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Peace in the country, peace in the world.
Mustafa Kemal Atatürk

To live like a tree, single and free
and brotherly like the trees of a forest...
Nazım Hikmet Ran, from his poem named “Invitation”

Don’t quit when the tide is lowest,
For its just about to turn.
Don’t quit over doubts and questions,
For there’s something you may learn.
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For it’s just a while ’til dawn;
Don’t quit when you have run the farthest
For the race is almost won.
Don’t quit when the hill is steepest,
For your goal is almost nigh;
Don’t quit, for you’re not a failure
Until you fail to try.
Jill Wolf



Abstract

This thesis focuses on the implementation of various link adaptive transmission methods
in OFDM(A) (Orthogonal Frequency Division Multiplexing/Multiple Access)–Time Di-
vision Duplex (TDD) based two-hop cellular networks. The analysis and design consider
infrastructure based relays. New link adaptive transmission methods which dynamically
select the best coding, modulation, forwarding, relaying mechanisms and the packet size
have been designed and evaluated for such networks.

In this thesis, a link adaptation and selection method for the links constituting an
Orthogonal Frequency Division Multiplexing (OFDM) based wireless relay network is
proposed. The proposed link adaptation and selection method selects the forwarding,
modulation and channel coding schemes providing the highest end-to-end throughput and
decides whether to use the relay or not. The link adaptation and selection is done for each
sub-channel based on instantaneous SINR conditions in the source-to-destination, source-
to-relay and relay-to-destination links. The considered forwarding schemes are Amplify
and Forward (AF) and simple adaptive Decode and Forward (DF). Efficient Modulation
and Coding Scheme (MCS) selection rules are provided for various relaying schemes.
The proposed end-to-end link adaptation and selection method ensures that the end-to-end
throughput is always larger than or equal to that of transmissions without relay and non–
adaptive relayed transmissions. The evaluations show that over the region where relaying
improves the end-to-end throughput, the DF scheme provides significant throughput gain
over the AF scheme provided that the error propagation is avoided via error detection tech-
niques. A frame structure to enable the proposed link adaptation and selection method for
OFDMA (Orthogonal Frequency Division Multiple Access)–TDD based relay networks
is provided. This frame structure can be used for the emerging IEEE 802.16j standard.

This thesis provides a channel adaptive scheduler which considers the multiplexing
loss caused by the two-phase nature of wireless relaying. The scheduler dynamically
schedules the users on the frequency-time radio resources with efficient MCSs selected by
Adaptive Modulation and Coding (AMC). Relaying is used only if it can provide through-
put enhancement. It is assumed that the scheduler has the instantaneous channel state
information of the source–to–destination and relay–to–destination links. Further in this
thesis, the guidelines for efficient deployment of infrastructure based relay terminals are
given. For the emerging IEEE 802.16j standard, the system level performance of various
cooperative diversity schemes has been investigated with the scheduler developed and the
relays efficiently deployed in the cell. This investigation shows that, a simple cooperative
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ABSTRACT

diversity scheme that dynamically chooses the best scheme among direct transmission
and two-hop conventional relaying is a promising choice when compared to various more
complex cooperative diversity schemes.

The end-to-end maximum achievable rate of various relaying schemes such as
Cooperative–Multiple Input Multiple Output (MIMO), Cooperative-Single Input Mul-
tiple Output (SIMO), Cooperative–Multiple Input Single Output (MISO) and conven-
tional relaying is analyzed. Comparative analysis of these schemes is presented for both
AF and DF based relaying. The comparisons from information theoretic view show
that, cooperative-MIMO and cooperative-MISO schemes can outperform each other. The
cooperative-MISO scheme can outperform cooperative-SIMO scheme but cooperative-
SIMO scheme cannot outperform cooperative-MISO scheme. If the SINR condition in the
relay links is much larger than that of source-to-destination link, all the relaying schemes
perform the same. DF based relaying can provide significant gain in transmission rate
as compared to AF based relaying. A fully adaptive relaying scheme which dynamically
uses the best relaying scheme and decides whether to relay or not is analyzed. The perfor-
mance of such adaptive relaying scheme is compared to each one of the relaying schemes
which dynamically decides to relay or not. As the information theoretic investigations
show, a simple scheme which dynamically decides the best scheme among conventional
relaying and direct transmission can perform similar to more complex adaptive relaying
schemes. This conclusion agrees with the conclusion drawn from practical implementa-
tion with AMC. Hence, by using this simple scheme, substantial savings from complexity
can be achieved at the mobile station (MS).

In this thesis, a hop adaptive Medium Access Control (MAC)-Protocol Data Unit
(PDU) size optimization is proposed for wireless relay networks. With this proposal, the
MAC-PDU size in different hops can be different and it is optimized based on the channel
condition of each hop. Such optimization improves the end-to-end goodput via MAC-
PDU size optimization. The proposal further reduces the total overhead transmitted in
the end-to-end path via transmitting longer length packets in the potentially robust Base
Station (BS)–to–Relay Station (RS) links.

Various synchronization issues for OFDM(A) based wireless relay networks have
been analyzed. The time and carrier frequency offset issues have been addressed. A
new method for relieving the effects of time offset has been proposed. The analysis shows
that, the time and carrier frequency offset issues are not problematic for infrastructure
based relaying. Hardware complexity of various cooperative diversity scheme imple-
mentations are investigated for the MS. The investigations show a significant complexity
increase with the cooperative diversity schemes which require coherent signal combining
at the MS. Hence, coherent signal combining at the MS should be used only if there is a
throughput gain.

Keywords: cooperative diversity, forwarding, link adaptation, MAC-PDU, OFDMA,
radio resource allocation, relay, scheduling, throughput, WiMAX, wireless communica-
tion
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Dansk Resumé

Denne afhandling er fokuseret på implementeringen af forskellige adaptive transmis-
sionsmetoder indenfor OFDM(A) (Orthogonal Frequency Division Multiplexing/Multiple
Access)-Time Division Duplex (TDD) baseret to-hop cellulære netværk. Analysen og de-
signet vurderer infrastruktur baserede relæer. Nye link tilpassende transmissionsmetoder
der dynamisk vælger den optimale kodning, modulation, fremsendelse og relæmekanis-
mer og pakkestørrelser er designet og evaluerede for sådanne netværk. I afhandlingen
er der foreslået en linktilpassende og udvælgelsesmetode blandt forbindelserne indehold-
ende Orthogonal Frequency Division Multiplexing (OFDM) baserede trådløse relænetværk.
Det foreslåede link tilpassende og udvælgelsesmetode vælger hvilken fremføring, mod-
ulation og kanalkodningsmekanisme der tillader den højeste punkt-punkt datastrøm og
beslutter om der skal anvendes et relæ eller ej. Linktilpasningen og udvælgelsen er udført
for hver delkanal baseret på de nuværende SINR forhold mellem kilde og destination,
kilde til relæ og relæ til destination forbindelser. De overvejede fremsendelses mekanis-
mer er Amplify and Forward (AF) og en simpel adaptiv Decode and Forward (DF). Ef-
fektive Modulation and Coding Scheme (MCS) udvælgelses regler er givet til forskellige
relæ mekanismer. Det foreslåede punkt-punkt link tilpassende og udvælgelsesmetode sikr-
er at punkt-punkt datagennemgangen altid er højere end eller lig med hvad der er muligt
med transmission uden relæ og ikke-tilpassende relæ transmissioner. Tiden har vist at i
området hvor relæer forbedrer punkt-punkt datagennemgangen tilbyder DF metoden et
signifikant forøgelse i datagennemgangen fremfor AF metoden, forudsat at fejlforgrening
er undgået vha. fejldetektionsmekanismer. En rammestruktur der tillader den foreslåede
link tilpassende og udvælgelsesmetode til OFDM-TDD baserede relænetværk er også
beskrevet. Denne rammestruktur kan bruges til den kommende IEEE 802.16 standard.
Afhandlingen beskriver en kanaltilpassende scheduler der tager i betragtning multiplek-
sningstab opstået pga. den to fasede natur i trådløs relæ teknik. Scheduleren allokerer
dynamisk brugere i frekvens-tid radio ressource domænet med en effektiv MCSs udvalgt
af Adaptive Modulation and Coding (AMC). Videresendelse via relæer er kun benyttet
hvis det kan lede til en forbedring i datagennemgangen. Det er forudsat at scheduleren har
tilgængeligt den instantane kanal tilstandsinformation mellem kilde-destination og relæ-
destination forbindelserne. Yderligere er der i denne afhandling opsat guidelines til effek-
tiv indførelse af infrastruktur baserede relæ terminaler. Til den kommende IEEE 802.16
standard er system niveau ydelse af forskellige samarbejdende mekanismer yderligere
undersøgt med den udviklede scheduler og havende relæerne effektivt indsat i cellerne.
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DANSK RESUMÉ

Undersøgelserne viser at en simpel samarbejdende mekanisme der dynamisk vælger den
optimale mekanisme blandt direkte transmission og traditionel to-hop relæ mekanisme
er et lovende valg, sammenlignet med andre og mere komplekse samarbejdende mekanis-
mer. Det maksimalt opnåelige punkt-punkt datahastighed ved forskellige relæmekanismer
såsom Cooperative-Multiple Input Multiple Output (MIMO), Cooperative-Single Input
Multiple Output (SIMO), Cooperative-Multiple Input Single Output (MISO) og tradi-
tionelle relæmekanismer er analyseret i afhandlingen. Sammenlignelige analyser af disse
mekanismer er præsenteret for både AF og DF baseret relæsystemer. Sammenligningerne
viser fra et informationsteoretisk synspunkt at Cooperative-MIMO og Cooperative-MISO
mekanismer kan overgå hinanden i ydelse. Cooperative-MISO mekanisme kan overgå
Cooperative-SIMO mekanismer, mens Cooperative-SIMO ikke kan overgå Cooperative-
MISO mekanismer. Hvis SINR forholde i relæforbindelsen begge er meget højere end
kilde-destinationsforbindelsen, så yder de forskellige mekanismer ens. DF baserede relæer
kan dog lede til en signifikant forøgelse i transmissionshastigheden i sammenligning
med AF baserede relæer. Et fuldt tilpassende relæ mekanisme som dynamisk benytter
den bedste relæmekanisme og beslutter om der skal benyttes et relæ eller ej, er analy-
seret. Ydelsen af sådanne tilpassende relæmekanismer er sammenlignet enkeltvis med
andre relæmekanismer der dynamisk beslutter om der skal benyttes et relæ eller ej. Taget
et informationsteoretisk synspunkt, viser det sig at en simpel mekanisme der dynamisk
bestemmer den bedste mekanisme blandt traditionelle relæ og direkte transmissionsmekanis-
mer kan yde lige så godt som mere komplekse tilpassende relæ mekanismer. Denne
konklusion er i overensstemmelse med konklusioner draget fra praktisk implementer-
ing med AMC. Derfor leder brugen af denne simple mekanisme til en væsentlig bespar-
else i kompleksitet ved den mobile enhed (MS). I denne afhandling er et hop tilpassende
Medium Access Control (MAC)-Protocol Data Unit (PDU) størrelses optimering fores-
lået til trådløse relæ netværk. Med forslaget kan MAC-PDU størrelsen være forskellige
ved forskellige hop, og er optimeret baseret på kanal betingelserne for hvert link. Så-
danne optimisation forbedrer punkt-punkt goodput via MAC-PDU størrelsesoptimering.
Forslaget reducerer yderligere det totale overhead der er sendt i punkt-punkt stien ved at
sende de større pakker via de potentielle robuste Base Stationer (BS) til Relæ Stationerne
(RS) links. Forskellige synkroniseringsproblematikker vedrørende OFDM(A) baserede
trådløse relæ netværk er også analyseret. Tids og bærebølge frekvensoffset problematikker
er blevet adresseret. En ny metode til at forhindre effekten af tidsoffset er foreslået. Anal-
ysen viser at tids og bærebølge frekvensens offset problemer ikke er noget problem i in-
frastruktur baseret relæsystemer. Hardware kompleksitet med forskellige implementeret
samarbejdende mekanismer er undersøgt i forbindelse med MS. Undersøgelserne viser en
signifikant forøgelse i kompleksitet med de samarbejdende mekanismer der kræver sam-
menhængende signal blanding ved MS. Derfor bør en sammenhængende signal blanding
kun benyttes hvis der er en reel forventning om datagennegamg forøgelse.
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Chapter 1

Introduction

As of year 2008, wireless cellular networks have existed for decades. In their infancy
phase, such networks were deployed mainly for voice communications and have been
referred to as Second Generation (2G) wireless networks. The continuing research for the
further development of wireless networks has enabled multimedia transmissions to the end
users. Such developments created the so called Third Generation (3G) wireless networks.
The 3G systems such as IMT-2000 can provide 144 kb/s for high mobility, 384 kb/s
for nomadic and 2 Mb/s for low mobility users [7]. Nowadays, the users would like to
have mobile multimedia services as good as wired broadband networks. With the 3G
systems, meeting such a demand is expensive and not possible [7]. Currently, tremendous
research activities take place for the development of systems beyond the capabilities of
3G systems. The Fourth Generation (4G) systems are being developed with this purpose.
The development of the 4G systems targets to provide ubiquitous high data rate coverage
at lower costs to both the system operators and the end users. The 4G systems target to
provide a data rate of 100 Mb/s to mobile users and a data rate of 1 Gb/s/Hz to nomadic
users [7]. Hence, efficient mechanisms to improve the throughput should be developed
rather than focusing on improving Bit Error Rate (BER) only.

The 4G systems will take into account the heterogeneity of the wireless terminals
which would like to access to the network. Furthermore, the 4G networks target to provide
a better Quality of Service (QoS) as compared to their previous counterparts. In summary,
the 4G networks will provide wireless communications anytime, anywhere and anyhow
[8].

The achievement of the targeted goals for the successful implementation of the 4G
networks is challenging. Such achievement is not practical via Single Input Single Output
(SISO) links due to the limited spectral efficiencies that they offer [9]. To achieve the
targeted goals, the development of new transmission and reception strategies are required.
Multiple–antenna techniques, which are referred to as Multiple Input Multiple Output
(MIMO) techniques, are one of these strategies which lead to an increase in the capacity
of the system.

MIMO communication with co-located multiple antennas at a given terminal provides
tremendous advantages with some challenges. It offers spatial diversity, spatial multiplex-
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ing, beam-forming, space division multiplexing, interference suppression, etc. [9–12]. In
rich scattering environments, MIMO communication provides much better spectral effi-
ciencies as compared to that of SISO links. Therefore the MIMO techniques with the
co-located antennas are promising for increasing the spectral efficiency of the wireless
networks. The capacity increases linearly with the number of transmit antennas as long as
the number of the receive antennas is greater than or equal to the number of the transmit
antennas [9]. Spatial diversity techniques provide the receiver multiple signatures of the
same transmitted signal. Each signature is referred to as a diversity branch. If the number
of independent signatures of the same transmitted signal increases at the receiver, then
the probability that all the diversity branches will be in fade reduces. This leads to an
increase in the reliability and hence the capacity of the link between the transmitter and
the receiver [10].

There are some challenges which arise from the MIMO communication. The perfor-
mance improvements via the MIMO techniques cannot be always achieved. The perfor-
mance of the MIMO communication depends strongly on:

• the antenna element numbers at each terminal,

• the scattering environment,

• the inter–element spacing,

• the presence of Line-of-Sight (LOS) component.

The latter three directly influences the spatial fading correlations between Transmit (Tx)
and Receive (Rx) antennas [10]. In order to achieve the benefits of the MIMO communi-
cation, the spatial correlation and mutual antenna coupling between the co-located anten-
nas should be sufficiently low [10]. This is especially crucial for the spatial diversity and
spatial multiplexing schemes. This necessitates an inter-element spacing of k λ

2 , where λ

represents the wavelength and k ∈ {1,2,3, ...} [13]. The emerging 4G wireless communi-
cation systems such as IEEE 802.16e (which is also referred to as mobile–WiMAX) based
systems will operate at the carrier frequencies 2.3GHz, 2.5GHz, 3.3GHz and 3.5GHz in
the licensed spectrum allocations [3]. A carrier frequency of 2.5GHz corresponds to a
wavelength of 12cm. For such carrier frequencies, it may not be possible to put more
than two antennas at small hand–held terminals and still fully achieve the benefits of the
MIMO communication [10].

