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Abstract

HE RELAY-ASSISTED or COOPERATIVE transmission is a relatively new class of spatial

diversity technique where a new element comes up in the conventional source-destination
or point-to-point communication: an assisting relay or cooperating user. The relay assists the
source in transmitting a message to the destination and allows dealing with the channel
impairments like shadowing, multipath fading, interference and pathloss. Although the seminal
works were issued in the 70’s by van der Meulen, Cover and El Gamal, it has been during the
last years when it has re-gained more attention by the researchers. In fact, the relay-assisted
transmission can be seen as a virtual MIMO (Multiple Input Multiple Output) with distributed
antennas. In contrast to MIMO systems, the transmission requires the use of additional channel
resources because of the limitation of the current radio technology: the relay terminal is
constrained to work in half-duplex mode, which motivates that the transmission must be carried
out in two orthogonal phases (relay-receive and relay-transmit phase), duplexed in time or
frequency domains.

This dissertation investigates protocols and strategies for the relay-assisted transmission which
improve the spectral efficiency and homogenize the bit rate service in the cellular
communication systems with uniformly distributed users. The new element present in the
communication, the relay terminal, imposes a redefinition of many techniques and protocols
commonly used in the point-to-point and MIMO systems, which are placed at the physical and
upper layers.

First, achievable rates using the relay-assisted transmission are provided which depend on the
role of the relay (amplify-and-forward or decode-and-forward), the type of the transmission
(persistent transmission, incremental or selective relaying), the data transmitted by the relays
(repetition or unconstrained coding) and the type of half-duplex protocol. There are up to four
protocol definition depending on the activity of the terminals on each phase. An additional
aspect addressed is the resource allocation for each phase, that is, either it is fixed beforehand
(static) or it is adjusted dynamically (dynamic) as a function of the channel quality. For the
single-user relay-assisted transmission the resources can be allocated based on the channel
quality of the different links. Moreover, if there is complete channel state information about all
channel coefficients (including the carrier phase of the transmitting terminals), source and relay
can transmit synchronously enhancing the transmission thanks to the (distributed) eigenvector
precoding.

Two relay-assisted transmission techniques are evaluated when a destination is assisted by
multiple relays. Both depend on the messages intended to each assisting relay (independent or
common messaging). The resource allocation for both techniques is shown to be convex.



Additionally, three different scenarios illustrate the multi-user relay-assisted transmission with a
single destination and different types of half-duplex relays: RMAC (Relay-assisted Multiple
Access Channel), UC (User Cooperation) and MARC (Multiple Access Relay Channel). The
relay-assisted transmission can be done synchronously or asynchronously. The sources and
relays are power limited and access in each phase of the communication by TDMA (time
division multiple access), FDMA (frequency division multiple access) or SC (superposition
coding multiple access). For those scenarios the allocation of transmitted power and time
resources can be formulated as a convex problem under some circumstances, evaluating the
optimal solution.

Afterwards, the relay-assisted transmission duplexed in time is applied to a centralized cellular
system based on TDMA in the downlink. The reuse of one time slot for the transmissions done
from the relays to destinations (relay slot) is proposed to improve the spectral efficiency. This
solution produces interference for all the destinations active in that time slot. A power control
algorithm (at the relays) based on game theory is proposed to combat the generated
interference. Under that configuration a scheduler algorithm explores the multi-user gain for the
relay-assisted transmission, measuring the introduced overhead.

Another way of dealing with the interference is by rate control management. Under some
circumstances it is possible to model the probability density function (pdf) of the interfering
power. In such a case, the source can tune the transmission rate in order to maximize the
throughput. This solution is extended to the case where each destination is assisted by multiple
relays. In spite of the interfering power, both proposed solutions are able to provide significant
gains over the direct transmission.

Finally, the dynamic link control of the relay-assisted transmission is investigated under two
different assumptions on the knowledge about the channel: statistical knowledge of the channel
state and actual information about the current channel state. Both types of knowledge lead to
different transmission strategies, in terms of selecting the modulation and coding scheme
(MCS). Under the first case, the transmission rates are not adapted to the current channel
realization and the destination can decode wrongly the messages. The Automatic Repeat
reQuest (ARQ) protocols are redefined for the relay-assisted transmission to cope with these
events. In this work we specify the (distributed) space-time codes, the coding at the source and
relay and the length of the retransmissions. When there is actual information about the channel
state the MCS can be adapted to the current channel realization. In such a case, the link error
prediction for the relay-assisted transmission is investigated, and thus the MCS can be
designed for maximizing the information rate for a given probability of packet loss or maximizing
the throughput.



Resumen

A TRANSMISION ASISTIDA POR RELAY O TRANSMISION COOPERATIVA es una

nueva técnica de diversidad espacial donde aparece un elemento nuevo (un relay o un
usuario cooperativo) en la tradicional transmision punto a punto (fuente a destino). Ahora en la
comunicacion intervienen tres enlaces: fuente-relay, relay-destino y fuente-destino. El relay,
ademas de asistir a la fuente en la transmision de un mensaje, permite combatir las
degradaciones que puede sufrir el canal como el shadowing, la atenuacién del canal (fading), la
interferencia recibida y el pathloss. Aunque esta técnica esta basada en el trabajo realizado en
los 70 por Van der Meulen, Cover y El Gamal, ha sido en los ultimos afios cuando se han
vuelto a considerar el uso de relays. En realidad, la transmision asistida por un relay puede
verse como un sistema virtual multi-antena (virtual MIMO) donde las antenas estan distribuidas
en diferentes terminales. Sin embargo, al contrario de los sistemas multi-antena y debido a la
limitacién de la actual tecnologia radio, el relay debe trabajar en modo half-duplex, ya que no
puede transmitir y recibir simultdneamente en la misma banda. Este hecho, motiva que la
transmision deba realizarse en dos fases ortogonales en funcién del modo del relay (recibiendo
datos — relay-receive phase o transmitiendo datos — relay-transmit phase). Estas fases pueden
implementarse en el dominio de la frecuencia o el tiempo.

Esta tesis investiga protocolos y estrategias para la transmision asistida por relay para mejorar
la eficiencia espectral y homogeneizar el servicio para todos los usuarios uniformemente
distribuidos en un sistema de comunicacién celular. La introduccién del relay en la
comunicacion implica la redefinicion de muchas técnicas y protocolos considerados en las
comunicaciones punto a punto y en los sistemas multi-antena, situados en la capa fisica y/o
superiores.

En primer lugar se presentan los achievable rates obtenidos por la transmision asistida por
relay en funcion del rol del relay (amplifica y retransmite o decodifica y retransmite), el tipo de
transmision (siempre transmite, incremental o selectiva), los datos transmitidos por el relay
(repite los simbolos recibidos o son independientes) y el tipo del protocolo half-duplex. En
funcién de los terminales activos en cada fase de la comunicacion (fuente, destino o relay),
existen hasta cuatro protocolos. Otro aspecto considerado es la asignacion de recursos
(resource allocation) para cada fase de la comunicacion, la cual puede estar fijada de
antemano o puede ser ajustada dinamicamente en funcion de los canales de los diferentes
enlaces. En el caso de que todos los coeficientes del canal se conocieran perfectamente
(incluyendo la fase de portadora de los transmisores), los terminales podrian transmitir
sincronamente, mejorando la comunicacion gracias a la ganancia debida a técnicas de
precodificacion con autovectores del canal (con antenas distribuidas).



Ademas dos técnicas de transmisién asistida por relay son evaluadas cuando existen multiples
relays por destino. Ambas dependen del tipo de mensajes transmitidos a cada relay (mensajes
independientes o uno comun). La asignacion de recursos para ambas técnicas puede verse
como un problema convexo.

Tres escenarios resumen diferentes tipos de transmision asistida por relay para multiples
fuentes y un solo destino: RMAC (Relay-assisted Multiple Access Channel), UC (User
Cooperation) and MARC (Multiple Access Relay Channel). Su diferencia se basa en el tipo de
relay half-duplex considerado. La transmision puede hacerse sincrona o asincronamente. Las
fuentes y los relays estan limitados en potencia y el acceso de ellos en cada fase de la
comunicacién pude hacerse por medio de TDMA (time division multiple access), FDMA
(frequency division multiple access) or SC (superposition coding multiple access). La
asignacion de recursos puede ser formulada como un problema convexo en algunos casos y la
solucién 6ptima puede ser encontrada.

Seguidamente la transmision asistida por relay y duplexada en tiempo es aplicada a un sistema
celular centralizado basado en TDMA en el downlink. Con el objetivo de mejorar la eficiencia
espectral se propone el reuso espacial de un slot temporal para las transmisiones de los relays
hacia sus respectivos destinos (slot de relay), generando interferencia para todos los restantes
destinos activos. Un algoritmo de control de potencia basado en la teoria de juegos es
propuesto para combatir la interferencia generada. Bajo esa configuraciéon, un algoritmo de
scheduling investiga las posibles ganancias debidas al multi-user gain y mide el overhead
introducido.

Otra forma de tratar con la interferencia es la de controlar el rate de nuestra transmision (rate
control management). Bajo ciertas condiciones es posible modelar la funcién de densidad de
probabilidad de la potencia interferente. En ese caso, la fuente ajusta el rate para maximizar el
throughput de la comunicacion. Esta solucion es extendida para el caso en el que cada destino
es asistido por varios relays. Las dos soluciones propuestas son capaces de proporcionar
mejores resultados que la transmision directa, a pesar de la interferencia existente en el slot de
relay.

Finalmente, se investiga el control dinamico del enlace para la transmisién asistida por relay
con dos diferentes tipos de conocimiento sobre el canal: conocimiento estadistico (statistical
knowledge of the channel state) o conocimiento del canal instantaneo (actual information about
the current channel state). Estos dos tipos de conocimiento derivan en diferentes estrategias a
utilizar para seleccionar la modulacion y el esquema de codificacion (MCS). En el primer caso,
los rates seleccionados no estan adaptados al canal actual, por lo que el destino puede recibir
erroneamente los mensajes. Los protocolos de retransmision de mensajes (ARQ — aufomatic
repeat request) son los encargados de asegurarse la correcta recepcion y son redefinidos para
la transmision asistida por relay. En este trabajo, se especifica los cddigos espacio-tiempo
distribuidos, la codificacion en al fuente y el relay y la longitud de las retransmisiones. Cuando
la fuente conoce algun parametro del canal instantaneo puede adaptar el MCS para esa
realizacion del canal. En ese caso se investiga la predicciéon del error en las transmisiones
asistidas por relay, y con ello es posible disefiar el MCS para que maximice la cantidad de
informacién transmitida para una probabilidad de pérdida de paquete o que maximice el
throughput.



Resum

A TRANSMISSIO ASSISTIDA PER RELAY O TRANSMISSIO COOPERATIVA és una

nova tecnica de diversitat espacial on apareix un element nou (un relay o un usuari
cooperatiu) en la tradicional transmissié punt a punt (font a desti). Ara en la comunicacio hi
intervenen tres enllagos : font-relay, relay-desti i font-desti. El relay, a més a més d'assistir a la
font en la transmissioé d’'un missatge, permet combatre les degradacions que pot patir el canal,
com el shadowing, fading, interferéncia i el pathloss. Encara que aquesta técnica esta basada
en el treball realitzat en els 70 per Van der Meulen, Cover i EI Gamal, ha estat els darrers anys
quan s'han tornat a considerar I'Us de relays. En realitat, la transmissio assistida per un relay es
pot veure com un sistema virtual multi-antena (virtual MIMO) on les antenes estan distribuides
en diferents terminals. No obstant, al contrari dels sistemes multi-antena i a causa de la
limitacio de I'actual tecnologia radio, el relay ha de treballar de manera half-duplex, ja que no
pot transmetre i rebre simultaniament a la mateixa banda. Aquest fet, motiva que la transmissié
hagi de realitzar-se en dues fases ortogonals en funcié de la manera del relay (rebent dades -
relay-receive phase o transmetent dades - relay-transmit phase). Aquestes fases es poden
implementar en el domini de la frequiéncia (FDD) o el temps (TDD).

Aquesta tesi investiga protocols i estratégies per la transmissio assistida per relay per millorar
I'eficiéncia espectral i homogeneitzar el servei per a tots els usuaris uniformement distribuits en
un sistema de comunicacio cel-lular. La introduccié del relay en la comunicacié implica la
redefinicié de moltes técniques i protocols considerats en les comunicacions punt a punt i en
els sistemes multi-antena, situats a la capa fisica i / o superiors.

En primer lloc es presenten els achievable rates obtinguts per la transmissié assistida per relay
en funcié del rol de relay (amplifica i retransmet o decodifica i retransmet), el tipus de
transmissié (sempre transmet, incremental o selectiva), les dades transmeses per relay
(repeteix els simbols rebuts o sén independents) i el tipus del protocol half-duplex. En funcié
dels terminals actius en cada fase de la comunicaci6 (font, desti o relay), hi ha fins a quatre
protocols. Un altre aspecte considerat és I'assignacié de recursos (resource allocation) per
cada fase de la comunicacié, la qual pot estar fixada per endavant o pot ser ajustada
dinamicament en funci6 dels canals dels diferents enllagos. En el cas que tots els coeficients
del canal es coneguessin perfectament (incloent també la fase de portadores dels
transmissors), els terminals podrien transmetre sincronament, millorant la comunicacio gracies
al guany degut a técniques precodificacié amb autovectors (amb antenes distribuides).

A més a més dues técniques de transmissio assistida per relay sén avaluades quan existeixen
multiples relays per desti. Totes dues depenen del tipus de missatges que es transmeten a
cada relay (missatges independents o un comuns). L'assignacio de recursos per a totes dues
técniques es pot veure com un problema convexe.



vi

Tres escenaris resumeixen diferents tipus de transmissio assistida per relay per a multiples
fonts i un sol desti : RMAC (Relay-assisted Multiple Access Channel), UC (User Cooperation)
and MARC (Multiple Access Relay Channel). La seva diferéncia es basa en el tipus de relay
half-duplex considerat. La transmissié es pot fer sincrona o asincronamente. Les fonts i els
relays estan limitats en poténcia i I'accés d'ells a cada fase de la comunicacio es pot fer per
mitja de TDMA (time division multiple access), FDMA (frequency division multiple access) or SC
(superposition coding multiple access). L'assignacié de recursos pot ser formulada com un
problema convexe en alguns casos i la solucié optima pot ser trobada.

Seguidament la transmissié assistida per relay i duplexada en temps és aplicada a un sistema
cel-lular centralitzat basat en TDMA al downlink. Amb I'objectiu de millorar I'eficiencia espectral
es proposa el reus espacial d'un slot temporal per les transmissions de les relays cap als seus
respectius destins (slot de relay), generant interferéncia per a tots els destins actius. Un
algoritme de control de poténcia basat en la teoria de jocs és proposat per combatre la
interferéncia generada. Sota aquesta configuracié, un algoritme de scheduling investiga els
possibles guanys deguts al multi-user gain, i mesura el overhead introduit.

Una altra manera de tractar amb la interferéncia és controlar el rate de la nostra transmissio
(rate control management). Sota certes condicions és possible modelar la funcié de densitat de
probabilitat de la poténcia interferent. En aquest cas, la font ajusta el rate amb vista a
maximitzar-ne el throughput de la comunicacié. Aquesta solucié és estesa per al cas en qué
cada desti és assistit per diversos relays. Les dues solucions propostes proporcionen més bons
resultats que la transmissié directa, malgrat la interferéncia existent al slot de relay.

Finalment, s'investiga el control dinamic de I'enllag per a la transmissio assistida per relay amb
dos diferents tipus de coneixement sobre el canal: coneixement estadistic (statistical knowledge
of the channel state) o coneixement del canal instantani (actual information about the current
channel state). Aquests dos tipus de coneixement deriven en diferents estrategies a utilitzar per
seleccionar la modulacié i I'esquema de codificacié (MCS). En el primer cas, els rates
seleccionats no estan adaptats al canal actual, i per aquest motiu el desti pot rebre erroniament
els missatges. Els protocols de retransmissiéo de missatges (ARQ - automatic repeat request)
son els encarregats d'assegurar-se la correcta recepcié i son redefinits per la transmissié
assistida per relay. En aquest treball, s'especifica els codis espai-temps distribuits, la
codificacio en al font i la relay i la longitud de les retransmissions. Quan, la font coneix algun
parametre del canal instantani pot adaptar el MCS per a aquesta realitzacié del canal. En
aquest cas s'investiga la prediccio del error en les transmissions assistides per relay, i amb aixo
és possible dissenyar el MCS per maximitzar la quantitat d’informacié que s’ha de transmetre
per una probabilitat de pérdua de paquet o per maximitzar el throughput.
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Chapter 1

Introduction

N this dissertation the relay-assisted transmission with half-duplex relays is analyzed from

different points of view. This study is motivated by the necessity of finding innovative solutions to
cope with the requirements of next generation wireless services, and with current radio technology.
The use of relayed communications represents a change of paradigm of conventional
communications, and requires the definition and evaluation of protocols to be applied to single or
multiple-user relay communication. With the twofold goal of enhancing spectral efficiency and
homogenize the bit rate service in cellular communications with uniformly distributed users, system
design is investigated at physical (type of transmissions of the relay, decoding mode, etc) and
upper layers (resource allocation, dynamic link control).

1.1 Motivation

The growth of wireless networks in recent decades is motivated by their ability of providing
communications anywhere and anytime. Because of the importance of this aspect on the modern
society, a high proliferation of wireless services and devices such as mobile communications, WiFi
(Wireless Fidelity) or cordless phones has emerged. However, in contrast to the wired networks,
the wireless networks present two main drawbacks: the scarcity of radio spectrum and channel
impairments. Therefore, the wireless networks should be designed to exhibit a high spectral
efficiency and combat channel impairments (including multipath fading, shadowing, interference
and path-loss) for an enhanced homogeneous coverage for uniformly distributed users.

Wireless networks are built around a number of nodes which communicate with each other over a
wireless channel, some having a wired backbone with only the last hop being wireless, such as the
cellular voice and data networks. However, the provision of high capacity and reliable wireless
multimedia communications to carry bursty packet traffic as well as voice and delay constrained
traffic continues to be a challenging aspect of modern and future wireless communications
networks.

Recently, advances in radio transceiver techniques such as Multiple Input Multiple Output (MIMO)
architectures have shown an enhancement in the capacity of the current systems by dealing with
the channel multipath fading. This is possible by adding multiple antennas at the transmitter and/or
the receiver. Another technique which has recently gained attention is the cooperative or relay-
assisted’ communication where several distributed terminals cooperate to transmit/receive their
intended signals (Laneman, Tse, Wornell, Erkip, Sendonaris, Aazhang, Host-Madsen). In this

" In many publications it has been considered that both terms refer to the same type of communication. However its
definition is based on the type of relay considered. If the relay terminal has information of its own to transmit then the
transmission is referenced as cooperative communication, otherwise it is named relay-assisted communication.



technique based on the seminal works issued in the 70’s by van der Meulen, Cover and El Gamal,
a new element comes up in the communication, the relay terminal. Figure 1.1 depicts an example
of the relay-assisted transmission in a three-terminal network. In that scenario, the source desires
to transmit a message to the destination (solid line), but obstacles degrade the source-destination
link quality. That message is also received by the relay terminal, which can re-transmit that
message to destination (dashed line). The destination may combine the transmissions received by
the source and relay in order to decode the messagez. This architecture exhibits some properties
of MIMO systems, in fact it is a virtual MIMO system because of the distributed antennas. In
contrast to conventional MIMO systems, the relay-assisted transmission is able to combat the
channel impairments due to the shadowing and path-loss provided in source-destination and relay-
destination links because they are statistically independent. In the example depicted in Figure 1.1,
the relay-assisted transmission also benefits of the path-loss breaking effect and the shadowing
present in the source-destination link is combated by using the transmission through the assisting
relay, where there is not any obstacle. We have used the term path-loss breaking to point out that
the source-relay and relay-destination links in Figure 1.1 present lower pathloss degradation than
the source-destination link. The pathloss degradation is approximately proportional to the n-th
power of distance between two terminals.

Figure 1.1.- Relay-assisted transmission in a three-terminal network with a source (S), a relay terminal
(RS) and a destination (D). Source transmits to the destination (solid line) but the signal is also
received by the relay. Afterwards, the relay transmits to the destination (dashed line).

The application of the relay-assisted transmission into practical systems is constrained by the
current radio technology, which cannot transmit and receive simultaneously in the same band
because of the dynamic range of the incoming and outgoing signals through the same antenna
element. Even when different antenna elements are used for transmission and reception the
Electromagnetic (EM) coupling is too strong. As a result, the assisting relays must operate in half-
duplex mode. Therefore the relay-assisted transmission is carried out in two orthogonal phases
(duplexed in time or frequency): the relay-receive and the relay-transmit phase, according to the
state of the assisting relay. The half-duplex constraint impacts negatively on the theoretical
spectral efficiency provided by an ideal full-duplex assisting relay. Multiplexing gains are not
possible in half-duplex relaying, although significant additive capacity gains are still possible.

2 This protocol will be defined in chapter 2 as protocol I.



In this sense, relay-assisted multi-hop networks are expected to play a significant role in 4G
wireless communication systems, because of its potentiality to cost-effectively extend the coverage
and/or increase the spectral efficiency, and driving the cost of deploying 3G+ and 4G systems
lower. To this end the 802.16j Task Group [1] is currently working in the extension of the 802.16e
Standard (mobile WIMAX) with multihop transmission. The European Union is funding several
projects looking into all the benefits of relay-assisted transmission with joint participation of industry
and academia, as for example WINNER [2], MEMBRANE [3], ROMANTIK [4], FIREWORKS [5],
ROCKET? [6] and COOPCOM [7]. Moreover, the EASY-C project, [8], will build a cellular testbed
for testing some relaying techniques.

The introduction of a new terminal in the relay-assisted transmission entails a cross-layer
architecture, where a variety of algorithms and procedures placed at different layers of the OSI
(Open Systems Interconnection) model have to be jointly designed in order to benefit from this new
type of transmission. Therefore a new paradigm in communications appears: source-relay-
destination. At the physical layer, algorithms for encoding and signal processing are required at the
source and relay. Additionally, decoding algorithms are also needed at the relay and destination.
The decoding role of the relay terminal is grouped in three categories,

» Amplify and forward (AF). The relay amplifies and forwards the signal received during the
relay-receive phase.

» Decode and forward (DF). The relay decodes the message received in the relay-receive
phase, re-encodes and transmits in the relay-transmit phase.

» Compress and forward (CF). The relay compress the estimated symbols of the signal
received during the relay-receive phase and transmits in the relay-transmit phase.

The use of half-duplex relays leads to the definition of several protocols, depending on which
terminals (source and/or relay) are transmitting and which are listening (relay and/or destination) in
the relay-receive or relay-transmit phase. Those phases may be duplexed in time (TDD) or in
frequency (FDD).

The Radio Resource Management (RRM) and Data Link Control (DLC), both in the data link layer
also have to be revised. An efficient RRM should consider the allocation of transmitted power and
time resources to each phase of the relay-assisted transmission and the scheduling process.
Additionally, an appropriate DLC should investigate the Automatic Repeat reQuest (ARQ)
procedures and the modulation and coding scheme (MCS) selection. The activity of the relay is
connected with the retransmission scheme, where the relay terminal may either always transmit
(persistent transmission) or do it only when the packet at the destination is received in error
(incremental relaying). For DF case, the relay may further decide transmit the received packet if it
is received correctly at the relay (selective relaying).

Likewise, efficiency of the relay-assisted transmission is improved when the techniques of the data
link layer consider some information available at the physical layer (cross-layer design), as the
knowledge of the wireless medium and the transceiver technique to be used.

® Part of the results of this work has been considered as UPC'’s contribution to ROMANTIK and FIREWORKS. Additionally,
part of the future work is planned to be investigated under the ROCKET project.



1.2 Outline of dissertation

This dissertation addresses protocols and strategies of the half-duplex relay-assisted transmission
for enlarging the spectral efficiency under the single-user (with single and multiple assisting relays)
and multiple-user (with single assisting relay) scenarios. It shows how a joint design of the system
unveils the benefits of this type transmission and describes guidelines for its forthcoming
applicability to the current/future communication systems. Those protocols and strategies consider
relays working under amplify-and-forward or decode-and-forward. Compress-and-forward relays
increase the complexity of the protocols and they are out of scope of this dissertation.

This dissertation is organized as Figure 1.2 shows. Chapter 1 is devoted for the introduction of the
dissertation. Afterwards, chapter 2 describes protocols and strategies for the single half-duplex
relay-assisted transmission. The extension for the multiple user case is tackled in chapter 3 and
chapter 4. Chapter 3 investigates different scenarios where there are multiple sources, possibly
multiple relays and a single destination. The resources are optimized for different access methods.
On the other hand, chapter 4 investigates the relay-assisted transmission in a cellular system
based on TDMA in the downlink (a single source and multiple destinations and relays). A time slot
is reused for reducing the spectral efficiency loss due to work under static resource allocation. The
interference generated in that time slot is combated by means of a distributed power control or a
rate control. Chapter 5 considers the dynamic link control for the relay-assisted transmission under
different approaches of knowledge about the channel state. Automatic repeat request procedures
and link error prediction methods are considered to maximize the throughput of the system. Finally,
chapter 6 presents the conclusions and the future work.
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Figure 1.2.- Organization of the dissertation.



The outline of each chapter is as follows.

Chapter 1 describes the motivation and the outline of the work. It also includes the research
contributions by the author during the elaboration of his Ph.D. degree.

Chapter 2 presents an overview of the single user cooperative/relay-assisted transmission and
provides new results. The achievable rate obtained by the relay-assisted transmission depends on
the type of data transmitted by the relay (repetition or unconstrained coding) when it is working in
decode-and-forward mode. Additionally, all the protocols considered for the relay-assisted
transmission with half-duplex relays are detailed, providing their mutual information. The
communication is carried out in two orthogonal phases (relay-receive and relay-transmit phase),
leading to the definition of several protocols which depend on the number of terminals active in
each phase of the communication. It is shown that the spectral efficiency of the different relay-
assisted protocols depends on the optimization of the duration of each phase (resource allocation)
which can be: static or dynamic. Dynamic resource allocation relaying adapts each phase of the
transmission as a function of the quality of the different links.

Additionally, two transmission techniques are evaluated when the destination is assisted by
multiple relays. Those techniques differ in the type of messages intended to each assisting relay
(independent or common messaging). The source and relays may have exact channel state
information (CSl), thus they can transmit synchronously" (distributed eigenvector precoding) or do
not have it, asynchronous transmission. The resource allocation for both proposed techniques can
be defined as convex problems, evaluating their achievable rates.

Chapter 3 analyzes different cooperative/relay-assisted scenarios for multiple sources and a single
destination. Those sources may be assisted by a relay (RMAC, relay-assisted multiple access
channel), cooperate between them (UC, user cooperation) or have a powerful single relay
(possibly placed as a lamppost) to help simultaneously all the sources (MARC, multiple access
relay channel) to transmit to a single destination. Among the relay-assisted protocols analyzed in
chapter 2 the one with the largest spectral efficiency is adopted for the cooperative/relay-assisted
scenarios tackled in chapter 3. The source and relay terminals are power limited and are able to
transmit synchronously or asynchronously, depending of the CSI available at the different nodes.
The relay-assisted transmission is analyzed under time division duplexing (TDD) and frequency
division duplexing (FDD) when the multiple sources access to the medium by means of TDMA
(time division multiple access), FDMA (frequency division multiple access) or SC (superposition
coding multiple accesss). As the transmission is duplexed in two phases, the sources (and relays)
have to access in each phase, generating a large number of combinations. In this work it has been
assumed that if the duplexing mode is done in TDD, the access method in each phase can be
TDMA or SC (FDMA or SC for FDD). It will be shown that the problem of allocating the
transmission resources for the multiple sources is convex in some circumstances.

Chapter 4 addresses the application of the relay-assisted transmission duplexed in time in a
centralized cellular system TDMA-based in the downlink (i.e. one source and multiple

* In this dissertation we have used synchronous transmission for referencing the case where the source and relays have
perfect channel state information (CSI) and additionally they are synchronized in terms of carrier phase (phase alignment).
When they do not have CSI the case is referenced as asynchronous transmission.

® In such a case the multiple sources share the same medium.



destinations). In such systems the source transmits to destinations in equally sized slots without
possibility of modifying their duration. If some destination is interested in using the relay-assisted
transmission, it is required an additional time slot where the relay will transmit (relay slot). The
relaying assistance is performed by terminals not active in the current frame (user relaying). In this
case the transmission resources cannot be optimized due to the system constraints (relay-transmit
and relay-receive phase are equal sized, 1 time slot, static resource allocation relaying) so there is
a spectral efficiency loss which is combated by spatial reusing the relay slot. All the assisting relays
(associated to different destinations) will transmit simultaneously in the same time slot (relay slot)
producing interference between destinations. Likewise, two approaches are considered to deal
with that interference: distributed power control algorithms and rate control management. The first
approach considers that all the assisting relays adjust its transmitted power during the relay slot
according to a power control algorithm based on game theory where each relay-destination pair
maximizes its own utility function (power control). On the other hand, the second approach
assumes that the relays are transmitting with a constant-in-time power (it may be different for
different relays) and the statistics of the interfering power can be accurately modeled. In that case
the source designs its transmission rate (rate control) to reduce the probability of outage event due
to the interference. This chapter gives the statistical model of the interfering power received at
each destination when all the terminals are distributed in the cell following a Poisson distribution
and each destination selects the nearest idle terminal as assisting relay.

A comparison between different types of relays is reported. That study considers the use
infrastructure relaying (for example a lamppost) and user relaying (the relays are other terminals)
under cellular system based on TDMA. The user relaying uses the proposed method of reusing a
time slot for the transmissions from the relays with a distributed power control. Finally, the medium
access (traditional scheduling algorithms) under user relaying is analyzed in order to study the
multiuser gain in this type of transmission.

Chapter 5 deals with the dynamic link control of the relay-assisted transmission. As it can be seen
as a virtual MIMO, the system design should extend the MIMO methods for the relay-assisted
transmission. Therefore aspects such as the distributed space-time coding, modulation and coding
and automatic repeat request (ARQ) procedures have to be reviewed. In this regard, when the
transmission rate is designed under statistical knowledge about the channel state, it is possible
that for some channel realization the selected modulation and coding scheme (MCS) will not be
supported, producing that the receiver will decode wrongly the message (outage event). We have
assumed that the transmitters have long-term Channel Distribution Information at the transmitter
(CDIT), for example the average signal-to-noise ratio (SNR) of each link.

On the other hand, when there is actual information about the channel state, the transmitter can
adapt the MCS to the current channel realization. The errors in the transmission are due to the
thermal noise of the channel. This case has been considered for a multicarrier relay-assisted
transmission when there is partial CSIT. Under that configuration the Exponential Effective SIR
Mapping (Exp-ESM) provides the effective SNR for describing the quality of each link and is useful
for the link error prediction given a forward error correction (FEC) code and MCS. In this regard,
the link error prediction for relaying transmission is found as an extension of the Exp-ESM. The
MCS can be designed in order to maximize the information rate for a given probability of packet
loss or to maximize the throughput.

Chapter 6 concludes the dissertation and proposes future lines of work.
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Chapter 2

Single user relay-assisted and cooperative
communication

HIS chapter is devoted to study the relay-assisted and cooperative communication in a

three-terminal network where the scenario is built upon a source, a single relay and a
destination. It presents the prior work developed in the relay-assisted transmission, describing
which decoding strategies are possible at the relay. The use of half-duplex relays imposes the
definition of two orthogonal phases (relay-receive and relay-transmit phase) and motivates up to
four protocols for implementing the relay-assisted transmission.

First, the benefits of the relay-assisted transmission with half-duplex relays are evaluated when
terminals are equipped with multiple antennas and the assumption that there is not complete
channel state information of all the links (we reference to this case as asynchronous
transmission). This chapter investigates the type of message transmitted by the decode-and-
forward relay (repetition or unconstrained coding). When the phases of the communication are
fixed (static resource allocation relaying) an adaptive protocol based on selective relaying is
adopted to deal with source-relay links with bad quality, because they limit the efficiency of the
relay-assisted transmission. Moreover, it also explores a dynamic resource allocation for each
phase of the communication (dynamic resource allocation relaying) under different constraints
on the transmitting power of the terminal which lead to the evaluation of the relay-assisted
transmission duplexed in the time domain (power limited terminals transmitting with maximum
power), duplexed in the frequency domain (individual average power constraints) and the
evaluation the spectral efficiency of unit total power (average sum power constraint). The gains
provided by the relay-assisted transmission are evaluated in terms of outage mutual information
and average achievable rate.

Finally, the relay-assisted transmission with multiple assisting relays is investigated when all
terminals have complete channel state information of the different links and the carrier phases
of the distributed nodes are synchronized (we reference to this case as synchronous
transmission and eigenvector precoding techniques are assumed) or there is not channel state
information at the transmitters (asynchronous transmission). Two source transmission
strategies are considered depending on the messages intended to each relay (independent or
common messaging). It will be shown that the resource allocation can be formulated as a
convex problem for both strategies, evaluating their achievable rates.
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2.1 Background and related work

Communications through wireless channels have motivated new problems in the transmissions
over the mobile users due to the time-varying fading channels, interference and the shadowing
effect, mainly. The appropriate method to combat these effects is the use of diversity (diversity
gain). Typically, time and frequency diversity have been considered. In recent years the space
diversity [1],[2] by means of multiple antenna system (MIMO — Multiple Input Multiple Output)
has received much attention from the research community because it can be combined with the
previous forms of diversity and additionally, offers an increase of the total information theoretic
capacity (multiplexing gain) of the system. The diversity-multiplexing tradeoff exhibited by the
multiple antenna channels is shown in [3]. MIMO systems have proven to increase the channel
information theoretic capacity linearly with the minimum number of transmitting and receiving
antennas. Recently and motivated by the work of [4] and [5], there has been a growing interest
in a new space-time method which uses antennas belonging to multiple terminals, the
cooperative diversity. The cooperative terminals create a virtual array through distributed
transmissions [6],[7],[8]- This method is based in the classical relay channel, [9], [10].

In order to detail all the main aspects of the relay channel the literature revision will be
structured as follows. Section 2.1.1 describes the relay channel. Afterwards, the cooperative
transmission is outlined in section 2.1.2. In relay-assisted transmissions with a half-duplex
constraint there are four possible protocols which are presented in section 2.1.3. The strategies
of the relay-assisted transmission are detailed in section 2.1.4 describing the decoding modes
at the relay and the resource allocation for each phase of the communication.

2.1.1 The relay channel

The relay channel is introduced in [9]. It assumes that there is a source that wants to transmit
information to a single destination. However, there is a relay terminal that is able to help the
destination (relay-assisted transmission). Based on the past received symbols, it can transmit
and additional message to the destination. Figure 2.1 illustrates the channel model. When the
relay terminal presents a better channel conditions than the destination, this scheme is able to
improve the source-destination transmission. In general it is assumed that the relay works in
full-duplex mode, i.e. receiving and transmitting simultaneously. Inner bounds of the information
theoretic capacity (capacity in the following) of a discrete memoryless channel are given by [9]
based on a timesharing approach. Afterwards, the capacity for the special case of degraded
relay channels by the use of superposition block Markov encoding is found in [10]. For other
type of channels the capacity is upper-bounded (max-flow-min-cut theorem [11]) by the
minimum of mutual information obtained by the broadcast channel (transmission from the
source to relay and destination, [11]) and the multiple access channel (independent and
simultaneous transmission from the source and relay to the destination, [11]).

Figure 2.1.- The relay channel. Source (S), Relay (RS) and Destination (D).
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Capacity bounds and power allocation for wireless relay channels are given in [12] for half-
duplex relay and single-antenna terminals. Additionally, algorithms to compute the capacity
bounds for the multi-antenna terminals are presented in [13]. In some conditions the upper
bound meets the lower bound characterizing the capacity of the MIMO relay channel.

2.1.2 Cooperative communication

Cooperative communication is based on the relay channel model, Figure 2.1, however, the
principal difference between the relay-assisted and the cooperative transmission is the type of
terminals involved in the communication. In the relay-assisted transmission the relay terminal is
an additional terminal which helps to the source (it does not have its own information to
transmit), while in the cooperative communication there are two sources which have to help one
to each other and both have information to transmit.

The cooperative diversity1 is introduced in [4] using the scenario depicted in Figure 2.1 but with
the relay terminal being another source. Both sources (associated partners) are also
responsible of transmitting the information of their partners. It is assumed that the sources are
working in full-duplex mode, so that both sources are transmitting to the destination and
receiving a noisy version of the partner’s transmission. Results in terms of ergodic achievable
rate regions and outage probability of the cooperative and non-cooperative transmission show
the benefits of this scheme.

The cooperative diversity for the ad hoc four-node network presented in Figure 2.2 and made
up of two sources and two destinations is analyzed in [14]-[16], providing some upper and lower
bounds of the capacity offered by that network. Each source wants to send a message to a
different receiver. Basically, two types of cooperation can be found: receiver and transmitter
cooperation, depending which nodes are relaying each other's messages. It is assumed that all
the nodes work on the full-duplex mode. Although this four-node network is quite similar to a
MIMO system (it will be equal if both sources/destinations have prior information about the
transmitted/received data by the other node) there is no multiplexing gain for either transmitter
or receiver cooperation, but there is an additive gain over the direct transmission, [14].

Transmitter cooperation Receiver cooperation

(N
~
~
N
N
~
N
N

» D,

Figure 2.2.- Cooperative diversity network. 2 sources (S1, Sz) and 2 destinations (D4,D>).

' This term is defined as user cooperation in [4].
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2.1.3 Half-duplex relay protocol overview

Full duplex terminals are currently unrealistic in practical systems, hence the relays are forced
to work under half-duplex mode, i.e. there will be an orthogonal duplexing (in time or frequency)
between the relay is receiving (relay-receive phase) and the relay is transmitting (relay-transmit
phase), see chapter 1. This phase separation allows defining several half-duplex relay protocols
with various degrees of broadcasting and receiving collision in each relay-receive and relay-
transmit phase among the three terminals (source, destination and relay). The number of
options leads to the four protocol definition? [27], [28] presented in Figure 2.3 and named in this
dissertation protocol I, Il and Ill, and in Figure 2.4 and named forwarding.

PROTOCOL I PROTOCOL II PROTOCOL III

Figure 2.3.- Half-duplex relay protocols. S, RS and D refer to the source, relay and destination,
respectively. Solid lines correspond to the transmission during the relay-receive phase and dashed
line for the transmission during the relay-transmit phase.

In protocol | the source communicates with the relay and destination during the relay-receive
phase (solid lines in Figure 2.3). Afterwards, in the relay-transmit phase, the relay terminal
communicates with the destination (dashed line in Figure 2.3). This protocol shows the same
structure as the Broadcast Channel (BC) during the relay-receive phase. For example this
protocol is used by the cooperative transmission defined in [5] and [23] and also in the relay-
assisted transmission described in [21].

On the other hand, in protocol Il during the relay-receive phase the source only transmits to the
relay (solid line in Figure 2.3). It is assumed that the destination is not able of receiving the
message from the source in that phase. In the relay-transmit phase source and relay transmit
simultaneously to the destination (dashed lines in Figure 2.3). Hence in the relay-transmit phase
the channel becomes a multiple access channel (MAC).

Protocol Ill can be seen as a combination of protocols | and Il. The source transmits to the relay
and the destination (solid lines in Figure 2.3) in the relay-receive phase. Then, in the relay-
transmit phase, the source and the relay transmit to the destination (dashed lines in Figure 2.3).
Notice that the relay is transmitting during the second phase, so that it cannot be aware of the
signal transmitted by the source in the second phase. This protocol can achieve a better
spectral efficiency than previous ones. For example this protocol is considered for obtaining the
achievable rates of the relay channel in [12]. Moreover, the cooperation scheme defined in [4] is
akin to protocol Ill because the destination is considering the signal received in both phases to
decode the message transmitted by the source.

2 The current enumeration differs from the one used in [27].
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FORWARDING

Figure 2.4.- Half-duplex forwarding protocol. S, RS and D refer to the source, relay and destination,
respectively. Solid lines correspond to the transmission during the relay-receive phase and dashed
line for the transmission during the relay-transmit phase.

Finally, the traditional forwarding protocol consists in a transmission from the source to the relay
during the relay-receive phase and a transmission from the relay to the destination in the relay-
transmit phase, see Figure 2.4. It should be emphasized that the half-duplex relay protocols
defined in Figure 2.3 make good use of the source-destination link in contrast to the forwarding
protocol. Likewise, if that link presents a very bad quality compared with the source-relay and
relay-destination link, the performance obtained by protocols I, Il and lll converges to the
forwarding one.

2.1.4 Strategies of the relay-assisted transmission

The paradigm of the conventional source-destination communication is now changed to source-
relay-destination, and the role played by the relay can be selected over different modes of
operation influencing the total achievable rate of the system. Additionally, when there is a half-
duplex relay the resources allocated for each phase of the relay-assisted transmission also has
an important impact on the achievable rate. Therefore, the strategies of the relay-assisted
transmission have to consider the decoding mode at the relay and the resource allocation.

Decoding at the relay

Basically there are three decoding modes analyzed in the literature are: amplify-and-forward
(AF), decode-and-forward (DF) and compress-and-forward (CF).

A. Amplify-and-forward (AF)

This is the simplest strategy that can be used at the relay because it acts as a dummy with
a constraint on the maximum power. The relay amplifies the received signal from the source
and transmits it to the destination without doing any decision. The main drawback of this
strategy is that the relay terminal is also amplifying the received noise to the destination.
When this strategy is applied to the cooperative communication, it is able to obtain a better
uncoded bit error rate (BER) than direct transmission [5]. Additionally, the outage probability
of the cooperative communication is also derived, demonstrating that a diversity order of
two is obtained for two cooperative users. When the relay is equipped with multiple
antennas and there is channel state information (CSI) of the source-relay and relay-
destination links, the AF strategy can attain significant gains over the direct transmission by
means of optimum linear filtering the data to be forwarded by the relay [18],[19].

B. Decode-and-forward (DF)

The complexity at the receiver increases in comparison to the AF strategy. Now the relay
terminal has to estimate the message received from the source and the total performance



16

will depend on the success of decoding correctly the message. Depending on the type of
symbols retransmitted the strategy at the relay is repetition coding (RC) or unconstrained
coding’® (UC). In the RC, the relay retransmits the same symbols previously estimated, while
in the UC the symbols transmitted are not the same to the received ones, but related to the
same information sent by the source (source and relay are using different codebooks). An
example for UC is the following. Let us assume that the source is going to transmit a coded
codeword using a forward error correction (FEC) code, where there are systematic and
parity bits. Once the relay has decoded the signal received in the relay-receive phase, it re-
encodes the message, selecting new parity bits and transmits them to the destination in the
relay-transmit phase.

Two sources that cooperate for transmitting to a common destination are investigated in
[4],[17]. Basically, the transmission is done over three intervals of time. The first one is
devoted to transmit directly to the destination (without cooperation) and the remaining two
are used for cooperation. In the second period each source transmits new information to the
destination which is estimated by the other source (partner). Afterwards, both sources
transmit a linear combination of its own bits transmitted in the previous interval of time and
the estimated ones belonging to the other source to the destination. The relay, in this case
the other source, is working with DF-RC. The decode-and-forward scheme defined in [5]
also works under DF-RC.

Upper and lower bounds for the unconstrained coding4 (UC) in a cooperative scenario
where each source can cooperate with m terminals in orthogonal mode are shown in [20].
The destination must combine the signals received in two orthogonal periods of time which
come from the source and from those cooperative users who were able to decode the
message transmitted by the source in the first period of time (protocol |). The total mutual
information is the same as two parallel channels [11]. Unconstrained coding is superior to
repetition coding in terms of diversity for larger spectral efficiencies.

A practical implementation of unconstrained coding (UC) for protocol | can be found in [21],
[22] and chapter 5, where the relay terminal instead of transmitting the same symbols, it
uses a different part of a rate compatible turbo code, (TC), as in the example given at the
beginning of this section. In that case it is assumed that the source transmits a message to
the relay and destination in one time interval. Afterwards, the relay transmits to the
destination in an orthogonal period of time. The destination must combine both
transmissions in order to decode the message and observes total coded codeword with
more protection (incremental redundancy). This idea is applied to the cooperative
transmission in [23]-[25] and is named coded cooperation.

C. Compress-and-forward (CF)

In this strategy the relay does not decode the data and use the Wyner-Ziv lossy source
coding [26] on the estimated symbols of the received signal. Then, the compressed signal is
transmitted to the destination by the relay. Depending on the channel gains of the different
links CF can be superior to the DF strategy. This strategy is suggested in [10] (Theorem 6).
However it adds more complexity to the system and for that reason will not be considered in
this dissertation.

% This term has been defined in [30] and is introduced in section 2.2.1.
* It is referenced as space-time-coded cooperative diversity in section 1V of [20].
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Resource allocation in half-duplex relays

The half duplex protocols presented in section 2.1.3 assume that the relay-assisted
transmission is done in orthogonal phases, the relay-receive and relay-transmit phase. The
achievable rate of the system depends on the duration of each phase. Two strategies are
possible for defining the duration of each phase: static or dynamic resource allocation relaying.
The adoption of one of those strategies may depend on the kind of channel state information at
the source and/or the type of system where the relay-assisted transmission is implemented.

Static resource allocation relaying is defined when the duration of each phase is previously
assigned. This can be found when the cooperative transmission is implemented in a centralized
cellular system based on Time Division Multiple Access (TDMA) as it is done in chapter 4. The
transmission from the source to destinations is done over time slots with fixed duration. In that
case the relay-assisted transmission needs two time slots (relay-receive and relay-transmit
phase). Another possible scenario for static relaying is when there is only statistical information
about the channel model and resources cannot be allocated based on the quality of the different
links involved in the relay-assisted transmission. Despite not using an optimal resource
allocation, there are several retransmission strategies at the relay to enhance the spectral
efficiency of the relay-assisted transmission:

e Persistent transmission
e Incremental relaying

e Selective relaying

The previous decoding modes at the relay terminal can be adopted all the time (persistent
transmission) or adapt it to the current channel state by exploiting limited feedback from the
destination and/or the relay. Source and relay can have knowledge about the success of the
transmission at the relay and destination thanks to the existing feedback logical channels in the
modern communication systems. Two different options are analyzed in [5]: selective and
incremental relaying. The selective relaying is applied to the DF because the performance is
constrained by the success on the transmissions from the source to the relay. When the relay
receives wrongly or the source measures that the current channel state of the source-relay link
is below a threshold, then the relay remains silent and the source transmits again (using
repetition or more powerful codes). For incremental relaying the relay should be aware of the
success or not of the direct transmission during the relay-receive phase at the destination. The
relay only transmits when the direct transmission (source-destination) is wrongly decoded by
the destination. Using this option it is possible to obtain an improvement of the spectral
efficiency over the persistent and selective transmission.

Protocols Persistent Selective relaying Incremental
transmission relaying
forwarding ~ % %
protocol | ~ N N
protocol Il \ \ X
protocol Il ~ N N

Table 2.1.- Types of retransmission at the relay for different protocols.
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Table 2.1 depicts the available types of relay transmission (persistent, selective relaying or
incremental relaying) for the different half-duplex protocols. For the forwarding protocol it is
required that relay always transmit because the destination is considering only the data
received during the relay-transmit phase. For protocol | all types of transmission are possible.
For protocol Il incremental relaying is not implementable because the relay is transmitting
simultaneously with the source in the relay-transmit phase and the destination is considering
only the data received in that phase. When the relay is working under selective relaying and the
relay remains silent because it has not been able to decode the message from the source, the
equivalent system is the same as the direct transmission using only the relay-transmit phase.
For protocol Il under selective relaying the source is transmitting in both phases and the
destination considers the data received in both phases. Additionally, incremental relaying is also
possible because the message transmitted by the relay in the relay-transmit phase is connected
with the transmission done by the source in the relay-receive phase (as in protocol I), so the
destination might inform the relay about the success in decoding the message in that phase and
the relay terminal will remain silent in the relay-transmit phase. It is worth noticing that under
selective relaying in protocol | when the relay terminal remains silent, the source transmits
during the relay-transmit phase, while for protocol Il and Il the source is already transmitting
during that phase by definition. Section 2.2.1 investigates the achievable rates obtained by
protocol | using repetition coding (RC) or unconstrained coding (UC) for static relaying and the
benefits of using an adaptive relay working under selective relaying.

Dynamic resource allocation relaying is assumed when the source has knowledge of the quality
of all the links (source-destination, source-relay and relay-destination). Under that circumstance
the spectral efficiency of the relay-assisted transmission is maximized by adapting the resource
allocation of each phase in function of the quality of the different links. Otherwise, the
retransmission strategies considered for the static relaying should be considered also here. In
this regard section 2.3 investigates the achievable rates of the all half-duplex protocols
presented in section 2.1.3.

Finally, Figure 2.5 presents a classification of the possible strategies for relay-assisted
transmission, differentiating between the decoding mode at the relay and the resource
allocation for each orthogonal phase (half-duplex relays).

amplify and forward (AF)

‘
/ / repetition coding
decoding at “ __ yecode and forward (DF)

the rela
y \ unconstrained coding

Aspects to be compress and forward (CF)

considered for
the relay-assisted

faai . dynamic allocation
transmission resource aIIocatloV

for half-dupl persistent transmission
or half-duplex /
relays \

static a//ocationi selective relaying (only for DF)

incremental relaying
Figure 2.5.- Aspects to be considered for the relay-assisted transmission.
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2.2 Static resource allocation relaying

This section investigates the half-duplex relay protocols when there is a static resource
allocation. Section 2.2.1 considers protocol | with a decode-and-forward relay. The type of
message transmitted by the relay and the benefits of selective relaying will be investigated. The
additive capacity gain [12] available by protocol | is measured for different antenna
configurations. Afterwards, section 2.2.2 presents the performance of all the half-duplex
protocols with DF relay and working under repetition coding. Finally, section 2.2.3 presents the
half-duplex protocols when the relay works in amplify-and-forward mode.

2.2.1 DF-Protocol |

This section studies the half-duplex relay protocol | (section 2.1.3) under the decode-and-
forward transmission, the same as the one considered in [5]. The relay-assisted transmission is
duplexed in time (TDD — Time Division Duplexing). It is extended to the multi-antenna scenario
and an arbitrary code at the relay instead of the repetition code is used. Such a communication
system can be interpreted as a compound channel [31],[32], which allows a simple analysis
based on the many existing results on compound channels. We will give expressions for the
mutual information® of protocol | when the channel state information at the transmitter (CSIT) is
assumed at all terminals and for the no CSIT case. That mutual information is obtained by
means of Gaussian codebooks. The channel state information at the receiver is always
assumed. Those expressions consider the fixed channel case (instantaneous mutual
information). However results presented in this section only tackle the no CSI case. Moreover,
the selective relaying is also analyzed. The following work has been presented in [30]. Finally,
the additive capacity gain obtained by this protocol is evaluated.

2.2.1.1 Signal model

In the three-terminal network depicted in Figure 2.3 consisting in a source, a TDD half-duplex
relay and a single destination, the relay-assisted transmission under protocol | is done during N
symbols in the time domain. It is assumed that relay-receive and relay-transmit phase present
the same size, i.e. N/2 symbols. Moreover, the source, relay and destination are equipped with
n,, n, and ny; antennas, respectively.

During the relay-receive phase, the source transmits the signal x_ . Afterwards during the relay-
transmit phase the relay terminal transmits the signal x, . The signals received by the relay y,
and by the destination y, during all the transmission are given by,

y, ()= Hx (1)+w, (1) 1<t<N/2
[Hx, (£)+w,(r) 1<t<N/2 (2.1)
Ya (Z)_{Hzxr(z)+wd () Nj2<i<N

where H,, H, and H, denotes the nxn, n,n, and nzxn, channel matrices between the
source-relay, relay-destination and the source-destination, respectively. The terms w_ and w,

® In general the capacity of the relay channel is not known (only the degraded case with full-duplex relay [10]). Therefore
the different protocols with different decoding strategies provide lower bounds of the capacity of that channel. The
capacity of a channel is defined as the maximum mutual information between the transmitted and received signals.
However, the maximum mutual information of each protocol with different decoding strategies will not be capacity of the
relay channel because we are enforcing a predefined signaling which might not be optimal.
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denote Gaussian noise with zero mean and covariance matrices R, and R, We will assume
that x. and x, to be circularly symmetric complex Gaussian vectors with zero mean and
transmit covariance matrix Q, :E{xs(t)xf(t)} and Q, :E{xr(t)xf(t)}, respectively. The
source and the relay are constrained in their average transmit power by P and P,
respectively, which is conveniently expressed as a trace constraint on the transmit covariance
matrices. These matrices are variables to be designed under the CSIT case. On the contrary,
for no CSIT case we will assume Q =P, /n 1, and Q,=P/n1, . We know that equal
average power transmission per antenna solution obtains the ergbdic capacity in MIMO
systems [1] with Rayleigh fading (source to destination) and it becomes a robust solution under

channel uncertainty [33].

In the following the signal received by the destination will be rewritten in a more compact way
for the direct transmission and for two implementations of the decode-and-forward (DF):
unconstrained coding (UC) and repetition coding (RC). In the single-antenna case, the same
signal model is still valid, but all the terms become scalars as in [5].

Direct Transmission

The source is transmitting to the destination using the N symbols,

ya (1) =Hox (t)+w, (1) 1<t<N (2.2)

where the transmitted signal is constrained by Tr(QS ) <P,... ITr(.) is the trace operator and Q;
the covariance matrix of the transmitted signal.

DF with unconstrained coding (UC)

The unconstrained coding (UC) has been defined for the case when the signal transmitted by
the relay during the relay-transmit phase x_ is not correlated with the signal transmitted by the
source X, . The signal model at the destination during the relay-transmit phase is given by,

Y. () H, 0][x() . w, (1) .
{yd(t+N/2):|_|:0 HJLV(HN/?,):I |:Wd(Z+N/2):| 1<t<N/2 (23)

where the transmitted signals are constrained by 7r(Q,)<P. and 7r(Q,)<P. subject to
P/2+ P/[2=P,,, to keep the total average transmitted power equal to the direct
transmission scheme for a fair comparison.

DF with repetition coding

A particular case arises when the relay retransmits the same signal transmitted by the source
during the relay-receive phase, in a nutshell when x (n+N/2)=g¢x (n) as in [5]. This
technique can be used when the number of antennas at the source and the relay are equal
(n,=ny). In such a case, the signal model at the destination during the relay-receive phase

reduces to,
Pdm )HH }sm{mm L"Z% 1SN Y

v, (t+N/2 oH, w,(t+N/2)

s

where the transmitted signal is constrained by 7r(Q, )< P, .
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2.21.2 Maximum mutual information of protocol |

To analyze the performance of protocol | in decode-and-forward mode, we first obtain a general
result related to compound channels and then show that the proposed transmission technique,
for both unconstrained and repetition coding, can be seen a specific case of a compound
channel [31]. Figure 2.6 presents a scheme for the compound channel where a source is
transmitting a single message W in N symbols that must be successfully received by two
destinations. However, the first destination only receives a part of the total transmitted signal,
while the other destination receives the entire transmitted signal. The transmitted signal is given

by,
xa(t) 1<t<¢
x(t):{xb(t) I<<N

where ¢ defines the number of symbols where the first destination is listening. The received
symbols at each destination y, and y, drawn according to the conditional probability distribution
p(y,1x,) and p,(y,|x), where the effect of the noise has been considered.

Prob(error) = Prob( V?/l =W or V?/f W)

x” n
a Channel M Decoder V?/
ply, | x,)

X Channel Y, Decoder I/?/
ply, | %)

W —> Encoder X!

Figure 2.6.- Scheme of the compound channel with two receivers.

Proposition 1: Consider a channel where the transmitted signal x, which can be structured as
Xx=(x,,Xp), is received as y; and y; by two receivers with channel transition probabilities given by
p.(y,1x,) and p,(y,|x), respectively (see Figure 2.6). Then the capacity® of the compound
channel is given by

C=s?gmin(l(xa,yl),l(x,yz)) (2.5)
plx

where the supremum is over all p(x) that satisfy the system specifications. It has been
assumed that no error happens only when both receivers decode the transmitted message
without error.

Proof. See Appendix A. Proof of proposition 1.

We now particularize the previous general result to the Gaussian case in the following corollary.

Corollary 1: Consider a vector Gaussian channel where the transmitted signal vector x, which
can be structured as x' = [xﬁ,x,{] is received as

® It should be pointed out that protocol | under DF describes a compound channel, where the capacity for that channel is
known. However, that value is not the capacity of the relay channel and for that reason it will be referenced as maximum
mutual information of protocol | in the following.
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ya = HGXIJ +Wa

y =Hx +w

by two receivers where H, and H represent a linear transformation on the transmitted signal
and both w, and w are Gaussian distributed with zero mean and covariance matrices R,
and R . Then the capacity of the compound channel under CSl is given by’,

C=supmin(/,,1,)
2.0, (2.6)
I, =logdet(I+R'H,QH/) I, =logdet(I+R,'HQH" )

with Q =E{xx”} and Q, =E{xax:’} being the transmit covariance matrix of x and x,. The
supremum is over all Q and Q, that satisfy the system specifications. The capacity is achieved
when x is Gaussian distributed with zero mean and covariance matrix Q.

Proof.- The proof is straightforward from Proposition 1 and taking into account that w_, and w
are Gaussian distributed, [11]. 0

We now analyze the performance of the decode-and-forward transmission scheme along with
the direct transmission in terms of the capacity and achievable rate.

Direct transmission
The capacity of the direct transmission with CSIT (fixed channel case with system model in
(2.2)) is well known [1],[11] and given by

Cpy" =suplogdet(I, +R, H,Q H;) (2.7)
Q;

In the single-antenna case, the capacity expression simplifies to,

P,
Cgl;lT =10g(1+ dz;ect
O

Wy

h0|2j (2.8)

Under no CSIT and equal average power transmission the capacity of the fixed channel is given
by,

P,
Cpr = logdet{lnd +%R;& H H] J (2.9)

Notice that for the single-antenna case the capacity with and without CSIT coincides.

DF with unconstrained coding

In this case we have to particularize the result of Corollary 1 with the signal model defined in
(2.1). In this regard H, (source-relay link) and the equivalent H of (2.3) stands for the matrices

" All the log functions considered in this work without specify the base are in base 2.
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H, and H defined in Corollary 1. The maximum mutual information of protocol | with DF and UC
is given by,

1 .
IS =Esup mm([ 1 )

a’”ab
Q.Q,

I, =logdet(I, +R'H,QH") I, =logdet(L,, +R;'HQH") (2.10)

n(

H 0 R, 0 X x  xx
H= 0 , R — d =E srs sy ‘ =E X,XI,W
{ 0 Hj " { 0 R J Q {L X xx! Q, { ' ‘S}

W,

where the 1/2 factor comes from the fact that the vector signal is actually transmitted in two time
instances so the efficiency drops by a half. Moreover, using the Hadamard'’s inequality it follows
that the optimal Q is block diagonal. In the single-antenna case, the capacity expression
simplifies to

Lo ve :%min{log(l+§|hl|z}log[l+;;23'|h0|2}+ log£1+;;;|h2|2]} (2.11)

Wy Wa Wa

For the case with no CSIT and equal average power transmission per antenna at the source
and relay the maximum mutual information is given by,

|
Ipp ye = Emln(ca’cab)

P

C, =1ogdet[ln +—=R'HH/ J (2.12)
P
n

”

P
C, =log det{lnd +—=R]/ HOHfj+ logdet [In +
ny d d

R;:,Hznfj

Notice that the maximum mutual information of the DF-UC under no CSIT can be written as a
function of the capacity of the different links (under no CSIT).

