to derive the achievable rate for a given value of

,n=1,--- K.

(. Finally, optimizing over (3 € [0, Nio —-), we obtain the maximum transmission rate with the
proposed linear relaying functions. Last optimization can be carried out using one-dimensional

exhaustive search.

3.6.3 Asymptotic Performance

Let us analyze now the asymptotic performance of LR. As for previous sections, we consider
unitary-mean, Rayleigh-fading within the network: a,b;, ¢c; ~ CN (0,1). For such a channel
distribution, D&F, PD&F and C&F were shown to be limited by the source-relays broadcast
channel and by the relays-destination multiple-access channel, respectively. Both limitations
constrain their achievable rates to scale even slower than log, log N. In this section, we will
show that LR is not constrained by either of them; therefore, its achievable rate is able to scale

as log, IV, seizing all the beamforming gain of the network:

lim T P K, (3.108)
N—oo 10g2 N

with K a constant. This result has been previously published by Dana et. al. in [56]. Upper
and lower bounds are used therein to demonstrate the scaling law. In the following, we provide
a more intuitive proof so that the reader can internalize the result; however, we refer to [56] for

the first mathematically rigorous proof.

Consider the linear relaying functions PN presented in (3.101)-(3.102). With them, the
achievable rate follows (3.94) in Theorem 3.6. The rate is computed therein in terms of the

eigenvalues of the matrix H, A1 H eT , which (for k > 1) can be approximated using (3.107):

la|? + 525\;1 |bici|? + 2Re {a BZZ-]L ‘bici|2ej27rz}

Ap = I ~ ,n=1---,kr, (3.109)
N, (14 58, 10f2mf28) (1+ X, [ef2lnf26)
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Notice that, from the specific values of 7; in (3.102) we compute:

N N 4112 N N 417, 12

1 |bil*|ci i |cil i
> (bl lnil* = % and D |ei*|nil* = M (3.110)
i=1 Zi:l |bici] i=1 Zi:l |bici]

Let us now show some convergence results related to (3.109) and (3.110). First, we notice that

random variables |b;c;|> = |b;|*|c;|?, i = 1,---, N, have unit mean. Therefore, applying the

law of large numbers we claim that, for N — oo:

N 2
% . (3.111)

Furthermore, notice that E {|b;|*|c;|*} = E {|b;]*} since b;, ¢; are independent and Rayleigh

distributed. Likewise:
E{lo|'} = / r?e %dx (3.112)
0

= —xQe_ﬂgo—FQ/ ze *dx
0

= 2. (3.113)

Therefore, E {|b;|*|ci|?} = E{|c:[*|b:|*} = 2,7 = 1,---, N, and making use of the law of

large numbers allows we obtain:

N 4,12
Zz:l‘]\[‘ sl Py g i

N 417,.|2
Zzzl |C ‘ ‘ | £> 2 (3'114)

Accordingly, we can plug (3.111) and (3.114) into (3.110), and apply Lemma 2.4 to derive:
N N
STIbPm? S 2 and > feiPlnl* S 2. (3.115)
i=1 i=1
Thereby, introducing (3.115) in (3.109), along with (3.111), we can obtain:

bW
J £>1’ j=1,-- k. (3.116)

BN
No-(1428)?
Finally, plugging such an asymptotic performance of the eigenvalues into Theorem 3.6, the

log, N scaling law of Linear Relaying is quickly grasped.

3.7 Numerical Results

The achievable rates of the four relaying schemes presented in this chapter are evaluated in

a block-fading environment. We assume the channel fading to take a zero-mean, complex,
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4.5 T T T T

w
(6]
1

w
T

Max—flow-min-cut bound

—©6— Decode-and-forward

—>— Partial decode-and-forward
Compress—and-forward

n
n

Achievable Rate [bps/Hz]

ol —¥¢— Linear Relaying |
— — = Direct link capacity
15 1 1 1 1
0 0.2 0.4 0.6 0.8 1
d

Figure 3.3: Achievable rates versus source-relay distance d. We consider transmit SNR = 5dB

and N = 2 relays. Wireless channels are Rayleigh faded.

Gaussian distribution and to be time-invariant. In particular, defining d, 4 = 1 the source-
destination distance and d the source-relays distance, the channel gains are distributed as a ~
CN (0,1),b; ~ CN (0,d"*), and ¢; ~ CN (0,(1 —d)™®),i=1,--- ,N. We have set a = 3,
the path-loss exponent. All plots in this section show the expected value of the achievable rate,

averaged over the joint channel distribution via Monte-Carlo.

Relaying strategies are compared in Figs. 3.3-3.5 with respect to the source-relays distance d,
for number of relays N = 2,8 and 32, respectively. We have considered N% = 5 dB. In the
case of C&F, only the upper bound derived in Subsection 3.5.1 is plotted. Moreover, the max-
Sflow-min-cut bound and the source-destination direct link capacity are depicted as reference.
Additionally, the achievable rate versus the number of relays are depicted in Figs. 3.6-3.7, for
distances d = 0.05 and d = 0.95, respectively. Interesting conclusions can be drawn from the

plots:

e Decode-and-forward. Surprisingly, and despite its asymptotic performance, it is one of

the most competitive approaches. To start with, for low number of relays (e.g. N = 2 in
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Figure 3.4: Achievable rates versus source-relay distance d. We consider transmit SNR = 5dB

and N = 8 relays. Wireless channels are Rayleigh faded.
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Figure 3.5: Achievable rates versus source-relay distance d. We consider transmit SNR = 5dB

and N = 32 relays. Wireless channels are Rayleigh faded.
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Figure 3.6: Achievable rates versus the number of relays /N. We consider transmit SNR = 5dB

and d = 0.05. Wireless channels are Rayleigh faded.
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Figure 3.7: Achievable rates versus the number of relays /N. We consider transmit SNR = 5dB

and d = 0.95. Wireless channels are Rayleigh faded.
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Fig. 3.3) it is the dominant technique® on the 60% of the distance range: 0 < d < 0.60.
Likewise, for short-mid distances (0 < d < 0.2 in Fig. 3.3), it perfectly mimics a
transmit antenna array, having an achievable rate identical to the max-flow-min-cut upper

bound. Thus, it is capacity-achieving for a wide range of distances.

Unfortunately, for increasing number of relays (e.g. N = 8 and N = 32 in Fig. 3.4 and
3.5, respectively) such a promising features are gotten worse. In particular, it remains the
best technique only for the 20% of the range closer to the source. This is consistent with
the analysis carried out in Section 3.3.1, where significant losses are shown for N > 1.
In fact, when analyzing D&F for an increasing number of relays, we notice that: i) even
for very low source-relay distances (d = 0.05 in Fig. 3.6) the broadcast-limitation moves
the D&F rate further away from the capacity upper bound (on its defense, we must say
that more than 15 relays are needed to glimpse the Lambert W asymptotic performance)
ii) the worst scenario for D&F is jointly having high source-relay distances and high
number of relays (see d = 0.95 in Fig. 3.7). For it, D&F performs substantially far apart

from all other techniques.

e Partial decoding. It is the most disappointing technique among all considered in this
dissertation. Numerical results show that, in general, it produces negligible gains with
respect to D&F. As derived in the chapter, for large N (e.g. for N = 8and N = 32
relays in Fig. 3.4 and 3.5 respectively) both regenerative techniques perform exactly
equal. In fact, via simulation, we realize that partial decoding is only worthwhile within
a unique scenario: low number of relays plus large source-relays distance (see e.g., the
range 0.7 < d < 1in Fig. 3.3 and N < 8 in Fig. 3.7). Within such a setup, it produces
moderate gains since the source-destination channel is of similar magnitude to that from
source to relays (Ja| ~ |b,,|). For all other cases, it is reveled useless (see e.g. Fig. 3.6

with d = 0.05).

e Linear relaying. Interestingly, it is at the same time the head and the tails of the coin. On
the one hand, it has an extremely poor performance with low number of relays; e.g., Fig.
3.3, where it is outperformed by all other relaying techniques, and Fig. 3.6-3.7, where
it presents the worst performance for N = 1 and N = 2 relays. This can be easily un-

derstood: the most important feature of LR is its capability to seize all the beamforming

3 Along with PD&F.
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gain of the system. In contrast, its main drawback is the noise amplification. With low
number of relays, the degree of noise amplification is not compensated by the beamform-
ing gain obtained from relays, which is small for N < 2. Hence, it performs poorly. On
the other hand, with high number of relays the beamforming gain is large and powerful
enough to overcome noise amplification. Hence, LR becomes the most profitable relay-
ing techniques, outperforming all others, as shown in e.g. Fig. 3.5 and Fig. 3.7. Finally,
it is clearly shown in Fig. 3.3-3.5 that linear relaying is reciprocal with respect to the

source-relay distance, as shown in Theorem 3.6.

o Compress-and-forward. As expected, it is the better relaying technique for large d (see
Fig. 3.3-3.5). However, the range of distances for which it is optimal is much smaller
than that of D&F, and only collapses with the upper bound for exactly d = 1. In this
sense, we can claim that D&F mimics more perfectly a transmit antenna array than C&F
mimics a receive one. Additionally, the log, log N scaling law of C&F is clearly grasped
from Fig. 3.7. It is shown therein that, even for large d, C&F is optimal only for small

number of relays.

3.8 The Half-duplex Model

In previous sections, it was assumed that the relays transmit towards the destination and receive
from the source simultaneously, and in the same frequency band. This mode of operation is
known as full-duplex. We justified it assuming that relays use different antennas to transmit
and receive, both perfectly isolated. However, such an assumption is not always realistic in

practice, mainly, due to two reasons:

1. Transmit and receive antennas are, normally, not perfectly isolated. Therefore, the self-
interference can be much stronger than the useful signal received from the source. The
reception at the relay would be thus limited by its own interference, and not by AWGN
as we assumed up to now. As an example, consider a relay transmitting with power 23
dBm. Assume an isolation among antennas of 80 dB. Hence, the self-interference level
is

Py =23 — 80 = —57 (dBm). (3.117)
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Figure 3.8: Multiple-Parallel Relay Channel

On the other hand, consider a typical noise power at the relay of —110 dBm, and a signal-
to-noise-ratio for the source signal of SNR = 20 dB. Therefore, the power received at the

relay from the source is
P, = —110+ 20 = —90 (dBm). (3.118)

Hence, the signal-to-interference ratio is SIR = —90 + 57 = —33 dB, much weaker than
the SNR = 20 dB that we assumed for analysis.

. It is not always possible, or worthwhile, to use two antennas at the relays. When a
single antenna is used, the transmit and receive chains are usually isolated by a circulator.
Typical state-of-the-art circulators have an isolation of up to 70 dB. Hence, considering

the previous example, it is clear that self-interference limits the performance.
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When the conditions for full-duplex operation are not met, relays must transmit and receive us-
ing a multiplexing mode, either time-division (TD) or frequency-division (FD). This is referred
to as half-duplex operation. In this section, we consider a TD scheme at the relays, although
results are perfectly applicable to FD. We arrange the communication in two consecutive time
slots, of ¢ and n — ¢ channel uses, respectively (see Fig. 3.8). During the first slot, the source

node transmits the sequence of symbols x4[1] to the set of relays and destination:

yI[1] = bxil]+2! i=1,--- ,N. (3.119)

yill] = ax?[l] + 2z, (3.120)

where z;, 24 ~ CN (0, 1). During the second slot, relays switch to transmission mode and send
to destination the signals @, “[2], i = 1,---, N. Simultaneously, the source transmits a new
sequence of symbols &~ 9[2]. The superposition of signals is then received at the destination

as

N
vy 2] = axlT2+ ) e 2]+ 2, (.121)

i=1
Finally, the destination attempts to decode making use of the signal received during the two

phases.

Our analysis is constructed upon the same assumptions (A2)-(A3) presented in Section 3.2.

However, in this case, the power constraint is rewritten as:
1 q n—q N
- E {|zt[1]]? E {|z[2]]? E {|zt[2]? <P 3.122
n(Z {\xsu|}+t21< {etl2P}+ 2 B {lil2P} ) ) < (3.122)

In the sequel, we derive the achievable rates of D&F, PD&F and C&F with such a TD scheme.
The main difference with the full-duplex mode is that, now, block-Markov coding is not neces-
sary as relays transmit and receive in different time-slots. This simplifies the practical imple-
mentation. We will not detail the achievable of LR, as it can be directly obtained by applying

the results in Section 3.6, setting x = 2. This is referred to as amplify-and-forward (A&F).

Finally, let us remark that we have assumed a fixed slot structure. That is, the number of channel
uses per time-slot, ¢ and n — ¢, are fixed and designed before transmission. Recently, Kramer
has shown that when the relays receive and transmit randomly, the point-to-point achievable

rate is increased [73]. We omit this possibility.
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3.8.1 Decode-and-Forward

Theorem 3.7 The AWGN multiple-parallel relay channel achieves the rate
P . P
_ ] . 2°1 —a)- 2 2] 22
Rper = Jnax, max min {a C (|a| No> +(1-—a)-C <<|a| + El |cs| ) No> ,

P
. 2° 1
a-c (P )}

with half-duplex decode-and-forward. The source-relay channels have been ordered as in

(3.18).

st.aP+ (1 —a)P, <P,

Remark 3.7 The optimization above is not jointly convex on Py, P, and o. However, it can be
easily transformed into a convex, differentiable one by first changing variables £y = aP; and
Ey = (1 — «) P, and then substituting the minimum of functions by its equivalent epigraph
form [52]. To solve such an optimization we propose dual decomposition, constructed through

Gradient Projection to obtain the dual function, and subgradient search to minimize it.

Proof:  Let the N relay nodes be ordered as in (3.18), and assume that only the subset
R =11,---,m} C N is active. The message w € {1, e ,Q"R} is encoded and transmitted

to relay, entirely, during time slot 1. We denote the transmitted signal by:
z![l] = s' (w), (3.123)

where we have selected s? (-) to be a random, Gaussian codebook generated from s ~ CN (0, P).

At the end of the slot, all relay nodes in R, are able to decode w iff:

R < - min I (s;y;) (3.124)

1ERm

)z
: 2°1
C (‘bm‘ No) ’

where the equality is due to the ordering in (3.18). Once the message has been decoded, both

S 3w

relays and source re-encode it and send it coherently to the destination. To that end, they

transmit as an antenna array with optimum beamforming:

*

z" 2] = - v (W),

V0ol + Ticr,, leil
3

C.

0" (W), Vi€ R,

7
V0ol + Ticr,, leil
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where v"%(+) is a random, Gaussian codebook, generated from v ~ CA (0, P»). Notice that

whenever

n—q

9p, + P, <P, (3.125)
n

the power constraint (3.122) is satisfied. At the end of slot 2, the destination attempt to estimate
the transmitted message w from y3[1] and y);” “[2]. Consider now that codebooks s? (-) and
v""?(-) form an incremental redundancy code, built up using e.g., parity forwarding [74].

With such a codebook design, the destination error-free decodes the message iff:

R < L I(siyalt]) +— I (vsy4]2]) (3.126)

P n— - P
(oL q, : 22
C<|a\ NO)+ - c((m +;|cl| ) NO).

Defining a = %, we obtain minimization in Theorem 3.7 from (3.124) and (3.126). Finally,

I I I

Py, P, as well as the slot duration can be arbitrarily designed. Likewise, the number of active

relays can be optimally selected. ]

3.8.2 Partial Decode-and-Forward

Theorem 3.8 The AWGN multiple-parallel relay channel achieves the rate

P “ P.
_ : . 211 —a). 2 2] 22
Reper = 1$§N07?1%>fp2 min {a C (|a| No) +(1—a)-C <<|a| + E_l |cs| ) No> ,

with half-duplex partial decode-and-forward. The source-relay channels have been ordered as

(3.18).

Proof: Let the N relay nodes be ordered as in (3.18), and assume that only the subset R, =
{1,--+,m} C N is active. The source selects message w € {1, e ,2”3} for transmission,
and splits it into two independent messages w, € {1, cee Q”RT} and wy € {1, o. onha }, with
R = R, + R,. The first message is sent to relays and destination during slot 1, encoded using a

Gaussian codebook, s (-), generated from s ~ CN (0, P;). The transmitted signal is denoted

81



3.8. The Half-duplex Model

1] = s? (wy). (3.127)
All the relays in R,,, can decode the message at the end of the slot iff:

2
R, < g~C(|bm\2ﬁ1). (3.128)
n

o
During slot 2, source and relays re-encode w, and send it coherently to destination. In parallel,

the source transmits message wy using superposition coding. The transmitted signals are thus:

*

a

V12 = u" 7 (wg) +

V0al + Yicr,, lail?
3

v (w,),

i
V0al + Yicr, il
where we have selected w" 77 (-) and v"~%(-) to be random, Gaussian codebooks, generated

from u ~ CN (0,(1 — 8) P,) and v ~ CN (0, 3P), respectively. At the end of the second

v (W), Vi€ Rn,

slot, the destination first makes use of yj[1] and y); ?[2] to estimate w,. As previously, we
consider that s?(-) and v~ 7 (-) form an incremental redundancy code. Hence, decoding is

performed with arbitrary small error probability if:
R, < — 11 (v 94[2)) (3.129)

n .
g (i wP L n—q o ((aP+ X0 |aP) 8P,
= C(‘a' )* " C(No+la\2(1—ﬁ)Pz '

w, can be removed from y;” ?[2] after it has been decoded, and then w, can be estimated iff:

Ry < - I(uyal2lv) (3.130)

_ h—q (1_ﬁ)P2
= — .C<\a|2T>.

The transmission rate is R = R, + R4. Thus, adding (3.129) and (3.130) we obtain the left

part of minimization in Theorem 3.8, while by adding (3.128) and (3.130) we obtain the right
part. This shows the achievable rate for a given R,,. Finally, notice that we may arbitrarily
choose the decoding set R, from {R, -, Ry }. Moreover, the power and slot duration can

be arbitrarily allocated on codes. [

As in D&F, the resource optimization is not convex. Moreover, the achievable rate in Theorem
3.8 cannot be transformed into a convex problem. Therefore, we resort to exhaustive search to

solve it.
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3.8.3 Compress-and-Forward

Theorem 3.9 The AWGN multiple-parallel relay channel achieves the rate

o 5~ P o a2
Rowr = max a-C + 1o C(—a).C
- a8 vnprn N, ZZI N, + pi s ( ) N,

1) |bu|?
Vs u
s.t. C ZEQN°+p“ +E C( )

‘ 2

(1) ( la|? 1b;
1+ Vs <To + ngg No]“l‘pj> ueyg

-« ‘CU|27u
-C — | ,VG e N.
e} <Z N, + |a|27§2)

ueg
N
o+ (1-a) (79 2 %-) <P
i=1

with half-duplex D-WZ compress-and-forward relaying.

Proof: Let the source select message w € {1, R ,Q"P‘}, and split it into two independent
messages w, € {1,--,2""}andw, € {1, ,2"F¢}, with R = R, + R,. During slot 1, the
source transmits w,. to relays and destination; during slot 2, it transmits message w,. We denote

the transmitted signals by:
2i[1] = s (w,) (3.131)

V2] = u"(wy),

where we have selected s7 (+) and ©" 7 (-) to be random, Gaussian codebooks, generated i.i.d.

from s ~ CN (0 ( A ) andu ~ CN (0 < A ) respectively.

At the end of the first slot, the received signals at the relays y{[1],7 = 1,--- , N are compressed
using a D-WZ code as that in Definition 3.4 and Proposition 3.1. As a results, y;[1] are mapped

using compression functions
floyi— {1, 27, (3.132)

where ¢; is the compression rate of relay . On the following time slot, the relays send to the
destination (via its MAC channel) indexes s; = f¢ (y?[1]), % = 1,---, N. Indices are mapped

onto multiple-access channel codebooks v, ? (-) as follows:

x; ! [2] =wv, q(sz)7 =1, 7N' (3.133)
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We select the MAC codebooks to be Gaussian, generated from v; ~ CN (0,7;),4=1,---, N.