The MIMO techniques require multiple Digital Signal Processing (DSP) and Radio
Frequency (RF) units at the terminals. Multiple RF chains bring costs in terms of the
size, power consumption, hardware and hence price. As an example consider an OFDM–
MIMO system. To achieve MIMO-OFDM advantages, one needs to have multiple paral-
lel OFDM modulators/demodulators and RF modules in the transceiver [10]. The OFDM
based systems such as IEEE 802.16e systems will support up to 2048 sub-carriers. For
such standards, it is computationally very complex to perform multiple simultaneous
OFDM modulations/demodulations at the mobile terminals with the current limited bat-
tery power and processing capability. Consequently, even if the co-located antennas are
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spatially uncorrelated, it is still complex to achieve the benefits of the MIMO-OFDM com-
munication especially for the mobile terminals with the limited size, power and processing
capability. To remedy these challenges, the advantages of the multi–antenna techniques
can be achieved via an integrated approach based on cooperative wireless communica-
tions. In the following section, the motivation for the cooperative wireless communica-
tions is presented.

1.1 Introduction to and Motivation for Cooperative
Communications

Cooperative wireless communication has become an active area of research since 1998
where each terminal acts as an information source as well as a relay. The relay terminals
can be a mobile terminal in the network, e.g., a mobile subscriber unit. Such termi-
nals are referred to as mobile relays. The relay terminals can be deployed by a system
operator to be exclusively used for relaying. Such terminals are referred to as fixed or
infrastructure based relay terminals. Cooperative communications create a VAA in the
system without the need of multiple antennas, multiple RF modules and multiple modu-
lation units co-located at a given terminal. With such VAA, many advantages provided by
MIMO techniques can be achieved [5, 14–18]. A VAA can be referred to as cooperative
multi-antennas. In cooperative wireless communication, the information from a source is
forwarded by one or several RS(s) to a destination. Hence, cooperative communication
is arranged in several transmission phases or hops and referred to as multi-hop commu-
nications as well. It can be applicable in a wide variety of wireless network settings. For
example it can be implemented in cellular and ad–hoc networks. Any kind of wireless
network using relay nodes can be referred to as multi-hop or wireless relay networks. If
relaying is used in a cellular network, then such a network is referred to as multi-hop cel-
lular network. If infrastructure based relay terminals are deployed in a multi-hop cellular
network, such a network is referred to as infrastructure based wireless relay network. An
example of an infrastructure based wireless relay network is depicted in Figure 1.1. With
the current technology, the wireless terminals cannot transmit and receive using the same
radio resource [6, 15, 19]. Therefore, the cooperative communication in wireless relay
networks is organized in several phases. A phase for the reception at the RS from the
source terminal or from the previous intermediate node is needed. For the case of multi-
hop transmission, the intermediate node refers to one of the relay(s) in the end-to-end
path. Another phase for the transmission from the RS, i.e. forwarding, to the destination
terminal or the next intermediate node is needed. This multi-phase structure results in a
multiplexing loss due to the need for additional radio resources for forwarding. The RSs
use a forwarding method for relaying. The different transmission sequences of the relay
and the source terminals lead to a different relaying scheme. In Figure 1.1, two differ-
ent relaying schemes are depicted. One of these relaying schemes provides the Mobile
Station (MS) signals received both form the BS and the RS. Such a scheme can be realized
in regions where the mobiles are within the coverage of both the BS and the RS. Whereas
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Figure 1.1: An example of a multi-hop cellular network with infrastructure based
RSs. The source is a BS and the destinations are MSs.
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with the other relaying scheme, the MS needs to rely on the signals received solely from
the RS. This relaying scheme is referred to as conventional relaying. Such a scheme can
be beneficial over the regions where the MSs are out of the coverage of the BS while they
are within the coverage area of the relay.

In order to reduce the deployment costs of cellular networks via wireless relaying,
the infrastructure based wireless relay terminals should be simple devices as compared to
the base stations. They may be controlled by a base station and should not necessarily
posses Medium Access Control (MAC) functionalities. They should not require wired
connection to the backbone and should be comprised of simple antenna and Rx/Tx chains.
They should transmit at lower powers as compared to a BS. This way, infrastructure based
wireless relay terminals can be low cost terminals [20].

The OFDMA based IEEE 802.16-2004 standard is developed for fixed broadband
wireless applications in Metropolitan Area Network (MAN)s [21]. It does not support
user mobility. The Orthogonal Frequency Division Multiple Access (OFDMA) based
IEEE 802.16e standard is developed for providing broadband coverage for mobile users
in single hop wireless MANs [3]. It can provide coverage for both LOS and Non Line of
Sight (NLOS) conditions. It enables QoS support and various adaptive transmission tech-
nologies such as Adaptive Modulation and Coding (AMC), adaptive sub-channelization,
power control, adaptive multiple antenna techniques, effective user scheduling mecha-
nisms, etc. In NLOS conditions, it can provide a coverage range from the BS as much as
8 km [22]. This standard is envisioned as one of the first 4G technology being deployed in
various regions in the world. The emerging wireless transmission standard IEEE 802.16j
will increase the coverage area and the aggregate throughput of the IEEE 802.16e based
wireless networks by enabling multi-hop transmissions. By designing relatively cheap
RSs as compared to a BS, it targets to reduce the deployment costs of the IEEE 802.16e
based cellular networks. The IEEE 802.16j group [23] is working on the successful im-
plementation of cellular multi-hop wireless networks.

The following advantages are offered by wireless relay networks. The destination
terminal can obtain the benefits of cooperative diversity (akin to spatial diversity) via
appropriately combining the received signals from the source and relay terminals. The
cooperative diversity leads to an increase in the throughput and hence the coverage area of
the system. As a consequence, the outage probability and the BER of the communication
between the source and the destination terminals can be reduced. Mobiles become less
susceptible to the variations in the channel.

In MIMO communication, shadowing will affect all the antennas in a similar way as
they are co-located. With the cooperative communication, the mobiles are less susceptible
to the shadowing effects as the antennas are not co-located. For example, if the source-to-
destination (S→ D) link is in a deep shadow, the source-relay-destination (S→ R→ D)
link might not be in a shadow. This brings the macro diversity benefits. With the aid of
the added reliability in the end-to-end communication, the terminals can transmit using
higher rate modulation modes. This leads to an increase in the total transmission rate and
hence reduces the multiplexing loss caused by the need for multi-hop transmissions [14].
The cooperative terminals can transmit at lower powers while maintaining the link qua-
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lity, coverage and/or achievable rate pair at the same level obtained without cooperative
strategies [14]. This extends the battery life of the mobiles and reduces the interference in
the system.

Unlike MIMO communication with co-located antennas, the spatial fading correla-
tions in a virtual antenna array is expected to be very low as the antennas are not co-
located. Hence, the benefits of spatial multiplexing and spatial diversity offered by the
VAA can be achieved fully.

The multi-hop cellular networks have the potential of enhancing the system coverage
and throughput as compared to their single hop counterparts [18]. Such networks have
been considered as the promising candidates for the successful deployment of next gener-
ation wireless networks such as 4G [20, 24]. One of the main challenges of the 4G com-
munications is the increased path-loss due to the usage of higher carrier frequency bands
as compared to that of 2G and 3G networks. Therefore, it is difficult to provide high
data rate coverage over long distances. To remedy this, one might reduce the cell size
by deploying more BSs to cover a certain geographical area. However, this drastically
increases the deployment cost hence contradicts the target of the 4G networks. Relay
terminals deployed at strategic locations in a cellular wireless communication network
can remedy this problem. If the source–to–relay (S→ R) and the relay–to–destination
(R→ D) distances are smaller than the source–to–destination (S→ D) distance, then the
distance dependent path loss in the S→ R and the R→ D links are smaller than that of
S→ D link. In such a case, the destination terminal can further benefit from the reduced
end-to-end path loss. As a consequence, the high data rate coverage area can be increased
without the need for increasing the total number of serving base stations. This way, the
deployment costs to cover a certain geographical area can be reduced via using low cost
relay terminals.

The motivation in this Ph.D. thesis is based on the aforementioned advantages of the
cooperative wireless communication, which can remedy the challenges in conventional
MIMO communication. The problem statement and the thesis outline is presented in the
following section.

1.2 Problem Statement and Thesis Outline
There are various issues that need careful design for the successful implementation of
multi-hop cellular networks. These include but are not limited to the following:

• functional division between the BS and the RSs,

• transmission sequence design of the source and relay terminals,

• scheduling and radio resource management,

• power control,

• frequency planning,
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• efficient deployment of the relay stations,

• maintaining user transparent functionality,

• synchronization,

• minimization of control information overhead and

• hardware implementation aspects.

The theoretical analysis of the wireless relay networks in frequency flat environments
is well covered in the literature [5, 25–27]. However, the practical design of efficient
AMC, forwarding and relaying mechanisms as well as consideration of the end–to–end
performance and frequency selective environments are not well covered in the literature.

This thesis focuses on the design of various PHYsical (PHY) and MAC layer mech-
anisms for the efficient implementation of Orthogonal Frequency Division Multiplex-
ing/Multiple Access (OFDM(A)) based two-hop cellular networks. New link adaptive
transmission methods which dynamically select the best channel coding, modulation, for-
warding, relaying mechanisms and the packet size have been designed for low mobility
users. The analysis and design are provided with the following main assumptions. The
source, relay and destination terminals have one antenna for transmitting and receiving.
Down–Link (DL) transmissions in a single cell with zero intra-cell interference has been
considered.

In this thesis, the following problems are identified and solutions to them are pro-
posed:

• Determination of the conditions where relaying is beneficial: Cooperative com-
munication suffers from multiplexing loss. Therefore, relaying cannot always im-
prove the end-to-end performance as compared to the without (w/o) relay trans-
missions. To this end, relaying should be introduced only when there is end-to-end
performance improvement. Determination of the conditions where relaying should
be used has not been thoroughly analyzed in the literature. The up to date literature
has either focused on only Signal-to-Noise-Ratio (SNR) conditions in the links or
the information theoretic performance with a specific relaying mechanism. How-
ever, only SNR conditions cannot provide information on the multiplexing-loss in-
herent in relaying. The information theoretic analysis can provide analysis on the
system capacity and fundamental benefits of relaying. However, it is not enough
to provide solutions in a practical system setup. Therefore, this thesis provides an-
alytical derivations, look-up tables and extensive analysis on the conditions where
relaying should be used in a practical system setup. This analysis is not limited to
a specific relaying mechanism or MCS. Rather, it includes the analysis for various
relaying mechanisms with AMC. Such an analysis is presented in Chapters 2, 3
and 4.

• Comparative performance analysis of the main forwarding schemes and the
design of adaptive forwarding: There are various forwarding mechanisms used
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for wireless relaying. AF and DF are two main forwarding schemes which have
been extensively used in the cooperative wireless communications. The relative
performance with either of these forwarding mechanisms depends strongly on the
relaying scheme, the transmission rate and the channel conditions. Hence, in order
to determine the beneficial forwarding scheme in terms of spectral efficiency or
better reliability, one needs to compare the end-to-end performance with each of
the forwarding schemes. The analysis and conclusions should not be limited to one
relaying scheme and one transmission rate. Furthermore, the comparative analysis
and conclusions should be provided over the region where relaying improves the
spectral efficiency or the reliability. This way, the beneficial forwarding mechanism
can be used once relaying is decided. These issues are analysed in Chapters 3 and
4 from both implementation and information theoretic point of view.

• The design of the link adaptation methods for wireless relay networks: In
conventional single-hop networks, the link adaptation mechanisms deal with the
channel conditions between only the source and the destination terminals. How-
ever, in wireless relay networks, the channel conditions between the source and
destination, as well as between the source and relay, and the relay and destination
should be considered. There is a need for the design of link adaptation mechanisms
which consider the end-to-end optimization in wireless relay networks. Such mech-
anisms are developed in Chapter 3 for various forwarding and cooperative diversity
schemes.

• The design of the frame structure to accommodate multi-hop communica-
tions: In conventional single-hop cellular networks, the frame structure is designed
for information flow between the end users and the base station. In multi-hop cellu-
lar networks, the information flow should be controlled not only for the source-user
transmissions but also for the relay-user and source-relay transmissions. The func-
tional division between the relays and the base station should be clearly mapped on
the frame structure. The control signalling should be provided not only to the users
but also to the relays. In order to use the link adaptive transmission mechanisms
developed in this thesis, a frame structure is developed. This frame structure is
based on the IEEE 802.16j standard. However, it shows where the BS and the RS
will transmit based on the radio resource allocation. This frame structure can be
used in the DL of two hop cellular networks. It is presented in Chapters 3 and 4.

• The efficient deployment of the infrastructure based relay terminals: An im-
portant issue in infrastructure based relay networks is the deployment of the relays
on strategic positions in the cell. To efficiently extract the benefits of wireless
relaying, the relays should neither be deployed at very close distances to the BS
nor at very far distances to the BS. The link quality in the BS to RS (BS→ RS)
links should be maintained while providing efficient coverage from the relays. The
guidelines for the efficient deployment of the infrastructure based relay terminals
in IEEE 802.16j based two-hop cellular networks is provided in Chapter 4.
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• Radio resource allocation and user scheduling in wireless relay networks: The
radio resource allocation and user scheduling in wireless relay networks differ from
conventional single-hop networks. This is due to the fact that wireless relaying
involves multiple links for transmission towards a given user. The end-to-end per-
formance should be considered while taking into account all the link conditions in
the end-to-end path. The users should be scheduled with the most efficient scheme
among cooperative and non-cooperative transmissions. Such radio resource allo-
cation and user scheduling are developed in Chapter 4.

• Comparative performance analysis of various relaying schemes and the de-
sign of adaptive relaying: Different relaying schemes result in different coope-
rative multi-antenna schemes and hence can provide different cooperative diver-
sity schemes. Each of these cooperative multi-antenna schemes achieve different
end-to-end throughput. Each of them can, to a certain extend, compensate for the
multiplexing loss. There is not a unique relaying scheme which can outperform all
the other schemes. The relative performance depends on the channel conditions
and the end-to-end net throughput offered by each relaying scheme. To deter-
mine the most efficient relaying scheme for given channel conditions, analytical
derivations and look-up tables should be developed. The system level comparative
performance evaluations of various relaying schemes should be provided. Adaptive
relaying refers to the scheme where the relaying scheme which provides the highest
spectral efficiency is selected for given channel conditions. Whether such adaptive
relaying is beneficial or not should be investigated. These issues are investigated
in Chapter 4 from an implementation point of view as well as from an information
theoretic point of view. For investigations from an implementation point of view,
the relative performance of various link adaptive cooperative diversity schemes has
been analyzed with AMC. These investigations provide guidelines for the design
of IEEE 802.16j based wireless relay networks. The investigations are provided in
terms of average end-to-end throughput and the coverage area of a cell operating
based on IEEE 802.16j and IEEE 802.16e standards.

• Packet size optimization in wireless relay networks: Larger packets1 transmitted
in wireless medium encounters a larger Packet Error Rate (PER). On the other
hand, increasing the packet size reduces the significance of the overheads, e.g.,
headers and Cyclic Redundancy Check (CRC), carried in each packet. Smaller
packets transmitted in wireless medium encounters a smaller PER. However, this
results in an increase in the significance of the overheads carried in each packet
and hence reduces the net throughput delivered to the upper layers. When the
channel conditions, i.e., the SNR, are good enough to provide negligible a PER
with a given MCS, then increasing the packet size will be beneficial. Vice versa,
when the channel conditions are not good enough to provide acceptable PER with
a given MCS, then decreasing the packet size may reduce the PER. In conclusion,

1in terms of total number of bits per packet
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the AMC should be accompanied with adaptive packet size selection per channel
condition. The packet size selection/optimization in wireless relay networks should
consider all the links constituting the end-to-end path and should be adjusted for
each hop. Such new hop-adaptive packet size optimization is proposed, developed
and evaluated in Chapter 5.