DF with repetition coding

Applying Corollary 1 for the repetition coding is done by considering the signal model of (2.1)
and identifying H; (source-relay link) and the equivalent H of (2.4) stands for matrices H, and H
of Corollary 1. Therefore, the maximum mutual information for DF with RC is defined by,

1 .
I :Esgp rnm([ 1 )

a’”ab

I,=logdet(I, +R'HQH/) I, =logdet(L, +R,HQH") (2.13)
H RW 0 P

H=| ° | R, = " o= |-t
(DHZ 0 Rwd Ps nr

Notice that the principal difference between RC and UC lies in the definition of matrix H at
(2.10) and (2.13), with dimensions 2n,x(n,+n,) and 2n,xn,, respectively, leading to different
results. In the single-antenna case the capacity expression simplifies to,
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I P P P
Ior re :Emm{log[l+O_—;|hl|2],log[l+a—;|ho|2 +U—’2|h2|2} (2.14)

n, ny ny

For the case with no CSIT and considering equal average power transmission per antenna the
maximum mutual information is given by8,

1 .
Ipr e zamln(ca7cah)

n n

s r

P P P (2.15)
C, =10gdet{ln +—5H1RWIH1”J c, =10gdet{ln +—=H/RH, +—HJR] Hz]
. n a s d d

N

Note that unconstrained coding always outperforms the repetition coding.

2.2.1.3 Retransmission strategies

A relay participating in the relay-assisted transmission under decode-and-forward
(unconstrained or repetition coding) may always transmit to the destination (persistent
transmission) or just when it is able to decode the message from the source (selective
fransmission), as it was described in section 2.1.4, see Figure 2.5. Hence, following the
guidelines of [5], we will describe a protocol that avoids bottlenecks in the source-relay link by
switching to a direct transmission during the relay-transmit phase. In this case, the source is
transmitting in both phases and it plays the same role as the relay (repetition or unconstrained
coding). In a nutshell, in the RC the source transmits the same signal in both phases, while in
UC, they are uncorrelated. Additionally, it will be assumed equal average power transmission by
the source and relay because there is no CSIT. Notice that under no CSIT, the maximum
mutual information of protocol | can be written as a function of the capacity of the individual
links, also defined under no CSIT.

The capacity of source-relay link under no CSIT with a fixed channel is given by

1 P

C, =—logdet| I, +—R'HH/ (2.16)
2 Ton, 7

The main objective is that the relay-assisted transmission will not become limited by the source-
relay link, (2.16). Therefore, the source transmits in the relay-transmit phase (remaining the
assisting relay terminal silent) wherever,

CeS={xeR | x<I,<I,} (2.17)

where [, and [, are defined by,

® Using det (I, + AB)=det(I, + BA) where A and B are matrices with dimensions (kxm) and (mxk) respectively.
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S

%logdet[l +PR HHH]Jrlogdet(I +—L R‘lH HHJ if UC

(2.18)

s r

1 P P
Elog det[ln +—H/R H, +—H/R; H2] if RC
s n d d

Cor if ucC

I =
‘ %logdet[l +2PS HHRMIHJ if RC

A\

where I, stands for the mutual information due to the transmissions from the source and relay
to destination for the UC (2.12) and RC (2.15) and I, represents the mutual information obtained
through the source-destination link when the source is transmitting in both phases and it is
using the UC (in such a case it is the capacity of the source-destination link under no CSIT) or
RC mode during the relay-transmit phase.

The final expressions for the mutual information of the UC and RC will be modified because of
the additional transmission from the source. The adaptive unconstrained coding (UC-A) will be
given by,

I — IDF*UC %f‘ Cl €S (2 19)
ey, otherwise '

with C; defined in (2.16), Cpr defined in (2.9) and S given in (2.17). When the source transmits
during the relay-receive and relay-transmit phase using unconstrained coding, the capacity of
the source-destination link under no CSIT is obtained.

For the repetition coding the adaptive protocol (RC-A) is defined by

IDF—RC if CeS

I =
fea log det(l +—= 25,

X

2.20
R_IH HHJ otherwise ( )

where C; and S are defined in (2.16) and (2.17) respectively. In this regard, when the source
transmits during both phases because the relay is not able to decode the message, the mutual
information obtained is lower than the direct transmission in contrast to the UC-A, (2.19). The
reason is due to the repeated message in both phases using the same symbols, the received
signal power increases twice (2.20), at the expenses of using more resources, motivating the
1/2 factor in (2.20). Hence, the performance in such a case is worse than direct transmission
(2.9).

2.2.1.4 Results

The different protocols presented at (2.12) (DF-UC), (2.15) (DF-RC), (2.19) (UC-A) and (2.20)
(UC-R) will be evaluated under a scenario with multiple-antennas at the terminals and non-
frequency selective Rayleigh channels on each link. Those protocols will be compared with the
direct transmission (2.9) (DT). The relay-assisted transmission is performed in intervals of time
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named frames (with relay-receive and relay-transmit phase) where it is assumed that the
channel coefficients remain constant, changing from frame to frame. Different average SNR
values are considered to account for the quality of the links including pathloss and slow fading.
The scenario considered assumes that P,=P,=P .., and results are presented in terms of:

e Average achievable rate

e  Qutage mutual information

Definition 2.1.- The average achievable rate is measured by averaging all the code rates
selected in different frames. It is assumed that the source is able to select a code rate for the
transmission in each frame depending on the quality of the different links (i.e. the capacity of
each link). Hence, after k frames k different code rates are selected.

Definition 2.2.- In this scenario the source is not able to adapt its code rate in each frame. We
define the outage mutual information at p,,: [1] as the code rate that is below the mutual
information with a probability (1-pou:),

I™" =argmax Pr(I > R)
R (2.21)
subject to Pr(/>R)>(1-p,,)
where I is the outage mutual information, / denotes the mutual information and Pour is the
outage probability. In contrast to the scenario given by definition 2.1, now, a single code rate is
maintained over the k frames.

Figure 2.7° shows the outage mutual information (at an outage probability of p,..=5%) for
different values on the quality of the source-relay link, given SNRy;=SNR,=15 dB and n,=n,=n,~1
antenna where SNRy and SNR; stand for the mean signal to noise ratio (SNR) in the source-
destination and relay-destination link respectively. For low values of SNR; (source-relay link) the
UC and RC schemes have an unacceptable performance because the mutual information is
limited by the source-relay link. On the other hand, the adaptive methods achieve better results
because they switch to a direct transmission when source-relay presents bad quality. At
SNR;= 5 dB, see Table 2.2, the UC-A and RC-A use the direct transmission 97% and 95% of
the time, whereas at SNRy= 25 dB, it is used 60% and 15% of the time, respectively. The
differences of the percentage of time with direct transmission between both adaptive protocols
are due to the mutual information obtained by each protocol, (2.18). For the RC-A the mutual
information conditions defined for a transmission of the source in the relay-transmit phase are
smaller than for the UC-A. Hence, in the RC-A the source will transmit in both phases in a
smaller percentage of the time than UC-A. Although, when the source-relay link presents a bad
link quality compared with other links (low SNR, in Table 2.2), both adaptive protocols tend to
use the direct transmission in both phases. When the source-relay link quality is good, adaptive
and fixed schemes achieve the same performance because the adaptive schemes do not
switch to direct transmission, see Table 2.2 at SNR{=50 dB. Note that relay-assisted
transmission can improve the direct transmission with RC and UC, where UC-A gets the best
performance, achieving at SNR,=30 dB the maximum value, 2.22 bits/s/Hz and getting a steady
value of 2.20 bits/s/Hz for SNR,>40 dB. The reason of this maximum value is discussed in the
context of Figure 2.8.

® We will henceforth assume ideal sampling and filtering. Therefore, the mutual information will be the same measured
in bits/channel use as in bits/s/Hz.
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bits/s/Hz

—&— Direct 1x1

—H—UC  1x1x1
—<— UC-A 1x1x1
— -RC  1x1x1
—+ - RC-A 1x1x1

40 50

SNR1 source-relay (dB)

Figure 2.7.- Outage mutual information (p,,~5%) for the different relay schemes with SNR, (source-
destination) =SNR; (relay-destination) = 15 dB and different SNR1 (source-relay) values (single
antenna).

Percentage of time that the source transmits in both phases

SNR; (dB) 5 10 15 20 25 30 35 40 45 50
RC-A 95% | 86% 65% 37% 16% 6% 2% 1% 0.2% | 0.1%
UC-A 97% | 94% 87% 77% 62% | 44% | 26% | 13% 5% 2%

Table 2.2.- Percentage of time that the source is transmitting in both phases for UC and RC
adaptive protocols at different values of SNR1. SNR(=SNR;=15 dB. n,=n,=n,=1.

The average achievable rate for n,=n,=n,=1 for SNRy;=SNR,=15 dB is presented in Figure 2.8
as a function of the SNR;. In this case the RC is always worse than the direct transmission (also
the adaptive protocol RC-A). The gains of the UC and UC-A over the direct transmission are 0.2
bits/s/Hz at SNR1=50 dB. Moreover, it is worth noticing that UC-A gets the maximum gain over
the direct transmission at SNR4=30 dB (around 0.3 bits/s/Hz). This performance is due to the
possibility to change to direct transmission when the source-relay link satisfies equation (2.19).
However, for SNR;>30 dB the percentage of the time that the source is transmitting in both
phases decreases (source-relay link becomes good) and the mutual information (2.18) depends
only on the source-destination and relay-destination link, both with the same average SNR in
our scenario. Then, in some frames, the cooperative transmission may force a code rate smaller
than the direct transmission, but UC-A cannot change to direct transmission because source-
relay link satisfies equation (2.19). This motivates the decrease of the gain, reaching the steady
average achievable rate gain of 0.2 bits/s/Hz. For SNR;<30 dB those events are alleviated by
the bad source-relay link, switching to direct transmission.
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Average achievable rate nS=nr=nd=1
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Figure 2.8.- Average achievable rate for the different relay schemes with SNR, (source-
destination)=SNR; (relay-destination)= 15 dB and different SNR, (source-relay) values (single
antenna).

In the following the additive capacity gain [12] of the outage mutual information over the direct
transmission will be investigated. It will be defined as,

a=I1" -1} bits/ s/ Hz (2.22)

where [, is the outage mutual information of the direct transmission and 7 denotes the
outage mutual information of the {UC, UC-A, RC, RC-A}, using the definition of (2.21). It will be
considered a scenario where the SNRy=SNR,=SNR and SNR;=2xSNR (dB). This configuration
particularized at SNR=15 dB has shown the best results for the UC-A in terms of outage mutual
information in Figure 2.7 and average achievable rate at Figure 2.8. Figure 2.9 shows the
additive capacity gain of the outage mutual information at p,,=5% for ns=n,=n,=1 and
-5<SNR<40 dB. It can be seen that RC and RC-A only can get a positive additive capacity gain
for SNR<20 dB. However, for the UC and UC-A, there is always a positive additive capacity gain
and for SNR>20 the additive capacity gain is steady respect the SNR. This result confirms that
under our scenario there is not multiplexing gain for the relay-assisted transmission because
this gain does not increases logarithmically with SNR. Finally, in Figure 2.10 it is depicted the
additive gain of the outage mutual information at p,,,~=5% over the direct transmission, (2.22) for
the UC-A when the terminals are equipped with multiple antennas. It can be seen that the
additive gain is always positive and get similar values for the different antenna configuration,
around 1.3 bits/s/Hz. The difference is based at which SNR the performance becomes steady,
for example for ns=n,=n,;=1 it is at SNR>20, n,=n,=n,;=2 it is at SNR>30, n;=n,=n,=3 it is at
SNR>35 and ns=n,=n;=4 it is at SNR>40. It is important to remark that although there is an
additive capacity gain by the relay-assisted transmission, depending on the antenna
configuration and the SNR, this gain can be neglected when is compared with the outage
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mutual information of the direct transmission, for example at high SNR the increase of 1
bits/s/Hz will not have a great impact on the total performance.

bits/s/Hz

-05+F —H—UuC IxI1x1 Lo - [ 4777\7\ 77777 - Lo
—<O— UC-A 1x1x1
— -RC  1x1x1

—+ - RC-A 1x1x1

-1 I I
-5 0 5 10 15 20 25 30 35 40

SNR

Figure 2.9.- Additive gain of the outage mutual information (p.u.=5%) over the direct transmission
for the different relay schemes with SNR(=SNR>=SNR and SNR1=2xSNR (dB). n,=n,=n,~1.

Additive gain of the Outage mutual information over direct tx pout=5% UC-A

bits/s/Hz

SNR

Figure 2.10.- Additive gain of the outage mutual information (p.ut=5%) over the direct transmission
for the different relay schemes with SNR(=SNR>=SNR and SNR=2xSNR (dB). n,=n,~n,~{1,2,3}.



30

2.2.2 DF-Protocols with Repetition Coding

Hereinafter, the forwarding, protocol Il and protocol Il will be analyzed when half-duplex relays
are operating in repetition coding mode. Hence, it is assumed that the relay and/or the source
use the same codewords and both are equipped with the same number of antennas, n;=n, The
transmissions are done during N symbols in the time domain. The variables™ x! and x’ will
denote the signals transmitted by the source during the relay-receive and relay-transmit phase
respectively, depending on the selected protocol, x, the signal transmitted by the relay terminal
in the relay-transmit phase. All these signals are Gaussians with zero mean and covariance
given by,

£ - £ - L
Q = E{xixi”} = n_slnj Q= E{xfx?H} = " I, Q E{xrxf} " I, 2.23)
r(Q\) =", r(Q})="P, r(Q,)="P.

The capacity of the source-relay link (fixed channel case) under no CSIT and equal average
power transmission per antenna will be common for all the protocols and will be defined by,

P
C, =10gdet[lnr +——HH/ J (2.24)

with n, and n, the number of antennas at the relay and source, respectively.

RC Forwarding
The signal model can be written as,

v, (¢)

Hx! (£)+w,(2) 1<t1<N/2
o 1<t<N/2 (2.25)
yd(t)_ Hzxr(t_N/2)+wd([) N/2+1S[SN

The destination only takes into account the signal received during the relay-transmit phase.
Hence the obtained mutual information is,

I =%min(ca,cb)
(2.26)

2
n.o

roow,

P
C, =10gde‘{lnd +—= HZH;"J

with C, defined in (2.24).

RC Protocol Il

In this case the source is transmitting during the relay-receive phase, while in the relay-transmit
phase, source and relay are transmitting to the destination. The destination only is aware about
the signal received in the second phase. The signal model is,

'% A variable that is used in both phases of the relay-assisted transmission will use the super-index 1 for denoting the
relay-receive phase and super-index 2 for the relay-transmit phase.
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y, ()= Hx (1)+w, (1) 1<t<NJ2

0 1<t<N/2
(2.27)

v, (2)= (H, HO]{Xr(t‘N/Z;}rwd(,) N/2+1<t<N

When we assume that source and relay are transmitting the same codeword in the relay-
transmit phase, it is implicit that both know the same message. Hence, total mutual information
of the protocol is constrained by the mutual information of the source-relay link (relay-receive
phase) which is the capacity under no CSIT and equal average power transmission per
antenna. Protocol Il with repetition coding is defined when x, = ¢7xl . The mutual information is,

-1
IS_CHA =Emm(Ca,Cb)

(2.28)
P _ P n,
C, = logdet{lnd +—SRW‘HeqHZIJ H, =[H,¢H,] o= /Fn_ R, =01

n

N

Note that the difference between protocol | and protocol Il is based on the definition of matrix
H.y, see (2.13) and (2.28).

RC Protocol lll

This protocol was originally defined in [27]11. The main idea is to combine the signals at the
physical layer thanks to both phases of the relay-assisted transmission being equal. The source
transmits a Gaussian signal during the relay-receive phase xi of rate R, which is received at
the relay and destination. The relay decodes the data received and transmits the signal x, to
the destination (repetition coding) while the source transmits a Gaussian signal related to
another message, xf of rate R,. The signal model is given by,

y, ()= Hx (1)+w, (1) 1<t<N/2
H,x; (t)+w,(t) 1<t<N/2 2.29)
v, (t)= x, (1= NJ/2) e '
[H, HO]Lf(t_N/z):l-kwd(t) N/2+1<t<N

The definition of repetition coding establishes that x, = ¢x. . Therefore, the received signal at
the destination during both phases can be rewritten in the following way,
y,=H x+w

{ H, 0 } P n, x| W, (2.30)
Heq = ¢ = [|[—— X = ) W=
oH, H, P n X, W,

where w defines the received noise vector at the destination during the relay-receive and relay-
transmit phase (wq; and wy,, respectively). This protocol obtains good performance results in
terms of diversity and ergodic capacity gains [27]. The relay must be able to decode the first

" It was defined as protocol I.
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1

s 7

message, x., while the destination has to decode the messages x, and x’ (successive
decoding). During the relay-transmit phase the equivalent channel can be modeled as the
conventional MAC channel, [11]. Therefore, the achievable rate region G for this protocol can
be written as,

~
IA
a

Q

=
IA
a

(2.31)

=
IA
A

o
o

NN = N = =
B

~
+
IA

of
N |~

0

with C,, Cs, Cy and C, being the capacity of the source-relay, joint (source,relay)-destination,
source-destination and equivalent system with two simultaneous transmissions given by (2.30),
all of them under no CSIT and equal average power transmission per antenna. They are
defined as,

P P P
C, =logdet[ln +——HH/ JCS =logde‘{ln +——H,H] +——H H] J
r d n

n.o, n,o, O,
‘ ‘ (2.32)
P, " F, "
C, =logdet| I, +——HH; |C, =logdet| I, + —H, H,
ns O-WS ‘ nr de
with H,, defined in (2.30).
The achievable rate region G obtained by protocol 1l with repetition coding presents a

pentagonal shape with the constraints of (2.31). Because we are interested in the sum-rate, the
achievable rate can be defined as

%Cb lf CaZ(Cb_CO)

1, = (2.33)
—(C,+G)) otherwise
2

with C,, Cy and C, defined in (2.32).

Comparison of static DF-RC protocols

In Table 2.3 it is provided a summary of the achievable rates obtained by the different repetition
and coding protocols. These protocols are affected by the factor 1/2 due to work with an equally
sized relay-receive and relay-transmit phase, the source-relay capacity and C;,, which definition
depends on the matrix H, different for each protocol and describing an equivalent system.
Those equivalent systems are (n,xn,), (2n,xn,), similar to (n,x(n,+n,)) and akin to (2n,x(ns+n,))
MIMO systems for the forwarding, protocol I, protocol Il and protocol Ill, respectively. The
differences between protocols Il and Il and MIMO schemes lies in the power used through the
distributed antennas and the equivalent channel H, considered for protocol Ill. For example in
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protocol Il there are n,+n, antennas, but the antennas at the source and the relays transmits
with an average power equal to P./n, and P./n,, while in a MIMO system all the antennas
should use P/(n, +n,).

When the relay-assisted transmission is not limited by the source-relay link, then the
performance of DF-RC protocol | and |l depends on the antenna configuration (see Appendix C
in section 2.8),

RC RC . _

Ip*[] S[pfl l.f ns _nr >nd
RC RC .

Ip—]] = Ip—I ZJ( ns = nr = nd (234)
RC RC . _

Iy 21,7 if n,=n <n,

Hence, the relation between the repetition coding protocols is given by,

RC RC
I, <1,
RC RC
I, < or <1,y (2.35)
RC RC
I, <17,

where the dependence protocol Il and | is defined in (2.34).

DF-RC protocols Achievable rate

forwardin H
J lmin(Ca,Cb) 2
2
rotocol |
P %min(Ca,Cb) { H, }
oH,
rotocol Il
P %min(Cﬂ,Cb) [H, oH,]
! >
protocol Il 56 C,2C, -G, |:H0 0 }
%(Cu +C,)  otherwise oH, H,

Table 2.3.- Achievable rates of the different static DF-RC protocols.

Figure 2.11 presents the scenario considered for evaluating the half-duplex protocols. The
source and the destination are separated at normalized distance equal to 1 and the relay
terminal is placed at normalized distance d from the source. The signal to noise ratio in the
source-relay and relay-destination depends on the inverse of d* and (1- a’)2 respectively. The
noise power o’ has been assumed equal at the relay and destination terminals. With this
simple scenario it is possible to set up the SNR of the source-relay and relay-destination links
by defining the SNR, (source-destination link). In the following the half-duplex protocols will be
compared in an additive white Gaussian noise (AWGN) channel when all terminals are
equipped with a single antenna (n,=n,=n,=1) and in a multiple antenna with Rayleigh fading
channel. Basically the performance of the different protocols will be investigated at SNR,=0 (low
SNR) and SNR=10 dB (medium SNR).
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Figure 2.11.-Scenario for the evaluation of the half-duplex protocols. SNRq, SNR1 and SNR; stand
for the SNR in the source-destination, source-relay and relay-destination link.

Additive white Gaussian noise (AWGN) channel

In the following the half-duplex protocols with RC will be compared in an AWGN channel with
ns=n,=n;=1 and the scenario presented in Figure 2.11 for low SNR (SNRy,=0 dB) and medium
SNR (SNRy=10 dB). Figure 2.12 shows the performance at low SNR. Forwarding and protocols
| and Il obtain the same result for @>0.5 because the achievable rate is limited by the source-
relay link (C,), Table 2.3. The relation between protocol | and Il follows (2.35). Protocol Ill is the
best protocol in terms of achievable rate. Additionally, Figure 2.13 depicts the results when the
SNRy=10 dB. In that case, only protocol Ill with RC is able to provide better performance than
the direct transmission. It should be remarked that the source in protocol Il is transmitting
independent messages during the relay-receive and relay-transmit phase, while the relay
repeats the received signal. When the relay-assisted transmission is limited by the source-relay
link, the achievable rate of protocol Il gets 7, =0.5(C, +C,) while the other protocols only

obtain 1% =0.5C, .

SNR,=0dB destination d=1 Repetition-and-Coding Gaussian channel

1.8

——— direct transmission
—G— forwarding
167 5 protocol |

—— protocol |l
| —<— protocol Ill

bits/s/Hz

"0 0.1 0.2 03 04 05 06 07 08 09 1
d  normalized distance between source (at d=0) and relay

Figure 2.12.- Maximum achievable rate vs. distance between the source and relay. Gaussian
channel. Destination with SNRy= 0 dB. Repetition and Coding. Time domain.
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SNR,=10 dB destination d=1 Repetition-and-Coding Gaussian channel
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Figure 2.13.- Maximum achievable rate vs. distance between the source and relay. Gaussian
channel. Destination with SNR¢= 10 dB. Repetition and coding. Time domain.

Multiple antenna and Rayleigh fading

The multiple antenna case will be evaluated under Rayleigh fading channels whose channel
coefficients are constant over a frame where the relay-assisted transmission is carried out. The
scenario considered will be the same presented in Figure 2.11. Results will consider the
following combination of antennas (n,, n,, n,): (1,1,1),(1,1,2), (2,1,1) and (2,2,2) at low SNR
(SNRo=0 dB).

Figure 2.14-(top-left) depicts the performance of the RC protocols for n,=n,=n,=1 in terms of
average achievable rate (see definition 2.1 in section 2.2.1.4). It can be seen that protocol Il is
the only one which outperforms the direct transmission, obtaining a maximum gain of 29% over
the direct transmission when the relay is at d=0.4, see Table 2.4. Additionally, the performance
of protocol | and Il is the same due to n,=n,, as was derived in Appendix C in section 2.8. When
the antennas at the destination are increased, ns=n=1, n;=2 in Figure 2.14-(top-right), the
maximums of the average achievable rate are attained in places where the relay is close to the
source. On the other hand, when the number of antennas at the source and relay are larger
than in the destination, n,=n,=2, n,=1 in Figure 2.14-(bottom-left), the position of the relay where
the average achievable rate is maximum is moved to the destination. In this case, all protocols
can get better performance than the direct transmission. It is worth noticing that all protocols get
the maximum gains over the direct transmission for this antenna configuration, Table 2.4, where
protocol Il gets a gain of 78% over the 2x1 MIMO system with a single antenna at the
destination. Moreover, the relation between protocol | and 1l when (n,=n=2,n,1) and
(ns=n,=1,n,=2) follows (2.35). Finally, for n;=n,=n,=2 in Figure 2.14-(bottom-right) the maximum
average achievable rates are obtained with the relay placed in similar positions as in the case
ns=n,~n;=1, although the maximum gains of the relay-assisted transmission are better, see
Table 2.4.
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Figure 2.14.- Average achievable rate vs. distance between the source and relay. Rayleigh fading.
Destination with SNRy=0 dB. (top-left) n,=1,n,=1, n,=1, (top-right) n;=1, n,=1, n,~2, (bottom-left)
n=2, n,=2, n;=1, (bottom-right) n;=2, n,=2,n,~2. Repetition-and-Coding (RC).

Maximum average achievable rate gain over direct transmission

SNR,=0 dB n=1,n=1,n~1 | ng=1,n=1,n;/~2 | ng=2,n=2, n;=1 | n=2, n=2, n;~2
forwarding -25% -35% 30% -7%
protocol | -10% -17% 35% 6%
protocol Il -10% -3% 43% 6%
protocol 29% 25% 78% 47%

Table 2.4.- Maximum average achievable rate gain over the direct transmission under Rayleigh

fading with multiple antenna: n,(source), n, (relay), n,(destination). SNRy,=0 dB. RC.

2.2.3 AF-Protocols

Here, we will consider the case when the relay just amplify and forward the received signal.
Hence, the resources allocated to both phases of the relay-assisted transmission must be the
same. In general we will assume that the relay uses the following amplifying gain factor taking
into account that the CSl is not known,

G

(2.36)
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where P, and P are the power at the relay and the source, respectively, n, and n; denote the
number of antennas at the relay and the source, aj_’_ is the noise power at the relay and H;
stands for the channel between the source and the relay, with dimensions 7,xn;.

The source transmits the zero-mean Gaussian signals xi and xf during the relay-receive and
relay-transmit phase. The transmitters do not have CSIT (fixed channel realization), so then, the
covariance signal matrices will be defined by,

Q.= Efxx”] :§I Q= E{xx] :%1”‘_ (2.37)

Tr(Q) =", Tr(Q)="P

AF Forwarding

The received signal at the relay and destination terminal are defined by,

y,(t)= Hx (t)+w, (1) 1<t<N/2
0 1<t<NJ2 (2.38)
Yalt)= H,GHX' (1-N/2)+w,(t) N/2+1<t<N

The mutual information of this protocol can be written as,

1
].:*1; = 51})
I, =logdet(I, +R,'H,.QH,) (2.39)

H, =[H,GH] Q=Q, R, =01, +0,H,GG"H)

Wy R

In a SISO system with o, =o , the mutual information can be written as,

)
W,

2 2
Iﬁpf,:%log(l+—p2pl J ,01=|h1|2PS ,02=|h2|2Pr

W, Wy

AF Protocol |

For the protocol |, the source and relay transmit in orthogonal phases,

y, ()= Hx (1)+w, (1) 1<t<NJ/2
(1)= Hx, (1)+w,(t) 1<t<N/2 (2.40)
Yalt)= H,GHx (1-N/2)+w, () N/2+1<t<N

The resulting mutual information using this protocol is
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1
I = Elb
1, =logdet(L,, +R'H ,QH, ) (2.41)

2
, 0
H,, = 0 Q=Q R =| ™™
aF {HzGHJ S 0 o.1, +o.H,GG"H/

If the system present the following antenna configuration, n,=n,=1 and n:>1, the previous
expression can be re-written in a simpler way [42] (and in chapter 4),

' =Le i Liog[ 14220 (2.42)
2 2 o, +p +1
2
1+ p, (1_5) |hfho 2
@=—"rev ~°J =—————— =08 C,=log(1+
1+p0 § hglhohflhl (¢) 0 g( pO)

_ Phih, _ Py _Ph'h,

po O-)id LOnS ’ szvd L2 nr 1 O-vzv,. Ll ns

where £ depends on the product of the channels between the source and relay (h;) and source
and destination (hy). Ly, L; and L, are variables connected to the path-loss in the different links.
When the channels present Rayleigh distribution, this variable is random and follows a Beta
distribution (see details in chapter 4, section 4.6.3). When the number of antennas at the source
n; increases, the random variable ¢ tends to zero, improving mutual information. On the other
hand, for the SISO case n,=n,=n,=1, £=1 and hence,

1 1
I, =—C,+—log,| 1+ D1 P2
2" 2 (1+p,)(p, + 21 +1)
AF Protocol Il

In protocol Il the source transmits in both phases using xi and x?, the received signal at the
relay and destination is,

y, ()= Hx(1)+w, () 1<t<NJ2
0 1<t<N/2
(2.43)
= 2(t—NJ2
0 [H,GH, H,] x.(1=N/2) +w, (1) N/2+1<t<N
X (1-N/2)
The mutual information of this protocol is
1
I;Ifn :Elh
1, =logdet(T, +R,'H,.QH,) (2.44)

P
HAF = [HO HZGHI] Q = IZnA n_5 Rw = Ind O-i‘ + Gi,H2GGHH§I

s
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In a SISO system with aid = aj,r , the mutual information for a fixed channel realization can be

written as,

2 2 2

/00(1+,01)+,02/01 P |h0| B, P =|h1| F, =|h2| F.
1+ p, +p, ‘ol 'l ? 2

Wy W, Wa

1
I;‘ZI =Elog2 (1 +

AF Protocol Ill

In protocol Ill the source and the destination are transmitting and receiving in both phases,
respectively. The signal model is,

y, ()= Hx(1)+w, () 1<t<NJ2
Hx! (t)+w, (¢ 1<t<N/2
t)= -
Vi [H,GH, H,] 6 ) +w, (1) N/2+1<t<N
X, (t-N/2)
With that definition the mutual information of the protocol Il is written as,
1
[;74511 251};
1, =logdet(L,, +R'H ,QH, ) (2.46)

5

HO 0 P; ‘2Vd g 0
H, = Q= IZnS — R, = 2 2 HyyH
H,GH, H, n 0 o1, +o,H,GG"H,

In a SISO system with ofd =0, , the achievable rate can be written as,

1 p(l+p)+pp ) popip
e L | 1 o | _ 012
i =y ng(( +,00)[ - 1+ p,+p, J 1+ p + p,
Il nf P ] 2
po=" 5 SNR =" SNR, ==

Wy Wy Wy

Comparison between the AF protocols

Table 2.5 presents the equivalent channel matrix Hyr and the noise covariance matrix to be
used by the different protocols in the amplify-and-forward, (2.39), (2.41), (2.44) and (2.46). The
spectral efficiency of AF protocols is affected by the factor 1/2 and the noise retransmitted by
the relays o, H,GG"H; . The equivalent system is similar to (n,xn), (2nsxny), (nsx2n;) and
(2nyx2n) MIMO systems for the forwarding, protocol I, protocol Il and protocol Ill. The number
of virtual antennas at the destination is increased in protocol |, protocol Il increases the virtual
antennas at the source and protocol Il increases both.
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AF protocols

Noise covariance matrix R

H . (used in Cp)

forwarding [O-i to? HzGGHHﬂ H,GH,
protocol | 0‘2@ I 0 a
[ 0 Gidl-i-ai_HzGGHHf} {HZGHJ
protocoll [0}, +o, H,GG"H] | [H, H,GH,]
protocol Il [del 0 } { H, 0 }
0 o, l+o0,H,GG"H} H,GH, H,

Table 2.5.- Achievable rates of the different non-dynamic AF protocols.

Additive white Gaussian noise (AWGN) channel

Figure 2.15 depicts the different protocols with AF under a Gaussian channel with n,=n,=n,=1
and the scenario presented in Figure 2.11 for low SNR (SNRy=0 dB). It is shown that protocol
Il is the only protocol that can provide better results than the direct transmission (0<d<0.7).
From experimental results the performance of the AF protocols is ordered in the following way,

AF AF AF AF
[FW < [p711 < [p71 < [p7111

(2.47)

SNR0=O dB destination d=1 Amplify-and-Forward (AF) Gaussian channel

L ]

—o— forwarding
—FH— protocol |

—/— protocol Il
—<— protocol Il

———— direct transmission ||

bits/s/Hz

0.3 04 05 06 07 0.8

0.9 1

normalized distance between source (at d=0) and relay

Figure 2.15.- Maximum achievable rate vs. distance between the source and relay. Gaussian
channel. Destination with SNRo= 0 dB. Amplify and forward. Time domain.

Multiple antenna and Rayleigh fading

The AF protocols will be evaluated under non-frequency selective Rayleigh channels and the
terminals will be equipped with multiple antennas. The channel coefficients are constant during
the relay-assisted transmission. Because in the AF mode, the relay only retransmits the signal
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received in the relay-received phase and additionally it is not considered any signal processing
at the relay, only the source and destination will feature more than one antenna. Therefore,
assuming the scenario considered of Figure 2.11, results will be presented in terms of average
achievable rate (see definition 2.1 in section 2.2.1.4) with the following combination of antennas
(ns, n,, ng): (1,1,1),(2,1,1), (4,1,1) and (4,1,2) at low SNR (SNRy=0 dB). Figure 2.16-(top-left)
depicts the average achievable rate of the AF protocols for n=1, n,=1, n,=1 where only protocol
Il can get better performance than the direct transmission for d<0.75. In Figure 2.16-(top-right)
and Figure 2.16-(bottom-left) the number of antennas at the source is n=2 and n,=4,
respectively. It should be remarked that protocol | experiments an important improvement with
n, and n,=n;=1 as was predicted by (2.42). For example, in Table 2.6, which presents the
maximum gains of the relay-assisted transmission over the direct transmission, it can be seen
that protocol | can get a maximum gain up to 4% for n,=4, while the gain for n=1 is -14%.
However, for the configuration n,=4, n,=1, n,=2 presented Figure 2.16-(bottom-right), protocol |
gets a worse performance than direct transmission (maximum gain of -10%, see Table 2.6).
Protocol Il obtains the best performance with steady maximum gain over the direct
transmission for n>2, n,=1, n;>1 (around 30%, see Table 2.6).
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Figure 2.16.- Average achievable rate vs. distance between the source and relay. Rayleigh fading is

awerage achievable rate AF SNR0=0 dB

ns=1 nr=1 nd=1

awerage achievable rate AF SNR0=0 dB

n5=2 nr=1 nd=1

d  normalized distance between source (at d=0) and relay

d  normalized distance between source (at d=0) and relay

assumed in all links. Destination with SNR,=0 dB. (top-left) n,=1,n,=1,n,=1, (top-right)
ng=2,n,=1,n,~1, (bottom-left) n,=4,n,=1,n,=1, (bottom-right) n;=4,n,=1,n,~2. Amplify-and-Forward.
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Maximum average achievable rate gain over direct transmission

SNR,=0 dB n=1,n=1,n~1 | n=2,n=1,n=1 | n=4,n=1,n~1 | n=4, n=1, n;~2
forwarding -46% -43% -39% -54%
protocol | -14% -1% 4% -10%
protocol Il -17% -15% -16% -20%
protocol I 21% 30% 30% 27%

Table 2.6.- Maximum average achievable rate gain over the direct transmission under Rayleigh
fading with multiple antenna: n,(source), n, (relay), n,(destination). SNRo=0 dB. AF.

2.3 Dynamic resource allocation relaying

In section 2.1.3 the different half-duplex protocols were described: forwarding, protocol I, Il and
Ill. Mainly, the literature of relay and cooperative transmission have proposed different schemes
based on those protocols where the relay-receive and relay-transmit phase present the same
size (in time or frequency domain), as in [27],[28] with protocols I, Il and lll. Nevertheless, when
there is some CSI about the different links it is possible to optimize the duration of each phase
(resource optimization or dynamic resource allocation) based on that knowledge and thus
improve the spectral efficiency of the relay-assisted transmission. In such a case, the resources
are allocated to each phase depending on the quality of the links. For example, consider the
protocol | described in section 2.2.1, where the source-relay link becomes a bottleneck when it
presents a bad quality. However, by increasing the relay-receive phase duration, the mutual
information (in terms of number of bits) in the source-relay link also increases and the
bottleneck may be avoided. Clearly, this implies a reduction of the relay-transmit phase
duration. Forwarding protocol is considered in [29] and protocol Ill is studied in [12] and [34]
(named as dynamic DF protocol and analyzed from the diversity-multiplexing tradeoff point of
view). Regarding protocol |, references [35] and [36] investigate the resource optimization.
Additionally, the resource allocation optimization based on the outage probability in each link for
protocol | is tackled in [37].

This section investigates the achievable rate of the half-duplex protocols when three average
power constraints are imposed to the terminals during the phases of the relay-assisted
transmission:

e Source and relay terminals transmit with maximum power during each phase. This
situation is typically found when the relay-assisted transmission is duplexed in the time
domain (TDD12) with power limited terminals. It is investigated in section 2.3.1.

e Source and relay terminals transmit with individual average power constraint. Under this
constraint the relay-assisted transmission duplexed in time (TDD) or frequency (FDD)
get the same achievable rate, [7],[11]. Moreover, this type of constraint is also met for
power limited terminals transmitting with maximum power under the relay-assisted
transmission duplexed in the frequency domain. The FDD case is studied in section
2.3.2.

e Source and relay terminal transmit with a sum average power constraint. In this regard,
the spectral efficiency per unit total power of the relay-assisted transmission can be
compared, i.e. the obtained mutual information under the same average power inserted
in the three-terminal network. It is tackled in section 2.3.3.

"2 For the FDD case this type of constraint can also be seen as an individual average power constraint.
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The average power transmitted by the terminals depends on the type of power constraint
considered. For example, when terminals have individual average power constraint, the
average transmitted power in the three-terminal network is larger than the case where source
and relay transmit with maximum power in each phase. In all cases the source and relay do not
have exact channel state information, hence eigenvector precoding solutions are not
considered™ in this section and both terminals transmit with equal average power transmission
per antenna.

2.3.1 Time domain duplexing (TDD)

The relay-assisted transmission in the time domain will be carried out during a frame of N
symbols. The relay-receive and relay-transmit phase present a size of aN and (l—a)N ,
respectively, as Figure 2.17 depicts. The o parameter will be optimized for the different
protocols in order to provide the maximum mutual information. The protocol considered in
section 2.2.1 and those in [5] assumed a static resource allocation relaying when a =0.5.

frequency | aN (1-a)N
w relay-receive relay-transmit
phase phase

4
v

time
Trame=N symbols
Figure 2.17.- Duration of the relay-receive and relay-transmit phase in the time domain.

The received signals in each terminal during the relay-receive and relay-transmit phase depend
on the protocol selected and will be detailed in future sections. However, the following
definitions are used for all the protocols. The variables n,, n. and n; denote the number of
antennas at the source, relay and destination, P, and P, are the power used by the source and
the relay respectively. The channel matrices are defined by H,(nxn,), H,(n.xn,) and
H, (nsxny) for the source-relay, relay-destination and source-destination link, respectively. The
channel coefficients remain constant during all the transmission. The noise at the destination
and the relay terminals is assumed to be Gaussian with zero mean and covariance matrices
R, =o.1 and R, =0, I when the transmitted bandwidth is W. Moreover, the source may
transmit the signals x1 and xf during the relay-receive and relay-transmit phase respectively,
depending on the selected protocol. The relay terminal transmits the signal x, during the relay-
transmit phase. All these signals are Gaussian with zero mean and diagonal covariance
matrices which frace (sum of the diagonal elements) must be equal to the maximum power
used at each terminal, P; and P,, respectively. Therefore, the covariance matrix of the signals
transmitted by the terminals with no CSIT, [33], will be defined by,

Q=E{x} =T, @B =0, Q= E{x =10

n " n, n, " (2.48)
7r(Q\)="P, 7r(Q})="P, 7r7(Q,)=P

The mutual information of the different protocols will be written as a function of the capacities of
the different links under no CSIT and equal average power transmission per antenna.

3 Asynchronous transmission is considered in this section following the definition of [12].
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2.3.1.1 DF-Forwarding

In this protocol (see Figure 2.3) the source transmits a message to the relay during the relay-
receive phase, x{ The relay decodes the message, re-encodes and transmits x, to the
destination in the relay-transmit phase. The signals received at the relay and the destination are
defined by

y,,(t)z Hlx's(t)er,,(t) lStSLaNJ
0 1<t<|aN | (2.49)
yd(I)Z{Hzxr(t—LaNJ)erd(t) LaNJ+1StSN

where x. and x, denote the Gaussian signals transmitted from the source and relay
respectively, with covariance matrices given by (2.48). Notice that in the forwarding protocol the
destination only receives data during the relay-transmit phase and the source only transmits
during the relay-receive phase.

The duration of each phase (selection of o) is computed according the maximization of the
mutual information,

Iy = grslggmin(aCa,(l—a)Cb)

(2.50)

P P
C, =10gdet[ln1_ +— HIHIH] C, =10gdet{ln‘] +— HZHfJ

2 2
n aw nr O-wd

s

where C, and C, stand for the capacity of the source-relay and relay-destination link,
respectively. The optimum value, o, is obtained after equating the two arguments of the min()
function, hence the optimal value and the mutual information for the forwarding protocol reduces
to,

a = I = a 251
C,+C, moc o+, (251

where C, and C, are defined in (2.50).

2.3.1.2 DF-Protocol |

This protocol has already been described in section 2.2.1 when relay-receive and relay-transmit
phase present the same size (a=1/2). Here, it has been assumed that the relay works with
unconstrained coding (UC). Basically, the source transmits a message which is received by the
relay and destination during the relay-receive phase, x.. Afterwards, the relay decodes, re-
encodes and transmits x, to the destination. This message does not be necessary equal to the
original transmitted by the source. The destination considers the signal received during both
phases to decode the original message. The signal model is,
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y, (1) = Hx,(¢)+w,(¢) 1<t<|aN |
H,x, (1) +w,(¢) 1<t<|aN | (2.52)
yd(t):{Hzx,(t—LaNJ)+wd(t) |aN |+1<t<N

where x. and x, are the Gaussian signals transmitted from the source and relay, respectively,
of zero mean and covariance matrices defined in (2.48). Now the destination is receiving both
signals orthogonally during the entire frame and the source only transmits during the relay-
receive phase.

The optimization of the resources is done in order to maximize the mutual information,

I _, = maxmin(aCa,(l—a)Cb +aC0)

p-1 0<a<l

n o’ n o’

s 7w,

P
Cazlogdet{lnr+ ‘— HH/ J Cbzlogdet{lnd+ £ H,HY J (2.53)

r 7wy

2
n. .o

s 7wy

P
Cozlogdet{IWJr *—H,H/ J

where C,,C, and C, stand for the capacity of the source-relay, relay-destination and source-
destination link, respectively. The optimum « can equate the two terms of the min() function
only if C,2C) as is depicted in Figure 2.18, otherwise the mutual information will be constrained
by the source-relay link obtaining results lower that the direct transmission. Clearly, in such a
case, we should avoid the use of protocol | (and the relay) and consider only the direct
transmission.

I
I
mutual G, ! c
information ! a
[}
) g T : !
' |
H |
' Co
[}
I »
* i ~

Figure 2.18.- Optimum value of a in protocol I.

As a result the optimum o and the mutual information obtained by protocol | is,

* Cb l_f. Ca 2 CO * Cb Ca zf Ca 2 CO
a =1C, +C,-C, IH =:C,+C, -C, (2.54)
1 otherwise C otherwise

a

with C,,C, and C, being defined in (2.53). It can be seen from equation (2.54) that the use of
equal sized relay-receive and relay-transmit phase is only optimal when C, =C, + C, , i.e. when
the capacity of the source-relay link is equal to the sum of mutual information of the relay-
destination and source-destination links.
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2.3.1.3 DF-Protocol ll

Protocol Il (Figure 2.3 in section 2.1.3) assumes that the source transmits to the relay during
the relay-receive phase, xi and both source and relay transmit simultaneously to destination in
the relay-transmit phase, xf and x, . The destination only considers the signal received in the
second phase for decoding the message. However, depending on the type of messages
transmitted by the source and relay, two different implementations are possible: protocol I1A and
protocol 1IB. The former assumes that the relay is able to decode all the data transmitted by the
relay network. On the contrary, the second one assumes that the relay can decode only a part
of the total data delivered to the destination (partial decoding).

Protocol IIA

This case is similar to the forwarding protocol described in section 2.3.1.1, but now during the
relay-transmit phase both the source and relay are transmitting to the destination. Hence the
signal model can be written as,

y,(t)=Hx.(t)+n,(¢) 1<t<|aN |

0 1<t<|aN |
«(i-Lan )
x(1-aN])

(2.55)

Y (t)

RILAR A +n, (1) |aN |+1<t<N

where xi denotes the Gaussian signal transmitted by the source in the relay-receive phase and
xf, x, are the Gaussian signals transmitted by the source and relay during the relay-transmit

phase covariance matrices of (2.48).

All these signals are related to a common message. For this reason the relay must be able to
decode the whole message from the signal received in the relay-receive phase. Notice that the
equivalent MIMO system during the relay-transmit phase can use space-time codes with
distributed antennas, [7]. Space-time codes transmit linear combinations of symbols in space
(antennas) and time, but all the antennas must have access to all the symbols to be transmitted,
[38], as it happens in this protocol.

The optimization of the resources will be found by maximizing the mutual information,

I, . :glgl%min(aCa,(l—a)Cb)
P
C, =logdet[ln +— HIHIHJ (2.56)
' ns GW,.

P P
C, =logdet(lnd +——H,H; + ——H H{ J
n o

r Wy s Wy

where C, and C, stand for the capacity of the source-relay and joint (source,relay)-destination
link, respectively, see (2.55). The optimal values are given by

. C . CC
a = : I, == L
C,+C, i C,+C,

(2.57)
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This result presents the same structure as for the forwarding protocol (2.51), but now the
definition of C}, is different, compare (2.56) with (2.51).

Protocol IIB

In protocol 1B the relay only decodes part of the total message transmitted from the source to
the destination (partial decoding). As this protocol is less restrictive than protocol IIA, it is
expected larger mutual information values. The signal model is the same as protocol IIA,
defined in (2.55), but now since the signals transmitted by the terminals are related to two
independent messages, the relay-transmit phase resembles the traditional Multiple Access
Channel (MAC) [11] with two virtual users. The complexity of the receiver increases because
two simultaneous and independent messages are received, requiring a successive cancellation
scheme. One virtual user is made up of the relay during the relay-transmit phase, which
transmits a message of rate R, (using the signals x. and X, in (2.55)). The other virtual user is
the source during the relay-transmit phase transmitting a new message of rate R, through the
signal xf . The achievable rate region B(a) in terms of (R,,R,) depends also on the constraints of
R, during the relay-receive phase and constraints of the MAC channel [11] during the relay-
transmit phase, which reduces to

R <aC,
R <(1-a)C,
Bla)=
(@)=1r <(1-a)c,

R +R <(1-a)C,

(2.58)

where a<[0,1] and C,, C,, Cy and C, denote the capacity of the source-relay, relay-destination,
source-destination and joint (source,relay)-destination and defined by,

I’l(Tz I’ZO'2 2

s 7w, r o wy, s 7wy

P P P
C, =10gdet[ln +——HH/ JC,) =10gdet[ln +——H,H +——H H] J
r d n
(2.59)

n o’ n ai
d

s 7w r

P P
C, =1ogdet[lnd e HOHé{] C, =logdet[lnd +— HZHfJ

The achievable rate region B(a) of (2.58) is presented in Figure 2.19. It is a pentagon where we
have taken into account the fact C,<Cy+C,. The total mutual information (R,+R;) for a given
value of a is defined by the following piecewise function,

ﬂ(a):{/ll(a):(l—a)cb if aC,2(1-a)(C, - C,) 2.60)

A (a)=min(aC,,(1-a)C,)+(1-a)C, otherwise

with 11(0:) and ﬂz(a) being the achievable rate dominated by the sum-rate and the direct
transmission constraint, respectively.
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0

(l—a)(Cb—CO) (1-a)C,

Figure 2.19.- Achievable rate region B(a) for protocol IIB.

We are interested in working in the sum-rate region /11(05) because it offers a larger rate.
However, when (2.60) is maximized over the variable oo we must consider the value at a=0,
where /1(a)= C, (given by 4, (a) ). For that reason the optimization is done in both regions,
selecting the maximum of both,

]p—IIB = max(%max’}vz (O))
A™ =max 1 (), 4,(0)=C,

0<a<l

(2.61)

where a is a variable to perform the maximizations of A(a). The mutual information of this
protocol is given by,

Cb_CO ;f. C ZC CaCb
=1C,+C,-C, o I' ={C,+C,-C,

p-1IB

if C,>C,

5

@,

(2.62)

0 otherwise G, otherwise

with C,, Cy and C, being defined in (2.59). Interestingly, from previous equations it can be seen
that either the relay-destination link or the source-relay link presents a bad quality, C,~C, or
C,~0, the optimal o tends to 0 which means this protocol is transformed to the direct
transmission avoiding the use of the relay.

2.3.1.4 DF-Protocol lll

Protocol IIl (Figure 2.3) can be seen as a combination of protocol | and protocol Il. The
destination is receiving data during both relay phases. This section assumes that the relay
decodes a part of the total message (xi, as in protocol 1IB). The destination will receive two
simultaneous independent messages requiring of a successive cancellation scheme, xf and
X, . This protocol is studied in [12]. The signal model is defined by,
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y, (t)=Hx;(¢)+n,(¢) 1<t<|aN |
vy, (1)=Hyx; (t)+n,(¢) 1<t<|aN | (2.63)

+n,(t) |aN]|+1<t<N

where xi and x, stand for the Gaussian signals transmitted by the source and the relay during
the relay-receive and relay-transmit phase respectively, both related to the same message of
rate R,, and xf is the Gaussian signal transmitted by the source during the relay-transmit phase
of rate R,.

The achievable rate of this protocol can be obtained using the same techniques that have been
considered in [12]. Additionally, it will be shown that the achievable rate from a point of view
similar than protocol 1IB. This latter point of view will be useful to obtain the optimum solution
when this protocol is duplexed in FDD and/or there are multiple users [39] to be shown in
section 2.3.2 and chapter 3, respectively.

Following the same guidelines of [12] the achievable rate is given by,

1 =maxmin(/,,/
0<a<l (l 2) (264)

I =aC,+(1-a)C, I,=aC,+(1-a)C,

p-II

with [; and [, being the mutual information delivered in the relay-receive and relay-transmit
phase, and C,, C,, C, taking into account the signal model (2.63) and defined as,

2
n.o

s 7w,

P P P
C, =logdet(lnr +——HH/ J C, =logdet{lnd +——H,H; + ——H H{ J

(2.65)

2
n. .o

s 7wy

P
C, =logdet{lnd +——HH/ ]

The variables C,, C,, C, are the capacities of the source-relay, source-destination, joint
(source,relay)-destination and equivalent system with two simultaneous transmissions (2.63).
Note that C, is always greater than C,. The optimum achievable rate of (2.64) is obtained when
both terms inside of the min() function are equal, for example Figure 2.20 presents the different
possibilities.

mutual
information

r

G

8y

%
a=0 a a=1
Figure 2.20.- Optimum value of a. for protocol lil.
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Therefore, the optimum values are,

2
. _ GG if C,>C, X M if C,>C,
a' ={C,+C,-2C, I y=1C +C,-2C, (2.66)

0 otherwise C, otherwise

with C,, C, Cy being defined in (2.65). This protocol converges to the direct transmission either
when the source-relay link is in worse conditions than the source-destination link, C,<C, or
when the relay-destination link presents a poor quality, so C, =C, and o =0.

On the other hand the scheme defined in (2.63) is similar to a MAC channel with 2 virtual users.
One virtual user (source-relay virtual user) transmits a message with rate R,. The other virtual
user (source-only virtual user) is the source in the relay-transmit phase transmits a message of
rate R,. Both messages are independent. The achievable rate region in terms of (R,,R,) in the
time domain, named B,(a), is given by (see appendix B in section 2.7)

R <aCy+(1-a)C,

R <aC,

R <(1-a)C,

R +R <aC, +(1—a)Cb

B (a)= (2.67)

where Cy, C, and C, are the capacity of the source-destination, joint (source,relay)-destination
and source-relay links (2.65) and C, the capacity of the relay-destination link (2.63) defined as,

2
n .o

rwy

P
szlogdet{lnd+ *—H,HY J (2.68)

The region defined by B, (o) given a fixed vector a is a polyhedron with a rectangular or
pentagonal shape, depending on the capacity of the links. This region satisfies the properties to
be a polymatroid (definition 3.1 in [40]), and hence any vertex of that region can be achieved by
successive decoding. The achievable rate region will be given by the convex hull of the union of
all the regions B,(o) defined by all possible a. Its boundary can be found as those rates which
are solution of (lemma 3.2 of [40]),

arr;ai( MR +uR S.t.(Rr,RS )e B, (a) (2.69)

s

for some positive u,, useR.. The maximum is attained at some vertex of B (o) such that u>us.
Equation (2.69) can be solved by linear program or convex optimization [41].

2.3.1.5 Comparison of dynamic DF protocols

Table 2.7 presents the optimum ratio between the relay-receive and relay-transmit phase (o)
and the achievable rates for the different protocols using the definitions of (2.70). It can be seen
that protocol 11B and Ill are able to switch to direct transmission when the source-relay link is
worse than the source-destination link. In that situation, protocols I, IIA and forwarding get a
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worse achievable rate that direct transmission. Additionally, both pairs of protocols, forwarding
and protocol IIA, and protocol | and IIB (when C,.>C)) present the same expressions for the
achievable rate and a, but the variable C, (2.70) differs in each case due to the variable A.

P
C, = logdet(lnr +—5

n, o-w,.

P
H,HIHJ C, =logdet(lnd +——H,H +Aj

(2.70)

P
Cozlogdet[lnd +——HH J

n. .o

s Wy

protocol Achievable rate A (defined in C)
forwarding C, C,C, )
C, +C, C,+C,
C, Cc,C
C,>C, ——— if C,2C
protocol | C1C-C, if C,2G C+C,-C, if C,2C, 0
1 otherwise C, otherwise
rotocol /1A
p C, CC, P _HH i
C,+C, C,+C, n,o,
G-G . C,C ,
——— if C,2C, ———— if C,2C
protocol B | | = = if €, 2C, C+C,-C, if €, =G, P i
0 otherwise G, otherwise s O,
G-G G,C,—(G)
rotocol Il if C,2C, 5% &) o s p
P ¢, +C, =26, C,+C,-2C, FCzG - H H{
0 otherwise C, otherwise T

Table 2.7.- Optimum resource allocation of the relay-receive and relay-transmit phase (o) and
achievable rates of the different dynamic DF protocols.

When protocol IlA and protocol | are compared (assuming C,>C,) the mutual information of one
protocol is better than the other depending on the value of C,.

CI]A C
I . >1 C,>—b -
p-ita =L poi T M-l (2.71)
I, <1, otherwise

where C/” and C/ follow the definition of C, (2.70) (see Table 2.7 for protocol lIA and |,
respectively). When the source-relay link (C,) is very good, protocol IIA obtains a better
achievable rate than using protocol I. In this regard the mutual information of the different
protocols satisfies the following order,

1

< or <1, <1,y
I,,<1

p—1IA = [pfl
1., (2.72)
p—1II4

where protocols Ill and IIB get the best achievable rate at the cost of a more complex receiver
at the destination. In those cases successive decoding is required because two independent
messages are received simultaneously, see sections 2.3.1.3 and 2.3.1.4.
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Figure 2.21 presents how the different protocols are connected as a function of the parameter
o and on the activity of the terminals on each relay phase. For example, from protocol | we can
change either to forwarding protocol when the destination is not listening the data in the relay-
receive phase or to direct transmission when o'=1 and assuming that the mutual information of
the source-relay link is superior to the source-destination link, see definition in Table 2.7.
Protocol IIl leads to direct transmission when «=0 and to protocol Il when destination is not
listening in the relay-receive phase. Finally, protocol Il is transformed to direct transmission
when o' =0 (only for protocol 11B see Table 2.7).

PROTOCOL III

Destination not active
in relay-receive phase

Destination not active
in relay-receive phase
o=1

PROTOCOL I PROTOCOL II

DIRECT
TRANSMISSION

Figure 2.21.- Transition between protocols. Solid lines stands for the transmission in the relay-
receive phase and dashed lines for the transmissions in the relay-transmit phase.

o

(protocol 11B)

/

o=1and C,>C,

Additive white Gaussian noise (AWGN) channel

Figure 2.22 presents the achievable rate of the half-duplex protocols when the destination has a
SNRy=0 dB with the scenario defined in Figure 2.11 in an AWGN channel. For low SNR values
the forwarding can get better performance than direct transmission in 0.1<d<0.9. Protocol IIA is
better than forwarding, but for @>0.7 both protocols get the same results. In that case both
achievable rate expressions are limited by the value of C, (source-relay link, it decreases as d
increases to 1), see Table 2.7. Protocol | is able to get better results than protocol IIA for
d>0.24, otherwise protocol IlIA is better than protocol | as was derived in (2.71). Protocol 1IB and
Il get better results than previous protocols, with protocol lll the best one, following (2.72).

Figure 2.23 shows the performance of the different protocols when the SNRy is increased up to
10 dB. Now, forwarding and protocol IIA (except for d close to 0) get a worse performance result
than direct transmission. The remaining protocols are able to provide better results than direct
transmission, with protocol Il being the best one. Moreover it should be remarked that under
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this scenario Ca(d =1)=C0 (variables defined in (2.70)), so that protocol IIB, Ill and | at d=1
get the same values because the mutual information is limited by the source-relay link, C,, see

Table 2.7.