Notice that the power constraint is satisfied if

N
w2214 (79 + Z’y) <P, (3.134)
n n —1

The received signal at the destination during the second time slot is (3.121):
N
Yy 2] = au 0 (wa) + > bivf T (i) + 25 (3.135)
i=1

Let us define the decoding at the destination at the end of slot 2. First, it estimates the transmit-
ted indexes s1.y. This can be done with arbitrary small error probability iff the transmission
rates ¢; lie within the capacity region, given by:

. 2
Se<lloc Loueg |4l )6 cu. (3.136)
ueg n No + |a‘275

Once the indexes s;.y have been estimated, their contribution on y);” ¢[2] can be removed:

N
v 2l = oy 2= e a2 (3.137)

Hence, w, can be correctly decoded iff:

n—q (a7
Ry < -C . (3.138)
n N,

Afterwards, the destination decompresses indexes s;.y using yg[l] as side information. the

decompression is carried out by means of the demapping function (Proposition 3.1)
gq {1’ R ’2n¢1} X e X {1’ R ’2n¢N} % yg N j)i]:N' (3.139)

The de-mapped vectors gf.y = g (s1,- -, Sn, y3[1]) are then used, along with y2[1], to decode

message w,., which is correctly decoded iff [67]:

~

R, < = I(s;yall], g0, ,9n), (3.140)

SEES

where the inequality follows from (3.41) in Proposition 3.1. However, (3.140) only holds for

compression rates satisfying the set of constraints (3.42):

% . (yg;ﬁg|y;,z§/5) <D b VGO (3.141)

u€eg
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Therefore, taking into account the constraints (3.141) and (3.136) and the rate (3.140), the

maximum achievable rate R = R, + Ry with C&F is:

N 2_(2)
Rewe = max 1.7 (s;y;,ym) - . 4. ¢ (‘“' s ) (3.142)

[T p(Gilyi) vsvin, T N,
2
q N A n—q Zueg |Cu‘ Yu
s.t.—-[( Galy )< C vgcu,
Yo 9slya vg) < — < e, ) 79 S

N
.0 "9 @ J<p
nﬂYs + n (73 _'_ ; ’yl — .

We may now define o = I, and apply the same arguments in (3.55)-(3.56) to conclude the

proof. ]

3.8.4 Numerical Results and Comparison

In this subsection, we briefly compare the performance of techniques with and without half-
duplex (HD) constraint. Unfortunately, we are not able to compare the achievable rates with
C&F due to the non-convexity of the optimization in Theorem 3.9. For simulation purposes,

the setup and channel distribution are the same as those in Section 3.7.

Fig. 3.9 compares full-duplex (FD) relaying versus HD versus de source-relay distance d. We

assume N = 2 relays and transmit SNR = P/N, of 5 dB. We notice the following:

e All relaying techniques substantially get worse performance, penalized by the transmit-

receive multiplexing at the relays.

e The one with greatest penalization is D&F. In particular, it losses the most of its gains
when relays are close to the source. As an example, for d = 0.4, the HD constraint

induces a 0.8 bps/Hz loss.

e The same analysis holds for PD&F. However, with the HD constraint, PD&F outperforms
D&F within a wider range (0.45 < d < 1) than with FD: 0.6 < d < 1. This is one of the
main conclusions of this section: PD&F is a more interesting approach for HD relaying
than for FD relaying. This is explained by noting that the message directly transmitted
to destination induces interferences onto relays when working on full-duplex, while it

does not when they work on half-duplex. Likewise, the achievable rate with HD PD&F
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Figure 3.9: Comparison of the half-duplex and full-duplex achievable rates versus the source-
relay distance. We consider transmit SNR = 5dB and N = 2 relays. Wireless channels are

Rayleigh faded.

is almost flat with respect to the source-relay distance d. This poses PD&F as a very

good alternative when relays have random, uncontrolled distance to the source.

o A&F (that is, LR with k = 2) reduces significantly its performance compared to LR. In
particular, with N = 2, A&F never outperforms D&EF, not even for relays close to the

destination.

Fig. 3.10 depicts the achievable rates versus the number of relays, for d = 0.5. From the plot,
we infer the following: i) with D&F, the difference between the FD achievable rate and HD
achievable rate augments when increasing the number of relays; that is, FD and HD D&F scale
differently. i) the A&F achievable rate is shown to be almost half of that achieved with LR
(see blue curve). Therefore, unlike other techniques where losses are lower, the HD constraint
penalizes amplify-based relaying with half of its rate gain. In consequence, HD makes ampli-
fying less worthy. As an example, LR outperforms FD D&F with N > 7 relays, while A&F
needs NV > 17 to outperform HD D&F.
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Figure 3.10: Comparison of the half-duplex and full-duplex achievable rates versus the number
of relays N. We consider transmit SNR = 5dB and d = 0.5. Wireless channels are Rayleigh
faded.
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3.9 Conclusions

This chapter has studied the multiple-parallel relay channel (MPRC), where a single source
communicates to a single destination with the aid of /V parallel relay nodes. The capacity of

the channel has been upper bounded using the max-flow-min-cut Theorem. The obtained upper

NP

bound turned out to be reciprocal, and was shown to scale as C (7 N

) under time-invariant

(unitary-mean) Rayleigh fading.

Besides, the capacity of the channel has been lower bounded by means of the achievable rates
with: D&F, two-level PD&F, C&F and LR. The first two consisted of relay nodes totally or
partially decoding the source’s signal. Both achievable rates were shown to perform equally
for low source-relay distances, being capacity achieving. Likewise, for large number of relays,
both follow the same scaling law: C <2 - Wo <\/—2ﬁ> . N%) Such a law is shown to diverge from

the upper bound, making both techniques clearly suboptimal. We explained this fact resorting

to the source-relay broadcast limitation.

With C&F, the relay nodes compress their receiving signals using a Distributed Wyner-Ziv (D-
WZ) code, and then send them to the destination. The destination, in turn, utilizes the relay
signals within a coherent detector to estimate the source’s message. The achievable rate of this
technique was presented in terms of a non-convex optimization, which turned out unsolvable
for us. Hence, we proposed a computable upper bound as a benchmark for this technique.
Moreover, we showed that the achievable rate with C&F scales as C (N% log, N ) , in this case

due to the relay-destination MAC limitation.

Finally, we studied LR, which consisted of relay nodes transmitting, on every channel use, a
linear combination of previously received signals. The optimum source temporal covariance for
this technique was derived, and suboptimum linear relaying matrices proposed. Furthermore,
we showed that the achievable rate scales as C <NTZD> , In the same manner as the upper bound
and unlike all previous techniques. Hence, it is the only known technique that seize all the

beamforming gain of the system.

Numerical results have shown that:

1. D&F is a very competitive approach (and in some cases capacity-achieving) for low

number of relays and short/mid source-relay distances. On the other hand, it dramatically
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loses performance with a high number of relays and/or relays close to the destination.

2. PD&F does not produce, in general, rate gains with respect to D&F. In particular, for
moderate number of relays N > 5 and/or relays closer to the source than to the des-
tination, it is useless. Only for low number of relays and/or relays extremely close to

destination, it is an interesting approach.

3. Unlike D&F, C&F is not able to mimic a receive antenna array unless relays are ex-
tremely close to destination. Indeed, even for short relay-destination distance, it presents
significant losses with respect to the max-flow-min-cut bound. Furthermore, its behavior
when increasing the number of relays is even worst than that of D& F': it follows the

scaling law more rapidly.

4. LR is, simultaneously, the head and tails of the coin. It performs extremely well when
moderate/high number of relays are available. In such a setup, it rapidly shows the log N
scale, running parallel to the capacity upper bound. On the other hand, with low number
of relays, it performs extremely poor due to the noise amplification, its main drawback.

Finally, it is reciprocal with respect to source and destination.

In this chapter, the extension of results to half-duplex (HD) operation were also performed.

The numerical analysis showed that:

1. All relaying techniques substantially get worse performance with half-duplex constraint.
Among all, D&F is the one with higher penalization. It loses great part of its gains for

short/mid source-relay distances.

2. PD&F produces greater gains with respect to D&F when operating in HD. This is because
the message directly sent form source to destination does not induces interference on the

relays.

3. A&F (i.e., half-duplex linear relaying) loses half of the gains obtained with full-duplex

LR, independently of the number of relays and/or source-relay distance.
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Chapter 4

Multiple-Access Channel with
Multiple-Parallel Relays

4.1 Introduction

Relaying has been placed at the forefront of the struggle against multi-path fading, mainly
due to its ability to provide single-antenna communications with extra spatial diversity [14].
However, it has plenty more features besides; among the most significants, its capability to
reduce the harmful impact of static channel impairments i.e. path-loss and shadowing [13,57].
In this sense, relaying is able enlarge the coverage area of access networks or, equivalently,
to increase their throughput per square meter [75]. However, is this worthwhile in multi-user
access? Or, more specifically: i) How much can the capacity region of the MAC be enlarged

using multiple relays?. ii) Does multiuser diversity undermine relaying diversity?

Let us extend the results in Chapter 3 to multiple sources, trying to address those questions.
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4.1.1 Overview

In this chapter, the Gaussian MAC with multiple-parallel relays (see Fig. 4.1) is studied. As
previously, we consider single-antenna sources, relays and destination, in a time-invariant and
frequency-flat channel. Also, we assume that transmit and receive CSI are available at the
sources and destination, respectively, and all network nodes operate in the same frequency

band. Finally, relaying is full-duplex.

We define two main goals: 1) to study the capacity region of the channel. 2) To analyze its
sum-capacity when the number of sources U grows to infinity. In other words, to estimate the

impact of multiuser diversity into access networks with relays.

Aiming at keeping exposition simple, we restrain the analysis of the capacity region to the

two-user MAC. Our contributions are organized as follows:

e First, we provide the infinite-letter characterization of the capacity region, which is non-
computable in practice. In order to bound it, we derive a computable outer region using
the max-flow-min-cut Theorem [21, Theorem 14.10.1]. Then, we provide an upper bound
on the asymptotic! sum-capacity of the channel under Rayleigh-distributed fading. We
show that a greater sum-rate can be obtained even at the asymptote, which encourages to

think that multiuser diversity does not undermine the impact of relaying.

e Next, we derive the achievable rate region of the channel with D&F, as an extension of
the single-relay result in [76]. Additionally, we show that, under Rayleigh-fading, the

achievable sum-rate satisfies:

SRper (U) —C <U§) £o. (4.1)

Therefore, asymptotically, D&F is not capable to increase the sum-capacity of the MAC
without relays. As explained in the sequel, such a result is due to the distributed channel

hardening effect at the relays’ received signal.

e Linear relaying is studied next. The rate region is derived using theory for vector MACs
and characterized using the sum-rate (SR) and weighted sum-rate (WSR) optimization.

Both optimizations are shown to be convex on the transmitter-side signalling, given a

! Asymptotic performance in the number of users, keeping the set of relays fixed.
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fixed set of linear functions at the relays. We solve the optimizations using iterative
algorithms, namely block-coordinate approach for the SR, and gradient projection for
the WSR. After designing the sources’ signals, the optimization of the linear functions at

the relays is not convex. Therefore, we propose a suboptimum approach.

o C&F with distributed Wyner-Ziv coding at the relays is studied last. As with the previ-
ous technique, the rate region is characterized by means of the WSR optimization. The
optimization, though, is not convex and has 2 - N + 2 optimization variables; numerical
resolution is thus computationally unfeasible. Therefore, we propose a computable up-
per bound on it that will serve as benchmark. Finally, an upper bound on the asymptotic
performance of C&F (for the number of users growing to infinity) is found. We show

that, unlike D&F, rate gains can be obtained even at the asymptote.

The analysis of PD&F is omitted as it was shown in the previous chapter to perform exactly
as D&F for moderate/high number of relays. The rest of the chapter is organized as follows:
Section 4.2 presents the channel model and the capacity outer region. D&F is analyzed in
Section 4.3, LR in Section 4.4, and C&F in Section 4.5. Finally, Section 4.6 shows numerical

results and Section 4.7 draws conclusions.

4.2 Channel Model

The multiple-access channel with multiple-parallel relays (MPR-MAC) is a channel in which
two sources, s; and s, communicate simultaneously to a single destination d with the aid of a
set ' = {1, -+, N} of parallel relay nodes (see Fig. 4.1). All network nodes transmit/receive
scalar signals, and wireless channels are time-invariant, frequency-flat, modeled using a com-
plex scalar. We denote by a,, the complex channel between source v and destination, while b, ;
and ¢; stand for source u to relay ¢, and relay ¢ to destination channels, respectively. As for the
MPRC in Chapter 3, it is assumed that relays transmit directionally to destination and are not

able to communicate among them.

We denote by ]! = {z},};_, € C" the signal transmitted by the source v = 1, 2, where 2/, is

the transmitted symbol during channel use ¢ and n is the codeword length. The received signals
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(Wi, @2)

Destination

Figure 4.1: Gaussian MAC with multiple-parallel relays.

at the relay nodes are

2
yr =Y bui-xp+z, i=1-- N (4.2)
u=1

where z,.. ~ CN (0, N,) is additive white Gaussian noise (AWGN). The signals transmitted by
the relays are x;!. = {xfn }::1 e C",i=1,---, N, and are defined by means of causal relaying

functions: x| = f., (yil, e ,yﬁ;l) . Accordingly, the destination node receives

2 N

yg:Zau-mZ+Zci-mfi+zg, 4.3)

u=1 =1

with z4 ~ CN (0, N,). As for the previous chapter, we assume the following:

(Al). Full-duplex operation: relays transmit and receive simultaneously in the same frequency
band. This can be implemented using different, uncoupled antennas for transmission and

reception.

(A2). Transmit channel state information (CSI) and receive CSI at the sources and destination,
respectively. Channel awareness includes source-destination, source-relay and relay-

destination channels, and can be obtained (and fedback) during a setup phase.
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(A3). The total power used in the communication of user u is constrained to F,. This can
be arbitrarily distributed among the user and relays. Such a constraint aims at a fair

comparison with the no-relay MAC with per-user constraint P,.

4.2.1 Preliminaries
In order to present rate results, we define the following:
Definition 4.1 A (n, onk 2”R2) code for the MPR-MAC is defined by:

e two sets of messages W,, = {1, e ,Q”R“}, u =1, 2, two signal spaces X, u = 1,2 and

two source encoding functions

fu Wy = X u=1,2, 4.4)
o N signal spaces X;, 1 = 1,--- N and N causal relay functions
fry 2 Y= A& i=1,--- N, 4.5)

e adecoding function g : Y — Wy X Wh.

Definition 4.2 A rate duple (R1, Ry) is achievable if there exists a sequence of codes (n, onf 2"R2)

for which lim,,_,., P' = 0, where

1
P! = g Z Pr{g (y}) # (w1,ws2)|(w1,ws) was sent } . (4.6)

w1,w2

Definition 4.3 The capacity region of the MPR-MAC is the closure of all rates duples that are

achievable. It is characterized by means of the infinite-letter definition:

Ry < 51 (s ygleh)
C= nh_{go coh U Ry Ry, < % I (2 yl|xeT) ,(4.7)
pw’fpacg’{fri}izl,...’]\] Rl + R2 S % ] (wrlz’ wg’ yg)

where the union is taken over the sources distributions and relaying functions that satisfy the

power constraint (A3) and the causal relaying in Definition 4.1, respectively.
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The infinite-letter characterization (4.7) has been obtained using arguments in [57, Theorem
2.1]: Fano’s inequality for the weak converse, and random coding/joint typical decoding for
achievability. Unfortunately, deriving a computable, single-letter expression is still an open

problem. In this section, we present an outer region.

4.2.2 Outer Region

As for the previous chapter, we present a necessary condition that any rate duple (R;, Ry) must
satisfy in order to be achievable. The set of rates that satisfy the condition defines an outer

region on the capacity region of the channel.

Outer Region: All rate duples belonging to the capacity region (4.7) satisfy:

N N
Y b i2 N CZ-Q P,
R < C|||a|+ QZ“N| Ll %“'A 5 —Nl (4.8)
lax | + sy bral* + 2201 el 0

N N
Y bea PSP P.
RQ S C |a2|2+ ZZ:lj\!. 27| ZZ:1|C]\|7 _2 (4.9)
‘a2‘2 + Zi:l |627i|2 + Zi:l |Ci|2 No
il P
R+ Ry, < in<C W2+ pu 2 ==, 4.10
1+ Ry < ngrllf};cdmm{ <;<|a| +p ;|C|)No) (4.10)
2 P
log, det [ I 1—p,) =2h,h!
ot (14320 ot

where h, = [ay, by 1, ,b%N]T, u=1,2.

Proof: Achievable rates for user 1 and user 2 must satisfy, separately, the single-user upper
bound presented in Section 3.2.2. Hence, equations (4.8) and (4.9) hold. In order to demon-
strate (4.10), we again resort to the max-flow-min-cut Theorem [21, Theorem 14.10.1]. In
particular, considering the multiple-access and broadcast cuts, it is possible to bound:

Rl + R2 S max min {-[ (xla L2, Ly, s yd) ) I (xla T2;5Yd, yrl;N|mT’1;N)} ’(411)

p(acrm, Ia:1,a:2)p(w1)p($2)

where the factorization of the distribution comes from non-cooperative nature of the sources’
signalling; that is, xy and x5 are independent. As for the single-source case, we can easily show

that: i) a Gaussian distribution is optimal, ii) full correlation among the relays’ signals is also
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optimal, as it maximizes both sides of the minimization simultaneously, i.e.,

E{xnxr }
=1,4,j€N. (4.12)

VE{|z.|*}/E {|xr]

Hence, defining

E{xux } 1.2. Vje N 4.13)
w,r — u=1,4, € .
’ VE{‘xu‘ \/E{‘xrj !

as the source-relays correlation, and taking i) and i7) into account, we evaluate the broadcast

cut as:

2
E {|z,|?|z..
I (21,29, Yd, Yry p |Try ) = logydet I+2Whuhl> (4.14)

2
E{lz,
— log, det I+Z i ])V o }huhL>

Q

Duy
= log,det I+Z 1—py) —h h),

o

where h,, is defined above, and we have set

(1—p,) P, = (1—pi7r)E{\xu\2}, u=1,2. (4.15)

Furthermore, for the multiple access cut it is possible to compute:

[(xlvx%whw;yd) = [<x17x2;yd‘w1"1:1\1> + I(wh;N;yd) (4.16)
2 2 2 2
jaul? (1 = p3) B {l2ul?}
= C (; N, +1 (mrl:N;yd)

- (Z ‘au‘ ) ) + [(wrl N?yd>

Following equivalent arguments to those in (3.15), and considering the power constraint (A3),

we can bound

S (I + 2 16 ol
N+ s aul? (1= pu) P,

which plugged into (4.16), allows us to obtain:

2 N
Py
](xlax2;ydayr1:w|m7’1:w) S C <§ <|CLU|2 +pu E |Ci|2> F) . (418)
u=1 i=1 °

Finally, to obtain (4.10) the minimum of (4.14) and (4.18) must be maximized over pi, ps,

I(xr,yiya) < : (4.17)

which concludes the proof. u
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Notice that, as for the single-user case, the outer region also bounds the capacity region of
MAC:s with inter-relay connectivity. Indeed, we did not take any assumption on the connectiv-

ity among relays.

4.2.3 Multiuser Diversity and Relaying

Throughout the chapter, we consider the MPR-MAC composed uniquely of two users. How-
ever, results can be extended to U > 2 using standard arguments in [21, Section 14.3.5].

Specifically, the sum-capacity bound (4.10) generalizes for more than two sources as:

U U N
P
s - 2 12| Le
E R, < SR (U) =  Juax  min {C (g (\au| + pu E |ci ) No) . (4.19)

u=1 u=1 =1

U
P
log, det (I + (1= pa) ﬁ“huhl> }
u=1 o

In this subsection, we derive the scaling law of such a sum-capacity bound for number of users
growing to co. In other words, we analyze whether multiuser diversity reduces the potential
gains of relaying or not. In the analysis it is assumed that, when increasing the number of users,

the set of relays remains unaltered, as well as the relay-destination channels.

Consider unitary-mean, Rayleigh fading so that a,,b,; ~ CN (0,1). Also, for notational
simplicity, assume P, = P,u = 1,--- ,U. Then, the following convergence in probability can

be proven.
Theorem 4.1 Consider the MPR-MAC with a fixed set of relays N'. Then, for U — oo:
P al P
: 2 P
SR (U) — glrer%[%()mm {C (E (U + ; |ci| £>> J(N+1)C (E (U — §)) } = 0.