• Implementation issues for wireless relay networks: There are various implemen-
tation issues that need to be addressed for the successful implementation of wireless
relay networks. One of these issues is synchronization. The relay stations should
transmit on dedicated time slots and frequencies. Some relaying schemes necessi-
tate simultaneous transmissions from the source and the relay terminals. This may
lead to some synchronization problems such as time and frequency offset. Such
problems are investigated and solutions are proposed in Section 6.1 for infrastruc-
ture based two-hop cellular networks. The other crucial implementation issue is the
hardware aspects of cooperative communications especially at the MSs where low
complexity of operation is important. Cooperative diversity achieved in the form
of coherent signal combining increases the complexity at the MS. Achievement of
different cooperative diversity schemes results in different hardware complexity at
the MS. Therefore, the complexity of each scheme should be investigated to deter-
mine the most practical cooperative diversity scheme for the low cost MSs. These
issues are addressed in Section 6.2.

Chapter 2 gives the background on cooperative communications. Finally, Chapter 7
gives the overall conclusions and directions for the future work.
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Chapter 2

Background on Cooperative
Communications and the Systems
Considered

This chapter presents the background on cooperative communications and the sys-
tems considered. It provides the system model considered in this thesis and gives the
motivation to use link adaptive transmission techniques for OFDM(A) based wireless re-
lay networks. An RS using the AF scheme amplifies and forwards (without decoding)
the signal which is received from the source [5]. For OFDM-TDD based wireless relay
networks, the transceiver structure of the relay terminal using the AF scheme is depicted
in Figure 2.1. With TDD operation, the two phases (one for reception at the relay and one
for forwarding) are separated in time. With AF based relaying, these two time phases need
to have equal duration as the BS and the RS transmit with the same constellation. The
OFDM modulator consists of Inverse Fast Fourier Transform (IFFT), Cyclic Prefix (CP)
insertion, parallel to serial converter and digital to analog converter blocks. The OFDM
demodulator block consists of analog to digital converter, CP deletion, serial to parallel
converter and FFT blocks. In the first phase, the RS using AF based relaying performs
FFT operation and buffers the complex digital signal in each sub-carrier for subsequent
transmission in the second phase. It amplifies the signal at each sub–carrier subject to
its total average transmit power. To maintain its total average transmit power at a given
value, the RS uses the CSI information of the S→ R link. For forwarding in the second
phase, the RS remodulates the signal at each sub-carrier with OFDM. The amplification
and forwarding could be done without the need for OFDM demodulation. However in
this case, link adaptation and selection cannot be done for each sub-channel. Such a case
does not enable efficient use of radio resources and may cause instability.

The work presented in this chapter has been presented at the IEEE International Conference
on Communications (ICC), June 2006, İstanbul, Turkey and can be found in [28]. A patent on this
work has been filed by the Korean Intellectual Patent Office and can be found in [29].
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For OFDM-TDD based wireless relay networks, the transceiver structure of the relay
terminal using the DF scheme is depicted in Figure 2.2. An RS using the DF scheme
demodulates, decodes, buffers, re–encodes, modulates and forwards the signal which is
received from the source terminal [5]. The buffer is necessary to store the decoded bits
received at each sub–carrier during the first phase. Hence, the memory size requirement
of the buffer used for the DF based relaying will be less than that of AF based relaying.
This is especially due to the fact that, with DF based relaying, the bits are stored instead
of complex numbers. However, the DF based relaying is more power consuming at the
relay terminal as it necessitates more processing as compared to AF based relaying [1].

Figure 2.1: The transceiver structure of the relay terminal with AF based relaying
in an OFDM-TDD based wireless relay network. The buffering and amplification
is done at each sub-carrier in order to cope with frequency selective fading.

The wireless relay networks with the two–hop communication involve three links:
S→ R, R→ D and S→ D. An example of a VAA is visualized in Figure 2.3. It emulates
a MIMO communication system and hence allows various MIMO techniques1 to be used
in a distributed manner.

For wireless relay networks, there are various cooperative multi–antenna schemes
proposed in the literature. These schemes can provide cooperative transmit diversity
and cooperative receive diversity. Relaying scheme refers to a certain relaying scheme
which achieves a certain cooperative–multi–antenna–channel such as cooperative-MIMO,
cooperative-Multiple Input Single Output (MISO), cooperative-Single Input Multiple Output
(SIMO) and cooperative-SISO. The cooperative-SISO channel refers to the channel achieved
with conventional relaying. The relaying schemes analyzed in this thesis are listed in Ta-
ble 2.1. The terminology A→B represents the wireless transmission from terminal A to B.

1e.g., transmit and/or receive diversity and Space Time Coding (STC)
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Figure 2.2: The transceiver structure of the relay terminal with DF based relaying
in an OFDM-TDD based wireless relay network.

Figure 2.3: An example of the cooperative communication and the created VAA.
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The term A→ B,C represents the case where terminal A is transmitting and both terminal
B and C are receiving. The cooperative–multi–antenna–channels namely Cooperative–
MIMO, Cooperative–SIMO and Cooperative–MISO are created in a distributed fashion.
Over the two consecutive time phases of the Cooperative–MIMO and Cooperative–MISO

Table 2.1: Cooperative protocols leading to cooperative-MIMO, SIMO, MISO
channels [5] and conventional relaying [6]

Transmission Transmission sequence leading to cooperative
Phase MIMO SIMO MISO Conventional

Relaying
Phase–1 S→ R,D S→ R,D S→ R S→ R
Phase–2 S→ D,R→ D R→ D S→ D,R→ D R→ D

schemes, the source terminal can potentially convey different information to the relay and
destination terminals [5]. The cooperative–MIMO channel can be observed at the desti-
nation (D) terminal with the transmission sequence depicted in Figure 2.4. Such transmis-
sion scheme can realize an effective MIMO channel provided that the same MCS is used
over the two phases [5]. This requires the two phases to have equal duration. The terms
x1 and x2 represent different constellation points transmitted by the source (S) and the re-
lay (R) terminals. The destination terminal sees a cooperative–MIMO channel with three
non-zero channel coefficients. The cooperative–MISO and cooperative–SIMO channels
can be observed at the destination terminal with the transmission sequences depicted in
Figures 2.5 and Figure 2.6, respectively. The destination terminal sees a cooperative chan-
nel with two non-zero channel coefficients. To observe a cooperative–MISO channel, the
destination terminal does not receive the transmission of the source terminal during the
first phase. In the second phase, the relay and the source transmit simultaneously. To
achieve a cooperative–SIMO channel, the destination terminal receives during the both
phases and the source terminal does not transmit during the second phase.

The relaying protocols analyzed in literature can be classified as [6]:

• Fixed protocols (fixed relaying): Relaying is always used in the second phase. The
relays use the whole system frequency in the second phase.

• Adaptive protocols:
i) Whether the relay will be used or not is decided based on SNR conditions [27,30].
This protocol is referred to as selection relaying in [30].
ii) Simple–Adaptive Decode and Forward (AdDF): If the relay has decided to for-
ward (upon successful decoding), the destination combines the signals received
from the source and the relay. If the relay has decided not to forward (upon un-
successful decoding ), then it simply remains silent. In this case, the destination
needs to rely on the samples stored in phase one. The possible silence if the relay
has decided not to forward can be avoided by letting the source repeat its message
which was transmitted in the first phase but could not be received correctly at the
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Figure 2.4: Creation of the cooperative–MIMO channel

Figure 2.5: Creation of the cooperative–MISO channel
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Figure 2.6: Creation of the cooperative–SIMO channel

Figure 2.7: Conventional relaying
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relay [30, 31].
iii) Adaptive Decode and Re-encode (AdDR) [6]: The source and the relay perform
distributed channel coding instead of repetition coding.

• Relaying with feedback from the destination: The relaying is used only when ex-
plicitly requested by the destination terminal.

2.1 Background on the Systems Considered
In this thesis, the IEEE 802.16e and IEEE 802.16j based wireless networks are considered.
In this section, the background information on these networks is given.

2.1.1 The IEEE 802.16e Standard
This standard has been finalized. However, tremendous research activities pursue to fur-
ther enhance its performance.

The Frame Structure: The frame structure of an IEEE 802.16e based cellular net-
work is given in Figure 2.8 [3]. The frames have 5 ms of duration. As seen in the figure,
the DL preamble is transmitted first. It is used for synchronization and channel estimation
at the MSs. After scheduling and radio resource allocation which is done by the BS, the
BS transmits in DL-Map (MAP) the control information on the index of the scheduled
users on the slots, sub-channelization information, the used MCSs, etc. Hence, MAP
messages serve as a map for the corresponding receivers. The preamble is followed by
a Frame Control Header (FCH). It provides the frame configuration information such as
the MAP message length, modulation and coding scheme and usable sub-channels, etc.

The data is transmitted over PHY bursts. In one burst, one or more than one user
can be scheduled. One PHY burst contains single or multiple MAC-Protocol Data Unit
(PDU)s. If Hybrid ARQ (HARQ) is not used, one MAC-PDU can only be transmitted
within a single burst and shall not span over multiple bursts [32]. Each PHY burst consists
of an integer number of slots. Each slot contains 48 data tones spanning over various
OFDM symbols and sub-carrier frequencies. One tone represents one sub-carrier over one
OFDM symbol. There are various predetermined slot configurations. For example, one
slot may consist of 16 frequency diverse sub-carriers spanning over 3 contiguous OFDM
symbols. The same MCS is used for transmission with a given burst. Fully Used Sub-
Channelization (FUSC) and Partially Used Sub-channelization (PUSC) are diversity sub-
carrier permutations. With these permutations, a sub-channel consists of non-contiguous
sub-carriers distributed over the frequency band and the sub-carriers of each sub-channel
are selected pseudo-randomly. This allows averaging the inter-cell interference over the
frequency band and provides frequency diversity. The high mobility users (e.g., with
speeds of 120 km/h) are scheduled on frequency diverse sub-carriers with PUSC or FUSC.
The MCS to be used for each burst with PUSC and FUSC is selected based on long term
average channel statistics such as long term average Signal-to-Interference-Plus-Noise-
Ratio (SINR). The low mobility users are scheduled on sub-channels which consist of
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Figure 2.8: The frame structure of IEEE 802.16e standard [3].

contiguous sub-carriers. Such sub-channelization is referred to as band-AMC and allows
the use of opportunistic scheduling. With band-AMC sub-channelization, a bin consists
of 8 data sub-carriers and one pilot sub-carrier. One slot consists of 48 data subcarriers
with the following configurations. 9 contiguous sub-carriers (one pilot + 8 data) spanning
over 6 OFDM symbols, 18 contiguous (2 pilot + 16 data) sub-carriers spanning over 3
OFDM symbols, 27 contiguous (3 pilot + 24 data) sub-carriers spanning over 2 OFDM
symbols, 54 contiguous (6 pilot + 48 data) sub-carriers spanning over 1 OFDM symbol.
With band-AMC sub-channelization, the AMC decisions are done per slot based on the
instantaneous channel statistics such as instantaneous SINR.

The IEEE 802.16e standard provides scalable bandwidths and scalable number of sub-
carriers. These modes are presented in Figure 2.9. As the system bandwidth and hence the
total number of sub-carriers increases, the aggregate system throughput increases with an
increasing transceiver complexity. Hence, for MSs with moderate transceiver capabilities,
the scalable OFDMA mode with less number of sub-carriers can be used. Further details
on the IEEE 802.16e standard can be found in [3, 32].

2.1.2 The IEEE 802.16j Standard
As of today, the IEEE 802.16j standard has not been finalized yet. The information pre-
sented in this section is based on [33]. Even if this standard is still a draft, it will be
referred to as IEEE 802.16j standard in this thesis. The OFDM parameters2 of the IEEE

2such as system bandwidth, sub-carrier spacing, total number of sub-carriers
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Figure 2.9: The scalable OFDMA parameters of IEEE 802.16 standard [4].

802.16j standard is based on the IEEE 802.16e standard. However, the IEEE 802.16j
standard enables multi-hop transmissions with the use of RSs. It defines two types of
relays. These are transparent relay and non–transparent relay. The non–transparent re-
lays can transmit preamble, DL and Uplink (UL) control information such as DL-MAP,
UL-MAP, FCH, etc. It is seen as a BS to the end users. The transparent relays do not
transmit control information. The users do not recognize the existence of the transparent
relays. Transparent relaying can only be used with centralized scheduling done by the
BS. Non-transparent relays enable distributed scheduling where they can decide on the
radio resource allocation on the relay links. They can signal such allocation in their DL-
MAP message. The relays inform the BS on their decoding status for each packet in the
UL-ACKnowledgment (ACK) channel.

The IEEE 802.16j standard defines separate frame structures for transparent and non-
transparent relays. For non-transparent relays, the standard supports more than two-hop
transmissions and only one RS can be involved in reception of data destined to/from a
given user. For transparent relays, only two hop transmissions are enabled and multiple
RSs can be involved in reception and transmission of data destined to/from a given user.
The frame structure contains both access zone and relay zone. In the relay zone, the RS
is in either reception or transmission mode. In the DL-relay zone, BS→ RS or RS→ RS
transmissions can be done. In the UL-relay zone, the RS→ BS or RS→ RS transmis-
sions can be done. In the access zone, the MS is in either transmit or receive mode. In
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the DL-access zone, the BS→ MS, RS→ MS or BS→ RS transmissions can be done.
In the UL-access zone, MS→ BS or MS→ RS transmissions are done. For more than
two-hop transmissions with non-transparent relays, more than one relay zone and at least
one access zone is used. On some of the sub-channels, the relays may choose to remain
silent upon unsuccessful decoding of the packets transmitted by the BS in the DL-access
zone. For non-transparent relaying, the IEEE 802.16j standard does not allow simulta-
neous transmissions from the BS and the non-transparent RS. Hence, the non-transparent
relays use the entire frequency band when they are engaged in transmission. With trans-
parent relaying in IEEE 802.16j standard, the BS may choose to transmit simultaneously
with the RS in the DL transparent relay zone. However, the draft standard does not specify
procedures on radio resource allocation for the RSs and the BS.

2.2 The System Model
In this section, the system model considered throughout this thesis is presented. Addi-
tional system considerations are detailed in each chapter.

DL transmissions in an OFDM(A)–TDD based two-hop cellular network are consid-
ered. A single cell is analyzed. Hence, the inter–cell interference is assumed to be zero.
The analysis can be extended to multiple-cell scenario by considering the inter–cell inter-
ference. In a multi-cell environment, the SINR values should be used rather than SNR.
If the interference is Gaussian distributed and independent than the noise, then in all the
derivations, the SNR values can simply be replaced by the SINR values.

Infrastructure based relay terminal(s) deployed by a system operator to be exclusively
used for relaying is considered. Only the closest RS is assigned to serve a given MS.
This saves from the overhead and complexity in the system and still achieves tremendous
gains in the performance. The source is a BS and the destinations are the MSs. The MS(s)
are aware that the relays exist in the network. The developed algorithms do not increase
the complexity of the MSs as compared to single-hop multi-antenna communication. A
full buffer traffic where the BS has always data to transmit to a given user is assumed.
The BS has equal data traffic for each user. Non-real time data traffic is assumed. Two
main forwarding methods namely AF and DF have been considered. Repetition based
relaying, where the relay repeats the information received from the BS is considered. All
the terminals in the network have a single antenna which has omni-directional radiation
pattern.

For all of the schemes, the average transmit energy of the source and relay terminals
per sub–carrier is assumed to be constant and represented by ES and ER, respectively.
This is necessary for multi-hop relay networks where the transmit power of the BS and
RS are regulated independently to control the inter-cell interference in the system. Fur-
thermore, in a practical system which uses AMC, power control does not bring significant
throughput enhancement [34].