Figure 2.22.- Maximum achievable rate vs. distance between the source and relay. Gaussian

Figure 2.23.- Maximum achievable rate vs. distance between the source and relay. Gaussian
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Multiple antenna and Rayleigh fading

In order to evaluate the half-duplex protocols in the time domain with multiple antennas we have
assumed that the channel coefficients involved in the relay-assisted transmission are Rayleigh
random variables which remain constant over the transmission interval of time (one frame).
However the relay-assisted transmission can be adapted to each frame (see definition 2.1 in
section 2.2.1.4). Because the achievable rate will vary from frame to frame, results will be
presented in terms of average achievable rate. The scenario considered will be the same as in
Figure 2.11. Results assume the following combination of antennas (n,, n,, n,): (1,1,1),(1,1,2),
(2,1,1) and (2,2,2) at SNRy,=0 dB.

average achievable rate average achievable rate

SNR =0 dB

ns=1 nr=1 nd=1 SNR0=0dB ns=1 nr=1 nd=2

T T T
—— direct transmission —— direct transmission
—&— forwarding —&— forwarding M
—&— protocol | —&— protocol |
—7— protocol IIA —7— protocol IIA 3
—%— protocol IIB —#%— protocol IIB
—<— protocol Ill —<— protocol Ill H
- — k= — 4 = —
N N 18 — — &« — — — — — — — — - F=s V=g - - _ _ 4
ES I
3 12
2 2
S 5
L - 0.8 ‘ ‘ ‘ ==
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
d  normalized distance between source (at d=0) and relay d  nomalized distance between source (at d=0) and relay
average achievable rate SNR0=O dB ns=2 nr=2 nd=1 awerage achievable rate SNR0=O dB ns=2 nr=2 nd=2
3.2
——— direct transmission
3 —o— forwarding
—FH&— protocol |
28 —— protocol IIA
: —s— protocol IIB
—<— protocol lll
2.6
| | |
Pl oo g r g v L g8 T L 24 i el
3 ‘ 2
B L T e R R e | —— direct transmission || %
o 22
12 ! —6&— forwarding
i | —&— protocol | )
A --L-_L__ 1 _ : —— protocol IIA
| —%— protocol IIB
L e = i e A Bl | —&— protocol Il 18
L} T T T
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A e e B
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d normalized distance between source (at d=0) and relay d normalized distance between source (at d=0) and relay

Figure 2.24.- Average achievable rate vs. distance between the source and relay. Rayleigh fading.
Destination with SNR¢=0 dB. (top-left) n,=1, n,=1, n,=1, (top-right) n,=1, n,=1, n,=2, (bottom-left)
ng=2,n,=2, n;~1, (bottom-right) n;=2, n,=2,n,~2.

Figure 2.24-(top-left) presents the average achievable rate of the different protocols under a
Rayleigh channel with n,=1, n,=1 and n,=1. Now, the Rayleigh fading produces that the
forwarding protocol get worse values than direct transmission, in contrast to the Gaussian
channel case, Figure 2.22. Additionally, the performance of protocol IIB and Ill when the relay is
close to destination is better than average achievable rate of the direct transmission. Moreover,
if the receiving antennas are increased up n,=2 (with n,=n,=1), Figure 2.24-(top-right) shows
that the maximums of the average achievable rates are obtained in positions d where the relay
is close to the source. On the other hand, if we increase the number of antennas at the source
and relay, nys=n,=2 (with n;=1), Figure 2.24-(bottom-left) the maximums of the average
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achievable rates move to positions d where the relay is close to destination. In that case,
protocol IlIA offers a steady average achievable rate independent of the position of the relay.
Finally, increasing all the antennas of the terminals, n;=n,=n,=2, Figure 2.24-(bottom-right) the
maximum of the average achievable rates are obtained when the relay is placed in similar
positions as the case n,=n,=n,=1 (except for protocol ). Moreover, the forwarding protocol when
all terminals feature two antennas obtains an average achievable rate better than the direct
transmission when the relay is placed in 0.2<d<0.8.

Additionally, Table 2.8 reports the maximum average achievable rate gain of the different half
duplex protocols over the direct transmission in Rayleigh fading with multiple antenna terminals
at SNRy=0 dB. These gains are observed in Figure 2.24 where the best position of the relay
depends on each protocol and antenna configuration. The largest gains are obtained when all
protocols feature n,=n,=2, n;=1. In that case, protocol lll can double the average achievable rate
of the direct transmission (2x1 MIMO) with a single antenna at the destination when the relay is
placed at d=0.65 (Figure 2.24-(bottom-left)).

Maximum average achievable rate gain over direct transmission

SNR,=0 dB n=1,n=1,n~1 | n=1,n=1, n;=2 | n=2,n=2, n;~1 n=2,n=2, n;~2
forwarding -9% -8% 57% 5%
protocol | 33% 25% 82% 40%
protocol lI1A 45% 51% 57% 51%
protocol IIB 56% 67% 84% 63%
protocol lll 57% 71% 102% 70%

Table 2.8.- Maximum average achievable rate gain over the direct transmission under Rayleigh
fading with multiple antenna: n,(source), n, (relay), n,(destination). SNR,=0 dB.

2.3.2 Frequency domain duplexing (FDD)

This section adopts the dynamic relaying with frequency division duplexing (FDD) as
Figure 2.25 depicts. The relay-receive and relay-transmit phase use orthogonal frequency
bands, but both using the same frame time duration, i.e. the counterpart of relay transmission in
the time domain described in section 2.3.1. Hence the signal models considered in section 2.3.1
are still valid but exchanging time by frequency (N by W).

frequency t
W relay-receive phase I (1—a)w
relay-transmit phase I aW
< > tirr;e

Thame=N symbols

Figure 2.25.- Relay-receive and relay-transmit phase duplexed in frequency.

There are two differences with respect to the relay transmission duplexed in the time domain
with power limited terminals. First, now in the frequency domain when the source transmits in
both phases (protocol Il and Ill) the amount of power assigned and the bandwidth allocated in
each phase can also be also optimized. The terminals are constrained by individual average
power. The other difference is that varying the allocated bandwidth of each phase, the noise
power received at the different terminals also changes.
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The relay will be receiving and transmitting simultaneously but in different frequencies. In order
to have a causal system the relay will not able to transmit the estimated packet after it has
decoded it, see Figure 2.26. When the source is transmitting the m; packet, the relay is
receiving that packet in the relay-receive phase, while in the relay-transmit phase (other
frequency band) it is transmitting the estimated (and re-encoded) ﬁ1j_l packet. This implies an
overhead which can be reduced by transmitting a large number of packets.

frequency 1
aW m m, m, m, relay —receive phase
(I—a)W m, m, m, m, relay —transmit  phase
time

Figure 2.26.-Reception and transmission at the relay working in DF and in the frequency domain.
m, is a packet transmitted by the source in the relay-receive phase and n%/. is the estimated
' packet by the relay terminal, re-encoded and transmitted to destination.

In the following it will be assumed that the source transmits the signals x‘s . xf during the relay-

receive and relay-transmit phase, respectively, while the relay is transmitting the signal x,
during the relay-transmit phase. All these signals are Gaussian with the following covariance
matrices,
P P P
O R B P L B A M FE
ngo - ngo n. " (2.73)
Tr(Q)=BP Tr(Q)=HL Tr(Q)=F p+p =1

where f,,5,€[0,1]. The variables gy, f, distribute the power at the source when it is allowed by
the corresponding protocol (protocol IlA, IIB and lll). Protocols | and forwarding operate with
p1=1, because the source only transmits in the relay-receive phase.

DF-Forwarding

Assuming the signal model of (2.49) applied to the frequency domain and considering that this
protocol works with £;=1 (2.73), the optimization of the resources for the forwarding protocol
reduces to,

1., = maxmin(aCa (a),(l - a)Cb (1- a))

0<a<l

P P (2.74)
C,(6)=logdet| 1, +5 “—HH |C,(5)=logdet|I, +5 *—H,H

2
n.o

s W, r Wa

where C, and C, stand for the capacity of the source-relay and relay-destination link,
respectively, under no CSIT, equal average power transmission per antenna and parameter 3.
Note that af,d is the noise power assuming all the bandwidth W. Moreover, in contrast to the
time domain case with power limited terminals (section 2.3.1), it is not possible to find a closed-
form solution for mutual information.
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DF-Protocol |

The mutual information of protocol | in the frequency domain with the signal model given in
(2.52) and using /=1, (2.73), is defined by.

I, , =maxmin(aC,(a),(1-a)C,(1-a)+aC,(a))

P 0<a<l

(2.75)

Co(é'):logdet[lnd Ak . HOHgIJ

s Wy,

with C,, C, defined in (2.74) and C, related to the capacity in the source-destination link.

Protocol Il

The signal model for protocol Il in the frequency domain is the counterpart of the one defined in
(2.55). Two implementations are possible, protocol IIA and I|IB. Because the source is
transmitting in both phases and it can optimize the power allocated to each one. In protocol II1A
the resource optimization lead us to,

I, ;= max min(aCa(a,ﬂl),(l—a)Cb(l—a,ﬂz))

0<a<1,0<8<1

a 2
n O-Wr

5

C (é))()zlogdet{lnr + ;‘Ps HIHI”'J (2.76)

no on.o

P P
C, (5,g)zlogdet(lnd +———H,H] + ZAK HOHgIJ
where C, and C, stand for the capacity of the source-relay and joint (source,relay)-destination

link (in terms of parameters 6,y), and g, is the fraction of power allocated to the relay-receive
phase (5 to the relay-transmit phase), (2.73).

The same arguments used in the time domain, section 2.3.1.3, apply to protocol IIB in the
frequency domain. Therefore, the achievable rate region defined by the two independent
messages of rate R, and Ry is defined by,

R <aC,(a.p3)
R 2(1-a)C(1-a)
Bus(e.B)= R <(1-a)C(1-a.B,) &)

R +R <(1-a)C,(1-a,5,)

with o, 8,5 €[0,1] and C,, C, defined in (2.76) and C,, Cy given by

2
ono

s Wy oW,

G, (6, ;():logdet(lnd +Z—P52H0Hff j Cz(é‘)zlogde{lnd + 5nR H,HY } (2.78)
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Because the rate region defined by (2.77) is a polyhedron and following similar steps as in
protocol Il in the time domain (2.67), [39], the boundary of the achievable rate region can be
found as,

max 4R +p R st(R,R)eB, (a.p) (2.79)

a.B.R, R,

for some positive u,, useR+. The maximum is attained at some vertex of Bgg,(a,p) such that
1> us. Equation (2.79) can be solved by convex optimization [41].

Protocol Il

For protocol Il in the frequency domain, the size and the power allocated to each phase at the
source is optimized, (2.73). The following achievable rate region can be defined by the two
messages of rate R; and R,, (2.63),

R <aCy(a,B)+(1-a)C,(a)

G _ R}‘Saca(a’ﬂl) 280
u(%P)= R <(1-a)C,(1-a.5,) (280

R +R <aC)(a.p)+(1-a)C,(1-a,p,)

with ae[0,1] and B defined in (2.73), C,, C;, defined in (2.76) and C,, C, defined in (2.78). In [39]
it is shown that the boundary of the achievable rate region can be attained by maximizing,

max uR +uR  st(R,R)eG, (aB) (2.81)

a,B.R,. R,

which is a convex problem and exists an optimal solution.

Comparison of dynamic DF protocols

The comparison of half-duplex protocols duplexed in frequency will be done using the simple
scenario defined in Figure 2.11.

Additive white Gaussian noise (AWGN) channel

It will be assumed Gaussian channels and all the terminals equipped with a single antenna.
Figure 2.27 presents the achievable rates at SNRy=0 dB. It can be seen that protocol | and llI
obtain almost the same performance and protocol | is also better than forwarding and protocols
IIA and lIB. When SNR,=10 dB, Figure 2.28, forwarding and protocol IIA get a worse
performance than direct transmission and protocol Il is the best one (closely followed by
protocol I). It is worth noticing that the performance obtained in the frequency domain is different
of the one obtained in the time domain (Figure 2.22 and Figure 2.23) in terms of achievable rate
and relation between protocols. For example, in the frequency domain protocol | is always
superior to protocol IIA and IIB. The reason is due to the assumption of power limited terminals.
In the time domain, the average transmitted power at the source depends of the protocol
selected while in the frequency domain is kept constant. For protocol Il the source is
transmitting in the relay-receive and relay-transmit phase while protocol | only is using the first
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phase, with maximum power. Therefore, in the time domain, protocol Il can get better
achievable rate at the cost of more required average power at the source. However, when the
average power is kept constant at the source, protocol | outperforms protocol IIA and IIB.

SNR0=0 dB destination d=1 Gaussian channel Frequency domain

——— direct transmission
—©— forwarding

22f - | M
| | | | | —HH— protocol |
| | | | |
| | | ! —/— protocol IIA
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Figure 2.27.- Maximum achievable rate vs. distance between the source and relay. Gaussian
channel. Destination with SNRy=0 dB. Frequency duplexing.
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Figure 2.28.- Maximum achievable rate vs. distance between the source and relay. Gaussian
channel. Destination with SNR¢= 10 dB. Frequency duplexing.
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Multiple antenna and Rayleigh fading

Rayleigh fading channels will be assumed to evaluate the performance of the different half-
duplex protocols with multiple antennas. The scenario considered will be that presented in
Figure 2.11. Results are obtained in terms of average achievable rate (see definition 2.1 in
section 2.2.1.4) for the following combination of antennas (n,, n,, n,): (1,1,1),(1,1,2), (2,1,1) and
(2,2,2) at low SNR (SNR=0 dB).
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Figure 2.29.- Average achievable rate vs. distance between the source and relay. Rayleigh fading.
Destination with SNRy=0 dB. (top-left) n,=1, n,=1,n,~1, (top-right) n;=1, n,=1, n,~2, (bottom-left)
n=2, n,=2, n;~1, (bottom-right) n;=2, n,=2, n,=2.

Figure 2.29-(top-left) presents the case where the antenna configuration is n=n,=n,=1. It can be
seen that protocol Il is the best one. Protocol | and IIB also get a good performance depending
on position of the relay, for d<0.5 protocol | outperforms protocol |IB and for ¢>0.5 the situation
is the other way round. When the antennas at the destination (rn;=n,=1 n,=2 in Figure 2.29-(top-
right)) or at the source (n,=n,=2 n;=1 in Figure 2.29-(bottom-left)) are increased, the positions of
the relay which produce the maximum gains of the protocols are moved to the source or
destination, respectively. In the latest case, protocol | obtains almost the same performance of
protocol Il Figure 2.29-(bottom-left). When ng=n=n,=2 (Figure 2.29-(bottom-right)) the
performance among protocols is similar to the single-antenna case, but now protocol | get better
results than protocol IIB for a wider rage of relay positions.
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2.3.3 Spectral efficiency with total power constraints

In this section we look into the efficiency of the relay-assisted transmission when there is a
constraint on the average sum power of the three-terminal network, i.e the mutual information
for a given amount of power used by the relay-assisted transmission (spectral efficiency per unit
total power). The source is also transmitting the signals x{ xf during the relay-receive and
relay-transmit phase, respectively, and the relay is using x, during the relay-transmit phase. All
these signals are Gaussian with the following covariance matrices to keep an average sum-
power (total) constraint,

Qi =E{XISXISH} :ﬁln Qf _ E{szzH} :ﬁln Q, = E{erf} zﬁlm
ng ng n. (2.82)

r(Q)=pP  Tr(Q)=pP  Tr(Q)=BP B +p+p=1

Since the transmission is done in orthogonal phases of total duration D, the source may
transmit with power S P/aD and ,BZP/(I —a)D in the relay-receive and relay-transmit phase,
while the relay can use ,B3P/(1—a)D in the relay-transmit phase. This scheme can be
analyzed in a similar way as the relay-assisted transmission in the frequency domain, but using
the covariance matrices defined in (2.82).

SNR0=0 dB destination d=1 Gaussian channel Sum-power constraint
1.6
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Figure 2.30.- Maximum achievable rate vs. distance between the source and relay. Gaussian
channel. Destination with SNR=0 dB. Average sum-power constraint.
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SNRO=10 dB destination d=1 Gaussian channel Sum-power constraint
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Figure 2.31.- Maximum achievable rate vs. distance between the source and relay. Gaussian
channel. Destination with SNRy= 10 dB. Average sum-power constraint.

Additive white Gaussian noise (AWGN) channel

Figure 2.30 and Figure 2.31 present the achievable rates of the half-duplex protocols when the
efficiency of the transmission is considered at low SNR (SNRy=0 dB) and medium SNR
(SNRy=10 dB), under the scenario depicted in Figure 2.11 with Gaussian channels and single-
antenna terminals. In such a case, forwarding and protocol IIA get the same performance. For
both SNR, values, protocol | obtains similar performance as protocol lll, which is the best.
Those protocols improve the direct transmission at low and medium SNR. On the other hand,
the remaining protocols only are able to improve the direct transmission at SNRy=0 dB (protocol
IIB at SNRy=10 dB get a slight improvement over the direct transmission).

Multiple antenna and Rayleigh fading

In the following the half-duplex protocols under Rayleigh fading and terminals equipped with
multiple antennas are evaluated in the scenario presented in Figure 2.11. Results in terms of
average achievable rate (see definition 2.1 in section 2.2.1.4) consider the following
combination of antennas (ny, n,, n,): (1,1,1),(1,1,2), (2,1,1) and (2,2,2) at low SNR (SNRy=0 dB).

In contrast to the Gaussian case, for the single antenna case n,=n,=n,=1 and Rayleigh fading,
Figure 2.32-(top-left), protocol | is outperformed by protocol [IB, which gets a steady
performance independent of the position of the relay. Additionally, protocol IIA and forwarding
are different, due to the independent channel coefficients in the relay-destination and source-
destination link. When the antennas at the destinations increases, n,s=n,=1 n,=2, Figure 2.32-
(top-right), the position of the relay for which the protocols get the maximum value is moved to
the source. On the contrary, when the antennas at the source and relay are increased, n;=n,=2
ns~1, Figure 2.32-(bottom-left), that relay positions are moved to the destination. In this case,
protocol | can get a similar performance as the protocol Ill. Finally, when all the antennas are
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increased n,=n,=n,~2 Figure 2.32-(bottom-right), results are akin to the single antenna case, but
now protocol | outperforms protocol IIB.
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Figure 2.32.- Average achievable rate vs. distance between the source and relay. Rayleigh fading.
Destination with SNRy=0 dB. (top-left) n,=1,n,=1, n,=1, (top-right) n, =1, n,=1, n,=2, (bottom-left)
n=2, n,=2, n;~1, (bottom-right) n,=2, n,=2,n,~2. Average sum-power constraint.

Additive capacity gain of the relay-assisted transmission

Figure 2.33 shows the additive gain of the different protocols with dynamic relaying over the
direct transmission in terms of outage mutual information (2.22), (see definition 2.2 in section
2.2.1.4) with p,,;=5% and Rayleigh fading channels. Our configuration assumes an average
SNR,=SNR,=SNR in the source-destination and relay-destination link, and SNR;=2xSNR (dB)
in the source-relay link, the same configuration as the protocol | with static relaying (Figure
2.10). For single antenna terminals (n,=n,=n,=1) protocol | and lll get similar results when the
additive capacity gain becomes steady (1.7 bits/s/Hz), enhancing protocol Il. Additionally,
protocol | with dynamic relaying is superior to the implementation with static relaying and
selective relaying, (1.2 bits/s/Hz in Figure 2.10). When all terminals are equipped with 2
antennas, protocol lll is able to get 3 bits/s/Hz.

Figure 2.34 sketches the outage mutual information with p,,=5% of the direct transmission as a
function of the SNR of the source-destination link when n,=n,=1 and n,=n,=2. When the relay-
assisted transmission gets a steady additive capacity gain of 1.7 bits/s/Hz for protocol Ill with
ny=n,=n;=1 (Figure 2.33) at SNR=20 dB, the direct transmission obtains 2.6 bits/s/Hz, so there
is an improvement around 65% of the outage mutual information. But the improvement at
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SNR=30 dB (where the direct transmission obtains an outage mutual information of 5.71
bits/s/Hz with n;=n,=1) is just around 30%. Under the configuration n;=n,=n,=2 protocol Il gets
an improvement over the direct transmission at SNR=30 dB around 21%. For higher SNR
values this improvement tends to decrease. Therefore, the impact of these additive capacity
gains in the high SNR can be neglected.
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Figure 2.33.- Additive capacity gain of the outage mutual information (p..=5%) over the direct
transmission for protocol {l, Il, llI}, with SNRy;=SNR,=SNR and SNR;=2xSNR (dB).
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Figure 2.34.- Outage mutual information (pout=5%) for the direct transmission. n,=n,={1,2}.
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2.4 Dynamic resource allocation relaying with multiple
assisting relays

In this section we investigate the achievable rates when multiple half-duplex relay assist a
single destination, see Figure 2.35. This scenario has been considered in [43] and [44] when
the relays operate in full-duplex mode. In this work, we concentrate on the half-duplex relays
and the proper resource allocation for the two phases of the transmission. Moreover, the relays
only assist to the destination, i.e. they cannot assist among them. The half-duplex constraint at
the relays generates a few difficulties when trying to adopt the schemes defined in [43] as how
the transmission time between the two phases is selected, how the power is assigned, the
optimum messaging or the coordination between relays. One possibility of using two assisting
relays is described in [45][46] where both relays receive and transmit alternatively. On the
contrary, here we assume that both relays are receiving or transmitting simultaneously.

The relay protocol is defined as follows: the source sends a signal to the relays and destination
during the relay-receive phase (solid lines in Figure 2.35). In a subsequent phase, and after the
relays have decoded and re-encoded the received messages, the source and relays
simultaneously transmit during the relay-transmit phase, (dashed lines in Figure 2.35). This
protocol is similar to protocol Ill defined in section 2.1.3 for single assisting relay. Two source
transmission strategies are considered: either the relays receive independent messages, or
both receive a single common message. In both cases we consider that either the transmitting
terminals have a complete (and perfect) CSI of all links (synchronous case’®) so distributed
eigenvector precoding techniques can be considered or they do not have it (asynchronous
case). This perspective has been presented in [47].

The optimum duration of each phase of the transmission and power allocation at the source and
relays is obtained by maximizing the achievable rate. We formulate the problem for the case
where the relays are receiving independent messages with CSIl. Some other cases of practical
interest (including the single relay-assisted transmission and the no-CSl case) can be seen as
particularizations of that problem.

frequency aT, Sframe (1 - 0{) T frame
w relay-receive relay-transmit
phase (1) phase (2)
(2) b Tframe
@ X
——————————————————————————————————————————— LY
UL ¢
-7 —(2
S D

RS,

Figure 2.35.- Multiple half-duplex relay-assisted transmission.

" We adopt the definition from [12], where the distributed terminals have CSIT and additionally they have the carrier
phase aligned (synchronized).
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2.4.1 Signal model

It is assumed that all the terminals are equipped with a single antenna. In the following g
denotes the signal to noise (SNR) ratio in the source-destination link, o;; and p,;the SNR in the
link between the source and the i-th relay (RS;) and i-th relay and destination, respectively. All
these values have been measured using power P at each terminal. The transmission is carried
out in frames of length 7. (s) and bandwidth BW (Hz) (both parameters will be normalized to
one). The relays operate in half-duplex mode with a duration aZj,. and (1-a) T for the relay-
receive and relay-transmit phase, respectively. We will assume an average sum power
constraint for all the terminals. An extension to the MIMO case should consider the achievable
rate of the BC (Broadcast channel) with common information introduced in [48].

The signals received at the relays and destination during the relay-receive phase are
(0gtLal,

rame )

Ve, ([) pllelgll (t)+nRS, ([)
Vas, (1) = P25, (1) + 1 (1) (2.83)
)

(1) t) \/_efgﬂxo(t +n )

where n,,, ny; and n, are the white Gaussian noise of unitary power at the different terminals.
The channel gains are expressed in terms of amplitude (square root of the SNR of each link
when the noise power is unitary) and the complex phase: 6, &;; and &, for the source-
destination, source-RS; and source-RS; links, respectively. Finally, x, is the signal transmitted
by the source in this phase. On the other hand, the signal received during the relay-transmit

phase at the destination is (aTﬁm <t< Tfmm)
yg)( ) poe”g‘) ( )+ P, e’ X, (t)+ pz’ze"ﬂz'zx2 (t)+nD (t) (2.84)

where 6,, 6,; and 6, are the complex phases for the source-destination, RS;-destination and
RS,-destination links, respectively. In this phase the assisting relays transmit the signals x; and
x>, while the source transmits x;.

2.4.2 Independent messaging

In the scenario depicted in Figure 2.35 we will assume that the relay-assisted transmission
sends independent messages to the relays. The transmission consists in three messages W,
W, and W3, at rates R;, R, and R; respectively. The first two messages use the help of the
relays and the third message is sent by the source only in the relay-transmit phase. The
messages have associated different Gaussian codebooks. Table 2.9 depicts how the
messages, terminals and codewords are connected along with the fractions of total power P
used by each terminal. There, y; with i={1,2,3} stands for the fraction of total power used by the

source for transmitting the codewords m"”,m{",m{” . The assisting relays which have decoded

the messages W, and W,, only transmit m>’,m{” along with the source. The variable ¢;; with
7={0,1,2} and i={1,2} defines the fraction of power allocated by the j-th terminal (j=0 corresponds
to the source) to the i-th codeword. This is a general description, where some of the variables
could be set directly to zero depending on the scenario definition, i.e. if RS, is able to decode

both messages and RS; just the second one, then ¢, ; will be zero.
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Messages Wi W, W;
Phase RR | RT | RR | RT | RR | RT
codewords ml(l) ml(z) mgl) mgz) X mgz)
S Yoo | @ox | Yoo | @2 | x| Zos
RS x | ou | x | 22| x | x
RS; X P, X P X X

Table 2.9.- Fraction of power P allocated by each terminal to each codeword used in each phase
(RR for relay-receive and RT for relay-transmit phase).

2.4.21 Messages and codewords

During the relay-receive phase only the source is active and is broadcasting the messages W,
and W, to the relays RS and RS, using Gaussian signals of power » 1P and y P, respectively,
where 1 and p, are fractions of total power P (see Table 2.9). Therefore the signal
transmitted by the source x in this period of time, see (2.83), can be written as,

X0 = 70,1m1(])+ 70,2m;l) (2.85)

where m",m{" are the Gaussian codewords of powers P associated to messages W, and W,.
In our single antenna scenario, we may assume that the relay-receive phase is a degraded
channel [11], so one of the relays will be able to decode both messages, while the other relay
will only decode one. During the relay-transmit phase the former relay can transmit to
destination signals connected to both messages. For example, if RS, decodes both messages,
then it might transmit two Gaussian signals with power ¢ 1P and ¢ ,P conveying message W,
and W, respectively, while RS, will transmit a signal of power ¢, ,P connected to the message
W, and ¢, in Table 2.9 will be zero. In the limiting case where the channel state from the
source to both relays is equal, only one message is transmitted.

Afterwards, during the relay-transmit phase the source transmits two Gaussian signals with
power ¢ 1P and ¢,P (see Table 2.9) devoted to help the transmission from the relays, as well
as a new Gaussian signal of power j 3P connected to message W; The Gaussian signals
transmitted from the different terminals in (2.84) are,

(2)

@ 4 G ,m,

X =Py

Xy =[P ml(Z) +?, m;z) (2.86)

_ (2) (2) 2)
X3 =\ Po " T Po My + Vo3

where m>,m{’’,m{” denote the Gaussian codewords of power P associated to W,,W, and W;.
It is worth noticing that equation (2.86) describes the general case. However, for the degraded
channel where RS; is better than RS, then ¢, 1=0 because it cannot decode the message W,. If
RS, is better than RSy, then ¢, ,=0 because it cannot decode the message W,.

In order to obtain the spectral efficiency per unit total power, the fraction of power allocated to
each of the different Gaussian codewords in (2.85) and (2.86) must satisfy the average sum
power constraint considered here,
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3 2
27/0,]-’_2((00,]+¢1,j+¢)2,j):1 (2.87)

J=1 J=1

in which we are considering that at the source (relay) terminal the transmitted power is inversely
proportional to the fraction of time allocated to the first (second) phase. In this regard, the
different transmission schemes use the same total power. Other power constraints can be
considered, for example an individual power constraint at the source and a sum-power
constraint for all the relays. Their evaluation will be considered as a future work.

2.4.2.2 Achievable rate region

The achievable rate region described here depends on the maximum decodable rates of
messages W, and W, at the relays during the relay-receive phase (denoted by the rate region
72rs), as well as the decodable rates of messages W, W, and W; at the destination during both
phases of the transmission (denoted by the rate region #p). In the first case, the rates of the
messages W, and W, are defined by the degraded broadcast channel (BC) [11] to RS, and RS,
transmitting the Gaussian codewords m” and m.". Assuming that p1 1>p, the data rates are
given by

R <alog, (1 + Pudor ]
a

Trs = (2.88)
P1270, J

R, <alog,| 1+
a (l T PiaYo )

where « is the duration of the relay-receive phase. Notice that in this case, RS, is able to

decode both messages while RS, only can decode message W,. The decodable rates of the

different messages (using the codewords m” ,m{” and m{® ) can be seen as Multiple Access

Channel (MAC) with three terminals [11] taking into consideration the signal received during the
relay-receive phase at the destination. The achievable rate region is given by,

R, Sf(y0’1p0)+g(/q)

R, Sf(70q2p0)+g(ic2)

R, <g(7030)

R =|R +R, Sf((;/oql +}/0’2)p0)+g(1<1 +,) (2.89)
R +R, Sf(y0,1p0)+g(iq +7/0’3p0)

R, +R, Sf(]/oquo)-‘rg(l('z +7/0’3p0)

.Mw

R < f((7os +702) 20) + 8%+, + 743

J

with the following definitions

f(x)=alog, (1 +§J g(x)=(1-a)log, (1+1LJ (2.90)

-
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K= (\/(01,1,02’1 + \/%,1,00 )2 K= (\/@2,2,02,2 +\/¢1,2p2,1 + \/(00,2/00 )2 (2.91)

where &y and x; are the signal power of the Gaussian codewords m'> and m!” obtained from
the assumption of synchronous transmission of the terminals (distributed eigenvector
precoding). Moreover, it has been considered that ¢, =0 because RS, is not able to decode
message W,. Otherwise, the roles of RS; and RS, are exchanged.

24.2.3 Optimizing the resource allocation

The destination must be able to decode the messages W, W, and W; transmitted by the source
and relays, so the resource allocation (which involves the duration of each phase «, and the
power of the different codewords at the different terminals) can be obtained as the result of the
following optimization problem,

ZE]%Z)?RJRI+R2+R3 st. (R,R,,Ry)€B,, (2)={R N7}

z= [a, 701570227032 P0.1>Po.2> P11, P12 (02,1,902,2} (2.92)

3 2
ael0l] Yy, +D(o, to, +e.,)=1
= =

where B;,; is the rate region defined by the inequalities (2.88) and (2.89). This problem is not
convex [41] due to the inequalities of Rgrs in (2.88) which correspond to the achievable rate
region of a degraded broadcast channel (in that case the capacity region). However, we can
use the duality BC-MAC [49] to define the achievable rate region at the relays as,

R +R, <alog, (l+ AP +MJ
a a

(2.93)

s =

st. A+4 =Yoa1 1702

where the optimization is done over the variables A4 and A,. Those variables are related to
and , in the following way

1 Pl
Yol 4 1+ /31,222 o 2 [ 1+ ,01,212 ( )

Finally, the optimization problem given by (2.92) with B;,,; defined by (2.93), (2.94) and (2.89) is
convex.

2.4.3 Other transmission strategies

The transmission scheme presented above requires the use of successive cancellation
receivers at the relay and destination terminals, as well as the knowledge of the channel state
for all links, which may lead to some practical implementation problems in terms of complexity
and information feedback. In the following some simplified strategies are detailed, which can be
seen as particular cases of the transmission schemes defined in section 2.4.2.
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2.4.3.1 Asynchronous transmission

When there is no CSI the terminals should transmit asynchronously. This implies the following
changes,

Pog =P = 0, K =050, T P,00, (2.95)

2.4.3.2 Relays receiving a common message

The use of simple receivers implies forcing all the assisting relays to receive (and hence
transmit) a common message, and hence no resources are allocated to the transmission of
message ;. Now the achievable rates at the relays are given by

R, S]((10117/02)
Tps = T (2.96)
’ R, Sf(pm?/o,z)

Additionally, the modifications to be considered for the synchronous and asynchronous
transmission are,

7u=0, x=0, R=0, ¢,=¢,,=¢,=0

Sync 2
K= (\/(Po,zpo + \/(01,2/02,1 + \/(/’2,2,02,2 ) (2.97)
{70,1 =0, =0, R =0,
Async
o1 =Por =01 =0, =0,K, =0 ,00, + 5,05,

2.4.3.3 Single relay

The achievable rates for the single relay case are easily found by considering one assisting
relay (e. g. RSy). The particularizations for synchronous and asynchronous cases are,

V0,2 =0, x,=0, R, =0, Dor =Pr1 =P =0
Sync

0,=0, K= (\/(pO,IPO + \/(Pl,lpz,l )2 (2.98)

7’0,220, k,=0, R,=0, (01,2:0
Async
Doy =P, =P =Pr = 0, x = D11Ps,

2.4.4 Results

The relay-assisted protocols defined previously are evaluated in a Gaussian scenario where the
source-destination distance is normalized to 1. The RS; and RS, are placed at distance d; and
d, from the source, and (1-d;) and (1-d,) from the destination. The path-loss of each link is
proportional to the square of the distance between the terminals. The SNR of the different links
is given by defining the py (source-destination link),

P 1 P 1 P
Pui=—377 Pz,l:?m Po="3 i={12} (2.99)

1
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The signal model defined in (2.83) and (2.84) will be assumed with the previous SNR definition.

In our scenario the complex phases of the channels are equal to zero, (6, 61,1, 612 651, and 6;,)

but this value only is known at the transmitters under CSI.
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Figure 2.36 presents the achievable rate for the transmission using a single relay placed at
different positions when CSI is available (square-line) or not (circle-line). Notice that when the
relay is close to the destination the source-relay link limits the communication and the
performance obtained with and without CSI becomes the same. In fact, the CSI is helpful to
deal with the case where relay-destination link limits the communication. Those rates are
compared with synchronous and asynchronous transmission of independent or common
messaging with two relays, being RS, placed at d,=0.2. The best performance is obtained by
the synchronous transmission of independent messages. When both relays are at the same
distance d;=d,=0.2, independent and common messaging coincide. However, in certain
configurations the adoption of a common messaging strategy provides no rate gains compared
to the use of a single relay case, even when CSl is considered. The main drawback of common
messaging is that the achievable rate is dominated by the relay with the worst channel quality.
For the CSI case, there is a rate gain over a single relay case for 0<d;<0.65. In that region, the
relay-destination link limits the communication but thanks to the synchronous transmission of
the two relays the equivalent link is improved. The source-relay channel limits the performance
when RS, is close to the source and then RS, is not helpful. For the asynchronous
transmission, common messaging does not offer any rate gain15 for 0.2<d;<1. However, for
those positions of RSy, independent messaging under asynchronous transmission improves the
single relay case because the position of RS does not limit the total transmission.

In order to analyze in more detail what happen with the independent messaging, Figure 2.37
sketches the rate of the different codewords as a function of the position of RSy, being RS,
placed at d,=0.2. The codeword rate of message W is zero for both cases for this scenario and
it has not been included in Figure 2.37. R, and R, stand for the codeword rate through RS; and
RS,, respectively. When 0<d;<0.2, RS; is able to decode the message intended to RS,. Under
the CSI case (synchronous), R, increases with d;, while R, converges to zero at d;=0.2. In such
a case, a single message is transmitted to the relay with the worst channel link quality. Hence
the performance of common and independent messaging is the same (see Figure 2.36). A
similar conclusion can be obtained for no-CSI case (asynchronous), where R, is set to 0. When
0.2<d;<1 the role of RS, and RS, are exchanged, explaining the discontinuity of the codeword
rates at d;=0.2. The codeword rates are adapted as a function of d;.

Figure 2.38 and Figure 2.39 present results of independent messaging with p,=10 dB and the
RS, placed at d,=0.2 and d,=0.5 respectively. In all cases independent messaging with CSI
exhibits a performance which is almost independent of the position of RS, and superior to the
single relay case. Additionally, even if CSI is not considered, the use of an additional relay
outperforms single relay transmission when RS; is close to the destination. In such a case, the
achievable rate for the single relay case is limited by the source-relay link. However, the use of
two relays (one near of the source and other close to destination) together with the optimization
of allocated power and duration of the relay-transmission phases may deal with that drawback.
On the other hand, in Figure 2.39 the RS, is placed at d,=0.5 and in that case the asynchronous
transmission obtains a performance almost equal for the different positions of the RS;. The
synchronous transmission (CSI) has worse performance than when RS, is placed at d,=0.2
(Figure 2.38). For positions of RS, close to destination synchronous and asynchronous
transmission with independent messaging have similar performance.

'S When the channel phases are random (as in fading channels), outage capacity gains are observed.
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2.5 Chapter summary and conclusions

This chapter has looked into the relay-assisted transmission and cooperative communication,
presenting an overview of the current state-of-art and providing new results. It has been shown
that when half-duplex relays are employed, the resources are split in a relay-receive and relay-
transmit phase which motivates that several protocols come up (forwarding, protocol I, protocol
Il and protocol Ill), Figure 2.3 and Figure 2.4. Moreover, the strategy of the relay-assisted
transmission must consider the decoding operation at the relay (AF or DF) and either the
resource allocation is fixed (static resource allocation relaying) or can be dynamically adjusted
as a function of the channel quality of the different links (dynamic resource allocation relaying).

Section 2.2 has presented the performance of the half-duplex protocols with static resource
allocation relaying. For DF-protocol |, the type of message transmitted by the relay has been
investigated (repetition (RC) or unconstrained coding (UC)). It has shown that RC only is able to
improve the direct transmission in terms of outage mutual information (see definition 2.2 in
section 2.2.1.4), while UC provides better gain than RC in terms of outage mutual information
and a slight gain over the direct transmission in terms of average achievable rate (see definition
2.1 in section 2.2.1.4). The static resource allocation does not consider the current quality of the
different links and hence cannot adapt the amount of resources allocated to each phase. In
order to improve the spectral efficiency for protocol |, an adaptive protocol (selective relaying) is
analyzed. It exploits a limited feedback from the relay terminal for combating the events where
the source-relay link presents a bad quality, in such a case, the source transmits again and the
relay remains silent. Additionally, all the half-duplex protocols based on DF relays (with
repetition coding) and AF are evaluated considering multiple antenna terminals and Rayleigh
fading.

Dynamic resource allocation relaying has been investigated in section 2.3. The resource
allocation for each phase of the relay-assisted transmission adapts to the current channel state
in order to maximize the achievable rate of the half-duplex protocols. In this work the resource
optimization has been done using three different constraints on the average power which
account for the analysis of the relay-assisted transmission under different point of views:

e Source and relay transmit with maximum power on each phase (for relay-assisted
transmission under TDD).

e Source and relay transmit with individual average power constraint.

e Source and relay transmit with sum average power constraint.

The first case can be found when the relay-assisted transmission is duplexed in the time-
domain using power limited terminals. In that case the performance of the different protocols
follows (2.72), see Table 2.7. The second case, individual average power, allows obtaining the
same achievable rates when the relay-assisted transmission is duplexed in the frequency or
time domain. The performance between protocols differs from the time domain with power
limited terminals. First and second cases differ in the average power used by the three-terminal
network. Finally, the sum average power constraint is considered to evaluate the half-duplex
protocols in terms of efficiency per unit total power, i.e. comparing the direct and the relay-
assisted transmission with the same average power. Results have shown that,
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e Protocol lll gets the largest gains for low and medium SNR under the three power
constraints.

e Protocol | obtains similar performance to protocol Il for Jow and medium SNR under the
individual average and sum-average power constraints.

e Protocol IIB is able to improve the direct transmission for low SNR and the three types
of power constraints and for medium SNR under maximum and individual power
constraint.

e Forwarding and protocol IlA only can get better results than direct transmission for low
SNR.

All half-duplex protocols with DF relay and multiple antennas under Rayleigh fading attain the
maximum average achievable rate gains for ngn,>n,. Moreover, for the AF case, only it is
required to increase the antennas at the source to improve the relay-assisted transmission, n,.

Additionally, the additive capacity gain provided by the relay-assisted transmission over the
direct transmission in terms of outage mutual information has been investigated for static and
dynamic resource allocation. The additive capacity gain obtained in the second case is superior
to the ones obtained by static relaying. This type of gain depends on the quality of the different
links, but it becomes steady for some channel configuration where the SNR of the different links
present medium to high values. The impact of the relay-assisted transmission is significant for
low and medium SNR values, but at high SNR values, in spite of the additive gain the benefits
of the relay-assisted transmission tend to decrease.

Finally, the achievable rate gains of multiple relay transmission schemes based on decode-and-
forward and dynamic relaying, under different conditions of CSI and complexity of decoding has
been investigated in section 2.4. When there is complete CSI the source and relay can transmit
synchronously the same message (eigenvector precoding). Otherwise, the transmission is
asynchronous. Two techniques are evaluated for transmitting messages intended to each relay,
independent or common messaging. Moreover, the single-relay case can be seen as a
particularization of those techniques. The resource allocation problem based on rate
optimization is shown to be convex for both techniques. It is found that for the Gaussian channel
the use of multiple relays outperforms the single relay case when synchronous transmissions
are possible, due to the eigenvector precoding. Additionally, when one of the relays is placed
near the source, independent messaging with synchronous transmission allows a quasi
constant achievable rate irrespective of the position of the other relay. If one of the relays is
placed half way between the source and destination, then asynchronous transmission get a
performance not dependant of the position of the second relay.
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2.6 Appendix A. Proof of proposition 1

Proof of proposition 1: It suffices to realize that this particular channel is in fact a compound
channel [31],[32] where the set of possible probabilities is by p,(y,|x,) and p,(y,|x), asis
depicted in Figure 2.6. We consider that no error happens only when both receivers decode the
transmitted message W without error,

Pr(noerror) =Pr(l/f/1 =W and W, =W)
where Vf’l and Wz are the messages decode by both receivers. Hence, the corresponding

model is a compound channel with an uninformed transmitter of the channel transition
probability and the capacity expression given by (2.6) follows.

This result can be alternatively proved in a direct way without referring to compound channels,
following the ideas in [11] for the case of a known transition probability.

2.7 Appendix B. Achievable rate region of protocol Il

We derive here the achievable rate region of equation (2.67). Although the achievable sum-rate
for the decode and forward relay channel is known [12], we require the definition of the region
so as to be able to extend the relay transmission to the multiple user case with half-duplex
relays.

Let us assume the conventional MAC channel [11], two nodes transmitting independent
messages of length n symbols, X, , X ,,...X,, and X,,X,,,...X,, with rate R, and R;,
respectively. Both are transmitting to a common destination which is receiving the message
Y.Y,,...Y, corrupted by Gaussian noise,

Y,=X,, +X,, +N, k=l.n (2.100)

This channel is the MAC channel with capacity region is given by,

nRrSZI(Xl,k;Yk‘XZ,k) nRsSZI(XZ,k;Yk’XI,k)
k= ) k= (2.101)
n(R+R)<D (X, X,.:%,)

k=1

In the following it will be shown that the half-duplex relay channel with decode and forward at
the relay can be seen as MAC channel. There are two orthogonal phases, see the signal model
in (2.63), (relay-receive and relay-transmit phase). Furthermore, the relay only is able to help
the destination during relay-transmit phase using the data received in relay-receive phase from
the source. The destination is receiving in both periods. In this scenario we can identify two
virtual users: the first, named source-relay virtual user, is transmitting in two parallel channels
from the source (in relay-receive phase with an symbols) and the relay (in relay-transmit phase
with (1-a)n symbols); the second one (source-only virtual user) is the source transmitting in
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relay-transmit phase ((1-a)n symbols). Both virtual users are transmitting independent
messages, X,,X,,...X,, and X, ,X,,,...X,,, respectively. The message of the source-

1,n

relay virtual user is given by,

X . k=1...
Xlk_{ ! I_OMJ

= 2.102
X,, k=|an|+l..n ( )

where X ,and X,, denote the messages transmitted from the source and relay terminal.
Therefore the equation defined in (2.101) will be modified in the following way. The achievable
rate of the source-relay virtual user using decode and forward at the relay is given by the two
constraints of the conventional relay channel [11],

nR, < Zn:I(Xa,k;fk |Xb,k=X2,k): ZI(Xa,k;Yk |X2,k)
k=1 k=1
nR. < il(xa,k,)(b,k;yk | X, )= (2.103)

=1

La”J n

z](Xa,k;Yk |X2,k)+ sz I(Xb,k;Yk |X2,k)
k=| an |+1

k=1

with )i being the signal received at the relay corrupted with Gaussian noise. The rate for the
source-only virtual user, transmitting only in the relay-transmit phase, is given by,

n

nR, SZI(XZ,k;Yk |X1,k): LZJ I(Xz,k;Yk |Xl,k) (2.104)
k=1 k=| an |+1
Finally, the constraint over the sum of the rates is given by
LQIIJ n
n(Rs+Rr)SZ](Xa,k;Y/()+ z [(Xb,kaXz,k;Yk) (2.105)

k=1 k=l an |+

2.8 Appendix C. Relation between protocol | and Il in
repetition coding

The expressions for the mutual information of protocol | and protocol Il (assuming that source-
relay link is not limiting the total expressions) depend on,

p [H
I _ s 0 H H
C! —logde‘{lznd + e LDHJ[HO oH" ]J (2.106)

s

P H{ P
C) =logdet| I, +——[H, oH,] " ||=logdet| 1, +——(H,H; +¢’H,H})|(2.107)
“ o'n, (/)H” “ o'n

2

with Hy and H, of dimensions n,xn; and n,xn,, respectively, and o? the noise power. Because
we are considering repetition coding, n,=n, by definition in section 2.2.2. The motivation of this
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section is obtain the conditions when protocol | is better than protocol Il. The following
determinant property will be considered,

det(I, + AB) =det(IL, + BA) (2.108)
where A and B are matrices of dimensions nxm and mxn, respectively.

Applying the determinant property (2.108) to the expression for protocol |, (2.106), it can be
rewritten as,

C/ :logdet(lnx b

2
on

H P
[Hy ngf]{ 0 } :logdet[ln\_ +2—5(H§[H0+¢2HfH2)] (2.109)
oH, o'n,

s s

8 If n=ny

For this configuration, the eigenvalues of H,H, and H,H. are the same as the
eigenvalues of H(’)’H0 and H;’Hz, respectively. Therefore, equations (2.107) and (2.109)
are equal, C, =C,'

o Ifns<ny,

In this case, the mutual information for protocol Il (2.107) can be written in the following way
by using the property (2.108),

(2.110)

2
on,

HgHo (”HoHHz
¢7H?H0 CDszHz

lelzlogde{lzns + h l:

For n,=1 and n,>1, the previous equation is given by,

C)' =logdet (Iz + i{

2
O ng

hih, ¢hd'h P
oMo P :log(1+—§(h§’h0+gp2h§’h2+(p2A,)j
ghi'h, ¢’h)'h, c

with h, and h, column vectors that contains the channel coefficients of the source-
destination and relay-destination link, and A, given by,

A, =h.h,h{h, —h{h,h]h, (2.111)

However, the previous equation can also been defined in the following way,

h¢h, hi'h
Ay =det|| 00 02| I=det(WV) (2.112)
h2h0 h2h2

where the matrix Vis semi-definite positive by construction, so A, is always greater or
equal to 0. Likewise, that means that protocol Il (2.110) provides larger mutual information
values than protocol | (2.109), C, <C,', for such antenna configuration.
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When n,;>1, it is more difficult to prove analytically the previous proposition. For that reason,
in the following we will show experimental results that confirms the previous assert,
investigating the values of

p=C/-C, (2.113)

Figure 240 presents the cumulative density function (CDF) of ¢
(Pr(¢ <xo) with xq the value of the x-axis) defined in (2.113). It has assumed a large number
of independent Rayleigh fading realizations for the channel, PS/O'2 =10 and different
antenna configurations {n,=1, n,=2} (crosses), {n,=2, n;=3} (circles) and {n,=3, n,=6}
(diamonds). For all those configurations where n;<n,;, ¢ is always greater than 0. For
example for {n,=2,n,=3} the 90% of different channel realizations the variable ¢>1 bps/Hz,
while for {n,=3, n,=6} ¢>4 bps/Hz.
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Figure 2.40.- CDF of the difference between protocol Il and protocol I. {n,=1,n,~2}, {n,=2, n,=3} and

u

{n=3,n,=6). P/’ =10.
If ng>ny

For this antenna configuration, similar steps can be done as in the previous section, but
now assuming that the mutual information of protocol | can be written as,

P Hngl §0H0Hf
(PHzH(I)LI (”szHf

c/ =logdet[12nd + (2.114)

O'Zns
and this equation has to be compared with protocol I, C}fl defined in (2.107).

For n,=1 and n>1, the previous equation is given by,
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o n ¢h§[ho (/)zh?h o’n

s

P | hghy ohih P
C, :logde{l2 +—° l: oo oM D:log(l+ 3 (hé"h0+go2hfh2 +(p2Al)]
2

where h, and h, stand for column vectors that contains the channel coefficients of the
source-destination and relay-destination link. In fact, that channel coefficients are in the row
of matrix Hyo and H; of dimensions (n,xn;) of (2.114). Additionally, A, given by,

A, =hh,h"h, —h/h,h"h, (2.115)

which also can be obtained as a result of the determinant of a semi-definite positive matrix,
as in (2.112). The previous equation has to be compared with C,',

2
on

s

P
Cg’zlogde{n : (hg’h0+¢)2h§’h2))

Therefore, the comparison between C, and C,' follow similar guidelines as in the previous
case, although now for n>n, , C} > C/'.
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Chapter 3

Radio resource optimization for the
synchronous/asynchronous half-duplex
relay multiple access channel

ADIO resource allocation for the cooperative/relay-assisted transmission is investigated for

the multiple access relay channel when the relays are half-duplex and all single-antenna
terminals are power constrained. Protocol Il with decode and forward (DF) is adopted for the
relay-assisted transmission. Among the possible roles played by the source, relay and
destination, three different scenarios are identified and compared: Relay-assisted Multiple
Access Channel (RMAC), User Cooperation (UC) and Multiple Access Relay Channel (MARC).
We define the problem by optimizing the mutual information obtained by synchronous and
asynchronous networks with respect to the radio resources allocated to the relay-receive and
relay-transmit phase of the relay-assisted transmission. The duplexing mode of the transmission
can be TDD (Time Division Duplexing) or FDD (Frequency Division Duplexing), while the
access scheme of each relay-assisted user might be based on TDMA (Time Division Multiple
Access), FDMA (Frequency Division Multiple Access) or Superposition Coding multiple access
(SC). We show under which conditions the radio resource allocation is a convex problem and
evaluate the achievable rate regions for the two-user case in the different cooperative
scenarios.

3.1 Introduction

Chapter 2 has shown that relay-assisted transmission is a promising solution capable of
improving the mutual information or achievable rates of the wireless communication systems
with a single source and single destination. In this chapter we address the problem of optimizing
the radio resources allocation (dynamic resource allocation relaying) to obtain maximum
achievable rates when multiple sources are transmitting to a single destination with the help of a
relay terminal working in decode and forward (DF) mode. The assisting relay is assumed to
work with the half-duplex constraint, i.e. its transmission and reception must be done in
orthogonal domains, either time division duplexing (TDD) or frequency division duplexing (FDD).
The half-duplex relay protocol used by each source is protocol I, defined in section 2.3.1.4 of
chapter 2. In the single-user case depicted in Figure 3.1 protocol Il is defined in this way: in the
relay-receive period (named phase 1) the source transmits to the assisting relay and the
destination. The relay decodes, re-encodes and retransmits the message received in this
phase. Afterwards, in the relay-transmit period (phase Il) both relay and source transmit to the
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destination. The destination is aware the transmissions received in both phases in order to
decode the message. This protocol has been studied in chapter 2 for single-assisting relay in an
asynchronous network, i.e. there is not full CSI (channel state information) of all the links.

This work analyses the relay-assisted transmission with multiple sources and a single
destination, all equipped with a single antenna when fransmission power and fransmission
times are allocated to each relay phase. That setup is amenable to a centralized cellular system
in the uplink, where the destination is the Base Station (BS), the sources are the terminals
distributed around the cell and the assisting relays can be other terminals (user relaying) or
specific terminals (infrastructure relaying) placed at selected positions of the cell. We have
identified three relay-assisted scenarios which are able to describe the user and infrastructure
relaying for the multiple user relay-assisted transmission:

e Relay-assisted Multiple Access Channel (RMAC), where each source is assisted by
single/multiple relays associated only to that source (user relaying). This scenario can
be found in systems with many idle terminals spread by the cell. In such a case the
sources can select their assisting relays among their nearby terminals, see Figure 3.3 in
section 3.4.1. The roles between sources and relays can be exchanged through time,
allowing all the terminals of the cell make good use of the relaying transmission and
thus motivating that idle terminals will be interested in working as assisting relays.

e User cooperation (UC) [2], where the multiple sources help one each other (user
relaying), see Figure 3.6 in section 3.4.2. The work presented in [2] assumes full-duplex
terminals. This scenario is very similar to RMAC and can be found when all sources are
nearby or there are not idle terminals on the cell. As compared to RMAC, this scheme
assumes that a peer agreement is reached between source and relay to cooperate in a
communication to the destination.

o  Multiaccess Relay Channel (MARC) [1], where there are multiple sources assisted by a
single relay to transmit to a destination (infrastructure relaying), see Figure 3.7 in
section 3.4.3. This scenario might correspond to cellular system where the density of
relays is much lower than with the other two scenarios, like when lampposts are
envisaged as relays and shared by a group the source terminals interested in the relay-
assisted transmission. In [1] coding strategies are provided for full-duplex relays,
although they are also valid for half-duplex relays. In this work we present the radio
resource allocation.

The terminals are power constrained, hence in the time duplexing, the source transmits at its
maximum power in both phases (maximum power constraint). However, when the relay-
assisted transmission is done in FDD, the power transmitted by the source in each phase also
needs to be optimized. In this later case there is an individual average power constraint at the
terminals. Additionally, the access scheme of relay-assisted users must be indicated in each
phase (I and Il), which can be: time division multiple access (TDMA), frequency division multiple
access (FDMA) or superposition-coding multiple access (SC). When the terminals have
complete channel state information at the transmitter (CSIT), having all terminals complete
channel state information at the receiver (CSIR), the network is defined as synchronous,
following the definition of [6] where the carrier phases of the distributed transmitting nodes are
also synchronized. In such a case, the nodes active in phase Il (source and relay) can jointly
transmit to the destination the same message using for example eigenvector precoding
techniques. This is not possible in asynchronous networks, where there is incomplete CSIT.
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RS

Phase |
Phase Il

Figure 3.1.- In the relay-receive period (phase I) source transmit to relay and destination. In the
relay-transmit period (phase Il) both transmit to destination. Protocol Ill.

The novelty of this work with regard to other contributions is the design of the radio resource
allocation for the multiple user relay-assisted transmission with decode-and-forward and half-
duplex relays. With the goal of achieving highly spectral efficient systems, we consider the
optimization of resources allocated to each phase of the communication. This optimization is
shown to be strongly tied to the duplexing mode (time (TDD) / frequency (FDD)), the access
scheme (orthogonal (TDMA or FDMA) /superposition coding) and network synchronization. It
will be shown that the radio resource allocation of the three relay-assisted scenarios can be
solved by algorithms based on convex optimization when relay-assisted transmission is done in
FDD (synchronous/asynchronous networks) and in the TDD for asynchronous RMAC relay-
assisted scenario. The following work has been presented in [3] and [4].

This remainder of this chapter is organized follows. In section 3.2 the system model is
presented. Section 3.3 is devoted to introduce the single user relay-assisted transmission in
TDD and FDD, where there are some differences to the transmission considered in chapter 2.
The multiple user relay-assisted transmission is detailed in section 3.4, presenting the three
relay-assisted scenarios assumed in this work, where the communication is done under
different duplexing modes and access schemes. Section 3.5 depicts results for the two user
case and section 3.6 concludes the chapter.

3.2 System model

All the terminals are equipped with a single antenna and are power constrained. The terminals
may have complete channel state information (CSI) of the different links involved in each
individual relay-assisted transmission, thus all terminals will transmit synchronously, or just an
incomplete CSI, hence the terminals will transmit asynchronously. In the following ps.px Os-rk
and pr.px WIill denote the received signal power over noise power in the source-destination
(measured with power P;;), source-relay and relay-destination (measured with power P, ) links
related to the k-th source, respectively, for time domain relaying. For frequency domain
transmissions, the variable p defines the received signal power over noise power spectral
density. All the transmissions are performed in frames of length T, (S) with total bandwidth W
(Hz), both parameters will be normalized to the unity.
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For the sake of clarity let us define the following normalized capacities valid for single input and
single output (SISO) links for the Gaussian channel and for the fixed channel realization, which
will be used in the following sections,

9 5
Cropi (‘9’5) =log, (1 +MJ Cs_ri (8,5) =log, (1 + Ps-rk ]

& &
5
CS_D’k(g,5):10g2£1+ P S‘“J (3.1)
&
5 2 2005 4 Pr
CsR—D,k (8,5,9,/1)210{%2 [1+ pL:D’k + pi_D’k + Ps Z’kpR DA J

where C;_,,,Cr_p,,Cs_p @and Cg_, , are the capacities (bits/channel use) of the source-relay,
relay-destination, source-destination and joint (source,relay)-destination links connected with
the k-th source, respectively. Finally, & 5,4 and 6 are dummy variables related to the phase
duration and the power allocation. The capacity of the joint (source,relay)-destination, Cg, ,,,
depicted in (3.1) assumes that there is a correlation between the simultaneous synchronous
signals transmitted by the source and relay which depends on &, thanks to the full knowledge of
the CSI. For asynchronous terminals 6 =0. These equations also provide a lower bound of the
capacity for the ergodic Rayleigh fading channel (with a penalty in terms of the SNR, [5]).

frequency il a, a,
w phase | | phase I
) time
y Srame
frequency
aW
Wi Phase I 1
phase Il I W
< T > time
frame

Figure 3.2.- a) (top) Relay-assisted transmission in TDD. In phase | the source transmits to the relay
and destination at its maximum power. In phase Il, the source transmits two independent signals,
one signal with power g,P, transmits the same signal as the relay and the other signal with power

B2P; will send new information b) (bottom) Relay-assisted transmission in FDD. In phase I, the
source transmits with power P, to the relay and destination. In phase lI, the source transmits two
independent signals equally to the TDD. The relay transmits with power P..

3.3 Single user relay-assisted transmission

As an introductory and yet necessary case, let us derive the achievable rate regions for the
single user (Figure 3.1), both in time (TDD) and frequency duplexing (FDD). It should be
emphasized that both achievable rate regions will be in general different when the terminals are
power limited as is the case in this work. Otherwise, when terminals are constrained by
energy/bit or average transmitted power, the achievable rate regions in the time and frequency
duplexing yields the same performance, as it is shown for the Broadcast channel under TDMA
and FDMA in [7] and for the virtual antenna array in [8]. This section presents some differences
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with respect section 2.3 of chapter 2, where only asynchronous network was assumed.
Moreover, this section also differs from section 2.4 of chapter 2 where the relay-assisted
transmission with multiple-assisting relays is investigated under a sum average power
constraint for asynchronous/synchronous networks, where the single-assisting relay is
subsumed. On the other hand, in this work the terminals are transmitting with its maximum
power when they are active, which corresponds to a maximum power constraint and individual
average power constraint for the relay-assisted transmission under TDD and FDD, respectively,
following the definition of section 2.3 in chapter 2.