Proof: Let us first focus on the definition of SR, (U) in (4.19), and apply Corollary 2.3 to

derive that, for U — oo:

U N J2 J2 N U p
C (Z <\au\2 +pu Y \ci\2> V) -C (F <U+Z \cﬁZm)) = 0. (420)
u=1 i=1 ° o i=1 u=1
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For the other part of the minimization, it is possible to compute:

U
log, det (I + Z (1= pu) %huhl) = log, det (I + HQHH) 4.21)
u=1 o
N+1
= D (HQHT),

where H = [hy, -+, hyl, Q = diag (N%(l —p1), e i(1—pU)> and \; (HQH™) is

’ N,
the " eigenvalue of HQH H_ Notice that all the entries of H are i.i.d., zero-mean, Gaussian
with unit variance. Therefore, we can apply [77, Corollary 1] in order to show that, for U — oo:

\ (HQHH) B tr{Q} P
‘ U U

0. i=1,---,N+1. (4.22)

Such a convergence holds since the elements of diagonal matrix () are bounded. Notice now
\i(HQHH
that )\ (HQUHH) _ X 5 ) Therefore,

N (HQH")  w{Q} I
U U

0. i=1,--- , N+ 1. (4.23)

This can be transformed without modifying convergence

1+ X (HQHY) 1+u{Q} p
U -

0.i=1,---,N+1. (4.24)

Consider the computation of the trace:

P Z P U
tr{Q}zﬁZ 1—pu) =E<U—u§;pu>. (4.25)
It is clear that, being p,, < 1, Vu, it satisfies
P .
tr{Q} > U (mln{l . pu}) >0, YU (4.26)

Accordingly, it is possible to reproduce steps (2.83)-(2.89) in Corollary 2.3, to derive that for

U — oo:
COn(HQH™)) —C(tr{Q}) 5 0. i=1,--- N+1. (4.27)

On such a convergence, we can introduce the value of the trace (4.25) to claim
c (N (HQH™M)) - ( (U Zpu>>—>0 i=1,--,N+1 (4.28)
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Finally, it is possible to plug (4.28) into (4.21) to derive:

U P P U
log, det (I +3 (1= pu) Fhufbg) —(N+1)C (F (U -3 pu)> L0, (4.9
o o u=1

u=1

Let us then denote & = 25:1 pu, & € [0,U). Therefore, i) using convergences (4.20) and
(4.29) into definition (4.19); and, i) noting that max and min keep convergence unaltered (see

Lemma 2.2), it concludes the proof. [

An interesting conclusion can be drawn from Theorem 4.1: relays do not provide multiplexing
gain on the sum-rate. This is concluded by noticing that SR, (U) converges to the minimum
of two functions, one of which has pre-log term equal to 1. Since the multiplexing gain of the
system is equal to the pre-log term, this is clearly 1 in our channel [9] [78]. As mentioned,
this result holds even for MACs with inter-relay connectivity. Nonetheless, even though mul-
tiplexing capabilities are not provided by the relays, they increase the sum-capacity bound by
means of an in-log term. This encourages to think that, even with infinite users, relays improve
the sum-capacity of the MAC; or, in other words, multiuser diversity and relaying diversity are

compatible.

4.3 Decode-and-forward

D&EF is the first technique considered. As studied in Chapter 3, with D&F the relay nodes
fully decode the users’ messages. Later, relays reencode them and retransmit them coherently
towards destination. The technique was proposed by Cover in [10, Theorem 5], and later
applied by Kramer to the MAC with one relay in [76]. In this section, we extend those results
to the MPR-MAC.

Before deriving the rate region, let us briefly discuss the relevance of relay selection in the
setup. As mentioned in Theorem 3.1, the extension of D&F to multiple relays is based upon
a key fact: the higher the cardinality of relays that decode the users’ messages, the higher
the multiple-antenna gain towards the destination. However, the more relays, the smaller the
rate region that all can decode. Therefore, there is always an optimum subset of relays that

should be be active: the one who better trade among the two effects. As shown below, for the
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MAC, such an optimum subset is (or may be) different for any boundary point of the region.

Therefore, all possible subsets S C A must be considered and (possibly) time-shared.

Theorem 4.2 The MPR-MAC achieves the rate region:

Ropgr (P1, Py) = coh ( U U {Re: (4.30)

SCN 0<m1,m2<1

> Ry <min{® (S, 1, 12,G) , ¥ (S,m1,7m2,9)} | VG C {1,2}}> :

ueqg
where
®(S,m1,1m9,G) = min C (Z\bm\Q u)
ics ueqg
2 2\ Pu
U (S,m,n,G) = C (Z <|au| +(1 _nu)z |ci] ) ﬁ)
u€G i€S o
with D&F relaying.

Remark 4.1 S is a subset of N, and ny,n, are the correlations between users’ signals and

relays’ signals.

Proof:  Let only the subset of relays S C N be active, and let the users select messages

wy € {1,---,2""} w = 1,2 for transmission. Each message is divided into B blocks of

1 B
u’...7wu

kR, bits, with k = £, i.e., w, = [w ] u = 1, 2. The submessages are then pipelined
into B + 1 channel blocks, with x channel uses per block. We consider n, x, B > 1, so that

Messages are transmitted using a block-Markov approach [21, Sec. 14.7]: on every block
b, users transmit the new sub-messages w’ to the relays in S, and to the destination. Si-
multaneously, they cooperate with the relays in S to retransmit their previously transmitted
sub-messages w’!. To that end, users and relays transmit (consider w? = w51 = ():

*

xf b = s (Wi + u v (W), u=1,2 (4.31)
B = o (ko) e ()

zh b = Z i vi (WY, VieS (4.32)

u

al? + ZZES |cil?
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where we have selected v/ (-), u = 1,2 to be Gaussian codebooks, generated i.i.d. from
vy ~ CN (0,(1 —n,) P,). In turn, we have chosen s (-, -), v = 1,2 to be multiplexed codes,
generated i.i.d. from s, ~ CN (0,7,P,). Multiplexed codes consist of (r,2"% - 2°) codes
indexed by two entries wy, wy. A receiver can reliably decode both w; and wy if the channel
capacity satisfies C' > 2R. However, whenever it knows w; it can decode wy if C' > R, and,
similarly, if it knows w, it can decode w; (see [79, Section III.A] for full details on the code
construction and definition). Notice that, for 0 < 7, < 1, u = 1, 2, the power constraint (A3)
is satisfied, since the power transmitted by user u and by the relays to cooperate with him add

up to P,.

The received signals at the relays and destination thus read:

y. [0 = me s +Z </ o v (wo ') + 25, YieS

aul? + ZZES |cil? Y

yib] = Zau sy +Z |au|2+2|cl|2 v (Wi ) + 25

1€S

On every given block b, the relay node i € S is able to decode both w?, u = 1,2 if and only if

(assuming w’~1, u = 1,2, well estimated) [21, Section 14.3]:

Rl < [<Sl;y7“i

P
8,01, 3) = (M m Nl) (4.33)

P
R2 S ](SQ;yri|817U1a02) <|b22| 772N2)

Ri+Ry < I (327 Sl;y,«i|U1,Ug) =C (Zi:l |bu7i|277“1]\37_1:> ’

Therefore, all relay nodes in S correctly decode the messages, and then retransmit them in

block b + 1, if and only if:

. P,
< 434
R, < rirélglC <|bu\ mNO) (4.34)

P
R2 S m1nC<|bgl\ 772NO)

Ri+ Ry, < minc(ZZ:lMWP””N)

€S
Next, consider the decoding at the destination node, implemented through backward decod-

ing [58, Sec III.LB]. That is, the destination starts decoding from the last block and pro-

ceeds backward. Assume that, on a given block b, the destination has successfully decoded
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Wl -+ JwP w=1,2. Then, it uses y%[b] to estimate w’!:
2 2
yi[b] = Z%S'Z (wWh,wd™h) + Z lau|? + Z le;] - ol (W) + 25 (4.35)
u=1 u=1 €S

Being s” (-, -) a multiplexed code, and assuming w® well estimated, the destination reliably

decodes w1t u = 1,2, iff:

P
R, < I(sl,vl;yd|52,v2>:c<<|a1|2+(1—m>2|ci|2> ﬁ) (4.36)

=
Ry < I(s9,v9;uals1,v1) =C | | ]ao)* + (1 — )Z|C'|2 =
2 > 2, V2, Yd[°1, V1 2 772‘ ' No
€S
2 P,
Ri+ Ry < I(s1,52,v1,v2;9a) =C (; <|a“|2 +(1- nu); |Ci|2> ﬁ)

Now, considering the two limitations in (4.34) and (4.36), we obtain the minimization in (4.30).
However, notice that correlations 7, 7o can be arbitrarily chosen, as well as the subset of active
relays S C N. Hence, the rate region becomes the union over subsets and 0 < 7,7, < 1.

Finally, due to time-sharing the convex hull operation is demonstrated. ]

Notice that the boundary points of the rate region can be attained using superposition coding
(SC), successive interference cancelation (SIC) at the decoders, and (optionally) time-sharing
(TS). In fact, for fixed subset of relays S and fixed correlations 7, 75, the rate region is the
intersection of the capacity regions at the relays in S and at the destination (as shown in the
proof). Since SC, SIC and TS are optimal for the individual regions, they are optimal for the

intersection of them as well.

Let us compute now the maximum sum-rate of the rate region (4.30). For G = {1} and

G = {2}, itis clear that:

Ry < Ry 2max max min{® (S,n,m0, {1}), ¥ (S,n1,m, {1})} (4.37)

SCN 0<n1,m2<1

S A .
R2 S R2 — fsng%(oggll%?gl min {Q) (87 m, 72, {2}> ) v <87 s 712, {2})}

which are the maximum single-user rates of both sources when they are assisted by relays,
which can be computed from Theorem 3.1. Additionally, from the sum-rate constraint (i.e.,
g= {L 2})

2

o, ,
ZlRu < Rip £ max max_ min {® (8,01, 2, {1,2}) , ¥ (S,mmy, {1,21)} . (4.38)
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Unfortunately, no closed-form expression can be obtained for RLQ. Notice now that, unlike
the sum-rate of the MAC without relays, RLQ can be either greater than, lower than or equal
to R; + R,. Therefore, we need to consider both (4.37) and (4.38) in order to compute the

maximum sum-rate of the channel with D&F, which is

SRD&F = min {Rl + RQ, RLQ} . (439)

4.3.1 Multiuser Diversity and D&F

We study now the impact of multiuser diversity on the achievable rate region with D&F. In
particular, the scaling law (on the number of users) of its achievable sum-rate is obtained. First,
we trivially extend (4.38) to U > 2:
U
> Ry, < SRper (U) £ max max min {® (8, m,U), ¥ (S, m,U)}, (4.40)

SCN 0<my X1
u=1

whered = {1,--- U}, and myy = {m1, -+ ,nu}. The interpretation of (4.40) is as follows: the
maximum sum-rate with D&F is always lower than or equal to the maximum, over the subset
of active relays and over the source-relay correlation, of the minimum of: i) the sum-capacity
towards the active relays, ® (S, n,, i) and ii) the sum-capacity towards the destination with the
aid of the active relays, U (S, n,, U ). However, as pointed out in (4.39), such a bound does not
necessarily hold with equality. The explanation comes from the fact that relays and destination
may be able to decode the same sum-capacity, but at different points of the rate region (See Fig.
4.2). Accordingly, it may occur that such a sum-capacity cannot be simultaneously maintained

with the relays and with the destination, and therefore it is not achievable.

Assume unitary-mean, Rayleigh-distributed fading coefficients a,, ~ CN (0, 1), and b, ; ~
CN (0,1), Yu, i. Also, for simplicity of exposition, assume that all power constraints are iden-

tical: P, = P,u=1,---,U. Then, the following convergence in probability can be proven.
Theorem 4.3 Consider the MPR-MAC with a finite set of relays N'. Then, for U — oo,

SRper (U) —C (U : Nﬂ) £o. (4.41)

104



4.3. Decode-and-forward

Rate reglon
A towards V&Lﬂgs

e | (St

v (S?nbf:u)

/

pal

R,

Achievable /

Sum-rate

Rate veglon towarols
destination

Figure 4.2: Achievable sum-rate with D&F.

Proof: In (4.40), we defined

. P )
(S, U) = min C (EZW nu) (4.42)
ueU
P 2 2
U (S, mu,U) = C<ﬁo;<|au| +(1—nu);|ci| ))

First of all, given unitary-mean, Rayleigh fading, we may apply Corollary 2.3 to derive:

P < P < P
AT buz 2 u - NT u 0.
c(mpmin) (5 n) *
Furthermore, given the subset of relays S of finite cardinality and noting from Lemma 2.2 that

the min operator keeps convergence unaltered, the following relationship also holds:

U
P P
(S, my,U) —C (Vo ;nu> £o. (4.43)

Consider now the convergence of ¥ (S, 1, U). Using Corollary 2.3 we can derive that:

U

1€S u=1
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4.3. Decode-and-forward

Therefore, using convergence (4.43) and (4.44) in definition (4.40), and recalling that the max

and min operators do not alter convergence (see Lemma 2.2), we derive that:
p U
SRor (U) — ax max min {C <Vo ; m) :
P 9 z P
C <E <U + ZEZS il ; (1- pu)>> } — 0, (4.45)

However, notice that 25:1 1. < U always. Therefore,

U
P
SRpr (U) — max max C (E ;%) 5 0, (4.46)

SQN 0<ny =1

which is evaluated as
P\ p

This concludes the proof. [

Theorem 4.3 states that the sum-rate of the MAC with D&F relays and the MAC without
relays are asymptotically equal. Therefore, D&F relaying is not useful, in terms of capacity,
when there is enough multiuser diversity in the network. We can interpret this resorting to the
Distributed Channel Hardening effect [80]. To explain this effect, let us first recall that for D&F
with a single source (see Section 3.3.1), the ordered SNRs at the relays were approximated by

the inverse function of the c.d.f. of the channel distribution: see e.g., (3.26) and (3.27). That is,

SNR,, ~ —log <%> S m=1,--,N. (4.48)

The result was obtained using ordered statistics in [60]; according to it, the relays with low
m < N (i.e., the relays with highest source-relay channels following (3.18)) enjoyed links
with the source of much higher capacity than the destination did. Hence, the virtual antenna

was reliably mimicked and D&F became useful.

However, with multiple sources, the received SNR at the relays is the result of the power

contribution from all users, which is (as for the single-user case) random due to fading:

U
P 2
SNRT’m = N, 31 77u|bu,m| , m=1,--- ,N. (4.49)
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4.4. Linear Relaying

Nevertheless, with infinite users this sum satisfies the law of large numbers: the received SNR

at the relays converges in probability to a fixed constant, which is indeed equal for all relays:
p U
P
SNR,, — A uzl Ne — 0, VYm. (4.50)

Thereby, in this case, the ordered statistics are not able to provide any SNR gain among the
relays, and all have the same received power. Moreover, since 7, < 1 Vu, the asymptotic

sum-rate of the relays is clearly lower than or equal to that of the destination without relays:

P P
— Zm < —U. 4.51)

Therefore, relays become the bottleneck of the network and no rate gain is obtained. This is
what we refer to distributed channel hardening effect. The effect was discovered by Hochwald

et al. in the context of opportunistic MISO-MAC [80], and complemented by Larsson in [81].

Finally, notice that the max-flow-min-cut bound (Theorem 4.1) indeed suggests rate gains even

for high number of users. Therefore, D&F is clearly suboptimal for densely-populated MACs.

4.4 Linear Relaying

With LR, the relays do not decode the users’ signals, but amplify them instead. Therefore, it is
expected that this technique is not affected by the channel hardening effect. At the MPR-MAC,
LR operates as follows [24]: the two sources select messages w,, € {1, oo M }, u = 1,2 for
transmission and map them onto two independent codewords x;;, u = 1, 2 of sufficiently large
length n. The codewords are then transmitted into B channel blocks of x = & channel uses
each. On every block b, the sequence of symbols % [b], v = 1,2 are transmitted and received
at the relays and destination following (4.2) and (4.3), respectively. Simultaneously, the relays

linearly combine the received signal during this block, and send the sequence of symbols 7’ [5],

given by:
w0 = @;-yrlb]
2
= fI)i-<Zbu7i-m7’j[b]+zfi>, i=1,---,N. (4.52)
u=1

KXK
SLT

As for previous chapter, ®; € CL" is referred to as linear relaying matrix of relay 7. It defines

the linear combination of past inputs, and is strictly lower triangular to preserve causality. The
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4.4. Linear Relaying

received signal at the destination is’:

2 N

K K K K

Y, = g au-zcu—l—g Ci Ty, T 24,
2

N N
= Z (au I+ Z bu,ﬂﬂ’@) -xy + (zg + Z ci‘I>Z~zfi> ) (4.53)
i=1

As previously, the communication is constrained to satisfy the per-user constraint (A3), which
can be stated as follows: let Qf = E ]z (:I:';)T} = 0 be the source v = 1,2 temporal

covariance matrix, and Q;. = E {m’ﬁz (a:’?)T} =37, |0, |2®;QE®! + N,®,®!, the relays

T

temporal covariance. Then, the total transmitted power in the network is computed as:

1 2 N
P = = tr{Qs}+ ) tr{Qr (4.54)
OULARS DACHY
- litr Q" I+ZN:|b *®®, +%iqﬂq)
K;u:1 b =1 v Y 2 =1 C

Therefore, we can easily infer that the power used in the network to transmit the message of

user u = 1, 2 is:

N N
1 N,
P.(QL, ®1.ny) = ;tr {QZ <I+ E |bu72~|2‘I>;r‘I>i> + ) g ‘I);-r‘l)i} . (4.55)
i=1 i=1

Accordingly, assumption (A3) is formulated as P,, (Q%, ®;.n) < P,, u = 1, 2. The rate region

with such a relaying architecture is given in the following theorem.

Theorem 4.4 With LR, the achievable rate region of the MPR-MAC is

Rig (Pi, Py) = lim coh U Re(@wn) (4.56)
@1.NvECET

where R, (®1.x) =

Ry < Llog, det (I + RfﬂleijRf)
U Ry Ry < Llogydet (I + R,* H,QSHIR, ") 4.57)
Qr.Q5-0 . 9 -1 -1
(@ B )£ Pus um 2 R+ Ry < Logydet (14320, Ry HAQLH{R," )

and Ry = N, (I +N |cl-|2<1>i<1>}), H,= (au T+, buvic@i), w=1,2

2For notational simplicity, we remove index b.
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4.4. Linear Relaying

Remark 4.2 Hereafter, we refer to R,. (®1.x) as the conditional rate region of the MPR-MAC.
It is defined as the closure of all rate duples (Ry, Ry) that are achievable when the relay nodes

use the fixed set of relaying matrices ®1.5 € C{ "

Proof: Let the sources transmit on blocks of x channel uses, and the relays use the given
set of matrices ®,.y. The received signal is given in (3.89), for which the capacity region is

derived using theory of vector MAC [21]:

Ry < -1 (a7 yjlas)
R (®1.n) = coh U Ry Ry < % T (x5 yl|xh) ,
2k Dk Py QL ®1.N)<Py, u=1,2
PPy P (i) Ry+ By <11 (2f, 25 y5)

where achievability is proven using random coding arguments with codewords of length n =
Bk — oo, generated ii.d from pyr u = 1,2, and joint typical decoding. For the con-
verse, Fano’s inequality applies. Considering Gaussian noise, the rate region above is directly
(4.57) [21, Section 10.5]. This demonstrates the greater achievable rate region with a fixed set
of relaying functions ®,.5. However, the relaying matrices can be arbitrarily chosen at the
relay nodes; thus, any duple (R, Rs) belonging to U‘Pl:N ecrxs R, (P1.nv) is also achievable.

Furthermore, so is any point at the convex hull of the union through time-sharing of sets of

linear relaying matrices:

R, = coh U Re(@n) |- (4.58)

élNECgE’Il?

Finally, the number of channel uses per block, «, is also designed arbitrarily. Therefore:

R—00

Rir = JRx = lim R, (4.59)

where the second equality holds from the non-decreasing nature of R, with x [24, Sec. III].