The throughput is defined as the number of bits per second per hertz and per channel
use that are received correctly at the corresponding receiver. The goodput refers to the net
throughput delivered to the upper layers. If relaying is used, the end–to–end throughput
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refers to the throughput delivered to the destination, i.e. a MS at the end of the two phases.
If relaying is not used, then it simply refers to the throughput in a point-to-point link.

The design and evaluations are provided to evaluate and enhance the performance of
IEEE 802.16j standard. As the w/o relay system, the IEEE 802.16e based cellular systems
are considered for the performance comparisons [35].

OFDM adds a cyclic prefix to each symbol to mitigate inter symbol interference
caused by multi-path propagation. If the cyclic prefix is longer than the delay spread
of the wireless channel, then frequency selective fading caused by multi-path propagation
can be converted into frequency flat fading at each sub-carrier. Adding a cyclic prefix to
achieve this causes a small reduction in total transmission rate. Since this reduction is the
same for each scheme, it is not taken into account in the throughput. The throughput is
calculated based on the net end-to-end spectral efficiency with AMC.

Mobile users with relatively low speed are considered. For such users, the channel re-
mains unchanged for the duration of a frame which consists of a certain number of OFDM
symbols. Therefore, the link adaptations according to the obtained channel state infor-
mation (e.g., instantaneous SINR) are feasible and effective. Hence, transmissions with
band–AMC sub-channelization are considered [3]. A sub–channel is comprised of sev-
eral contiguous sub–carriers with approximately equal channel coefficients. The Forward
Error Correction (FEC) coding is applied on each sub-channel. This allows the code per-
formance for each sub-channel to be modeled as being over an independent flat fading
channel with its own SINR. The sub–channel index refers to the frequency dimension
of the sub-channel. One burst with band–AMC subchannelization is comprised of one
sub-channel. The bursts used for BS→MS or RS→MS transmissions are referred to as
access bursts. Access bursts in the second hop have fixed duration and span the overall
duration of the second hop. Each burst dedicated to BS→ RS transmissions in the first
hop is referred to as relay burst. The duration of the relay bursts depends on the relay-
ing, forwarding and MCS chosen and it is adjusted such that the same number of bits
is transmitted over each hop. Only one user is allocated to a given burst. However, de-
pending on the channel conditions, one user can be allocated more than one bursts. It is
assumed that the channel remain unchanged during one burst. For optimized operation
with Band-AMC sub-channelization, the burst and/or sub-channel bandwidth should be
less than the coherence bandwidth. Hence, the burst and sub-channel bandwidth is deter-
mined by the coherence bandwidth of the wireless channel. Via feedback, the BS has the
ideal knowledge of the instantaneous SINR for each sub-channel and for each user regard-
ing the S→ R, S→D and R→D links. This results in a Channel State Information (CSI)
feedback overhead. Such overhead is present in systems which exploit link adaptation.
Various CSI feedback algorithms can be used to reduce this overhead and are beyond the
scope of this thesis. The design of link adaptation methods for high-mobility users re-
quires further considerations, such as impact of imperfect channel state information, the
form of channel state information to be used (e.g., [36]), etc.

It is assumed that each terminal (BS and RS) is transmitting to an MS at a given sub–
carrier of an OFDM system in which each sub–carrier experiences frequency flat fading.
Hence, each sub–carrier of the S→ R, S→D and R→D links are modelled as flat fading
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channels with given instantaneous SINR conditions. The instantaneous SINR in each link
varies with variations in the channel. The instantaneous SINR and instantaneous SNR
refers to the SINR and SNR in a given frame, respectively.

If DF based relaying is used, the MSs estimate the channel in the BS → MS and
RS → MS links. If AF based relaying is used, the MSs estimate the channel in the
BS→ RS→MS and BS→MS links. Each RS estimate the channel in the BS→ RS link.
Such estimations are done via the use of the pilot sub-carriers which are already avail-
able with the IEEE 802.16j and IEEE 802.16e standards. Imperfect channel estimation is
not considered. It is assumed that no channel knowledge is available at the transmitters
regarding the amplitude and phase of their transmission channels.

HARQ in the form of chase combining is used in order to combine the signals received
by the BS and the RS. The considered cooperative diversity schemes are cooperative trans-
mit diversity, cooperative receive diversity and cooperative selection diversity. Automatic
Repeat Request (ARQ) is not considered. Analysis in this thesis can be extended to in-
clude ARQ.

2.2.1 Notation
The superscripts H , T and ∗ stand for transpose conjugate, transposition and complex
conjugation operations, respectively. Bold uppercase letters represent matrices and bold
lower case letters represent vectors. Im represents the m×m identity matrix. The term
E denotes the expectation operation. The ||.||F operator represents the Frobenius norm
of its operand. P(a) represents the probability of the event a. The term ∗ represents the
convolution operation. The term CN (0,b) represents a zero mean circularly symmetric
complex Gaussian random variable with mean 0 and variance b. The term 0m,n denotes a
matrix of zeros with m rows and n columns. H(a) represents the differential entropy of
a given vector a. I(x;y) represents the mutual information of random variables x and y.
Rxx , E{xxH} is the autocorrelation function of random vector x. Q(x) is the Q–function
which is defined as Q(

√
x) = 1√

2π

∫
∞√

x e−u2/2du.

2.2.2 Terminology
The subscript i, i ∈ {1,2, ...,N}, represents the sub–carrier index where N represents the
total number of sub–carriers in the OFDM system. The term j, j ∈ {1,2, ...,J}, denotes
the sub-channel index in the frequency domain. The total number of sub-channels is
denoted by J. If sub-carrier i is within sub-channel j, then γSR, j = γSR,i, γSD, j = γSD,i and
γRD, j = γRD,i represent the instantaneous SNR conditions at each sub-channel j. The index
m where m ∈ {0,1,2, ...} represents the OFDM symbol index in time domain.

In a point-to-point flat fading link with instantaneous SINR γ, let ρ(γ) = R(γ)(1−
BLER(γ)) represent the end-to-end throughput when AMC is used and the MCS which
provides the highest throughput is selected. The term BLER(γ) represents the block error
rate with the selected MCS based on γ. The term R(γ) in b/s/Hz represents the nominal rate
of the selected MCS. If the selected coding rate is η and the selected M-ary modulation
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mode can provide a maximum rate of M b/s/Hz, then R(γ) = M×η. For example if the
selected MCS is 16-QAM with coding rate η = 1/2, then R(γ) = 4

2 b/s/Hz.
The term u, u∈{1,2, ...,U}, denotes the MS index. The terms ρ

coopT xDiv1, ρ
coopT xDiv2,

ρ
coopSDiv and ρ

direct represent the average end-to-end throughput per channel use that can
be achieved with cooperative transmit diversity–1 and –2, cooperative selection diversity
and w/o relay schemes, respectively. These terms represent the long term average end-to-
end throughput when relaying decisions are done dynamically.

2.2.3 Baseband Channel, Noise and Interference Models
The terms hSR,i, hSD,i and hRD,i represent the frequency domain channel coefficient of
sub–carrier i for S→ R, S→ D and R→ D links, respectively. These channel coeffi-
cients include the path loss and fast fading effects. Since a properly designed OFDM
system converts frequency selective fading into frequency flat fading at each sub–carrier,
it is assumed that each sub-carrier encounters frequency flat Rayleigh fading [37]. Hence,
|hSD,i|, |hRD,i| and |hSR,i| are modelled as Rayleigh flat fading random variables. The mo-
bile(s) are scheduled on orthogonal radio resources. Hence, zero intra-cell interference
is assumed. The interference is assumed to be caused by other cells in the network and
modelled as a complex Gaussian random variable which is independent than the Additive
White Gaussian Noise (AWGN). At a given sub–carrier i of the transmitted OFDMA
symbol m, nR,i[m] ∼ CN (0,NR

o ) and nD,i[m] ∼ CN (0,ND
o ) represent the AWGN plus

interference samples observed at the relay and destination terminals, respectively. The
terms ND

o and NR
o represent the power spectral density of the receiver noise plus inter-

ference at each sub-carrier at the destination and relay terminals, respectively. With this
model, γSR,i = |hSR,i|2ES

NR
o

, γSD,i = |hSD,i|2ES
ND

o
and γRD,i = |hRD,i|2ER

ND
o

represent the instantaneous
(i.e., short term average obtained at a given DL frame) SINR conditions at sub–carrier i
of S→ R, S→ D and R→ D links, respectively. The terms SNRSR, SNRSD and SNRRD

denote the long term average (i.e., averaged over sufficiently many DL frames) SNRs in
the S→ R, S→ D and R→ D links, respectively.

2.3 The End-to-End BER Performance of Coopera-
tive Diversity in OFDM Based Wireless Relay
Networks

In this section, the end-to-end BER performance of cooperative receive diversity with AF
and DF based forwarding schemes has been analyzed comparatively. A hybrid forward-
ing scheme that adaptively decides to use either “AF” or “DF” or “no relay” according
to the instantaneous SNR conditions between the source, relay and destination terminals
has been proposed and analyzed. This decision is made based on analytically derived
equations, which makes it possible to take into account all the link conditions in a re-
lay network with low computational complexity. The BER performance is presented for
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cooperative receive diversity with AF, with DF, with the hybrid forwarding scheme and
for non-cooperative (direct) transmission. The results show that the hybrid forwarding
scheme significantly outperforms fixed relaying with AF or DF, and direct transmission.
This gain comes especially from adaptively deciding on whether to use the relay or not.
The results show that, selection among AF and DF schemes does not bring significant
performance gain when CSI is available at the source.

The use of either AF or DF at a relay terminal achieves different performance results
under given Signal to Noise Ratio (SNR) conditions. The performance achieved with
the DF scheme depends strongly on the ability of the RS to decode the received signal
from the source terminal correctly. With AF, the noise at the RS is amplified and further
propagated. The performance with AF depends strongly on the SNR of the source–to–
relay (S→ R) link and amplification performed by the relay node. It might also be the
case that relaying does not help at all. These observations motivate to consider a hybrid
forwarding scheme which adaptively chooses the best transmission scheme according to
the SNR conditions.

The hybrid forwarding scheme changes the type of the forwarding scheme used by
a relay terminal on a per sub–carrier basis. In this section, the BER performance of the
hybrid forwarding scheme has been analyzed and compared with that of fixed relaying
with AF and DF, and also non-cooperative transmission.

Ref. [25] proposes a hybrid space–time coding scheme for cooperative relaying. The
study concentrates on frequency flat environments. Cooperative transmit diversity achieved
with multiple relays is considered. Relays perform DF if instantaneous SNR condition in
the S→ R link is good. If not, relays use AF. However the performance of AF and DF
schemes depends not only on the SNR condition of S→ R link but also on the SNR con-
ditions in the S→ D and R→ D links. Therefore, it is not enough to consider only the
S→ R link condition when deciding on the forwarding technique to be used by the relay
terminal. Furthermore, hybrid forwarding mechanism with the consideration of frequ-
ency selective environments with OFDM networks has not been analyzed in the literature.
Within frequency selective environments, sub–carriers of a properly designed OFDM net-
work experience flat fading with different amplitudes. Therefore it would be beneficial
for the relay terminals operating in OFDM networks to use the best forwarding scheme at
each sub–carrier.

In this section, one source terminal, one destination terminal and one relay terminal
assisting the transmission of the source terminal is considered. The transmission sequence
which creates a cooperative–SIMO channel at the destination terminal has been consid-
ered. It is presented in Table 2.1. With this channel, cooperative receive diversity is
extracted.

In order to make fair comparisons in BER analysis, the same end-to-end data rate has
been used for different transmission schemes. For direct transmission scheme, Quadrature
Phase Shift Keying (QPSK) modulation and 1

2 rate convolutional coding have been used.
With this scheme, the source terminal transmits on both phases. For cooperative relaying,
un–coded transmission with QPSK modulation has been considered. This way, all the
schemes transmit at a nominal end-to-end data rate of 1 b/s/Hz.
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2.3.1 Input Output Relations in The First Phase
In the first phase, the source terminal transmits the constellation point

√
ESxi[m] at time

slot m on one of the sub–carriers, i.e. sub–carrier i. E [|xi[m]|2] is set to one. At time slot m,
the relay and destination terminals receive the following baseband signals on sub–carrier
i:

yR,i[m] = hSR,i
√

ESxi[m]+nR,i[m] (2.1)

yD,i[m] = hSD,i
√

ESxi[m]+nD,i[m]. (2.2)

2.3.2 Analysis of Forwarding Schemes for Relay Networks
In the following, the BER performance of cooperative receive diversity with AF and DF,
and direct transmission scheme are analyzed and compared with each other. The deriva-
tions are presented for a given sub–carrier i.

Cooperative Receive Diversity with AF Scheme

In this section, the end–to–end BER achieved with cooperative receive diversity when the
relay terminal uses the AF scheme is derived. The transmitted signal by the relay terminal
using AF at sub–carrier i can be written as

sAF
R [m+1] =

√
ER

βi
yR,i[m]. (2.3)

The term

αi =
√

ER

βi
=

√
ER√

NR
o (1+ γSR,i)

(2.4)

represents the amplification used at the RS at sub–carrier i determined such that E{|sAF
R,i |2}=

ER [28]. When the relay uses AF scheme, the received baseband signal at the destination
terminal at sub–carrier i over the two phases can be written as:

yAF =
[

yD,i[m]
yD,i[m+1]AF

]
=

[
hSD,i
√

ESxi[m]+nD[m]√
ER
√

ES
βi

hSR,ihRD,ixi[m]+ ñAF

]
= hAFxi[m]+nAF , (2.5)

where hAF and nAF are given by

hAF =

[ √
EShSD,i√

ER
√

ES
βi

hSR,ihRD,i

]
(2.6)
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nAF =
[

n1
n2

]
=

[
nD[m]√

ER
βi

hRD,inR[m]+nD[m+1]

]
. (2.7)

The term hAF represents the cooperative–SIMO channel observed at the destination ter-
minal after the two phases. The first row of yAF represents the signal received at the
destination terminal via the first phase. The second row of yAF represents the signal re-
ceived at the destination terminal via the second phase.

Assuming that the destination terminal has perfect knowledge of the channel coeffi-
cients, i.e.,hSR,i, hSD,i and hRD,i, the received signals from the source and relay terminals
are combined by Maximum Ratio Combining (MRC) according to [10]:

zAF = hAFH
yAF . (2.8)

This is similar to chase combining in HARQ. The instantaneous SNR per symbol achieved
after MRC combining in the AF mode can be derived from Equation (2.8) as follows:

γ
AF
s,i =

(γSD,i +
γSR,iγRD,i
1+γSR,i

)2

γSD,i +
γSR,iγRD,i
1+γSR,i

+
γ2

RD,iγSR

(1+γSR,i)2

. (2.9)

Let PAF
e represent the BER at the destination terminal after MRC combining and

Maximum Likelihood (ML) detection at sub–carrier i. ML detection operation is equiva-
lent to make a proper normalization, i.e., channel equalization, and then taking decisions.
For a given flat fading condition at sub-carrier i, PAF

e can be calculated in terms of γSR,i,
γSD,i and γRD,i by

PAF
e = Q(

√
γAF

s,i ). (2.10)

Cooperative Receive Diversity with DF Scheme

In this section, the end–to–end BER achieved with cooperative receive diversity when the
relay terminal uses the DF scheme is derived. The relay uses ML detection. Let x̂i[m] with
unit energy represent the detected constellation point at the relay . The performance of the
DF scheme is severely affected by the detection errors at the relay terminal. If the relay
terminal detects xi[m] wrong, then relaying causes error propagation. Let PRS

e (γSR,i) =
P(x̂i[m] 6= xi[m]) = Q(√γSR,i) represent the probability of detection error at the RS. The
probability of error propagation is therefore given by PRS

e (γSR,i).
When the relay uses DF scheme, the received baseband signal at the destination ter-

minal at sub–carrier i over two phases can be written as:

yDF =
[

yD,i[m]
yD,i[m+1]DF

]
=

[
hSD,i
√

ESxi[m]+nD[m]
hRD,i
√

ERx̂i[m]+nD[m+1]

]
. (2.11)

26



CHAPTER 2. BACKGROUND ON COOPERATIVE COMMUNICATIONS
AND THE SYSTEMS CONSIDERED

Let hDF be defined as:

hDF =
[ √

EShSD,i√
ERhRD,i

]
. (2.12)

When DF based forwarding is used, hDF represents the cooperative–SIMO channel ob-
served at the destination terminal at the end of the two phases.