3.3.1 Time duplexing (TDD)

Figure 3.2a presents the frame structure of the relay-assisted transmission in the time
duplexing, both phases are using all the bandwidth (W) but with variable time allocation,
a4(phase 1) and o, (phase Il), respectively. The source transmits with its maximum power in
each phase. When the assisting relay works in the half-duplex constraint this scheme
resembles to MAC channel with 2 virtual users. The first virtual user (named source-relay virtual
user) is made up of the source in phase | and Il and the relay in phase II, which transmits a
virtual message with rate R,. Basically, this virtual message is made of two messages (see
Appendix A in section 3.7): in phase | the source transmits a message to be decoded at the
relay (with power P ), afterwards, 2in phase Il the relay and the source jointly transmit a
message with power (W +\/Fr ) (in asynchronous networks £;=0). The other virtual user
(source-only virtual user) is the source transmitting a new message in phase |l at a rate R, and
power S,P . The power distribution at the source in phase Il is constrained by,

ﬁl +ﬁz =1 (3.2)

Taking into account the definitions of (3.1) and (3.39)-(3.42) in Appendix A, the achievable rate
region of the single-user relay-assisted transmission in terms of (R,,R,) in the time duplexing,
named B,4(a,p), is characterized by

+a,Cq (1,,51,,31,1)

R <a,Cs ) (laﬂz) (3.3)
1

o=[qa] 1=l B=[4B] P1=1

with Cr.p, Csp, Csrpand Csr being defined in (3.1). The rate region defined by B,,(a,B) for
given vectors o and B results into a polyhedron with a rectangular or pentagonal shape,
depending on the capacity of the links. This region satisfies the properties to be a polymatroid
(definition 3.1 in [9]), and hence any vertex of that region can be achieved by successive
decoding. In such a case, the achievable rates are found as solution of (lemma 3.2 of [9])

max uR +uR st(R.R)eB,(ap) (3.4)

for some positive u, useR.. However, the shape of the region depends on a and B, hence the
achievable rate region will be given by the convex hull of the union of all the regions B,(a.,B).
The boundary surface is achieved differently depending on the network synchronization.
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For asynchronous networks (£,=0 and 5=1) the boundary of the convex hull of the union of the
rate regions can be found as a solution of the following convex problem,

max R+ iR, st(R.R)eB,, (a.p) B=[01] (3.5)

for some positive u, useR.. The maximum is attained at some vertex of B (a,B) such that
u>us. Equation (3.5) can be solved by convex optimization [10] because the rate region
Biu4(a,p) is concave over the variables a, R;, R, for a given B. In this case we are interested in
maximizing the sum rate, (x=us). This case was analyzed in section 2.3.1.4 of chapter 2, where
there is a closed-form expression for a. (equation 2.65).

On the contrary, when the network is synchronous, B.(a,B) is not concave over all the
variables and convex optimization cannot be applied directly. The boundary of the achievable
rate region is obtained by,

max| max 4 R + ¢ R
é QRR,U Hy

. st(R.,R)eB, (a,p) (3.6)

where for each possible vector f we maximize the sum rate for some positive g,useR.. The
most efficient optimization is obtained by using the Golden section search, [11].

3.3.2 Frequency duplexing (FDD)

When the relay-assisted transmission is carried out in the frequency domain (FDD), both source
and assisting relay transmit continuously, (see Figure 3.2b) at maximum power, and hence
spending more energy than the relay-assisted transmission duplexed in time (TDD). Now, the
frequency band is split for the different relay phases. As a consequence the source may
distribute the available power between the frequency bands allocated for phase | and Il. That
motivates some changes in the source-relay virtual user configuration defined for TDD (section
3.3.1): now during phase |, the source is transmitting to the relay with power S P (not with the
maximum as in the TDD mode). The power constraint at the source is defined by,

By + B+ B, =1 (3.7)

The achievable rate region in the frequency domain will be defined as,

R <a1 S- D(alﬂﬂo)—‘raZ SR— D(aZ’IBI’IBI’ )
R <a1 S-R )

(o,

B, (o,

fdd (ﬂ, B) RS < QZCS_D (az’ﬂz) (38)
R +R <aCs (al’ﬂ0)+ ,Cq p (azaﬂ1 + ﬂzaﬂlal)

e=[e, e, @'1=1  B=[B B L] B1=1

with Cx.p, Cs.p, Csg.pand Cs. denoting the capacity of the relay-destination, source-destination,
joint (source,relay)-destination and source-relay links. The selection of different values of a and
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B changes the SNR of the different links (see equation (3.1)). Consequently, the achievable rate
region will be defined by the convex-hull of the union of the regions obtained By(o,B). In
contrast to the time duplexing, the region B .(o.B) is concave over all the variables under
synchronous or asynchronous networks, hence convex optimization techniques can be used to
get the boundary of the achievable rate region,

max u R +uR s.t.(Rr,Rs ) €B,, (a,[i) (3.9)

o.B.R, R,

for some positive g, useR..

3.4 Multiple user relay-assisted transmission

Let us now turn to the case where multiple relay-assisted users transmit to a single destination.
Three different relay scenarios will be considered: RMAC (Figure 3.3), UC (Figure 3.6), and
MARC (Figure 3.7). The first two scenarios are quite similar and the differences are on the type
of assisting relay: in the MARC scenario, all the sources share the same relay. All schemes are
illustrated in the TDD and FDD modes for two relay-assisted sources (power limited terminals)
although the generalization to more users is straightforward. A comparison between different
access schemes is proposed: in each phase it can be orthogonal (TDMA or FDMA) or
superposition-coding (SC). Table 3.1 summarizes the duplexing mode and access schemes
considered in this work.

Scenario Duplexing Acces scheme in phase I Access scheme in phase 11 Achievable rate
mode region (equation)
TDD TDMA TDMA (3.11)
RMAC FDD FDMA FDMA (3.14)
TDD TDMA Superposition-coding (SC) (3.16)
FDD FDMA Superposition-coding (SC) (3.19)
TDD TDMA TDMA (3.22)
ve FDD FDMA FDMA (3.24)
TDD TDMA Superposition-coding (SC) (3.26)
FDD FDMA Superposition-coding (SC) (3.28)
MARC TDD Superposition-coding (SC) Superposition-coding (SC) (3.32)
FDD Superposition-coding (SC) Superposition-coding (SC) (3.36)

Table 3.1.- Duplexing mode and access schemes considered for each multiple-user scenario.

Each relay-assisted source is made of up a source-relay and source-only virtual user, hence the
analysis considers four virtual users transmitting at rates (R, ;, R, ;) and (R,,, R,>), although we
are interested in the achievable rate region defined by R\=R,. ,/+R;;and R,=R, ;+R >
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Lets us define

R=[R,R,R,R,]| .S ={1234), S ={13} 5 ={2.4}
(6. 5. time duplexing (3.10)

L=
[ﬂo’k By Boi ]T frequency duplexing

where R is the vector containing the rates of the four virtual users, S, stands for the set of all
virtual users, S, and S; denote the subsets of source-relay and source-only virtual users,
respectively. Finally, Bi is the vector associated to the k-th relay-assisted source: fox (only in
FDD) and f« connected with a source-relay virtual user and [ connected a source-only
virtual user.

As in the single-user case, the boundary of the achievable rate region is reached by convex
optimization in the FDD (both in the synchronous and the asynchronous cases) for the three
relay-assisted scenarios and only for the asynchronous case in the time duplexing of the
RMAC. For the non-convex cases, optimization must include a search on power distribution in
the terminals. In our variable definition, asynchronous networks imposes that the variable 3 =0.

3.4.1 Relay-assisted Multiple Access channel (RMAC)

In this scenario each source has its own assisting relay, see Figure 3.3. In phase | sources
transmits orthogonally (TDMA or FDMA) to their assisting relays while the in the second phase
it is possible to have orthogonal (TDMA or FDMA) or superposed transmission (SC).

— (1) Phasel source1

RS,

.......................... > (2) Phase | source 2

___________ > Phase Il

Figure 3.3.- In the relay-receive period (phase I) source users transmit to their associated relays
and destinations. In the relay-transmit period (phase Il) all nodes transmit to destination.
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3.4.1.1 Orthogonal multiple access

The orthogonal multiple access assumes that each phase of the relay-assisted transmission
associated to each source is allocated orthogonally. Figure 3.4a depicts the frame structure for
the time duplexing (TDD), where the fraction of time devoted to the phase | is equal to a4, and
oz is the fraction of time for the phase Il, both associated to the k-th source. Both sources
access orthogonally in both phases by TDMA, (TDD-TDMA-TDMA). This case is a
straightforward extension of the single user case of section 3.3.1. The achievable rate region is
given by,

Rr,kgalk SDk( )+a2k SR— Dk(lﬂlk’ﬂlk’)
Rrkgalk SRA( )
R, <y, Cs py(LB) (3.11)

R +Rvk_allCSDk(11)+a2k SR— Dk( ﬂlk’)

o=[a,a,] o'1=1  B.=[p,A.] B#1=1

Mtddiort(a’Bl’l}Z)

where Crpi, Cspi Csrpir and Csry are the link capacities for the k-th user (3.1). As it was
mentioned in the single-user case, (3.11) is neither concave nor convex over all the variables,
so the boundary of the achievable rate region has to be obtained as,

max(maqu s.. ReMldU,l(a,Bl,pz)) (3.12)

BB \ @R

With =[ 1,415 1 417 24152 € R+, Miaa ori(0B1,B2) defined in (3.11). However, for the asynchronous
case (f1x=0 and f,=1) the problem is convex because all the constraint on M, . are
concave over variables o and R. Therefore, this problem can be solved by interior point
methods.

frequenc
q y P all L a21 “a1,2 L a22 -~
i i |:| source 1
w phase |  phase phase! phase
/ i Il / i 1l |:| source 2
A Tﬁ*ame time
source 1 source 2
frequency |:| |:| 051,1W
______________________ Rf_,ﬁ‘??__l____________________/az,lW
w phase i o W
____________ phasel e
phase Il —a,,V
< > time
Tﬁ’ame

Figure 3.4.- Frame structure for a)(top) TDD-TDMA-TDMA, b)(bottom) FDD-FDMA-FDMA relay-
assisted transmission.
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The frequency duplexing (FDD) with FDMA in both phases (Figure 3.4b), FDD-FDMA-FDMA,
the k-th source distributes its transmitted power among the phase | and Il according to B«
defined in (3.10). The boundary of achievable rate region is given by,

aIl}’l%XRp,TR s.t. Rerdd_ort(a,ISl,Bz) (3.13)

With g=[gs, 1,151, 2,5, 2] €R*+ and Mg or(01,B1,B2) defined by

<, Cs py (al ko ﬂOk)J'-aZ,kCSR—D,k (az,k’ﬂl,k?ﬂl,k’l)
0 <0G p A(

a0 By k)
xSy, Gy Dk(aZk’ﬂZk)
+R <0, Cs p (al,k DBy ) +
+a,,Coppy (az,k Bri+ By P >1)

a'1=1 B, =[B, B B] B'1=I

G on(@,B1,B2) = (3.14)

x> » »

T
o= I:al,k @k

3.41.2 Superposition-coding multiple access (SC)

We consider now that during phase Il all source-relay pairs use the same time/frequency
resources by superposition-coding multiple access (SC), while there is an orthogonal access in
phase I. See Figure 3.5 for the time duplexing (TDD-TDMA-SC).

A
frequency a, o, a
l——¢—r¢———— »
|:| source 1
W | |phase|phase MAC [ ] source2
I / phase Il |:| source 1 & source 2
) T g time
frame

Figure 3.5.- Time domain superposition-coding multiple access (TDD-TDMA-SC).

Additionally, in the following, we will use the notation
v($)=> V() (3.15)
for denoting a linear combination of some subset S of elements of a vector.

When the relay-assisted transmission is duplexed in the time domain (Figure 3.5, TDD-TDMA-
SC) the achievable rate region for four virtual users is characterized by (see (3.47) in Appendix
B),
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Za”‘ Z(kLLS) +a2f( LBy B2 LB B (S)) vScS,
R, <o, Cs . (11) vk (3.16)

o= I:(X‘l,l & Oy ]T o'1=1 B, = [ Bl,k Bz,k]r ﬁle =1

Mtddisup ((l, Bl ’ﬁZ )

with S denoting all possible subsets of S, (3.10), R(S) and P(S) use (3.15) and the next
definitions,

Cs_p,(.6) ifney

0 otherwise

f(x)=log,(1+x) Z(n,,6,9) :{

1 2 2 T

P 61.59.84.54.55 .5 =;|:(\/53pRD,1 +\/§1psfo,| ) O5Ps p (\/54:01270,2 +\/52pst,2 ) OsPsp2 }
(3.17)
where ¢, & & & 0 O and & are dummy variables and Cs.py is defined in (3.1). The odd
elements of P are connected with the source-relay virtual users, while the even elements are
connected with the source-only virtual users. P(S) stands for a linear combinations of the

elements of P according to S, (3.15). Finally, the boundary of the achievable rate region is
obtained by

r??x(m%xu R st ReM, ., (a.B,.B, )) (3.18)

With =1, 1,15 1 11r2:415.2) € R+ and Mg q,p(01,B1,82) defined in (3.16). That rate region is concave
over variables a and R.

When the relay-assisted transmission is duplexed in the frequency domain (FDD-FDMA-SC,
counterpart of Figure 3.5) the power distribution at the source nodes must be considered,(3.10),
leading to the following achievable rate region (concave for all the variables),

2
< Zal,kz(k,(ll,k:Bo,k 5 )+ Otzf( oty By Bra LB B (S)) VS c Sl
k=1
R, <a,,Cspy (al,k Box ) Vk

o= [al,l Ay, &y JT a'1=1 B, = [ BO,k Bl,k Bz,k ]T Ble =1

M_fdd_sup ((I’ﬁl’BZ) =

(3.19)

where R(S), P(S) use definition (3.15), f, Z and P are defined in (3.17) and Cs.x, is defined in
(3.1). The boundary surface of the rate region can be obtained maximizing the following
equation,

aI&ngRer st. ReM,, ., (a,Bl,Bz) (3.20)

With g=[1t, 1,415 1,411 2,115, 2) € R
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3.4.2 User cooperation (UC)

User cooperation scenario is depicted in Figure 3.6. There are two sources and a single
destination. The sources decide to cooperate in order to help one each other, that is, the other
source will work as an assisting relay. Therefore, on the contrary to the RMAC scenario, here
the maximum power transmitted by the relays will be constrained by the maximum power at the
sources. In the time domain, each source transmits to the relay (the other source in Figure 3.6)
with its maximum power in phase |. During phase I, both sources work also as relays. Let us
assume that each relay associated to k-th user is transmitting with power w, P, , where y, is
the fraction of the total power devoted for relaying the message of its partner and

Pr-pj1 = Ps-p2 Pr-p2 = Ps-p, (3.21)

— 5 (1) Phasel source1

.......................... > (2) Phase | source 2

........... > Phase Il

v

S,

S

Figure 3.6.- In the relay-receive period (phase l) sources transmit to relays (other sources) and
destination. In the relay-transmit period (phase Il) both transmit to destination.

3.4.21 Orthogonal multiple access

When the user cooperation is duplexed in time, Figure 3.4a (TDD-TDMA-TDMA), the
achievable rate region is constrained by,

R <, Cs py lal)"'azk SR- Dk(l ﬂlkaﬂlk‘// ¥ om ))

(
R, <a,Cs k(l )

thd ort (n) =
o boan] | Rop S0, Cop, (1 5 k)

R, +R <0, Csp, (1:1) +0,,Copy (1: B+ P 7ﬂl,ka(k)’Wm(k))

1 if k=2
2 if k=1

(3.22)

a:[al,kalk:r a'1=1 Bk:[ﬂl,kﬂz,k:r [BkT‘//mlel m:{

where the link capacities are defined in (3.1) and ) stands for the fraction of the power used
by k-th relay. Notice that the power used by the relay associated to the source 1 (actually the
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source 2) has an impact on the available power of the source 2 to transmit its own message in
phase Il (source-only virtual user). The boundary of the achievable rate region is found by
maximizing,

max (maquR s.t. Rethdim(a,ﬁl,[iz,l//l,l//z)) (3.23)

BBy \ @R

where =1, 1, 11,14 2,1152] €R*+ and R is defined in (3.10). Notice that the rate region defined by
thdfor, is concave over the variables oo and R.

Otherwise, when the user cooperation is performed under frequency duplexing (FDD-FDMA-
FDMA) Figure 3.4b the achievable rate region is characterized by,

R, <a,Csp, (0‘1 iy ) +0,,Cor_py (az,k DBy ’ﬂl,kwm(k) »V’m(k))
R,<a,C (

alk’ﬂOk)

(ffddfm('])] =4R; <, Cs (0‘2 B k)
n=0.B,.B,.v1.¥>
R, +R,<a, CS—D,k (al,k ?ﬂo,k ) (3.24)

+0,, Coppy (az,k:ﬂuc + IBZ,k’IBI,kl//m(k)’V/m(k))
1 if k=2

u:[al,k az,k:IT a'1=1 B, :[ﬂo,k B ﬁz,k]T |:BkT Wm]lzl m:{z i k=1

The rate region defined by Gy . is concave over all the variables, hence the boundary of the
achievable rate region is found by maximizing,

max p'R st ReGy, . (0.B.B,v.v,) (3.25)

o,Bi.Bo .y vs R

With g=[1t; 1,415 1,411 2,185, 2) € R

3.4.2.2 Superposition-coding multiple access (SC)

Following similar steps as in the RMAC (section 3.4.1.2) with superposition multiple access in
phase Il and taking into account the constraint on the maximum power transmitted by the
source, the achievable rate region when the transmission is duplexed in the time domain (TDD-
TDMA-SC) is given by,

G sup (1]) z o, Z k,l,l S)+ (Xzf( 1By Bra V) Wiy Bt B2 (S)) vScs,
bl R g <a,Co g (L1) Vk (3.26)

1 if k=2

a‘:[al,la],zaz]T a'1=1 Bk:[Bl,kBLk:'T [BkT\Vm]lzl m:{z if k=1

where R(S), P(S) use definition of (3.15), Z, fand P are defined in (3.17). The boundary of the
achievable rate region is attained by,
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, max (IEI%XHTR st. ReGy .. (a,Bl,Bz,y/l,z//z)) (3.27)

With g=[1t; 1,415 1 411 2,185, 2) € R

Under frequency duplexing (FDD-FDMA-SC) the achievable rate region is described by,

2

R(S)<Y 0, Z (K, By S ) + o f(P%BH oo o (S)) vScs
Gt p (M) = kel

'I:[U,|3|’|32~‘4’1~‘4’2] Rr,k < al,k CS—R,k ((x’l,k ’BO,k ) Vk (328)

1 if k=2

0= I:a‘l,l Ay Oy :IT a'1=1 B, = I:Bo,k Bis B :IT I: B v, ]1 =1 m= {2 if k=1

where R(S), P(S) use definition (3.15), Z, fand P are defined in (3.17). The boundary surface of
the achievable region can be derived by,

T
max "I'TR st. R= |:Rr,1 Rs,l Rr,2 RS,2 € Gfddisup ((l, Bl’ﬁZ’l//lﬂl/IZ) (329)

@.By.By vy

With ze=[ 4,1, 445 1,47, 2, 145, 2] Te s‘R4+-

3.4.3 Multiple Access Relay channel (MARC)

The MARC channel assumes that there are two sources, a single destination and a single relay
which will help both sources in transmitting their messages to the destination, see Figure 3.7.
Both sources transmit simultaneously to the relay during phase |. Afterwards, both sources and
the relay transmit to the destination, in phase Il. Therefore superposition-coding multiple access
(SC) is considered in both phases.

Phase |
Phase Il

S,

S

Figure 3.7.- In the relay-receive period (phase I) source users transmit to the relay and destination.
In the relay-transmit period (phase Il) all nodes transmit to destination.
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This scenario can be analyzed assuming that there are four virtual users transmitting to a
common destination and considering the following hints:

e Asingle relay distributes its power helping both sources at the same time. So the relay
will transmit independent messages of power i, P. each one to assist the k-th source.

e During phase |, the maximum achievable rates obtained at the relay and the
destination are described by the conventional MAC channel of two users. Let us define
the achievable rate vector at the relay as,

R, =[R, R,] (3.30)

¢ We consider the following equation to make good use of definition of P in (3.17),
Pr-p1 = Pr-p2= Prp (3.31)

Taking into account these hints and following similar steps as in Appendix B
(section 3.8), the achievable rate region obtained by the MARC scenario in the time duplexing
(TDD-SC-SC) is characterized by,

R(S)Sal (Qlll(SmS))+a2f( LB 1:Biavi Vo BaisPaa (S))
R.(S)<ef(T,,(SNS,)) vScS,  (3.32)

‘l’:[V/1V/2]T vil=1 ‘l:[a1 az] a'1=1 Bk:[ﬂLkﬁz,k]T B,/ 1=1

U (@.B,B,.w) =

where fand P are defined in (3.17), S, denotes the subset of the source-relay virtual users
(3.10), y describes how the relay distributes its power to help the different sources and T and Q
vectors are defined by,

1 T 1 T
Q.55 =;|:51psfo,1 52ps70,2:| T, 5.0, 22[6‘1/‘7&1@1 52,0sz,2:| (3.33)

Additionally, R(S), R«(S), T(SNS,) and O(SNS,) stand for a linear combination of the elements of
vectors R, R, T and Q , following the definition of (3.15). The boundary of the achievable rate
region is found by,

max (maxu R st ReU, (a,Bl,Bz,\y)) (3.34)

Bi.Bw\ a.R

When the transmission is duplexed in the frequency domain (FDD-SC-SC) the boundary of the
achievable rate region is attained with the maximization of,

max  p'R st ReUg,, (a.p.B,,v) (3.35)

a.B;.B,,w.R

with =4, 1,451 44 2,415, 2] €R*. and the achievable rate region Uy, defined by,
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R(S)<af(Qu s (SOS,))+ azf(Pazﬁ”ﬁl,zw,zmﬂz‘z (S)) vScs,

ar \M) =
n=[‘{,l31»(l3:s\|)'] R(S)<af(T,, . (505, (3.36)

a1.50,1.50,2

‘I’:[V/H//z]T vil=1 a:[a1 az]T a'1=1 ﬁk:[ﬂo,kﬁl,kﬁz,kT B,/ 1=1

with f'and P and T,Q defined in (3.17) and (3.33), respectively.

3.5 Results

This section illustrates the achievable rate regions for the three relay-assisted scenarios
considered in this chapter: relay assisted multiple access channel (RMAC), user cooperation
(UC) and the multiple access relay channel (MARC).

Relay Multiple Access channel (RMAC) - Orthogonal transmission

Rate User 2

—+H— Scenario 1 -syn i | N |

0.4} -~ - Scenario 2 -syn ,,,,,,:,,%””:,;”,l\”% 777777 .
—1 — FDD direct tx | % ¢

0.2 | —©— Scenario 1 -asyn |- - - - - U S A U
s . - | | \ ‘o
Scenario 2 -asyn | % % Q}

0 | | | [ | * Ya|
0 0.5 1 1.5 2 2.5 3

Rate User 1
Figure 3.8.- Achievable rate regions for the direct transmission and RMAC scenario with

configurations of sec. 3.5.1. Orthogonal multiple access and transmission done in the frequency
domain (FDD-FDMA-FDMA). Synchronous and Asynchronous transmission.

A. Impact of the link quality and network synchronization in RMAC

In order to study the impact of the different link qualities and the network synchronization [6] we
have assumed two scenario settings for the RMAC with the following configuration:

e Scenario 1: psp+= 4 dB, psr+=10 dB, prp1=6 dB (source 1) and ps.p,=0 dB,
,OS-R,2=5 dB, pR-D,2=4 dB (Source 2)

(] Scenario 2: Ps-D1= 4 dB, ,Ds-R’1=1O dB, ,DR-D,1=0 dB (Source 1) and ,DS-D,2=O dB,
Ps-r2=5 dB, pr.p=-3 dB (source 2)
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Fraction of frequency resources allocated to phase |

0.7 T I I I I I I I
—©o— alpha(1,1)-scenario 1 | | | | | L
—— alpha(2,1)-scenario 1 | | 1 | ‘
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--%- - alpha(1,1)-scenario 2 | | | | b
| | | -~
(2,1)-scenario 2 : :
| |
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ax,1 Y
0.3 - g R LT IR
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T T e
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Figure 3.9.- Distribution of frequency resources for user 1 (a1,1 and a3,1) as a function of the y
parameter with ys 1=y 1=p and ps 2=pr2=1-u. Two scenario configuration of the RMAC is considered.
FDD-FDMA-FDMA.

The main difference between both scenarios is the relay-destination link quality.
Figure 3.8 depicts the achievable rate region for the RMAC with orthogonal multiple access and
transmitting with the frequency duplexing (FDD-FDMA-FDMA). Solid lines stand for the
synchronousl/asynchronous transmission at scenario 1. On the other hand, dotted lines are
associated to the performance obtained at scenario 2. First, it can be observed that the use of
the assisting relays enlarges the achievable rate region as compared to the direct transmission
(dashed line). The assisting relays present good link qualities in the source-relay links, while in
the relay-destination links qualities are similar to the source-destination links (scenario 1) and
even worse (scenario 2). These gains are possible due to the radio resources optimization
(frequency band allocation for each phase and transmitted power), see for example Figure 3.9
how the frequency allocation of user 1 for each phase (a4 and o, are connected with phase |
(relay-receive) and phase |l (relay-transmit) ) varies with the parameter u (allows obtaining the
boundary of the achievable rate region with 1= 1= and ps =14 ,=1-1, see (3.13)). For the
scenario 2, where the relay-destination link quality is worse than for scenario 1, the band
allocated for phase Il (o) is increased to combat the relay-destination link poor quality.
Additionally, Figure 3.8 also allows comparing synchronous or asynchronous networks
(f1.4= B12=0in (3.14)). In such a case, when the relay-destination link is good (scenario 1), the
source is not really helpful during the phase Il, so the synchronous and asynchronous
transmission exhibit a similar performance. Otherwise, when the relay-destination link is worse
(scenario 2), the transmission of the source during phase Il has an important influence.

B. Performance of cooperative/relay-assisted schemes

A direct comparison of the three cooperative schemes is a difficult task. While UC and RMAC
seem more suitable for user relaying, the MARC is more appropriate for infrastructure relaying.
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On the other hand, in UC relay terminals have their own traffic, whereas in RMAC and MARC

relays are idle terminals. Hence, we have assumed different propagation scenarios in each
case,

e Scenario RMAC: psp1= 4 dB, psgr4=10 dB, prp1=6 dB (source 1) and
pS_D'ZZO dB, ,OS-R,Z:S dB, pR—D,2:4 dB (SOUrce 2)

e Scenario UC: psp1= 4 dB, psg1=10 dB, prp1=psp2 (source 1) and
Ps-02=0 dB, ps.r2=10 dB, pr.p2= psp, (Source 2)

e Scenario MARC: psp1= 4 dB, psr1=10 dB, (source 1), ps.p2=0 dB, psr,=5 dB
(source 2), and prp=15dB

The selection of parameters in each scenario has followed this rational: each source presents
the same source-destination link quality in all scenarios, while the source-relay and relay-
destination link quality is different. Note that in the UC, the relay-destination link SNR is the
same for both sources. In the MARC configuration there is a single relay with a good relay-
destination link quality, while for the RMAC scenario the relay-destination link quality is similar
to the source-destination link quality

Relay-assisted Multiple Access Channnel (RMAC)

—— — TDMA

- -F]- - FDMA

—</— MAC

——— — TDD-TDMA-TDMA
- -4~ - FDD-FDMA-FDMA
—O&—— TDD-TDMA-SC

_| —«— FDD-FDMA-SC
———— TDD-SC-SC
—F— FDD-sC-SC

g3

rate user 2

3.5
rate user 1

Figure 3.10.- Achievable rate regions for the direct transmission and RMAC scenarios. The relay-
assisted transmission is duplexed in {TDD,FDD} and the access scheme on each phase can be
{TDMA,FDMA,SC}. Synchronous transmission.

Figure 3.10 presents the achievable rate regions for the RMAC scenario when synchronous
transmission is assumed under the different duplexing modes (TDD or FDD) and access
schemes (TDMA, FDMA, SC) presented in section 3.4.1. Results are compared with a direct
transmission scenario (where the sources do not use the assisting relays) under TDMA, FDMA
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or superposition-coding transmission (conventional MAC channel). It can be seen the
achievable rate region obtained with TDD-TDMA-SC is superior to the TDD-TDMA-TDMA, but
FDD-FDMA-SC is just slightly better than FDD-FDMA-FDMA. Moreover we have extended the
SC to phase I. Therefore, phase | becomes an interference channel because each relay is only
interested in assisting its associated source (the signals transmitted from other sources are
seen as interference). Figure 3.10 also shows the achievable rate region for the RMAC with
TDD-SC-SC (stars) and FDD-SC-SC (right-triangle) when no-interference in phase | is assumed
(01,1= aq0=a and op=(1-a) in (3.16) and destination observes a MAC channel in phase |, hence
the constraints defined in the first row of (3.16) and (3.19) should be replaced by the ones in the
first row of (3.32) and (3.36), respectively). In this manner, when the interference is high (but not
enough to decode the interfering message at the assisting relays) the sources can transmit in
phase | in orthogonal multiple access mode and when the interference is weak or much lower
than the noise power, the sources can share the same resources for phase I. It is convenient to
highlight that the difference between the TDD and FDD transmissions are due to the increased
average power used by the sources and relays.

User Cooperation (UC)

}

—— — TDMA
- —[]- - FDMA
—/— MAC

— TDD-TDMA-TDMA
- -4- - FDD-FDMA-FDMA
—&— TDD-TDMA-SC
——%— FDD-FDMA-SC

rate user 2

rate user 1

Figure 3.11.- Achievable rate regions for the direct transmission and UC scenarios. The
cooperative transmission is duplexed in {TDD,FDD} and the access scheme on phase | and Il can
be {TDMA,FDMA} and {TDMA, FDMA, SC}, respectively. Synchronous transmission.

Figure 3.11 presents the achievable rate regions for the UC scenario (section 4.2) with
synchronous transmission. The rate regions attained with TDD-TDMA-SC and FDD-FDMA-SC
are just slightly better than using TDD-TDMA-TDMA and FDD-FDMA-FDMA, respectively. For
this scenario it is not possible to adopt SC in phase | since relays operate in half-duplex mode.
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Multiple Access Relay Channnel (MARC)

T T
—% — TDMA
- -[3J- - FDMA |
—7— MAC
—O— TDD-SC-SC
—%— FDD-SC-SC

rate user 2

Figure 3.12.- Achievable rate regions for the direct transmission and MARC scenarios. The relay-
assisted transmission is duplexed in {TDD, FDD} and superposition-coding multiple access (SC) is
assumed for phase | and phase Il. Synchronous transmission.

Figure 3.12 depicts the achievable rate regions for the MARC scenario (section 3.4.3) with
synchronous transmission. The MARC scenario is able to enlarge the direct transmission
achievable rate region thanks to the good relay-destination link quality. The differences of the
regions obtained under TDD or FDD modes are due to increased average power used in the
FDD transmission, as we have been assuming power limited terminals.

3.6 Conclusions

This work has shown that the radio resource allocation under optimization of the achievable rate
region in the half-duplex relay multiple access channel with single-antenna terminals can be
seen as a convex problem, under certain conditions. Three scenarios have been investigated:
RMAC and UC (user relaying) and MARC (infrastructure relaying), where the terminals are
assumed power constrained and relay duplexing is TDD or FDD. Basic access schemes can be
considered under the same framework: orthogonal (TDMA or FDMA) or superposition coding
(SC). The analysis also takes into account the synchronous (full CSIT at all transmitters) and
asynchronous networks, and hence it is a general framework to compare performances and
orient system design.
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3.7 Appendix A. Achievable rate region of protocol lll
with synchronous transmission

The derivation of the achievable rate region defined in equation (3.3) and (3.8) for the single
user relay-assisted transmission is similar to the one defined in section 2.6 of chapter 2
(Achievable rate region of protocol Ill) for the asynchronous transmission. The introduction of
the synchronous transmission is straightforward as it will be shown in the following. Although
the achievable sum-rate for the decode and forward relay channel is known [6], this derivation is
needed for the multiple user case with half-duplex relays in Appendix B.

Let us assume the conventional MAC channel [7], two nodes transmitting independent
messages of length n symbols in n channel uses, X,,, X ,,...X,, and X, ,X,,,...X,, with
rate R, and R, respectively. Both are transmitting to a common destination which is receiving

the message Y,.Y,,...Y,, corrupted by Gaussian noise,

n’

Y,=X, +X,, +N,  k=1l...n (3.37)

This is the MAC channel with capacity region defined by [7],

nRrSan:,I(XLk;Ylez,k) nnggl(Xz,k;Yk|Xl,k)

(3.38)
n(R +R) Z[(Xlk,sz,Yk)

In the following it will be shown that the half-duplex DF relay channel can be seen as a MAC
channel with a proper modification of (3.38). The relay only is able to help the destination in
phase Il (Figure 3.2a). The destination is receiving data during both phases. In this scenario we
can identify two virtual users transmitting independent messages: source-relay virtual user and
source-only virtual user.

e  Source-relay virtual user.- It is transmitting in two parallel channels from the source (in
phase | with an symbols) and the pair (source, relay) (in phase Il with (1-a)n symbols). In
the asynchronous mode, only the relay is considered in phase Il. The relay must decode
the message received in phase |. The message of the source-relay virtual user is given by

v X4 k=1..|an]| 230
“Olx,, k=|an|+l.n (59)

with X, independent and identically distributed (i.i.d) according to a Gaussian
distribution with power P (due to time domain) and X, ii.d. Gaussian distributed
S|multaneously transmitted by the synchronous source and relay in phase Il with power
(\/T \/7) . If the source and relay are asynchronous then g, is set 0. The
achievable rate of the source-relay virtual user with is given by two constraints of the
conventional degraded relay channel [7],
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n - Lan ] -
nR, SkZZ;I(Xa,k;Yk |Xb,k>X2,k)= kZ::,I(Xa,kQYk ‘Xz)
) L] ., (3.40)

nRrSZ[(Xa,k’Xb,k;Y;c|X2,k):zI(Xa,k;Y;c‘XZ,k)-l_ Z [(Xb,k;Yk|X2,k)

k=1 k=1 k=| an |+

where fk denotes the signal received at the relay corrupted with Gaussian noise.

o Source-only virtual user.- Here, the source transmits in phase Il ((1-a)n symbols). It
transmits an independent message using a Gaussian i.i.d. codeword X, with power £,P;.
Its achievable rate is given by,

n

nR < I(X,,:Y 1 %,) = Y (X% 1x,) (3.41)
k=1

k=l an|+1

Finally, the constraint over the sum of the rates is given by

Lan] n
n(R+R)<SY I(X, 5% )+ X I(X,,.X,,:%,) (3.42)

a,k> "k
k=1 k=l an|+1

The power distribution among the different messages during both phases at the source is
constrained by,

B+p =1 (3.43)

3.8 Appendix B. Achievable rate region for the RMAC

Based on the result of Appendix A, let us turn to the achievable rate region for m cooperative
users in the RMAC channel, Figure 3.3, with TDMA in phase | and the superposition-coding
multiple access in phase Il (see Figure 3.5 for m=2). There are m phases | of length o4 xn
(k=1..m) channel uses and one phase Il of a,n channel uses. The messages transmitted by the
each cooperative user are defined in (3.39) for the source-relay virtual user and in (3.41) for the
source-only virtual user. This scenario is in fact a MAC channel with 2m virtual users. Let us
define the vector R with all the rates of the virtual users, defined by the set S; and the operator
R(S) as a linear combination of some subset of those elements defined by S,

R=[R,R,.RR,] R(S)=3" R(i)
S, ={l..2m} S, ={1,3,..2m-1} S ={2,4,...2m}

t

(3.44)

Notice that the odd elements of S, define the position in vector R of the rates of the source-relay
virtual users (R,;), subset S;, while the even elements (subset S;) are connected with the
position of the rates of source-only virtual users, (R;;) in R.
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The achievable rate region of the MAC channel [7] with 2m virtual users, a generalization of
(3.38), is

nR(S)SiI(Xk(S);Yk X, (5°)) vscs, (3.45)

k=1

with S° denoting the complement of S and

XU or xV irs S
X, (S(u))d "k FSWes, s+l _ 8w (3.46)
) if S(u)es, 2 2

where S(u) is the u-th element of S, X, ‘(II’B{,X ,(,’2{ are the messages of the source-relay virtual user
and X g',{ stands for the message of the source-only virtual user connected with of the /-th and
t-th cooperative user. §,, S; are the subset of source-relay and source-only virtual users defined
in (3.44). In this sense the achievable rate region of the 2m virtual users (m relay-assisted
users) is defined by,

k=p(m)+1
Mtdd_sup = (i) o
nR, <Y I(XUT X[ =0) Vi=l.m
k=p(i-1)+1
(1) p(m)
n(m,S)=>Z(kLS)+...+ > Z(k,m,S) (3.47)
k=1 k:p(m—l)+1
I(xW.y 1 x(s)) i S n
Z(l‘,u,S)={ ( @’ /| ( )) youe p(t):Lau"J Za1,z+0‘2 =1
0 otherwise t

where Yk is the signal received at the k-th relay corrupted with Gaussian noise and the operator
R(S) is defined in (3.44). The function Z stands for the mutual information obtained by the
message of the u-th source-relay virtual user during phase | (a1, channel uses) when that user
is considered by the subset S. Moreover, the function 77 is due to the TDMA in phase |, while
the (m+1)-th operator in (3.47) is because the SC of all virtual users in phase |l. The message
Xi(S) is given by (3.46). The second constraint in (3.47) considers the achievable rates at the
assisting relays for the source-relay virtual users.
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Chapter 4

TDD half-duplex relaying applied to TDMA
systems with reuse of resources

HE relay-assisted transmission duplexed in time (TDD) is adapted to a cellular system

based on TDMA in the downlink by using protocol | defined in chapter 2. Although there it
was shown that in general the resources used in the relay-assisted transmission should be
optimized (relay-receive and relay-transmit phase), here it is assumed a fixed and equal
allocation of resources without requiring big modifications in the current cellular systems based
on fixed-duration slot TDMA (static resource allocation relaying). However, this implies that the
spectral efficiency of the relay transmission can be even lower than direct transmission case. In
order to avoid such a case this chapter considers the cell-wide spatial reuse of the relay-
transmit phase by multiple assisting relays associated to different destinations, which will
transform the relay-transmit phase into an interference channel (IFC). Two possible solutions
are envisaged to deal with the interference:

1. A distributed power control, where each relay must adjusts the transmitted power, and

2. A centralized rate control, based on the knowledge of the statistics of the interfering
power. It is imposed a target SNR in the relay-destination link for all the simultaneous
relay-assisted destinations. The source tunes the data rate based on the statistics of the
interference.

In both cases, it is assumed that the relays are performed by idle terminals (user relaying).
However it will be shown that user relaying is able to get similar gains as infrastructure relaying,
where the relays (lampposts) are placed in positions with good source-relay and relay-
destination channel conditions, which is beneficial for the relay-assisted transmission. Finally,
cellular TDMA wireless networks can be enhanced with the multiuser gain by selecting those
destinations with the best instantaneous channel realization. This aspect is analyzed for the
relay-assisted transmission along with fairness between all destinations by proposing an
adaptation of the proportional fair (PF) scheduler for the distributed power control solution.

4.1 Introduction

Chapter 2 has shown how the relay-assisted transmission is able to provide enhanced mutual
information as compared to direct transmission in a three-terminal network. Henceforth, this
chapter investigates the adoption of the relay-assisted transmission duplexed in time (TDD) for
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cellular systems which are based on Time Division Multiple Access (TDMA) and there are a
single source and multiple destinations. The principal objective is maximizing the spectral
efficiency of the relay-assisted transmission, keeping the number of modifications in the cellular
system as low as possible.

In the considered cellular system the source, a base station (BS), transmits the messages to
destinations in equally sized time slots during a total time of Tgame. This type of communication
is known as downlink transmissions. The relay-assisted transmission needs two time slots
(relay-receive and relay-transmit phase). A loss in terms of spectral efficiency is expected
because of the static resource allocation relaying (chapter 2).

Recently in [1], [2] a new strategy named two-way relaying is considered for improving the
spectral efficiency in half-duplex relay transmissions. In a three-terminal network with two
sources willing to transmit a message to each other, both assisted by a half-duplex relay, the
transmission assumes that during the relay-receive phase both sources simultaneously transmit
to the relay (as in the Multiple Access Channel, MAC). Afterwards, the relay transmits to both
sources as in the broadcast channel (BC) during the relay-transmit phase. In this regard, two
messages are transmitted in two time slots without requiring of extra resources. This strategy
allows uplink and downlink transmissions in a cellular system in two phases, and hence the
spectral efficiency loss is reduced. The relay must be selected to be good for both sources and
because all the terminals operate in half-duplex mode (cannot receive and transmit
simultaneously on the same frequency band) no cooperation is possible between source and
relay.

An alternate way of dealing with the spectral efficiency loss is tackled in this chapter. We
consider the cell-wide spatial reuse of a relay slot. Basically, it uses a single time slot to allocate
all relay-transmit phases of the destinations served in the same frame. Therefore, having a
frame of Ny+1 time slots only N, destinations can be allocated in the same frame. If the number
of allocated destinations grows, the increased utilization of resources is negligible. The spatial
reuse will be investigated in the downlink and for user relaying.

In the downlink transmission the source transmits with full' power to each destination, allowing
that other terminals (assisting relays) receive the same message. In this regard, protocol I,
defined in chapter 2, has been considered to be applied in such scenario. Figure 4.1 depicts an
example of the spatial reuse of a relay slot using protocol I. In this example there are two active
destinations with two assisting relays (one per destination) and the communications will be
carried out in a frame with three time slots. During the first time slot (relay-receive phase for
destination-relay pair 1), the source transmits a signal which is received by the destination and
the assisting relay. Afterwards, the source transmits a new signal that is received by the second
destination and its associated relay (relay-receive phase for destination-relay pair 2). Finally, in
the third time slot, both assisting relays transmit to its associated destinations (dashed lines in
Figure 4.1). To this end, each destination is receiving in two time slots which can be seen as an
increment of the virtual receiving antennas, [4].

As a consequence of the spatial reuse of the relay slot (third time slot in Figure 4.1) the
common relay-transmit phase becomes an interference channel for which we will assume only
single-user receivers at each destination. In this chapter, the achievable rate of the relay-

'Asit happens in systems like HSDPA (High Speed Downlink Packet Access) systems [3].
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assisted transmission will be investigated when the interfering power received during the relay-
transmit phase is combated by means of,

e Distributed power control algorithm (section 4.3 and 4.4)

e Centralized rate control based on the statistics of the interference (sections 4.5 and
4.6)

source

TDMA frame

S—{D,,RS,} S—{D,,RS;} {RS; -D,}{RS,-D,}

Figure 4.1.- Relay-assisted transmission for 2 destinations. Solid lines: transmissions during the
relay-receive phase (in two orthogonal slots). Dashed lines: transmissions in the common relay-
transmit phase.

The interfering power during the relay-transmit phase can be reduced by controlling those
terminals which produce the larger interference to other destinations by a distributed power
algorithm. For example in [5], a game theory framework is proposed for maximizing the rate
between a source-relay pairs under simultaneous transmissions. It formulates a non-
cooperative game in order to obtain the suitable power allocation strategy for each pair under
OFDMA. In section 4.3 it will be presented an analysis of the cell-wide spatial reuse of the relay
slot in the downlink also based on game theory [6]. The distributed power algorithm is applied to
relay terminals which are idle terminals distributed around the cell (user relaying). The
performance obtained under the assumption of user relaying is compared with infrastructure
relaying, where the relays are lampposts with good link conditions with the source. It will be
shown that user relaying is able to obtain similar performance as infrastructure relays when the
terminal density is high enough. An additional aspect tackled for the relay-assisted transmission
with spatial reuse of the relay slot is the definition of a practical scheme for medium access that
is able to obtain some multiuser gain [7]. In non-relay-assisted networks, this gain is attained by
allocating all the transmission resources to those destinations with the best instantaneous
channels. Nevertheless, aspects related to the fairness among users also have to be
considered. This task is performed by the scheduling algorithms. Section 4.4 presents
redefinitions of the conventional scheduling algorithms for accommodating relay-assisted
transmission amplify-and-forward (AF) and decode-and-forward (DF), [42][43].

On the other hand, when the interfering power statistics are known, the considered way for
dealing with the interference is by tuning the rate of each transmission (rate control), [8], [9],[10].
In that case, the destinations served in the same frame are selected randomly over the cell in
order to guarantee that the interference is a random process. For certain cases it is possible to
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model the interfering power statistics, not the actual value of the interfering power. In such a
case, the source may select a conservative rate to maximize the throughput of the system or
keep a maximum outage probability. In order to provide a simple solution with low-complex
terminals, only AF relay-assisted transmission is considered. However, this way does not allow
exploiting the multiuser gain.

4.2 Scenario and signal model definition

The centralized cellular system (of area A m2) is built upon a single source, the base station
(BS), equipped with ns antennas and Ny terminals spatially distributed according to a Poisson
distribution with parameter A (average number of terminals per unit area) and having ng
antennas. Because of the assisting relays will be selected from those idle terminals (user
relaying) the number of antennas at the relay will be the same as the active destinations, n,=ng.

Each destination interested in relay-assisted transmission selects the nearest idle terminal as its
assisting relay. However, sometimes the nearest terminal might not be available. If all the idle
terminals present the same probability to be successfully selected, named success probability,
ps, and the terminal have a Poisson distribution, then the distance, named r, between a
destination and its assisting relay becomes a random variable modeled by a Rayleigh
distribution with pdf given by [11] (see Appendix A in section 4.8),

f, (I‘) = 27 10y PST exp(_ﬂﬂ’relay psrz) 4.1)

where Aoy denotes the idle terminal density of the cell, ps is the success probability which
accounts for a reduction in the density of the candidate relays. If p;=1, then the nearest terminal
will always be the assisting relay. The success probability, ps, may depend on several factors
equal to all the terminals, for example the shadowing at the relay, the probability of having bad
channel conditions in the source-relay link or the probability of this terminal being an active
destination and hence not available as a relay. This last situation can be considered very
unlikely if the number of terminals in the cell is much higher than the number of active terminals
at each frame.

same number of slots for both transmissions

dlre_ct . S D, S - D, S—>Dy .,
transmission oo ’ ’
relay-assisted | ° S RS; =D,
transmission {D,,RS, | coe {Dy RSy} | i=L.N,
) N, slots "~ Aslot
Tframe

Figure 4.2.- Resource allocation for direct and relay-assisted transmission in TDMA with the same
number of slots for both types of transmission.
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The source serves to N, destinations selected among all terminals in TDMA-based transmission
using a time frame length Txame. The process described in Figure 4.1 for the relay-assisted
transmission is extended for N, destinations in Figure 4.2, where the frame is made up of Ny+1
time slots of length Tg.. Notice that with that frame definition it is possible to serve up to Ny+1
destinations using direct transmission. The ratio between the time slot and the frame duration is
given by,

TSIOt — 1 (42)
Tframe Nu +1

However, when relay-assisted and direct transmission has to be compared with the same
number of served destinations (N,), then the frame structure under direct transmission must
change keeping constant the Tame (see Figure 4.3). In this regard the time slots considered in
direct transmission must be larger than in the relay-assisted transmission, leading to define the
following ratio

—_— direct tx

slot  _ (43)
relay tx

same number of destinations (N,) for both transmissions

direct S—>D, S—D, coo S D,
transmission v
) N, slots "
relay-assisted | ©° 5 RS; =D,
transmission {D,,RS, | eoo {Dy, RSy} | i=1...N,
N, slots 1 slot
Tframe

Figure 4.3.- Resource allocation for direct and relay-assisted transmission in TDMA with same
number of served destinations for both types of transmission.

Taking into account the assumptions previously presented, for a given Ny terminals in a region
with area A, the different densities considered in this work are defined as,

N 0 u ot Nu
At ﬂ’active :T ﬂ“relay :HT (44)

2/:

with A the terminal density, L. the density of the active destinations in the TDMA frame and
Arelay the idle terminal density.
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In the following it will be defined the notation used for the channel matrices of the different relay
links,

H, (ngxng)  source-destination link
H, (n,xn;)  source-relay link (4.5)
H, (ngxn,)  relay-destination link

Additional sub-indexes can be considered in order to specify the channel matrix for the different
destinations. Moreover, it has been assumed that there is not channel state information at the
transmitter (CSIT), so equal average transmitted power per antenna is adopted.

In direct transmission the source transmits orthogonally to each destination, so the normalized
mutual information for each destination is defined as [12],

T P
|°7 = st |og det[lnd - ;2 HOHg'J (4.6)

frame s~ ng

where ofd is the noise power at the destination, Ny and ny denote the number of antennas at the
destination and source, Ps is the power used by the source and Ty and Tfame are defined by
(4.2) or (4.3).

Protocol | is adopted for the relay-assisted transmission, see chapter 2, and relays works under
amplify-and-forward (AF) or decode-and-forward (DF) mode. There is not any resource
optimization because the relay-receive and relay-transmit phase are constrained to be of equal
size Tt (Static resource allocation relaying). On the other hand, the signal model of the relay-
assisted transmission should be modified in order to consider the interference received in the
relay-transmit phase (relay slot).

For the AF approach, the signal received at the destination during both phases is modeled by,
) I 0 o ™ 0
H d
y(“) = O x4 ™ "o "o n, |+ " |=H,x+n, 4.7)
y H,G H, 0 , H,G 1 ¢ v

where y" and y!" are the received signal at the destination in each phase of the relay-assisted
transmission, x is the signal transmitted by the source, m, and n, stand for the white
Gaussian noise of zero-mean and covariance ofd and ofr, v accounts for the interference
received in the relay-transmit phase with interfering power aiz. The interference is Gaussian
when all the relays transmit Gaussian codewords. Finally, G is a linear combining matrix at the

relay defined by,

G=gl, g= \/Pf/(trace(Hl” Hl)&+ n.o’ j (4.8)
T n n r

r S

with P, the power transmitted by the relay. The noise plus interference covariance matrix is
given by,
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R ol ’ (4.9)
"1 o o, H,GG"H} +071, +vv" '

The normalized achievable rate of the AF relay-assisted transmission without CSIT is,

frame s u S

T P 1 P.
|7 =" Jogdet| I,, +—=R,'H,H |= logdet| I,, +—=R;'H,.H} (4.10)
‘o N, +1 ‘n
Notice that the relay-assisted system resembles to a MIMO 2nyxns system for each destination
in a TDMA system, except for the extra channel resources.
On the other hand, for the decode-and-forward approach the relay will be working under

unconstrained coding (UC) (see section 2.2.1 equation (2.1)), hence the signal received at the
destination is modeled as,

y(l) H, Ond X, n, 0nd
an |~ + + =Hpex+n, 4.11)
y 0, H,|x n, v

where x; and x, are the signals transmitted from the source and relay, respectively. The
covariance matrices of the signal transmitted and the noise plus interference are,

=1, 0
| R, = ol 0 4.12
QX_ b — H ( . )

The achievable rate of the DF approach taking into account the signal model of (4.11) and the
source-relay transmission without CSIT, see section 2.2, is defined as

u s N

T

1 P ]
| °F = - +1m|n[logdet(lnr +— HlHlH},Iogdet(Ian +R;'H,.Q H" )J (4.13)

with Qy, Ry defined in (4.12) and Hpr defined in (4.11).

4.3 Distributed power control

Game theory is a tool for analyzing multi-person decision making. It has been used by the
economists, but in recent years it has been considered also to analyze different problems in
different areas of communications, like power control in CDMA wireless systems [15].

The objective is to apply the game theory framework in the scenario described in the previous
section, the spatial reuse of the relay slot. In this regard, during the relay-transmit phase or relay
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slot, see Figure 4.1, there are N assisting relays transmitting simultaneously to their associated
destinations generating interference to the remaining terminals which will depend on the power
transmitted by each relay. The TDMA frame is made up of N,+1 slots and the ratio between slot
and frame duration is given by (4.2) for direct and relay-assisted transmission. Game theory
offers a framework to control in a distributed way the interference.

4.3.1 Game theory overview

In non—cooperative2 games each player involved in the game pursues his own interests which
may be partly conflicting with others [13],[14]. As the players do not always have complete
control over the outcome of the game, conflicts with other players arise. The components of
game are:

e The set of players named Q with Q players. Q={1,2,3,...,Q}

e The set of pure strategies X < R with p :[pl veee Po ]T € X where p, represents the
strategy of the g-th player. Additionally, p., will define the strategy of all the remaining
Q-1 players.

e The set of utility (or payoff) functions that map the strategies of each user to real
numbers. The function ug will be the utility function for the g-th player which also
depends on the strategy of all the players.

The non-cooperative game is defined by
G-{oX {u | (4.14)

where all players always maximize their utility function rationally, i.e. they do not try to cheat.
Each player modifies its strategy in order to maximize its utility function in each iteration of the
game. The readjustment scheme is defined as how the players update their actions. For
example in this work, all players update their actions simultaneously. Another possibility is that
the players update their actions sequentially.

Two concepts are important in game theory, the Nash equilibrium and the Pareto solution. The
Pareto solution is obtained when it is impossible to improve the utility of any player without
degrading the utility of other player. We can get an optimal set p* such as fulfills the following
equation,

Uy (PP e) 2 U (PPy) VP Ex,,0eQ (4.15)

The Nash equilibrium (NE) is a strategy profile where no player may get better utility by
unilaterally deviating, providing a stable operating point. Each player finds a solution p; such
as,

Uy (PPog) 2 Uy (PiPy) VP Ex,,0eQ (4.16)

2ltisa type of game and is not connected with cooperative/relay-assisted transmission.
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The number of NE in a game, if it exists, can be more than one. Therefore if it desired that the
game always converge to the same point for each possible strategy, we must prove its
existence and uniqueness. The Pareto solution might not coincide with any of the NE points.

In [16] it is proved the existence and uniqueness of Nash equilibrium point when the utility
functions used by the players are concave. Moreover, [17] defines the concept of standard utility
functions which describe games with a unique Nash equilibrium point. A utility function is
standard if for all p>0 the following properties are satisfied:

e Positivity u,(p)>0 VvgeQ, peX
 Monotonicity® if p=p' u,(p)2u,(p’) VaeQ, p,p'eX (4.17)

¢ Scalability Forall «>1, auq(p)>uq(ap) vVgeQ, peX

Another way for deriving sufficient conditions for existence and uniqueness is the use of the
called potential games, [18]. This type of game is produced when the incentive of all players to
change their strategy can be expressed by a global utility function V. There is an exact potential
game if it exist the function V such that,

Uy (PyrP )~ Uy (Py P4 )=V (Pe:P o)~V (PyPy) VPP €x,,0€Q (4.18)
An ordinal potential game is defined by,
uq(pq,p_q)—uq(p;,p_q)>0:>v(pq,p_q)—v(pg,p_q)>0 V P, Pg €X,,€Q (4.19)

In such a case, the game defined by the utility function V present the same NE points as the
original game, (4.14). See for example [19], where the different utility functions of the players
can be reduced to a common utility function.

The efficiency of a NE point in non-cooperative games can be improved by pricing [20]. It

consists in modifying the utility function of each player, sometimes incorporating some common
value known by all the players. In that case, all the players should have access to that value.

4.3.2 Spatial reuse of the relay slot

The power control in the relay transmissions with spatial reuse can be defined as game
G-= {Q, X, {uq}qgg} (4.20)

where Q is the set of players, in this case the destination-relay pairs active in the relay-transmit
phase (or relay slot), X denotes the set of pure strategies, where the set of the values of power
transmitted by the g-th relay is in the set X, and uq the utility of each player,

® When two vector are defined as p>p’, the condition is satisfied in each element of the vector.
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0={1,2,3...,N,}
X, =[0,Pu] vqeQ (4.21)

X=X xX,x... Xq

The proposed utility function for each user considered here is,

I pg.P-
U, (P)=% bits/Joule  p,ex, VgeQ (4.22)
s T Pyq

where |() is the mutual information of the relay-assisted transmission (in AF, equation (4.10) or
in DF, equation (4.13)), Ps is the power used at the source which transmits with fixed power, pq
is the selected transmission power of the g-th assisting relay and p.q defines de power vector of
the remaining relays. The proposed utility function gives the theoretical maximum number of
bits/s/Hz* without error we can transmit per unit of employed energy. The consideration of the
total required power, including the source power, Ps, allows a fair comparison of mutual
information with respect to the direct transmission scheme in terms of equal transmitted power.
Hence, it is possible to identify when the use of relay-assisted transmission does not improve
mutual information, in that case the utility function presents a maximum for p, equal to zero, and
therefore that relay is automatically switched off.

The game will be played during several iterations for the destination-relay pairs in order to
adjust the powers at the relays. This implies that the channel must keep constant if expressions
defined in (4.10) for the AF and (4.13) for the DF are used. In order to avoid this limitation, the
players will use approximations of the previous expressions assuming uncorrelated channels,
large number of antennas and ng>n>ny,

1 1[nd log(1+ y,)+ny log (1+LD
+

1+n+7,

i AF _
" (p)=7
(4.23)

~ 1 .
I°F (p)= N +1mln(nr log(1+7,),ny log(1+ 7, )+ ny log (1+ 7, ))

with vo, v4, y2 denoting the signal to noise ratio (SNR) in the source-destination, source-relay and
relay-destination link due to the path-loss. The definition for the g-th player is given by,

P P P,/ L,
70,q = > 2 71,q = > 2 7/2,q = qé 24 (424)
Lovqo-nd leqo-nr 0-2 + Z&
K k=1 I‘Z,q—k

where Log, Lig, Loq stand for the path-loss in the source-destination, source-relay and relay-
destination link. Additionally, L, 4« defines the path-loss between the g-th relay and the k-th
destination (which is interfered by the g-th relay).

4 Assuming ideal sampling and filtering process, otherwise it is bits/channel use.
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Figure 4.4.- Utility function of 2 players. Amplify and forward with ng=2,n.=n4=1 (dotted lines),
Decode and forward with ns=n=2, ng=1 (solid lines).

Figure 4.4 depicts the utility function defined in (4.22) for two different players using AF (dotted
lines) or DF (solid lines) as a function of the transmitted power of the relay. The utility function
considers the approximations of the mutual information defined in (4.23). The utility function
depends on the mutual information, which increases with the power of the g-th relay p, but at
the same time the use of more power increases the denominator of (4.22) penalizing the utility
function. That motivates that the utility function is zero when pg—c. For example, using the
utility function with AF the players present the maximum values at p1=120 and p2=140 mW. For
the DF case, it can be seen that min() operator in (4.23) may produce discontinuities in the
derivatives of the utility function (at p1=110 and p,=70 mW).