Hence, introducing (4.58) in (4.59), concludes the proof. |

In order to evaluate the convex region Ryg (P, P»), we can resort to the weighted sum-rate
(WSR) optimization, which consists of describing the region by means of its bounding hyper-

planes [82, Sec. III-C]:
RLR (Pl,PQ) = {RLQ . OéRl -+ (1 — C() R2 S R(Oé) ,VOZ € [O, 1]} s (460)

109



4.4. Linear Relaying

where R («) is the maximum WSR of channel, assuming weights « and 1 — « for users s; and
s9, respectively. Notice that given relationship (4.56), R («) can be expressed in terms of the

WSR of the conditional rate region. Specifically, defining
R (P1.y) ={Ri2:aR + (1 —a)Ry < R, (a, ®y.n), Yo € [0, 1]}, (4.61)
it is clear that:

R(a) = lim max R, (o, ®y). (4.62)

R0 @yneCr
Hereafter, we refer to R, («, ®1.5) as the conditional WSR, achieved with equality at the
boundary of (4.57). Clearly, it can be attained using superposition coding at the users, succes-

sive interference cancelation (SIC) at the destination, and time-sharing.

In order to tackle optimization (4.62), we proceed in two steps:

e First, we devise an iterative algorithm to compute R, (a, ®1.)y), which is the maximum

value of aR; + (1 — a) Ry when the relays use the fixed set of relaying functions ®. .

o Afterwards, we plug it in (4.62), and study the maximization. This turns out to be non-

convex and not solvable in practice. We thus propose a suboptimum approach.

Let us consider then R, (a, ®1.v). As mentioned, the conditional WSR can be attained using
SIC at the destination. This consists in first decoding the user with lowest weight, then subtract-
ing its contribution on the received signal, and finally decoding the other without interference.
Therefore, assuming w.l.o.g. a > 0.5, the user s; has higher priority at the SIC and thus is

decoded last. With such a priority, the transmission rates at the users read:
1 _1 _1
R = - log,det <I +R,’H\Q"H|R, ) (4.63)
K
1 -1
Ry = —log,det (I + <Rd + H,\Q"H] ) HQQSHZT)

Accordingly, the maximum value of R + (1 — ) Ry is computed from

2 p 1 1
®,.y) = 0, -log,det | T *H,Q"H'R, 4.64
R, (o, ®1.v) Q'?lggxto 2 , - log, de < + ;Rd WJQIH! R, ) , (4.64)
S.t. Pu (anq)lzN) SPu, u = 1,2
where 60, = % and 0, = 1_Ta Notice that the objective function is the sum of convex

functions and the constraints define a convex set. Therefore, the optimization is convex in

standard form.
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4.4. Linear Relaying

4.4.1 Sum-Rate Maximization

1.

Let us first consider maximization (4.64) with o = 0.5. Forit, §; = 0 and 05 = 5:

2
1 _1 _1
R, (0.5, ®,.y) = max 2—log2 det <I+ E R, 2HuQ1’jHle 2) (4.65)

QF.Q5-0 2K
u=1

s.t. Pu (QZ7 ¢1:N) S Pua U= 172

To solve the optimization, we propose the use of a block-coordinate ascent algorithm (see
Section 2.2.1). It consists in iteratively optimizing the objective function with respect to one

Q. while keeping the other fixed, and is defined for our problem as:

Qi (t +1) = arg max log, det (I +R," (HquH; + HLQE (t+2 — 1) H;) Rf) ,

where ¢ is the iteration index, u = 1,2, and @ = {1,2} /u. It can be shown that not only
the original maximization (4.65) is convex, but also its feasible set is the cartesian product of
convex sets and (4.66) is strictly convex, i.e. it is uniquely attained. Hence, the limit point of
the sequence {Q% (t), Q% (t)} is guaranteed to converge to the sum-rate (see Corollary 2.1).

The solution of maximization (4.66) is presented in the following Proposition.

Proposition 4.1 Consider the optimization in (4.66), define A, = (I + vazl |bu7i|2<I>ZT<I)i>

and compute the SVD-decomposition

=

(Ri+ HQ(t+2— ) HY) * H,A, P _UAV 4.67)

1 1
Then, Q% (t+1) = A,? %\IIVJAu 2 where

1 17" -
;= [; — )\—} , With Z@DJ = kP, —tr {% Ziil (I)ZT(I)Z} : (4.68)
J j=1

Remark 4.3 With such a solution, algorithm (4.66) is equivalent to the iterative waterfilling
algorithm for the MIMO-MAC sum-rate [50]. However, in our case, the SVD decomposition

_1
takes also into account the matrix A, 2.

Proof: First, let us rewrite the objective function of (4.66) as:

2 1 _1 _1 _1
log, det (I +> R,’H,Q:H|R, ) = log, det (I +R,°H,Q H!R, ) (4.69)
u=1

+logy det (I + H.Q:HY) ,
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4.4. Linear Relaying

1
2

where H, = <Rd + HﬂQgH§L> H,. Notice that the first term does not depend on Q7.

Hence, the Lagrangian for the optimization is given by [48]:

L£(Qr,Q,p) =log (det (I + H.QLH!)) + tr {QQ%} — pu (kP (Qf, ®1.5) — KP,)

u?

where 1 > 0 and matrix €2 > 0 are the Lagrange multipliers for the power and semi-definite
positive constraints, respectively. The KKT conditions for the problem (sufficient and neces-

sary for optimality due to convexity, and regularity of the feasible set) are [48]:

i) u <I + N |bu7i\2<1>j<1>i) —Q=HI (I+HQH!) "H, (4.70)
i) (0 Qs (1+ 5, bul*®@]®:) + 2 Y @l —xP) =0
iii) tr {QQ5} =0
Let us now define A, = I + vazl |bu7i|2<I>ZT<I>Z-, which is singular and semidefinite positive.
. 1 1 - 11
Also, consider the change of variables Q, = A; Q%A and Q2 = A, *Q A, ?, both semidefi-

nite positive, as Q7 and (2. With them, we can turn the KKT conditions into:

_1 U -1 1
Dp—Q=ACH (I +H.APQuA, 2H§> H.A," 4.71)
i) 1 (tr {Qu + % Zfil <I>I<I>i} = RPU) =0
iii) tr {QQH} —0
From the SVD-decomposition H, A, > = UUA%V;T, we can obtain (as for the capacity of

- +
MIMO channels [3]) that @ = V, ¥V}, with ¢); = [% _ L} =1,k satisfies KKT

z Aj
conditions. x* is such that Zﬁf:l Y; + Setr {Zf;l (IDZT‘IH} — kP, = 0, and Q* computed from

- —1
KKT condition i) as: * = V,, <u — A (I + A%\IJA%) Aé> V., which is semidefinite
S |
positive. Finally, we recover the optimum source temporal covariance as Q% = A, *Q:A.>.

4.4.2 Weighted Sum-Rate Maximization

We study now the maximization (4.64) with o > 0.5. In the previous subsection, we showed
that such an optimization can be tackled using a block-coordinate approach. However, in this
case, it is not clear that the maximization over one Q! keeping the other fixed is uniquely

attained. Hence, the algorithm is not guaranteed to converge [48, Proposition 2.7.1]. In order
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4.4. Linear Relaying

to solve the problem with guaranteed convergence, we propose the use of Gradient Projection
(GP), which is detailed in Section 2.2.1. Firstly, we introduce the change of variables Qg =

1 1
A:QFAL, uw=1,2, where A, > 0 is defined in Proposition 4.1. With it, maximization (4.64)

turns into:
2 P 1 1. 1 1
Ri(a,®1y) = max » 0,-logydet (I+> R,*H,AQIAH|R,” |,
QF,Q5-0
12 p=1 u=1
st. tr {Qu} + Nogy {Zﬁil <I>i<1>j} < kP, u=1,2 4.72)

Now, the feasible set is defined in terms of a trace constraint, for which the GP method can be
more easily applied. Likewise, notice that the feasible set is the cartesian product of convex

sets.

The algorithm iterates as follows: denote by f (Q’f, Qg) the objective of (4.72), and consider
the initial point {Q’f (0), Q% (0) }, then

Qi(t+1)=Q (1) +m (Ku -Q; (t)) , u=1,2. (4.73)
where ¢ is the iteration index, v; € (0, 1] the step-size, and
- . . 1
K, = |Qi(t)+5:- Vo f (@), Q50)| . u=12 (4.74)

st > 0isascalar, Vi, f () is the gradient of f (-) with respect to Q" and [-]* is the projection
(with respect to the Frobenius norm) onto the feasible set. As shown in Corollary 2.2, whenever
v¢ and s; are chosen appropriately (using e.g., the limited maximization rule or Armijo’s rule
[48, Section 2.3.1]), the sequence {Q’f (t), Q5 (t)} is proven to converge to the maximum
of (4.72). In order to make the algorithm work for our problem, we need to: i) compute the
gradient of f () and ii) calculate the projection of Hermitian, semi-definite positive, matrices
onto the feasible set. First, the gradient is equal to twice the conjugate of the partial derivative

of the function with respect to Q’; [83]:

or (@n@)]"\

— 4.75
00" 4.75)

Vorf ( ~'faQ§) =12

T
2 1 1 p 1 1 - 1 1 ! 1 1
=12) 6,-A,;*H[R,* <I+ZRdQHjAj2QjAj2H}Rd2> R,’H,A,” | logye
pP=u

j=1
The gradient is Hermitian and semi-definite positive. In order to project it onto the feasible

set, we recall that this is defined in (4.72) by means of two trace constraints. Hence, we can
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4.4. Linear Relaying

make use of [84, Section IV.C.2] to project Hermitian matrices Qu = 0, u = 1,2 (with eigen-
decomposition Q,, = U,n,U)) as:

- ) - N
g r Q. it w{Q}+Yu{t o0l <wp,

= (4.76)
U,[n—6,I"U} otherwise

. 7L
where §,, > 0 is such that tr { [Qu] } + %tr {Zfil ‘I>Z~<I>ZT} = kP,.

4.4.3 Linear Relaying Matrix Design

In the previous subsections, we devised iterative algorithms to compute the conditional SR and
WSR of the system. Now, in order to search for the non-conditioned ones, we need to solve
(4.62). From such a maximization, the optimum linear functions at the relays are obtained.
Unfortunately, the maximization is not convex and requires unfeasible non-convex optimization

procedures to be solved.

We thus propose a suboptimum approach. In particular, and motivated by the convex hull
operation and the union at (4.56), we propose that the relays time-share among three subopti-
mum sets of relaying matrices: ®¢,,, ®°.,, and ®¢ .. The three are based on the extension of
amplify-and-forward to k > 2: on every channel use ¢, relays only amplify and retransmit the
signal received on previous channel use ¢ — 1. As mentioned, with them the required memory

at the relays is reduced to one sample. The resulting relaying matrices are given by:

P =iy, i=1,---,N, e =a,b,cwith 4.77)
B, 2 VB p=q+1; 1<qg<k-1

0 p—

P 0 elsewhere.

where n; € C are the beamforming weights that allow for coherent transmission and satisfy

SN 5|2 = 1. Notice that 3 in (4.77) must satisfy %tr{% SN Bt } < min {P,, P,}

so that power constraint (4.55) can hold. That is, g < %}’2&}%. Finally, we select the

weights 7; to be:

* >k >k 2 * >k
N bii- ¢ b A 05 - ¢ N D et i €
T - 1 T - .

— eI L (4.78)

where ¢° is such that > fi L |m5|> = 1. The idea is that the weights maximize (via Maximal Ratio

i

Transmission) the individual rates of user 1, user 2 and the sum-rate, respectively. Finally,
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4.5. Compress-and-forward

in order to select the optimum value of (3, we propose the use of a simple one-dimensional
exhaustive search, considering Ry, R, and R; + R, as the objective metrics for n¢ ,,, n’. and

NS y» respectively.

4.5 Compress-and-forward

In the previous sections, we studied the two relaying techniques that performed better for the
single-user scenario. We now turn to the third relaying technique: C&F. We extend it to multi-
ple users and show that, unlike the N — oo case, when U — oo, C&F and D&F have different

scaling laws. Interestingly, C&F is not affected by the distributed channel hardening effect.

As for Section 3.5, we assume that relays distributedly compress their received signals by
means of a distributed Wyner-Ziv code [39]. Later, they send the compressed versions to the
destination, which makes use of them within a coherent detector. See the previous chapter for

a complete operational overview of this technique.

Theorem 4.5 With C&F, the MPR-MAC achieves the rate region

Rewr (Pr, Py) = coh U U {Ris: (4.79)

VLY2, Yy Ve p1:N20:

N
ryu+@<}3u7 w=1,2 P1;N€~7(71:2,w1:1\,)

> R, <log, det (I + Z%huhg> |G C {1,2}}) ,
ueg u€eg

where

h. — |: Ay bu,l bu,N :|T (4 80)
COWVNS VN TNt on] '

and J (Yi:2,Yri.n) =

det (I +32_, v.h,h! N,
pL.N : log, ( 2o + ZC (p_) <

)
det (T+ 322 vuhu (SR (89)1)

‘Ci‘27r'
C : VS CN.} (481
(Z No + ZZ:l au‘QﬁYu ( )

€S
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Remark 4.4 In the theorem, we used notation

B (S) - [l (Y], = 4 e Fp=D0orpes

0 elsewhere

Also, 7y, and 7y, denote the power allocated to user w = 1,2 and relay i = 1,--- | N, respec-

tively. Finally, p; stands for the compression noise of relay 1.

Proof: Let the two sources select messages w, € {1, cee Q”R”}, u = 1,2 for transmission.

They divide them it into B sub-messages of xR bits each, with k = %: w, = [w

1 .. B}
B

wr T Wy |

The messages are then transmitted using block-Markov encoding within B + 1 channel blocks.

b

On every block b, the sources transmit the new sub-messages w,,

, u = 1,2 using signals
o [b] = s (W), u=1,2, (4.82)

where we have selected s (-) to be random Gaussian codebooks, generated i.i.d. from s, ~
CN (0,7,). Gaussian signalling has not been shown to be optimal. The signals received at the

relays are given by:
2
y,.[0] = Zbu,iSZ (Wh) +=2r, i=1,---,N. (4.83)
u=1

Those are distributedly compressed using a multi-source compression code as that in Proposi-

tion 3.1, by means of which relays map the signals y;’ [b] using functions

where ¢; is the compression rate of relay 7. On block b + 1, the relays send the indexes s, [b] =
fr (yjf"z [b]) ,t=1,---, N to the destination via the MAC channel. To that end, they map them

onto multiple-access channel codebooks vy (-),i = 1,---, N:
w?z [b+1] :’UZ (Sm[bDv i:1,~' 7N- (4-85)

We select the MAC codebooks to be Gaussian, generated i.i.d. from v,, ~ CN (0,7,.), i =
1,---, N. Notice that the power utilized by the relays to cooperate with both users is sz\i L Vree

Therefore, the power constraint (A3) is satisfied whenever

N
o :T” <P, u=12 (4.86)
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4.5. Compress-and-forward

The received signal at the destination on block b + 1 thus reads (4.3):

yilb + 1] Zau st (Wit +ch (50, [b]) + 25 (4.87)

Let us now define the decoding at the destination in block b + 1. Indexes s, ,[b] are first
recovered from y/[b + 1]. It is possible to do so iff the transmission rates ¢; lie within its

capacity region (considering s (w”“), u = 1, 2 as interference):

12
Y ei<cC ( Lies|cil ) VS CAN. (4.88)

2
i€ES NO + Zuzl |au|2’y’u
Once the indexes s, , [b] have been estimated, the destination removes their contribution on

yi[b+1]:

N
yrb+1 = yib+1]-> ¢ apb+1] (4.89)
=1

2

— Z%SZ (W) + 25,

u=1
Afterwards, the indexes s,, , [b] are decompressed using the received signal y.*[b] as side in-

formation. That is, following Proposition 3.1,the destination de-maps by means of function
Ik - {L T 72H¢1} Koo X {1’ T 72H¢N} X yc/iﬂ - 3}:1;N' (4.90)

The de-mapped vectors g% [b] = gy (5[], , sy [b], y,5[b]) are finally used, along with

Y. [b], to decode the users’ messages w’, u = 1,2. Those are correctly estimated iff [21, 38]:
SR, < I (xg;y;,y?m . yN) VG C {1,2}, 4.91)
ueg

where the inequality follows from (3.41) in Proposition 3.1. Assume that Gaussian compres-

sion codebooks are used at the relays, although they have not been shown to be optimal. That

0: —y; |2 . . N ..
(—%), where p; is the variance of g,, conditioned on y,.:

is, p (Jily:) = 7

Hereafter, is referred to as compression noise. With such a Gaussian codebooks, the rate region

(4.91) equals that of the AWGN SIMO-MAC:

S R, < logydet (I +3 %huh3> VG C {1,2}, (4.93)

ueg u€eg
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where h,, is defined in (4.80). However, this only holds for compression rates satisfying the set
of constraints imposed by the D-WZ coding (3.42), i.e.,
I(ys; 9slyy 98) <D b VS CN. (4.94)
i€S
Nonetheless, notice that compression rates are also constrained by (4.88), which plugged into

(4.94) makes (4.93) to hold if:

I (ys; 9slyl, 95) < C ZZESZ'CZ"Q% VS C N, (4.95)
N, + Zu:1 |GU|27u

Such a constraint can be evaluated for the Gaussian compression codebook as:

I<ys;3§/s|y&,z§/§> = H(yslyyys) — H

(Us|ys, Y, US) (4.96)
$1>$2,y8|yd>y§) +H y$|$17$2,ydays) @8|y3>y&>?3§)

= 1

= (x 2o, Ys|vg 9% ) + H (Gs|z1, 22,9, 98) — H (Ys|x1, 29, ys, v, U5)
( 1,x2,ys|yd,y3> + I (ys; Us|z1, 2, yy, YS)

$1,$2,yd>y1 N) -1 <$17$2,yd>y3> + I(ySayS|x1ax2ayday$)

det (I + N o h
= log, ( ; Zu*lﬁy ZC( )
det (I+ 52, vuha (S b (8)1) 1

where the second equality follows from the definition of mutual information and the third from

the Markov chain in Proposition 3.1. Finally, the fifth equality comes from the chain rule for

mutual information.

Let us now define J (7v1.2,7r,.,) as the set of compression noises that satisfies (4.95). The
relays may arbitrary choose any codebook design within this set, and also time-share them.

Therefore the achievable rate region remains:

coh U {RLQ 1> R, < log, det <I + Z%huhg> VG C {1, 2}}
)

pl:NEJ("/l:Qy"/rl:N u€eg in=te
Finally, the power can be arbitrarily allocated at the sources and relays, which concludes the

proof. [

Looking at the rate region (4.79), we clearly notice the parallelism with the SIMO-MAC. From
it, we can show that the boundary points of (4.79) can be attained using SIC at the decoder,

which will be used to compute its weighted sum-rate.
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4.5.1 Weighted Sum-Rate Maximization

As pointed out for Ryr, any convex region can be described using its bounding hyperplanes
[82, Sec. II-C]. Therefore, it is possible to resort to the maximum weighted sum-rate (WSR)

in order to characterize the region:
Rc&p (Pl, PQ) = {RLQ . OZRl + (1 — a) R2 S R (OZ) ,VOZ € [0, 1]}, (497)

where R («) is indeed the maximum WSR with C&F, given weights « and 1 — « for users s;

and s,, respectively.

Such a WSR is achieved at the boundary of the rate region, and attained (as mentioned) using
SIC at the destination. Considering, w.l.0.g., priority > 0.5 the user’s achievable rates thus

read:

R = log,det (Iﬂlhlh}) (4.98)

-1
Ry = log,det (I + <I + vlhlhD 72h2h£) .

Therefore, the maximum value of aRy + (1 — ) Ry is

2 J
R(a) = max max Z 6; - log, det (I + Z vuhuh};> ) (4.99)

V29N pl:NEJ(Vl:%')’Tl:N) ]:1

Zi]\il ’}/Ti

s.t.’yu+T§Pu, u=1,2

u=1

where ; = 2o — 1 and 6, = 1 — a. Clearly, the maximization is not concave: the objec-
tive function, which has to be maximized is convex on p;.y. Furthermore, the feasible set
J (Y1:2,¥ry,x ) is not convex. Therefore, non-convex methods (such as exhaustive search) need
to be used. Unfortunately, the maximization involves 2 - N + 2 optimization variables and

2+ sz\il (]ZV ) constraints, which makes a numerical resolution unfeasible.

