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HE following paper presents an overview of the Ph.D Thesis1 presented in [1], which 
compiles all the research done during the period of time between 2004-2007. In that 

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 service in cellular communications, system design is investigated at physical (type 
of transmissions of the relay, decoding mode, ..) and upper layers (resource allocation, dynamic 
link control). 
 
 

1.1 Motivation 
The growth of wireless networks in the last decades is motivated by their ability of providing 
communication 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, unlike 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 and path-
loss) for an enhanced homogeneous coverage. 
 
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.  
 

                                                      
1 This work has been supported by the “Departament d’Universitats, Recerca i Societat de la Informació (DURSI) de la 
Generalitat de Catalunya i del Fons Social Europeu”: 2004FI 0034, 2005FIR 00260, 2006FIC 00274 and 2007FIC 900. 
Additionally, part of the results of this work has been considered as UPC’s contribution to EC-funded projects 
ROMANTIK (IST-2001-32549) and FIREWORKS (IST-4-027675) 
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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-assisted2 communication where several distributed terminals cooperate to 
transmit/receive their intended signals. It is based on the seminal works issued in the 70’s by 
van der Meulen, Cover and El Gamal. In this technique 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 message3. 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. 
 
 

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). 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 
                                                      
2 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. 
3 This protocol will be defined in chapter 2 as protocol I. 
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efficiency provided by an ideal full-duplex assisting relay. Multiplexing gains are not possible in 
half-duplex relaying with single antenna terminals, although significant additive capacity gains 
are still possible. 
 
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. 
 
 
The relay-assisted transmission definition entails a cross-layer architecture. 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. Therefore a new 
paradigm in communications appears: source-relay-destination. The decoding role of the relay 
terminal should be defined,  
 

 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 of the OSI (Open Systems Interconnection) model, 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 can be improved when the techniques of 
the data link layer consider some information available at the physical layer (cross-layer 
design), as knowledge of the wireless medium and the transceiver technique to be used. 
 
 
This paper is organized in two sections. Section 1.2 presents a summary of each chapter of the 
Ph.D. dissertation, [1], describing the main research and the obtained conclusions. Afterwards, 
the research contributions of [1] have been reported in the publications depicted in section 1.3.  
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1.2 Summary of dissertation 
The dissertation presented in [1] addresses protocols and strategies of the half-duplex relay-
assisted transmission for enlarging the spectral efficiency of the single-user (with single and 
multiple assisting relays) and multiple-user (with single assisting relay) relay-assisted 
transmission. 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. 
 
The summary 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 (RS) (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 (see Figure 1.2 and Figure 1.3), 
providing their mutual information.  
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Figure 1.2.-  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 
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Figure 1.3.- 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. 
 
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. Protocol 
III (see Figure 1.2) is the one that obtain best results. When the source and relay present an 
individual average power constraint (i.e. frequency duplexing), protocol I gets a similar 
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performance than protocol III. The benefits of the relay-assisted transmission are significant in 
the low and medium SNR values. Moreover, chapter 2 shows 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 (see Figure 1.4). Both relays are receiving and 
transmitting simultaneously. If assisting relays and source have perfect CSI they are able to 
transmit synchronously (beamforming 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, by optimizing properly the phases of the transmission as a function of the position of the 
second relay. 
 
 

 
Figure 1.4.- Multiple half-duplex relay-assisted transmission 

 
 
Chapter 3 analyzes different cooperative/relay-assisted scenarios for multiple sources and a 
single destination, all depicted in Figure 1.5. 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. Protocol III 
described in chapter 2 is adopted as the one having the largest spectral efficiency. 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 
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multiple sources access to the medium by means of TDMA (time division multiple access), 
FDMA (frequency division multiple access) or SC (superposition coding multiple access). 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 [1] 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. 
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Figure 1.5.- a) (RMAC) In the relay-receive phase (phase I) source users transmit to their associated 
relays and destinations. In the relay-transmit phase (phase II) all nodes transmit to destination, b) 

(UC) In the relay-receive period (phase I) sources transmit to relays (other sources) and 
destination. In the relay-transmit period (phase II) both transmit to destination, c) (MARC) In the 

relay-receive period (phase I) source users transmit to the relay and destination. In the relay-
transmit period (phase II) all nodes transmit to destination 

 
 
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 
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 
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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. 
See Figure 1.6. 
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Figure 1.6.- 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 
 
 
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). 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-capacity are close to the obtained by the direct transmission with a ns×2nd MIMO 
system (also in TDMA) when the reuse of the slot (number of destination-relay pairs active) is 
high. Additionally, a comparison between infrastructure and infrastructure-less (user relaying) is 
reported, showing that with a high terminal density the spectral efficiency under user relaying is 
close to the infrastructure relaying (without spatial reuse of the relay slot). Finally, the medium 
access (traditional scheduling algorithms) is analyzed for the relay-assisted transmission with 
distributed power control in order to study the multiuser gain in this type of transmission. 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%. 
 
On the other hand, the second approach for dealing with the interference 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. Chapter 4 shows 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 
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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 is also presented. 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. The interfering power follows a α-stable distribution. 
 
 
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 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 MCS will not be supported, producing 
that the receiver will decode wrongly the message (outage event). In [1] it has assumed that the 
transmitters have long-term CDIT, as for example the average SNR of each link. 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.  
 
 
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 only due to the channel noise. 
This case has been considered for a multicarrier relay-assisted transmission when there is 
partial CSIT. Under that configuration the Exp-ESM provides the effective SNR for describing 
the quality of each link and useful for the link error prediction given a FEC code 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 
 
 
Chapter 6 concludes the dissertation and proposes future lines of work. 
 
 
 

1.3 Research contributions 
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