4.3.3 Existence and uniqueness of Nash Equilibrium

The proposed utility function in (4.22) is not concave. It is not a standard function (4.17),
because it can not satisfy the monotonicity property. Additionally it can not be formulated as a
potential game because there is not a function V valid for all the users satisfying the properties
of (4.18) or (4.19). Therefore some additional results are needed to prove the existence and
uniqueness of the Nash Equilibrium points of a game with the proposed utility function.

Existence of Nash Equilibrium

Proposition 1.-The game G :{Q, X, {uq}

} has a least one Nash equilibrium point if for all
qeQ:

qe
1) Xgqis a non-empty, convex, and compact subset of a Euclidean space.
2) Uq(p) is continuous in p and quasi-concave in Pg.

Proof: See [21].
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By definition the action sets Xq are non-empty and convex (4.21). Each Xg is closed so it is also
compact, satisfying the first condition. Moreover, our proposed utility function in (4.22) is quasi-
concave.

A function y(x) is quasi-concave if and only if either [22]

e Yis non-increasing
e Vis non-decreasing
o thereis a X" such that y(x) is non-decreasing for x<x" and non-increasing for x>X.

Therefore the first and second derivatives of the function uq over the variable pq have to be
studied in order to know their properties. The function Uq (4.22) can be redefined as,

1

u(p)=f(p)a(p)  f(p)=1(p) 9(p)=p— (4.25)

where I() denotes the mutual information for the AF or DF defined in (4.23). The set of p values
which set to zero the first derivative of u is given by,

¥={p | f'(p)a(p)-f(p)a’(p)=0} (4.26)

The second derivative is defined by

u"(p)= f"(p)-z(g'(p>J2+g"(p> pew (4.27)

g(p) g(p)

Taking into account the current value of the g() function (4.25) and its derivatives, the second
derivative of the utility simplifies to,

u"(p):M pe¥ (4.28)

For the AF approach the equation (4.28) is always negative because the mutual information
increases logarithmically with p. Hence, there is no minimum, or equivalently, the utility function
is monotonic (non-increasing or non-decreasing) or it has a single maximum (conditions for
quasi-concavity). On the other hand, for the DF the mutual information (4.23) depends on the
minimum of two functions, so the evaluation of (4.28) is more elaborated. Assume that py is the
power which bounds that the mutual information is limited by the source-relay or the
(source,relay)-destination link. When the power of the relay p goes from 0 to po the mutual
information is given by the expression of the (source,relay)-destination link and increases
logarithmically with p. As a consequence for that interval of values the utility function is
monotonic or it has a single maximum. When p>py the mutual information is limited by the
source-relay link which is constant and the utility function u(p)=g(p) decreases with p (see
equation (4.25)). Therefore, the utility function is also quasi concave.
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Uniqueness of Nash Equilibrium

Unfortunately, the uniqueness of Nash Equilibrium only can be assessed by means of
simulations. In this regard definition 4.5 of [13] is adopted,

Definition 1.- In a game G (4.20), a Nash equilibrium p; with qeQ, is stable with respect to an
readjustment scheme S if it can be obtained as the limit of the iteration,

p, =limp, (7) (4.29)

T—®0

pq(r+1):arg2ngxuq(pq,pfa), p(0)ex,, qeQ (4.30)

where equation (4.30) is also known as the best response of the g-th player, the superscript S,
indicates that the precise choice of pf;] depends on the readjustment scheme selected, that is,
how the players update their actions. If the iteration of definition 1 converges, the Nash
equilibrium is unique with respect to the scheme S. For example the scheme considered in this
work is

P’ =p_(7) (4.31)

which describes the situation where the players update their actions simultaneously in response
to the most recent actions of the other players.

4.3.4 Distributed power computation

The game will be played on each TDMA frame. The following procedure summarizes the
distributed power computation,

1. Initialization (t=0). Firstly, all the relays will transmit with some initial power pgeXq (see
equation (4.21)).

2. During the relay-transmit phase (relay slot) of the #th frame, each destination measures
the interfering power received (which will be the denominator of y,4 in (4.24)), and v 4,
Yo,q Of the g-th player.

3. Decision of the power used at each relay for the next frame (t+1). Each player
independently obtains the best response,(4.30), i.e. selects that power which maximizes
its own utility function ug, (4.22) given the measured interfering power. Notice that the
value of the interfering power depends on the actions taken by the other players in the
previous frame.

4. The iterative procedure continues until all players find that the change in their power
levels is less than a pre-defined bound, or an upper limit on the number of iterations is
reached.

Results will show that the game describing the simultaneous relay transmissions in the relay-
transmit phase, (4.20), converges to the same power values for different power initializations.
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4.3.5 Results

For the simulations, the following scenario has been considered: a square area of 900x900 m?,
one source in the center of the cell using omni-directional antennas, terminals are uniformly
distributed in the cell with Rayleigh flat fading channels. The distance loss model is the usual
inverse law with propagation exponent to be 4. The source transmission power is 30 dBm
(Ps=1000 mW) and the terminals have maximum transmission power of 23 dBm (Pn=200
mW). The thermal noise at the terminals is —115.2 dBm, [3]. We consider that each user has
chosen a relay terminal around which is at a distance according to (4.1), (user relaying).

Convergence of the algorithm

Figure 4.5 shows the evolution in the transmitter power for the relays assigned to three
destinations named 2, 3 and 6 for a specific scenario realization where the assisting relays
create interference to the associated destinations to those relays. It has considered three
different initializations of the iterative algorithm, considering the AF scheme. It is worth noticing
that the power of the assisting relay 2 converges to zero, that it is destination 2 decides to do
not use the relay-assisted transmission. The algorithm converges, after a few iterations, to the
same stationary point for the relays power with independence of the initial power values. The
same behaviour, not plotted in the figure for clarity, is observed over the remaining destinations
served in the same frame.

Cellular capacity

Figure 4.6 shows the cumulative function of the cell capacity or sum-throughput5 for ng equal to
two antennas at the source (BS) with and without relay-assisted transmission (cross solid line).
Two different terminal densities are considered which will impact on the terminal selection as
assisting relay, 2=10" terminals/m? (circles) and 2=10" terminals/m? (diamonds). Circle and
diamond solid lines corresponds to the AF approach with n,=1 antenna at the assisting relay
while dotted lines corresponds to the DF approach with n,=2 antennas. As in the user relaying
the assisting relay will be nearby the destination, we will assume that the assisting relays are
equipped with n,=2 antennas in order to avoid the limitation of the source-relay link in the DF. In
such a case, the source-relay links present a 2x2 MIMO configuration. It can be seen that the
relay-assisted transmission improves the direct transmission (2x1 MISO). When DF is assumed,
gains of 66% (1=10") and 90% (1=10") over the direct transmission are possible. On the other
hand, using AF the gains are 45% (A=10") and 66% (.=10"). Although the AF is inferior to the
DF, it only requires of a single antenna and simple operation (amplify-and-forward) at the relay-
assisting terminal.

Basically, these gains of the relay-assisting transmission depend on:

1.-The reuse of the relay slot (number of terminal using relay-assisted transmission in
the same frame).

2 -Interference at the relay-transmit phase (relay slot).

3.-The position of the relay terminal.

® Total throughput delivered by the source in each frame.
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Figure 4.5.- Convergence of the algorithm. The destination-relay pairs {2,3,6} describe a scenario

where those destinations are receiving interference from the other relays.
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Figure 4.7 depicts the cumulative density function of the number of destinations that participate
in the relay-assisted transmission for the AF ns=2, n.=n=1 (solid lines) and DF ns=2, n,=ns=1
modes. The frame contains 10 time slots (maximum 9 relay-assisted

(dotted

lines)
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destinations). Those destinations which select the direct transmission after playing the distribute
power algorithm are allocated in the same frame. For example with DF during the 90% of the
time only 3.2 terminals (in average) will use the relay-assisted transmission, while for the AF, up
to 5.5 terminals (A=10") and 7.2 terminals (A1=10") use this type of transmission.

CDF of number of users using relay-assisting transmision in the same frame
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Figure 4.7.- CDF of the number of terminals using relay-assisting transmission in a frame with 10
time slots when using DF (dotted lines) or AF(solid lines). Different terminal densities: A=10"
(circles) and A=10" (diamonds). ng&=2, ng=1, n=1 (AF) and n,=2 (DF).

Infrastructure vs user relaying

A comparison between the infrastructure relaying, where the relays are usually a lamppost in
Line of Sight (LOS) with the source, and the user relaying, where the relays are idle terminals
close to the destination is presented in [33]. Figure 4.8 depicts the infrastructure relaying, where
the transmissions from the source and relay are duplexed in time and there is not spatial reuse
of the relay-transmit phase, see Figure 4.8-bottom, so there are as many relay slots as
destinations served in a frame. Although the efficiency of this scheme is 1/2 (two time slots are
required) compared with direct transmissions (1 time slot), see Figure 4.2. It is expected that the
factor 1/2 could be compensated by the multipath gain provided by the relay position (or path-
loss breaking). On the other hand, for the user relaying, Figure 4.1, it is assumed that each
destination has a partner (relay) nearby and there is only 1 relay slot spatially reused. In the
relay slot, all the active assisting relays transmits simultaneously to its associated destination,
producing an interference channel, as it has been described in section 4.2. The power control
algorithm described in section 4.3 is adopted to combat the interference. In order to compare
both types of relaying, the time slots for infrastructure relaying have the half-size of the time
slots considered for user relaying. However, now, each destination is using two time slots.



125

TDMA frame

S—{D;,RS;} | Rs,—D, S—{D,,RS,} RS,—D,

Figure 4.8.- Infrastructure relaying. The relay-assisted transmission is done using protocol | (or
forwarding) in orthogonal time slots (no spatial reuse).
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Figure 4.9.- Average throughput vs distance for the infrastructure relaying (RS placed at 300
meters) and for the user relaying, with a user density A=10" users/m”.

Figure 4.9 shows the results in terms of average throughput as a function of the distance. The
source, relay and destination have ns=2, n,=1(AF) or 2(DF), ng=1 antennas, respectively. For the
infrastructure relaying there are 8 relays (lampposts) placed at 300 meters from the source and
each destination selects the nearest one. In the user relaying case, the assisting relay is nearby
of the destination at a random distance depending on the terminal density (section 4.2). In
Figure 4.9 several aspects can be observed. First, the AF forwarding, (destination only
considers the data received in the relay-transmit phase), improves the total throughput for users
in the border cell. This performance can be improved when the destination is allowed to
combine the transmissions from the source and the relay. Note that for a destination close to
the relay terminal (300 m) the throughput is improved. However, the nearest users to the source
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(BS) are affected for the spectral efficiency loss and the distance from the relay (there is no
optimization of the duration of the relay-receive and relay-transmit phase). See also Table 4.1
for results in terms of spectral efficiency. Figure 4.9 also shows the performance of the relay-
assisted transmission under user relaying. Note that in this case the average throughput is
improved for destinations in all the distances, achieving a similar performance as nsx2ny direct
TDMA system. Although the infrastructure scheme still offers better efficiency, see Table 4.2.

Transmission Efficiency (bps/Hz/Km?)
Average 10% Outage
Direct Tx NsxNg 3.5 2.8
Relaying AF 4.9 3.9
Relaying DF n.:=1 5.0 4.0
Relaying DF n, =2 5.6 4.9
Cooperative AF n, =1 6.2 5.1
Cooperative DF n, =1 5.5 4.6
Cooperative DF n, =2 7.0 6.2

Table 4.1.- Efficiency for the infrastructure relaying.

Transmission Efficiency (bps/Hz/Km?) |
Average 10% Outage
Direct Tx NsxNy 3.5 2.8
Direct Tx ngx2ny 6.9 5.7
Cooperative AF n,=1 5.3 4.1
Cooperative DF n,=2 5.9 4.9

Table 4.2.- Efficiency for the user relaying. A=10 users/m?.

However, when the terminal density increases up to 2=5x10" terminals/m?, the user relaying
provides similar performance than the infrastructure relaying, see Table 4.3.

Transmission Efficiency (bps/Hz/Km?)
Average 10% Outage
Direct Tx ngxNg 3.5 2.8
Direct Tx ngx2ny 6.9 57
Cooperative DF n,=2  (A=10) 5.9 4.9
Cooperative DF n,=2  (x=10") 6.9 5.7
Cooperative DF n,=2  (A=5x10") 7.1 5.9

Table 4.3.- Efficiency for the user relaying for different terminal densities.

Summarizing, it has been shown how the relay-assisted transmission under user relaying is
able to obtain similar results as ngx2ny direct transmission and additionally it can achieve similar
results as the infrastructure relaying considering 1-hop system.

4.4 Medium access for distributed power control

Scheduling algorithms are important components in the provision of guaranteed quality of
service (QoS). The design of scheduling algorithms for a centralized wireless networks is
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especially challenging given the variability of the scenario. The following features are the most
important in a scheduling algorithm:

o Efficient link utilization.- In a multiple user scenario a new form of diversity arises:
multiuser diversity. This gain can be exploited by tracking the channel fluctuations
of the users and selecting those with the best instantaneous channels.

e Fairness.- The algorithm should redistribute the available resources fairly across
the different users.

Mainly, there are three scheduling algorithms considered in the mobile communications: the
round robin (RR), the greedy and the proportion fair (PF). The RR is the fairest algorithm. It
serves all the users following a circular list without considering the current channel of the user.
Therefore it does not achieve the multiuser gain. The greedy (also named max C/I) transmits to
that user with the best instantaneous channel (multiuser gain), but it suffers from a poor level of
fairness, because there are users never or rarely served. Finally, the PF has a performance in
terms of multiuser gain and fairness which can be adjusted, [34]. The users are selected
according to the following criterion:

J, = argie{m%ers} T (n)

where Ri(n) and Ti(n) are the instantaneous rate (which is equal to the instantaneous mutual
information) and the average throughput served of the i-th user respectively. The average
throughput is measured using an exponentially decaying window given by,

T.(n+1)= {
I

where i denotes the user selected by the scheduling algorithm to be served. Depending on the

value of a, the PF performance is similar to the RR when a=1 and to the Greedy scheduler

when o=0. A tradeoff solution between efficiency and fairness is obtained for intermediate

values of a.

When the number of antennas at the source (without full CSI at the transmitter) is higher than
the number of antennas at each destination, the multiuser gain decreases because these
additional antennas dampen the variations of the channel, [7]. For example a scenario where
the source is equipped with ns antennas and destinations with n4=1 is analyzed in [38]. When
ns>ng, results for the greedy algorithm show worse performance than for the case ng=nj.
However, if the scheduler considered is the RR when ng>ng, the obtained results are better than
for ng=ny (but worse than results obtained by the greedy algorithm).

The diversity-multiplexing tradeoff in multiple access channels is presented in [35]. A relevant
example of scheduling algorithm which takes into account the multiuser gain and the fairness is
presented in [34], this is the proportional fair (PF). It is proposed for a centralized system in the
downlink and additionally introduces an opportunistic beamforming to induce fast and large
fluctuations in the instantaneous channel of the users (necessary to exploit the multiuser
diversity in scenarios with little scattering and/or slow fading). It is assumed that the scheduler



128

has perfect information about the instantaneous mutual information of all the users. The
multiuser diversity has been studied for imperfect CSI at the scheduler in [36] and [37].

Additionally the scheduling algorithm could be beneficial to deal with the interference. For
example, in [39], an ad-hoc scenario is considered and the interference is mitigated by means
of the scheduling process, which selects the most suitable users, along with power control.

4.4.1 Scenario and assumptions

The scenario considered is a centralized wireless TDMA network as was defined in section 4.2.
There is a single source, base station, which must serve to the terminals uniformly distributed
around the cell. The relay protocol considered is protocol | (section 2.3) with spatial reuse of the
relay slot, Figure 4.2. The TDMA frame format will be the same for direct and relay-assisted
transmission. There are N,+1 time slots, hence only N, destinations can be served under relay-
assisted transmission, while N,+1 destinations can be served under direct transmission.
Moreover in the same frame it is possible to allocate different types of destinations, using only
direct transmission and/or relay-assisted transmission. The ratio between the duration of the
time slot and the frame is defined by (4.2).

The following aspects have to be considered in order to enhance the relay-assisted
transmission in combination with the multiuser gain,

e Reuse factor: In order to increase the spectral efficiency of the relay slot, a cell-wide high
reuse of this link is desirable.

e Relay selection: The interference level of the relay needs to be minimized by means of a
suitable relay selection and power control.

e Channel State Information: The CSI of every destination in terms of the mutual
information of the transmission for that channel configuration (using relay-assisted
transmission or not) should be known at the scheduler by the greedy or proportional fair
algorithms for the multiuser gain.

4.4.2 Proposed solution

The search space between the powers and the suitable relay selection in function of the others
selected destinations in the frame grows in an exponential manner with the total number of
users in the cell. Therefore a suboptimal solution is proposed by dividing the problem in three
phases: neighbor search and relay selection, admission control and scheduling.

A. Neighbor search and relay selection

It is assumed that an underlying probing protocol is present allowing the exchange of
broadcast information among neighboring terminals, as in [40]. In this phase we consider
that each destination chooses the nearest idle terminal as assisting relay, in order to
mitigate the generated interference. The distance ry between destination and the closest
selected relay is a r.v. depending on the idle terminal density, Ariay, (4.1). Therefore, in the
following phases of the algorithm the relay-destination pair can be considered as the same
entity.
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B. Relay power adjustment and admission control for relay transmission

The objective of the admission process is to create a group of relay-destination pairs that
can transmit simultaneously in spite of the generated interfering power in the relay slot.
First, the power of the simultaneous transmitting relays is adjusted using the game theory-
based iterative distributed algorithm presented in section 4.3. Because of low amount of
data needed to be exchanged between each relay-destination pair (only training sequence
to estimate the current channel by the destination and optionally the source-relay channel
condition) the admission process can performed over control channels implemented as
mini-slots (i.e. grey box in Figure 4.10).

BS DECISION POWER AT
FRAME ‘ THE RELAY
-— >

-—>
SLOT
CONTENTION STABILIZATION
PERIOD PERIOD
K frames P frames

Figure 4.10.- Admission control.

Within the admission control process we consider three phases: the contention period,
selection of active pairs by source (BS) and the stabilization period, as it is shown in
Figure 4.10. In those phases we have assumed that all the destinations have obtained
measures related to the source-destination and source-relay links during the reception of
downlink control channels, i.e. pilots, and transferred to the source.

e Contention period.- All the relay-destination pairs play the power control game
described in section 4.3.4. Specifically, the destination does the following tasks:

1 It estimates the relay-destination channel and the interfering power level of
each relay terminal. This is possible by assigning different training sequences
to the different assisting relays. For example, each destination may estimate
the channel of each interfering relay. Another example could be the following.
Let us assume that each destination has estimated the total received power.
The interfering plus noise power at each destination can be obtained by
subtracting the power of your intended signal, obtained thanks to the training
sequence, to the estimated total received power.

1 It calculates the power level for its assisting relay that maximizes the utility
function of the power control algorithm, (4.22).

o It informs to the relay about the power level it should transmit in the next game
iteration. This communication can be done in different ways with different
Media Access Control Layer overheads:

= Transmitting +/-A increments using another mini-slot in the same frame
by circular shifts of the training sequence.

= Through the source (assuming that there is another broadcast control
channel between the source and the relay-destination pair). Moreover,
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the destination can inform the new power at the relay by using +/-A
increments or transmitting the exact value.

This process is done during K frames, the time required for the power game to
converge. After that, some pairs will have selected a relay power level equal to zero
if relay-assisted transmission is not useful due to the high interference of the relay
slot. Therefore, the set of pairs candidate to share a given relay slot will have been
obtained in a distributed way.

e Centralized decision of pairs.- Due to the limited number of downlink slots, only a
fixed maximum number of users, Ncop, can be allocated in the same frame. The
source selects the best pairs within the candidate set to share the relay slot based
on the mutual information values obtained in the contention period. It will be
selected those Ni<Ncy, terminals that maximizes the sum-mutual information. In
[43] other possibilities are envisaged.

e Stabilization period.- After the source has selected the best pairs and has
informed to everybody about its decision, the power control game is played again
with the selected pairs during P frames. Note that the solution obtained at the end
of this period will be different (or equal in some special cases) from the solution
obtained at the end of the contention period because the number of relay-assisting
users is lower due to the source selection. The power levels obtained at the end of
this phase will remain fixed during the relay-assisted transmission of packets until
the next admission control process. This process will use P frames, although this
process might be faster than the contention period (P<K) because the current
power values are initially adjusted to a stable situation.

Here it has been shown how to build one relay-assisted group using 1 mini-slot. However,
this technique allows the construction of G disjoint relay-assisted groups (using G mini-slots
and repeating the previous process in each one) extending the relay-assisted transmission
to different users in the cell. The analysis of the total overhead will be discussed in section
4.4.3.

Scheduling using TDMA

The scheduling process is executed by the source (BS) and is performed in each frame.
This phase of length S frames is much longer than the K+1+P frames required for the
admission control phase. The frame has the structure depicted in Figure 4.11. The frame
has a control part, where some mini-slots are used for measuring the instantaneous values
of the mutual information of the direct and relay-assisted transmission.

CONTROL . DATA
<4 [ T l l pe l l <+—>
— e —r < > < > < >
MINI-SLOTS UL RELAY- DIRECT RELAY
MEASURE ASSISTED TRANSMISSION SLOT
INST. VALUES TRANSMISSION

Figure 4.11.- Frame structure.
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Once the G groups of simultaneous relay-destination pairs are made up, the scheduler
decides the amount of temporal resources allocated to each group, according to classical
criteria (proportional fair, round robin, etc.) but applied to the groups of relay-assisted
destinations instead to applying to single users. The information needed by the scheduler is:

e The instantaneous mutual information of all the destinations in the downlink (direct
transmission).

e The instantaneous mutual information of the relay-assisted transmission.

Moreover, those users which are not allowed to transmit in relay-assisted way, as a result of
the admission control process, are scheduled in purely downlink slots. In these slots, the
users from the relay-assisted groups which have not been selected are also considered,
although only using direct transmission.

The scheduler decides which destinations are selected to be served in the traffic data part,
Figure 4.11. This decision depends on the selected scheduling algorithm. For instance the
PF which can subsume the round-robin (RR) and the greedy algorithm will be considered,

Relay-assisted PF

The best group of relay-destination pairs is selected taking into account as a metric the
average PF metric per group,

1 Re(n)
39 _arg max — K (4.33)
gie{l,u.,G} \§ kE{LZ;Ni}TkI (n)

where Tki (n) (given by equation (4.32)) is the average served throughput for the k-th user
in the i-th group, G stands for the number groups and N; denotes the number of relay-
assisted terminals in each group.

4.4.3 Overhead of the relay-assisted transmission

The protocol for relay-assisted transmission is executed every (K+P+1+S) frames with K, P and
S the number of frames devoted to contention, stabilization and scheduling periods. The
flowchart of the relay-assisted transmission is presented in Figure 4.12. The extra resources for
the relay-assisted transmission are due to the time slots in the different periods of time

e Admission control.- It is required at least 1 time slot (which can accommodate several
mini-slots for different groups) for the contention and stabilization periods. As the
terminal must inform to the relays about the increment/decrement of the power, it is
needed an additional time slot. Therefore 2K+1+2P time slots are employed.

e Scheduling period.- When instantaneous values of the mutual information of the
relay-assisted transmission are required, the relays must transmit during some mini-
slots in order to measure that value. Therefore S slots are required. This overhead
can be avoided if the metrics assumed at the scheduler are based on average values
rather than instantaneous values [43].
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Assuming that in a frame there are 10 time slots devoted for relay-assisted transmission, the
overhead is measured as,

2K+1+2P+S .
instantaneous values
(K+1+P+S)10
Overhead = (4.34)
2K +1+2P
average values
(K+1+P+S5)10

If K=P=10 and S=100 the overhead introduced by the relay-assisted transmission is around
11.6% and 3.3% with instantaneous and average values, respectively. It is worth mentioning
that by increasing S when average values of the mutual information are assumed, the total
overhead is reduced. Moreover, the overhead introduced by the probing protocol is lower than
the 10% of the fast fading bandwidth (for slow fading scenarios its impact is minimum), [43].
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Figure 4.12.- Flowchart of the relay-assisted scheduling protocol, where the source, relays and
destinations are denoted by BS, RS and MS, respectively.
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4.4.4 Results

For the simulations a square area of 900x900 m? has been considered. The source is at the
center of the cell using ns=2 omni-directional antennas with transmission power of 29 dBm.
Destinations are uniformly distributed in the cell with n;=1 antenna each, although the
cooperative transmission can double the virtual receiving antennas. The terminal density is
2=10" users/m?. The assisting relays are around the destination according to (4.1) and they
have n,=2 antennas with a maximum transmission power equal to 23 dBm. The distance loss
model has been obtained from [41], which takes into account the line of sight (LOS) and non-
LOS (NLOS) events and the shadowing effect. A Rayleigh flat fading channel has been
assumed (uncorrelated between consecutives frames). All the destinations have infinite loaded
queues, so that in each frame all the destinations have data to be transmitted. The decode and
forward protocol is adopted for relay-assisted transmissions. Results have been obtained from
200 independent scenarios of 60 users and using Gn.=5 groups for relay-assisted
transmissions. For simplicity of presentation one packet of information is transmitted in each
time slot. There are 10 of 15 slots/frame devoted for direct and relay-assisted transmissions
(9+1). The remaining ones are reserved for uplink and control data transmissions. The PF
algorithm has been simulated for: ¢4=0.9 (enhance the fairness), a=0.01 (greedy performance)
and o=0.06. In [43] the amplify-and-forward is also considered along with different traffic
models, effect on the selection of the maximum number of relay-assisting users per group
(Ncoop)- In the following results the overhead effect has not been considered.

In Figure 4.13 the cellular throughput or sum-throughput is depicted for the direct transmission
PF (DT-PF) and relay-PF for different values of a. It can be observed that for «=0.9 and 0.06
the relay-PF improves the total throughput. That performance is due to the increase of the
virtual receiving antennas. However, for 0=0.01, the relay-PF is not able to achieve a
throughput better than DT-PF, because the relay-assisted groups are obtained from mean
values of the channel and not from instantaneous values.

-~ PF alfa=0.9
—— PF alfa=0.06
—4— PF alfa=0.01
—7 Relay -PF alfa=0.9
—s¢— Relay -PF alfa=0.06
—3- Relay _PF alfa=0.01

20 25
Cellular Throughput (bits/s/Hz)

Cumulative Density Function

Figure 4.13.- Cellular Sum-Throughput. Maximum number of cooperating users Ngg,=7.
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and for relay-assisted transmission (black dashed lines) and direct transmissions (blue solid
lines). Relay-assisted transmission improves the throughput of destinations at all distances from
the source for a=0.9 and 0.06. However, for a=0.01 the throughput of closer users to the source
is worse than the DT-PF, Figure 4.15. Moreover, Figure 4.15 shows the inter-packet delay as a
function of the distance between destinations and the source. In general, the fairness (in terms
of delay) is improved for all users independent of the factor a. Therefore, the relay-assisted
transmission could be a useful strategy for providing fairness and enhancing the throughput.

4.5 Rate control interference management for relay-
assisted users with single relays

In this section (and also in section 4.6) the relay-assisted transmission is designed under
interference limitation principles, where the amplify-and-forward (AF) deals with unknown fast
changing interference patterns on the relay slot. To that end, we develop a model for the
interfering power, by adapting some previous results from [23]. The interfering power received
at the different destinations during the relay-transmit phase (see Figure 4.1) is modeled by an
a-stable distribution, (see for example [24]), which depends on several aspects: the terminal
density, the transmitted power at the relay, the distance between assisting relay-destination
pairs and the spatial traffic pattern. The main difference with regard to the approach considered
in sections 4.3 and 4.4 is that the relays are transmitting with a constant power (details in 4.5.1)
rather than adjusting the power transmitted as has been done in previous sections. The source
will adapt the data rate of each transmission (rate control) to combat the interference.

The main contribution of this section is a semi-analytical evaluation of the sum-throughput
delivered by the source during a frame for a low complexity implementation of the relay-assisted
transmission with amplify-and-forward. When the source knows the statistics of the interfering
power at each destination it can:

e Selects the rate which maximizes the throughput. This situation is commonly found in
best effort traffic services where retransmissions are allowed.

e Selects a conservative rate to keep the outage probability of the transmission below a
certain value. This one is found in services where retransmissions are not permitted as
in delay sensitive traffic services.

Significant throughput gains can be achieved without strictly controlling the power transmitted
by the relays (power control is managed between relay and destination) neither which assisting
relays are transmitting (only the number of simultaneously transmitting relays is fixed). It is
important to emphasize that the analysis of the overhead of the cooperating transmission at the
Media Access Control layer is out of the scope of this work (see for example [25] for the MIMO
case. Relay association and channel reporting issues are not considered.

4.5.1 Assumptions

The scenario defined in section 4.2 applies here with the following system assumptions:

1. The assisting relays will be selected from those terminals in idle mode (user relaying).
All the terminals present the same opportunity to be assisting relays.
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2. Each destination is assisted by a single relay (nearest idle terminal). All terminals are
equipped with a single antenna (n,=nyq=1) while the source has ns antennas.

3. The source has perfect knowledge of the current SNR of the source-relay, source-
destination and relay-destination (without interference) links, but not of the exact
complex channel gain, i.e. there is not perfect CSI. The channel coefficients remain
fixed during all the relay-assisted transmission. The source may know the source-relay
and source-destination channel by reciprocity and the destination should report the
quality of the relay-destination link. Otherwise, the destination and relay should inform
about the quality of the different links.

4. There is a slow variation of the fading (large coherence time), hence the terminals may
report the link quality of their channels to the source with a small overhead.

5. As a result of the unknown interference, outage events appear at the relay slot.

6. Each assisting relay adjusts the power level in order to set a target SNR (measured
without interference) in the relay-destination link, SNR;. Its value is the same for all the
relay-assisted users in the cell, becoming a parameter of the system. The transmitted
power depends on the quality of the relay-destination link.

7. The source selects randomly N, active destinations to be served in each TDMA frame
(round robin packet scheduling). In this regard, the transmitting relays will change in
each frame, and each destination will observe a random interfering power.

8. All the terminals are equipped with simple receivers, i.e. the interfering signals are
considered as additive noise and the receivers are not able to do multi-user decoding.

9. Relays operate in amplify-and-forward mode duplexed in TDD. The relay must be able
to store the analog data into a memory and retransmit it. Each destination is assisted by
a single relay.

According to assumption 6 the target signal to noise ratio (SNRy) in the relay-destination link
(without interference and only due to the path-loss in the relay link) is established to be the
same for all active relay-destination pairs around the cell. This implies that the power
transmitted by a relay becomes a random variable because of the distance between each
assisting relay-destination (named r) is also a random variable, (4.1). It is defined by,

2. .r’
P = min(PMAX GS#J SNR, =

r

K.P

2

- (4.35)
ro

where Pyax is the maximum power allowed at the relay, o® denotes the noise power, K;
considers the effect of shadowing, r is the distance between the pair relay-destination, (4.1) and
vy stands for the propagation exponent.
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4.5.2 Interfering power modeling

Since all the assisting relays (associated to different destinations) transmit simultaneously
during the relay slot (relay-transmit phase), they induce interference to all the destinations.
Taking into account the assumptions of previous sections, the interfering power received at
each destination during the relay slot becomes a random variable. A similar scenario is
investigated in [23], where the statistics of the interference power are obtained in an adhoc
network of Poisson distributed terminals, all transmitting the same power in a channel affected
only by path-loss. Now we need to incorporate to that model the shadowing and the multipath
fading, taking into account that in our case each relay transmits with power according to the
target SNR (assumption 6).

We will assume that the interfering power received from a transmitter placed at distance r;,
g(r;), satisfies the following two conditions:

L— limg(r)=c, limg(r)=0, g(r)is monotonically decreasing
" o 4.36
2.~ lim r’g(r)=0 (finite interfering power in a network) (4.39)

Notice that the interfering power when r; tends to zero will be very large but not necessarily .
However, we follow the same assumption as in [23] because the probability of having two
terminals very close tends to zero for Poisson distributed users. Additionally, the assumption of
o interfering power when r; tends to zero allows obtaining closed-form expressions for the
interfering power model. The interfering power received at a destination from a single interfering
relay due to the multipath and/or fading is,

n(Ki,n)=Kig(n)=Kif—; (4.37)

where P, is the power transmitted by the interfering relay, r; denotes the distance between the
destination and the interfering relays, y is the propagation exponent and K| is a constant that
takes into account the shadowing and fast fading effects in the interfering relay-destination link
(with the same distribution for all the users). The power transmitted by each assisting relay is
variable according to equation (4.35), so the interference power observed at each destination
depends on r; and also on r, distance between the interfering relay and its associated
destination, see Figure 4.16. There, D is receiving an interfering signal from the relay RS,,
which is transmitting with power according to SNR;, (4.35), depending on the distance r to its
associated destination, D..

Power adjusted
based on r

Interference

signafl,”x \
RS,
o, / \ "

Figure 4.16.- Interfering power at a destination. D; is receiving interference when RS; is assisting to
D,. RS, adjusts its power to get the target SNR (4.35) in the RS;,-D; link.
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Thus, the received interfering power only due to the distance is given by,

Y
KLNO'SNRI("—) F<A cp
g(r.r)= o i A=[—Nf8m] y>2 (4.38)
— otherwise °

r

Let Y, be the interfering power received from the active assisting relays in D,, a disk of radius a,

Yazzn(Ki,ri,r):ZKig(ri,r) (4.39)

r<a r<a

After some calculation, see Appendix B (section 4.9) for details, we obtain the interference
power Y (Y, when a—x) as an a-stable variable [24] whose characteristic function depends on
the a-th moment of the variable K;:

¢, (@) =exp(—K cos(ar/2) o (1- jtan(az/2))) (4.40)

where « and K are given by,

az% KzYyK“a (4.41)
(1= (14 2 gy P,AT ) Q
Y:r(l_a)iactiveﬂ- ( NOSNRJ ( ( = ps ) ) +Q P’\Z‘AX
Kr ”ﬂ“relay ps (442)
Q= exp(_ﬂﬂrelay psAz) M a = j Ki* fe, (K; ) dK;

where T'(-) the Gamma function, A..ive depends on the number of active destinations in each
frame, Awiays depends on the probability of a neighbor terminal to become a relay, 1 is the
terminal density, (4.4), A is given by equation (4.38) and Uy, o s the o -moment of the random
variable Kj. When =4 it is possible to obtain closed-form expressions for its probability and
cumulative density function (pdf and cdf) of the interfering power as,

SN2 4y ' 2Jx

Notice that the final expression depends on the o™ —moment of the random variable K; (4.37),
which accommodates the multipath fading and/or shadowing in the interfering relay-destination
link. Table 4.4 presents the K-factors for different distributions considered to model the
multipath fading or the shadowing. Figure 4.17 shows how this model fits with the experimental
results for 75 destinations with a target SNR in the relay-destination link equal SNR=10 dB
(4.35) and for 25 users under Rayleigh fading in the relay-destination link with a SNR=25 dB,
(4.35).
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Probability Density Function K-parameter of a-stable distribution
(4.41)
Rayleigh p(x)= L exp| —— K—Yzao—“r(uﬁj
ayiel 202, 202, T2
1 n2-1 X 2°0%T(n/2+a)
Chi-Square | P z(Xyn)ZﬁX/ exp(— P ] K=Y —&f—— =~
) p 2 l“(n/Z)o-Zz 2012 F(n/2)
)
2 2
_10/In(10) (1010, (X) ~ fgyag ) e [ afog,, (In(10))
i p(x) = exp| — 5 K=Y10 © exp| — =
Log-Normal X\/2ﬂo-§had 2050 200

Table 4.4.- K-parameters for the interference model when K, (4.42), follows different distributions.
Y defined at (4.42).

Probability Density Function Cell radius:700

—+- Experimental 25 users, Rayleigh channel, SNR, =25 dB

101 —— Interference model
: o Experimental 75 users, NO Rayleigh channel, SNR, =10 dB

13[ —%— Interference model

pdf
>

1 1
-110  -100 -90 -80 -70 -60
Interference (dB)

1 1 1
-140 130 -120

Figure 4.17.- Comparison between the interference obtained experimentally and the one generated
with the model, (4.42). There are 75 simultaneous destinations with target SNR=10 dB and 25

destinations with target SNR=25 dB and Rayleigh fading (cr2 =10).

4.5.3 Properties of AF relay-assisted transmission

This section analyzes the properties of the TDD amplify and forward (AF) transmission of a
destination served in the TDMA frame, (4.3). First, it will be derived a simple expression for the
mutual information when the source is equipped with possible multiple antennas and the relays
and destinations feature a single antenna, n>1, n,=nyg=1. The mutual information (4.10) is given
by,

| AF =£Iogdet(l2 +%RblHAFH§F]=ﬁIogz(‘P) (4.44)

frame s u
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Assuming that the noise power at the different links is the same, i.e. anzd = anzr =0’ in (4.9) and
the channel matrices are given by column vectors due to the antenna configuration, then the ¥
variable is defined by,

P P .. Ph'h, g'hth,g hi'h,P,
hy'h, —> ——=—h,gh{'h,g"h;
n L n
Y=|1+ f*ﬂ 14 el nfbl b nkl (4.45)
e} hzgg hz

ol ot +Y az[hzgghzaz vo +yj
2 2
with Y being the interfering power received in the relay link, Lo,L; and L, denoting the path-loss
terms in each link and hg, h; and h;, being the channel complex gains of dimensions ngx1, Ngx1
and 1x1, respectively. After tedious transformations the mutual information becomes,

1
ol Zm(mm + mAF)

SNR, SNR,®
SNR, +(1+Y/o”)(SNR, +1)

(4.46)
Moy =10g(1+SNRy) m,. :Iog(1+ J

with the following variable definition,

2
1+SNR, (1-¢& h!'h
0= 1+§#§ ) gzhL;lﬂh =cos*(9)
Y oo ] (4.47)
SNRO — Ps:lo hO SNRZ — Pszhzhz SNRl — Ps:ll hl
LN, oL, oL,

where SNRy, SNR; and SNR; are the SNR in the source-destination, source-relay and relay-
destination links, respectively. Finally, mpr and mar stand for the mutual information in the
source-destination and source-relay-destination link. Notice that benefits of the relay-assisted
transmission depend on the mug value.

It is relevant to point out the importance of £ and ® in the mutual information for the amplify and
forward scheme, (4.46). When ng=1, then &=1 (channels hy and h; are vectors of dimension 1)
and ®=1/(1+ SNRO), penalizing the mutual information of mar (4.46). On the other hand,
allowing ng>1 in Rayleigh fading channels, £ becomes a random variable distributed as a Beta
function [26] with parameters (1, ns-1) and pdf given by,

fé(x)zB(a'b)xa‘l(l—x)b_1 o1 (X) a=lb=n -1 (4.48)

where B() is the Beta function and |(o,1)(x) is the indicator function which ensures that only
values of X in the range (0,1) have non-zero probability. Figure 4.18 presents the pdf for
different values of ns. When ng=2, & is uniformly distributed in (0,1). As ns increases the
distribution of & concentrates around zero and ® around 1. Therefore, mae is defined in the
following interval which also limits the mutual information of the AF scheme, I*F,
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Iog[1+ SNR, SNR, /(1+SNR,) J< SNR, SNR,

SNR, +(1+Y/0”)(SNR, +1) | M = Iog[” SNR, +(1+Y/0”)(SNR, +1)J (449

where its actual value depends on the variable &.

Probability Density Function Product of two normalized rayleigh vectors

—— n5=2

PDF

Figure 4.18.- Beta probability density function with parameters {1,n-1} for &, (4.48).

The value ¢ could be an additional criterion for selecting an assisting relay so as to enlarge mae.
For example, each destination selects the nearest idle terminal such that && in order to have a
high value on mar. However, this strategy will also impact on the relay selection by modifying
the success probability of idle terminals, p, = P(§ < 50). When the source-relay and source-
destination links present a Rayleigh fading distribution, then the success probability, ps, is given
by,

%
ps=P(§£§0,a,b)=B(; b)jt“(l—t)“dt a=lb=n -1 (4.50)

In this regard the effective average density of relays A.ay (4.1) is reduced according to the lines
of Appendix A (section 4.8), thus increasing the transmitted power at the relays to satisfy the
target SNR in the relay-destination link (SNR;) and introducing more interfering power in the
relay slot. Therefore, a tradeoff appears.

When comparing the direct transmission and the relay-assisted AF both systems must use the
same average transmitted power in order to evaluate the efficiency of the communication.
Because both transmission schemes use a different resource allocation, as defined by equation
(4.3), the direct transmission should transmit with the following cooperative power (Pcoop),
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N
P =— (P+P 4.51
coop Nu +1( s + r) ( )

with P, denoting the current power transmitted by the assisting relay, (4.35).

4.5.3.1 Rate selection in the relay-assisted transmission

In section 4.5 it has been assumed so far that the outage events only come up in the relay-
transmit phase due to the interference generated by the simultaneous transmissions of all
assisting relays (assumption 5 and 7 in section 4.5.1). To mitigate the outage the source has to
select a conservative rate (rate control), R*". There are two possible options: fixing the
probability that the transmission is not in outage (£) or maximizing the throughput.

The probability of the selected rate, R is not in outage is defined as,

élzl_Pout (TframeIAF <Ts|0tRAF): I:y Y < O-z SNR2 ?!\IRle) _1 _1 (452)
1+SNR | 2F" "™r _q

where mpr is defined in (4.47), Y is the interfering power received and F, denotes the cdf of the
interference which is the erfc function when o=1/2, (4.43). Assuming that the following
parameter g, is connected with ¢ through,

K
o (250,
1+SNR | 2f" "™ _q

The selected rate R* for a given probability ¢ of not being in outage (using the variable g
(4.53)) is,

¢ =erfc(e,) g =erfc?({)=

(4.53)

SNRO®
1+[1+£ K JJ(HSNRIJ
20¢, SNR,

with K modeling the interfering power in the relay slot defined in (4.41), which will vary with the
number of destinations server in a TDMA frame (N,). Notice that the consequence of the
inference is the following penalty factor 1+(K/2<75O )2 . The throughput for a TDMA destination
using relay-assisted transmission for a given probability of not being in outage () is,

R* =log| 1+

+log(1+SNR)) (4.54)

1
T = R 4.55
¥ =N 1 4 (4.55)

u
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Additionally, if the relay-assisted rate R is selected to maximize the throughput then

* 1 AF
T e = m?x(mR ;] (4.56)

where R is connected with ¢ as equations (4.54) and (4.53) show.

4.5.4 Cellular results

This section present the results obtained by the relay-assisted and the direct transmission,
showing under what configurations the relay-assisted transmission is beneficial. Our scenario is
defined by a circular cell with radius 700m and the source placed at the center with the following
terminal densities k={7x10’5, 2x10™, 5x10™, 8><10'4} terminals/m®. These values may describe
different population densities in rural and suburban regions, see Table 1 in [27]. The multipath
fading is modeled by a complex Rayleigh random variable of zero mean and unitary variance
and the path-loss at a distance d in the source-destination (Lg), source-relay (L1) and relay-
destination (L;) is given by,

(4.57)

Il
N

L, =L, =43.65+3x10xlog,(d)  (dB)
L, = 43.65+ yx10xlog,, (d) (dB) 4

The power transmitted by the source in the direct transmissions is Ps=30 dBm and the
maximum power transmitted by an assisting relay is Pyax=20 dBm. The noise power is set to
6?=-102 dBm. Considering only the path-loss effect, the received SNR at the border of the cell is
3 dB, while the received SNR is -1.65 dB when an assisting relay is at 100 meters and
transmitting with Pyax (relay-destination link). Finally, the interfering power in the relay slot is
modeled by an a-stable random variable according to equations (4.41) and (4.42).

Results are obtained with Monte-Carlo simulations, measuring average sum-throughput, i.e. the
total throughput delivered by the source to all the destinations served in each frame. The
destinations are randomly selected each time (assumption 7 in section 4.5.1). The AF sum-
throughput is compared with the sum-throughput obtained by the direct transmission using
cooperative power, (4.51) in the following way,

=1 coop

e S -ef 3 o),
5 {i -y } %100

AT (%)=

(4.58)

when N,=1 the conventional AF (under user relaying) protocol is compared with the direct
transmission.
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Results are presented as contour plots for different throughput gains (4.58) as a function of the
number of destinations (Ny) and the target SNR (SNR;) selected in the relay-destination link,
(4.35). In the following the factors which influence the final throughput gain are analyzed
separately: a) number of antennas at the source, b) gains obtained when the outage probability
of the transmission is fixed by the service, c) effect of considering different values of ps, d)
variation of the terminal density and e) ratio between the power at the source and the relay.

A. Number of antennas at the source

Figure 4.19 depicts the {10%, 35% and 45%} gains of the average sum-throughput AF over the
average sum-throughput of the direct transmission with cooperative power when the terminals
present a Poisson terminal density of A=5x10™ terminals/m®. The source maximizes the
throughput for each destination according to equation (4.56). Increasing the number of
antennas at the source allows minimizing the constraints in terms of target SNR at the relay-
destination link and N, in order to achieve some throughput gains. For example with ns=1 it is
required a target SNR>17 dB and 6<N,;<19 to obtain A7 =10% of throughput gain. The
conventional AF (Ny,=1) gets a lower throughput gain because of the position of the relay.
Whereas with ns=2 and ns=4 that throughput gain (A7 ) can be obtained for a lower SNR;. In
such a case, AF without reuse gets A7 =10% because in some cases it is required N,=1.
Additionally Table 4.5 shows the maximum throughput gains and which configuration achieve
them. With n=4 and A=5x10"* terminals/m? a A7 =48% is possible when N,=9 destinations and
SNR=34 dB (relays transmitting with full power). These gains are possible because the variable
£ (in equation (4.47)) decreases to zero as N increases, improving the mug factor, (4.46).
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Figure 4.19.- {10%, 35%, 45%} gain plots of the average sum-throughput for the AF (under
individual throughput maximization, (4.56)) over the direct transmission with cooperative power for
different values as a function of the target SNR (4.35) and N,. Terminal density A=5x10" users/m?.
ns={1,2,4}. Propagation scenario defined by (4.57).
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Maximum A=7x10®
sum

Throughput
gain (%) AF

AT (%) 7.2 12.2 4.2 246 | 322 | 123 | 39.2 | 484 | 16.1 | 456 55

Destinations 6 6 8 7 6 10 8 9 10 10 9

Table 4.5.- Maximum gain (%) of the AF average sum-throughput over the direct transmission
with cooperative power for different terminal densities and antenna configuration.

B. Fixing the outage probability

In certain cases, as in sensitive services, the source must be able to select the suitable rate in
order to keep a low probability of error of each transmission. Figure 4.20 shows that the relay-
assisted transmission also achieves some throughput gains over the direct transmission when
the source selects a rate to have an error probability (due to the interfering power at the relay
slot) of 1% (£=0.99) and 5% (£=0.95), (4.55). The terminal density is A=5x10"* terminals/m? and
there are ns=4 antennas at the source. When the outage probability grows the throughput gains
are improved, for example the throughput gain does not get the A7 =35% for Pow=1%. That
gain is achieved when P,=5% and even A7 =45% is possible for that configuration.
Additionally, we can see that working with P,,=5% needs more SNR; and/or N, to get the same
gains as when we are working to maximize the throughput (see Figure 4.19 with ns=4).
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Figure 4.20.- {10%, 35%, 45%]} gain plots of the average sum-throughput for the AF over the direct
transmission with cooperative power when outage probability is fixed as a function of the target
SNR and N,. Terminal density A=5x10" users/m?, ns=4, Pout={1%,5%}. Propagation scenario defined
by (4.57).
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C. Success probability

Section 4.5.3 has mentioned that the parameter & can be considered in the selection of the
relay terminal for improving the throughput of the relays-assisted transmission, (4.46) and
(4.47). But, the available idle terminals tend to decrease due to ps. Hence, there is a tradeoff
between selecting the relay terminal for a good value of & (thus increasing the mutual
information) and the interference generated (decreasing ps). Figure 4.21 shows this tradeoff for
ns=2 and A=5x10" terminals/m® presenting the contour plots with A7 ={10%, 35%)} for
&={1, 0.8, 0.6 and 0.4} which is equivalent for n=2 and Rayleigh fading, (4.48) to
ps={1, 0.8, 0.6 and 0.4}, (4.50). Selecting ps=0.8 the same throughput gains are obtained but
with less SNR; in the relay-destination link or more destinations in the frame (N,). The maximum
throughput gain is 40.77% (not shown in that figure) obtained with target SNR=34 dB and N,=8,
better result that using ps=1 (39.2%), Table 4.5. Decreasing ps the same throughput gains
needs more target SNR in the relay-destination link or less destinations in the frame in order to
combat the generated interference. When we use ps=0.4 the obtained throughput gain is always
the worst, it does not achieve A7 =35%.
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Figure 4.21.- {10%, 35%} gain plots of the average sum-throughput for the over the direct
transmission with cooperative power as a function of the SNR; and N. Terminal density A=5x10"
users/m?, nz=2, ps=£0={1, 0.8, 0.6, 0.4}. Propagation scenario defined by(4.57).

D. Variation of terminal density

Figure 4.22 depicts the A7 ={10, 35%, 45%)} for n==4 and A={2, 5, 8}x10™* terminals/m’. When
increasing the terminal density, the assisting relays are closer to the destinations and the
interfering power generated by the relays is lower, hence more destinations can be served in
the same frame. It can be seen that when terminal density increases the constraints on the
SNR; and N, are less restrictive to get the same throughput gains as lower terminal densities.
Likewise, when 1=8x10 terminals/m? it is possible to get A7 =45% with a similar configuration
that the one needed for A7 =35% with 2=5x10™ terminals/m®. Additionally, Table 4.5 shows
that a maximum throughput gain of 55% (with SNR=34 dB and N,=9) for A=8x10" terminals/m?
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while with A=2x10™ terminals/m? the maximum throughput gain is 32.1% (with SNR=32 dB and
Ny =6).
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Figure 4.22.- {10%, 35% , 45%} gain plots of the average sum-throughput for the AF over the direct
transmission with cooperative power as a function of the SNR; and Ny.
A={2, 5, 8}x10™ users/m®. n=4. Propagation scenario defined by (4.57).
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Figure 4.23.- {15%, 25%, 33%} gain plots of the average sum-throughput for the AF over the direct
transmission with cooperative power as function of the target SNR and N,. Terminal density
A=5x10"* users/m?. ns={2,4}. Propagation scenario defined by (4.59).
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E. Ratio power transmitted at source and the relay

All the previous results have shown that the best throughput gains over the sum-throughput of
direct transmission with cooperative power are obtained for a high target SNR in the relay-
destination link. This performance is because the power used by the relay is too low compared
with the power used by the source, (4.51), so it has a low impact in the direct transmission with
cooperative power. In the following it will be considered a different scenario with Ps=Pyax=20
dBm and the path-loss given by,

(4.59)

Il
I

2

L, =L, =62.09+2x10xlog,, (d)  (dB)
L=  4365+yx10xlog,(d) (dB) 7

In this scenario a cell with radius 700m is also covered with a SNR=3 dB at the border of the
cell (only with the pathloss). Figure 4.23 presents the A7 ={15%, 25%, 33%} for ns={2, 4} and
A=5x10" terminals/m® The maximum throughput gains are 26.25% (attained at SNR=14 dB
and N,=8) and 34.28% (SNR=16 dB and N,=7) for n=2 and ns=4, respectively. In contrast to
what happened in Figure 4.19, now it is not efficient transmitting with full power from the relay.
In such a case, the direct transmission with cooperative power is able to get a better throughput.
Now the maximum gains of the AF are reached for a target SNR close to 15 dB.

4.6 Rate control interference management for relay-
assisted users with multiple relays

This section explores ways to boost the spectral efficiency of transmission schemes based on
amplify-and-forward (AF) cooperation with multiple assisting relays in a multi-user scenario
based on TDMA.

For single-user with multiple relays, there is a strategy transmission proposed in [28] that
achieves diversity gains assuming simultaneous transmission from the multiple relays (in the
relay-transmit phase). Each assisting relay does a phase rotation of the received signal, so that,
the channel between the relays and the destination is transformed into a time-variant channel.
On the other hand, in [29] and [30] the diversity-multiplexing tradeoff is investigated for different
strategies where the assisting relays transmit in orthogonal time slots, increasing the
transmission resources.

In multi-user environment based on TDMA it is possible to overcome the increased transmission
resources by either spatially reusing the transmissions from different relay terminals or by using
multiple relays similar to section 4.5. These two possibilities are not mutually exclusive and are
studied below. It is shown that under mild assumptions the interference generated during the
relay-transmit phases can be statistically modeled. The outage events generated by this
interference are mitigated by an adaptive transmission rate scheme that maximizes the system
throughput. This low complex implementation of multiple-relay AF provides significant
throughput gains over a conventional TDMA scenario.
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4.6.1 Scenario and signal model re-definition

The scenario is quite similar to the one described in section 4.2, where the centralized cellular
system (of area A m2) is built upon a single source and N terminals spatially distributed
according to a Poisson distribution with parameter 1 (average number of terminals per unit
area). All the terminals are served under TDMA and use simple receivers without any multi-user
detection capability. The source serves packets randomly to all users in the cell. In each frame
the source selects N, terminals as destinations. The remaining terminals will be candidates to
be assisting relays of those destinations. The role of the terminals will change through time, i.e.
terminals that were destinations in some frame can be relays in other frames. The terminal
density is also defined by (4.4). The antenna configuration is N1 antennas at the source and
Nn=ng=1 antennas at the remaining terminals.

Multiple assisting relays

Now, each destination interested in relay transmission selects the nearest N, idle terminals as
assisting relays. Under this assumption, the joint probability density function (pdf) of the
distance between the destination and the assisting relay (r; and r; in Figure 4.24 are statistically
distributed) is given by [31],

26XP(~ oy 72 ) e (Ao 7). 1o
fNr (I’) — ( Nr lay )Xz_‘f((xl_yl))l r(z 1) (4.60)

where s is the idle terminal density (there are NN, idle terminals in each frame). The
density of idle terminals is assumed high enough so that the probability of two destinations
selecting the same relay terminal is negligible. Appendix C (section 4.10) shows that this event
can be approximated by a reduction of the total idle terminal density (also Poisson) when the
number of terminals is roughly 4xN; times greater than the active destinations.

source

Figure 4.24.- Multiple relay-assisted transmission for a single destinations. Dotted lines:
transmissions during the relay-receive phase. Solid and dashed lines: orthogonal transmissions
(in two slots) in relay-transmit phase.

Relay-assisted transmission

The relay-assisted transmission will be done under protocol | and the multiple-assisting half-
duplex relays work on amplify and forward mode duplexed in time (TDD), where the assisting
relays transmits in orthogonal time slots. For example Figure 4.24 presents the relay-assisted
transmission considered in this section. During the relay-receive phase the source transmits to
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the destination in one time slot (dotted lines). That transmission is also received by the two
assisting relays, which are spatial distributed around the destination. Now, the relay-transmit
phase employs 2 time slots where each relay retransmits the signal received during the
previous phase to the destination (solid and dashed lines).

In our approach we have considered that the relay slots are spatially reused by all the assisting
relays active in that frame in order to improve the resources per user in spite of the interference
generated. To illustrate this point, Figure 4.25 presents how the source distributes the resources
among the destinations in each frame of duration Tame. For direct transmission the source
transmits to N, destinations in equally sized slots (Figure 4.25-top). On the other hand for relay-
assisted transmission (Figure 4.25-bottom) two phases can be observed. Firstly, the source
transmits to each destination and its associated relays RSJ-i (-th assisting relay associated to the
j-th destination) in orthogonal time slots. Afterwards, each relay associated to the j-th
destination (RSJ-i with i=1..N;) transmits in N, orthogonal time slots. However, each time slot is
reused by all the assisting relays associated to other destinations, i.e in the i-th relay time slot
there are N, simultaneous and interfering transmissions from the assisting relays RSJ-i with
j=1..Ny.

N, slots
di;e"t S>D, S D, oo S D,
< u
coop. | 57 o S RS! - D, RS D,
tx {Dl,RSI,...RS{} OOO{DN“‘RSL“’WRS&,} i=1..N, coe =1\,
N, slots N, slots

< >

Tframe
Figure 4.25.- Frame format for direct transmission (top) and relay transmission (bottom).

From Figure 4.25 it can be seen that the size of the time slots for the direct and relay
transmission are different. The ratio between the time duration of the slot over the frame
duration is defined as

L direct tx
T N, (4.61)
T, 1
rame | — relay tx
N, +N

Notice that with N;=1 this equation is the same as (4.3).

Assumptions

In this new scenario each assisting relay will establish the target SNR (SNR;) in the relay-
destination link (in path-loss) in the same way as in the single-assisting relay, (4.35). It should
be remarked that as the number of assisting relays grows, the distance between j-th relay to the
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associated destination will also increase, hence it will require more power to adjust the target
SNR (SNRy) in that link. The assumptions considered in section 4.5.1 are still valid in this
scenario, except for the type of events. Now, the outage events appear from the interference
created at the relay slots and additionally from the channel variability. The channel coefficients
remain constant for each transmission and change from frame to frame. Their current values
are not known at the source.

Signal model for the amplify-and-forward transmission

The signal model for the multiple relay-assisted transmission under amplify and forward with the
transmission defined by Figure 4.24 is given by (ng>1, n=ng=1),

Ny,
y® hg N
an h..a.h' & 0
)./1 = Z’l,gl " Xx+B| @ |+ =H,ex+n, (4.62)
: : 0 Uy,
y'(\llrl) h,x, Oy 0oy nnr

where h, (1x1) is the channel between the k-th assisting relay to its associated destination, hy x
(nsx1) denotes the channel between the source to k-th assisting relay, hy (nsx1) is the channel
of the source-destination link, x stands for the transmitted signal from the source, gy is the gain
introduced by each relay (there are N, per destination) and is similar to (4.8) but considering the
channels for the different relays, n, and n, are the white Gaussian noises received at the
destination and relay and v vector is the interference measured at the relay slots with power
distributed according to the model described in the following section. Matrix B is defined by,

0, diag(F) 1, , 5191 on, O,

The diag(:) is an operator which transforms the vector F into a diagonal matrix whose non-zero
elements are the components of F.