For the single-user case (Section 3.5), the impossibility of solving the actual rate was handled
by proposing an upper bound. The upper bound was used to benchmark this technique and
compare it with other relaying protocols. For the MAC, we shall proceed similarly and compute
an upper bound on the weighted sum-rate, which will be used to obtain an outer region on the
achievable rate region. The bound is derived by eliminating all the constrains in (4.81) but one:

the sum-rate constraint. Such a relaxation models a scenario where relays are not connected to
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the destination via a MAC channel, but via a common wired backhaul, as e.g. ethernet. Let us
then define:
2 J
R(a)=  max Z 6, - log, det (I + Z *yuhuhz> . (4.100)

‘71:27'Yr1:N7P1:N "
J=1

s.t. log,

det (I 2 h.ht N
(§] ( ‘l‘QZu:l’yu U u)—I—Z(-,'(%)S
(1 +Zu:1 /yu|au|2/NO) i=1 pl

; i e
= No+ Zi:1 au|*Vu

N
Yu+ Liz{ <P u=1,2

This is clearly an upper bound on (4.99), as we have eliminated vazl (]ZV ) — 1 constraints.

Now, following equivalent arguments to those in (3.57)-(3.60), it is possible to define p =

argmax |¢;|%, v, = 20 - min{P, P}, 7 =0, i # pand -, = P, 2 P, — 22 in order to
show that:

R(a) = pax r (B), (4.101)
with

r(f) = max ZQ log, det <I+ ZP h.h ) (4.102)

P1:N

- det (I+3%_, P,h,hl) i ( )<®
TR LY PN, & "

We have defined & = C (‘;f‘?;:fl in‘{fl";jj} ) Still, the optimization is not convex. However,
(4.102) can be solved using dual decomposition, as shown below, and (4.101) can be solved by

means of a single-dimensional exhaustive search.

Iterative Algorithm to Compute the Upper Bound.

This subsection proposes an algorithm to compute R (o). We proceed as follows: First, we
show that the duality gap for the problem (4.102) is zero. Later, we propose an iterative algo-
rithm that solves the dual problem, thus solving the primal too. As mentioned in Section 2.2.2,

the key property of the dual problem is that the coupling constraint is decoupled.
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Let the Lagrangian of (4.102) be defined on p;.,y > 0 and A > 0 as:

2 J
L(pr,-+pn,A) = >0 -logydet <I+ZP;huh;> (4.103)

j=1

2 / t N
_A <1Og2 d(et (I + Zu:1 Puh’uh'u) + C (%) . @T) ]
=1 i

u=1

L+ 3oy Pulau?/No)

i

The dual function g (A) for A > 0 follows:

g(\) = max  L(p1, - ,pn,A). (4.104)

p1y,pN 20

The solution of the dual problem is then obtained from

R'=ming()). (4.105)

A>0

Lemma 4.1 The duality gap for (4.102) is zero. That is, v (§) = R'.

Proof: 'We may apply the time-sharing property in Proposition 2.10 to demonstrate the zero-
duality gap is demonstrated. The procedure is equivalent to that presented for the single-user

case. |

The first step in order to solve the dual problem is to compute the dual function g (A). In
Section 3.5.1, we showed that such an optimization can be performed using a block-coordinate
algorithm. Unfortunately, now, the maximization with respect to a single p,, is not clear to be

uniquely attained. Hence, in order to solve (4.104), we propose to use gradient projection (GP)

as in Section 2.2.1. Consider the initial point {9, - -+, p%} > 0, then the iterations are defined
as:
Pt =t (=) =1, N (4.106)

where  is the iteration index and 0 < ~; < 1 is the step size. Also,

_ L

po=lpntse Vo LApr )] =1 N (4.107)
with s; > Oascalarand V,, L (X, pl, - - - , ply) the gradient of £ (-) with respect to p,,, evaluated
at pi,- - ply. Finally, []l denotes the projection (with respect to the Frobenius norm) onto

the positive axis.
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4.5. Compress-and-forward

As derived in Proposition 2.8, whenever «; and s, are chosen appropriately, the sequence
{p}, -+, pt} is proven to converge to a stationary of the Lagrangian. However, for global
convergence to hold (i.e., convergence to g (\)), the contraction property must be satisfied [49,

Proposition 3.10]. Unfortunately, we were not able to prove this property for our optimization.

In order to define the algorithm, we need to: i) compute the projection of a given p onto the

positive axis, which is:
[pl" = max {p,0}, (4.108)

and ii) obtain the gradient of the Lagrangian with respect to a single p,,:

OL (pron, A
VpnC(pLN,A)zigN’ ) (4.109)

The Lagrangian is defined in (4.103), with h,, following (4.80):

w b by "
h, — [“ , eV (4.110)
\/No \/No_'_pl \/No_'_pN
_1
= (NoI+p) 2 - gu,
where we have set p = diag (1, p1, -+ ,pn) and g, = [ay, by1,- - ,b%N]T. Therefore, in

order to compute its derivative, we can first notice that
2
det <I 2 P;huhz> = det (I + (NI +p)"' g1, o] diag (P, P}) g1, 9)")
u=1
= det (I +(N,I+p) ' GPG') (4.111)

with G = [g1, g»] and P = diag (P;, P;). Accordingly, it is clear that [83]:
T

op
— (NI + p) ' GPG' (I + (N,I+p) 'GPG!) " (N, +p)".(4.112)

lalog det (I + Zizl Pz:huhzt)

From it, with p defined above, we can easily obtain:

dlogdet (I +3°_ Pih,hl) [810g2 det (I +Y2_, Plh,h}) @i
apn 6p n+1n+1
In parallel, the same reasoning can be carried out to derive that
dlog det <I + P{hlhD
= (4.114)

0pn

—1
l— (NI +p) " gPg! <I + (NI + p)_lglpl’gD (NI + p)_l}
n+1n+1
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Taking this into account, it is easy to obtain the derivative of the Lagrangian in (4.103) as

0L (prn,A) _ (4.115)
dpn,
-1
<01 : [— (NI +p) " g1 Plg] (T+ (NI +p) " giPigl) (NI + P)_l}
n+1,n+1

(02 =N+ [~ (NI +p) ' GPG! (I + (NI +p) " GPGY) ' (NI +p) "]

N, 1
A =2 log 2 (e) .
- (pnNo+pn)) °82(c)

(4.115) is used in the GP algorithm to obtain g (). Notice that for @ < %, the roles of users

n+1,n+1

s1 and s are interchanged, and user 1 is decoded first. This roles would also need to be

interchanged in the computation of the gradient.

Once g (\) has been obatined, we still need to minimize it in order to solve the dual problem
(4.105). This can be done following the same sub-gradient approach as that in Section 3.5.1.

In this case, the subgradient is computed following (2.44) as:

det (I+Y2_ P.h,hl) & < N, )
h(A) =®p —1 = C 1, 4.116
( ) T 089 (1+ZZ:1P1/L|GU|2/NO) ; i ()\) ( )

where p;.y (A) are the limiting points of algorithm (4.106), given A\. The subgradient search

is guaranteed to converge to the global minimum, and thus to r () [69, Section II-B]. Finally,
we propose an exhaustive search to maximize the bound over (3. Algorithm 3 describes all the

necessary steps.

4.5.2 Multiuser Diversity and C&F

Let us study now C&F when the number of users grows without bound. Previously in this
dissertation, we have shown that: i) multiuser diversity makes D&F relaying asymptotically
useless, and ii) D&F and C&F behave equally when N — oo. From both facts, a doubt assails
us here: do C&F and D&F perform equally for U — o0? Or, in order words, is C&F affected

by the distributed channel hardening effect? In this section, we show that the answer is no.

First, we extend the result in Theorem 4.5 to U > 2. In particular, considering the sum-rate
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Algorithm 3 Computation of the WSR Upper Bound
1: for =0:1do

2:  Letp = argmax|c;|* and define &7 = C <‘C”‘22ﬁ'min{Pl’P2}>

No+23:1 |‘1u|2P1:
3:  Initialize A\, = 0 and Ak

4:  repeat

6: Obtain {p; (A), -+, pn (A\)} = argmax,,. , L (p1,- -, pn, A) from Algorithm 4
7: Evaluate / () as in (4.116).

8: If h (\) <0, then A\, = A, else A\jax = A

9:  until A\ — Apin < €
100 r(B)=L(pr(A),-,on(A), )

11: end for

12: R(a) = max 7 (B)

constraint only, we can generalize:

U U
> R, <SReer(U)2  max  log,det <I +) %huh;> . (4.117)

Y1:UsYrq. N sPL:N

u=1 u=1

s.t. PN € J ('71:27’7T1;N)

N
Vu‘l_Zi:l/y” SPu,U:].,"',U

U
where in J (71:2, V. ) is defined in (4.81) , and:
Ay, bul bUN :|T
hu = ) 7 P 7 7u:17"'7U' (4118)
VNO VNo+p1 VNo+pN

As previously, assume unitary-mean, Rayleigh fading. Also, assume identical power con-

straints: P, = P,u = 1,--- ,U. The following convergence in probability can be proven?.

Theorem 4.6 Consider SRcgr (U) in (4.117), and define

p U
TU)=¢C (E ;max {la.]?, ‘01:N|2}) : (4.119)
Then, SReer (U) < T (U), and for U — oo:

TU)-C (U~ (max {lern]?} + e—max{|01:zvl2}) : %

o

) £o. (4.120)

3 As mentioned, when obtaining convergence for U — oo, we assume that the relay-destination channels c;

are static.
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Algorithm 4 GP to obtain g ()\)

1: Initialize p° =10, n=1,--- ,Nandt =0

2: repeat

3:  Compute the gradient g}, =V, L(\, pl, -+, ply),n=1,---, N from (4.115).
4:  Choose appropriate s;

5. Setpt = pl + s gl. Then, pt, = max {p!,0},n=1,--- N.

6:  Choose appropriate -y,

7. Update pi,"" = pj, + 7. (P}, = p,),n=1,--- | N

8 t=t+1
9: until The sequence converges {p},---,pi} — {p}, - . PN}
10: Return {pf, -+ , o}

Remark 4.5 Notice that the function y + e=Y > 1 for all y > 0. Therefore, T (U) converges

. . X P
to a value greater than the sum-capacity without relays: C (U . M)

Proof: 1In order to prove the theorem, we first focus on the definition of SRcgr (U) in (4.117).

Specifically, we consider its first constraint p1.xy € J (1.2, ¥ry.y )» and take its particularization

toS =MN:

det (I + ZU,1 ’}/uh,uh,T> N N N |C'|2
u= u o il Vr;
10g2 P + E C (p—) S C ( E D) ) (4121)
i=1 !

(142 5E) S Not+ T |

It is clear that, at the optimum point of maximization (4.117), i.e., V1.;7, ¥y, > P1.n> the con-
2 N |C-‘2 *
il " Vr,
+(C i
° ) ( (; NO + Zu:l au|2’7:;>

|, |? - i,
CZ%N +CZ

i=1 No + Zuzl ||y

U % N *
—C Zu:l |a’u|2’yu + Zi:l ‘Ci‘zym>

No

straint is satisfied. Therefore:

U
log, det <I + Z ’yZthL)

u=1

N
a
R
1=
ISR
Bl

IN

U % N Ve
S0 (JouP + 2 a7 )
No
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where the first inequality follows from basic manipulation of (4.121). Consider now the power

constraint of (4.117):

N«
'7*"‘ Zizl /ym S

* = Pou=1, U (4.122)

It is clear that, making an analogous derivation of that in (3.58), such a constraint forces

N *

* /yru

|aw|®y + E |cul? i < P-max {|a,|*, |cr.n]*} - (4.123)
u=1

Therefore, using (4.123) into (4.122), we can obtain:

U U 2 2
Y Peom |
log, det <I+ > vl’jhuhl) < C( u=1 ax {laul”, ey }) (4.124)

No

u=1

Finally, notice that the sum-rate is defined in (4.117) as

U
SRcgr (U) £ log, det (I +) yzhuhl) : (4.125)

u=1

Therefore, making use of (4.124) and (4.125), we demonstrate that SRcgr (U) < T (U).

Now, it remains to prove the asymptotic convergence of 7' (U) in the number of users. Re-
call that, when computing the asymptotic performance on U, we assume the relay-destination

channels c;.y fixed. Let us then define the random variables
Xu:max{‘au‘27|cl:]\7|2}7 U= 17 7U7 (4126)

sothat T'(U) = C (N% Zgzl Xu)- Notice that, for fixed c¢;.y, the only randomness on Y,
is contributed by |a,|>. Hence, the p.d.f. of those random variables can be easily computed

(conditioned on the given realization of ¢;.y) as:

—T

e r > max {|c1.x]*}

Fralern (¥) = <1 - €_max{‘cl:N‘2}> <0 (z —max {|ei.n|?}) = = max {|ei.n|?} (4.127)

0 r < max {|c;.y]*}

which is obtained by noting that |a,,|? is unitary mean, exponentially distributed. The mean of
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Xu> ¥ = 1,--- U can be thus computed as

E{xulcin} = / T fraleny (T)dz (4.128)
0

= mmax {\01:N|2} <1 - e‘max{‘cl:N‘2}> +/ x-e “dr

max{|c1.n |2}

= max {\01;N|2} <1 — e_max{‘chN‘Q})

+ </ e “dr — xeix] :ax c )
max{|c1.n|?} teren 2}

= max {|ern|*} (1 - e*max{\CLNP})
+ (e‘ max{[c1.n[?} + max {|01:N|2} o maX{|ClzN|2})

= max {Jepn [} + el

where the third equality comes from integration by parts. We realize now that all x;.x are
conditionally independent, given c;.y, and all have the same non-zero mean. Therefore, we

can apply Corollary 2.3 to derive:

P P P
C (E ;xu) —-C (EUE {Xu|c1;N}) . (4.129)
That is,

T(U)-C (U : <max {leen} + e*ma"{‘Cl:N‘Q}) : Nﬂ) 0, (4.130)

o

which concludes the proof. ]

The obtained result suggests that, unlike D&F, multiuser diversity does not undermine C&F.
In other words, distributed channel hardening is not harmful to this relaying strategy. Unfor-
tunately, the asymptotic performance is only demonstrated for the upper bound 7" (U), which
reduces the value of our result. Indeed, we were not able to derive any asymptotic convergence
of the true achievable sum-rate: SRcgr (U). However, we conjecture that it will have the same

scaling law as 7" (U).

4.6 Numerical Results

The rate region of the MPR-MAC with the three relaying techniques analyzed in this chap-

ter are evaluated numerically for fading channels. We model channel fading as zero-mean,
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MPR-MAC with D&F

Outer Region

S = {123}

R, [bps/Hz]
w

A {13}

S
s\
IS

MAC w/o Relaybs
1

O Il | |
0 1 2 3 4 5 6
R ; [bps/Hz]

Figure 4.3: Achievable rate region of the two-user MPR-MAC with DF, N = 3 relays, and

per-user constraint % = 5 dB.
o

complex, Gaussian-distributed and time-invariant. In particular, we consider a,, ~ CN (0, 1),
by ~ CN (0,d™),and ¢; ~ CN (0,(1—=d)™),u=1,2,i =1,--- ,N, where dyq = 11is
the sources-destination distance and d the users-relays distance. Finally, we set the path-loss

exponent to o = 3.

The rate regions with D&F, LR and C&F are depicted in Fig. 4.3-4.5, respectively. We have
considered N = 3 relays, and per-user constraint P,/N, = 5 dB, u = 1,2. Moreover, relays
are placed at a distance d = 0.5, and the region is plotted for the following channel realization:

[a1, as) = [0.68¢79247 0.85¢77%%] ¢, co, c3] = [1.63e7%08 3.35¢77117 1.54¢77391] and

b | TR 05 2760
ui] T 3,726j1'23 5.196j1'53 5.736j1'80

As reference, we also plot the capacity region of the MAC without relays and the outer region
presented in Sec. 4.2.2. First, Fig. 4.3 plots results for D&F, whose rate region is computed
from Theorem 4.2 as the union of the achievable rate regions with all possible subsets of active
relays S C A. We notice that the maximum achievable rate for user 1 is given when only the

relay S = {1} is active, while user 2 maximizes its achievable rate with relays S = {2, 3}

128



4.6. Numerical Results

= = = MAC w/o relays
MPR-MAC with LR .
Outer Region

R , [bps/Hz]

3 4 5 6
R ; [bps/Hz]

Figure 4.4: Achievable rate region of the two-user MPR-MAC with LR, N = 3 relays, and

per-user constraint % =5dB. Kk = 60.

active. Finally, it is shown that the rate region with D&F is closer to the outer bound than to the
capacity region of the MAC without relays, providing more than two-fold gains with respect to

the latter.

Next, Fig. 4.4 depicts the achievable rate region with LR. We compute it as the union of the
conditional rate regions with linear functions ®¢ ,,, ®° . &S ., all three presented in Section
4.4.3. We first notice that LR performs farther from the outer region than D&F does. This can be
seen as a penalty for its simplicity, and a consequence of the noise amplification. However, LR
provides significant gains with respect to the MAC with no relays. Finally, Fig. 4.5 concludes
the analysis depicting the performance of C&F. In particular, the outer region presented in
Section 4.5.1 is plotted, which was derived using the WSR upper bound (4.100). Those upper
bounds on the bounding hyperplanes are also plotted as reference. Again, two-fold gains are
shown with respect to the MAC without relays, which demonstrates that relaying is a valuable

approach to overcome channel impairments in multiuser MAC.

Fig. 4.6 plots the achievable sum-rate of the two-user MPR-MAC with D&F, LR and C&F,
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= = = MAC w/o relays
MPR-MAC with C\&F

6 I
5F \\\ MPR-MAC Outer Region | ]|

R, [bps/Hz]
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Figure 4.5: Outer bound on the achievable rate region of the two-user MPR-MAC with C&F,

— ] P, __
N = 3 relays, and per-user constraint = = 5 dB.

respectively, versus the source-relay distance d. In particular, it depicts the expected sum-rate,

averaged over the joint channel distribution, assuming N = 3 and P,/N, = 5dB, u = 1,2.

For the case of C&F, we present the sum-rate upper bound computed in (4.100). Likewise,

the sum-capacity bound in (4.10) and the sum-capacity without relays are plotted as reference.

Results and conclusions are slightly different to those in the previous chapter:

e Now, the max-flow-min-cut bound (4.10) is not reciprocal with respect to the source-relay

distance d. Hence, it does not present its maximum at d = 0.5, but at larger d. It is clearly

shown, thus, that the maximum sum-rate of the MPR-MAC is attained when relays are

closer to the destination than to the users.

e As for the MPRC, D&F perfectly merges the sum-capacity upper bound for low d, thus

being capacity-achieving. However, for increasing source-relay distance d, it signifi-

cantly diverges from the upper bound. Hence, it becomes clearly suboptimal, which can

be explained by the harmful effect of channel hardening on D&F operation.

e LR performs extremely poor. This is due, as for the MPRC, to the low number of relays
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N

(2]

—»— Decode-and-forward
——+8— Linear Relaying

3r - — — Sum-rate w/o relays
————— Compress—-and-forward (upper bound)
Max-flow—min-cut bound
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Achievable Sum-Rate [bps/Hz]

N

Figure 4.6: Achievable sum-rates of the two-user MPR-MAC versus source-relay distance d,

considering N = 3 relays and per-user constraint % = 5 dB.

and the harmful impact of noise amplification. Also, we notice that the sum-rate with
LR is reciprocal with respect to d, taking the maximum at d = 0.5. This invites to think
that LR does not distinguish whether the users are communicating with destination or
viceversa. In other words, that the MAC and BC with LR are dual. We demonstrate in

the next chapter that this claim holds.

o C&F presents an extraordinary performance, being the most competitive approach within
half of the distance range: 0.5 < d < 1. In particular, it provides almost three-fold gains
with respect to the no-relay MAC when the relays are close to the destination (d ~ 1).
Unfortunately, the green curve is only an upper bound on the achievable sum-rate with

C&F. Therefore, definite conclusions cannot be taken.

