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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.  
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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. 
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Resumen 
 
 
 

A TRANSMISIÓN ASISTIDA POR RELAY O TRANSMISIÓN COOPERATIVA es una 
nueva técnica de diversidad espacial donde aparece un elemento nuevo (un relay o un 

usuario cooperativo) en la tradicional transmisión punto a punto (fuente a destino). Ahora en la 
comunicación intervienen tres enlaces: fuente-relay, relay-destino y fuente-destino. El relay, 
además de asistir a la fuente en la transmisión de un mensaje, permite combatir las 
degradaciones que puede sufrir el canal como el shadowing, la atenuación del canal (fading), la 
interferencia recibida y el pathloss. Aunque esta técnica está basada en el trabajo realizado en 
los 70 por Van der Meulen, Cover y El Gamal, ha sido en los últimos años cuando se han 
vuelto a considerar el uso de relays. En realidad, la transmisión asistida por un relay puede 
verse como un sistema virtual multi-antena (virtual MIMO) donde las antenas están distribuidas 
en diferentes terminales. Sin embargo, al contrario de los sistemas multi-antena y debido a la 
limitación de la actual tecnología radio, el relay debe trabajar en modo half-duplex, ya que no 
puede transmitir y recibir simultáneamente en la misma banda. Este hecho, motiva que la 
transmisión deba realizarse en dos fases ortogonales en función 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 transmisión asistida por relay para mejorar 
la eficiencia espectral y homogeneizar el servicio para todos los usuarios uniformemente 
distribuidos en un sistema de comunicación celular. La introducción del relay en la 
comunicación implica la redefinición de muchas técnicas y protocolos considerados en las 
comunicaciones punto a punto y en los sistemas multi-antena, situados en la capa física y/o 
superiores. 
 
 
En primer lugar se presentan los achievable rates obtenidos por la transmisión asistida por 
relay en función del rol del relay (amplifica y retransmite  o decodifica y retransmite), el tipo de 
transmisión (siempre transmite, incremental o selectiva), los datos transmitidos por el relay 
(repite los símbolos recibidos o son independientes) y el tipo del protocolo half-duplex. En 
función de los terminales activos en cada fase de la comunicación (fuente, destino o relay), 
existen hasta cuatro protocolos. Otro aspecto considerado es la asignación de recursos 
(resource allocation) para cada fase de la comunicación, la cual puede estar fijada de 
antemano  o puede ser ajustada dinámicamente en función 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 podrían transmitir 
síncronamente, mejorando la comunicación gracias a la ganancia debida a técnicas de 
precodificación con autovectores del canal (con antenas distribuidas).  
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Además dos técnicas de transmisión asistida por relay son evaluadas cuando existen múltiples 
relays por destino. Ambas dependen del tipo de mensajes transmitidos a cada relay (mensajes 
independientes o uno común). La asignación de recursos para ambas técnicas puede verse 
como un problema convexo. 
 
Tres escenarios resumen diferentes tipos de transmisión asistida por relay para múltiples 
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 transmisión puede hacerse síncrona o asíncronamente. Las 
fuentes y los relays están limitados en potencia y el acceso de ellos en cada fase de la 
comunicación pude hacerse  por medio de TDMA (time division multiple access), FDMA 
(frequency division multiple access) or SC (superposition coding multiple access). La 
asignación de recursos puede ser formulada como un problema convexo en algunos casos y la 
solución óptima puede ser encontrada. 
 
Seguidamente la transmisión 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 teoría de juegos es 
propuesto para combatir la interferencia generada. Bajo esa configuración, 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 transmisión (rate 
control management). Bajo ciertas condiciones es posible modelar la función de densidad de 
probabilidad de la potencia interferente. En ese caso, la fuente ajusta el rate para maximizar el 
throughput de la comunicación. Esta solución 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 transmisión directa, a pesar de la interferencia existente en el slot de 
relay. 
 