Assuming that the destination terminal has perfect knowledge of hDF , the received
signals from the source and relay terminals are combined by MRC as follows;

zDF = hDFH
yDF . (2.13)

For a given flat fading condition at sub-carrier i, let PDF
e represent the BER at the

destination terminal after MRC combining and ML detection. If (γSD,i− γRD,i) > 0, PDF
e

can be derived as

PDF
e = (1−Q(

√
γSR,i))Q(

√
γSD,i + γRD,i)

+ Q

(√
(γSD,i− γRD,i)2

γSD,i + γRD,i

)
Q(
√

γSR,i). (2.14)

If (γSD,i− γRD,i) < 0, PDF
e can be derived as

PDF
e = (1−Q(

√
γSR,i))Q(

√
γSD,i + γRD,i)

+

(
1−Q

(√
(γSD,i− γRD,i)2

γSD,i + γRD,i

))
Q(
√

γSR,i). (2.15)

Direct Transmission Scheme

For a given flat fading condition at sub-carrier i, PDirect
e represents the end–to–end BER

with direct transmission scheme. In this section, PDirect
e is derived. For the direct transmis-

sion scheme, the encoder and decoder diagram that is presented in Fig. 2.10 is considered
and hence PDirect

e is upper–bounded by [38, 39]:

PDirect
e <

∞

∑
d=5

βdP2(d), (2.16)

where βd = 2d−5(d−4) and P2(d) is given by the following equations at p = Q(√γSD,i):

P2(d) =
d

∑
k=(d+1)/2

(
d
k

)
pk(1− p)d−k (2.17)

for d odd and

P2(d) =
d

∑
k=d/2+1

(
d
k

)
pk(1− p)d−k

+
1
2

(
d

d/2

)
pd/2(1− p)d/2 (2.18)
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Figure 2.10: Encoder and decoder diagram for 1
2 convolutional code.

for d even [39, pp. 489-490]. Here, p represents the BER observed at the received coded
bits. The term, βd represents the distance properties of the convolutional encoder which
is derived from its state diagram given in [38, pp.706]. d denotes the Hamming distance
of the sequence of output bits corresponding to each branch from the sequence of output
bits corresponding to the all–zero branch of the state diagram of the convolutional en-
coder. With the convolutional encoder considered in this section, the minimum hamming
distance between any two codewords in the convolutional code is 5 and hence d ≥ 5.

Performance Comparison of AF, DF and Direct Transmission Schemes

Fig. 2.11 presents the theoretical and simulated BER curves for cooperative receive diver-
sity and direct–transmission schemes for γSD,i = 2 dB and γRD,i = 4 dB. One can see from
this figure that, if the SNR condition in the S→ R link is relatively low, the AF outper-
forms the DF. On the other hand, if the SNR condition in the S→ R link is good enough,
the DF outperforms the AF. The important conclusion from the results in Fig. 2.11 is that
the best transmission scheme is different according to the SNR conditions. This moti-
vates to consider a hybrid forwarding scheme which selects between AF, DF and direct
transmission schemes at every sub–carrier.

2.3.3 Hybrid Forwarding Scheme
The proposed hybrid forwarding algorithm in this section is described as follows:

• The relay terminal measures γSR,i in the DL slots. Via the help of channel reci-
procity principle, it is assumed that the relay terminal obtains γRD,i from the chan-
nel measurements of the D→ R link. γSD,i is assumed to be fed–back to the relay
terminal by the destination terminal.
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Figure 2.11: BER with the AF scheme (PAF
e ), DF scheme (PDF

e ) and direct trans-
mission (PDirect

e ) versus γSR,i with γSD,i = 2 dB and γRD,i = 4 dB.

• With this information, the relay terminal calculates PAF
e ,PDF

e and PDirect
e simply

with the derived equations

• At each sub–carrier, the relay terminal uses the scheme which provides the mini-
mum BER. Therefore, for each sub-carrier, the destination terminal can obtain a
BER equivalent to:

PHF
e = min{PAF

e ,PDF
e ,PDirect

e } (2.19)

• The relay terminal informs the destination terminal on the type of forwarding
scheme that is used at each sub–carrier. This information exchange needs to be
done only when forwarding method is changed at each sub-carrier.

• The destination terminal performs appropriate MRC combining structure for each
sub–carrier.

The transceiver structure of the relay terminal using the proposed hybrid forwarding
scheme is presented in Figure 2.12. The proposed hybrid forwarding algorithm differs
from already proposed forwarding schemes in the following aspects: i) One OFDM sym-
bol is transmitted by a relay terminal with different forwarding schemes, ii) A relay ter-
minal is able to take into account all the three link conditions when deciding on the best
forwarding scheme for a given sub–carrier.
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Figure 2.12: Transceiver block diagram of the relay terminal using hybrid for-
warding scheme.

2.3.4 Numerical Results and Discussions
In this section, simulation results for average BER performance of hybrid forwarding
(denoted by BERHF = E{PHF

e }), fixed relaying with AF (denoted by BERAF = E{PAF
e })

and DF (denoted by BERDF = E{PDF
e }), and direct transmission (denoted by BERDirect =

E{Pdirect
e }) schemes are presented and compared with each other. Fixed relaying refers to

the case where the relaying is always used on all the sub–carriers with the same forwarding
scheme. In the analysis, the SNR conditions in the S→ D and R→ D links are fixed and
SNRSR is varied.

Frequency selective, mutually independent channels are considered for S→ R, S→D
and R→ D links. A channel model for fixed wireless applications is used for the S→ R
link [40] and a fixed–to–mobile channel model is used for the S→D and R→D links [41].
The system parameters used in this section are outlined in Table 2.2. Bc represents the
coherence bandwidth. σSR, σSD and σRD represent the rms delay spread in the S→ R,
S→ D and R→ D links, respectively.

Figures 2.13 and 2.14 compare the average BER performance of the proposed hy-
brid forwarding scheme with that of fixed relaying with AF or DF, and direct transmis-
sion schemes. Figures 2.13 and 2.14 present the performance results for SNRSD = 8 dB,
SNRRD = 20 dB and SNRSD = 2 dB, SNRRD = 10 dB, respectively. As the results show,
the proposed hybrid forwarding scheme achieves performance gains over direct transmis-
sion and fixed relaying and this gain becomes more obvious whenever SNRRD >> SNRSD.
For example as Fig. 2.13 shows, the proposed hybrid forwarding scheme offers a gain of
approximately 6dB over fixed relaying with AF and 7dB over fixed relaying with DF
scheme at an average BER of 10−2. When SNRSR >> SNRRD and SNRSR >> 1, then
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Table 2.2: System Parameters
Parameter Value

System Bandwidth, B 20 MHz
Total number of data sub–carriers, N 400

Sub–carrier spacing,4 f 50 kHz
CP samples, Ng 100

S→ R link: σSR, B/Bc, Bc/4 f 1.26µsec, 125.6, 3
S→ D link: σSD, B/Bc, Bc/4 f 0.23µsec, 23.4, 17
R→ D link: σRD, B/Bc, Bc/4 f 0.23µsec, 23.4, 17

the BER performance at the destination with cooperative receive diversity depends on the
SNR in the R→D and S→D links (ref. Equations (2.9), (2.14) and (2.15)). Since SNRSD

and SNRRD are fixed in the figures presented in this section, the performance becomes in-
dependent of the SNRSR when SNRSR >> SNRRD and SNRSR >> 1. Therefore, after a
certain average SNR threshold in the S→ R link, the BER curves have a tail.

The results presented in this section show that, the selection among AF and DF
schemes does not bring significant performance gain. However, the adaptive relaying
in the form of to relay or not brings significant performance enhancement as compared to
fixed relaying. As the results in this section show, link adaptive transmission mechanisms
in wireless relay networks bring performance improvement. In the following chapters of
this thesis, link adaptive transmission mechanisms which select the best forwarding, mod-
ulation, coding, cooperative diversity and the packet size have been developed to be used
in wireless relay networks.
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Figure 2.13: Average BER of conventional AF scheme (BERAF ), conventional DF
scheme (BERDF ), direct transmission (BERDirect) and proposed hybrid forwarding
scheme (BERHF ) versus SNRSR with SNRSD = 8 dB and SNRRD = 20 dB.

Figure 2.14: Average BER of conventional AF scheme (BERAF ), conventional DF
scheme (BERDF ), direct transmission (BERDirect) and proposed hybrid forwarding
scheme (BERHF ) versus SNRSR with SNRSD = 2 dB and SNRRD = 10 dB.
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Chapter 3

Link Adaptation and Selection
Method for OFDM Based Wireless
Relay Networks

3.1 Introduction
The error propagation problem inherent in DF based relaying can be avoided by detecting
the erroneously received packets via cyclic redundancy check or similar measures and
forwarding only when the packets are correctly received by the relay. Such a scheme is
referred to as simple–AdDF based relaying [6, 31, 43]. With this scheme, the end–to–
end throughput is limited not only by the post processing SINR, but also the S→ R link
condition. For simple–AdDF, the selection of the MCS should take into account the SINR
at the relay as the signal needs to be decoded correctly with high probability at the relay.
However, for AF, the selection of the MCS can be based on the post-processing SINR at
the destination, which might be larger than the SINR at the relay.

Erkip et al. analyzed adaptive modulation for coded cooperative systems achieved
with DF based relaying in [43]. The coded cooperation scheme considered in [43] uses
the RS whenever it can correctly decode the transmitted packets. This means that, when
the detection error at the RS is negligibly small, then relaying is almost always used.
However, if the SINR condition in the direct link allows to use a sufficiently high-rate
MCS, then direct transmission might outperform relay based transmission even if the S→
R link condition is very good. This statement is proved later in this chapter. This is due

The work presented in this chapter has been sponsored by Aalborg University and Telecom-
munication R&D Center-Samsung Electronics Co. Ltd., Suwon, Republic of Korea. It has been
published in Journal of Communications and Networks (JCN), Special issue on "MIMO OFDM
and Its Applications". This publication can be found in [42].
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to the multiplexing loss inherent in wireless relaying. Hence, it is of utmost importance
to consider the end–to–end throughput to decide on whether the relay should be used
or not. The study in [27] proposed to make such a decision based on average channel
conditions in the S→ R, S→ D and R→ D links. The design is made for flat fading
channel conditions in the S→ D and S→ R links and a non fading line of sight channel
condition in the R→D link. For the design rules to decide whether to use the relay or not,
the authors stated that due to high complexity simple decision rules cannot be developed to
take into account small scale fading in all the links constituting a relay network. However,
simple decision rules can be developed with the preparation of lookup tables which is
provided in this chapter. Such lookup tables allow decisions for the selection of the most
efficient MCS to be used.

In [30], Laneman et al. proposed a selection relaying scheme developed for frequency
flat channels. The proposed scheme selects relaying only when the SNR in the S→ R link
is above a threshold which is determined solely by the channel capacity of the S→ R
link. When relaying is selected, either AF or DF based relaying is used. The channel
conditions in the R→ D and S→ D links are not considered in the proposed selection
relaying in [30]. Even if the S→ R link quality is above a threshold, relaying will not
improve the system performance if the post–processing SINR cannot compensate for the
multiplexing loss.

In summary, the aforementioned works have not taken into account all the instanta-
neous fading coefficients in a relay network and the end–to–end throughput performance
at the same time. Consequently, these link adaptation and selection mechanisms cannot
guarantee that the end–to–end throughput performance is not worse than that of w/o relay
and fixed relaying.

In this chapter, an end–to–end link adaptation and selection method for OFDM based
wireless relay networks is proposed. Relaying is selected (with the best forwarding
scheme) only when it can improve the end–to–end throughput as compared to that of w/o
relay transmissions. This selection is made based on the instantaneous SINR conditions
of the links constituting the relay network. The proposed link adaptation and selection
method dynamically selects the best transmission method at each sub–channel. Simple
and efficient rules for

1. end-to-end link adaptation with AMC

2. link selection (transmission with or w/o relay)

are provided based on lookup tables. A frame structure to enable the proposed link adap-
tation and selection method in an OFDMA–TDD based cellular wireless relay network
has been provided.

The structure of this chapter is as follows. Section 3.2 describes the system model.
In Section 3.3, the end–to–end throughput performance of the simple–AdDF, AF and
w/o relay schemes are presented and compared to each other. The proposal for an end-
to-end link adaptation and selection method for wireless relay networks is presented in
Section 3.4 and its superior performance has been shown. Conclusions and future works
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are drawn in Section 3.5.

3.2 System Model

The analysis is based on the following system model.
The forwarding schemes considered in this chapter are AF and simple–AdDF. More

complex forwarding schemes other than AF and simple–AdDF can be included into the
framework of link adaptation and selection for wireless relay networks. A single relay is
considered. The analysis in this chapter can be extended to the multi–relay scenarios. The
transceiver structure of the relay terminal using AF and DF based relaying is presented
in Chapter 2. During the down-link sub-frame no feedback is provided by the MS since
it is engaged in data reception. In the first phase of a given relaying scheme, the RS
using simple–AdDF based relaying performs the following operations. It demodulates the
OFDM symbols received from the BS. After the FFT operation, the RS decodes the signal
at each sub–channel and performs cyclic redundancy check to determine the blocks that
are correctly received. The RS re–encodes and buffers only the blocks that are correctly
received over a given sub–channel. Before the second phase starts, the RS broadcasts
control information on which sub–channels it could detect the blocks correctly and on
which sub–channels it could not. This control signalling will only be needed for simple–
AdDF based relaying. In Section 3.4, it is shown that this overhead is negligibly small
in a practical system setting. In the second phase, the RS and the BS make cooperative
transmission only for the blocks which are correctly received at the RS. This study can
be extended to the case where in the second phase, the BS repeats the blocks that are
erroneously received by the RS.

Ideal synchronization is assumed. With simple–AdDF based relaying, the MSs do not
need to know any channel state information regarding the S→ R link condition. However,
with the AF based relaying, the channel state information regarding the S→ R link is
necessary at the MSs which in turn increases the complexity.

The MAC-PDUs are transmitted in FEC blocks. Each block includes a CRC. A block
is discarded if at least one bit is in error. The receivers use cyclic redundancy check
to detect block errors where it is assumed that the undetected block error probability is
negligibly small [44]. An FEC block is comprised of 96 coded bits [45]. The block
error probability (i.e., block error rate) is evaluated for the reception of an FEC block.
The modulation modes that are considered in this chapter are: Binary Phase Shift Keying
(BPSK), QPSK, 16–Quadrature Amplitude Modulation (QAM) and 64–QAM. The FEC
is considered in the form of convolutional coding with code rates: "1(no–coding), 1/2, 2/3,
3/4, 5/6, 7/8" [3]. Each combination of the modulation and coding modes gives one AMC
mode, i.e., MCS. The convolutional encoder that is used in this chapter and in Chapter
4 is given in Figure 3.1. This encoder has a code rate of 1/2. The other code rates are
generated via puncturing.
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Figure 3.1: The convolutional encoder with code rate 1/2, constraint length 7
(K=7) and code generator [171, 133] (in octal).

3.2.1 The Considered Relaying Schemes

In this chapter, various relaying schemes such as cooperative–MISO, cooperative–SIMO
and cooperative–MIMO are considered to achieve cooperative diversity. Conventional re-
laying scheme is considered as well. These relaying schemes were introduced in Chapter
2. An efficient end-to-end link adaptation method for each of these relaying schemes is
presented.