The maximum normalized achievable rate of the relay-assisted transmission using AF without
CSI at the transmitters (source and relay) is given by,

T P
| AF = —slet_|og det[I(HNr) +n—SRblHAFH§Fj bps/Hz (4.64)

frame s

where Ry, is the noise plus interference covariance matrix, (4.62), and Ts,ot/Tframe is the ratio
between the slot and frame duration defined in (4.61). Notice that the relay-assisted system
resembles to a (1+N;)xns MIMO system, except for the extra channel resources because of
orthogonal relay transmission.
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Interfering power modeling

The interfering power received in each relay slot will be homogeneous and completely random
and will depend on terminal density, activity in each slot and the target SNR, defined in (4.35).
The interfering power, named Y, follows also an a-stable distribution as in the in the single-relay
case (section 4.5.2) with the characteristic function (see details in Appendix D (section 4.11))

4, (@) =exp(—K cos(ar/2) o (1- jtan(ax/2))) (4.65)
with o and K,

a=7 5 K=Y, (4.66)
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H=i r(n,ﬂu,e,ay;mz)+ N,SNR \* T(N+1) =[(n+1, 2, 7A°)
(n-1)! K, Py Aretay 7 (N —1)!

n=1 relay

K.—P % Oca—l
A:(ij I(az)=[t""exp(-t)dt T(n+1)=n!

z

where Aqqive is the active destination density. The main difference with the single-relay case is
on the definition of the parameter Y (compare (4.66) with (4.42)). Moreover, Table 4.4 is still
valid for the K; definition when the channel in relay-destination link presents those statistics.

4.6.2 Throughput

The source only has knowledge of the mean SNR of all links, so that the multipath fading
channel and the interference in the relay slot become sources of outage. To mitigate those
outage events, it is better to select a conservative rate, and to that end, the source has to
maximize the throughput delivered to each destination,

7 =max——R (1-P,,

(Tyame! < R')) bps/Hz (4.67)

frame

where R’ is the selected rate in bits/Hz in a time T, | is the mutual information of the direct
(4.6) or relay-assisted (4.64) transmission, and P, denotes the outage probability. However,
the Poyt only present a closed-form expression for MISO (or SIMO) systems with Rayleigh
fading, [32]. Additionally in our case, the channel state, the multiple assisting relays with
different path-loss (different distances) and the interfering power from other relays are random
variables to be considered for the outage probability, which makes difficult to find an analytical
expression.
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Let us assume the matrix Q equal to the expression inside of the determinant in (4.64), the
elements of its main diagonal are:

M| P, [ P
2
9(1,1):1+|h°| " Q(kk)=1+— 2 o (4.68)
no |h2k| Ps |h1k Ps [Y
e I — +1
o no o

where the channel coefficients h,, h,, , hox incorporate the multipath fading and the path-loss
(2 random variables per coefficient) due to the position of each terminal, P, is a variable which
also depends on the path-loss of the relay-destination link, (4.35) and Y is the interfering power
at the destination which has been modeled by (4.65). Because of the difficulty of modeling
(4.68) (there are 5 random variables) this work has used an experimental set of curves to
evaluate the throughput obtained by a single relay-assisted destination (4.67) with relay nodes
placed at a distance following (4.60) and the interfering power received during the relay slots
are modeled by (4.65). As an example, Figure 4.26 presents some plots for the outage
probability, taking into account all the known statistics, as a function of the normalized rate for a
single destination with SNRy=10 dB (source-destination link) and different number of assisting
relays with distances distributed according to (4.60). Notice that the positions of the assisting
relays to the source are also random variables. There is a terminal density of 4=2x10"
terminals/m?, the source is equipped with ns=2 antennas and there are 10 relay-assisted
destinations served in the frame, i.e. in each relay slot there are 9 interfering relays. Moreover,
the target SNR; (in equation (4.35)) is fixed to 12 dB.

Outage Probability N,=2 SNR=12 dB SNR,=10 dB 10 relays
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Figure 4.26.- Outage probability for the AF. ng=2. SNR=12 dB. There are 10 simultaneous users in
the relay slot.
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The throughput thus obtained will be compared to the one obtained by direct transmission using
all the transmitted power considered by the source and relays (named direct transmission with
cooperative power in the sequel), which allows a fairly comparison of the gains obtained from
cooperation over the direct transmission.

4.6.3 Results

Our results elaborate on a scenario built upon a cell with radius R;=700 meters, one source with
ns={2,4} antennas and nyg=n,=1 antennas at the destination and relays. The terminal density is
A=2x10" users/m?. The path-loss at distance d between the source-destination and source-
relay is proportional to d?® whereas in the relay-destination link is proportional to d* (y=4). The
maximum power transmitted by each relay and by the source is 23 dBm and 30 dBm
respectively. The source always transmits with its maximum power to each destination, except
for direct transmission with cooperative power, where it also considers the power used by the
assisting relays associated to that destination. The N assisting relays are distributed around the
destination at a distance following (4.60). Notice that some relays can be in worse conditions
than the direct link. The results shown are in terms of the individual throughput (4.64) of a
TDMA destination with a signal to noise ratio from the source of SNRy=10 dB (named SNR,
because it is the source-destination link).

Individual throughput gains for a given target SNR

Figure 4.27 presents the throughput gain of the relay-assisted transmission (solid lines) and the
direct transmission with the cooperative power (dotted lines) over the direct transmission, for
ns=2 and different number of the destinations in the frame (N,) and assisting relays (N;). A
target value of SNR=12 dB has been arbitrarily selected. For example with N.=1 (virtual MIMO
2x2 see (4.64)), the relay-assisted transmission is beneficial when there are more than 2 users
to be served in the same frame. For N =3 users, almost the same gains are obtained by the
relay-assisted and the direct transmission with cooperative power. Both are better than the
direct transmission thanks to the extra power used at the relay. With N,=1 and N,=14 users in
the frame, a gain up to 40% can be obtained over the direct transmission (37% over the direct
transmission with cooperative power). If N,=2 (virtual MIMO 2x3), gains up to 68% are possible
(60% over direct transmission with cooperative power). Likewise, it has to be mentioned that the
throughput of the direct transmission with cooperative power increases with the number of users
in the frame. The reason is that the idle terminal density decreases with N, (see equation (4.4))
so the relays will be farther away from the destinations and more power will be required to attain
the target SNR. Although due to the values considered in this work, this gain tends to saturate.
Moreover, the case with Ny=1 corresponds to the conventional AF which can be improved by
reusing the relay slots. The poor performance of the conventional AF in our scenario is because
the assisting relay can be in worse conditions than the destination. If some criterion was
considered for selecting the suitable assisting relays similar to the one used in (4.50) the
performance of the relay-assisted transmission could be improved.
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Figure 4.27.- Throughput gain (%) of the relay-assisted transmission and direct transmission with
cooperative power over the direct transmission vs. N,. SNR=12 dB, ns=2, SNR,=10 dB.
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Figure 4.28.- Throughput relay gain (TG) in percentage over the direct transmission with
cooperative power as a function of SNR; and N,. ns=2 (dotted lines) and ns=4 (solid lines). N,=2 and
A=2x10" users/m?,

Individual throughput gains

Clearly, the relay-assisted implementation presented in this work depends on several factors as
the terminal density, the antennas at the source, the number of assisting relays per destination
and the target SNR selected in the relay-destination link. Figure 4.28 presents the efficiency of
this implementation, i.e. the regions where the throughput gains of relay-assisted transmission
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over the direct transmission with cooperative power are constant for different values of target
SNR (relay-destination link) and number of served users in the frame (N,). The configuration
selected is ns=4 (solid lines) and ns=2 (dotted lines), both with N,=2 (virtual 4x3 and 2x3, see
(4.64)). It can be seen how the target SNR and the number of served users (N,) are connected
for a given throughput gain (TG)G. For instance with ng=4, the throughput gain due to the relay-
assisted transmission obtained by a user with SNRy=10 dB is 55% when there are N,=14
destinations and SNR=9 dB or when N,=8 and SNR=14 dB.
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Figure 4.29.- Tradeoff between relay-assisted throughput gain (%-over the direct transmission) as a
function of the battery lifetime gain factor for 2=2x10* users/m?. n=4, N,={1,2}.

Battery lifetime for user relaying

Previously the efficiency of the proposed implementation has been considered. On the other
hand, if we are interested in the gains of the relay-assisted transmission over the direct
transmission, i.e. considering the extra-power from the assisting relays as an additional benefit
of the relay-assisted transmission, the relays should transmit always with maximum power.
However, this work assumes that the assisting relays are in general idle terminals (user
relaying) that spend the energy of its batteries to improve transmissions to destination users.
Therefore, battery consumption is an important point to be considered. Assuming the
simplification that the battery lifetime is connected with the transmitted energy through,

1 1
Tiitetime E{Erelay} oc E {Prelay N ,0} (4.69)

being p the activity of a terminal acting as relay. This value may be obtained as the ratio
between the total assisting relays selected for cooperation and the terminals on the cell, that is,
NuxN/Nit. Therefore, from (4.69) it can be concluded that selecting low values of target SNR,
the battery lifetime can be extended. Figure 4.29 presents the tradeoff between the relay-

® It considers the individual throughput and it is different from the one defined in (4.58).
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assisted transmission gain over the direct transmission versus the battery lifetime gain factor for
ns=4 and N,={1,2} assisting relays. For N,=2 transmitting with maximum power a gain of 95% is
possible. On the other hand, setting a SNR=12 dB (recall that the power used by each relay will
depend on the distance to its associated destination, (4.35)), the gain is around 80%, but the
battery lifetime has been increased 2 times compared to the case when the assisting relays
transmits with full power, so that, the energy spent by the terminals for relaying decreases.
Therefore, the value of the target SNR depends on desired gain for the relay-assisted
transmission (efficiency) and battery lifetime of the terminals.

4.7 Chapter summary and conclusions

This chapter has shown the benefits of the relay-assisted transmission using protocol | in a
centralized wireless system with TDD half-duplex relays. Basically it focuses in a scenario
where the assisting relays are nearby the destination terminals. Because of the transmission
resources in a TDMA system are fixed (all time slots present the same size) the spectral
efficiency of the relay-assisted transmission is reduced (see section 2.2). The spatial reuse of
the relay-transmit phase (relay slot) has been considered to enhance the spectral efficiency,
where the assisting relays associated to different destinations simultaneously transmit in the
same time slot, creating interference in that slot. With this method the destination obtains an
additional virtual receiving antenna (transmission received in the relay slot).

One possible method investigated in this chapter to combat the interference is by a distributed
power control algorithm based on game theory. It has been shown in section 4.3 that the
algorithm converges after a few iterations. Moreover, the sum-throughput results obtained by
the relay-assisted transmission with this power control algorithm improve the direct transmission
results. When the reuse is high, the performance of the relay-assisted transmission approaches
to the spectral efficiency obtained by direct transmission in a nsx2ny MIMO system (also under
TDMA). Additionally, when the terminal density of the cell is high the spectral efficiency of the
relay-assisted transmission with infrastructure (with no spatial reuse of the relay slot) and user
relaying becomes similar. Finally, the multiuser diversity gain has been investigated within a
Media Access Control layer framework allowing a practical implementation of these concepts.
Section 4.4 has shown that the proposed scheme for the relay-assisted transmission based on
three phases (neighbor search, admission control and scheduling) obtains multiuser diversity
gains and fairness among users. In fact, thanks to the relay slot is reused by multiple
destinations distributed around the cell, their opportunities to be served by the source increase.
Additionally, the overhead introduced is around 10% when instantaneous measures of the
mutual information of each link are needed.

Another method to deal with the interference is by tuning the transmission rate (rate control),
based on the knowledge of the interference statistics. Section 4.5 has shown that the interfering
power received at the relay slot for the user relaying can be modeled as an a-stable process.
With this information we are able to evaluate the outage event of the relay-assisted
transmission (only due to the interference in the relay slot) under homogeneous distribution of
the active destinations and a scheduling strategy producing spatially homogeneous interference
(e.g. for round-robin). The performance of amplify and forward relay-assisted transmission has
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been analyzed in terms of sum-throughput gain over the direct transmission presented as
contour plots as a function of the number of destinations allocated in a frame (N,) and the SNR
selected in the relay-destination link. For ng=n,=1 antennas at the destination and relay,
significant gains can be obtained depending on the terminal densities and the antennas at the
source. Moreover, these gains depend on the type of ftraffic considered, best effort
(maximization of the throughput) or non-delay sensitive traffic (upper bound in the outage
probability). In section 4.6 the interference model has been extended to the case where each
destination have multiple assisting relays (which will be transmitting in orthogonal time slots)
and it has considered that the outage events come from the interference in the relay slot and
the instantaneous channels. In spite of selecting more relays (the distance between relay and
destination is larger) and using the simple amplify and forward technique, it is possible to get
significant throughput gains. Additionally it has been shown that there is a tradeoff between the
throughput gain and the battery lifetime of the terminal acting as assisting relay.
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4.8 Appendix A. Reduction of the idle terminal density

Assume that at each active destination tries to find the nearest idle terminal as a relay and it
succeeds with probability ps. If it fails, it searches for the second nearest terminal and so on.
Assuming a Poisson distribution of the terminals, then the probability of finding n; relays in a
circle of radius r is given by,

2\
Pr(n inr) =—(/1”rl)

-

exp(-Azr?) (4.70)

where 1 is the user density and r denotes the radius of the circle. The probability of finding ni-th
closest node (the first node, the second node, etc.) in a cell area is given by,

n-1

Pr(n,r)=1-> Pr(kinr) 4.71)
k=0

The probability density function becomes,

_dPr(nt)_ 2 A (2n) 2
f, (r)= o _(nl—l)!(ﬂﬂ) r exp( /17rr) (4.72)

Now if we assume that each closest node is successfully selected as a relay with probability ps,
the complete pdf can be written as,

f=p,f+(1-p)pf,+.ct (1= p)" " p.f, (4.73)
2 7t 2
f =2Axrp, exp(—ﬂﬂrz)[1+§+§+z+..} where z=r(1-p,)iz  (4.74)

The expression depicted in (4.74) presents a finite sum,

f =24zrp, exp(-Azr®)exp((1- p,)Azr?®) =24 p,zrexp(-Ap,zr®) (4.75)

The process of finding the closest terminal with probability ps obtains the same pdf as finding the
closest terminal when the user density is Ap;.

4.9 Appendix B. Interference power model when there
IS a single assisting relay per destination

Assuming the scenario defined in section 4.2 and the assumptions of sections 4.5.1 and 4.5.2,
let Y, be the interference power received from the active relays in D, (a disk of radius a),

Ya:ZU(Ki'ri’r):Kizg(ri’r) (4.76)

r<a r<a

where Kjis a random variable modeling the multipath fading or shadowing channel gain that
affects the interference and g(.) (see equation (4.38)) is a function which models the relation
between the interfering power and the distance between the destination and the interfering
relay, ri. The function 7 will be a piecewise function defined as,
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(<.nr) =K o) = SR
7(Khr)= _ (4.77)
m(Kin) =Kig(r)=K— otherwise

where A is defined in (4.38). The characteristic function of Y, may be evaluated as,

(a)):E{E{ej"Nﬁ |k in Da}} i( il ) eXp( actlve”a' )E{eJIOY |k in D } (478)

k=0

&

a

with A.cive being the density of active relays in the relay link slot. Letting a—o0 then Y=Y, we will
obtain the characteristic function of the total interference, Y. The k terminals are uniformly
distributed in space thanks to the nature of the Poisson process. Therefore, the probability
density function of the distance of each interfering terminal is given by,

ﬁ r<a
f(r)=1a e (4.79)
0 otherwise

Moreover, the sum of independent random contributions to interference is the product of their
individual characteristic functions,

% 000 k
{ e |kin D, =U”exp jon(K.n,r)f, (ri,r)fKi(Ki)dridrdKiJ (4.80)
000

Replacing (4.80) in (4.78) the characteristic function of Y, is given by,

with 77(K;,r,r) given by (4.77), f, (K;) is the pdf of Ki which does not depend on r or ;.

¢, () exp(j amve;zaz[IIexp(ja)n(Ki,ri,r)) fri’r(ri,r)dridr—lJ fi. (Ki)dKiJ (4.81)

By increasing the radius of the circle to infinity we will obtain the characteristic function of the
complete interference Y,

4 (@)=lim 4, (o )_Ilmexpﬁ hrcgera? (A(K, )+ B(K,)~1) fKi(Ki)dKij (4.82)

a—w a—w 0

with A and B factors defined with the following equations related to the integration of the
different parts of the piecewise function 7(.) in (4.77),

j.f,(r)drTexp(ja)nl(Ki,ri,r)) . (r)dr, =
s 4o (4.83)
E[fr(r)dr'([a—ziexp(jamz( 1) A7)
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< 2r
B(K;)= Ifr drjexp jon, (K, .))a :—IZr exp( jon, (K, 5))dr,  (4.84)
A
N,SNR ¢
B= Kl(')PMAX Q= _A[fr r) dr =exp( -7, A" ) (4.85)

where A is the parameter that models the distance between the destination and its
associated relay, (4.1), and 7, is defined in (4.77). Notice that the independence between
random variables r; (distance of interfering relay to a destination) and r (distance of each
assisting relay to its associated destination) has been considered in (4.83) and (4.84)
f..(r.r)="f (r)f (r). Firstly, we will obtain the integral of the second factor of (4.83)

integrating by parts. Manipulating the expression,

X(Ki)zj%exp(jamz( LE)Ar)dn +1-1=3+1+H (4.86)
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6772(Ki’ri)
or.

) 27 w
Ja)(KiPthXﬂ) ItZ/yexp(jwt)dtJ:rzTA(fi)
0

H =—i—?In2exp(jwn2(Ki,n)ﬂry)ﬂry dr, ={t=n,(K,.r)pr' | = (4.87)

a a

Where the definition of Ta(.) is straightforward from the last equality. Then A(K;) is,

f 1-(1+ 74 A2)O
IX dr—‘P ( Q+1)+TA(KI)[ ( +”relay ) J
’ (4.88)

a’ 7

relay

¥, =(1-Q)=

where Q is defined in (4.85), Ta(Kj) in (4.87) and A in (4.38). Additionally, following a similar
procedure for B(K;), we get

B(Ki):Q@%exp(jwnz(&,n))dri +1—1J:\PB +Q(1+TB (f')J

a
Q ) a
Y, :?(riz eXp(Ja)ﬂz(Ki,l’i))‘o —1) (4.89)
TB(Ki)z_jwjrzexp(jwnz(xi,q))wd — (K ) [ exp( jeot)
0 i 0

Let us define the following term when a—w

I(K;) = lim A, 7a* (A(K;) + B(K; ) -1) =

acti |ve

_Ilm/l

acti ve

TA(Ki):TB(Ki)ﬂ% (0:( (1+7Zﬂ’relayA2) }ﬂ% +Q

a’(Pa+¥;s)+4

active

Ty (Ki)(p (4.90)

7l

relay
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where term W, (which depends on ) (4.88) and Wg can be neglected because of the
assumption in (4.36) when a—o,

M 2, 78", = lim 2,7 (1—Q)(exp( jon, (K;,a)pr") —1) =0 o)
lim A, 72" ¥, = lim AecineTQ (X ( joorp, (K;,a))~1) =0 '
Finally, equation (4.82) becomes,
¢ (o) = exp(IH(Ki ) fi (K, )dKij =
= exp{/lacﬁveﬁ(oP,\j‘Ax [ ja)Tt'“ exp( ja)t)dtﬁ K f (K;)dK, J = (4.92)
0 0

o (- %o oo - S 0m{ )

where a is equal to 2/y, ¢ is defined in (4.90), T'(.) denotes the Gamma function, K and M, o

are given by

K

a _ A 2
:/?‘activeﬂ- (NOSNRJ (1 (1+ﬂrelayA )Q)-’_QPI\ZAX F(l_a)/uKixa

K A

r relay

The characteristic function belongs to the o-stable distributions where the K factor of the
interfering power depends on the a-th moment of the random variable K;.

4.10 Appendix C. Experimental model of the success
probability

This section models experimentally the event that the nearest terminal cannot be selected
because it has been selected by other destination. This event is modeled by the probability ps of
becoming an assisting relay at each idle terminal. This probability will be the same for all idle
terminals. An experimental equation for estimating its value will be obtained, where ps depends
on the number of total terminals, active destinations and number of relays per destination. The
accuracy of this approximation is enough for the purposes of this work.

Theoretical model

It is assumed that all idle terminals are uniformly distributed in a circular cell of radio R, following
a Poisson distribution with density 4. Each destination tries to find the N, nearest terminals,
where each of them is selected with probability ps. The probability of finding N, terminals in a
circle of radius r is given by,
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Pr(N, inr) =%exp(—ﬂtﬂrz) (4.93)

r

where A, is the idle terminal density and r stands for the radius of the circle.

The probability of finding Ni-th closest node inside of a circle of radius r is,

N, -1
Pr(N,,r)=1-> Pr(kinr) (4.94)
=0

k

Accordingly, we have the following probability density function,

_dPr(N,r) 2 N (2N o
fy, (r)= o _(Nt—l)!(/l‘”) r exp(-A7r°) (4.95)

However, because each terminal presents a success probability, ps, to be selected, the N,-th
nearest selected terminal will not correspond with the Ni-th nearest terminal. So that, we have to
consider the case that the N,-th nearest relay will be in the set Ni=[N;, Ny+1, Ni+2,..]. In the
following, an illustrative example where a destination tries to select N,=2 relays will be
explained. Afterwards, general case with N, assisting relays will be presented. Assuming that
each nearest terminal is selected with probability ps (binomial distribution), the probability of
selecting always the 2" nearest terminal as the 2" relay (hereinafter it will be named 922) is
given by selecting always the first and second nearest terminals as relays, so that,

2
2

= P, P, (4.96)

Binomial

where sub-index stands for the number of relays to be selected and supra-index for the last
terminal to be selected. The probability that the 3" nearest terminal will be the 2™ relay will be
obtained if (1%,3") or (2",3") terminals are selected, in that case that probability is,

6; = p,(1-p,) P, +(1-p, ) PP, =2(1- p,) P, P, (4.97)

The probability that the 4™ nearest terminal will be selected as the 2™ relay is given by the
following possibilities: {(1%,4™),(2",4"™),(3",4™)}. Therefore, it is given by,

6 =p,(1-p,) P, +(1—p,) ps (1= p,) ps +(1— p, ) PP, =3(1—p,) PP, (4.98)

In general, the probability that the Ni-th nearest terminal will be the N-th selected relay

becomes,
e [[Ne) (Ne=2)) 0 e v (NOIN e, .
HN, _([N J ( N Jj(l ps) (ps) = [N ]N (1 ps) (ps) (4.99)

r r r t

Finally, the probability distribution function (pdf) of the N,-th nearest relay is given by,

gy, = D, G fy, (4.100)
Ne=N,
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with 0,?{‘, fNr given by (4.99) and (4.95) respectively. Notice that (4.100) is a sum with infinite
operands. However, in the following we will show that it has a finite result. We can write the
previous equation in the following way,

(2N, 1) NY o ((1— Ne=Nr 2(N,-N,)
gereXp(—/llﬁrZ){ (AI”)(N _1)!(p5) JNtZNr (( pszﬁtﬂ._)Nr)!r (4.101)

The last term of (4.101) presents a finite summation if the following variable is defined,
z=A7(1-p,)r (4.102)
Therefore the last operand of (4.101) becomes,

| | z 7°
=(1- @) N Z o2y = 4.103
xzx' ) (A)'r Xzox!Z 1T exp(2) ( )

Combining (4.103) and (4.101), the probability density function is given by,

2N, -1 1
gNr=exp(—4zpsr2)(2(4ﬂps)”' r ’mJ (4.104)

Notice that the difference between (4.104) and (4.95) is in the total terminal density, now is As.
Therefore, the effect of ps is a reduction of the total density of the available idle terminals.
Finally, the joint pdf of the distance of the N; nearest selected terminals is given by,

N, _ 2\ N, (2x-1)
— 9i=exp( ApT) ( (pr) ¢ } (4.105)
TN, & N 4 (x—1)!

r

p=4

Il
JuN

Experimental model

In order to study this problem, it has considered an area of size A with Ny terminals with
Poisson distribution. Among those terminals, N, active destinations are selected whereas the
remaining ones will be idle terminals to possibly become assisting relays. Each destination will
try to select the nearest N, terminals in case they have not been selected previously.

After many realizations with different terminal positions, the probability that the Ni-th nearest
terminal will be the N;-th nearest relay has been measured and it will be referenced as Hﬁ‘: .
This work proposes to approximate the previous probabilities distribution with a Binomial
distribution of parameter ps, (4.99).

N Nr t—Np r
’L\"‘ Binomial - [Nter_(l_ pS)N " (ps)N (4106)

t

Moreover, in order to adjust the Binomial distribution to the true performance we can use the
parameter ps in (4.106). We have imposed,

on =6\ (4.107)

Ne |Binomial N
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Therefore p; will be given by

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Cumulative Density Function (CDF)

0.2

0.1

15 Active destinations (15*K) terminals

T
F

p. =(0v

Nr=1 relay/destination

r

)%N,

(4.108)

15 Active destinations (15*K) terminals

Nr=3 relay/destination

Cumulative Density Function (CDF)

—=— true curve

—c- approx without ps |

—— approx. with ps
T

distance of relays to the associated destination (m)

—— true curve

—o~ approx without ps |

—o— approx. with ps
T T

| ! T
100 150 200 250 300

100 120 140 160

distance of relays to the associated destination (m)

Figure 4.30.- CDF of the distance of the N,=1 (left) and N,=3(right) nearest relays taking into
account the results obtained experimentally (cross), if the effect of a nearest terminal selected by
other destination is not considered (circle) and binomial approximation (4.60) (diamond) (ps given

by (4.108)). There are 15 active destinations and terminals: 30 (K=2), 60(K=4) and 90(K=6).

mean error (meters)
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Figure 4.31.- Mean Error between the different approximations and the join CDF of the assisting
relays. See Figure 4.30 for graphical example of how is defined the error, e(i), between two CDF.

Figure 4.30 presents the performance when there are N =15 destinations and each one looks
for the N;=1 (Figure 4.30-left) and N,=3 nearest terminals (Figure 4.30-right) as assisting relays.
It has been considered different number of terminals in the cell. For example, Figure 4.30-left
shows that when there are N;=30 terminals, the obtained cumulative density function (cdf) of
the distance between the relays to the associated destination is closer to true curve than not
using it. On the contrary, when there are N=60 terminals in the cell, results with and without the
approximation are close to the true performance. In Figure 4.30-right the results provided by the
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approximation are always better than not using it. Consequently, in order to measure the
distance of the approximation to the true performance, Figure 4.31 presents the mean error
between the CDFs. This error has been measured for the same CDF-value of the different
curves (see for example Figure 4.30-left).

Finally, Figure 4.32 depicts the success probability, (4.108) , for different terminals on the cell
(N¢ot) with different values of active destinations (N,) searching for N, assisting relays. The total
number of terminals and the active destinations satisfy the following ratio K =N/N,, .

Model of P for different ratios K (total/active) and N, (selected relays) Model of P for different ratios K (total/active) and N, (selected relays)
18 T T T T T T T T ik

0.98

0.96 'l\

0.94

s
s

0.92

0.9

Estimated P,
Estimated P,

0.88

0.86

0.84

0.82
50 70 80 9 100 110 0 10 20 30 40 50

Active destinations Active destinations

Figure 4.32.- Estimated ps for different number of active destinations (N,) with different number of
total users (N) and selecting N, relays. The following ratio is considered K =N/N, .

Indeed, from the curves presented in Figure 4.32 we can give the following expression for the
success probability, ps, obtained by a curve fitting process based on least squares,

f)s(Nu,K,N,):(l—b(K,Nr))exp(—l.3203(Nu)%)+b(K,Nr)
with (4.109)
0.998K2+17.76K—29.06j (—0.1198K +0.3116 j(N 1)

Kthot b(K,Nr)Z . -
N K< +19.09K —2.055 K —-3.335K +1.741

u

In conclusion, the event that the N,-th nearest terminal has been selected by other destination,
can be seen as reduction of the total idle terminal density (4;) by ps, which is given by (4.109),
and the resulting terminal density is also Poisson distributed. Although the approximation
method is quite simple, (4.108), the obtained error is smaller that not using any one and enough
for this work (Figure 4.31). If a better precision is required the estimation process could be
enhanced.

4.11 Appendix D. Interference power model when there
are multiple assisting relays per destination

This appendix derives the characteristic function of the interfering power received at each
destination when there are multiple assisting relays. The steps are quite similar to the derivation
of characteristic function for N,=1 assisting relay done in Appendix B (see also section 4.5.2).
However now the distance distribution between the assisting relays and destination is given by
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2€Xp(—i,e.ay7fr2) A (/QVreIayﬂ.)X (2x-1)
fu (r): N XZ; (x—l)! r (4.110)

In Appendix B it has been shown that the characteristic function of the interfering power Y can
be defined as,

a—w a—o0

¢, (@)=lim ¢Ya(a))=Iimexpﬁ/lamve;;az(A(Ki)+ B(K;)-1) fKi(Ki)dKiJ (4.111)

where A and B factors are defined with the following equations,

A(Ki):J: f, (r)drIexp(jwnl(Ki,n,r)) . (r)dr, =
='A[f,(r)drTexp(jamz(Ki,ri)ﬂry)fri(ri)dri (4.112)
B(Ki)zT f (r)driexp(jamz(Ki,ri)) f. (r)dr,

with 74, 7, defined in (4.77), fri the distance distribution of the interfering relays defined in
(4.79) and defined in (0,a) and S defined in (4.85). Additionally, now f (r)= f (r) defined in
(4.110). Therefore both factors can be written as,

1 N, 1 N, A a ) 2r
A(Ki):N_ZAw =N—Zjpn(r)drjexp(Jamz(Ki,ri)/3r7)—2'dri (4.113)
r n=0 r n=1g 0 a
B(K)= LS B, = L NrTpn(r)drja'exp(iamz(Ki,ri,r))2—2‘dri (4.114)
Nr n=0 Nr n=1 A 0 a

z) r*"texp(-4

relays

r?) (4.115)

= m(%ays

Noticing that the integral of the second factor of (4.113) is the same as in (4.83). Therefore the
equations used in (4.86)-(4.87) also are valid here to write the term A, as,

A =[x (K)p (=, v, + o w0 (I,
0
lPA:[ér‘ze’(p(j“’%(K““)ﬁ”):_1JQ" (4.116)

= _F(n’Az/Irelay”) D :r(n—i—l)_r(n—i_l’Azlfe'ayﬁ)
n r(n) " Aretay™ (N —1)!

relay

where X (K;) is defined in (4.86) and T,(K;) and T, (K;) are defined in (4.87) and (4.89),
respectively. Repeating a similar procedure for the factor B,,, (4.114),
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Bn:\PB+(1—Qn)[1+¥j ‘Psz%(nzexp(jamz \—1) (4.117)

where T, (K, ) is defined in (4.89).

Moreover, taking into account that the terms W, and Wg can be neglected following the same
arguments as in equation (4.91). Hence, the following term can be defined,

M(K;)=lim 2, 7a (A(Ki)+B(Ki)—1):/1a°“Ve Z;l Q, +/3/7c1> (4.118)

Therefore, equation (4.111) can be written as,

4 (0)= exp(IH(Ki) f (K, )dKi]z exp(—K COS(%O{J@“ (1— jtan (%aJD (4.119)

with a=/2

j’aciveﬂr l-a &
K= t N( )’uKiv“Zg(n)
r n=1

9(n)= N,SNR ) T(n+1)-T (n+1ﬂre,ay7rA2)+ (M Ay A" ) P
LK (N=1)1 A7 (n-1)!

r relay

(4.120)

T b
F(a,Z)=Ita’1exp(—t)dt r(n+1)=n! A:(E;Z@éjy

The characteristic function belongs to the a-stable distributions where the K factor of the
interfering power depends on the a-th moment of the random variable K;_ It can be seen that for
N,=1 equation (4.120) is the same as (4.92).
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Chapter 5

Dynamic Link Control

THE final benefits of the relay-assisted transmission reported in previous chapters depend
greatly on the actual communication system design. The relay-assisted transmission can
be seen as a virtual MIMO system with distributed antennas, therefore many techniques used
for MIMO systems can be adopted for the relay-assisted transmission, although they should be
re-defined to the new scenario due to the presence of assisting relays. The system design
depends on the type and accuracy of channel state knowledge available at the transmitter or at
the source for the relay-assisted transmission. If the transmitter has statistical information about
the channel model (e.g. the average capacity), the relay-assisted transmission will suffer outage
events when the selected data rate is not supported by the channel realization. In such a case,
automatic repeat request (ARQ) protocols are able to deal with those events by retransmitting
the message when it is wrongly received. The system design involves the definition of the type
of retransmission when a packet is wrongly decoded at the destination/relay, the error
correcting scheme, decoding mode at the relay (amplify-and-forward or decode-and-forward)
and distributed space time codes to be used. Likewise, the type of receivers used at the
terminals (linear or near-optimum) is also important.

On the other hand, if the transmitter has actual information about the current channel state it
can design the data rate adapted to each channel realization. The errors of the transmission are
usually due to the thermal noise. This type of channel knowledge has been investigated under a
frequency selective channel using a multi-carrier transmission scheme. The Exponential-
Effective SIR Mapping (Exp-ESM) method is able to provide the effective SNR, which describes
the link quality and is able to provide an error prediction for a forward error correction (FEC)
code. The modulation and coding scheme (MCS) can be selected according to that parameter.
The Exp-ESM has been applied to the relay-assisted transmission and expressions for the error
prediction for relaying systems are obtained. With those expressions, the MCS for the relay-
assisted transmission can be designed for different types of services as the result of an
optimization problem.

5.1 Introduction

Relay-assisted transmission has shown in previous chapters its capability to provide capacity
gains by using an additional terminal as a distributed antenna for combating the channel
impairments. In fact, the relay-assisted transmission can be seen as a virtual MIMO system
[13],[14],[15]. In this regard, MIMO systems without channel state information (CSI) at the
transmitter (CSIT) have been shown to provide achievable rates that scale linearly with the
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minimum number of transmitting and receiving antennas [5],[6] for systems with uncorrelated
channel coefficients at high SNR. Beyond MIMO systems, half-duplex relay-assisted
transmissions are able to deal with shadowing, transmitting antenna correlation and pathloss
attenuation, but at the expenses of an increased use of channel resources.

The transmission strategy in a MIMO system depends on the type and accuracy of knowledge
about the current channel available at the transmitter, [8]. Figure 5.1 depicts an example of
MIMO channel transmission where the receiver has perfect channel state information (CSIR)
while the channel state information at the transmitter (CSIT)" is provided through a feedback link
from the receiver. Depending on this knowledge the transmitter allocates the optimal power
through the transmitting antennas (by means of the transmit covariance matrix) and selects the
bit rate of the transmission.

Channel state

Channel

u v=Hu+w

w~N(0,6%)

Transmitter Receiver

H~p9(') \

Y

feedback <

Figure 5.1.- MIMO channel.

In this work it will be assumed that the receiver always has a perfect CSIR. We classify the
knowledge of the channel at the transmitter between actual information about the current
channel state and statistical information about the channel model:

e Actual information _about the current channel state. It corresponds to the case
where the knowledge is about the current channel coefficients. There are several cases
motivated by the imprecise channel estimation and the limited bandwidth allocated to
the feedback channel:

o Perfect CSIT. Exact knowledge of the channel coefficients is available. The
fading channel changes slowly enough to be reliably measured by the receiver
and feedback to the transmitter without significant delay. The transmitter
designs the transmit covariance matrix by using statistics in a Bayesian
framework, [9].

o Imperfect CSIT. There is just an imperfect knowledge of the channel
coefficients, commonly due to the noisy estimations and/or delays in the
feedback link. In this case it is possible design of the transmit covariance
matrix.

o Partial CSIT. The transmitter does not know the channel coefficients but has
information about some parameters of the link, for example the instantaneous

' The CSIT of each link also can be obtained by reciprocity principle when the transmissions are done in time division
duplexing and previously, the receiver has sent a message to the transmitter.
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SNR or the instantaneous capacity (assuming equal power distribution among
the transmitting antennas). In such a case the error event in the transmission is
dominated by the thermal noise present in the communication. It is motivated
by the insufficient feedback bandwidth (which implies the transmission of a
quantized version of the channel). It implies that the transmitter will allocate
power uniformly (equal average power) through the antennas (no CSIT) [5][6].
The channel knowledge allows selecting the proper modulation and coding
(FEC and space-time coding) scheme based on the current channel state.

Short-term

channel
realization
A
tO t, ot t3 ter b Channel state updates from the receiver
Long-term
channel
realization
B

t tt t t t Channel state updates from the receiver
0o 4 L B3 k1 %k

Figure 5.2.- Channel updates under short-term CDIT (top) and long-term CDIT (bottom). The
variance of the error of the estimated CSl is smaller under short-term than for the long-term. In
both cases the error event in the transmission is dominated by the outage probability due to the
fading channel.

e Statistical information about the channel state. In this case the transmitter knows
some Channel Distribution Information (CDI) feedback from the receiver (parameter 6
shown in Figure 5.1). Depending on the scale of interest there are two types of models:

0 Short-term CDIT (CDI at Transmitter). When there are frequent updates of the
CSI or the channel changes low enough, the transmitter can adapt its strategy
to these short-term channel statistics, in such a case the variance of the error of
the estimated CSI could be small®. See for example Figure 5.2-top, where the
transmitter uses the CSI known at time t.; for transmitting at time t.. The
channel coefficients may have nonzero mean and a set of correlations
reflecting the particular propagation environment. Sometimes it is referred to by
many names including mean and covariance feedback or imperfect feedback
[8]. The transmitter designs the transmit covariance matrix based on the known
statistics.

o0 Long-term CDIT. The channel variation is faster than the latency of the
feedback channel, so the transmitter does not have any information about the
current channel and the variance of the error of the estimated CSl is large. This
situation is illustrated in Figure 5.2-bottom where the CSI known at time t,.; is
not longer valid in time t,. A common assumption adopted is uncorrelated zero-

2 Under the following notation short-term CDIT and partial CSIT coincides when the variance of the error of the
estimated CSl is very small.
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mean channel coefficients (Zero Mean Spatially White (ZMSW)). The receiver
informs about the average capacity which define the rate that can be achieved
by averaging all channel states. If the transmitter sends a rate that cannot be
supported there is an outage event. When there is channel uncertainty (no
CSIT) under ZMSW model, the transmitter transmits uniformly through all the
antennas [5][6].

In the previous definition, we have abused the notation no CSIT for defining the cases where
the transmitter transmits uniformly (equal average power) through all the antennas due to the
uncertainty of the channel coefficients, see Figure 5.3. However, the selected data rate under
partial CSIT or long-term CDIT will be different. For example, under partial CSIT some
properties of the current channel are known so the rate selection will be done according to that
knowledge. Under the long-term CDIT, the selected rate is based on the average channel state,
S0 an outage is possible when the data rate is not supported by the current channel realization.
Otherwise, under perfect CSIT, imperfect CSIT and short-term CSIT, the transmitter designs the
transmit covariance matrix as a function of the type of knowledge over the channel coefficients
along with the MCS.

Perfect CSIT

design transmit

- . (— Imperfect CSIT
covariance matrix

transmitter Short-term CDIT

optimization
Partial CSIT
equal average
power transmission
Long-term CDIT

Figure 5.3.- Power transmitter optimization as a function of the channel state information.

The work presented in this chapter tackles the transmission strategy for both types of
knowledge of the channel at the transmitter: Actual information about the current channel state
and statistical information about the channel state. In our system it is assumed that the
transmitter does not have any knowledge about the current channel coefficients (no CSIT), so
that it transmits uniformly through all the antennas [5][6]. In such a case, the space-time codes
(STC) are adopted to transmit the message through all the antennas. The transmission strategy
will design the data rate (modulation and coding scheme) under partial CSIT and long-term
CDIT. In this later case, the selected data rate might produce outage events at the receiver
because the information is wrongly received. The automatic repeat request (ARQ and HARQ)
protocols [31][32] help to combat those outage events by retransmitting the information.

The system design for the relay-assisted transmission will be based on the adaptation of the
existing methods for MIMO systems because it can be seen as a distributed MIMO system. In
the following the principal aspects to be considered in order to achieve or get near of the
theoretical capacity of the system are given,

e Distributed space-time codes (DSTC)
e Modulation and coding
e Automatic repeat request (ARQ) protocols

e Link error prediction methods for multi-carrier systems
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Distributed space time coding

The capacity gains predicted by [5][6] for MIMO channels depend on the CSI (and channel
distribution information CDI) at the transmitter and/or at the receiver (i.e. [8] and references
therein). In case of CSI only at the receiver, [5] shows that the best strategy that maximizes the
ergodic capacity is achieved by dividing the transmit power equally among all the antennas. In
this regard several orthogonal space-time codes (STC) are proposed in [10] and [18] in order to
achieve the diversity gain. On the other hand, [11] presents a STC for achieving the multiplexing
gain. Likewise, [43] presents a set of STCs (named Linear Dispersion Codes — LDC) able to get
the multiplexing/diversity gain, handling any configuration of transmitting and receiving
antennas. The codes are designed to optimize the mutual information between the transmitted
and received signals. The scheme transmits data in linear combinations over space and time
and subsumes the VBLAST (Vertical Bell Laboratories Space Time) code and orthogonal STCs.

However, in relay-assisted transmission there is not multiplexing gain when each terminal
features a single antenna [7] but it has observed an additive capacity gain [12] (also studied in
chapter 2). Furthermore, the encoding process at the source/relay should consider the
distributed antennas of the whole system. When CSI is not available at the transmitting nodes
the distributed space-time coding can be considered. The diversity-multiplexing tradeoff of
DSTC is analyzed in [16] for relay-assisted transmission under protocol | (defined in section
2.2.1 of chapter 2). Moreover, the diversity gain in a relay-assisted system using protocol | is
studied in [17], where there are one source and two single-antenna relays transmitting with the
Alamouti ([18]) space-time code, providing approximate formulas of the average symbol error
probability (ASEP) at the destination.

The major difference between DSTC and conventional STC performance consists in the
decision errors at the relay node for decode-and-forward protocols. In the former case the
conventional structure of the maximum likelihood (ML) has to be modified in order to introduce
the vector error probabilities obtained at the assisting relay terminal [19], [20]. The optimal ML
detector is derived for the BPSK transmission in [19]. An extension to the general multi-hop
network is considered in [13][14], where throughput maximizing resource allocation strategies
are derived when the system detects erroneous packets in each state (group of receiving relays
which are in the same hop).

Modulation and coding

Forward error correction (FEC) codes have been considered for achieving the capacity in flat
fading channels, see [21]. Mainly, in the low signal to noise ratio (SNR) regime binary codes are
nearly optimal. Nevertheless, in middle and high SNR the constellation shaping is required.
Currently, the re-discovery of low density parity check (LDPC) codes [24] and the invention of
turbo codes (TC) [22],[23] provide results close to the capacity. In this later case, there are two
possible implementations: parallel and duo-binary-serial (or convolutional turbo codes (CTC)),
described in sections 5.2.1.2 and 5.3.1.1, respectively. The benefits obtained by the duo-binary-
serial TC are better than with binary TC counterpart, see for example [25] and references
therein. Additionally, the CTC have been adopted for the Digital Video Broadcasting (DVB) and
the IEEE 802.16e° standard [26].

ARQ protocols
Communications in wireless channels are designed to be highly reliable. However when there is
only long-term CDIT (statistical information about the channel state), the selected data rate

*CTC are defined as optional in the IEEE 802.16e standard.
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might produce outage events with a negative impact on the throughput of the system (defined
as the average information bits transmitted over an interval of time). The throughput can be
improved by allowing a notification from the receiver about the successful or unsuccessful of the
received message. This scheme is named automatic repeat request (ARQ) protocol [31],[32].
There are three basic request modes: stop and wait (SW-ARQ), go back N (GBN-ARQ) and
selective-repeat (SR-ARQ). The SW-ARQ is the simplest one, where the transmitter sends a
single packet and waits for the acknowledgment (ACK) in an idle state. Nevertheless, this mode
has the worst throughput performance because during the idle state the transmitter does not
transmit anything. GBN-ARQ assumes that the transmitter is capable of buffering N packets.
When the transmitter is informed of an error in some packet, then the transmitter goes back to
that packet and re-starts the transmission in that point. In this case the transmitter is always
transmitting. Finally, the best scheme is the SR-ARQ because the transmitter only retransmits
the specific packet for which the ACK is not received. Here the transmitter is also continuously
transmitting and requires significant buffering in both the transmitter and the receiver.

Conventional ARQ protocols can be divided into two classes, pure ARQ and Hybrid ARQ
protocols [31] depending on which information is retransmitted and how it is processed at the
receiver. If a packet is wrongly decoded using pure ARQ, the received packet is discarded, a
new transmission is performed and the decoder only considers the last received packet. In this
work we define HARQ protocol when exist a combination between all the received packets. We
define HARQ | (also named chase combining) if the packets are coherently combined.
Furthermore, if the new transmissions are performed using different parts of the same
codeword, the strategy is named H-ARQ Il (also named code combining). In such a case, the
codeword rate is decreased in each transmission, increasing the protection or coding gain. For
instance, this can be done by using rate compatible punctured TC (RCPTC) with different
orthogonal puncturing matrices. The benefits of the last protocol over the Pure ARQ, HARQ |
and without retransmissions (only using FEC codes) over fading channels are shown in [33] and
[34]. HARQ II can be considered as adaptive FEC that adapts to the instantaneous channel
conditions thanks to the acknowledgment of the receiver.

Link error prediction methods

In multi-carrier systems, as OFDM/OFDMA in IEEE 802.16 standard [26], the transmission is
done through several carriers. Because of the channel variation in the frequency domain it is
desirable to have a predictor to model the coded OFDMA performance in terms of packet error
rate (PER). The predictor based on the average SNR in single-carrier systems is no longer valid
because two links with the same frequency average SNR may present different instantaneous
PER values. This predictor can be also used in OFDMA system-level simulators to speed up the
simulation time and/or for systems based on adaptive modulation/coding (AMC) when the
transmitter has partial CSIT. In this later case, the predicted PER will be useful to select the
suitable modulation and coding scheme (MCS). A similar situation comes up in MIMO
architectures, where there are multiple parallel channels thanks to the multiple antennas.

Among all possible predictors those which are valid for a wide range of channel types are the
most desirable because the calibration of the predictor is avoided. In [35] it is presented two
prediction methods for multi-carrier communication schemes, the PER-Indicator method and the
Exponential-ESM (Exp-ESM). Both predictors compare the estimated performance under the
coded OFDMA transmission in the current channel conditions with the PER obtained in AWGN
channel by the FEC code selected (in the following it will be called the reference curve).
Basically, the PER-Indicator method assumes that all PER curves obtained for different channel
conditions are nearly parallel. Therefore, there is a shift in terms of SNR between the current
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performance and the reference curve. This predictor computes an indicator which is correlated
with distance between the current and the reference PER curves. The second method is the
Exp-ESM [36]. It computes an instantaneous effective SNR which depends on all SNR
measured in the different carriers used by the OFDMA transmission.

Similar to the Exp-ESM predictor, [37] also describes other predictors as the capacity effective
SNIR (CESM) and logarithmic effective SINR mapping (LESM) which use a compression
function for mapping the received SNR vector to a single SNR value. In CESM the mutual
information function is used where in the LESM the logarithm is considered. On the other hand,
another predictor is described, the mutual information effective SINR mapping (MIESM) where
the Bit-Interleaved Coded Modulation (BICM) capacity expression is considered. Results
presented in [37] show that MIESM obtains the best performance closely followed by Exp-ESM.
The Exp-ESM is adapted to MIMO architectures with space-time coding and zero-forcing (ZF)
or minimum mean square error (MMSE) receivers at the destination in [38]. Additionally, this
predictor should be modified in order to consider the effect of a retransmissions of a packet
(chase combining or incremental redundancy), [39].

Organization of the chapter

All this aspects have to be reviewed for the relay-assisted transmission considering the half-
duplex protocols (section 2.3 in chapter 2) and the strategy at the relay terminal (amplify-and-
forward, decode-and-forward, persistent transmission, selective or incremental relaying, see
section 2.1.3 in chapter 2). Among the plethora of possibilities in the system design, we have
investigated the coded relay-assisted transmission from the following perspectives:

e Statistical information about the channel (long-term CDIT) in section 5.2. Because
there is only a statistical knowledge of the channel, the Hybrid turbo FEC/ARQ protocol
will be adopted to deal with the outage events produced by a data rate selection based
on statistical knowledge. The receiver will request for a retransmission of the message
when the channel realization does not support that selected rate. The scenario
considered to evaluate this transmission strategy assumes a single-carrier system
under the relay-assisted protocol | with static resource allocation relaying where relay-
receive and relay-transmit phase present the same size. This type of scenario is similar
to that one assumed in chapter 4.

e Actual information about the current channel state (partial CSIT) in section 5.3.
The transmitter can design its data rate as a function of the current channel state. It is
assumed that there is some parsimonious representation to describe the link quality. In
this regard, when transmissions are done through multiple carriers, the Exp-ESM
method is considered. That method provides an effective SNR as a function of the
instantaneous SNR of all data carriers. The PER (Packet Error Rate) for a given MCS
can be estimated from the effective SNR. Moreover, if the transmitter knows this
parameter, it could design the suitable MCS for that channel realization.

Both perspectives have been presented in [1]-[4] and [52], respectively. Section 5.2 describes
how the ARQ protocols can be used for the relay-assisted transmission, investigating the length
of retransmissions, the space-time codes selected at the source and relay and the type of the
receivers. Afterwards, section 5.3 derives the PER expressions to be used by the relay-assisted
transmission in a multi-carrier system as a function of the effective SNR for a given MCS. When
the transmitter knows the link quality, it can use those estimated error expressions for selecting
the MCS under each protocol in order to guarantee a total PER or maximize the throughput.
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5.2 Transmission strategy under long-term CDIT

It is assumed that the data rate is selected according to some statistical knowledge of the
channel model, therefore for a given channel realization, that selected rate might produce an
outage event at the receiver. The use of ARQ protocols are considered to avoid or minimize the
impact of that outage event over the total throughput of the system. In this section, the utilization
of hybrid retransmission in combination with FEC codes using DSTC will be developed for relay-
assisted transmission using protocol | (see section 2.3) in a centralized TDMA system with a
single source and multiple destinations. The transmission mode is single-carrier. With protocol |,
the source transmits to the destination and its associated relay in one time slot (relay-receive
phase) or downlink slot and the assisting relay transmits to the destination in other time slot
(relay-transmit phase) or relay slot. Moreover, in order to improve the spectral efficiency it has
been assumed that the time slot devoted for the relay-transmit phase will be spatially reused by
all the relays associated to the destinations served in the same frame, similarly to the scenario
detailed in chapter 4. Figure 5.4 shows an example of this type of communication. The size of
the relay-receive and the relay-transmit phase is equal and fixed.

Results will be obtained assuming that in the same time frame there are many destinations to
be served and the interference generated during the relay-transmit phase (relay slot) is
negligible. These assumptions allow obtaining results for the single-user case, but those results
should be scaled by K/(K+1) with K the number of destinations (in Figure 5.4 K=2). It is worth
noticing that there is always one time slot in the TDMA frame devoted for relay transmissions.

source

TDMA frame

S—{D,,RS,} S—{D,,RS;} {RS; ->D,}{RS,-D,}

Figure 5.4.- Relay-assisted transmission for 2 destinations. Solid lines: transmissions during the
relay-receive phase (in two orthogonal slots). Dashed lines: transmissions in the common relay-
transmit phase.

5.2.1 Coded relay-assisted transmission

This section describes the different strategies proposed to achieve the capacity gains of the
relay-assisted transmission over the direct transmission under TDMA. The relay-assisted
transmission is done under amplify-and-forward (AF) or decode-and-forward (DF). In both
cases, different distributed space-time block coding methods may be adopted. Additionally a
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brief introduction to the Rate Punctured Turbo-Codes (RCPTC) will be done in section 5.2.1.2,
necessary for a better understanding about the structure of the transmitted data, explained in
section 5.2.1.3. Finally, section 5.2.1.4 describes the retransmission procedure.

5.2.1.1 Distributed space-time codes

Distributed space-time block codes are based on the space-time block codes applied to
distributed antennas. We have considered space-time codes based on Linear Dispersion Codes
(LDC) [43]. These codes disperse the energy of the transmitted symbols both in the spatial and
temporal domain. A LDC builds a block of dimensions Txns, S, for each Qs symbols as follows,

Q
S=>"(As8+ Bysy) (5.1)

g=1

where S?,S; are the real and imaginary parts of the g-th symbol s and {Ay,B4} denote the
dispersion matrices (DMs). DMs are a set of Txng matrices, where T is the number of channel
uses per block and ng is the number of transmitting antennas. Formulation of (5.1) also
subsumes different space-time techniques as VBLAST and orthogonal codes, see Appendix A
(section 5.5). In any case, the symbol rate transmission is rs1c=Qs/T symbols/s/Hz. The relation
that allows working with a linear receiver is,

Qs = min(ns!nd)'T (52)
with Ny being the number of receiving antennas.
The received signal model can be written as,

y=H,Ox+n (5.3)

with the following signal definition,
s H,®I, -H QI A, -B w
y= Yr x=|F H, = r &y I Tle=|2r P2k (5.4)
Y, S, H ®I, H;®IL A, B; w,

where sub-indexes R and | stand for the real and imaginary part of a vector or matrix, y is the
receiving data of dimensions (2Thgx1), x is the transmitted symbols (real and imaginary part)
with dimension 2Q:x1, H is the current channel matrix of dimensions ngxns, n is the noise
vector, the operator ® is the kronecker product and finally,

A:[vec(Al) vec(AQ)] ﬁ:[vec(Bl) vec(BQ)] (5.5)

where the vec() operator transforms a matrix of dimensions nyxT into a vector of dimensions
nsTx1 (stacked by columns).



182

coefficients associated to one
transmitting antenna

ial,(ns+1) A hn)

%aT,(ns+1) aT,(ns+n,)

coefficients associated to n,  coefficients associated to n,
antennas at source antennas at relay

Figure 5.5.- Division of a Space-Time matrix between the source and relay for DF-UC. Some
columns are associated to the source (ng antennas) and others to the relay (N, antennas).

Moreover, in the relay-assisted transmission where the source and the relay terminal are
equipped with ng and n, antennas respectively, the distributed antennas use different parts of
the dispersion matrices as is shown in Figure 5.5. The distributed space-time block coding
transmission schemes considered for section 5.2 are detailed below. In each case, the rationale
for adoption and the benefits that may be obtained are investigated. In all cases the destination
is assumed to use a single antenna (ng=1, despite of this it is possible to achieve high rate gains
thanks to the relay-assisted transmission), while the assisting relay may feature one or two
antennas (n,=1 or 2). The source is equipped with ng=2 antennas.

Direct transmission (DT)

This is a reference case to which we may compare the performance of the relay-assisted
transmission scheme. The relay terminal is not operating and system can be considered as 2x1
MIMO system. All the destinations served in the same frame only use 1 time slot. For this case,
the Alamouti STC [18] (1 symbol/channel use) is adopted.

Relay amplify-and-forward (relay-AF)

In the relay slot the relay transmits the received signal with an amplifying factor to the
destination. The system can be approximated as a 2x2 virtual MIMO system using only n,=1
antenna, (see equations 4.6 and 4.9 in section 4.2 of chapter 4). In order to make good use of
the additional virtual receiving antenna two different STC are considered which will lead to the
different gains provided by the MIMO systems.

o Diversity gain. This definition refers to the gain obtained by the relay scheme when the
same STC as in the direct transmission is considered. Therefore, Alamouti STC ( 1
symbol/channel use) is considered.

e STC rate gain. In a 2x2 MIMO system the capacity can be achieved by selecting 2
symbols/channel use. In fact, the number of symbols depends on the MIMO
configuration, as in equation (5.2). Hence in this case, we select the VBLAST STC (2
symbols/channel use).
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For both cases the messages are only encoded at the source, as a conventional MIMO system,
and the relay selects the proper amplifying factor for re-transmitting the same received message
which includes noise.

Relay decode-and-forward (relay-DF)

Here the relay decodes the received signal, re-encodes the message and retransmits it to the
destination. We have considered n,=2 antennas at the relay (avoiding bad source-relay link
quality in symmetric scenarios). The relay-assisted transmission can benefit from the additional
virtual ny receiving antennas at the destination and n, transmitting antennas at the relay
terminal. In the same way as in the previous scheme, the diversity and STC rate gain have
been looked into,

e Diversity Gain. Also the Alamouti STC (code rate is 1 symbol/channel use) has been
considered here, as in direct transmission. Additionally, the relay can select from two
possible policies (see section 2.1.3):

a) Selective relaying.- The relay transmits only when it decodes correctly the
message. Otherwise, neither the relay nor the source transmits in the relay slot.
The same approach as in section 2.1.3 cannot be considered here because the
relay slot is spatially reused by multiple assisting relays associated to different
destinations. If the source transmits for a given destination, it creates a high level of
interference to all destinations served in that frame. For that reason the source
remains silent in that time slot.

b) Persistent transmission. The relay always retransmit (all bits are retransmitted
even if they are decoded in error).

The relay and source should transmit uncorrelated (and ideally Gaussian) symbols,
although related to the same message, in order to maximize the mutual information see
section 2.2.1 in chapter 2. This can be done by means of a convolutional or turbo code
[41], [42] where source and relay are transmitting different parity data (or redundancy)
relative to the same codeword. Further on, this process will be explained in more detail.

e STC rate gain. A different space-time code is selected due to the virtual MIMO
configuration. In section 2.2.1 of chapter 2, it was also shown the two different options
for the relay-DF with different achievable rates values.

a) Repetition Code (RC). The source and relay transmit the same message using
the same STC. In this case the VBLAST STC is considered (virtual 2x2 MIMO
system).

b) Unconstrained Code (UC). The whole system can be seen as a virtual
(ns+np)x2ng system, (see equation 4.10 in section 4.2). In this regard, a STC
designed for 4x2 MIMO system has been considered, the Quasi-Orthogonal Design
(QOD) codes introduced in [44]. The source uses the part of the STC related to the
first ns antennas and the relay uses the remaining data, see how the dispersion
matrices of the STC are divided between distributed antennas in Figure 5.5.
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The selected STCs allow a linear decoding of the transmitted symbols. Since the STCs
are designed for MIMO systems with two receiving antennas and the destination only
has ng=1 antenna, it needs both transmissions (source to the destination and relay to
the destination, therefore, 2 virtual receiving antennas) to be able to decode the
message. For this reason the assisting relay must transmit the same message as the
source, although it can use another part of the dispersion matrix (DM) of the STCs as in
the UC, see Figure 5.5. In other words, persistent transmission from the relay is
mandatory.

Mixed Coding relay DF (mixed relay-DF)

The relay terminal is equipped with n,=2 antennas. This strategy tries to exploit the diversity
gain, transmitting uncorrelated symbols from source and relay, and the STC rate gain, selecting
a linear space-time code with higher code rate (2 symbols/channel use). Assuming that the
message in previously encoded by a FEC code, here it is considered that the systematic data
part of the message uses the VBLAST STC and the parity data uses the Alamouti STC. With
this configuration the destination can linearly decode the parity information sent by the source
and/or the relay independently (recall that ng=1 antenna). The parity data transmitted by the
source and by the relay is different in order to improve the coding gain. Finally, the destination
needs the transmissions from both terminals for (linearly) estimating the systematic data and
with the help of the parity data decode the whole message.