Finally, the asymptotic analysis in the number of users U is depicted in Fig. 4.7. We have
considered unitary-mean, Rayleigh fading (i.e., path-loss exponent o = 0), and plotted the
asymptotic sum-rates in Section 4.2.3 (outer region), Section 4.3.1 (D&F) and Section 4.5.2

(C&F). The performance of LR is obtained through simulation. From the asymptotes, we
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-

-

Achievable Sum-Rate [bps/Hz]

3 Upper bound in Theorem 4.1 I
PR 7 C&F asymptote in Theorem 4.6
2B~ —8— LR I

= = = Direct Link and D&F asymptote in Theorem 4.3
1 : -

10
Number of users

Figure 4.7: Achievable sum-rate of the MPR-MAC versus the number of users. We consider

i.i.d., zero-mean, Rayliegh fading and per-user constraint ]1\3,—: = 5 dB.

conclude that: i) The sum-capacity upper bound in (4.20) presents an almost constant gain
with respect to the sum-capacity without relays, independently of the number of users. This
gain has to be shared among all users; hence, the higher the number of users, the lower the
individual rate gain. ii) C&F slightly decreases its impact for higher number of users, and iii)
LR presents a constant gain with respect to the no-relay MAC. That is, it is not affected at all by
the hardening effect. However, as for the max-flow-min-cut bound, the per-user gain decreases

for increasing number of users.

4.7 Conclusions

This chapter has presented an outer region on the capacity region of the MPR-MAC and derived

inner regions by means of the achievable rates with D&F, LR and C&F.

The first achievable rate region consisted of the extension of the result presented by Kramer

in [76] to N > 1 relays. We have shown that, in order to attain any point of the D&F region,
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all possible subsets of active relays has to be considered, and possibly time-shared.

The achievable rate region with LR was next derived using the theory of vector channels, and
presented by means of its sum-rate and weighted sum-rate optimization. Both optimizations
were shown to be convex on the sources’ signalling, given a fixed set of linear functions at
the relays. We obtain the optimmu osurce temporal covariances using iterative algorithms,
namely: block-coordinate approach for the SR and gradient projection for the WSR. After
designing the sources’ signals, the optimization of the linear functions at the relays was not

convex. To overcome this limitation, we proposed a suboptimum approach.

Last, C&F was studied considering distributed Wyner-Ziv coding at the relays. Again, the rate
region was characterized by means of the WSR optimization. The optimization, though, was
not convex and had 2 - NV + 2 optimization variables; numerical resolution was thus unfeasible.

Thereby, we proposed a computable outer region on it that allowed for benchmarking.

Finally, the achievable sum-rates of the channel were studied when the number of users grew
to infinity. We assumed unitary-mean, Rayleigh-fading, and showed that in the asymptote,
D&F does not provide gain with respect to the no-relay MAC. This was due to the distributed
channel hardening effect. Additionally, the asymptotic performance of C&F was derived and

demonstrated to outperform the no-relay MAC always.
Numerical results for (time-invariant) Rayleigh fading, have shown that:
1. The maximum sum-capacity of the MPR-MAC is attained when relays are closer to the
destination than to the users.

2. D&F is sum-capacity achieving for low source-relay distances. However, it performs
poorly when relays are placed close to the destination and/or the number of users in-

creases.

3. C&F has become a very competitive approach, providing threefold sum-rate gains for

relays located close to the destination.

4. LR has the same characteristics as in the MPRC: i) the achievable sum-rate is reciprocal
with respect to the user/relay distance, ii) it performs poorly with low number of relays,

and iii) it seizes all the beamforming gain of the system with high number of them.
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Chapter 5

Broadcast Channel with Multiple-Parallel

Relays

5.1 Introduction

Broadcasting is one of the most widespread transmission modes in wireless networks. Well-
known examples are the 3G cellular downlink channel and the radio/television broadcasting.
In current times, the required (and commercialized) data rates for broadcasting services are
several orders of magnitude higher than those of the uplink, as e.g. in UMTS and XDSL.
Accordingly: i) more capable and reliable links are needed, and ii) more harmful the impact
of fading and shadowing is. In this framework, multi-antenna processing takes paramount
importance to strengthen the performance of the system. However, typical broadcast receivers
are low-size handsets for which having more than one antenna is not always possible. For these
cases, relays can be used in order to combat channel impairments, thus increasing the coverage,

capacity and robustness of the network.
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5.1.1 Overview

The Gaussian BC assisted by multiple-parallel relays (See Fig. 5.1) is studied in this chapter.
Single-antenna source, relays and destinations are considered, and the channel is assumed time-
invariant and frequency-flat. Also, as previously, transmit and receive CSI are available at
the source and destinations, respectively, and all relay nodes operate in full-duplex, using the
same frequency band. Notice that, unlike [43], we assume direct link between source and

destinations.

We aim at analyzing how much the capacity region of the broadcast is enlarged in the presence
of relays. For simplicity of exposition, the analysis is restrained to the two-user case. Unfortu-
nately, we were not able to derive the capacity region of the channel; instead, we provide inner

regions using the achievable rates with D&F, LR and C&F.

In the absence of relays, dirty paper coding is well-known to be the capacity-achieving source
encoding for SISO and MIMO broadcast channels [45,47,85]. It consists of encoding the first
user as if it were alone in the network; next, the source encodes the second user, utilizing the
(non-causal) knowledge of the interference caused on it by the user 1 signal. It was shown by
Costa in [47] that such a coding allows the second user to decode as if it had not interference
from the first user. In contrast, the first user decodes with the signal intended to the second user

as interference.

In the presence of relays such an encoding at the source has not been shown to be optimal;
indeed, the MPR-BC capacity region remains unknown and so does the optimal encoding.
Despite that, we select dirty paper coding as the channel encoding for the source, and adapt it
here to the different relaying techniques. The contributions of this chapter can be summarized

as follows:

e An achievable rate region with D&F is provided first. In order to implement D&F, we
propose a source encoding composed of block-Markov plus dirty paper coding. We were

not able to demonstrate the optimality of this approach.

e The achievable rate region with LR is derived next. In particular, we demonstrate that it is
equal to that of the MPR-MAC under a sum-power constraint. That is, MAC-BC duality

holds for LR. This result extends to BCs with direct link between source and users the
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91 () |
User 1
(wl ) w;_})% {0‘ )
Source
0= (> w2
User 2

Figure 5.1: Gaussian BC with multiple-parallel relays.

result presented by Jafar ef al. in [43] for two-hop BC. We build upon the MIMO MAC-
BC duality in [45] to prove our result. Intuitively, the obtained duality is explained by the
reciprocity pointed out in Theorem 3.6, where it is shown that LR does not distinguish
whether the source is transmitting to the users or viceversa. Finally, to maximize the
weighted sum-rate and therefore characterize the region, we devise iterative algorithms

based upon dual decomposition.

e C&Fis studied, and its rate region derived considering dirty paper encoding at the source,

and distributed Wyner-Ziv compression at the relays.

The rest of the chapter is organized as follows: Section 5.2 presents the channel model. D&F is
analyzed in Section 5.3, LR in Section 5.4, and C&F in Section 5.5. Finally, Section 5.6 shows

numerical results and Section 5.7 enumerates conclusions.
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5.2 Channel Model

The broadcast channel with multiple-parallel relays (MPR-BC) is a channel in which a single
source d transmits simultaneously to two destinations, s; and sy, with the aid of a set N/ =
{1,--+, N} of parallel relays (see Fig. 5.1). All network nodes transmit/receive scalar signals,
and wireless channels are time-invariant, frequency-flat, modeled using a complex scalar: a;,
represents the source to user u channel, while ¢} and by, ; represent the source to relay ¢ and
relay 7 to user u channels, respectively. Notice that channels are dual (i.e., complex conjugate)

to those of the MAC, and there is no wireless connectivity between relays.

We denote by !} = {24} | € C" the signal transmitted by the source, where 2, is the
transmitted symbol during channel use ¢ and n the codeword length. The received signals at

the relays thus read
Yy, =c¢ xyj+z,i€l,--- N 5.1

where 2., ~ CN (0, N,) is additive white Gaussian noise (AWGN). The relays transmit signals

x, = {xi }?:1 e C",i=1,---, N, which are defined by means of causal relaying functions:
:pi = fr (%17 SR yﬁ:l). Accordingly, the received signal at the two destination nodes is given
by
N
v = a@i+y U@tz u=12, (5.2)
i=1

where z, ~ CN (0, N,), u = 1,2. Furthermore, the same assumptions made for the MPRC

and MPR-MAC apply in this chapter. Specifically, we assume:

(Al). Full-duplex operation: relays transmit and receive simultaneously in the same frequency
band. This can be implemented using different antennas for transmission and reception,

the latter directly pointed to the source of the broadcast.

(A2). Transmit channel state information (CSI) and receive CSI at the source and destina-
tions, respectively. Channel awareness includes source-destination, source-relay and

relay-destination channels, and can be obtained (and fedback) during a setup phase.

(A3). A sum-power constraint is enforced:

%Z (E{mz\} +§;E{\x; )
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With such a constraint, we can compare the MPR-BC with a BC without relays and

source power constraint P.

5.2.1 Preliminaries

In order to present achievable rates for the channel, we define the following.

Definition 5.1 A (n, 2" 2"%2) code for the MPR-BC is defined by:

e two sets of messages VW, = {1, e 20l }, u = 1,2, one signal space X,;, and a source
encoding function
fa : Wi x Wy — X7, 5.4)
e N signal spaces X;, 1 =1,---, N and N causal relay functions
fro V=X i=1,--- N, (5.5)

e two decoding functions g, : Y — Wy, u =1, 2.

Definition 5.2 A rate duple (R1, Ry) is achievable if there exists a sequence of codes (n, onk 2”R2)

for which lim,,_,., P' = 0, where

1
P! = SifignTa Z Pr{ U 9u (Yy) 7 wu (w1, ws) was sent} ) (5.6)

w1,w2 u=1,2

Definition 5.3 The capacity region of the MPR-BC is the closure of all rates duples that are
achievable, given the power constraint (5.3) and the causal relaying functions in (5.5). Its

characterization, even using an infinite-letter expression, is still an open problem.

Hereafter, we provide inner regions on the capacity region of the MPR-BC by means of the

achievable rates with D&F, LR and C&F.
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5.3 Decode-and-forward

As mentioned throughout the dissertation, D&F consists of relay nodes fully decoding the
source messages, prior to re-encoding and retransmitting them to the users. In this sense, the
relays cooperate with the source forming a transmit antenna array towards the users. There-
fore, D&F makes the MPR-BC to somehow mimic a MISO BC, which is a widely studied

communication scenario [86, 87].

It is well-known that the capacity region of the MISO BC is achievable using dirty paper coding
(DPC) at the source [47, 85]. However, when mimicking it by means of D&F relays, such a
claim has not yet been demonstrated, and the optimum channel encoding remains unknown.
In this dissertation, we were not able to derive the best source encoding for D&F relaying.
Instead, we propose the use of the mixture of block-Markov encoding and DPC. The first is

used to implement full-duplex relaying, while the second is used for the wireless broadcasting.

Theorem 5.1 With D&F, the MPR-BC achieves the rate region:

Rper (P) =coh | | J U {Ry,: (5.7)

m=1,-.\N T ~1,72>0,g1,go€Cm+1x1:
2, yutalgu<P

Rry < maxg o {min {C <\cm|277\;:)> T (a, o/)} —
max {% log, (m) , log, (1 + O/Q)}}

V(1)

RF(Q) < min {C ( lem 2 yr(2) ) C ( lar2) 2 Yr(2) HPr(2) (M) gr(2)|? )}

No+lem[?vr (1) No+lar(2) 271y Flhr2) (M) gr(1)[?
where
2 /
, (i (a1 Py + (R (m) gul?)” (1 + a*) (14 0?)
T (a,a) = log, 5 (5.8)
(s larFPy - e (m) 9ul?) (11 + 0%32) = oy + @y
1
(X a2y + [ha (m) gul?) (14 a2'1) — |hy (m) g1 + b (m) goo'|? )7
7 is any permutation of {1, 2} and the source-relay channels have been ordered as:
1] 2 oo 2 Jen] = - > e, (5.9)
Moreover, we have defined:
h,(m)= [az, P ,b;m} , u=1,2, m=1,--- N. (5.10)
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Remark 5.1 Inthe Theorem, m denotes the cardinality of the decoding set. That is, the number
of relays that are active. v,, uw = 1,2 stand for the power allocated by the source to transmit
new “user u” data to the relays. In turn, g, is the distributed beamforming performed by the
source and active relays to relay the data to user u. Finally, 7 is a given order of the dirty

paper encoding.

Proof:  First of all, let the N relay nodes be ordered as in (5.9), and assume that only the

subset R,,, = {1,--- ,m} C N is active. Furthermore, consider the source selecting messages
Wy € {1, oo, 2B } u = 1, 2 for transmission to user 1 and user 2, respectively. Each message
is divided into B blocks of kR, bits, with k = %, i.e., w, = [w}, -+ ,wf] u = 1,2. The sub-

blocks w? are then pipelined into B + 1 channel blocks of » channel uses, as explained below.

We consider n, k, B > 1 so that Bijrl ~ 1.

The source encodes both messages using the combination of block-Markov encoding [21, Sec.

14.7] and dirty paper encoding [47], as follows: on every given block b, the source transmits

b

the new sub-messages w,,

, u = 1,2 to the relays in R,,, and to the users. Simultaneously, it

b—1

U 2

cooperates with the relays in R, to retransmit its previously transmitted sub-messages w
u = 1,2. Assume that the source first encodes the messages intended to user 2, and then
encodes the messages for user 1. Notice that such an ordering is arbitrary and can be inter-
changed, as shown at the end of the proof. Let us make the source and relays transmit during

block b:

xib] = 85 (w3 wyt) + gaa- vy (wyt) + (0], (5.11)
zi ] = gio- v} (wg—1)+m;1[b], Viée Ry, (5.12)

We have generically labeled x[b] and z7,[b] the signals intended to user one, which will be
discussed latter. Focussing on the signals intended to user 2 (who is encoded first) we choose
v5 () to be a Gaussian codebook, generated i.i.d. from vy, ~ CN (0,1). Likewise, we define
ga2 and g; 2, @ € Ry, as the weights used to beamform the codeword v5 (wg_l) towards user
2. On the other hand, s% (-, -) is a multiplexed code, generated i.i.d. from sy ~ CN (0,72). As
mentioned, multiplexed codes consist of (/i, PALLCIS 2”32) codes indexed by two entries wy, wy
[79, Section III.A]. A receiver can reliably decode both w; and wy if the channel capacity is
C' > 2R,. However, whenever it knows w, it can decode wy if C > R,, and viceversa. Until

now, the encoding for user 2 is exactly the same as the encoding for the MPR-MAC.
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Let us define now the encoding of the messages of user 1: that is, the way to create sequences
xf[b] and =7, [b]. We consider a dirty paper approach, and follow step-by-step the reasoning
in [47, Section II]. First, we define two random variables s; ~ CA (0,~;) and v; ~ CN (0, 1),

independent of s, and vy, and create two auxiliary variables:

u = S +a-sy~CN (O,’}/l"—@z’}/z) (5.13)

Ul = Ul+Ozl-UQNCN<0,1+Oé,2>

where «, o/ are two given parameters. We construct now two random codebooks u” (-, -),
u'" (+), generated i.i.d. from u and v/, respectively, and known at the source, relays and des-
tinations. The first one is a multiplexed code of size (ﬁ, 2re . 2"@), with ® a given constant,
and has all its codewords grouped into 2% . 2#F1 bins, We denote each bin as 4, (m, t), with
m,t = 1,---,2%%  The second code is a (/@, 2”‘1’) random code, and has all the sequences

placed into 2°f* bins; each bin is denoted by i, (j), j = 1,- -+, 27,

Using these codes, the source encodes the message intended to user 1 during block b as follows:
first, it obtains the two bin indexes 4, (w’l’, wll”l) and 7,/ (wll”l). Next, within those bins (the
first belonging to code u” (-, -) and the second to code u ™ (-)), the source selects two code-
words (one per codebook) which are jointly typical with s (w$,w™') and with v5 (w5,
respectively. As noted by Costa [47], there will be such a joint typical codeword whenever the

number of codewords-per-bin (c.p.b.) on both codebooks (V. gp.b and NV, g;.b) satisfy:

N,y = 2 (5.14)

N > )

Or, in other words, if the number of bins-per-codebook satisfy

K® | 9rP
. 2¢ (@—I1(U:V2))
#hisy < STy =2

Remember that u" (-, ) is a (k, 2% - 2°%) code, while u™ (-) is a (k, 2°*) code. However, we
have previously set #bins,, = 2% . 2¢F1 and #bins,, = 2¢F1. Therefore, we may restate

(5.15) as:

(5.16)

2
2R, < 20 — ] (u;sy) = 2P — log, (w)

4!

Ry < & —1T1(u;v9) = —log, (1 + oz/Q)
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and, as a result

1 2 ,
R < CID—maX{§log2 (w) log, <1+a2)}. (5.17)
g

Now, let us denote by u, the codeword that, belonging to bin i, (w},w}™"), is jointly typical

with s§ (wg, wg_l); and by u/ the codeword that, belonging to bin 7, (wll’_l) , 1s jointly typical
with v5 (wg_l). Assume that no errors occurred during the joint typical process (i.e., constraint

(5.17) is satisfied). The source then constructs [47]:

sib] = wu,—a- s (whwi™). (5.18)

vilt] = u,—a -5 (Wh). (5.19)

Three important remarks must be made here: i) the signal v¥[b] can also constructed by the

relays. Indeed, it only depends on previous w’™', W™ and not on current w?, w3, ii) s5[b] and

v [b] are statistically independent of s§ (wg, wg_l) and v§ (wg_l) , due to the code construction
and the joint typicality expressed before [47], and iii) the power constraint at the codes is

satisfied with high probability: + >°% | [s{] <~y and £ 377 o] < 1[47].

Now, taking into account these sequences of symbols, we force the source and relays to trans-

zi[b] = s5(whwi ) + st + gaz - v5 (W3h) + gax - VD], (5.20)

zi b = gio- vy (W) + g1 vf[b], VieE R, (5.21)

where factors g.,, u = 1,2 are, as mentioned, beamforming weights. Recall that vy, v; ~
CN (0,1) and s, ~ CN (0,7,), u = 1,2. Also, let us define g, = [gau, Gru, * - ,gmu]T,
u = 1, 2, the spatial beamforming. Hence, it is easy to show that the power constraint (A3) is

satisfied if

2
4+t gigu < P. (5.22)

u=1

The received signals by relays and users is then given by

yr (0] = ¢ (85 (w5, w5 ") + ST[B] + gap 5 (W571) + gan - vf[b]) + 2%, Vi€ Ry

yib] = al-(s5(whwit) +85[b]) + hy(m)- (g2 v5 (W5) + g1 - V(b)) + 2L,
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where h,, (m) was defined in (5.10). Consider now the decoding at relay ¢ € R,,, during block
b. Assume that the relay has reliably decoded w’~!, u = 1, 2 during the previous block. Hence,

it first decodes w from s5. It can do so, reliably, if:

Ry < I(s9;yr|v1,02) (5.23)
|Ci|272

= C|—"--—"T—. 5.24

(No+|ci|271 ( )

Therefore, all relay nodes in R, can decode the message and retransmit it during the next
block if:

Ry < minc (Gl (5.25)
2 = 1€ERm NO—F‘CZ“Q”)/l . ’

2
— C( |Cm| ’}/2 )
No+ |Cm‘271

where second equality is due to the ordering in (5.9). Next, relays attempt to decode w? from
s7[b]. They look for a sequence u, within u” (-,w} ") which is joint typical with y,, given the
knowledge of s5 (wg , wg_l) , VY (wg_l) and vy (w’l’_l). Such a codeword can be found (given

multiplexed codes and upon knowing w?™?) if:

& < min I (u;y,,|se, vi,vs) (5.26)

T i€ERm

= C (|Cm|2%)

where equality is due to ordering, and given the relationship in (5.13). Consider now the
decoding at the users during block 0. As for the MPR-MAC with D&F, users utilize backward
decoding [58, Sec III.B]. That is, the users start decoding from the last block and proceed

backward. Assume that, on the given block b, each user u = 1,2 has successfully decoded

b

u’..

if:

wp, - -+ wh. First, user 2 attempts to decode wi " from y4[b]. It can do so reliably, if and only

Ry < I(s2,v2;%2) (5.27)

_ c( 02192 + [a (m) g * )
N, + |ag|?y1 + |hy (m) g1 ?