Cooperative Transmit Diversity–1

This scheme refers to the cooperative transmit diversity achieved with cooperative–MIMO
scheme. To achieve cooperative transmit diversity, cooperative-space-time coding is used
by the BS and the RS terminals as given in Table 3.1. In the table, x1,i, x2,i denote the
transmitted constellation points at sub–carrier i of the corresponding link. To achieve
cooperative transmit diversity–1 scheme, the two symbols x1,i and x2,i are transmitted
over four OFDM symbol intervals using the Alamouti scheme. The symbol indices m and
m+1 represent the transmitted OFDM symbols during the first phase. The symbol indices
m + 2 and m + 3 represent the transmitted OFDM symbols during the second phase. To
achieve diversity, the destination terminal processes the resulting four outputs received
during the two phases.

For AF and simple–AdDF based relaying, the cooperative–MIMO channel observed
at the MS at the end of the two phases is given by

HAF =

[ √
EShSD,i 0√

ERES
βi

hSR,ihRD,i
√

EShSD,i

]
(3.1)
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Table 3.1: Transmission sequence to achieve cooperative diversity over a
cooperative-MIMO channel with Alamouti scheme.

First First Second Second ...
phase phase phase phase
m’th m+1’th m+2’nd m+3’rd ...

symbol symbol symbol symbol
S→ R,D S→ R,D S→ D (x2,i), S→ D (x∗1,i), ...

(x1,i) (−x∗2,i) R→ D (x1,i) R→ D (−x∗2,i)

and

HDF =
[

h1,1 h1,2
h2,1 h2,2

]
=
[ √

EShSD,i 0√
ERhRD,i

√
EShSD,i

]
, (3.2)

respectively [5]. The term βi is given by Equation (2.4).
At the end of the two phases, the MS performs space-time decoding of the signals

received from the BS and the RS terminals during the two phases. The MS achieves
further SINR gain by combining the space time decoded symbols with the corresponding
symbols received in the first phase. Finally, with AF based relaying, the post–processing
SINR achieved at the MS is given by

γ
AF
s,i =

(
2γSD,i +

γSR,iγRD,i
(1+γSR,i)

)2

γSD,i +
(

1+ γRD,i
(1+γSR,i)

)(
γSR,iγRD,i
(1+γSR,i)

+ γSD,i

) .

(3.3)

With AF based relaying, the MS can achieve an end-to-end throughput given by 0.5ρ(γAF
s,i ).

The factor of 0.5 accounts for the fact that, two time phases with equal duration is needed
with AF based relaying.

At the end of the two phases with simple–AdDF based relaying, the MS creates the
following receive vectors to perform space-time decoding:

y1 =
[

yD,i[m]
yD,i[m+2]

]
= HDF

[
x1,i

x2,i

]
+
[

n1
n2

]
(3.4)

y2 =
[

yD,i[m+1]
yD,i[m+3]

]
= HDF

[
−x∗2,i
x∗1,i

]
+
[

n3
n4

]
where the 2× 2 cooperative–MIMO channel, i.e., HDF, is given by Equation (3.2). This
effective cooperative–MIMO channel can be achieved at the cost of a multiplexing loss of
1
2 for each modulation mode. For the transmitted OFDM symbol m, yD,i[m] denotes the
received baseband signal at sub-carrier i at the destination. The MS forms a signal vector

37



CHAPTER 3. LINK ADAPTATION AND SELECTION METHOD FOR
OFDM BASED WIRELESS RELAY NETWORKS

y according to

y =
[

y1
y∗2

]
=


h1,1 h1,2
h2,1 h2,2
h∗1,2 −h∗1,1
h∗2,2 −h∗2,1

[ x1,i

x2,i

]
+


n1
n2
n∗3
n∗4

 (3.5)

= Heffx+n (3.6)

where x = [x1,i x2,i]T and

n = [n1 n2 n∗3 n∗4]
T

= [nD,i[m] nD,i[m+2] n∗D,i[m+1] n∗D,i[m+3]]T . (3.7)

The MS now performs MRC for y according to

z = Heff
Hy (3.8)

Assuming that the RS decodes the transmitted symbols by the BS correctly, z becomes

z = ||HDF ||2Fx+ ñ (3.9)

where ñ =
[

ñ1
ñ2

]
= Heff

Hn and E[ñ] = 02,1. The resulting effective noise power can be

calculated as

E[|ñ1|2] = E[|ñ2|2] = ND
0 ||HDF||2. (3.10)

Assuming that the RS decodes the transmitted symbols by the BS correctly, the post–
processing instantaneous SNR at each sub-carrier i achieved after MRC at the MS can be
derived from Equations (3.2), (3.9) and (3.10) as

γ
DF
s,i =

(||HDF ||2F)2

E[|ñ1|2]
=
||HDF ||2F

ND
o

= 2γSD,i + γRD,i. (3.11)

Hence, second order diversity can be achieved for each symbol transmitted by the BS.
The MCS to be used in both phases is selected based on ρ = min{ρ(γDF

s,i ),ρ(γSR,i)}.
This is analogous to min(γDF

s,i ,γSR,i). If ρ = ρ(γSR,i) then the MCS is decided based on γSR,i,
otherwise, the MCS is selected based on γDF

s,i . This way, the system can keep negligible
error rates at the RS if γSR,i > γDF

s,i and at the MS if γDF
s,i > γSR,i. Furthermore, the system

can keep acceptable error rates at the RS if γSR,i < γDF
s,i . With this MCS selection method,

the MS can achieve an end-to-end throughput given by

ρ
AdDF
coop−div. =

{
0.5ρ(γDF

s,i )Pc(γSR,i), if ρ = ρ(γDF
s,i )

0.5ρ(γSR,i)Pc(γDF
s,i ), if ρ = ρ(γSR,i)

(3.12)

Pc(γ) represents the probability of correct reception of a block with the selected MCS
(based on ρ) over a flat fading channel with SINR γ.
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Cooperative Transmit Diversity–2

This scheme refers to the cooperative transmit diversity achieved with cooperative–MISO
scheme. To achieve diversity, cooperative space time coding can be used by the BS and
the RS terminals [5] and Alamouti space time coding is used [11]. This scheme achieved
with DF based relaying does not necessitate two phases with equal duration since the MS
does not exploit any signal transmitted in the first phase. Hence, the MCS for each phase
is chosen independently. This leads to an efficient use of radio resources. For DF based
relaying, the MCS per hop is selected based on the post–processing SINR at the corre-
sponding receiver node, i.e., either the RS or the MS. For AF based relaying, the decoding
is done only at the MS at the end of two phases. Hence the MCS is chosen according to
the post–processing SINR observed at the MS. The time divisioned transmission struc-
ture to achieve cooperative transmit diversity–2 scheme is presented in Table 3.2. The two
symbols x1,i and x2,i are transmitted via sub-carrier i over four OFDM symbol intervals
using the Alamouti scheme. The first phase consists of the first two OFDM symbols, i.e,
symbols m and m + 1. The second phase consists of the 3’rd and 4’th OFDM symbols,
i.e., symbols m + 2 and m + 3. The destination terminal processes the resulting two out-
puts received during the second phase. In the following Sections 1.A and 1.B, the input

Table 3.2: Transmission sequence to achieve diversity over a cooperative-MISO
channel with Alamouti scheme

First First Second Second ...
phase phase phase phase
m’th m+1’th m+2’nd m+3’rd ...

symbol symbol symbol symbol
S→ R S→ R S→ D (x2,i), S→ D (x∗1,i), ...
(x1,i) (−x∗2,i) R→ D (x1,i) R→ D (−x∗2,i)

output relations with the cooperative transmit diversity–2 is presented for both AF and
simple–AdDF based relaying. The transmission sequence presented in Table 3.2 has been
considered.

1.A) Input Output Relations with AF Based Relaying: At the end of the two phases at
a given sub–carrier i, the MS creates the following received signal vector for each trans-
mitted symbol:

y =
[

yD,i[m+2]
y∗D,i[m+3]

]
=
[

h1 h2
h∗2 −h∗1

][
x1,i

x2,i

]
+
[

n1
n∗2

]
= Heffx+n (3.13)
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where x = [x1,i x2,i]T and n = [n1 n∗2]
T . At the end of the two phases, the 1× 2

cooperative–MISO channel achieved with AF based relaying is given by

hAF =
[

h1 h2
]

=
[ √

ERES
βi

hSR,ihRD,i
√

EShSD,i

]
(3.14)

where βi is given by Equation (2.4). The noise components n j where j ∈ {1,2} are given
by n j = nD,i[m+ j +1]+hRD,i

√
ER

βi
nR,i[m+ j−1]. The MS performs maximum ratio com-

bining on y according to

z = Heff
Hy = ||hAF ||2Fx+ ñ (3.15)

where ñ = Heff
Hn = [ñ1 ñ2]T . At a given sub-carrier i, the post–processing instanta-

neous SINR achieved after maximum ratio combining at the MS can be derived from
Equations (3.14), (3.15) as

γ
AF
s,i =

(
||hAF ||2F

)2

E{|ñ1|2}
=

γSD,i +
γSR,iγRD,i
(1+γSR,i)

1+ γRD,i
(1+γSR,i)

(3.16)

After combining at a given sub-carrier, the MS observes an effective point-to-point link
with a post processing SINR as given by Equation (3.16).

With AF based relaying at a given sub–carrier i, the end–to–end throughput achieved
with Alamouti scheme based cooperative transmit diversity is finally given by

ρ
AF
tx−div. = 0.5ρ(γAF

s,i ), (3.17)

where the MCS for both of the transmission phases is selected based on γAF
s,i .

1.B) Input Output Relations with Simple–AdDF Based Relaying: The cooperative–
MISO channel achieved with simple–AdDF based relaying is given by hDF =

[
h1 h2

]
=[ √

ERhRD,i
√

EShSD,i
]
. Since the RS relays only when it can decode the blocks cor-

rectly, the post–processing instantaneous SINR achieved at the MS after Alamouti scheme
based space–time decoding can be derived as [10, 11]:

γ
DF
s,i =

||hDF ||2F
ND

o
= γSD,i + γRD,i (3.18)

With simple–AdDF based relaying at a given sub–carrier i, the end–to–end throughput is
finally given by

ρ
AdDF
tx−div. =

ρ(γSR,i)ρ(γDF
s,i )

R(γSR,i)+R(γDF
s,i )

(3.19)

where the MCS in the first phase is selected based on γSR,i and the MCS in the second
phase is selected based on γDF

s,i in order to optimize the end–to–end throughput.
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Cooperative Receive Diversity

This scheme was analyzed in detail in Chapter 2 and it achieves diversity via a cooperative–
SIMO channel. The cooperative–SIMO channel achieved with AF based relaying is given
by Equation (2.6). To achieve cooperative receive diversity via maximum ratio combining,
two phases with equal duration is needed since both the BS and the RS need to transmit
with the same MCS to constitute a cooperative–SIMO channel [5]. To achieve receive di-
versity, the MS combines the signals received from the BS and the RS via maximum ratio
combining. Over the sub-carrier where the cooperative receive diversity with AF based
relaying is used, the post–processing instantaneous SINR obtained at the MS after maxi-
mum ratio combining is given by Equation (2.9) [28]. The simple–AdDF based relaying
achieves the post–processing instantaneous SINR, i.e., γDF

s,i , as given in Equation (3.18).
With AF based relaying at a given sub–carrier i, the end–to–end throughput achieved by
the cooperative receive diversity is given by

ρ
AF
rx−div. = 0.5ρ(γAF

s,i ) (3.20)

where the MCS per transmission phase is selected based on γAF
s,i . For simple–AdDF based

relaying, the proposed end-to-end link adaptation method chooses the MCS to be used by
the BS and the RS based on

ρ = min{ρ(γDF
s,i ),ρ(γSR,i)}. (3.21)

With this MCS selection, the end-to-end throughput, i.e., ρAdDF
coop−div., is given by Equation

(3.12).

Conventional Relaying

In this thesis, conventional relaying uses rate adaptive relaying. Therefore, the end–to–
end throughput with conventional relaying corresponds to the end–to–end throughput of
cooperative transmit diversity–2 with γSD,i = 0. If the BS dynamically selects the best
scheme among conventional relaying and w/o relay scheme, cooperative selection diver-
sity can be provided to the MS. The cooperative selection diversity is introduced and
analysed in Chapter 4.

Summary of the Transmission Sequence of Various Cooperative Diversity
Schemes

In summary, the time divisioned transmission sequences to achieve the cooperative diver-
sity schemes presented in this section are visualized in Figure 3.2 for DF based relaying.
NDL denotes the total number of OFDM symbols including the first and second phases.
The terms zi, z j, zk, zl and za denote the MCS that is used in each phase. The terms b1
and b2 represent the different vector of bits transmitted by the source and relay terminals
in each phase. The cooperative transmit diversity–1 and cooperative receive diversity use
fixed rate relaying [46]. The distinguishing feature of the cooperative transmit diversity–
2 and conventional relaying with DF is the fact that they allow the use of rate adaptive
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relaying [46] and hence the duration of the first and second phase of these schemes are
optimized independently.

Figure 3.2: The time divisioned transmission sequence to achieve the cooperative
diversity schemes with DF.
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3.3 End-to-End Throughput Performance Compar-
ison of AF, Simple–AdDF and w/o Relay Schemes

3.3.1 The Lookup Table
For each SINR value γ, the lookup table stores

1. The index of the MCS which provides the highest throughput,

2. ρ(γ), b/s/Hz,

3. Pc(γ) for each and every MCS available.

Such a lookup table is needed and used for the proposed link adaptation and selection
method which will be described in detail in the next section. The lookup table is created
for discrete values of γ with resolution 0.1 dB. Figure 3.3 presents the stored ρ(γ) for each
discrete value of γ. The value of ρ(γ) depends on the block length. This study can be
extended to accommodate FEC blocks with different lengths.

Figure 3.3: The figure represents the stored ρ(γ) in the lookup table for each SINR
value γ. The γ values are discrete with resolution 0.1 dB.

3.3.2 The End-to-End Throughput Performance
In this section, the end–to–end throughput performance of the simple–AdDF, AF and w/o
relay schemes is compared to each other. The results are presented for each of the relaying
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schemes described in the previous section while using the proposed AMC decision rules.
In the following, the results are plotted versus γSR,i for given γSD,i and γRD,i.

1) Cooperative transmit diversity–2: Figure 3.4 presents simulation results with γSD,i =
20dB and γRD,i = 6 dB. The results in this figure show that, even if the S→ R link has
a very good SINR level, relaying may not improve the end–to–end throughput. Hence,
the relaying should be selected only if it can improve the end–to–end throughput. Fur-
thermore, in the figure, the simple–AdDF scheme is throughput limited as compared to
the AF scheme. However, over this region, relaying does not improve the end-to-end per-
formance. The main conclusions for the relative performance of AF and simple–AdDF
based relaying should be done over the region where relaying improves the performance.
Figure 3.5 presents the simulation results with γSD,i = 9dB and γRD,i = 23.5 dB. The re-
sults show that relaying can improve the end–to–end throughput for higher γSR,i and the
simple–AdDF based relaying can provide significant throughput gain as compared to AF
based relaying. For the cooperative transmit diversity–2, over the region where relaying
improves the end–to–end throughput, the simulation results indicate that the AF based
relaying cannot outperform the simple–AdDF based relaying for all the instantaneous
SINR conditions in the S→ R, S→ D and R→ D links. This is due to the fact that,
with simple–AdDF based relaying, the link adaptation can adjust the transmission rates in
each phase independently and hence can use the radio resources more efficiently than the
AF scheme. Note that the end–to–end throughput with simple–AdDF based relaying is
not monotonically increasing as the nominal transmission rates take discrete values (ref.
Equation (3.19)).