5.2.1.2 Rate compatible punctured turbo codes (RCPTC)

We are considering that the STC are fed by channel codes based on the turbo principle (binary-
serial). Figure 5.7 shows the general structure of the parallel Punctured Turbo Codes [45].
These are parallel concatenated convolutional codes in which the information bits are first
encoded by a RSC (Recursive Systematic Convolutional) encoder, Figure 5.6, and (after
passing through an interleaver) encoded again by a second RSC. Finally, the codewords are
composed by the raw bits sequence (systematic data) and the parity check sequences from the
two RSC. The rate of this code is approximately 1/3 (if some tail bits are taken into account).
The system can be generalized to achieve rate 1/n by adding more interleaver-plus-RSC blocks
(see Figure 5.7).

@ » output
Figure 5.6.- Recursive Systematic Convolutional (RSC) encoder.

Additionally, a family of RCPTC [34] can be obtained by puncturing the coded bits of rate 1/3.
Where each output bit stream is obtained using a puncturing pattern with period p, which is
represented by the 3xp sized P matrix with ones and zeros. Ones represent the position of the
bits to be transmitted and zeros correspond to erased bits. The first row is representative of the
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systematic part, while the second and third correspond to the parity symbols. Note its
applicability to incremental retransmission of the packets when different puncturing matrices are
considered (each generated bit stream will contain some uncorrelated data).

Input 111111
packet P=/1010 10
RSC 010101

Puncturing |—» -
Ijj 111111
INT oupst PP =10 0 0 0 0
RSC packet _0 01 00O

Figure 5.7.- Punctured turbo encoder.

We may associate the same or distinct puncturing matrices to the source and the relay, and to
each of the retransmissions. For instance, in HARQ-I the initial transmission and all
retransmissions use the same puncturing matrix, while these are different in HARQ-II. Figure
5.7 also shows an example of two different puncturing matrices of rate 1/2 and 1/4 p=6
(superscripts indicate the number of the retransmission). P transmits all the systematic data
and different parity data, whereas P® transmits less parity data (rows 2 and 3). The puncturing
matrices are designed in such a way that all the symbols of a high rate punctured code are used
by the lower rate codes, that is, the higher rate codes are embedded in the low rate codes. In
this way, the transmitter needs only transmit supplementary code symbols to get a lower rate
code.

5.2.1.3 Code structure for transmitted data

The use of the RCPT codes allows us to evaluate the different relay-assisted transmission
schemes presented previously with different data rates and parity data transmitted from the
source or relay, by a proper selection of the puncturing matrices. A description of how RCPT
codes are combined with DSTC is given in the sequel assuming that the assisting relay
decodes correctly the transmission from the source.

Direct transmission

The STC used is the Alamouti code, as it was mentioned in section 5.2.1.1. The source uses
the message structure named type | and presented in Figure 5.8. For this case the amount of
data of systematic and parity is the same, as it indicates the selected puncturing matrix, see
Figure 5.8-right, providing rate 1/2. Systematic and parity symbols are concatenated.

Relay amplify-and-forward

For the relay-AF the encoding process is only performed at the source, because the relay
retransmits the received signal with a proper amplifying factor to the destination (see for
example equation 4.6 in section 4.2 of chapter 4). For this reason the structure of the
transmitted data is similar to the direct transmission, message structure of type |, see Figure
5.8. When the diversity gain case is considered, the Alamouti code is applied to the systematic
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and parity parts of the messages structure, while VBLAST code is used for the STC rate gain
case. Let us recall that destination is able to linearly demodulate the symbols transmitted
because of the transmissions received from the relay and the source.

Relay decode-and-forward

In this strategy the relay re-encodes the received signal before retransmission, for this reason
the encoded process carried out at the source and relay could be different.

A) Diversity gain. In order to achieve this gain the objective is to work with a STC designed
for a MISO system (Alamouti code) and transmit uncorrelated symbols from the source and
relay which can be independently decoded by the destination (ng=1). To accomplish this
objective different puncturing matrices for the source and relay are considered. The source
uses the message structure of type | and the relay selects the message structure of type II,
both shown in Figure 5.8. In this case there are different parity bits transmitted from the
relay to the destination. Additionally the amount of parity data in the relay transmission is
larger than source transmission, (see the puncturing matrices depicted at the right of the
frame structure in Figure 5.8).

B) STC rate gain. The difference from the previous case is the DSTC selected. Now we
consider STC designed for MIMO systems with 2n4 receiving antennas. Additionally, in
order to perform a linear detection of the transmitted symbols, the relay has to transmit
exactly the same symbols as the source. For this reason, both terminals must have the
same puncturing matrix and therefore the same message structure, (type | in this case, see
Figure 5.8). Moreover, there are two different possibilities to achieve this gain (see section
2.2 in chapter 2), the repetition code (RC), where the source and relay use the same STC
(designed for ngx2ny MIMO system), or the unconstrained code (UC), where the source and
relay selects different parts of a STC (designed for (ns+n;)x2ny MIMO system, see Figure
5.5).

Mixed coding relay decode-and-forward (mixed relay DF)

This strategy is considered to get both gains, STC rate and diversity gain. The main idea of this
strategy is that the systematic data will use a STC designed for MIMO system with 2ny receiving
antennas, for instance the VBLAST code. The systematic data transmitted by the source and
relay has to be the same for a linear decoding at the destination. For this reason the source
transmits according to the message structure of type | and the relay selects the message
structure of type Ill presented in Figure 5.8, note that the puncturing matrices transmit the same
systematic data (see row 1). On the other hand, the parity data uses a STC designed for a
MISO system (Alamouti STC) allowing to the destination decode independently the parity data
sent from the source and relay. Hence the puncturing rows selected at the source and relay
may be different (see in Figure 5.8-right the 2" and 3™ rows of the puncturing matrices
associated to the message structure of type | and lll) and both terminals are transmitting
uncorrelated symbols to the destination.
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Figure 5.8.- Message structure and puncturing matrices associated to the source and relay
transmissions. Different textures indicate different puncturing matrices.

5.2.1.4 ARQ protocols

The ARQ protocol considered here is based on the selective-repeat scheme [31]. Conventional
ARQ protocols can be divided into two classes, Pure-ARQ and Hybrid ARQ protocols [31]. The
difference between them is the task performed at the receiver and the type of the message
transmitted. For the relay-assisted and direct transmission, only the destination informs to the
source if it has decoded the packet correctly (ACK) or wrongly (NACK). In the sequel the
process for the different ARQ methods is described:

e Pure-ARQ. If a packet is wrongly decoded, the destination requests a retransmission.
The source transmits the same packet again. Then the destination discards the
previous packet and tries to decode the new one.

e HARQ-I. This protocol considers all the received packets (the same packet) and
combines them using the Maximal Ratio Combining (MRC) technique (chase
combining). Therefore, the SNR of the packet to decode is increased in each
retransmission.

e HARQ-Il. When the source has to retransmit a packet, this protocol adds new
redundancy (new parity bits) by changing the puncturing matrix (code combining) in
each retransmission. The destination considers all the previous packets and builds a
larger one with more redundancy. Then, the destination tries to decode this new packet.
With this protocol the coding gain is increased in each retransmission. For example, let
us assume that the source is transmitting a codeword of rate 1/2 (with N systematic bits
and N parity bits). If the retransmission adds N new parity bits, the destination will try to
decode a codeword of rate 1/3. In the case where some bits are transmitted again, then
the MRC (Maximal Ratio Combining) technique has to be considered for those bits. In
the previous example assume that the retransmission repeats N/2 parity bits and adds
new N/2 parity bits. Therefore, the destination must perform the MRC of the N/2
repeated parity bits. Afterwards it will try to decode a codeword of rate 2/5.
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5.2.2 Joint protocol and DSTC evaluation

Under the assumption that the re-use of the relay slot is high, only the relay-assisted
transmission of one destination has been considered. This is a relevant assumption for a correct
interpretation of the results presented below. If K users with the same configuration are
transmitting simultaneously in the relay slot (without interfering between themselves), the
throughput figures need to be scaled by K/(K+1). Therefore, the throughput values shown
below assume K>>1, (note that for 9 users, the total throughput has to be scaled by 0.9). A
symmetric scenario has been fixed for simulations where each link has the same average SNR
(single-carrier system).

The results analyzed in terms of throughput are divided in 7 subsections, in order to evaluate
separately, the effect of the selected ARQ protocol for DF transmission, the performance of the
direct transmission, the effect of relay DF and AF transmission, the results of the proposed
cooperative mixed relay-DF and finally the comparison between linear vs. non-linear receivers.

5.2.2.1 Configuration

In Table 5.1 the main parameters of the simulation has been summarized. The channel
coefficients include the zero-mean complex Gaussian component accounting for the Rayleigh
fading. The zero-forcing receiver (for the Alamouti STC) and a non-linear Maximum Likelihood
decode (list sphere decoder [46], [47]) followed by a max-log MAP turbo decoder [48] have
been considered. Turbo Codes are considered as FEC codes using the interleaver named
S-random [49].

Scenario Symmetric SNR configuration for all links
involved in the cooperative transmission

Channel Rayleigh flat fading channel

STC Alamouti, VBLAST, QOD
FEC codes Turbo Codes (1/3) with S-random interleaver
Constellation 4-QAM and 16-QAM

Receiver Zero-Forcing, list-Sphere Decoder

ARQ Pure-ARQ, HARQ-I, HARQ-II
Length of Re-tx Full slot and Partial Slot (1/4)
Max. tx per message 10

Table 5.1.- Configuration of the simulations.

The objective of this section is to show how the Hybrid turbo FEC/ARQ is able to improve the
total throughput of the system by means of retransmissions and the distributed coding at the
source and relay. To this end, the different strategies are compared in terms of throughput
versus SNR, that is, expected number of correctly decoded information bits per channel use,

n=E{n.}= E{ N N, } bits/channel use (5.6)

tx' “ch

with N, the number of the transmitted information (systematic) bits, Ny the number of
transmissions from the source to destination required to receive the packet correctly and N, the
number of channel uses. Only the channel uses in the source-destination link have been
considered (downlink time-slot) the effect of the channel uses of the relay slot are considered in
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the factor K/(K+1). To evaluate the throughput, every packet is transmitted until it is correctly
decoded or a maximum number of 10 re-transmissions are employed. After this, the packet is
considered in error and produces an instantaneous throughput value 7i,¢=0. Notice that, we do
not tackle the design of the modulation and coding scheme (MCS), we have just considered
different configurations of MCS (in the different links) to be evaluated. The ARQ protocol will
deal with the outage events produced by the current channel and the selected MCS. However,
the work developed in section 5.3.3 for adapting the MCS to the current channel state could be
used here. In that case, the MCS is selected as a function of the effective SNR* of each link, a
parameter that describes the link quality. In our case, we should use the average SNR, the
parameter of the channel we could know under long-term CDIT.

For the HARQ-II protocol up to three different puncturing matrices have been defined in the
source and another three for the relay (for relay-DF and mixed relay-DF). As we have fixed the
maximum number of re-transmissions to 10, the puncturing matrices have to be used several
times. In that case, this protocol uses the MRC technique to combine the different packets.
Additionally, because of the use of a simple turbo code of rate 1/3 sometimes it is not possible
to send 10 retransmissions containing only new parity bits.

The distributed space-time codes are applied when the relay terminal decodes correctly the
packet. If the message is received with error at the relay terminal and it has to transmit during
the relay-transmit phase (persistent transmission) then the relay performs a hard decision of the
received symbols and transmit them to the destination (with the proper space-time code),
without applying the procedures defined in section 5.2.1.3 to add new parity bits to the sources’
transmission (similar to repetition coding).

5.2.2.2 Effect of ARQ in relay-DF

In this subsection we present the throughput performance for the relay-DF strategy under
different ARQ protocols. In Figure 5.9, the throughput obtained for the relay-DF (relay always
transmit, persistent transmission) is depicted for the different ARQ protocols. Different codeword
rate has been selected (from 1 (uncoded) to 1/3). It is shown that for a given codeword rate, see
for instance 3/4 (right-triangle), the worst performance (at low SNR) is obtained for Pure-ARQ.
The HARQ-I improves throughput and the best operation (though the gains are not really
significant) is obtained for HARQ-II.

Additionally, for the HARQ-II protocol the throughput can be improved by decreasing the length
of the retransmissions, because it can efficiently adapt to the channel state, see Figure 5.10.
Note that for a SNR of 10 dB and code rate 1, there is an improvement of 0.9 bit/s/Hz between
partial (Figure 5.10-right) and full slot retransmission (Figure 5.10-left), and for SNR=4 dB and
code rate 3/4 the difference is about 0.3 bit/s/Hz. It is important to remark the effect obtained at
low SNR, where the full-slot retransmission is better than partial slot option because of the fixed
number of transmissions. The reason for this behavior is the following: given the same number
of transmissions the full slot option can transmit more symbols (systematic or parity) than the
partial slot mode.

* This parameter is defined in section 5.3.1.
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Figure 5.10.- Effect of the length of the transmissions for the HARQ-II, full slot (left) and partial slot
retransmission (right). Relay-DF (diversity gain) with persistent transmision. ZF-receiver.

5.2.2.3 Direct MIMO transmission

Figure 5.11, shows the performance in terms of throughput and average number of
transmissions (ANT) when the Alamouti ST code has been selected for the direct (MISO)
transmission. The selected retransmission scheme is the HARQ-II, because it was shown in the
previous sub-section to be the best one in terms of throughput. Direct transmission throughput
results will be taken as relevant reference for the relay-assisted case presented in the following
sections (let us recall that the source is using ns=2 antennas and the destination is equipped
with only ng=1 antenna).
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Figure 5.11.- Throughput (left) and average number of transmissions (right) for direct transmission
using HARQ-Il and RCPT codes with rates {1/2,3/4,1}, 4 QAM. ZF-receiver.

5.2.2.4 Performance of the relay transmission under DF
Diversity Gain

The average throughput of the relay-assisted transmission may be compared to the average
capacity of an ideal 2x2 MIMO system (under no CSIT) using 4QAM. For full diversity gain, we
use the Alamouti ST code and assume two possible policies for the relay: selective relaying®,
where the relay terminal transmits only if it decodes correctly the packet, Figure 5.12-left, and
persistent transmission, where the relay always transmits, Figure 5.12-right. Additionally, it is
shown how the relay may transmit regardless of erroneous reception without deteriorating the
performance. That is because we are using the Alamouti code (optimum for 2x1 MIMO system)
in the source-relay link (2x2 MIMO system), thus relay can decode correctly most of the time.
Both strategies improve the throughput of the direct transmission scheme (around 2-3 dB, see
Figure 5.11). The selective relaying will exhibit an improved performance with respect to the
persistent transmission policy if the channel uses considered in this work will be different (in this
work there is always a slot devoted for relay-assisted transmissions). However, the exact
evaluation of this gain entails the definition of cell-wide radio resource management strategies
which fully exploit this behavior.
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Figure 5.12.- Throughput for relay-DF scheme with HARQ-II with RCPTC of rates
{1/2, 3/4,1}. Selective transmission (left) and persistent transmission (right). ZF-receiver.

® It is different from the selective relaying defined in section 2.1.3 because during the relay-transmit phase both the relay
and source remain silent when the relay terminal is unable to decode the message.
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STC rate gain

In the previous case, the selected STC (1 symbol/channel use) does not make good use of the
virtual MIMO system where up to 2 symbols/channel use can be transmitted with a linear
decoding. Therefore, two new STC are considered to test how much of this STC rate gain may
be achieved, the VBLAST for relay-DF-RC and QOD [44] for relay-DF-UC, in Figure 5.13-left
and Figure 5.13-right, respectively. It is shown that both codes achieve the mutual information
of a 2x2 MIMO system with 4-QAM for high SNR values (QOD code presents a tighter
performance) although for low SNR values the throughput is worse than in the previous cases,
Figure 5.11 and Figure 5.12. This may be explained by the fact that we have traded STC rate
gain by diversity gain. This effect could be used efficiently in the dynamic control of the link by
selecting the rate of the STC according to the state of the cooperative link. Figure 5.13 also
shows that at low values of SNR the DF-RC improves the DF-UC (in contrast to what happens
at high SNR region). This is because of the split of the ST codes between the source and the
relay. For DF-RC we use VBLAST code at the source, optimum for 2x2 MIMO system (source-
relay link), whereas for the DF-UC the source uses some part of a QOD (designed for a 4x2
MIMO system, see Figure 5.5) and the resulting ST code for the source-relay link is not
necessarily the optimum one.
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Figure 5.13.- Throughput for relay-DF scheme with HARQ-II with RCPTC of rates {3/4,1} using
VBLAST (left) and QOD (right) STC. List-SD receiver.

5.2.2.5 Performance of the relay transmission under AF

In this section the AF case is considered using the Alamouti code (diversity gain) and VBLAST
code (STC rate gain) as space-time codes (see results in Figure 5.14-right). In this case DSTC
cannot be considered because the relay retransmits the received signal as it is received
(including noise). This system is more similar to a conventional MIMO system because the
space-time codes are only applied at the source. Notice that the performance is worse (around
1.5 dB) than DF-RC case (Figure 5.14-left) but it should be remarked that, in this situation, the
relay works with only n,=1 antenna. Moreover, the symmetric case is not the best scenario for
the AF; it requires a good link source-relay or relay-destination so as not to amplify too much
noise, see Figure 5.15 under AF and DF using Alamouti STC, where the SNR in the relay-
destination link has been increased 3 and 6 dB over the SNR of the other links. Results show
that relay-AF can improve the results obtained by the relay-DF. This system also outperforms
the direct transmission system (see Figure 5.11).
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Figure 5.14.- Throughput for relay-DF (left) and relay-AF (right) schemes with HARQ-Il with RCPTC
of rates {3/4, 1} using VBLAST (list-SD) and Alamouti STC (ZF).

Figure 5.14 also presents the trade-off between diversity and STC rate gain for the DF and AF.
For low SNR values the Alamouti STC is better, whereas for high SNR the VBLAST code is
more useful. This is again suggesting that the rate of the STC should be a parameter to be used
in link adaptation.
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Figure 5.15.- Throughput for relay-DF and relay-AF with HARQ-Il with RCPTC of rates {3/4, 1} using
Alamouti STC (ZF), for SNR,=3+SNRy (left) and SNR,=6+SNRy (right). SNR;=SNR,. With SNRy, SNR;
and SNR; the SNR of the source-destination, source-relay and relay-destination link, respectively.

5.2.2.6 Performance under mixed relay-DF

The mixed coding relay DF combines the STC rate gain with the diversity gain, by transmitting
the systematic data using the VBLAST and the parity data with Alamouti. Figure 5.16-right
shows the obtained throughput using this strategy. Results show that mixed strategy obtains
good throughput results for high SNR values, nevertheless for low SNR the results are worse
than direct transmission, see Figure 5.9. Results are quite similar to the DF-RC (VBLAST) (see
Figure 5.16-left). Additionally, it should be emphasized that the reason because the code rate
3/4 is saturated at 2.4 bits/s/Hz is due to the different number of channel used devoted for the
systematic (VBLAST-2 symbols/channel use) and parity bits (Alamouti—1 symbol/channel use).
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Figure 5.16.- Throughput for C-DF (left) and C-Mixed D&F (right) schemes with HARQ-Il with RCPTC
of rates {3/4, 1} using VBLAST and Alamouti STC.

5.2.2.7 Linear vs non-linear receivers

Finally, in this section a comparison between linear (zero forcing, ZF) and non-linear (list-SD)
decoders is presented. Figure 5.17 shows the different performance of the receivers when a
non-orthogonal STC (VBLAST in this case) is considered. It can be seen a difference around
4 dB at 2.5 bits/s/Hz. Therefore, the use of non-linear receivers is recommended for non-
orthogonal STC.
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Figure 5.17.- Throughput for C-DF schemes with HARQ-II with RCPTC of rates {3/4,1} using
VBLAST with the list-SD and the ZF receiver.

5.2.3 Conclusions

In section 5.2 the relay-assisted transmission applied in the downlink of a TDMA system has
been investigated, using different schemes that combine ARQ, STC and turbo codes to achieve
results close to the true capacity of the system. It has been shown that relay-assisted
transmission outperforms the direct transmission in terms of throughput for a high reuse (K>>1)
of the relay slot (assuming all the destinations with similar configuration). Additionally, different
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ARQ protocols have been considered and hybrid protocols have shown better performance than
Pure ARQ. For medium to high SNR values, the HARQ-II with partial slot retransmission seems
to be needed to achieve better throughput results.

The following conclusions may be drawn:

e It has been shown that relay-DF (relay decodes the received data) is the best relay-
assisted strategy in terms of throughput. For low SNR values a strategy exploiting the
diversity gain (Alamouti) is the best, and hence, the selection of the rate for the STC
seems to be a useful strategy.

e For the symmetric scenario (and since we have only considered the channel uses
between source and destination) the use of selective transmission does not seem to
offer significant gains, that is, transmissions from the relay always seem to be rewarding
even when some errors are encountered.

e Whereas for medium and high SNR values, strategies using the STC rate gain with
distributed space-time codes (RC, UC or Mixed relay-DF) are better in terms of
throughput than the direct transmission, the relay-DF-UC is the best. It has shown that a
suitable selection of the STC depending on the channel state is beneficial to improve
the throughput.

e Additionally, the analysis for the AF also has been considered. Slight SNR losses are
observed with respect to relay-DF, but there are two points to worth noticing, it only
uses 1 antenna at the relay (in the DF n=2 are required) and the symmetric
configuration (equal average SNR in all links) is slightly penalizing its performance.
Moreover, if other scenarios are considered (asymmetric) the relay-AF can achieve
better throughput results than the relay-DF, see Figure 5.14. Therefore, this strategy
shows a good compromise between the performance and the complexity at relay.

e Finally, a comparison between linear (ZF) and non-linear (list-SD) receivers has
analyzed. Differences around 4 dB have been found when non-orthogonal STC are
considered. Therefore, the use of non-linear receivers seems to be required for the
cases where the non-orthogonal STC are used.

e The extension for other antenna configuration requires the use of space-time codes
designed for such configuration.

5.3 Transmission strategy under partial CSIT

The partial CSIT allows the transmitter to have actual information about the current channel
state. The transmitter will transmit uniformly through the antennas because the channel
coefficients are not known (no CSIT), but the decision on the data rate can be done over some
parameter which describes the current channel realization. The data rate can be selected
according to the current channel state, so the error event in the transmission will be dominated
by the thermal noise. The suitable selection of the modulation and coding scheme (MCS)
depends basically on the Packet Error Rate (PER) of the FEC code employed for the
transmission under that channel realization.
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The goal of this section is to determine the MCS for the relay-assisted transmission relaying on
the IEEE 802.16e standard [26] using either PUSC (partial usage of sub-channels) or FUSC
(full usage of sub-channels) mode in the downlink. It is assumed that there is not CSIT and
space-time codes as Alamouti,[18], or Golden® code, [27][28][29], are considered. To this end,
first in section 5.3.1 we will study one level of abstraction for predicting the link error
performance of a relay-assisted transmission under the current channel realization given a FEC
code and a MCS. It is based on the Exp-ESM [36] defined for point-to-point communications
with multiple-carriers. This abstraction is considered for the relay-assisted transmissions for the
different protocols in section 5.3.2. When this level of abstraction is known at the transmitter, it
can design the MCS for a given channel realization (section 5.3.3).

5.3.1 Link error prediction

One level of abstraction considered in the past was the mean Signal to Noise ratio (SNR) for the
single-carrier transmissions. However a different methodology must be adopted when
transmitting through multiple carriers or in a MIMO system such as has been introduced in
section 5.1. To this end we have considered an error prediction method based on the
Exponential-Effective SIR Mapping (Exp-ESM) [36]. This section is organized as follows. First,
the FEC code considered in 802.16e standard (convolutional turbo codes) is described.
Afterwards, the Exp-ESM is detailed for the MIMO and STC configuration under a linear
receiver (MMSE), providing the principal properties and dependences of its parameters. The
actual values of those parameters are specific of the FEC code used, but the Exp-ESM is valid
for all types of FEC codes. Section 5.3.1.3 describes how to combine two different metrics when
the transmissions are orthogonal or superposed. This point of view will helpful for the extension
of Exp-ESM to the relay-assisted transmission. Afterwards, the error prediction for the different
relay-assisted protocols (forwarding, protocol I, 1l and Ill) is described for a given modulation
and coding scheme (MCS).

5.3.1.1 Convolutional Turbo Codes (CTC)

The FEC codes considered in this section are the Convolutional Turbo Codes [30] (CTC) which
are defined as optional for the IEEE 802.16e standard [26]. It consists of two circular recursive
systematic convolutional codes used along with a log-MAP or max-log- MAP decoding. The
main difference from the conventional parallel turbo codes (binary-serial) explained in section
5.2.1.2 is the type of encoders. In this regard, CTC use duo-binary constituent encoders (Figure
5.19) instead of the binary encoders considered in parallel TC (Figure 5.6). The encoding
process in both cases is also different, compare Figure 5.7 with Figure 5.18. In the duo-binary
case, two sub-packets (A and B) of length Ny are built given a packet of length 2N, bits for the
encoding process. Those sub-packets are fed to the constituent encoder simultaneously,
producing the encoded sub-packets (parity) Y, and W,. Afterwards, an interleaved version of
the sub-packets A and B is encoded in order to generate additional parity bits (Y, and W5). With
this configuration, the encoded packet presents a codeword rate of 1/3.

®Itis a linear STC defined for the IEEE 802.16e standard for ns=n4=2. Its dispersion matrices are given in Appendix A.
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Figure 5.18.- CTC encoder.

It has to be emphasized that the duo-binary constituent encoder, Figure 5.19, uses a circular
coding (tailbiting), hence the ending trellis state must be equal to the initial trellis state, called
circular state Sc=[S;, S, S3]. In the classical parallel TC (section 5.2.1.2) some redundant tail
bits are added to lead the trellis state to the zero state, but in the CTC these bits are not
required, improving the spectral efficiency of the coding scheme. However, a pre-encoding
operation (with encoder at state 0) is required to determine the ending state, Seng, Of each of the
constituent encoders because this state depends on the sequence to be transmitted (normal
and interleaved). Based on S.,4 the circulation state S. for each constituent encoder can be
calculated by linear algebra, in section 8.4.9.2.3.3 of [26] it is given a lookup table. Afterwards,
the sequence must be encoded initializing each encoder state to its calculated circular state.
The interleaver and the puncturing process are described in section 8.4.9.2.3 of [26].

(D

parity

feedback branch: 1+ D+D* (0xB)
Y-parity branch: 1+ D?+D* (0xD)

W-parity branch: 1+ D? (0x9)
Figure 5.19.- CTC constituent encoder.

Although the use of duo-binary encoders (Figure 5.19) adds some complexity as the need of
coding the data twice, there are also several benefits [25],

e The trellis of the circular recursive systematic convolutional code has fewer states than
a binary code (one half).

e The suboptimal but efficient max-log-MAP algorithm can decode the duo-binary code at
a cost of 0.1-0.2 dB relative to the optimal log-MAP algorithm. However, for binary

codes that loss is around 0.3-0.4 dB.

e Perform better than its binary counterpart when the codes are punctured to higher rates.
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The performance of the CTC in terms of packet7 error rate (PER) depends on the packet size
aside from the modulation and code rate (due to the puncturing process). Figure 5.20 illustrates
some PER curves for different values of the packet size, using a codeword rate of 1/3 and
modulation 4-QAM. In this regard, the packet size becomes an additional parameter to be
considered when we select the MCS using CTCs (section 5.3.3).

CTC with different codeword sizes and codeword rate = 1/3
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Figure 5.20.- PER of CT Codes of different sizes {96, 288, 480, 960} as a function of the SNR.
Codeword rate 1/3, AWGN channel. 4-QAM.

5.3.1.2 The Exp-ESM link error prediction method

The Exp-ESM method is derived based on the Union-Chernoff bound for error probabilities for
BPSK and QPSK modulations [36]. It assumes that the effect of transmitting a message with a
given MCS through multiple carriers produces a multi-state channel, where the probability of
each state is the same and corresponds to the SNR experienced at each carrier. The Exp-ESM
provides an effective SNR, Yerr, s a single parameter for describing the quality of the link. This
parameter is considered for modeling the error probability of the transmission. For higher-order
modulations the Exp-ESM degrades its accuracy. The Exp-ESM metric is briefly derived in
Appendix B (section 5.6) and is defined as,

ﬁ=—ﬂln[ %exp( 7 jj (57)

totll

where [ is the parameter to adjust the performance for a given MCS, Ny is the number of
carriers used by the transmission and y denotes the SNR for each carrier in a given channel
realization. When the PER curves corresponding to the transmission of a message with a fixed
MCS over different channel realizations are plotted as a function the effective SNR (calculated
for each channel realization), those curves are closed to a reference PER curve obtained using
the same MCS over an additive white Gaussian noise (AWGN) channel (the effective SNR is

" The codeword error rate also is referenced as block error rate (BLER), but in this work it will be used the term PER.
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the mean SNR in that type of channel). Figure 5.21 depicts that performance where fis set to
1.2.

288 bits r=1/2 4-QAM beta=1.2 RMSE=0.1 SISO
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Figure 5.21.- Actual PER values for different channel realizations in terms of the effective SNR
(cyan lines) and compared with the reference curve obtained in AWGN channel (black star lines).
CTC with Np=288 bits, code-rate 1/2 and 4-QAM. =1.2.

When multiple antennas in combination with STC are used in the OFDMA transmission, the
SNR of each estimated symbol in each carrier (at the output of the symbol estimator) have to be
considered [38]. For linear STC as Alamouti and Golden STC, which transmits Qs complex
symbols during T channel uses, the signal model for a single-carrier can be written as
(see (5.3)),

y=H,Ox+n (5.8)

where y is the received vector which incorporates the real and imaginary part of the received
signal, Heq contains the coefficients of the channel matrix, ® is a matrix with the STC defined in
(5.4) and (5.5), x is the 2Qs-length complex vector of the symbols to be transmitted and n
considers the noise. The linear minimum mean square error (MMSE) receiver is defined by,

-1
woo'H" | H_ee"H" + T (5.9)
- eq eq eq P .

t

with P; the power transmitted by the source, ns the number of transmitting antennas and o the
noise power. The signal received at the output of the MMSE receiver is,

z=WH,Os+ Wn = diag (WH,,0)s + ((WHqu) ~ diag (WH,,0))s + Wn) (5.10)

where two terms can be distinguish in (5.10), the first connected to the signal and the second
with a colored noise with the following covariance matrix,
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R, =%(WH © - diag (WH, G)))(WHeq@—diag(WHqu)))H +WWH (5.11)

Therefore, for each carrier we have to consider a 2Qs-length SNR vector which elements are,

_ 18k

"TIR,

where the operator [A]; stands for the i-th element of the diagonal of matrix A and S is a
diagonal matrix with the power of the transmitted. Notice that now the metric defined in (5.7) is
modified in the number of terms in the summation by the number of carriers and the symbols
transmitted in each carrier, that is, length of the vector of (5.12).

with S= %diag (WHqu))(diag (WHeq(D))H (5.12)

S

5.3.1.2.1 Adjusting the parameters of Exp-ESM

The value of f§ is obtained by minimizing the error between the reference curve (PER-AWGN)
and the obtained error curve for a given channel (PER-Exp-ESM). Figure 5.22 depicts two error
curves for a given channel realization with different values of g (f and f). The value of S
impacts on the position of the PER-Exp-ESM curve. Those curves are nearly parallel placed at
different distances from the reference curve depending on the value of £.

N Exp-ESM applied Exp-ESM applied

AWGN channel to i-th channel to i-th channel
PER Realization using Realization using

BZ / B1
I:)up , (181)
i,j (ﬂl)

I:)Iow ;‘\di,v (ﬂl)

Effective SNR

Figure 5.22.- For a given channel realization the Exp-ESM with different values of g produce
different error curves plotted versus effective SNR. At given PER these curves are placed at
distance d (dB) of the reference curve.

The optimization of the best g is done through L independent channel realizations minimizing
the mean square error (MSE),

B =argmine, () (5.13)
y;

where ey, is the mean square error (MSE) as a function of the selected S obtained along L
channel realizations,

M<

\d, i \ (5.14)

1 L
(=12

=1
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where L denotes the number of channel realizations, d;(f) is the distance between the PER-
Exp-ESM curve and the PER-AWGN performance at some PERe{P,, Piow} for a given value of
p. Finally, V is the number of PER values considered to measure d;(f). Likewise, the mean
square error (MSE) obtained at the optimized value is given by e (ﬂom). Figure 5.21 shows the
performance of the PER-Exp-ESM curves with the optimal .

The root mean square error (RMSE) is defined as,

2

di,j ( Aopt)

In the following it will be shown how the optimum £, (5.13), and the RMSE (5.15), depend on the
configuration of the transmission: number of data carriers, modulation, codeword rate, type of
channel and space-time code selected. For comparison purposes we define the normalized
number of carriers as the number of carriers used by each coded bit. This definition allows
comparing codes with different packet size and codeword rate. It is given by,

(5.15)

RMSE = 1 =+/€0 (B ) = \/%ii

i-1 j=1

N:()I'm :LN

N carriers
b

(5.16)

where Ncarriers IS the number of carriers, Ny is the packet size and r the data codeword rate
(N,/r is the total coded bits). Moreover, the data region S for transmission will be defined by
the time-frequency channel uses of size,

S = Ncarriers x NOFDM

1 N 1 1

b
r

Norom = -
N_ . orm s
carriers (?_sj |og2 ( M ) NcN [?_) |ng (M )

(5.17)

where Norpwm is the number of OFDM symbols transmitted, N.°" given by (5.16), Qs the
number of space-time symbols and T the channel uses required by the STC (see section
5.2.1.1), finally, M is the modulation considered. In the IEEE 802.16e standard [26], the PUSC
transmission should contain at least 2 OFDM symbols, so that for 4-QAM and SISO
transmission (Qs=T=1) the N*™ =0.25. On the other hand, for 2x2 MIMO transmission with
STC (using Golden Code, Q.=4, T=2) and 4-QAM it is required N°™ =0.125. Table 5.2 depicts
the maximum number of normalized carriers per coded bit under different STC and modulation
configuration.

N

4 0.25

Alamouti 2 2 2 16 0.125
64 0.083

4 0.125
Golden 4 2 2 16 0.0625
64 0.0416

Table 5.2.- Maximum number of normalized number of carriers for coded bit.
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Figure 5.23.- Optimum B as a function of the normalized number of carriers, N/ . CTC 960 bits,
r=1/3, 4-QAM and Rayleigh channel with 6 taps (6 symbols length of equal average power).
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In Figure 5.23 and Figure 5.24 the optimum g and the RMSE are depicted against the
normalized number of data carriers (5.16) for a CTC with N,=960, codeword rate equal to 1/3
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and 4-QAM. It has been considered different realizations of a Rayleigh channel with an impulse
response of 6 taps (6 symbols length of equal average power) and different antenna
configuration and STC: {1x1, 1x2, 1x4}, {2x1, 2x2} using Alamouti STC and {2x2} using the
Golden STC. It can be observed that the optimum 3 present a similar performance for different
configurations, but the RMSE is more reduced when the number of antennas is increased (at
receive or transmitter side). In this case, the RMSE at N;*™" =0.125 is around 0.03 dB for all
channel configurations except for the {1x1} case which gets a RMSE=0.05 dB. The SISO case
also presents the worst RMSE values for low normalized number of carriers (except for single-
carrier transmission in that case the RMSE is equal to zero®). Other configurations with different
codeword rates and type of channel models are investigated in Appendix C (section 5.7).

5.3.1.2.2 Evaluation of the optimum g

Previously, Figure 5.23, Figure 5.24 and appendix C (section 5.7) have shown the dependence
of B and RMSE with the number of data carriers, STC, codeword rate, modulation and type of
channel model. When the number of carriers per coded bit increases the RMSE value tends to
decrease. Thus, the Exp-ESM becomes more accurate when the number of carriers is high.

The goal of this section is to provide how do the optimal § and RMSE vary as a function of the
codeword rate for a given modulation, packet size and STC when there is a high number of data
carriers. More number of possible codeword rates than in the previous section has been taken
into account. As a result, this section (and Appendix D in section 5.8) maps the optimum £ and
RMSE as a function of the codeword rate for a given configuration of modulation, packet size,
STC and channel model.

Evaluation of optimum beta N=960 Ms=16-QAM Alamouti 2x1
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Figure 5.25.- Optimum B as a function of the code rate selected for different type of channels. 1x1
SISO. Ny=960 and 16-QAM.

The performance is the same as the AWGN channel where the current SNR depends on the channel.
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Evaluation of RMSE N=960 Ms=16-QAM Alamouti 2x1
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Figure 5.26.- RMSE as a function of the code rate selected for different type of channels. 1x1 SISO.
Np=960 and 16-QAM.

Figure 5.25 and Figure 5.26 illustrate the optimum £ and RMSE as a function of the codeword
rate. The considered transmission uses Norpy = 4 OFDM symbols with the maximum number of
possible carriers for a CTC code being 960 bits and considering 16-QAM over a MISO channel
with Alamouti STC. In those figures different types of channels are considered: Rayleigh (with 6
and 12 taps with 6 and 12 symbols length of equal average power, respectively) and three
channels (UOHL-NLOS — Urban Outdoor High to low-NLOS, UOHM-NLOS - Urban Outdoor
High to Medium -NLOS and UOML-LOS — Urban Outdoor Medium to Low-LOS) defined in [53]
and introduced section 5.7.4 (Appendix C) that considers different types of channel impulse
response lengths and antenna correlations. It can be seen that the optimum S seems
independent of the channel model and the RMSE is always below of 0.2 dB.

More cases are studied in Appendix D (section 5.8) and [52] and the following conclusions can
be drawn:

e The f, depends on the modulation, packet size, channel type and codeword rate.
Although, in some circumstances this value is quasi-independent of the channel type.

e For 4-QAM (Appendix D) the RMSE is independent of the codeword rate and channel
type.

e Using 16-QAM the RMSE is larger than using the 4-QAM, nevertheless it is bounded by
RMSE<0.25 dB (N,=960 bits) and RMSE<0.32 dB (N,=288 bits).

e The RMSE reduces when the packet size increases.
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5.3.1.2.3 Using the Exp-ESM for PER prediction

It has been shown that the Exp-ESM is able to get an effective SNR that maps the performance
of a given MCS over a frequency selective channel with multi-carrier transmission close to the
performance of that code over the AWGN channel for such SNR. However, this estimation
requires the optimum B value and introduces an estimation error, quantified by the RMSE.
Having both in mind, we describe the procedure for predicting the PER for some MCS (see the
Figure 5.27):

1. Get the instantaneous SNR of the data carriers over which the message has to be sent.
At the receiver this is possible through the pilot signals sent by the source.

2. Taking into account a given STC, build the vector of instantaneous SNR of length
NearriersQs as defined in (5.12).

3. For a given MCS obtain the effective SNR ( 4 ) defined by (5.7) using the optimum p.

4. Get a conservative estimation of the effective SNR ( 7, ) taking into account the RMSE.
We consider the following modified effective SNR

Vet =7Vett = MHerror  (0B) (5.18)

where g, is the RMSE defined in (5.15) and 77 is a parameter that ensures that the
reference AWGN-PER is always a worst-case, i.e. the true PER will be lower that the
one predicted by the 7., using the AWGN-PER curve. Usually 77 =2 is enough.

freq. selective Bopts RMSE AWGN
channel PER curve
> Mul > estimated
> ti-ant >
1 ohamne [ Exp-ESM . | PER
estimation

Figure 5.27.- PER estimation.

This process is done at the destination terminal, determining the proper MCS according to the
channel realization. In [52] and Appendix D (section 5.8) it is given a list of RMSE and optimum
B as a function of the codeword rate for different configurations of the CTC and high number of
data carriers.

5.3.1.3 Combination of metrics

Coded transmission in relaying systems is carried out through different links. Two situations
might happen: the channels are orthogonal or superposed. The former situation can be found in
systems with retransmissions or relay-assisted transmission under protocol |, while the later
situation can be found in systems with multiple transmitting antennas, from a single or multiple
terminals, like in the relay-assisted protocols Il and IIl.
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codeword rate selection
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encoder coded packet
v Sub-Packet A Sub-Packet B
:

Sub-Packet A

Figure 5.28.- Orthogonal transmission with incremental redundancy . Sub-packet A is transmitted
through N, data carriers and N/, OFDM symbols, while sub-packet B is using Ny data carriers
and N, OFDM symbols.

5.3.1.3.1 Orthogonal transmission

Transmitting a given message through orthogonal channels is the principle behind HARQ
transmissions. In [39] it is defined how the Exp-ESM method has to be updated to cope with
retransmissions. The HARQ can be considered as chase combining or incremental redundancy
according to the data transmitted through the orthogonal channels. In order to easily show the
main properties of the different types of transmissions we will assume two orthogonal
transmissions. In Figure 5.28 the coded packet is divided into two sub-packets with different
size, where the parameter x defines the fraction of the coded packet allocated to each sub-
packet. The transmission of each sub-packet is done orthogonally: there are two nodes that are
transmitting to a common destination in orthogonal data regions. The destination uses both
transmissions in order to decode the original packet.

Chase combining

In this case the signal transmitted in both orthogonal transmissions is the same: therefore the
receiver can combine coherently the same symbols received orthogonally, i.e. with Maximal
Ratio Combining (MRC). In Figure 5.28, sub-packet A and sub-packet B are copies of the coded
packet. This combination produces an increment of the instantaneous SNR of each symboal, i.e.
the final SNR to be considered is

1)

Vi =7 +7i(2) (5.19)

with 7(j) the SNR in the carrier i-th during the j-th transmission. The value of  remains

unchanged.

Incremental redundancy — same MCS

For incremental redundancy the signals transmitted in the orthogonal transmissions are
independent but connected to the same message through a FEC code as it is shown in
Figure 5.28. The sub-packet A is using N, data carriers and N/, OFDM symbols, while sub-
packet B employs N data carriers and NgFDM symbols. A possible implementation would be
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the following: assume that we encode a message with a CTC code of codeword rate 1/2, so the
coded message can be divided in two parts: systematic and parity. If the first phase is used to
transmit only the systematic part, then by receiving only the first transmission we will have the
performance of the uncoded message. In the second phase the parity part is sent, considering
both transmissions we will obtain the performance of a coded message with a CTC of codeword
rate 1/2. The predictor must consider the whole transmission during both orthogonal
transmissions through all the data carriers. However, the data regions allocated to each phase
are in general different depending on the data carriers and OFDM symbols used by both sub-
packets. Therefore, we cannot just consider the Exp-ESM defined in (5.7) with Na+Ng data
carriers. We propose to modify the Exp-ESM in the following way,

1 A Na }/(l) 5 Ng 7/(2)
=—fIn N exp| ——— |+ N exp| ——— 5.20
yeff ﬂ NAN(,)AFDM + NB N(‘;’FDM OFDM ; p ﬂ OFDM ; p ﬂ ( )

with Nax NSoy and Ngx NS, being the data region in terms of number of channel uses in
both orthogonal transmissions (number of carriers times OFDM symbols). The total number of
carriers is increased by a weighted sum depending on the OFDM symbols of the different data
regions. If the number of OFDM symbols used by both sub-packets were equal, equation (5.20)
would be the same as (5.7) by using Ni=Na+Ng. Additionally, equation (5.20) can be further
described by the effective SNR of each orthogonal link,

N, ) S ”
g3l 5] wnliiel )

A B
» =—ﬂln( ANANOFDM _ EXD(—y—Aj—i— ANBNOFDM _ exp(_ﬁjj
NNorom + NgNorow B N aNorom + NgNorow B

(5.21)

where ya and yg denote the effective SNR in the 1% and 2™ transmission respectively. The
effective SNR of the complete transmission is a weighted sum of the effective SNR measured in
each link. In a more general way,

A
Vs =—ﬁln[aexp[—y—ﬂ“j+(1—a)exp(—ﬁn a=7 NANANOFDM = (5.22)

ﬂ OFDM +N B NOFDM

where the data regions defined by Nax N4, and Ngx N2, depend® on o and the modulation
selected in the following way,

Nb
rrac -log(M)

Nb
rrac - log(M)

S,=N, N, =K Sg =Ng - Ngeow =(1-x) (5.23)

where r is the codeword rate, N, stands for the packet size, M is the constellation selected in
both transmissions, rs'Tc and rS'T'c are symbols/channel use (due to the space-time code (5.1))
in each phase and S, and Sg are the channel uses allocated to both orthogonal transmissions.

® This definition is in general different from the one used in chapter 2. In that case o stands for the ratio of the channel
uses allocated for the relay-receive and relay-transmit phase, both with the same bandwidth. When the number of data
carriers allocated to each orthogonal transmission is the same in (5.22), then both variables are the same.
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The symbol rate in each phase may vary because of considering different ST codes at the
transmitters. Combining (5.22) and (5.23),

ard
K=— g s (5.24)
Olgrc + ( 0() ST

It is worth noticing that the x parameter is connected to the definition of the sub-packets
(division of the coded packet), while a is relative to the number of channel uses allocated for
each orthogonal transmission. Both parameters coincide when the modulation and symbol rate
(rf. and rl. ) selected for both sub-packets is the same.

Incremental redundancy — different MCS

In HARQ systems the retransmissions can be done with different MCS, so that the PER
prediction method should also be able to combine metrics of the two orthogonal channels in that
situation. In this sense, the transmitted signals in both phases use different modulations, Ma
and Mg, respectively. One possible solution pointed out in [39] and defined in [50] is the use of a
demapping penalty. It consists in applying a reduction to the effective SNR depending on the
modulation selected and compare all the metrics with the same reference curve, for example
4-QAM. The penalty value is defined by the distance (in terms of dB) between PER curves (at
the same PER value) using different modulations in the AWGN channel. All the curves are
nearly parallel so the distance at different PER values remains almost constant. Figure 5.29
presents the penalty to be applied to a transmission due to the selected codeword rate and
modulation. The difference when PER is equal to 10 has been measured. For example if the
selected codeword rate is 1/3 and the constellation is 16-QAM, then a penalty of 5.65 dB has to
be applied to the obtained effective SNR in order to use the same AWGN channel PER curve
as the codeword rate 1/3 and constellation 4-QAM.

Reference : 4-QAM codeword rate 1/3
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Figure 5.29.- SNR penalty pag as a function of the cc2>deword rate and constellation. Measured at
PER=10".
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The final effective SNR of the orthogonal transmission when different modulation is applied to
both transmissions is defined as,

Yerr ==PaIN (05 eXP(—;—ij +(1- a)exp[—Z—iD

1 M 7,21) 1 1 Ne 7,22)
7 Baln NAjZ;‘eXF{ ﬁAJ Ve o Bgln N ZGXF{
where ya and yg are the effective SNR in the 1% and 2™ transmission respectively, £ and fs
denote the parameters used to obtain the effective SNR in each link, Ny and Ng stand for the
number of carriers, pag is the penalty to be applied to the effective SNR since two different
constellations are used and « is defined in (5.22). The metrics can be readily extended to the
combination of more than two transmissions. It has to be noticed that

(5.25)

Nb Nb
rrae -log(M,) rrac - log(Myg)

where My, I5. and Mg, r>. denote the constellation and symbol rate (due to the space-time
code (5.1)) selected on each link (orthogonal transmission) and Sp and Sg being the total
channel uses. This expression differs from (5.23) because the orthogonal transmissions use
different modulation. The parameters x (ratio between the sub-packets, see Figure 5.28 ) and o
(defined as the ratio between channel uses devoted for each orthogonal transmission (5.22))
are related through,

S,=N, N, =K Sg =Ng - Ny =(1-x) (5.26)

-r®  .loa(M
o = K Tsre Og( B) (5.27)

K'rsic 'IOg(MB)"'(l_K)'rsﬁc 'IOg(MA)
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Figure 5.30.- Exp-ESM in orthogonal transmission for various frequency selective channels. a=0.5.
Ma=4-QAM and Mg=16-QAM.CTC 288 bits,r=1/2 and MIMO 1x4. Rayleigh 6 taps (6 symbols length
with equal average power). ®=10 dB. Reference curve in black stars.
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Figure 5.30 presents PER performance of a codeword under different channel realizations as a
function of the effective SNR of the Exp-ESM. The transmission scheme is depicted in Figure
5.28 and considers a CTC of 288 bits with codeword rate 1/2 (the total message has 576 coded
bits), the source and relay are equipped with a single antenna and the destination has ny=4
antennas and sub-packet A and B have 288 bits each one (x=0.5). Different modulations are
applied to different parts of the codeword. The modulation selected for the sub-packet A is 4-
QAM, while for sub-packet B is 16-QAM. Additionally, those sub-packets are transmitted
through independent channel realizations. In this case the channel B has an average SNR
®=10 dB higher than the channel A. The equivalent effective SNR is calculated as indicated by
(5.25). When the actual PER values are plotted as a function of the effective SNR (diamond
line), results are close to the reference curve (star line). Additional results are presented in
Appendix C (section 5.9).

Symbols per antenna
codeword rate selection

> antenna 1

CT% —> coded packet > ST®BC
encoder => antenna2

vy

D

Information >

Figure 5.31.- Superposed transmission of the same message. MISO system with a STC.

5.3.1.3.2 Superposed transmission coding

Two options have to be considered when superposed transmission occurs: transmissions
referencing the same message (not necessarily the same symbols) using a single CTC encoder
or transmission involving independent messages encoded separately. Different reception
techniques are considered in each case.

The former case is a situation that is typically found in MIMO systems with a STC distributing
the symbols through all the antennas (see Figure 5.31). In such a case the receiver decodes
simultaneously all the received symbols. In section 5.3.1.2 it has been shown that this scenario
is transparent to the Exp-ESM. The predictor method already subsumes the SNR of the
different symbols at the receiver, so that the signal model defined in (5.8) is still valid.

On the other hand, when the transmitted messages are independent as it happens in MIMO
systems when each antenna transmits an independent stream or in a Multiple Access Channel
(MAC), the receiver decodes the messages by successive decoding'®. This scheme becomes
asymptotically optimum as the error probability of intermediate decisions decreases with the
codeword length of the messages [40]. Figure 5.32 depicts the simultaneous transmission of
two coded packets. Packet A is transmitted through N, data carriers and N/, OFDM
symbols, while packet B uses Ng data carriers and NJ5.,,, OFDM symbols. Some part of the
data regions is superposed. We assume that the receiver decodes them in three steps. First, it
decodes the strongest message considering the other one as additive noise. Afterwards, the

"% This technique also can be used with superposed transmission of the same message (i.e. using non-orthogonal STC
as VBLAST).We consider successive decoding when the messages are coded by independent CTC encoders.
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contribution of that message into the incoming signal is subtracted using the estimated
message. Finally, the receiver decodes the remaining message.

codeword rate selection

CTC

Information A > encoder | > coded packet A
CTC

Information B —>  encoder _ coded packet B

coded packet A v
RS\ v
D
|

S

coded packet B

Figure 5.32.- Superposed transmission of two independent messages coded with different CTC
encoders. Packet A is transmitted through N, data carriers and NZ.,, OFDM symbols, while
packet B uses Ng data carriers and N&.,,, OFDM symbols. Some part of the data regions allocated
for both packets are superposed.

There are two issues to tackle in this type of transmission:

The decoding order

In order to establish which message has to be decoded first, we can make use both the
effective SNR (associated to different channels) and the selected MCS of each message. If both
messages have the same MCS then the one with the largest effective SNR will be the first.
When the messages use different MCS then the message with the smallest estimated PER
(using the effective SNR) will be the first.

Modification of the Exp-ESM for the first message to be decoded

The strongest message is decoded assuming that the other message is additive noise.
Therefore, the exp-ESM has to be modified accordingly,

- 1 & 12 - 7/-(3)
—_ IO exp| —&- =t 5.28
7eff 18 g(NCIZl: p[ ﬁjj 7| 1+7i(0) ( )

where N is the number of carriers used the strongest message (Na or Ng), yi(s) denotes the
instantaneous SNR on the i-th carrier and 7 is the instantaneous SNR of the other message
in those common carriers, otherwise %(o) is set to zero. Notice that the decoding order is fixed
for the whole coded packet because the first packet only can be only subtracted of the incoming
signal after decoding.
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The Packet Error Rate (PER)11 of the superposed transmission of independent messages is
evaluated taking into account that both messages have to be correctly decoded. This can be
modeled by,

[5EY
[
[N
[
o
o
o)
—_—
INIY
>
N—

2))1-PER(7.)) 7.>7
PER = (5.29)

1-(1-PER(7))(1-PER(7,)) 7. <74

where y,, y, are the effective SNR of the links A y B (see Figure 5.32) and 776(;) where x={A,B}
stands for the equivalent effective SNR when the strongest message (x) is decoded first, as is
indicated in (5.28).

Figure 5.33 presents the estimated and the actual PER of a packet made up of two independent
messages (codewords) transmitted to a common destination through three different channel
realizations, as it was shown in Figure 5.32. The average SNR of the channel B is ®=0 dB
higher than channel A. The destination is receiving both packets simultaneously. In order to
decode both packets the process described previously is applied, obtaining an estimated PER,
as presented in (5.29). Notice that for estimating the total error performance we must consider
the effective SNR of the channels A and B. Results are plotted against the effective SNR
measured in channel A. Moreover, here, we do not have a single reference PER curve as
happened in the previous sections. The estimated curve is built from the PER values under
AWGN using the effective SNR measured in channel A and B and using (5.29). It can be
observed that the prediction is close to the true performance. In order to measure the error due
to the estimation,

CTC 288 r=1/3 4-QAM 2x2 Alamouti w=0dB

-| estimation error
“| in channel #3

A ( estimation error .

Packet Error Rate (PER)

L - -1 in channel #1
2 | |

10 ::::::::%::: ,,,, L ,,,,,,,,,
R Ol St i R NSRS IR Y
,,,,,,,, L ___ . . 1
I estimation error A .
ffffffff +-----| in channel #2 A i S T e e
| = simulated |-=T-———--- - | R O

—</— estimated ! !

-3

10 [ | |
2 1.5 -1 -0.5

effective SNR packet A

Figure 5.33.- PER of the superposed transmission vs. effective SNR of packet A. Two messages
(A,B) where the mean SNR of the different links: SNRg=SNRa+0 (dB). Both with Np,=288, 4-QAM and
r=1/3. Rayleigh channel with 6 taps with the same average power. Alamouti STC. Nng=n,=2, ng=2.

" In this case, the packet consists in the addition of two independent codewords
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CTC 288 r=1/3 4-QAM 2x2 Alamouti
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Figure 5.34.- CDF of the difference between the effective SNR of channel A required for getting the
same PER values for the estimation and actual scenario (see Figure 5.33) in superposed
transmission: SNRg=SNRa+® (dB). ®={0,3,10}. Both with N,=288, 4-QAM and r=1/3. Rayleigh
channel with 6 taps with the same average power. Alamouti STC. ng=n,=2, Nng=2.

Figure 5.34 presents the cumulative density function (CDF) of the differences of required SNR
to get a target PER between the estimation and the actual value (Figure 5.33) at values
PER={10", 10}. When the difference between the average SNR of the channels A and B is
=0 dB, it can be seen that the error due to the estimation is less than 0.35 dB at PER=10"
(solid lines with circles in Figure 5.34) and lower than 0.42 dB at PER=10" (dotted lines with
circles in Figure 5.34) for the 90% of the channel realizations. Moreover, when the difference
between the average SNR of the channels increases the estimation is closer to the true
performance. For example, when ®=3 dB, for the 90% of channel realizations the error due to
the estimation is less than 0.1 dB and for ®=10 dB the error lower than 0.05 dB.

5.3.2 Error prediction for relaying systems

The objective of this section is to characterize the overall PER of relay-assisted systems as a
function of the individual PER of each link. Let us assume that the PER in each link is given by
a function,

PER = f (MCS,7,N,) (5.30)

that depends on the size of the block, the channel quality indicator 7 (i.e. the effective SNR'?)
and the rate of the MCS defined by,

'2 Note that the derivation of PER is also valid for single-carrier systems. In that case, the instantaneous SNR should be
considered, (effective SNR with a single carrier, N;=1).
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R:(%j.log(M)'rc = Is1c 'IOg(M)'rc zr'|Og(M) (5.31)

where Qs is the number of transmitted symbols by the STC, T is the channel uses per symbol,
Irstc the symbol rate, M is the number of bits of the constellation and r. is the FEC codeword
rate. The symbol rate of the STC and the FEC codeword rate can be grouped in the variable r.
The function defined in (5.30) will also depend on the number of antennas at each link, and the
spatial correlation among them [51]. It has been shown in section 5.3.1.2 that the Exp-ESM
method can cope with the effect of the number of antennas when STC is used because it
considers the measured SNR at the output of the receiver (see equation (5.12)).

In the derivation of the equivalent PER of the different relay-assisted protocols (see chapter 2
for a description of protocols) it is assumed that the relay terminal is not generating any
retransmission request, only the destination terminal, and the whole transmission is centralized
at the source. In all cases we are considering that either a single message (in forwarding and
protocol I) or a couple of messages (in protocols 1I-B and Ill) are to be delivered from the source
to the destination. If a couple of messages are sent, both have to be correctly decoded at the
destination. The selection of a certain MCS in every phase of the protocol, according to the
channel state, allows detection with a certain probability of error or a maximization of the
throughput.

5.3.2.1 Forwarding protocol

In the forwarding scheme, the source encodes a packet of size Ny, bits with a FEC using a given
MCS and transmits to the relay in the phase | (relay-receive phase) of the relay-assisted
transmission as is indicated in Figure 5.35. Afterwards, the relay decodes the packet and re-
encodes the Ny bits with possibly a different FEC code and MCS, transmitting it to the
destination during phase Il (relay-transmit phase). Therefore, the total Packet Error Rate (PER)
for the forwarding transmission is given by

PER; = frp (MCSpp, 7ro: Np) + fir (MCSgr, 76r, Np ) (1= fop (MCSps, 7p5: Ny)) (5.32)

where fsr() and frp() denote the PER for a given MCS and effective SNR (y) of each link for a
packet of size N, bits. The PER curves depend on the length of the packet to be transmitted, so
the calculation of (5.32) must be done for different packet sizes.