In turn, user 1 attempts to decode w?™' from y%[b]. Recall that w’~! was embedded onto
u” (wi’, ) and u* (-). Hence, in order to decode the message, user 1 looks for the codewords

u, and v/ that, belonging to those codebooks, are jointly typical with y{[b]. It will find only
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one u, and one u/, whenever the codebooks length satisfy: 2" < 2/ (wu'sv1) That is:

O < T(uusy) (5.28)
= H(y1) — H (y1|u, )
= H(y)+ H (ut) = H (y1, ult)
= H(y1)+H (u) — H (y1,ul)
= H(y1)+ H (u) = H ([u) = H (ulys, o)
= H(y)+H(u) — H(y1|u) — H (uly)
= H(y)+H (u) = (H(y,u') — H (W) = (H (y1,u) — H (y))
= 2-H(y)+H(u)+ H (W) —H(y,u) — H (y1,u)

The first equality follows from the definition of mutual information, while the second, forth
and sixth equalities hold due to the chain rule for entropy. The third and firth equalities are

satisfied given that v and v’ are independent.

Recall now that u = s; + asso, u/ = v; + v, and y; is defined above. Therefore:

H(y) = log, ((27T€) > (laalyu + o (m) Qu|2)> (5.29)

u=1

H(u) = log, (2me (11 + a’y2))

H (') = log, (2 1+a ))

2
H(yu) = 1og2<2we ((Z\aﬂ%ﬁlhl(m)guIQ) (1 +a%) —
u=1

la1y1 + a104’72|2 )

2
H(y;,u) = log, ( (2me) <<Z la1)?yu + R (m) gu\2> <1 + 042’1) —
u=1

|hy (m) g1 + hy (M) g2/ ))
where forth and fifth equalities are obtained following [47, Eq. (3)].

Therefore, taking into account both constraints (5.25) and (5.27), the maximum transmission

rate of user 2 is demonstrated. Furthermore, from (5.26) and (5.28), it is shown that:

® < min {c (|cm|2%) ,I(U,u’\yl)} , (5.30)
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which plugged in (5.17) allows us to obtain

Ry < ma;({min {C (|cm|2%) ,[(u,u'|y1)} — (5.31)

1 2 /
max {— log, (w) , log, <1 +« 2)}}
2 g

This concludes the proof for a given DPC ordering, as well as for a given power allocation -,
u = 1, 2 and distributed beamforming g,, © = 1, 2. However, the source may arbitrarily select
the encoding order, and may allocate power arbitrarily. Finally, the set of active relays R, can
be chosen from {Ry, -, Ry}, and time-sharing between different sets may be used. This

concludes the proof. [

The achievable rate region with D&F is convex. However, we have not been able to charac-
terize it. The reason is that the weighted sum-rate optimization is not convex, and involves the
optimization of two vectors g1, g, two scalars 1, ¥2, and two dirty paper orderings. Optimiza-
tion turned to be unsolvable for us. Hence, in this chapter, we could not provide numerical

results for D&F.

5.4 Linear Relaying

Throughout the dissertation, we have shown that previous results for vector channels can be
used in order to derive achievable rates with LR. In this section, we proceed similarly. In
particular, utilizing the MIMO MAC-BC duality presented by Vishwanath et al. in [45], we
prove that duality also holds for the MPR-BC and MPR-MAC with LR. Afterwards, making
use of such a duality, we characterize the achievable rate region of the BC by means of its

maximum weighted sum-rate.

Let the source of the BC select messages w,, € {1, cee Q”R”} for transmission to user u = 1, 2,

respectively, and map them onto two independent codewords !, u = 1,2. Both codewords

are then transmitted simultaneously, plugged into B = 2 channel blocks of x channel uses

per block. On each block b, the source transmits the sequence xj[b] = >.>_, x[b], which is

received at the users and relays according to (5.2) and (5.1). The signals are linearly combined
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at the relays using the set of linear functions ®,.5 € C§
2
z [b] = @, <c;-zwg[b]+zg> ,i=1,---,N. (5.32)
u=1

All transmitted signals are then superimposed at the users, and received under AWGN:

N
yilbl = aj@ib] + > byl (b + 2f (5.33)
=1

N 2 N
= (@I + Zb;ic;-‘@) Y i + <z5 + Zb;i@izg) L u=1,2.
i=1 j=1 i=1
Following the same arguments in (4.54), the sum-power constraint (5.3) is restated as:

2
> PL(Wr, ®1n) < P, (5.34)
u=1

where W) = E {:13"“ (w“)T} > 0 is the temporal covariance matrix of codeword v = 1, 2, and:

u u

N N
/ K 1 K 28T NO T
P/ (W ®,.y) = ;tr{Wu <I+Z|ci| o/ P, +721<I'i<1>i ,u=1,2. (535)

i=1
The rate region of signal model (5.33) with power constraint (5.34) is presented in the next

theorem.

Theorem 5.2 With Linear relaying, the achievable rate region of the MPR-BC is

Rig (P) = lim coh U R.(®@wy) (5.36)
®).NECET

where

Ro@x)= | Re(@y) (5.37)

Py 2:Pi+Po=P

Remark 5.2 Operator [-)* stands for the conjugate transpose with respect to the opposite diag-
onal (see the Notation). Notice that if A is strictly lower triangular, so is A¥. Also, recall that
Ry (®1.v) is presented in Theorem 4.4, and is the conditional rate region of the MPR-MAC
with LR.

Remark 5.3 We refer to R, (®1.n) as the conditional rate region of the MPR-BC. It is the

closure of rate duples that are achievable when the relays use the fixed set of linear functions
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5.4. Linear Relaying

®,.n. Clearly, we notice that the MPR-BC is dual to the MPR-MAC with a sum-power con-
straint. Hence, Theorem 5.2 generalizes the duality presented by Jafar in [43] to BCs with
direct link between source and destinations. Duality can be interpreted resorting to the well-
known reciprocity of LR. Indeed, as mentioned for the MPRC (see Section 3.6.1), LR does not

distinguish whether the source is transmitting to the users or viceversa.

Proof: We first prove (5.37) following two steps: i) show that the MPR-MAC performance is
the same with functions (Ifi: ~ and with functions (IDL ~ (notice that the latter functions are non-
causal, i.e. they are strictly upper-triangular matrices, and therefore non-usable in practice). ii)
demonstrate that the MPR-MAC with linear functions <I>L ~ and sum-power constraint has the
same performance than the MPR-BC with functions ®;.5. To prove it, we will make use of

results presented by Vishwanath et al. in [45].

Lo am”

u’ »u

Let us consider step 7). Assume that the two sources transmit symbol sequences ! = [z
u = 1,2, when relays use functions <I>§: ~- Also, consider that the two sources transmit a
B xl]T, when relays use the

u? »u

time-reversed version of previous sequences, i.e., T = [z
non-causal functions ‘Iﬂ: ~- Itis clear that the received signals in both cases are equal, but time-
reversed. Hence, their rate performance is identical. Consider now the proof of step ii). First,

at the MPR-MAC with functions @, , the received signal at the base station reads (4.53):
yi = > H.al+ 2}, (5.38)

where the equivalent channels and noise are H,, = (auI + Zfil bu,iciCI%T-) u=1,2, 25 =

25+ SN ciéjzg . The noise temporal covariance at the destination is thus evaluated as
R,=E {55 (25)*} — N, (I + N |ci|2<1>}<1>i) . (5.39)

As established in Theorem 4.4, the rate region for signal model (5.38) is (4.57). Such a region
Ry (@I: N) is shown to be achievable through superposition coding at the users and SIC at the
destination. Let us now consider the BC with linear functions ®;.. The received signal at the

users follows (5.33):
2
yi =Y Hizi+2[, u=12, (5.40)

j=1
where H,, is defined above and the equivalent noise is 2|, = z.; + ZZN by, ;®iz;.. Therefore,

=1 "u,i

R,=E {55 (25)*} ~ N, (I +3N |bu,i|2<1>i<1>j) . (5.41)
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5.4. Linear Relaying

Clearly, signal model (5.40) is equivalent to that of the MIMO BC, for which DPC is capacity
achieving [85]. Hence, the same holds for the MPR-BC: DPC achieves the conditional rate
region R/ (®;.y), defined as the set of all rates that are achievable when relays use the fixed

set (I)lzN-

Hence, in order to prove (5.37), we first need to show that R (®1.) 2 UPLQ:Zi:I p,<p R (@I:N) .
Or, in words: show that for every set of covariances Q7 , at the MAC, there exists a set of co-
variance at the BC W7, that achieves the same rate duple and satisfies the same sum-power
constraint. Let us focus on the MAC, where rate duples are achieved using SIC. Assume w.L.o.g

that user 1 is decoded first:
RYA® = liog, det (I + (Rd + 3 HjQ;?H]T) B HquH;) (5.42)
_ Llog, det (1 F ey, meH) I;zu@gﬁ;)
with H, = R;%HuR;% and Q" = Ré Q’;Ré, u = 1, 2. Consider now the BC with DPC, and

select user 1 to be encoded last and user 2 first. The rates achieved by the users are [45, Section

II1-B]:
R = %log2 (det <I + (Ru + Z;Cll HJVVJHHU> -1 HJWjHu)) (5.43)
= llog, (det (I + <I +300) H;WfHu) B ISI;W;IL))
where H, is defined above and Wj = RC% Wl’jRj As mentioned, the BC rate duple must
be achieved satisfying the same sum-power constraint of the MAC. Recall that the power con-

sumed by the the MPR-MAC is computed in (4.55) and the power consumed by the MPR-BC
in (5.34). Hence, the following must hold:

IN

S PLWERLY) < TP (@5 ¢
Siu{wr (1+2) ePele)} < S u{Qs (1+X) buPee!)} <
Yot {WiRyg < Yot {QiR) &
sie{wr) o< vie{Qi) (5.44)

A

Now, we can directly apply the duality derivation for MIMO channels in [45, Eq. (8)-(11)].
It is shown therein that given Q’fg, it is possible to define B, = (I + Z?:u 41 H j Qfﬂ ]T )

149



5.4. Linear Relaying

and A, = (I + Z;‘;ll ﬁiﬁ/j’fﬁo and to take the SVD-decomposition B, *H,A,? =

F,A,G!, in order to demonstrate that matrices'
. 1 1.1 1 1.1
Wrf=B,’F,GlA;Q"A2G,F/B,” - W' =R,>*W'R,?> u=1,2, (545)

satisfies that R = R, v = 1,2, and for them the power constraint (5.44) holds. This
demonstrates that any rate duple at the MAC can be achieved at the BC. Now the converse
should be proven. That is, Ry, (®1.v) € Up, 52 p,<p, R (@] ). This is shown using
equivalent arguments as those for the MAC-to-BC. We skip the proof as it does not provide

new ideas. This concludes the proof of equality (5.37).

Finally, to demonstrate (5.36), we apply arguments in Theorem 4.4: linear relaying functions

can be arbitrarily chosen and time-shared, and the region is non decreasing with x. [

In order to describe the region in Theorem 5.2, we can again resort to the WSR optimization.

That is, characterize it by means of its bounding hyperplanes [82]:
R, (PT) = {RLQ . Ole + (1 — a) R2 S R, (Oz) ,Va € [0, 1]} . (546)

We refer to R’ («) as the maximum WSR of the broadcast channel with LR. It is clear that,
given the relationship (5.36), R’ («) can be computed in terms of the maximum WSR of the

conditional rate region. In particular, defining:
R; (@1;]\[) = {RLQ : C(Rl + (1 — Oé) RQ S R; (C(, @1;]\[) ,VOZ € [O, 1]} s (547)
we can state that:

R'(a) = lim max R (a,P1.y). (5.48)

K0 @, N ECETT

At this point, we proceed in two consecutive steps:

e First, we provide an iterative algorithm to compute the conditional WSR R. («, ®;.yv),
which is the maximum value of aR; + (1 — «) Ry when the relays use the fixed set
®,.y. Due to duality in Theorem 5.2, R («, ®;.y) is equal to the conditional WSR of

the MPR-MAC with a sum-power constraint and linear functions (Ifi: N

ISee [45, Sect. IV-B] for full details.
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5.4. Linear Relaying

e Next, we study the optimization in (5.48). As it turns out to be non-convex and non-

solvable, we propose a set of suboptimum linear functions.

Let us then study R (a, ®1.5), considering w.Lo.g. « > 0.5. As mentioned, due to duality,
the weighted sum-rate of the BC is equal to that of the MAC (4.64), but in this case with a
sum-power constraint:
2 p . )
R (o, ®.y) = max 0, - log, det (I +) RfHuQZHJLRf) (5.49)

&7 N>_O
Qs p=1 u=1

2
5.t ZPU( Z,<I>§:N) <P
u=1

where we have defined 0, = 2"—;1 0y = 1_70‘ and R; = N, (I+ Zﬁl |ci|2¢'§ (q)f)T)
H, = (au - I+ sz\il bwci‘I)g) ,u = 1, 2. The optimization is continuously differentiable and
convex, and the feasible set regular. Hence, it can be solved using standard convex methods.
However, the constraint couples both optimization variables, preventing the direct application

of the algorithms presented in Section 4.4.

Hence, if we wish to iteratively solve the optimization, we first need to decouple the constraint.
We do so by using dual decomposition, consisting of solving the dual problem. As the opti-
mization is convex, it has zero duality-gap and the dual problem solution solves the primal too
(see Proposition 2.9). Let then the Lagrangian of (5.49) be defined on x > 0 and Q7, Q%5 = 0

as:

2 P _1 _1
L1 Q. Q5 = ) 6, log,det (I +Y R,°H,Q;H|R, ) (5.50)

p=1
2
K (Z Pu ( Zaq)g:N) T P)
u=1

The dual function is then computed as:

u=1

g(p) = Q?&Xtoﬁ (1, QF,Q5) . (5.51)

For which the constrains are now decoupled. Finally, the solution of the dual problem is

n=>0
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5.4. Linear Relaying

5.4.1 Sum-Rate Maximization

Consider first both users having the same priority o = 0.5. For this case, §; = 0, and 6, = i in
(5.50). The first task in order to obtain (5.52) is to solve maximization (5.51). For that purpose,

we propose the use of a block-coordinate ascent algorithm, which iterates:
Q:(t+1) = arggﬁ}}éﬁ (1, Q5 Q% (t+2—1)), u=1,2, u={1,2} /u. (5.53)

The maximization above is uniquely attained, as shown in the next proposition; also, the La-
grangian is convex and the feasible set a cartesian product of semidefinite cones. Hence, the
limit point of the sequence {Q% (t), Q% (t)} is proven to converge to g (1), as demonstrated in

Corollary 2.1.

T
Proposition 5.1 Consider the problem (5.53), define A, = (I + 3N buil? (CI)f) <I>f) and

compute the SVD-decomposition

NI

(Ri+ HoQ; (t+2 - HL) * H,A, P ULAMV. (5.54)

_1 _1
Then, the maximization is uniquely attained at Q% (t + 1) = A, V, WV IA,?, where

6 -1 17"
%Z[w__} =1 n (5.55)
p Aj

Proof:  Consider the convex problem arg maxg:y-o L (11, Q%, Q%). The function L (-) is

defined in (5.50), where we have set §; = 0 and 0, = i First, as for (4.69), we can rewrite

the objective function as:

L, Q5 QL) = 6ylog,det (I + R;%HaQSHER;%) (5.56)
2
—H (Z P; ( s <I)§:N) — P) + 05 log, det (I + HeQ’ZHeT) )
j=1

where H, = (Rd + HEQ5H5> >’ H,,. Notice that the first term in (5.56) does not depend on
Q.. Hence, we may state the Lagrangian for the optimization as:
T (9,Q;) = balogy det (I + H.Q:H]) — p (kP (Qi, @) = wPr) + 0 {2,Q2}

where 2 > 0 is the Lagrange multiplier for the semidefinite constraint. The KKT conditions

for the problem are thus:

N
. H 2( ﬁ)T # Q2 ot r gyt —1
— | I buil(®:) & | ———=H! (I + HQH H
l) 02 . 10g2 e ( + ZZI| u,l| 7 z) 02 3 10g2€ e ( + eQu e) e
i) tr{QQ"} =0 (5.57)
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5.4. Linear Relaying

which are exactly identical to those in (4.70), except for the second one. Therefore, we can

easily reproduce the steps (4.71) and thereafter, to prove the theorem. |

Once the dual function has been obtained through the block-coordinate approach, it must be
minimized over u. As the function is convex by definition, it can be optimized using a subgra-

dient search [68]. The search consists of following direction —h (1), where:

/ —
90U Z0W) 5 gy, v £ (5.58)
W= p
Such a search is proven to converge for diminishing step-size rules [48]. Considering the
definition of ¢ (u), and revisiting Section 2.2.2, the following h () satisfies the subgradient

condition (5.58):

2
B =P =3 Pu(Qim), ®y). (5.59)
u=1
where Q% (1), Q5 (1) are the limiting points of (5.53). Therefore, we use it to search for the
optimum f:

Increase y if h (1) < 0 or decrease p if h (u) > 0. (5.60)

5.4.2 Weighted Sum-Rate Maximization

Consider now (5.52) for o > 0.5. As previously, we first focus on solving (5.51). In this case, a
block-coordinate ascent algorithm is not guaranteed to converge, as the individual optimization
of the function with respect to a single covariance matrix is not proven to be uniquely attained.
Thereby, in order to solve it with proven convergence, we propose the use of Gradient Pro-
jection. The algorithm is similar to that presented for the WSR of the MAC, and iterates as
follows: let the initial point {Q’f (0), Q% (O)}, then

Qu(t+1)=Qu (1) + 7% (Ku—Qy (1), u=1,2 (5.61)

where ¢ is the iteration index, v; € (0, 1] the step-size, and:
K, = [QU(t) +5 Vo £ (n.QF (0.Q5(1)] ", u=12 (5.62)
As previously, [-]* denotes the projection onto the feasible set. In this case, onto the cone of

semidefinite positive matrices. As mentioned, whenever ; and s; are chosen appropriately,

the GP converges to the maximum?, and hence obtains g (1) (see Corollary 2.2). In order to

ZRecall that the optimization is convex.
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5.4. Linear Relaying

implement the algorithm, we need to compute the gradient of the Lagrangian with respect to

Q; [83]:

Vail (1, Q5. Q5) = ( {M%Qﬁ’%q ) (5.63)

_ T
2 1 P 1 G\
= (2> 0, -HIR,® <I+2Rd2HjQ;Hde2) R,’H, | -log,e

p=u Jj=1

2 al )
- bl (@F) @) .
w21t (o)
The gradient is Hermitian. Finally, we need to project a Hermitian matrix S (with eigen-

decomposition S = UnUT) onto the semidefinite positive cone. This can be done from [88,

Theorem 2.1] as
(S|t =U[n|"U". (5.64)

Once obtained g (1) through GP, we minimize it using the same subgradient approach described

for the sum-rate. The conditional WSR is thus obtained with guaranteed convergence.

5.4.3 Linear Relaying Matrix Design

As previously, in order to obtain the non-conditioned WSR, R’ («), we need to solve (5.48).
However, the optimization is not convex, and no solution can be given. We thus consider a sub-
optimum approach. In particular, we propose the relays to time-share among the suboptimum

linear functions defined for the MPR-MAC in (4.77) and (4.78):

P =nPy,1=1,---,N, € =a,b,cwith (5.65)
@] 2 VB p=q+1; 1<q¢<k-—-1

0 p—

P 0 elsewhere.

As in the previous chapter, 77 € C are the beamforming weights among relays, which allow

for coherent transmission and satisfy Ziv LIm5)? = 1. Notice that 3 in (5.65) need to satisfy

1tr {N ZZ 1 ‘I>E‘I>ET} < P so that power constraint (5.34) can hold. That is, 5 < 3= —"5. We
select the weights 7; to be:
b . o b L ot c*
i b e Tl d N (5.66)
Y 9°

ga
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5.5. Compress-and-forward

where ¢ is such that sz\i LIm5|? = 1. The beamformings aim at maximizing (via Maximal
Ratio Transmission) the individual rates of user 1, user 2 and the sum-rate, respectively. Now,
the optimum value /3 must be selected. For that purpose, we propose the use of a simple one-
dimensional exhaustive search considering R;, R, and R; + R as the objective metrics for

n¢, n? and n¢, respectively.