2) Cooperative receive diversity: Over the instantaneous SINR region where relaying
improves the end–to–end throughput, the simulation results indicate that the AF based
relaying can outperform both the end–to–end throughput achieved with simple–AdDF
based relaying and w/o relay scheme as much as 0.02 b/s/Hz. Hence, AF scheme cannot
outperform simple–AdDF based relaying significantly over this SINR region. Figure 3.6
presents the simulation results with γSD,i =−6dB and γRD,i = 23.5 dB. The results in this
figure show that simple–AdDF based relaying has a throughput gain of as much as 0.72
b/s/Hz compared to AF based relaying.

3) Cooperative transmit diversity–1: Over the instantaneous SINR region where re-
laying improves the end-to-end throughput, the simulation results with cooperative-transmit
diversity–1 indicate that the AF based relaying cannot provide significant throughput en-
hancement over simple–AdDF based relaying. Figure 3.7 presents the simulation results
with γSD,i = 1.5dB and γRD,i = 23.5 dB. The results show that, simple–AdDF based relay-
ing can provide significant throughput enhancement to both AF based relaying (as much
as 0.73 b/s/Hz) and w/o relay (as much as 2.48 b/s/Hz) transmissions.

4) Conventional Relaying: For all the combinations of γSR,i and γRD,i, the simulation
results with conventional relaying indicate that, AF based relaying cannot outperform
simple–AdDF based relaying. Simple–AdDF based relaying on the other hand can pro-
vide a throughput gain of as much as 0.71 b/s/Hz compared to AF based relaying.

Consequently, the results presented in this section motivate a link adaptation and se-
lection method that dynamically selects the best scheme among "simple–AdDF and w/o
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relay" based on the CSI.

Figure 3.4: Cooperative transmit diversity-2: The instantaneous end–to–end
throughput achieved with AF, simple–AdDF and w/o relay schemes versus γSR,i
with γSD,i = 20dB and γRD,i = 6 dB.

3.4 The Proposed End-to-End Link Adaptation &
Selection Method and Its Performance Evalua-
tion

3.4.1 The Proposed End-to-End Link Adaptation & Selection
Method

With the observations presented in the previous section, a link adaptation and selection
method for OFDM/OFDMA-TDD based cellular wireless relay networks is proposed.
This proposal is characterized by the following. The link adaptation and selection is done
by the BS (in order to have centralized control). The channel state information regarding
the SINRs in each sub-channel of S→ R, S→ D and R→ D links are obtained at the
BS (i.e., fed–back by the users) at the end of each UL sub-frame via the Channel Quality
Indication CHannel (CQICH) [3]. Let this channel state information be referred to as
γSR, j,γRD, j and γSD, j for each sub-channel j. The BS then calculates the post–processing
SINR for each sub-channel (i.e., γDF

s, j , γAF
s, j ) and for each scheme based on the derived

equations in Section 3.2.1. The scheme (among AF, simple–AdDF and w/o relay) which
provides the highest end–to–end throughput is then selected for each sub-channel based
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Figure 3.5: Cooperative transmit diversity–2: The instantaneous end–to–end
throughput achieved with AF, simple–AdDF and w/o relay schemes versus γSR,i
with γSD,i = 9dB and γRD,i = 23.5 dB.

Figure 3.6: Cooperative receive diversity: The instantaneous end–to–end through-
put achieved with AF, simple–AdDF and w/o relay schemes versus γSR,i with
γSD,i =−6dB and γRD,i = 23.5 dB.
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Figure 3.7: Cooperative transmit diversity–1: The instantaneous end–to–end
throughput achieved with AF, simple–AdDF and w/o relay schemes versus γSR,i
with γSD,i = 1.5 dB and γRD,i = 23.5 dB.

on γSR, j, γRD, j and γSD, j. This selection is done with the proposed AMC decisions and it
is based on a lookup table described in the previous section. With the lookup table, the
throughput for a given instantaneous SINR γ is determined by reading the corresponding
throughput. For AF based relaying, γ is determined by the post–processing SINRs derived
in Section 3.2.1. For simple–AdDF based relaying, ρ(γDF

s, j ), ρ(γSR, j), Pc(γDF
s, j ) and Pc(γSR, j)

are read from the lookup table (ref. Equation (3.12)). Then, the end-to-end throughput
for each scheme is calculated based on the derived equations in Section 3.2.1. Finally
the transmission scheme and the MCS providing the highest end–to–end throughput is
determined for each sub-channel and for each transmission phase, i.e., hop.

3.4.2 The Frame Structure
In order to use the proposed end-to-end link adaptation and selection method in a practical
system, the frame structure should be designed carefully. In Figure 3.8, a frame structure
is presented as a possible solution to enable the proposed link adaptation and selection
in an OFDM(A)–TDD based cellular wireless relay network where the users are within
the coverage area of the BS and some of them are in the coverage area of both the BS
and the RS. This frame structure takes into account of unreliable BS→ RS link condi-
tions by providing a control information channel to the relays. Over this channel, the
RS can send control information on which sub-channels it could detect the transmissions
correctly. In Figure 3.8, a single RS is considered. Before data transmissions start, the
BS selects the best scheme among with or w/o relay schemes for each user and for each
sub-channel. Then, the BS schedules the users with efficient scheduling algorithms devel-
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Figure 3.8: The frame structure as a possible solution to enable the proposed
link adaptation and selection in an OFDMA-TDD based cellular wireless relay
network where the users are within the coverage of the BS and the RS

oped for wireless relay networks. Such scheduling algorithms are developed in Chapter
4. After scheduling, the BS broadcasts in DL-MAP which user is scheduled on which
sub-channel and for each sub-channel which scheme (among AF, simple-AdDF and w/o
relay) and MCS are used. After the first phase and a guard interval for the transmit/receive
turnaround time, the RS starts the transmission. The RS first transmits its preamble and
control information1. The BS needs to receive this information as well and hence it has to
switch from the receive mode to the transmit mode before data transmissions start. This
necessitates a guard interval. Finally, transmissions with the selected schemes start in
the second phase. In Figure 3.8, cooperative transmit diversity–2 based transmissions are
considered over the sub-channels where relaying is selected by the BS. In the first and
second phase, data transmission at each sub-channel take place which is designated for a
given MS. For cooperative diversity schemes which do not necessitate two phases with
equal duration, the duration of the first phase can be adjusted based on the average SINR
in the S→ R link.

For cooperative selection diversity, the frame structure developed for a two-hop cel-
lular network with infrastructure based relays is presented in Figure 3.9. This frame
structure is developed for reliable, LOS BS→ RS links, where the relays are deployed
at strategic positions in the cell. Based on this model, it is assumed that the block error
rate at the relays are negligible. Multiple relays in the cell are considered. Only the closest

1The BS and RS can also transmit their preambles simultaneously.
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RS serves to a given user. All the relays and users listen to the DL-MAP information. In
the figure, the duration of the second phase is fixed. If conventional relaying is selected
for a given user, then the duration of the first phase at each sub-channel can be variable
depending on the MCS chosen for the second phase. Since the BS→ RS links have good
channel conditions, the duration of the first phase at each sub-channel can be shorter than
or equal to that of second phase. This allows having some free radio resources in the
first phase as seen in Figure 3.9. These free radio resources can be used by the sched-
uler to schedule additional S→ D (w/o relay) transmissions. For conventional relaying
or cooperative transmit diversity–2 schemes, the scheduler has the freedom to optimize
the locations of the free radio resources and the radio resources to be used for the S→ R
transmissions. In scheduling with such optimization, the priority should be given to the
S→ D transmissions as fading will be more severe as compared to LOS S→ R links.
The guard interval in the DL sub–frame is needed in order for the RS to switch from the
receive mode to the transmit mode.

Figure 3.9: Frame structure for low mobility users in two-hop cellular networks
with infrastructure based relays. CQICH stands for the channel quality indicator
channel provided in the IEEE 802.16e standard. {RS1,RS2, ...} denote the differ-
ent relays. Each colour in each phase represents the transmission to a given user,
i.e, MS. {MS1,MS2, ...} denote the different scheduled users at each sub-channel.
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3.4.3 Performance Evaluation

In the following, the simulation setup is introduced for the performance evaluation of the
proposed end-to-end link adaptation and selection method. The system parameters of the
IEEE 802.16e standard with a total of 2048 sub–carriers with a system bandwidth of 22.4
MHz is considered [3]. In the simulations, only 360 point FFT is done in order to prevent
very long simulation time. The system operates at a carrier frequency of 2.5 GHz. The
frames have 5 ms duration. 44 out of 48 OFDM symbols in a given frame are reserved
for data transmission where 24 of them are reserved for down-link transmissions [3]. The
frame structure depicted in Figure 3.8 is considered. The down-link sub-frame is divided
into two phases where each phase can have duration of 12–OFDM symbols. A multi–
path wireless channel model is considered for the S→ D and R→ D links with an rms
delay spread of 0.231µs [41]. A sub–carrier spacing of 22.4MHz

2048 = 10.94kHz is assumed.
This corresponds to a 90% coherence bandwidth of 8 sub–carriers and a 50% coherence
bandwidth of 80 sub–carriers in the S→ D and R→ D links [47]. For the S→ R link, a
wireless channel model that is developed for fixed wireless applications in [40,48] is used.
For this link, an rms delay spread of 0.264µs and a LOS K factor of 1 is considered. This
corresponds to a 50% coherence bandwidth of 70 sub–carriers for a sub–carrier spacing
of 10.94 kHz. The S→ D and R→ D links are assumed to be non line of sight, i.e., with
a K factor of zero. One sub–channel consists of 9 consecutive sub–carriers (8 for data, 1
for pilot) over m consecutive OFDM symbols where m,m ∈ {2,3,6,12}, depends on the
selected modulation mode [3]. A single user with a speed up to 7.7 km/h is considered
such that the 50% coherence time is equal to 10ms [47]. A total of 40 sub-channels are
simulated and all of them have been allocated to a single user. At a carrier frequency
of 2.5 GHz, a speed of 7.7 km/h results in a maximum Doppler frequency shift of 17.8
Hz [47]. Since this maximum Doppler shift is much smaller than the sub-carrier spacing
(i.e., 0.2 % of the sub-carrier spacing), the receiver at the MS does not see significant
performance degradation due to inter-carrier-interference caused by Doppler frequency
shift [49]. These system parameters enables to assume a block fading channel which
remains flat within a given sub–channel in a frame.

At the end of the first phase, the RS using the simple–AdDF based relaying sends con-
trol information on its decoding status for each block received from the BS. The overhead
for this signalling will be smaller than or equal to Nsub−ch× 3bits per block/(5ms)2,
which equals 24 kb/s or 11×10−4b/s/Hz in a 22.4 MHz system bandwidth with a number
of sub–channels, i.e., Nsub−ch, equal to 40. Hence, this signalling will not cause significant
overhead. This overhead can further be reduced if the RS sends information on only the
blocks that are not correctly received (efficient when S→ R link is reliable) or that are
correctly received (efficient if the S→ R link is not reliable).

In the following, the simulation results are provided for the performance evaluation
of the proposed link adaptation and selection method. The following figures present:

2 Since the MCSs considered in this chapter can provide a maximum transmission rate of 6
b/s/Hz , the system can send at most 12/(96/(8×6)) = 6 blocks per 9 contiguous sub–carriers in
the first phase which necessitates 3 bits per block for identification of each block.
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1. the average end–to–end throughput achieved with the proposed link adaptation and
selection method,

2. the average end–to–end throughput achieved with i) simple–AdDF ii) AF iii) w/o
relay schemes which are used over all the sub–channels.

For the cooperative transmit diversity–2 scheme, the results in Figure 3.10 are ob-
tained versus the average SINR condition in the S → R link where the average SINR
conditions in the S→ D and R→ D links are fixed to 8dB and 20 dB, respectively. The
results presented in Figure 3.10 show that, the average end–to–end throughput perfor-
mance obtained via the proposed link adaptation and selection method is always better
than or equal to that of i) w/o relay transmissions and ii) transmissions where relaying is
used over all the sub-channels. For cooperative receive diversity, the results in Figure 3.11

Figure 3.10: Cooperative transmit diversity–2: The average end–to–end through-
put achieved with the proposed link adaptation method as compared to non-
adaptive schemes where one type of transmission method is used. The average
SINRs: SINRSD = 8 dB and SINRRD = 20 dB.

are obtained versus the average SINR condition in the S→ R link where the average SINR
conditions in the S→D and R→D links are fixed as 8dB and 20 dB, respectively. The re-
sults show that the transmissions with the proposed link adaptation and selection method
improves the performance and the AF based relaying cannot outperform simple-AdDF
based relaying over the region where relaying improves the throughput. For cooperative
transmit diversity–1 scheme, the results in Figure 3.12 are obtained versus the average
SINR condition in the S→ R link where the average SINR conditions in the S→ D and
R→ D links are fixed as 8dB and 20 dB, respectively. The same conclusion as in coope-
rative receive diversity is drawn. For conventional relaying scheme, the results in Figure
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Figure 3.11: Cooperative receive diversity: The average end–to–end throughput
achieved with the proposed link adaptation method as compared to non-adaptive
schemes where one type of transmission method is used. The average SINRs:
SINRSD = 8 dB and SINRRD = 20 dB

Figure 3.12: Cooperative transmit diversity–1: The average end–to–end through-
put achieved with the proposed link adaptation method as compared to non-
adaptive schemes where one type of transmission method is used. The average
SINRs: SINRSD = 8 dB and SINRRD = 20 dB

52



CHAPTER 3. LINK ADAPTATION AND SELECTION METHOD FOR
OFDM BASED WIRELESS RELAY NETWORKS

3.13 are obtained versus the average SINR condition in the S→ R link where the average
SINR condition in the R→ D link is fixed as 8dB. The results in this figure show that
the AF scheme is throughput limited as compared to the simple–AdDF scheme. Hence,
the proposed link adaptation and selection method when used with conventional relaying
selects the simple–AdDF based relaying.

Figure 3.13: Conventional relaying scheme: The average end–to–end throughput
achieved with the proposed link adaptation method as compared to non-adaptive
schemes where one type of transmission method is used. The average SINR:
SINRRD = 8 dB.

3.5 Conclusions and Future Works
In this chapter, an end-to-end link adaptation and selection method for wireless relay net-
works has been proposed. A frame structure in order to enable transmissions with this
proposal is developed for OFDM(A)–TDD based cellular wireless relay networks. Sim-
ple and efficient AMC decision rules have been developed for wireless relay networks.
Such rules are able to take into account the fading conditions in all the wireless links
constituting a relay network whereby the end–to–end throughput is optimized. The in-
vestigations show that, the end–to–end throughput performance with the proposed link
adaptation and selection method is always better than or equal to that of i) w/o relay
transmissions and ii) relayed transmissions where relaying is always used. On the other
hand, the investigations show that, in a practical system setting, the AF based relaying
cannot outperform simple–AdDF based relaying over the region where relaying improves
the end–to–end throughput as compared to w/o relay transmissions. Hence, transmissions
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with the DF scheme is promising as the error propagation can be avoided by error de-
tection techniques which are already inherent in wireless transmissions. The DF based
relaying provides superior performance with properly designed AMC. Future works out
of this chapter include: 1. The effect of synchronization on OFDM(A) based relay net-
works using the proposed link adaptation and selection method. 2. The design of the
proposed link adaptation and selection method with imperfect or reduced channel state
information. 3. The design of the proposed link adaptation and selection method for users
with high speeds. For such users, the sub-channel allocation is done on frequency diverse
sub-carriers to provide frequency diversity [3]. In this case, new lookup tables should be
prepared with average SINR conditions as instantaneous SINR conditions cannot be taken
into account due to high variations in the channel. 4. The evaluation of the reduction in
power consumption at the MS by introducing the cooperative diversity only when neces-
sary. 5. The investigations from channel capacity point of view where the performance
with AF and simple-AdDF based relaying are compared over the region where relaying
improves the end-to-end performance. This investigation is presented in Section 4.8 and
the conclusions drawn form such analysis agree with the conclusions drawn in this chap-
ter. 6. The design of a fully adaptive system which dynamically selects not only the best
forwarding scheme but also the best relaying scheme. This design is presented in Chapter
4.
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Chapter 4

Cooperative Diversity Schemes and
User Scheduling with Fixed Relays
for IEEE 802.16j

4.1 Introduction
For given channel conditions, the end-to-end throughput of various cooperative diversity
schemes is different from each other. Hence, in order to optimize the end-to-end through-
put, the radio resource allocation can not only use the best MCS but also choose the best
scheme that is providing the highest end-to-end throughput. In this chapter, scheduling
and radio resource allocation that can be used for the IEEE 802.16j based wireless relay
networks are developed. The considered cooperative diversity schemes are cooperative
transmit diversity, cooperative receive diversity and cooperative selection diversity. A
fully adaptive cooperative diversity scheme which selects the best transmission scheme
among various cooperative diversity schemes and the w/o relay scheme is developed and
analyzed. For the emerging IEEE 802.16j based wireless networks, this chapter provides a
performance evaluation of various cooperative diversity schemes in a multi-user environ-
ment. The investigations are provided comparatively. The beneficial cooperative diversity
scheme in terms of spectral efficiency and complexity has been identified for low mobility
users.