Y Y
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D \ D
s . |'s

Figure 5.35.- Forwarding protocol of the relay-assisted transmission.
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The channel uses consumed by this protocol in each orthogonal phase (¢, and ¢,) depends on
the codeword rate, modulations and packet size considered,

N N
: oy = :

- I'ro |09(MRD) (6:3)

¢ - b0
' rglog(Mg,)

where Ny is the information bits, rg and rgp consider the FEC codeword rate and the STC
symbol rate, (5.31), and Msg and Mgp denote the modulations selected in each phase. The
duration ratio between the channel uses allocated for phase | and phase Il is given by,

0,

a=—"1—
o T o,

(5.34)

53.2.2 Protocol |

Here, the source encodes a packet of size Ny bits with a FEC using a given MCS and transmits
to the relay in phase | (relay-receive phase). That transmission is also received by the
destination, see Figure 5.36. The relay decodes the packet and re-encodes the N, bits with the
same FEC and possibly with a different MCS, transmitting it to the destination during phase Il
(relay-transmit phase) of the relay-assisted transmission. The destination combines the signal
received in both phases. Hence, the orthogonal transmission model (see Figure 5.28) is valid
for this protocol because the destination receives a codeword transmitted by two terminals in
orthogonal time slots. The duration of each phase is fixed beforehand. The PER for protocol |
can be expressed as,

PER :fSR(MCSSR’ySR'Nb)fSD(MCSSR’ysD’Nb)+

+ fSRfD (MCS MCSRD’}/SR—D’ Nb)(l_ fSR (MCSSR’}/SR’ Nb))

SR

Prot-

(5.35)

where fsg() denotes the PER for a given MCS and effective SNR of the source-relay link and
fsr-o() stands for the PER after the combination of the source-relay to destination transmissions.
It has to be emphasized that the source-relay to destination link (SR-D), see Figure 5.36,
presents the same structure that the orthogonal transmission described in Figure 5.28.
Therefore the Exp-ESM predictor for the SR-D link is described by (5.25).

Y
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D \ D
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Figure 5.36.- Protocol | of the relay-assisted transmission.
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The channel uses consumed by this protocol in each phase (¢, and ¢;) depend on the codeword
rate, modulations, the packet size considered and the ratio between each phase. In this protocol
the codeword is transmitted in two orthogonal time slots, the FEC codeword rate r must be kept
the same in both transmissions but the STC symbol rate may change,

Nb
STC Iog(

Nb
STC Iog( )

o = (5.36)

) P Z(l_K)

where N is the information bits, r denotes the codeword rate, Mgz, ror. and Mgp, Iie stand for
the modulations and STC symbol rate selected in each phase and « the ratio between the
message sent in the both phases as was shown in Figure 5.28. This parameter is connected
with the ratio of the duration of each relay phase as (the inverse of (5.27)),

. SR .
= @ T -1og(Ms ) (5.37)

STC IOg( ) (1—0!) STC Iog( )

with o defined in (5.34). If both modulations are equal and rg. =rie then x =a. It is worth
mentioning that the assisting relay must be able to decode the message sent by the source
during phase | (relay-receive phase). Thus, if the aggregate message to be sent to the
destination in both phases has codeword rate r, i.e. N,/r coded bits, the selected o or k must
ensure that at least N, bits will be transmitted in phase I. In fact the number of coded bits
received by the assisting relay is Nb/c/r. The message sent only during phase | has the
following codeword rate,

RD.
o ==Lt 14 (2] | 5.0
y K a )rge-log(Mg)

The value of a establishes codeword rates allowed in our transmission. For example if
Msz=16 QAM, Mgp=4 QAM, 1% =rE° =1 and a=0.1 the maximum codeword rate is r=0.1818,
in such a case, the assisting relay receives a codeword that contains no redundancy.

5.3.2.3 Protocol Il

In this protocol during phase | (relay-receive phase) the source transmits to the relay terminal
and afterwards the source and relay transmit simultaneously to the destination, see Figure 5.37.
The PER for protocol Il can be expressed by,

PER; , = fSR—D (MCS, MCSg5, 7rp s 7SD) +

(5.39)
+ fr (MCSg, 73R)(1_ fsr o (MCSgp,MCSyp, 7o '7SD))

where fsr() is the PER for a given MCS and effective SNR of the source-relay link and
fsro() stands for the PER during the source-relay transmission during phase Il (relay-transmit
phase). Nevertheless, depending on the type of messages transmitted by the source and the
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relay during phase Il the PER at the SR-D link (fsrp() ) can be modeled by two different
expressions associated to protocols IIA and IIB. Both possibilities have been considered in
section 5.3.1.3, superposed transmissions with the same message, see Figure 5.31, or
independent messages, see Figure 5.32.

Y Y
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| o | | _|—" D

S i S

Figure 5.37.-Protocol Il of the relay-assisted transmission.

Protocol IIA

This protocol is similar to the forwarding case since the relay must be able to decode all the
data to be transmitted to the destination by the relay-assisted protocol. This is required because
during phase I, both the source and relay transmits jointly the same message to the destination
by using distributed space time codes, as was presented in Figure 5.31. In this regard, a single
packet of size N, bits is transmitted. Therefore, in this protocol the MCS selected by the relay
and the source in phase Il must be the same and the source-relay to destination link can be
seen as a conventional MIMO system where STC is distributed between the source and relay,
see Figure 5.5. Under these assumptions the Exp-ESM predictor can be applied without any
modification as was shown in section 5.3.1.2 when the Exp-ESM is extended for STCs (at the
receiver the different SNR of the distributed antennas is already considered).

fsr (MCSg,75r) = fr (MCSgq, 7, Ny)
fero (MCSSD yMCSe5. 750 7o ) = fso (MCSRD 17 x0 Nb) (5.40)

7, = EXpESM (7SD’7/RD)

where y, stands for the effective SNR of the equivalent MIMO system with the distributed STC
where the instantaneous SNR of the different data carriers has to be considered in order to get
the instantaneous SNR of each symbol transmitted, see equation (5.12). The instantaneous
channels of the source-destination and relay-destination link are included in the matrix Heq (5.8).

The final expression of the PER is given by (5.39) using definitions of (5.40). The channel uses
required for this protocol have the same expression as the forwarding protocol, (5.33).

Protocol IIB

In contrast to the previous case, now the source transmits a new and independent message to
the destination in the relay-transmit phase, which will be receiving two independent messages
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with different MCS and code length, as was depicted in Figure 5.32. Hence the packet sizes are
Ny: and Ny,, for the message sent in the relay-receive and relay-transmit phase from the source.
Both have to be decoded by successive decoding™. Following the same guidelines as in section
5.3.1.2.3, the strongest message has to be decoded first and the PER in the source-relay to
destination link will be defined by,

for (MCSg, 7r) = foz (MCSes, 75 Nyy) (5.41)
fro (MCSg,,MCSyy, 750 7ro ) =

B 1-(1— fop (MCSpp. 7 Ny ) ) (1= 5 (MCSg, 765 Nz ) a0 > 750

1= (1 fop (MCSgo, 7a0s Ny ) ) (1= foo (MCSg, 70, Ny, )) - Otherwise

where MCSgp, MCSsp stand for the MCS selected in the message transmitted in relay-
destination and source-destination (in phase Il) links, respectively, y, stands for the effective
SNR in the x-th link and 7, is the effective SNR when the strongest message belongs to the x-
th link and is calculated as is indicated in (5.28).

The total PER is given by (5.39) with the particularization of (5.41). Additionally, the channel
uses required for this protocol are,

Nbl Nbl Nb2 }
o =—0 @, =Mmax , (5.42)
I rSR |Og(MSR) ! (rRD Iog(MRD) r.SD |Og(MSD)

where rsg, Msg and rrp, Mgp denote the configuration used for the packet of Ny, bits transmitted
during each phase, rsp, Msp is relative to the packet of Ny, information bits transmitted by the
source in phase Il. The data rates rsg and rsp consider the FEC code and STC symbol rate,
(5.31). Notice that in phase Il there are two simultaneous transmissions, so that the channel
uses are defined by that message which requires more number of channel uses. This protocol
transmits Np=Ny1+Np;> bits.

5.3.2.4 Protocol Il

This protocol (which corresponds to protocol IlIA defined in chapter 2) can be seen as a
combination of protocol | and IIB. During phase | (relay-receive phase) the source transmits a
message to the relay terminal, but this message is also received by the destination, see Figure
5.38. In phase Il (relay-transmit phase), the relay decodes the message received in phase |, re-
encodes and transmits to the destination. In phase Il the source also transmits a new and
independent message. In this case, the destination manages to decode two independent
messages as in protocol II-B (by successive decoding), and it can also use the signal received
during phase | (as in protocol |) for decoding the message that comes through the relay.

The total PER™ depends on which packet is decoded first. For example, assuming that the
strongest message is the one transmitted by the assisting relay in phase Il the PER will be
defined by,

'3 Both messages use independent CTC encoders.
'* Both messages have to be decoded correctly.
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PERG o zl_(l_ﬂl)(l_ﬂ?)
A =T (MCSSRJ/SR) foo (MCSSRJ/SZZ)_'-
+ fo (MCSSR yMCSp5. 7srp )(1_ for (MCSSR Ve )) (5.43)

A = fSD(MCSSDJ/ézD))
e =
Vsr-D :—ﬂA|n[aexp[ﬁ—?’J+(1_a)exp( 7R;ZpAB ]]

where yélD) and yézD) are connected with the SNR in the source-destination link during phase |
and Il of the relay-assisted transmission, respectively, 7., is the effective SNR when the
message transmitted by the relay is decoded first and is calculated as shows (5.28). Moreover,
now fsgp() is used to model the PER of the message that comes from the source in phase | and
from the assisting relay during phase Il, as in protocol | with effective SNRy, ., following
equation (5.25). Otherwise, if the message sent by the source in phase Il is the first to be
decoded then,

PERProt-III =1- (1_ /11 )(1_ ﬂ’z )
A4 =ty (MCSSRJ/SR) foo (MCSSRvVég)"'
+ o (MCSSR yMCSp5, 7 )(1_ for (MCSSR VSR )) (5.44)

A =1y (MCSSD’j;éZD))

) _
Ysrp =B |n(a exp(ﬂLiDJ + (1—a)exp( 7R;ZPAB Jj

where 77§2D) is calculated assuming the signal from the relay adds noise to the message from
the source, as in (5.28).

:
VZ!/’ v Y

RS D ‘//

S § s

Figure 5.38.- Protocol Il of the relay-assisted transmission.

The channel uses needed by this protocol will also be a combination of the ones required for
protocol | and protocol Il, as follows,

Ny (1_K)Nb1 Ny, ]
O, =K @, =Mmax , (5.45)
I rl'rsSTFf:'Iog(MSR) ! [rl'rssr[é'IOQ(MRD) rSDlog(MSD)

where r;, Msg and Mgp denote the configuration used for the packet of Ny, information bits
transmitted during phase | (N« /r, coded bits) and Il (N,,/r, coded bits in both phases in
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total), I and ri2 are the STC symbol rate considered in phase | and Il, respectively. Finally,
I'sp (which also considers the STC symbol rate employed for this transmission, (5.31)), Msp are
relative to the packet of Ny, information bits transmitted by the source in phase Il (N,,/r,
coded bits) and « is the ratio between data sent in both phases, see Figure 5.28. Its connection
to the ratio between the channel uses in both phases (a) is defined by (5.37) as in protocol |
when the channel uses due to the direct transmission in the phase Il are less than the channel
uses required by the transmission from the relay. In such a case, for a given o the maximum
codeword rate for the message sent in both phases also depends on equation (5.38).

5.3.3 Dynamic link performance control

When the transmitter has some knowledge about the current channel state, it can adapt its
transmission in function of that channel realization. The previous section has shown that it is
possible to predict the PER for a given MCS as a function of the effective SNR (Exp-ESM).
Departing from this point, this section proposes algorithms to control the link level parameters in
function of the service requirements. Basically, they maximize the transmission rate or they
maximize the throughput. However, in both cases, because of the discrete nature of the values
of the modulation, codeword rate and packet size, a search over all possible combinations of
MCS and packet lengths should be done. Additionally, the data region can be defined
beforehand or become an additional variable to be designed. The optimization is based on
exhaustive search.

Direct transmission

Let us define

N, : Total number of encoded bits

r : Codeword rate (considering the FEC code rate and STC symbol rate)

M : number of symbols in the modulation

S : size of the data region in number of time-frequency channel uses

¢ : channel uses employed by the selected configuration ¢ = N, /(r . Iog(M))

y : the effective SNR of the channel

PER(Nb,r, M ,7): The estimated PER which depends on the packet size, codeword rate,
modulation and effective SNR.

There are two cases:

1. Case 1.- The size of the data region in terms of time-frequency channel uses (S) is not
given a priori.

Criterion 1. Maximize the transmission rate

N,
max —
Np,FM,S S
s.t. PER(N,,r,M,») <P, (5.46)
Pp<S

with Py the maximum PER. This is a meaningful goal for systems without retransmission
capabilities.
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Criterion 2. Maximize the throughput

max %-(1—PER(Nb,r,M,y))

N,.r,M,S
s.t. @p<S
This goal is suitable for services allowing retransmissions.

(5.47)

2. Case 2.- The value of S is given beforehand. In that case the dimensionality of the
search is reduced and the complexity decreases. Equations (5.46) and (5.47) are still to
be used but the maximization is not carried out over variable S.

Moreover, if the quantization values are fine enough, low performance loss is expected
if the channel uses S are setas S =[¢|= [Nb /(r-log(M )ﬂ .

Relay-assisted transmission

Let us further elaborate on Case 2. For multihop transmissions, an independent resource
allocation (and hence the size of the data regions S; and S;;) may be obtained based on the
results provided in chapter 2 for TDMA access, or as in [55] for multiuser OFDMA access. It is
worth noticing that the optimization of the relay-transmit phases addressed in chapter 2 was
done for a single-carrier Gaussian channel transmission and using the capacity of each link. In
the following it is described how coded multi-carrier transmission and the use of ergodic
achievable rates can be adopted under the same framework.

Let us assume a multi-carrier transmission through uncorrelated channels. If the rate in the
information feedback for the channel state is insufficient, the transmission power is evenly
allocated to every carrier and every codeword is transmitted through multiple carriers, after
being interleaved across carriers'®. Under this strategy, the channel capacity of the multi-carrier
transmission is given by the ergodic (average) capacity,

C:W-Eg{logz(1+|g|2 SNR)} bps (5.48)

with SNR being the average signal-to-noise ratio through the different carriers and g is the
channel gain of any carrier. Assuming a unit power complex Gaussian circular random variable,
this expression can be lower bounded by,

C=Wlog,(1+&-SNR) (5.49)

where ¢ is the Euler-Marzeratti constant [57]. This expression can be used as a lower bound in
space-time transmission in MIMO systems with the appropriate value of ¢ (see [56] for exact
expressions for the ergodic capacity of MIMO systems).

"> The PUSC mode of the standard 802.16e standard uses group of carriers which are far apart.
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On the other hand, the channel capacity is not actually achieved by the existing FEC codes,
although they are quite close. The achievable rate provided by FEC codes can be accurately
determined by introducing a degradation loss factor named T in the received signal-to-noise
ratio [54]. For example Figure 5.39 shows the SNR (in dB) required to obtaining a given value of
bits/s/Hz for the CTC according to,

R=log,(1+SNR,,)—> SNR,, =27 -1 (5.50)

25

4 - ——_

20 -

N
a

D N

required SNR
>

B —©&— Theoretical
5 Vil SN S T S R —H— 4QAM 960 bits [
- -E-- 4QAM 288 bits

/ — 16QAM 960 bits
) e S W S S - -~ - 16QAM 288 bits []
—<— 64QAM 960 bits
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Figure 5.39.- Required SNR vs throughput using the CTC. {4, 16, 64}-QAM, codeword rates {1/3, 1/2,
2/3, 3/4, 5/6 and 1}. Packet sizes 288 (dotted lines) 960 (solid lines) bits. PER=10". The MMSE
receiver is used.

The blue-circles line shows the theoretical SNR. The remaining curves correspond to the
required SNR for different combinations of modulation (4, 16 and 64-QAM), different codeword
rates (1/3, 1/2, 2/3, 3/4, 5/6 and 1) for a CTC with packet size 960 bits (solid lines) and 288 bits
(dotted lines). The throughput has been measured for a PER equal to 10 using the expression

7 =r-log(M)-(1-PER(N,,r,M,y)) (5.51)

From the figure the degradation loss factor due to the CTC is around I'=3 dB when the
achievable rate is less than 5 bps (although for lower throughput regions this factor is somewhat
smaller).
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Therefore, the resource allocation techniques introduced in chapter 2 are able to design the
data region assuming an equivalent SNR that considers the effect of coding across carriers,
symbol constellation and imperfect FEC coding:

SNR,, =< SNR (5.52)
r

Observe that if I were 0 dB, the combined FEC and symbol constellation code would achieve
the capacity. Using this approximation the scheduler may assign the data region and the
duration of each relay phase for each relay-assisted destination, i.e. the value of « in an OFDM
scenario.

The link level parameters for the relay-assisted transmission are found as the solution for the
following optimization problems:

1. Case 1.- The size of the data region in terms of time-frequency channel uses (S) is not
given a priori.

Criterion 1. Maximize the transmission rate

N, +N
st. PER(z,z, ¥, ¥,)<PR (5.53)
@ <,
7SN

where Pg is the maximum PER, S, and S;; denote the data regions in terms of time-
frequency channel uses, Ny; and Ny, stand for the packet sizes considered in each
relay-assisted protocol, ¢, ¢, PER present the channel uses and the PER of each
relay-assisted protocol (Table 5.3) and z;,z,, ¥+, ¥, show the variables to be considered
for each protocol (Table 5.4). Notice that, the forwarding, protocol | and protocol IIA only
transmits one message, thus Np,=0.

Criterion 2. Maximize the throughput

Ny, + Ny
W 5, (TPEREm T Y)
s.t. @ <5, (5.54)

oy <3,

2. Case 2.- The values of S, and S, are given beforehand. Equations presented in (5.46)
and (5.47) are still to be used, but the maximization is not carried out over variables S,
and S;. When the quantization values are fine enough, low performance loss is
expected if the channel uses in each phase are setas S, =[¢, | and S, =[ ¢, |.
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PER

Np _ o o
equation
Forwarding Nb1 (5.32) [P Iog(MSR) ) IOg(M RD)
16 Ny, Ny
o Nw 1K)
Protocol | Npi1 (5.35) r-rR -log(Mg) ( )r “Tre -log(Mgp )
Ny _ Ny
Protocol 1A N1 (5.39) e 10g(Mgg ) Teo 109(M o )
Ny N N
Protocol 1IB 5.41 r.log(M.) max (M)’ (
Nb1+Np2 (5.41) r 10g(Mg) [FRD log(Mgp) e log(Mgp)
N, (1-x)N N
Protocol 11 Np1+N (5.43) " 1% log(M,) max( o) (
b1+Nb2 or (5.44) - Toe 109 (Mg ) 182 -log (Mo ) ' fep 10g (M )

Table 5.3.- Parameters evaluated in this step for each possible combination of modulation, packet
size and codeword rate.

z; ¥ ‘ Z, +2
Forwarding [Ny, frs Mg, Fap s Mo ] [¥sr+ 7ro] 0 0
Protocol | [N TR Mg, T2 M, ] [7sr: 7ro+ Y501 a [
Protocol I1A [Ny For s Mz T s Mo 1 [7sz+ EXPESM (7g0 750 )] 0 0
Protocol 1B [Ny, frs Mg, Fep, Mo ] [7sr: 7ro] [No2: s, Mo ] [7s0]
Protocol IlI [N F R Mg, 182 M, ] [Ysr+ R0+ Vsr-0] [Np2:Tsp: Mo ] [7s0]

Table 5.4.- Parameters evaluated in this step for each possible combination of modulation, packet
size and codeword rate.

The previous optimization problems will obtain the parameters defined in vectors z, and z, in
Table 5.4. It is worth noticing for protocol | and I, the variable r stands for the FEC codeword
rate and variables rg., 18 defines the STC symbol rate on each phase of the transmission for
the packet of Ny, bits. For the other cases, the code rate (rsg, I'rp Or I'sp) considered subsumes

two variables to be optimized: the FEC codeword and the STC symbol rate, (5.31).

5.3.3.1 Results

Figure 5.40 presents a simple scenario where the source and destination are separated with a
normalized distance of 1 and the assisting relay is placed at distance d and (1-d) from the
source and destination, respectively. By defining the parameter SNR,, the SNR in the source-
relay and relay-destination are established. The channels are AWGN.

. d . (1-d) .

normalized distance = 1

P 1 P 1 P
- =—— ">~ SN -
o_2 d2 2 0_2 (1—d)2 RO O_Z

Figure 5.40.- Considered scenario for the relay-assisted transmission.

SNR, =

'8 where « is the ratio between the size of the sub-packets transmitted in each phase, (5.36).
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Furthermore, it has assumed that the destination is served in a frame of 240 data carriers during
24 OFDM symbols. The relay-assisted transmission allocates the resources to each phase
according to algorithms described in chapter 2, using the degradation loss factor to consider the
effect of the CTC, (see equation (5.52)). Afterwards, the modulation, codeword rate and packet
size are selected for that distribution of channel resources (case 2). Using this scenario the
theoretical throughput of the relay-assisted transmission and the one obtained by using the
discrete values of MCS will be depicted. We have the following discrete values in this work,

N, =[288 480 960] bits
Mc=[4 16 64]-QAM

L4 %% % %) e =

MCS=(%}-rc-logz(M)=r-logz(M)

Figure 5.41 presents the throughput of the relay-assisted transmission in terms of the position of
the relay between the source and destination. Solid lines present the theoretical performance in
a scenario with SNRy=0 dB. However, the use of the CTC enforces a degradation loss factor of
I'=3 dB, (see Figure 5.39), so that, with dotted lines are shown the predicted throughput of the
different protocols. For example for protocol Il when the assisting relay is placed at d=0.45, the
degradation loss factor leads to a loss of 33% of the ideal throughput in this scenario (low SNR,
SNRy=0 dB).

SNRO =0dB

——O— forwarding

— —©- — forwarding - degrad
—FF— Protocal |

— =[]~ — Protocol | - degrad
—~/— Protocal Il

— =</~ — Protocol IIB - degrad
——%%—— Protocol Il

— =% — — Protocol ll - degrad
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|
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0.8 = - S, N T — -
LB _O-1
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0.4

0 0.1 0.2 0.3 0.4 0.5 0.6
normalized distance of the assisting relay

Figure 5.41.- Ideal throughput (solid lines) and predicted throughput (dotted lines) with the CTC
(assuming the degradation loss factor I'=3 dB).
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SNR0 = 0 dB low code-rate resolution
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Figure 5.42.- Throughput of the different relay-assisted protocols as a function of the distance of
the relay. Modulation and coding scheme defined in (5.55).
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Figure 5.43.- Throughput of the different relay-assisted protocols as a function of the distance of
the relay. Modulation and coding scheme defined in (5.55) with a finer codeword rate resolution.

Figure 5.42 shows the obtained throughput when the modulation and coding scheme defined in
(5.55) is considered. For the direct transmission a throughput of 0.68 bits/s/Hz is achieved,
where the predicted throughput was 0.6 bits/s/Hz (see Figure 5.41). This performance is
motivated by the degradation loss factor, T, which has assumed constant (3 dB) for all
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throughput values, when its actual performance depends a little on the throughput value. For
example, for low throughput values the T" could be 2 dB (see Figure 5.39). Moreover, it can be
seen that the forwarding protocol gets a throughput too different from the predicted one when
the assisting relay is close to the source or the destination. In such a case, the source-relay and
relay-destination link are so good that the capacity is high. However, our maximum achievable
rate is limited by the maximum constellation (64-QAM — 6 bits). Protocol 1IB obtains a similar
throughput performance as the predicted one, there is around a 15% loss when the relay is
placed at 0.15< d <0.5 m. However, protocol | and Il only get better results than the direct
transmission for 0.4 < d <1 m. This is motivated by the predicted phase duration (o) when the
relay is placed at d <0.4, enforcing to the assisting relay to see a codeword that does not exist
(5.38).

If the considered codeword rate presents a finer resolution and the minimum codeword rate is
r=1/9, then throughput results of Figure 5.43 are obtained. It can be seen that total throughput is
improved.

5.3.4 Conclusions

In this section a link error prediction method applied to the different protocols of relay-assisted
transmission has been investigated. The Exp-ESM has been selected thanks to:

1. Good accuracy.

2. Simplicity of computation. It is required only the instantaneous SNR of each data carrier
to compute the effective SNR.

3. Easy adaptability for relay-assisted schemes and when retransmissions are used.

It has been shown that this metric is defined by the parameters:

1. Optimum B (o).
2. RMSE.

Those parameters depend on the packet size, codeword rate, modulation and number of
carriers used by the transmission. However, when the number of normalized carriers N
(defined in (5.16)) is high, the RMSE value tends to stabilize. Moreover, those parameters
present a remarkable low variability for different types of channel (channel impulse response,
correlation at the antennas), so that, independent of the type of channel.

The error prediction of the relay-assisted protocols can be derived by looking into the
combination of metrics of the orthogonal and superposed transmission (section 5.3.1.3).
Additionally, an algorithm for the MCS selection has been described both for case where the
data region is given beforehand or not and the type of service (maximization the transmission
rate or maximization the throughput). Results show that the performance depends on the
codeword resolution and the constellation considered. For example, in some cases higher order
modulation of 64-QAM seems necessary. Although the performance of the half-duplex protocols
is different from the predicted performance (based on capacity values and taking into account
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the degradation loss factor) the relay-assisted transmission is able to provide throughput gains
over the direct transmission.

5.4 Chapter summary and conclusions

This chapter has studied the dynamic link control for the relay-assisted transmission. It depends
on a large number of parameters as the relay transmission mode, the resource allocation, single
or multi-carrier transmission, number of antennas at the different nodes, selected space-time
code, relay protocol, retransmission and length of retransmissions. The transmission strategy
for the relay-assisted transmission depends on the type of knowledge about the current
channel, which is classified as statistical information about the state and actual information
about the current channel. In this chapter we have considered the transmission strategy under
one scenario for each type of knowledge, long-term CDIT and partial CSIT, respectively. Both
cases correspond to a situation where the transmitter does not have an exact knowledge of the
channel coefficients, so it transmits uniformly through all the antennas. However the link control
adopted in each case is different:

» Long-term CDIT. The rate of the transmission is selected according to some average
measure as for example the average capacity or the average SNR. Therefore, the
receiver might not receive correctly the message because the selected data rate is not
supported by the channel state, generating an outage event. In this regard, the use of
ARQ protocols alleviates those outage events and improves the throughput by
informing the transmitter about the success of the transmission. If the message is
wrongly decoded, the message is retransmitted, although the actual format depends on
the type of ARQ protocol considered. We have studied a relay-assisted scenario similar
to the one considered in chapter 4, where different destinations are served in a TDMA
frame (with single-carrier transmission) using protocol | and there is one time-slot
spatially reused by all the associated relays. We have also investigated the DSTC at the
source and relay and the coding for the retransmissions. In this latter case, the RPCTC
allows transmitting different parts of the same codeword by the source and relay.

» Partial CSIT. The transmitter knows some parameter related to the current link quality,
but not the channel coefficients. In such a case, the transmitter can adapt its MCS to
that scenario. In contrast to the long-term CDIT case, the accurate selection of the MCS
does not produce any outage event, and packet error situations are only due to thermal
noise. In this chapter we have considered that the transmission is carried out over a
frequency selective channel through several parallel carriers. The selection of the MCS
depends on the PER for each combination of packet size, modulation and codeword
rate under a given link quality. In such scenario, we have considered the Exp-ESM
method, which obtains the effective SNR for describing the link quality and estimating
the PER. This method has been extended for the error prediction under different half-
duplex protocols, and remarkable accuracy has been observed between actual and
predicted PER. With that estimation, the suitable MCS can be selected as a function of
the quality of the different links involved in the relay-assisted transmission. The
conclusions of this work are presented in section 5.3.4.
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5.5 Appendix A. Space-Time codes

In the following the Alamouti, VBLAST and Golden STC will be depicted as Linear Dispersion
Codes (LDC):

Alamouti

This code [18] Qs=T=2 is designed for ns=2,
10 0 1
A = A, =
0 1 -1 0
1 0 01
B = B, =
0 -1 10

The VBLAST transmits Qs=4 symbols during T=2 and assumes ns=2. The original STC definition

is given by,
10 01 0 0 00
Al — A2 = 143 = A4 =
00 00 10 01
10 0 1 00 0 0
B1: B2= B3: B4:
0 0 0 0 10 01

Although the following definition (obtained by a rotation of the previous STC [43]) achieves the
same mutual information and is able to get better results for linear receivers,

10 0 1 10 01
A, = A, = A, = A, =

01 -1 0 0 -1 10

10 01 10 01
B, = B, = B, = B, =

0 -1 10 01 -1 0

The Golden code [27][28][29] is defined for Qs=4, T=2 and ns=2,

1 0 0r 0 1 jr 0
e P T P i DY K IE
(5.59)

j=+-1 r:_lz\/g

(5.56)

VBLAST

(5.57)

(5.58)

Golden Code

5.6 Appendix B. Derivation of the Exp-ESM

This appendix presents the derivation of the Exponential — Effective SIR Mapping (Exp-ESM)
developed in [36]. First, it is assumed the case where the modulation uses a binary signaling.
Afterwards, that model is generalized to include an MCS-dependent parameter that allows for
fine-tuning of the Exp-ESM to different modulation and coding rates.
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5.6.1 Basic Exp-ESM

The Union-Chernoff bound of error probabilities is considered as a basis of the
Exp-ESM. The union bound for a coded binary transmission and maximum decoding is well
known and given by

P.()< D ayP,(d,) (5.60)

d=dpiy

where v is the channel symbol SNR, dyi, is the minimum distance of the binary code, aq is the
number of codewords with hamming weight d and Pz(d,}/) is the pair-wise error probability
(PEP) assuming a certain Hamming distance d and a certain symbol SNR, vy.

The PEP for a BPSK (binary phase shift keying) transmission under an AWGN channel can be
upper bounded (Chernoff-bounded PEP)

I:)2 (d ! }/) = Q(W)S e_}d = P2,Chernoff (d ! 7/) = [PZ,Chernoff (1' 7)]d (5'61)

It can be seen that the Chernoff-bounded PEP is directly given by the Chernoff-bounded
(uncoded) symbol error probability.

P.(»)< Z ayPy(d,y) < Z Ay [Pz,Chernoff @ 7)]d = P, chemot (7) (5.62)
d.

d=dpip d=dp,
Thus, the Chernoff-bounded error probability P, ... (7) only depends on the weight
distribution of the code ( P, cpermorr (L, 7) )-

Let us assume a 2-state channel for explaining the principles of the Union Chernoff bound.
Those principles are straightforwardly extended to the general multi-state channel. In this
regard, our 2-state channel is characterized by an SNR vector 7 = [71,72] where the two states
v+ and y, occur with probability p; and p;, respectively. Both SNR values are assumed to be
independent from each other.

Let us now look at two arbitrary codewords with Hamming distance d. The SNR value, either v,
and y,, associated with each of the d differing symbols depends on the respective symbol
position. We will consider the mean PER, averaged over all possible positions of the d differing
symbols. In such a case, the Chernoff bounded PER can be expressed as,

4 d i i —(in+(d-i - _
PZ,Chernof'f (d1[7/1:72]) ZZ{ | ] plI pg_le (h ( )}/2) :(ple n + pze & )d (563)

i=0

where the binomial theorem has been used to arrive at the final expression. The term pli pg_i
represents the probability that i of the d differing symbols are associated with SNR y, and the
residual (d-i) symbols are associated with SNR y,. Each event presents a Chernoff-bounded
PEP equal to e (7*(4-72)

It is worth noticing that the averaged Chernoff-bounded symbol error probability for the 2-state
channel (5.63) is relative to the 1-state channel,
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P, chernoft (d , [71 172 ]) = [PZ,Chernoff (1, [7 172 ])]d (5.64)

Moreover, from the polynomial theorem, it can be shown that the same is true for the general
multi-state channel characterized by a vector 7 =[,,7,,...7y ], i.e.

I:)Z,Chernof“f (d ’ 77) = [PZ,Chernoff (17 77)]d (5-65)

This feature is now exploited to derive the Exp-ESM. The goal is to find an effective SNR value
Yerr Of @n equivalent 1-state channel such that the Chernoff-bounded error probability equals to
the Chernoff-bounded error probability on the multi-state channel, i.e.

Pe,Chernoff (7eff ): Pe,Chernoff (77) (5-66)

Due to the feature stated above, (5.65), this can be achieved by matching

PZ,Chernoff (1’ 7eﬁ ): I:>2,Chernoff (l’ 77) (5-67)
The Exp-ESM is found as,

N
Ver = —ln(Z pke‘“j (5.68)
k=1

or, for the case of OFDM with N carriers and different SNR, v, on each carrier

l N
Ve :—In[WZe”j (5.69)

5.6.2 A generalized Exp-ESM

The derivations depicted in section 5.6.1 have assumed a binary transmission (BPSK). It is
clear that, for QPSK (Quadrature Phase Shift Keying) or 4-QAM (Quadrature Amplitude
Modulation), the Exp-ESM becomes,

1y
Yer =—2-In er 2 (5.70)
k=1

For higher-order modulation, such as 16-QAM, it is not straightforward to determine the exact
expression for the Exp-ESM. The reason is because the higher-order modulation can be seen
itself as a multi-state channel from a binary-symbols transmission point of view. In this regard
[36] proposes the use of the parameter § to match the Exp-ESM to a specific modulation and
coding rate. The suitable value of parameter B is bound from link-level simulations. The
generalized exponential ESM is defined as,

1 N Y
Ve ==1In er / (5.71)
i=1
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5.7 Appendix C. Analysis of Exp-ESM parameters

This appendix explores the optimal S, (5.13) and the RMSE (5.15) obtained by the Exp-ESM
for different configurations of antenna, space-time codes and type of channels. Results are
depicted as a function of the normalized number of carriers introduced in (5.16), N.°" . It will
be shown that the B, and the RMSE also depends on the packet size and the selected
modulation.

5.7.1 Different space-time codes

A packet size of N,=960 bits with codeword rate equal to r=1/3 has been assumed for a
Rayleigh channel impulse response of 6 taps (6 symbols length with equal average power) and
different antenna and STC configuration (Alamouti, Golden). Figure 5.23 and Figure 5.24
showed results when 4-QAM was adopted. Furthermore, Figure 5.44 presents results when 16-
QAM is selected and SISO and 2x2 MIMO transmission (Golden STC) is used. It can be seen
for 16-QAM that the RMSE is larger than for 4-QAM case. Moreover, the RMSE performance
follows similar guidelines as the 4-QAM case, it also decreases by increasing the normalized
number of carriers and the SISO performance is the worst.
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Figure 5.44.- (left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 960 bits, r=1/3, 16-QAM and Rayleigh channel with 6 taps.

5.7.2 Different packet size

This section present the performance of the Sy (5.13) and the RMSE (5.15) when the packet
size (Np) of the CTC changes. Notice that the PER curve depends on the packet size as was
shown in Figure 5.20, therefore the optimization of £ parameter has to be done for each packet
size. Figure 5.45, Figure 5.46 and Figure 5.47 present the results for N,={960, 480, 288} bits,
respectively, all using a codeword rate r=1/2 and 4-QAM. SISO and 2x2 MIMO transmission
(Golden STC) is studied. When the packet size is small, the f,,: seems to be independent of the
normalized number of carriers.
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Figure 5.45.- left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 960 bits, r=1/2, 4-QAM and Rayleigh channel with 6 taps.
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Figure 5.46.- (left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 480 bits, r=1/2, 4-QAM and Rayleigh channel with 6 taps.
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Figure 5.47.- (left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 288 bits, r=1/2, 4-QAM and Rayleigh channel with 6 taps.
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5.7.3 Different frequency selective channel lengths

Figure 5.48 depicts the performance of S, (5.13) and the RMSE (5.15) when the channel
impulse response for a Rayleigh channel varies. Results are obtained for Rayleigh channels
with {3, 6, 9 and 12} taps (with equal average power and the same number of symbols length).
The CTC code has Ny,=288 bits, the codeword rate is r=1/2 and the modulation is 4-QAM. The
transmission is done in a 2x2 MIMO system with Golden STC. Results of Figure 5.48 show that
the S, and RMSE is independent of the channel impulse response.
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Figure 5.48.- (left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 288 bits, r=1/2, 4-QAM and Rayleigh channel with {3,6,9,12} taps, MIMO 2x2.

5.7.4 Results on Fireworks!’ scenarios

This section analyzes the performance of S (5.13) and the RMSE (5.15) with different type of
channels. For this purpose, it has been considered 3 channels defined in [53] named UOHL-
NLOS (Urban Outdoor High to Low- NLOS), UOHM-NLOS (Urban Outdoor High to Medium —
NLOS) and UOML-LOS (Urban Outdoor Medium to Low —-LOS) which take into account
different channel impulse responses and antenna correlations. Those results are presented in
Figure 5.49, Figure 5.50 and Figure 5.51, respectively, using a CTC code Np=288 bits with
codeword rate r=1/2 and modulation 4-QAM. The transmission is done through a SISO channel
(1x1) and (2x2) MIMO channel, with Golden codes as STC.

It can be seen that the SISO transmission obtains a similar performance for NLOS channels,
Figure 5.49, Figure 5.50, where f,~1.2 and the RMSE=0.1. These values are similar to the
ones obtained in the Rayleigh channel shown in Figure 5.47. For the channel with LOS (UOML
scenario in Figure 5.51) fo=1.1 and the RMSE=~0.05. This performance can be justified with the
help of Figure 5.52, where the channel power delay profile of the different realizations of those
channels is depicted. The UOHL-NLOS and UOHM-NLOS present a channel impulse response
with more than 1 significant coefficient (3 and 4, respectively) and have similar performance as
for the Rayleigh channel with different number of taps. When the channel impulse response has
only 1 significant coefficient the SISO transmission is akin to the AWGN channel, all the carriers

' These are the scenarios considered in the FIREWORKS project (IST-4-027675-STP).

0.25
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present the same instantaneous SNR. In such a case, the effective SNR is independent of the
selected f. Nevertheless, the channel impulse response of the UOML-LOS has not exactly a
single tap, producing that S, is equal to 1.1 (not too different from the results in other type of
channels) and having the lowest RMSE.

Optimum beta
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Figure 5.49.- (left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 288 bits, r=1/2, 4-QAM and Fireworks channel UOHL-NLOS.
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Figure 5.50.- (left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 288 bits, r=1/2, 4-QAM and Fireworks channel UOHM-NLOS.

Optimum beta

CTC 288 bits 4-QAM r=1/2 MMSE FW channel UOML-LOS

—6— 1x1 Ray
—+— 2x2 Golden

Num carriers/coded bits

RMSE [dB]

0.4

0.35

o
w

o
N
a

o
N

o
o

o

o
o
&

CTC 288 bits 4-QAM r=1/2 MMSE FW channel UOML-LOS

Num carriers/coded bits

Figure 5.51.- (left plot) Optimum B and RMSE (right plot) as a function of the normalized number of
carriers. CTC 288 bits, r=1/2, 4-QAM and Fireworks channel UOLM-LOS.
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For the 2x2 MIMO transmission with Golden code, the values of B, and RMSE for the UOHL-
NLOS (Figure 5.49), UOHM-NLOS (Figure 5.50) and UOML-LOS (Figure 5.51) are quite
different to the Rayleigh case shown in Figure 5.48. Notice that the RMSE is almost equal to 0.2
in Figure 5.51. This performance can be connected with the space-time code (STC), the MMSE
receiver and the antenna (space) correlation. The Golden code transmits 4 symbols in two
channel uses through 2 transmitting antennas. If there are 2 antennas at the receiver, a linear
receiver (MMSE) can be considered at the destination. However the performance of the linear
receiver will be degraded as the correlation between antennas (at transmitter and/or receiver
side) increases. To illustrate it, assume a scenario where the channels between transmitting
antennas to a common receiving antenna are highly correlated. The destination sees nearly the
same channel from the multiple-antenna, i.e. a single transmitting antenna is enough to transmit
to the destination (assuming no channel state information at the transmitter side).

In section 5.7.4.1 it has been measured the antenna correlation for the considered Fireworks
channels. Table 5.5 depicts the ratio between the maximum over the minimum eigenvalue of
the transmit (and receive) covariance matrix, (5.72). When the channel is Rayleigh, Figure 5.48,
the antennas are uncorrelated. For channels UOHL-NLOS (Figure 5.50) and UOHM-NLOS
(Figure 5.16), Table 5.5 shows that there is some correlation at the transmitter side, for those
cases the By is different from the uncorrelated case and the RMSE is worse. Finally, UOHL-
LOS (as the name indicates) there is a high transmitter correlation, obtaining worse values of
RMSE. In this case the Exp-ESM does not work properly.
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Figure 5.52.- Power delay profile of the coefficients of the channel impulse response for the
channels: Rayleigh (4 taps), UOHL-NLOS (11 taps), UOHM-NLOS (3 taps) and UOML-LOS (4 taps).

5.7.4.1 Antenna correlation

The transmit and receive channel correlation matrix in a certain frequency is defined by,

Roy = E[h?x hoy ] Rey = E[thh:x :l (5.72)

with hrx (hgx) being the channel matrices between all transmitting (receiving) and one receiving
(transmitting) antenna, of dimensions 1xns (Ngx1), at a certain frequency. The E[] function is the
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expectation operator. The covariance matrices Rrx and Rgrx have dimensions ngxng and ngxng,
respectively.

Table 5.5 presents the ratio between the maximum over the minimum eigenvalue of the
covariance matrix. A value close to one implies that the channels at the transmission/reception
are uncorrelated. On the other hand, a value larger than one implies some correlation between
the antennas. The values depicted in Table 5.5 are for Rayleigh channels and Fireworks
channels with antenna separation equal to A/2, [53].

Type of channel Ratio between max. and min. eigenvalue

Transmit correlation Receive correlation
Rayleigh channel 1 1
UOHL-NLOS 14.3 2.19
UOHM-NLOS 1.17 1.13
UOML-LOS 90.9 4.20

Table 5.5.- Ratio of maximum and minimum eigenvalues of the covariance channel matrix of the
transmitting and receiving antennas. Ng=2, Ng=2.

5.8 Appendix D. Optimal parameters of the Exp-ESM

This section is devoted to present the performance of the £, and RMSE as a function of the
codeword selected, r for different antenna configuration and packet size. Here it has been
assumed that the transmission is using 4 OFDM symbols with the maximum number of carriers.
Results are obtained for Rayleigh channels (with 6 and 12 taps with equal average power) and
UOHM-NLOS, UOHL-NLOS and UOML-LOS channels [53]. Two scenarios are assumed a 2x1
MIMO system where the Alamouti STC is used (Figure 5.53-Figure 5.55) and the 2x2 MIMO
with Golden code (Figure 5.56-Figure 5.59). For each scenario a packet size of N,={960, 288}
bits and modulation M={4,16}-QAM are investigated.

Alamouti STC (2x1 MIMQO)

Evaluation of optimum beta N=960 Ms=4-QAM Alamouti 2x1 Evaluation of RMSE N=960 Ms=4-QAM Alamouti 2x1
1.5 T T T 0.5 T
—S— RAY 6 taps ! —S— RAY 6 taps
1451 5 RAY 12 taps } 0.45H —g— RAY 12 taps
—%— UOHL-NLOS | —— UOHL-NLOS
—#— UOHM-NLOS T 041 —#%— UOHM-NLOS
‘ —p— UOML-LOS

|| ——uomLLos

0.35H

L B e R e
< g |
g W 0255~~~ ey .
E
8 D i e e
|
015 — — — — ey
|
(O] F—— R
| %7
0.05F - — — — T B _
|
0 |
0.2 03 0.8

code-rate code-rate

Figure 5.53.- (left) Optimum B and (right) RMSE as a function of the code rate selected for different
type of channels. 2x1 MIMO. Alamouti STC. N,=960. M=4-QAM.

Figure 5.53-left depicts the 4, as a function of the codeword rate for different type of channels
when the Alamouti STC is considered in a 2x1 MIMO system using a modulation of 4-QAM with
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a packet size of N,=960 bits. It can be seen that /5, is quite similar among the different
channels. Likewise, the RMSE, Figure 5.53-right, shows a performance almost independent of
the codeword selected, having a worst case performance of RMSE equal to 0.08 dB. If the
modulation is increased up to 16-QAM (Figure 5.25 and Figure 5.26) the [, also present
similar values for different types of channels, but the RMSE is increased for the NLOS
channels.

When the packet size is reduced to N,=288 bits, Figure 5.54 (4-QAM) and Figure 5.55
(16-QAM), the performance of the S, and RMSE follow similar steps, but the values of S, for a
given codeword rate and RMSE are smaller than for larger packet sizes.
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Figure 5.54.- (left) Optimum B and (right) RMSE as a function of the code rate selected for different
type of channels. 2x1 MIMO. Alamouti STC. N,=288. M=4-QAM.
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Figure 5.55.- (left) Optimum B and (right) RMSE as a function of the code rate selected for different
type of channels. 2x1 MIMO. Alamouti STC. N,=288. M=16-QAM.

GOLDEN STC (2x2 MIMO)

Figure 5.56 and Figure 5.57 present the results of f,,x and RMSE when the transmission uses
the Golden STC in a 2x2 MIMO scenario with a packet size of N,=960 bits and modulation
4-QAM and 16-QAM, respectively. In contrast to the Alamouti STC with 4-QAM, now the
UOHL-NLOS, UOHM-NLOS and UOML-LOS present a different f,,x compared with the
Rayleigh case and the RMSE is dependant of the codeword rate. When 16-QAM is assumed,
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see Figure 5.57, results in terms of obtained /£, for the different channels are quite similar (as it
happens with the Alamouti STC in Figure 5.25). However, the RMSE of the UOML-LOS is
higher. This might be connected with the antenna correlation for this type of channel as has

been discussed in section 5.7.4 in Appendix B.
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Figure 5.56.- (left) Optimum B and (right) RMSE as a function of the code rate selected for different
type of channels. 2x2 MIMO. Golden STC. Ny=960. M=4-QAM.
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Figure 5.57.- (left) Optimum B and (right) RMSE as a function of the code rate selected for different
type of channels. 2x2 MIMO. Golden STC. Np=960. M=16-QAM.
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Figure 5.58.- (left) Optimum B and (right) RMSE as a function of the code rate selected for different
type of channels. 2x2 MIMO. Golden STC. Ny=288. M=4-QAM.
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Evaluation of optimum beta N=288 Ms=16-QAM Golden code 2x2 Evaluation of RMSE N=288 Ms=16-QAM Golden code 2x2
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Figure 5.59.- (left) Optimum B and (right) RMSE as a function of the code rate selected for different
type of channels. 2x2 MIMO. Golden STC. Np=288. M=16-QAM.

When the packet size is reduced to Ny=288 bits (Figure 5.58 (4-QAM) and Figure 5.59
(16-QAM)) there are small changes in the S, but the RMSE is increased compared to the case
with packet size N,=960 bits.

5.9 Appendix E. Metric performance for orthogonal
transmission

In order to simulate the orthogonal transmission with incremental redundancy the scenario
depicted in Figure 5.28 will be considered. In a nutshell, given a codeword of rate r, the coded
bits are split in two sub-packets depending on the parameter x (o). Those sub-packets are
transmitted through orthogonal channels to a common destination using different data regions.
Moreover, the orthogonal channels may present different average power levels, that is, channel
B with a mean power level with ® dB higher than channel A, using ={10, 5, 2.5, 0}. The
destination must apply the Exp-ESM defined in (5.25) for estimated the effective SNR.

In Figure 5.60 and Figure 5.61 packets A and B use modulation 4 QAM and 16-QAM,
respectively. Additionally, the mean power of the channels are the same (o= 0 dB) and present
a 1x4 MIMO configuration. It can be observed that the effective SNR estimated by (5.25)
present results near of the reference curve (black stars) obtained for the AWGN channel.
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Figure 5.60.- Exp-ESM in orthogonal transmission for various frequency selective channels. (left)
k=0.3 and (right) &=0.5, Ma=4-QAM and Mg=4-QAM. CTC 288 bhits, r=1/2 and MIMO 1x4.Rayleigh 6
taps (6 symbols length with equal average power).o=0 dB.
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Figure 5.61.- Exp-ESM in orthogonal transmission for various frequency selective channels. (left)
x=0.3 and (right) k=0.5, Ma=16-QAM and Mz=16-QAM.CTC 288 bits, r=1/2 and MIMO 1x4.Rayleigh 6
taps(6 symbols length with equal average power). ®=0 dB.

Figure 5.62, Figure 5.63 and Figure 5.64 are devoted to show the performance of the exp-ESM
when the sub-packets use different modulation and the mean power of the channel is different.

For the different cases considered o= {10, 5, 2.5} dB, the metric described by (5.25) obtain
results close to the reference.
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Figure 5.62.- Exp-ESM in orthogonal transmission for various frequency selective channels. (left)
x=0.3 and (right) x&=0.5.Mx=4-QAM and Mg=16-QAM.CTC 288 bhits, r=1/2 and MIMO 1x4.Rayleigh 6
taps (6 symbols length with equal average power). ®=10 dB.
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Figure 5.63.- Exp-ESM in orthogonal transmission for various frequency selective channels. (left)
x=0.3 and (right) k=0.5,Mx=4-QAM and Mg=16-QAM. CTC 288 bits, r=1/2 and MIMO 1x4.Rayleigh 6
taps (6 symbols length with equal average power). ®=5 dB.
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Chapter 6

Conclusions and Future Work

HIS dissertation has considered the design of half-duplex relay-assisted communication

system, studying different algorithms and proposing solutions to enhance the spectral
efficiency of this type of transmission. Some of these algorithms placed at the physical layer
entail the definition of how the assisting relay may operate (AF or DF), when it has to be used
(persistent transmission, selective or incremental relaying) and what type of message is
transmitted by the relay (repetition or unconstrained coding). Other algorithms placed at the
data link layer are responsible for defining the proper resource allocation for each orthogonal
phase of the transmission (there is a relay-receive and relay-transmit phase) for single-user with
single-assisting and multiple-assisting relays and multiple-user communication systems (RMAC,
UC, MARC). The relay-assisted transmission has been applied to a centralized TDMA-based
network where two solutions are proposed for homogenizing the service. Both are based on the
spatial reuse of a relay slot (relay-transmit phase), that is all the assisting relays associated to
different destinations transmit simultaneously, generating interference. A power control
algorithm, based on game theory, and a rate control algorithm are the proposed solutions. In the
first case, the conventional scheduling algorithms are also adapted to the relay-assisted
transmission. It selects those destinations to be served in the same frame. In the latter case, it
is assumed that the destinations served in each frame are selected randomly and under the
assumptions considered in chapter 4 it is possible to model the interfering power statistics
received at each destination in the relay slot (a-stable distribution). Finally the dynamic link
control of the relay-assisted transmission has been investigated for different types of channel
information state at the transmitter: statistical information about the channel state or actual
information about the current channel state. In the first case we have specified the ARQ
procedure to be used at the source and relay, the STC and length of retransmissions. In the
second case, the MCS can be selected according the current channel realization.

6.1 Conclusions

A motivation of the Ph.D. dissertation has been given in chapter 1, presenting also the outline of
the work and the research contributions in terms of publications.

Chapter 2 has presented and overview of the relay-assisted and cooperative transmission,
describing the different protocols that can be defined when half-duplex relays are considered
(forwarding, protocol I, 1l and Ill), the strategy at the relay (decoding mode) and under what
conditions the relay should transmit. The protocol definition is connected with the activity of the
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terminals in each phase of the transmission (relay-receive and relay-transmit phase). The
resource allocation for each phase can be fixed (static resource allocation relaying) or adjusted
in function of the channel quality of the links (dynamic resource allocation relaying). For static
resource allocation relaying and protocol |, it has been studied the type of message transmitted
by the relay, which can be repetition or unconstrained coding. The unconstrained coding is able
to obtain the best gains in terms of outage and average mutual information. Additionally, the
achievable rates of the different protocols have been derived for dynamic resource allocation
relaying, presenting the performance under different constraints on the average transmitted
power. Protocol Ill is the one that obtain best results. When the source and relay present an
individual average power constraint (i.e. frequency duplexing), protocol | gets a similar
performance than protocol Ill. The benefits of the relay-assisted transmission are significant in
the low and medium SNR values. Moreover, it has been shown that the relay-assisted
transmission is able to provide an additive capacity gain compared with the direct transmission.
The mutual information of the direct transmission grows with the increase of the SNR, but the
additive capacity gain becomes steady for high SNR values. Therefore, for low and medium
SNR values the relay-assisted transmission enhances significantly the direct transmission, while
for high SNR that improvement tends to be negligible when the mutual information of the direct
transmission is larger than the additive capacity gain.

Two transmission techniques have been evaluated when a destination is assisted by multiple
DF relays under different conditions of CSI. If assisting relays and source have perfect CSl they
are able to transmit synchronously’ (eigenvector precoding techniques) the same message.
Otherwise they transmit asynchronously. When the relay-destination has a good link quality,
synchronous and asynchronous transmissions get a similar performance. The transmission
techniques define the type of messages transmitted to the relays during the relay-receive phase
(independent or common messaging). The resource allocation for those transmission
techniques is formulated as a convex problem and the optimal solution has been evaluated. The
use of independent messaging provides the best performance in terms of achievable rate. In a
Gaussian channel, when one of the relays is placed near the source, independent messaging
with synchronous transmission allows a quasi constant achievable rate irrespective of the
position of the other relay. If one of the relays is placed half way between the source and
destination, then asynchronous transmission get a performance not dependant of the position of
the second relay.

Chapter 3 has formulated and solved the resource allocation for the half-duplex relay-assisted
transmission applied to different multi-user scenario, where there are multiple sources (power
limited) willing to transmit to a single destination. Three scenarios has been considered: RMAC
(relay-assisted multiple access channel), where each source is assisted by a single relay, UC
(user cooperation), where the sources cooperate between them, and MARC (multiple access
relay channel), where all the sources are assisted by a single relay for transmitting to the
destination. As duplexing modes, the TDD (time division duplexing) and FDD (frequency
division duplexing) are considered. The multiple sources (and relay/s) access in each phase of
the relay-assisted transmission by means of TDMA (time division multiple access), FDMA
(frequency division multiple access) or SC (superposition coding multiple access).The problem
is formulated as convex problem under some circumstances and solved efficiently.

! Assuming also the carrier phase of the distributed terminals.
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Chapter 4 has applied the TDD relay-assisted transmission using protocol | to a centralized
TDMA-based system assuming user relaying. The destinations are served in equally time slots.
In order to improve the spectral efficiency, one time slot is devoted for the simultaneous
transmission of the assisting relays associated to different destinations. Two solutions are
proposed for combating the interference: power control and rate control. The first solution uses
a distributed power control algorithm based on game theory. It has been shown that the
algorithm converges after few iterations and results in terms of sum-throughput are close to the
obtained by the direct transmission with a nx2n, MIMO system (also in TDMA) when the reuse
of the slot (number of destination-relay pairs active) is high. Additionally, spectral efficiency
obtained by this solution when the terminal density is high is similar to the infrastructure relaying
(without spatial reuse of the relay slot). It is proposed an extension of the proportional fair (PF)
algorithm to the relay-assisted transmission that shows that some multiuser gain can be
obtained and additionally, the fairness in terms of average delay in transmitting a packet is
highly improved. The overhead of the proposed scheme is around 10%. The second solution for
dealing with the interference of the relay slot is by tuning the transmission rate (rate control).
Under the assumptions defined in chapter 4, the interfering power received by each destination
in the relay slot can be modeled by an a-stable process. It has been shown that using the
amplify and forward (AF) technique, significant gains in terms of sum-throughput are possible,
which depends on the number of destinations allocated in a frame and the target SNR in the
relay-destination link. Moreover, this has been extended to the case where each destination
present multiple-assisting relays, showing that the throughput gains also depend on the number
of assisting relays. Finally, a tradeoff between the throughput gain and the battery lifetime of the
assisting relay has been presented.

Chapter 5 has presented different algorithms for designing the dynamic link control of the relay-
assisted transmission under different types of channel knowledge. First, when there is statistical
information about the channel state based on long-term CDIT (usually the variance of the
estimated error about the CSI is large) the errors in the transmission are dominated by the
outage events due to the channel fading. The retransmission scheme ARQ is redefined for
accommodating the relay-assisted transmission under the same scenario as in chapter 4.
Different schemes for obtaining a diversity or STC gain are defined, which imply the definition of
DSTC (distributed space-time codes) and the coding done at the relay (RCPTC). The best
results are obtained by protocol HARQ-II, showing the superiority of DF versus AF, although for
some configurations the performance can be similar, thus providing a good compromise
between performance and complexity at the relay.

Otherwise, when the source has actual information about the current channel state based on
partial CSIT the errors in the transmission are due to the thermal noise. A scenario where the
relay-assisted transmission is done through multiple-carriers in a frequency selective channel
has been investigated. The Exp-ESM obtains the effective SNR which describes the quality of
each link and allows predicting the error rate for a given FEC and MCS. Following the same
principles of Exp-ESM, the link error prediction can be obtained for the different half-duplex
protocols of the relay-assisted transmission. The optimal MCS for the relay-assisted
transmission is found by maximizing two different criteria: either the information rate for a given
probability of packet loss or to maximize the throughput.
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6.2

Future Work

There are several lines for future research having as a basis the work developed in this
dissertation.

Chapter 2

>

The extension of dynamic resource allocation relaying to multiple-assisting relays,
investigating for which conditions is beneficial.

Take into account when the channel state information is known perfectly when there are
multiple antennas at the different terminals. The covariance transmit matrices can be
designed accordingly.

Investigate the two-path relaying, as an alternative way to reduce the loss in spectral
efficiency inherent to half-duplex relaying. A destination is served by two relays
transmitting orthogonally, but the relay-receive and relay-transmit phase of each
assisting relays is superposed. When one relay is transmitting, the other one is
receiving.

Chapter 3

>

In the RMAC scenario, two sources are assisted by two different assisting relays, the
source-relay transmission (relay-receive phase) is done orthogonally (i.e. in TDMA or
FDMA). The resource allocation should also consider what happens when both sources
transmit simultaneously, creating an interfering channel. Similar to the scenario
considered in chapter 4, where a slot is reused for the relay-transmit phase of all the
active destinations.

The dual scheme of the RMAC scenario should be analyzed, a single source and
multiple destinations with some assisting half-duplex relays. The assisting relays could
exploit some knowledge of the messages to be transmitted to other destinations. Then
some techniques using dirty paper coding could be considered.

Chapter 4

>

>

In the relay slot, only the assisting relays transmit to their destinations active in that
frame. In such a case, in a frame of N time slots N-1 destinations are served. However,
the reuse of the relay slot can be improved by allowing an additional direct transmission
from the source (with low amount of power) to some other destination nearby the
source. In such a case, in a frame of N time slots N destinations are served (N-1 by
relay-assisted transmission and 1 by direct transmission with interference).

Further investigation in power control algorithms based on game theory, trying to
improve the equilibrium points by means of pricing techniques.

Extension of the results obtained when a rate control is considered under the DF.
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» Investigate the allocation of resources for the two-way relaying as a way to reduce the
loss in terms of spectral efficiency inherent to half-duplex relaying in a multiuser
environment.

Chapter 5

> Further investigation in retransmission schemes for other relay-assisted protocols. In
this dissertation only protocol | has been considered for the ARQ procedures.

> Look into the relay-assisted transmission when both the relay and destination are able
to request retransmissions. In this dissertation only the destination is allowed.

> Investigation of efficient search algorithms for the modulation and coding selection.