Finalmente, se investiga el control dinámico del enlace para la transmisión asistida por relay 
con dos diferentes tipos de conocimiento sobre el canal: conocimiento estadístico (statistical 
knowledge of the channel state) o conocimiento del canal instantáneo (actual information about 
the current channel state). Estos dos tipos de conocimiento derivan en diferentes estrategias a 
utilizar para seleccionar la modulación y el esquema de codificación (MCS). En el primer caso, 
los rates seleccionados no están adaptados al canal actual, por lo que el destino puede recibir 
erróneamente los mensajes. Los protocolos de retransmisión de mensajes (ARQ – automatic 
repeat request) son los encargados de asegurarse la correcta recepción y son redefinidos para 
la transmisión asistida por relay. En este trabajo, se especifica los códigos espacio-tiempo 
distribuidos, la codificación en al fuente y el relay y la longitud de las retransmisiones. Cuando 
la fuente conoce algún parámetro del canal instantáneo puede adaptar el MCS para esa 
realización del canal. En ese caso se investiga la predicción del error en las transmisiones 
asistidas por relay, y con ello es posible diseñar el MCS para que maximice la cantidad de 
información transmitida para una probabilidad de pérdida de paquete o que maximice el 
throughput. 
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Resum 
 
 
 

A TRANSMISSIÓ ASSISTIDA PER RELAY O TRANSMISSIÓ COOPERATIVA és una 
nova tècnica de diversitat espacial on apareix un element nou (un relay o un usuari 

cooperatiu) en la tradicional transmissió punt a punt (font a destí). Ara en la comunicació hi 
intervenen tres enllaços : font-relay, relay-destí i font-destí. El relay, a més a més d'assistir a la 
font en la transmissió d’un missatge, permet combatre les degradacions que pot patir el canal, 
com el shadowing, fading, interferència i el pathloss. Encara que aquesta tècnica està basada 
en el treball realitzat en els 70 per Van der Meulen, Cover i El Gamal, ha estat els darrers anys 
quan s'han tornat a considerar l’ús de relays. En realitat, la transmissió assistida per un relay es 
pot veure com un sistema virtual multi-antena (virtual MIMO) on les antenes estan distribuïdes 
en diferents terminals. No obstant, al contrari dels sistemes multi-antena i a causa de la 
limitació de l'actual tecnologia ràdio, el relay ha de treballar de manera half-duplex, ja que no 
pot transmetre i rebre simultàniament a la mateixa banda. Aquest fet, motiva que la transmissió 
hagi de realitzar-se en dues fases ortogonals en funció 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 freqüència (FDD) o el temps (TDD). 
 
Aquesta tesi investiga protocols i estratègies per la transmissió assistida per relay per millorar 
l'eficiència espectral i homogeneïtzar el servei per a tots els usuaris uniformement distribuïts en 
un sistema de comunicació cel·lular.  La introducció del relay en la comunicació implica la 
redefinició de moltes tècniques i protocols considerats en les comunicacions punt a punt i en 
els sistemes multi-antena, situats a la capa física i / o superiors. 
 
 
En primer lloc es presenten els achievable rates obtinguts per la transmissió assistida per relay 
en funció del rol de relay (amplifica i retransmet o decodifica i retransmet), el tipus de 
transmissió (sempre transmet, incremental o selectiva), les dades transmeses per relay 
(repeteix els símbols rebuts o són independents) i el tipus del protocol half-duplex. En funció 
dels terminals actius en cada fase de la comunicació (font, destí o relay), hi ha fins a quatre 
protocols. Un altre aspecte considerat és l'assignació de recursos (resource allocation) per 
cada fase de la comunicació, la qual pot estar fixada per endavant o pot ser ajustada 
dinàmicament en funció dels canals dels diferents enllaços. En el cas que tots els coeficients 
del canal es coneguessin perfectament (incloent també la fase de portadores dels 
transmissors), els terminals podrien transmetre síncronament, millorant la comunicació gràcies 
al guany degut a tècniques precodificació amb autovectors (amb antenes distribuïdes).  
 