5.5 Compress-and-forward

Unlike previous techniques, with C&F the relay nodes mimic a receive antenna array with the
users, helping them to decode the base station signal. Hence, the MPR-BC performs as a SIMO

BC, for which dirty paper coding is the optimal source encoding strategy.

There is a fundamental difference between the implementation of C&F at the MPR-BC and the
implementation at the MPRC or MPR-MAC: in the broadcast case more than one destination
have to decompress the relay signals. As mentioned in Section 3.5 and Section 4.5, C&F is
constructed using distributed Wyner-Ziv (D-WZ) compression codes at the relay nodes [39].
Those codes are decompressed at the destination using its own received signal as side infor-
mation (See Proposition 3.1). Therefore, when having two different destinations (that is, two
different decoders of the compressed signals) the one with worst side information will limit
the operational point. In other words, the relays must select compression codes that can be

simultaneously decompressed by both users.

Theorem 5.3 With D-WZ C&F, the MPR-BC achieves the rate region:

Regr (P) = coh J U U {Rua
V1,72, ey Yyt 71' p1:N>0:
Y2 vut SN <P PN ETu(V127ry,y ) u=1.2

Rr(1y < log, det (I + ”Yw(l)qw(l)qu(l))

-1
Rr(2) < log, det (I + (I + %(1)%(2)‘1;(2» %(z)qﬂ(z)q;@))

where

* * % T
¢, — { a R o | } (5.68)
NO’ \/No+p1, ’\/No_'_pN ’
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4L

7 is any permutation of {1,2} and J,, (Y1.2, Yry.x)

) (Ties )
prx i€ (71 + 72) (% + >, s ? ) ZEZSC ( )

ng No+p;
Z b 2‘ s NSCN.Y (569
No + |au* (71 + 72)
Proof: Let the messages w,, € {1, oo PRy }, u = 1, 2 be selected for transmission to user 1

and user 2, respectively. It divides them it into B sub-messages of xR bits each, with K = 3:
Wy = [w}b, e ,wﬂ. The messages are then pipelined using block-Markov encoding within

B 4 1 channel blocks.

On each block b, the source transmits the sub-messages w®, u = 1, 2 to the users and relays. To
do it, the source maps them onto a dirty paper code (similar to that explained for D&F). First,
it encodes w using a random codeword s% (-) generated i.i.d. from s; ~ CN (0,,). Later, it
encodes w* utilizing non-causal knowledge of the interference that signal s% (wg) produces in
user 1 [47, Section II]. The procedure follows equivalent arguments to those in (5.13)-(5.18),

and outputs a signal s{. The source thus transmits
K K b K
xj[b] = s5 (wh) + sT[b). (5.70)

The elements of s%[b] are distributed following s; ~ CA (0, 71), as shown in the proof of D&F
[47]. Notice that the encoding order at the DPC is arbitrary and can be reversed. Furthermore,
the Gaussian codebook, although used, has not been shown to be optimal. The two transmitted

codewords are then received at the relays under AWGN:

yilbl = Y s (wh) + 25, i=1,-- N (5.71)

Upon receiving the signals, relays distributedly compress them using a multi-source compres-
sion code as that in Proposition 3.1. Therefore, signals y;" [b] are mapped at the relays using

functions
frooyr = {1, 20 (5.72)

where ¢; is the compression rate of relay . The mapping consists of finding the bin-index of

compression codewords that are jointly typical with y;' [b] (see Proposition 3.1 for full details).
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On the next block b + 1, the relays send to the users (via their MAC channels) the indexes
tr 0] = fri (ys[b]), i = 1,---, N. To that end, the indexes are mapped onto multiple-access

channel codebooks vy (-),i=1,---, N:
xy b+ 1] = (t,[0]), i=1,--- N (5.73)

We select the MAC codebooks to be Gaussian, generated i.i.d. from V,. ~ CN (0,7,,), i =
1,---, N. Notice that the power utilized by the relays in order to cooperate with the source is

Zf;l vr,- Therefore, the power constraint (A3) is satisfied whenever:

N
N+rw+ Y W <P (5.74)
=1
The received signal at the two users during the block b + 1 is given by:

2 N
yalb+ 1) = a; Y s (wpt™) + ) b5 v (6 [b]) + 25, u=1,2. (5.75)
=1

p=1
Let us now explain the decoding at the users in block b + 1. First, they recover indexes ¢, [0]
from its received signal y/[b + 1], v = 1, 2. Both users can do so iff the transmission rates ¢;

lie within their capacity region (being s; (wbH) , p = 1, 2 interference):

Z' S‘bui‘QVT' )
< C ies Pwil i) ySC N, u=1,2. 5.76
2.0 (W) e en v 70

Once the indexes ¢, [b] have been estimated, the two users remove their contribution on y [b+
1):

N
yrb+1] = yilb+1—=> byi-xy[b+1] (5.77)
=1
2

= a, Y s (wht) + 25
p=1

Afterwards, each user decompresses the indexes t,, , [b] using its own received signal ¥.*[b]
as side information. As shown in Proposition 3.1, the decompression step consists of finding
compression codewords ¥, that, belonging to the bins selected by the compression encoders,
are jointly typical with y;f[b]. Each user can find at least one typical codeword if and only if
(see Proposition 3.1)
I(ys:9sly,, 95) <> ¢ VSCN, u=1.2 (5.78)
i€S
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Therefore, taking into account constraints (5.76) and (5.78), both users can decompress the

relays signals if and only if:

~ N Z |bui|27r~
I (ys; yslv,, 4s <c( ies ot T VSCN, u=1,2. 5.79
(yS y$|y ys) = N, + |au|2 (71 + 72) = ( )

Once decompressed, vectors g [b] are used by the receivers, along with their own signals
y.5[b], to decode their intended messages. Let us select the compression codebooks at the

relays to be Guassian (even though they have not been shown to be optimal). That s, p (9;]y;) =

O —a: |2 . . . .
\/%exp (— %) , where we refer to p; as the compression noise of relay 7. Therefore, given
7

the dirty paper encoding, the users can correctly estimate their messages iff [45, Section III]:

Ry < logydet (I+ad]) (5.80)
—1
R, < log,det (I +(I+%q2q£) quqé) (5.81)

where @, is defined in (5.68). This is equivalent to the achievable rates of the AWGN SIMO
BC. Let us now particularize the constraint (5.79) for the Gaussian compression codewords. In

particular, using equivalent arguments to those in (3.56), it is possible to derive that:

I(ys;Yslvy,9s) = 1 <xd;ya;>'gr1;1v) -1 <$d;y;u?lcs> + I (ys; Ys|ta, vy US)
(71 +2) <Zi68 ]\I[sz > N,
= C LS cl=2 5.82
w) t2 (m) (82

ayl?
(71 +72) (% + 2 igs N, i€s

Therefore, plugging (5.82) into (5.79), the rates (5.80) are achievable if: pi.x € J1 (V1:2, Yrn)
and p1.x € Jo (Y1:2,7r.y ). However, the relays may arbitrary choose any codebook design
belonging to both 7, (Y1.2, ¥r,.x )» ¥ = 1,2 and also time-share them. Therefore the achievable

rate region remains:

Ry < log, det (I + ”Yl‘h‘ﬂ)

coh U Ry : A\t i
Ry <log,det | I+ (I + 71%‘12) V29295

P1:NETu ("/1:27%1:1\,)#:172

Finally, the power can be arbitrarily allocated at the sources and relays. Moreover, the dirty

paper encoding order can be arbitrarily set. [

As for D&F, it was impossible for us to derive the weighted sum-rate of region (5.67), not even
to upper bound it. Indeed, the WSR optimization is not convex. Therefore, we are not able to

characterize and draw the region.
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MPR-BC with LR
= = = BS w/o relays

R , [bps/Hz]

0 0.5 1 1.5 2 2.5 3 3.5 4
R, [bps/Hz]

Figure 5.2: Rate region of the MPR-BC with LR. We consider N = 3 relays, and overall power

constraint N% = 8 dB. Kk = 60.

5.6 Numerical Results

As mentioned previously, we have not been capable to evaluate the rate regions with D&F and
C&F. We thus evaluate in the section the one with LR. Equivalently to Section 4.6, we model
the channel fading as zero-mean, complex, Gaussian-distributed and time-invariant. Defining
ds. = 1 the source-users distance and d the users-relays distance, we assume a,, ~ CN (0, 1),
byi ~ CN(0,d ), and ¢; ~ CN (0,(1 —d)™"), w = 1,2,i = 1,---, N. Finally, the path-

loss exponent is set to o = 3.

The achievable rate region of the MPR-BC with LR is depicted in Fig. 5.2. We consider
N = 3 relays, and overall transmit power constraint P/N, = 8 dB. Relays are placed at a
distance d = 0.5, and the region is plotted for the given realization of the channel: [a;, as] =

[0.68¢77247 0.85e77089), [c1, ¢, c3] = [1.63e7%98, 3.35¢77117 1.54¢77301] and

5.17¢7235  (.85¢72:63 217712
3.72¢712% 5.19¢/15% 5737180

[bu,i] =

As explained in Section 5.4.3, the LR region is approximated by time-sharing of the conditional

rate regions with ®%.,, ®% .. ®¢ ... Results show that both users increase significantly their
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transmission rates, and, particularly user 2 doubles it. Besides, the sum-rate of the system is
achieved when no rate is allocated to user 1, as in BC without relays. However, this claim may

not hold for all the channel realizations.

Notice that for N = 3, the LR achievable rates in the MPRC and MPR-MAC were clearly
outperformed by those of D&F and C&F. It is expected then that so they do in the MPR-
BC. Accordingly, given the two-fold gains with LR (which are expected to be improved with
the other two techniques) we conclude that relaying (even with low number of relays) is very

powerful approach to increase coverage of broadcast networks.

5.7 Conclusions

This chapter studied the BC assisted by multiple-parallel relays and presented its achievable
rate regions with D&F, LR and C&F, respectively. The region with D&F was derived con-
sidering block-Markov plus dirty paper encoding at the source. Mixing both encodings, the
full-duplex relaying and the wireless broadcasting were simultaneously implemented. Unfortu-
nately, we were not able to draw the region since the weighted sum-rate optimization remained

unsolvable for us.

The achievable rate region with LR was next presented, and shown to be equal to that of the
MPR-MAC with a sum-power constraint. That is, the MPR-MAC and MPR-BC are dual chan-
nels with LR. This results extended to BCs with direct link between source and users the duality
presented by Jafar et al. in [43] for two-hop MAC/BC. To prove duality, we made use of du-
ality results for vector channels [45]. Furthermore, in order to characterize the rate region, we
resorted to the sum-rate and weighted sum-rate optimizations. To compute them, we devised

iterative algorithms, based upon dual decomposition.

Finally, the BC with C&F was studied. Its rate region was derived considering dirty paper
encoding at the source and distributed Wyner-Ziv compression at the relays. As for D&F, the
region could not be drawn since the weighted sum-rate optimization were not convex, and

remained unknown.
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Chapter 6

Conclusions

This dissertation has studied the capacity of Gaussian channels with multiple, parallel', re-
lays. In particular, our analysis has focused on three well-known channels: the point-to-point
channel, the multi-access channel and the broadcast channel. For them, we have presented
achievable rates and capacity outer regions. All over the dissertation, we have assumed: i)
full-duplex operation at the relays, ii) transmit and receive channel state information available
at all network nodes and iii) time-invariant, memory-less fading. The research results has been

presented as follows:

Chapter 3 has studied the multiple-parallel relay channel (MPRC), where a single source com-
municates to a single destination with the aid of N parallel relay nodes. The capacity of the

channel has been upper bounded using the max-flow-min-cut Theorem. The obtained bound

N P

is shown to scale as C (TE) under time-invariant (unitary-mean) Rayleigh fading. Besides,

the capacity has been lower bounded by means of the achievable rates with: D&F, two-level

I As previously defined, two relays are said to be parallel if there is no direct link between them, while both

have direct link from the source and towards the destination.
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PD&F, C&F and LR. The first two consisted of relay nodes totally or partially decoding the
source’s signal, respectively. Partial decoding was shown to outperform D&F for low number
of relays; on the contrary, for large number of them, both were shown to follow the same scal-
ing law: C (2 - Wo <\/—2N> . N%) . Such a law diverged from the upper bound, which made both
techniques clearly suboptimal; we explained this fact resorting to the source-relay broadcast
limitation. Finally, D&F and PD&F also performed equally for low source-relay distances,

being both capacity-achieving.

C&F consisted of relay nodes transmitting towards destination a compressed version of their
received signals. In turn, the destination utilizes the compressed signals in order to estimate
the source’s message via coherent detection. Distributed Wyner-Ziv (D-WZ) compression was
assumed at the relays. The achievable rate of this technique was presented in terms of a non-
convex optimization, which turned out unsolvable for us. Hence, we proposed a computable
upper bound as a benchmark for it. Moreover, we showed that the achievable rate with C&F

scales as C <N% logy, N ), which is due to the relay-destination MAC limitation.

Finally, we studied LR, which consisted of relay nodes transmitting, on every channel use, a
linear combination of previously received signals. The optimum source temporal covariance for
this technique was derived, and suboptimum linear relaying matrices proposed. Furthermore,
we showed that the achievable rate scales as C (%) , In the same manner as the upper bound
and unlike all previous techniques. Hence, LR was shown to be the only known technique that

seizes all the beamforming gain of the system.

Numerical results for Rayleigh-faded networks showed that: i) D&F is capacity achieving for
short/mid source-relay distances and low number of relays, i) PD&F only outperforms D&F
for low number of relays and large source-relay distances, iii) C&F provides small rate gains,
unless the relays are extremely close to the source, and iv) LR is clearly the best technique
for large number of relays, given that its beamforming capability allows to overcome noise
amplification. On the contrary, for low number of relays, the degree of noise amplification is

not compensated by the beamforing gain, and thus, it performs poorly.

Chapter 4 extended previous results to the multi-access channels with multiple-parallel relays
(MPR-MAC). On it, multiple sources communicate simultaneously to a single destination, in

the presence of N parallel relay nodes. For the channel, we first provided a capacity outer
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region based upon the max-flow-min-cut Theorem. Likewise, we presented achievable rate
regions with D&F, C&F and LR. The first was derived as the extension to N relays of the
single-relay result [76]. The second was obtained assuming D-WZ compression at the relays.
Finally, the latest was derived using theory of vector MAC channels, and further characterized
by means of the weighted sum-rate maximization. Such a maximization allowed us to derive
the optimum sources’ temporal covariance for every boundary point of the rate region. In order

to design the linear functions at the relays, we proposed a suboptimum approach.

In parallel, we also carried out the asymptotic analysis of the channel, considering the number
of users U growing to infinity. The analysis aimed at studying the impact of multi-user diversity
onto the sum-capacity of the MPR-MAC. First, we showed that D&F does not provide sum-rate
gains when U — oo. This was explained resorting to the distributed channel hardening effect
at the input of the relays. In contrast, we demonstrated that the max-flow-min-cut upper bound
indeed suggests gains even at the asymptote. Therefore, D&F is clearly suboptimal with large
number of users. Finally, we presented the scaling behavior of C&F. This was shown not to be

affected by the channel hardening effect and to provide rate gains.

Numerical results for Rayleigh fading showed that: i) the sum-capacity upper bound is maxi-
mized for relays close to the destination. This result invites us to think that placing relays close
to the base station is more interesting in terms of achievable sum-rates. i) With multiple users,
C&F presents an improved performance compared to that of the single-user case, and iii) D&F

is sum-capacity achieving for low/mid source-relay distances.

Finally, Chapter 5 ended the analysis by considering the broadcast channel with multiple-
parallel relays. For the channel, we presented achievable rates with D&F, C&F and LR, all

three based upon dirty paper encoding at the source.

The most significant result of this chapter is that MAC-BC duality holds for linear relaying.
Such a claim was demonstrated using duality arguments for MIMO channels, and with it, we
extended the duality presented by Jafar et al. in [43] to MPR-BCs with direct link between

source and destinations.
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6.1. Future Work

6.1 Future Work

The interference channel with multiple-parallel relays (MPR-IC) is the great absent of this
dissertation [89, 90]. With it, our work would have covered the four main channels found in

wireless networks. It is, thus, at the top of the future-work stack.

The MPR-IC is a channel in which M independent sources communicate, simultaneously and
independently, to M different destinations with the aid of a set N’ = {1,---, N} of parallel
relay nodes. The capacity region of the interference channel is a long standing open problem.
So is, then, the capacity when assisted by multiple relays. Accordingly, a huge field of research
appears at a first glance: from capacity outer regions and sum-capacity upper bounds, to achiev-
able rate regions (with e.g. decode-and-forward, compress-and-forward, linear relaying, etc.)
and asymptotic achievable sum-rates. This task has not been undertaken in this dissertation due

to two main reasons:

e Partial knowledge of the Interference Channel. The IC is one of the most unknown chan-
nels within the field of Information Theory. Even in the absence of relays, its capacity
region (as well as the optimum encoding at the sources) is still an open problem. Thus,
unlike the point-to-point, multi-access and broadcast channels, we did not find a clear

framework to benchmark the gains obtained via relaying with.

Besides, the tightest inner bound on the capacity region of the IC without relays, the Han-
Kobayashi achievable rate region [90], requires a computationally prohibitive source en-
coding. This makes it unfeasible in practice, and hard to be extended to the IC with

multiple relays.

e Time. As mentioned, the extension of the MPRC results to the MPR-IC is not straight-
forward and requires a separate analysis. On it, we need not only to address different
relaying protocols, but also different sources’ encoding functions. In addition, the state-
of-the-art on the topic is emaciated. Hence, the analysis of the MPR-IC would take, at

least, another year of research. We decided, then, to leave it for post-doc research.

The research line that next leads the yet-to-do list is: Extension to MIMO channels of the

single-antenna results presented in this dissertation. MIMO relay channels are introduced,
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among other references, in [91, 92] and consider all network nodes equipped with multiple

antennas. Throughout the thesis, we have not assumed multi-antenna nodes mainly due to:

o Effectiveness. Clearly, the impact of relays is most significant in networks with single-
antenna sources and single-antenna destinations, where neither spatial diversity nor beam-
forming capabilities are available in the absence of relays. We thus concentrated our

efforts on the setup for which relaying is more profitable.

e Simplicity. Placing multiple antennas at the network nodes introduces new degrees of
freedom: the spatial covariances at the source and relays [91]. Those have to be opti-
mized in order to obtain highest achievable rates. Regarding channels with relays, such
an optimization is not convex in most of the cases. Moreover, for the cases where it
is, the computation is generally exhaustive and no closed-form expression can be given.
Aiming, thus, at eliminating the collateral damage of not been able to provide closed-
form expressions for the optimum covariances, neither for the achievable rates nor for

the asymptotic performance, we decided to consider single-antenna nodes only.

Finally, regarding the results presented in this dissertation, the most important loose ends have

been:

1. Resource allocation within the compress-and-forward setup. The achievable rate of the
MPRC with C&F is presented in Theorem 3.4 in terms of a non-convex optimization. We
have not been able to provide its solution i.e., the optimum power allocation among relays
and the optimum compression noises at them. Instead, we devised an iterative resource
allocation algorithm based upon a rate upper bound, yielding a suboptimum solution.
The same happened for the weighted sum-rate of the MPR-MAC with C&F (see Section
4.5.1). New efforts shall be, thus, invested in order to solve the optimizations and to

devise the correct resource allocation algorithm.

2. Design of spectral efficient linear relaying matrices. This dissertation was not able to
derive, for linear relaying, the optimum linear functions at the relays, neither for MPRC
(Section 3.6), nor for the MPR-MAC or MPR-BC (Section 4.4 and Section 5.4, respec-
tively). This was due to the non-convexity of the matrices optimization. Instead, we pro-

posed suboptimum approaches, based upon: i) amplify-and-forward extended to more
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than two channel uses, and ii) maximal ratio transmission among the relays. New ap-
proaches shall be thus studied in order to improve performance, specifically at the low

number of relays regime.

. Characterization of the MPR-BC achievable rate regions. We could not characterize
of the achievable rate regions of the channel with D&F and C&F. For both cases, the
weighted sum-rate was a non-convex optimization with unmanageable number of opti-
mization variables. Thus, it turned unsolvable for us. Research need to be carried out to

characterize the achievable weighted sum-rate with both techniques.
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