 
A més a més dues tècniques de transmissió assistida per relay són avaluades quan existeixen 
múltiples relays per destí. Totes dues depenen del tipus de missatges que es transmeten a 
cada relay (missatges independents o un comuns). L'assignació de recursos per a totes dues 
tècniques es pot veure com un problema convexe. 

L 



vi 

Tres escenaris resumeixen diferents tipus de transmissió assistida per relay per a múltiples 
fonts i un sol destí : RMAC (Relay-assisted Multiple Access Channel), UC (User Cooperation) 
and MARC (Multiple Access Relay Channel). La seva diferència es basa en el tipus de relay 
half-duplex considerat. La transmissió es pot fer síncrona o asíncronamente. Les fonts i els 
relays estan limitats en potència i l'accés d'ells a cada fase de la comunicació es pot fer per 
mitjà de TDMA (time division multiple access), FDMA (frequency division multiple access) or SC 
(superposition coding multiple access). L'assignació de recursos pot ser formulada com un 
problema convexe en alguns casos i la solució òptima pot ser trobada. 
 
 
Seguidament la transmissió assistida per relay i duplexada en temps és aplicada a un sistema 
cel·lular centralitzat basat en TDMA al downlink. Amb l'objectiu de millorar l'eficiència 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 interferència per a tots els destins actius. Un 
algoritme de control de potència basat en la teoria de jocs és proposat per combatre la 
interferència generada. Sota aquesta configuració, un algoritme de scheduling investiga els 
possibles guanys deguts al multi-user gain, i mesura el overhead introduït.  
 
Una altra manera de tractar amb la interferència és controlar el rate de la nostra transmissió 
(rate control management). Sota certes condicions és possible modelar la funció de densitat de 
probabilitat de la potència interferent. En aquest cas, la font ajusta el rate amb vista a 
maximitzar-ne el throughput de la comunicació. Aquesta solució és estesa per al cas en què 
cada destí és assistit per diversos relays. Les dues solucions propostes proporcionen més bons 
resultats que la transmissió directa, malgrat la interferència existent al slot de relay. 
 
 
Finalment, s'investiga el control dinàmic de l'enllaç per a la transmissió assistida per relay amb 
dos diferents tipus de coneixement sobre el canal: coneixement estadístic (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 estratègies a utilitzar per 
seleccionar la modulació i l'esquema de codificació (MCS). En el primer cas, els rates 
seleccionats no estan adaptats al canal actual, i per aquest motiu el destí pot rebre erròniament 
els missatges. Els protocols de retransmissió de missatges (ARQ - automatic repeat request) 
són els encarregats d'assegurar-se la correcta recepció i son redefinits per la transmissió 
assistida per relay. En aquest treball, s'especifica els codis espai-temps distribuïts, la 
codificació en al font i la relay i la longitud de les retransmissions. Quan, la font coneix algun 
paràmetre del canal instantani pot adaptar el MCS per a aquesta realització del canal. En 
aquest cas s’investiga la predicció del error en les transmissions assistides per relay, i amb això 
és possible dissenyar el MCS per maximitzar la quantitat d’informació que s’ha de transmetre 
per una probabilitat de pèrdua 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-
assisted1 communication where several distributed terminals cooperate to transmit/receive their 
intended signals (Laneman, Tse, Wornell, Erkip, Sendonaris, Aazhang, Host-Madsen). In this 

                                                      
1 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. 
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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 message2. 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. 
 
 

S

D

RS

S

D

RS

 
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. 
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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], 
ROCKET3 [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,  
 
ü Amplify and forward (AF). The relay amplifies and forwards the signal received during the 

relay-receive phase. 
 
ü Decode and forward (DF). The relay decodes the message received in the relay-receive 

phase, re-encodes and transmits in the relay-transmit phase. 
 
ü 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. 
 
 
                                                      
3 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. 
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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. 



                                                                                                                                                    5 

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 (CSI), thus they can transmit synchronously4 (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 access5). 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 

                                                      
4 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. 
5 In such a case the multiple sources share the same medium. 
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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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