The rest of this chapter is organized as follows. In the following section, prior arts are
presented. In Section 4.3, the system model is described. In Section 4.4.1, the properly

The work presented in this chapter has been sponsored by Aalborg University, Telecommu-
nication R&D Center-Samsung Electronics Co. Ltd., Suwon, Republic of Korea and Carleton
University, Canada. A patent on this work has been filed by the Korean Intellectual Patent Office
and can be found in [50]. A part from this work has been published in [51].
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designed various cooperative diversity schemes are presented. In Section 4.4.2, various
scheduling algorithms for two-hop cellular networks are developed. The deployment of
the relays at strategic positions in the cell has been analyzed in Section 4.5. Based on the
schedulers developed in Section 4.4.2, the performance of various cooperative diversity
schemes has been analyzed in the context of the emerging IEEE 802.16j standard. Such
analysis is given in Sections 4.6 and 4.7. In Section 4.8, the performance of various
relaying schemes is compared from an information theoretic perspective. Conclusions
and future works are drawn in Section 4.9.

4.2 Prior Arts
The literature for scheduling of the users in a wireless relay network considers the design
either from information theoretic point of view or based on only the SNR or SINR con-
ditions which do not consider the multiplexing loss inherent in relaying (e.g., [52–55]).
The emerging IEEE 802.16j standard may allow w/o relay transmissions in the second
phase. However, the current standard does not specify how the radio resource allocation
will be done [33]. In [56, 57], Kaneko and Popovski divide the frame into two phases
and allocate the whole frequency band to the relays in the second phase. Such prede-
fined frame structure can reduce the CSI overhead [57]. However, it causes throughput
loss as compared to the scheme which uses the best scheme with or w/o relay for each
sub-channel [42, 57]. When a user’s SNR condition for a given sub-channel remains un-
changed during the whole frame1, the optimal scheme for a given sub-channel will not
change. For example, if such a user is scheduled w/o relay in the first phase, that user
should be scheduled w/o relay in the second phase as well. For optimal operation, the
schedulers developed in this chapter may choose to use the w/o relay transmissions in the
second phase.

The radio resource allocation and link adaptation mechanisms developed for wireless
relay networks so far have either focused on only one relaying scheme or did not make
performance comparison among various relaying schemes in a multi-user scenario.

4.3 System Model
With the infrastructure based relay terminals deployed in the multi-hop cellular networks,
the BS → RS (S → R) links can be very robust since the relays are fixed and can be
deployed at strategic positions in the cell. The RS can have a significant receive antenna
gain and height. These factors make it practical for the relay to decode the signals it
receives from the BS with negligible error. This is verified in Section 4.5. Hence, it is
assumed that the S→ R links are reliable, i.e., the relay can decode the signals received
from the source with negligible error. As the benefits of simple-AdDF based forwarding
is shown in Chapter 3, the relays use simple-AdDF.

1e.g., for low mobility users
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In order to obtain optimization for transmissions with either cooperative transmit
diversity–2 or conventional relaying, a flexible frame structure has been assumed where
the duration of the first and second phases for each sub-channel can be adjusted based
on the nature of the cooperative diversity scheme. For e.g., the frame structure presented
in Figure 3.9 is considered for cooperative selection diversity. For cooperative transmit
diversity–1 and cooperative receive diversity schemes, the free radio resources in the first
phase2 do not exist. This is due to the fact that these schemes necessitate fixed rate relay-
ing [46] and hence cannot extract the benefit of good S→ R links to shorten the duration
of the first phase. For each cooperative diversity scheme analyzed in this chapter, the BS
schedules the users with the best scheme among the schemes with or w/o relay. If w/o
relay scheme is chosen for a given sub-channel, it is used in both phases.

Multiple users are considered. Since CSI is available at the BS, AMC is used for each
sub-channel and for each frame based on the end-to-end link adaptation and selection
method developed in Chapter 3 [42]. Due to its low complexity thanks to the use of a
lookup table and the derived equations for the end-to-end throughput, this method makes
it possible to do the user scheduling3 together with path selection for each sub-channel.
The considered MCSs are the following. The modulation modes are BPSK, QPSK, 16-
QAM and 64-QAM. The considered FEC is convolutional coding with the following code
rates: 1/2, 2/3, 3/4, 5/6, 7/8 and 1 [3].

The MAC-PDUs are transmitted in FEC blocks. Each FEC block includes a CRC.
If at least one bit in a block is received in error, that block is assumed to be in error and
hence discarded. To detect block errors, the receivers use cyclic redundancy check. It is
assumed that, with cyclic redundancy check, the probability of an undetected block error
is negligibly small [44].

Since the BS and the RS are geographically separated, the signals simultaneously
transmitted by them arrive at an MS with a time offset. This time offset depends on the
distance of the MS to the RS and the BS. As shown in Section 6.1, this time offset problem
does not cause significant ISI if the relays add an appropriate delay to their transmission.
Hence, it is assumed that the ISI caused by the time offset is negligible. Thanks to the
robust S→ R links, the RS can estimate its local oscillator mismatch with that of BS
precisely and can compensate for this offset before transmission. This way, the MSs
experience only one carrier frequency offset which can be easily compensated at the MS.
Hence, it is assumed that the carrier frequency offset does not cause significant throughput
degradation.

The average end-to-end throughput is calculated per channel use, i.e., the average is
taken over the radio resources allocated to the users. The coverage radius r is defined
as the radius of the coverage area where the user throughput is greater than or equal to
0.5 b/s/Hz with probability greater than or equal to p. The outage probability is defined
as Pout = 1− p = 1−P(ρ ≥ 0.5). The term ρ represents the instantaneous end-to-end
throughput achieved at a given MS. The MS is assumed to be in outage when Pout > 0.05.
The BS is at the centre of the cell. The positions of the relays are marked with “x".

2presented in Figure 3.9
3i.e., prioritization of the users for radio resource allocation
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4.3.1 Simulation Setup
In this section, the simulation setup considered in this chapter is introduced.

For all the schemes, the DL frames have 5 ms of duration [3]. Multiple users with
speeds up to 7.7 km/h have been assumed such that the 50% coherence time is greater
than or equal to 10ms [47]. Hence, link adaptation and scheduling will be effective for
each frame. The duration of the second-phase is fixed to 12 OFDM symbols. The first
phase can use up to 12 OFDM symbols. One sub-channel is comprised of 8 data sub-
carriers and one pilot subcarrier. An FEC block is comprised of 96 coded bits. The block
error probability is evaluated for the reception of an FEC block. The transmission of one
FEC block requires t consecutive OFDM symbols. The term t, t ∈ {2,3,6,12} depends
on the selected MCS with AMC. The system parameters of the scalable OFDMA mode
with 2048 sub–carriers with a system bandwidth of 22.4 MHz is considered [3]. In the
simulations, only 540 point FFT is done in order to prevent very long simulation time.
This corresponds to the simulation of a total of 60 sub-channels.

A path-loss exponent of 3 and a Rician K factor of 10 are used for the S→R links. For
these links, a wireless channel model developed in [40, 48] is used. The selected model
has a 90% coherence bandwidth of 17 sub-carriers. For the R→ D and S→ D links,
a path-loss exponent of 3.5 is used. For these links, a NLOS wireless channel model
developed for mobile applications is used [41]. The selected model has a 90% coherence
bandwidth of 8 sub–carriers. The above mentioned channel models and the mobility of
the users enable to assume a block fading channel which is frequency flat within a given
burst. A total of 540 sub-carriers include 540

8 = 67.5 coherence bandwidths, therefore, the
results will not change if a larger fractions of sub-carriers were simulated.

The MSs are assumed to have a height of 1.5 m. The BS and RS heights are 32 m
and 10 m, respectively. A carrier frequency of 2.5 GHz is considered. Based on these
assumptions, path–loss at each link is calculated accordingly [40]. In order to evaluate the
performance versus distance dependent path loss, the effect of shadowing is not consid-
ered. A total of 60 users have been simulated to create the multi-user environment.

The total Effective Isotropic Radiated Power (EIRP) from the BS is fixed as 57.3
dBm [3]. It is assumed that the transmit power from each relay station is 3 dB less than
that of BS [58]. Since the relay terminals are simpler than a BS, it is assumed that the
transmit antenna gain from each relay is 7 dBi less than that of BS. Hence, the total EIRP
from each relay station is fixed as 47.3 dBm.

4.4 Cooperative Diversity Schemes and Scheduling
of the Users in a Two-hop Cellular Network

4.4.1 Cooperative Diversity Schemes
In the following, the cooperative diversity schemes analyzed in this chapter are intro-
duced. For all the schemes, the transmission for each user in each phase occurs at a given
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sub-channel j. Cooperative transmit diversity–1, cooperative transmit diversity–2 and
cooperative receive diversity schemes were introduced in Chapter 3. In addition to these
schemes, cooperative selection diversity and adaptive cooperative diversity schemes are
introduced in the context of infrastructure based relay terminals.

Cooperative Transmit Diversity–1

As derived in Chapter 3, the post–processing SINR achieved at the MS with cooperative
transmit diversity–1 is given by γ

coopT xDiv1
post, j = 2γSD, j + γRD, j. Since it is assumed in this

chapter that the S→ R link can support the highest rate MCS with negligible decoding
error, the MCS for a given sub-channel j is chosen based on γ

coopT xDiv1
post, j . With such link

adaptation at a sub-channel j, the end-to-end throughput is given by

ρ
coopT xDiv1
j = 0.5ρ(γcoopT xDiv1

post, j ) (4.1)

Cooperative Transmit Diversity–2

For this scheme, the MCS to be used in the first phase is chosen based on γSR, j for each
sub-channel j. For the second phase, the MCS to be used for each sub-channel j is chosen
based on the post–processing SINR given by

γ
coopT xDiv2
post, j = γSD, j + γRD, j. (4.2)

When the S → R link is reliable, this independent MCS selection in each phase help
reduce the multiplexing loss caused by the two phased transmission nature of wireless
relaying. This is due to the fact that, when the S→ R link is reliable, the duration of the
first phase can be shorter than that of the second phase as a higher rate MCS can be used
for the transmissions in the first phase. With such link adaptation at a sub-channel j , the
end-to-end throughput per channel use is given by

ρ
coopT xDiv2
j =

ρ(γSR, j)ρ(γcoopT xDiv2
post, j )

R(γSR, j)+R(γcoopT xDiv2
post, j )

(4.3)

When the relays are deployed at strategic locations in the cell, the end-to-end through-
put with cooperative transmit diversity–2 can outperform that of cooperative diversity–1.
This is due to the fact that, cooperative transmit diversity–2 can provide rate adaptive re-
laying, whereas cooperative transmit diversity–1 provides fixed rate relaying. On the other
hand, cooperative transmit diversity–1 can outperform cooperative transmit diversity–2 at
locations far away to both the BS and the RSs. This is due to the fact that, at those regions,
the SINR gain becomes more important than compensating for the multiplexing loss as
the SINRs in the links get lower.

Cooperative Receive Diversity

Even if this scheme can achieve the same post processing SINR as that of cooperative
transmit diversity–2 (as derived in Chapter 3), it suffers from a potentially higher multi-
plexing loss due to the need for fixed rate relaying. Hence, cooperative receive diversity
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cannot outperform cooperative transmit diversity–2 which can provide rate adaptive re-
laying.

Cooperative Selection Diversity

When the CSI of the instantaneous SINR conditions is available at the BS, cooperative
selection diversity can be achieved when the BS dynamically chooses to relay or not.
In cooperative selection diversity, when relaying is decided, rate adaptive conventional
relaying is used. Cooperative selection diversity is the least complex cooperative diver-
sity scheme as it does not require any coherent combining at the MS. With conventional
relaying, the post–processing SINR at the MS is given by γRD, j. For the first phase of con-
ventional relaying, the MCS to be used is selected based on γSR, j and for the second phase
based on γRD, j. Hence, the end-to-end throughput with conventional relaying is given by

ρ
conv
j =

ρ(γSR, j)ρ(γRD, j)
R(γSR, j)+R(γRD, j)

(4.4)

For a given user, the end-to-end throughput with cooperative selection diversity is then
given by

ρ
coopSDiv
j = max{ρconv

j ,ρ(γSD, j)} (4.5)

When relaying improves the performance as compared to that of w/o relay, the coo-
perative transmit diversity–2 can outperform the cooperative selection diversity as it can
provide higher post–processing SINR. On the other hand, when the channel conditions
in the R→ D link is very good (i.e., γRD, j >> γSD, j), the cooperative selection diversity
can perform as well as cooperative transmit diversity–2. Due to the fact that coopera-
tive transmit diversity–2 and conventional relaying enable rate adaptive relaying, they can
outperform the other schemes which necessitate fixed rate relaying.

Adaptive Cooperative Diversity Scheme

Adaptive cooperative diversity scheme chooses i) w/o relay transmissions if any of the
aforementioned cooperative diversity schemes cannot outperform the w/o relay scheme,
ii) conventional relaying if it can outperform the w/o relay scheme and can perform as
well as more complex cooperative diversity schemes which require combining at the
MS, iii) the best scheme among cooperative transmit diversity–1 and cooperative transmit
diversity–2 schemes if they can improve the end-to-end throughput as compared to both
w/o relay and conventional relaying. Such an adaptive scheme introduces cooperative
diversity which requires signal combining at the MS only when necessary and uses the
scheme with the highest end-to-end throughput. Hence, it can reduce complexity while
maximizing the end-to-end throughput. For a given user, the end-to-end throughput with
adaptive cooperative diversity is then given by

ρ
AdaptiveCoopDiv
j = max

{
ρ

direct
j ,ρconv

j ,ρcoopT xDiv2
j ,ρcoopT xDiv1

j

}
(4.6)
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where ρdirect
j = ρ(γSD, j). If the two schemes have the same performance the one with

less complexity is selected. As per the input output equations derived in Chapter 3, the
schemes with increasing complexity can be listed as follows: direct transmission, conven-
tional relaying, cooperative transmit diversity–2 and cooperative transmit diversity–1 [2].

4.4.2 Scheduling of the Users in a Two-hop Cellular Network

Scheduling of the users in multi-hop cellular networks needs modifications on conven-
tional scheduling algorithms designed for the w/o relay networks. This is due to the fact
that, the end-to-end performance should be considered with efficient MCS in each hop
rather than only SINR 4 or individual link throughput performance. For all the aforemen-
tioned cooperative diversity schemes in the previous section, the schedulers developed in
this chapter use relaying only when the end-to-end throughput with the relay is greater
than that of w/o relay.

In this chapter, the scheduling of the users on the radio resources for each DL frame
k ∈N is developed as the following. The scheduler at the BS uses a look-up table devel-
oped for point-to-point AWGN links with given SINR conditions. For each instantaneous
SINR γ with resolution of 0.1 dB, the look-up table stores the throughput ρ(γ) and the
MCS which provides the highest throughput. This look-up table was introduced in Chap-
ter 3. For each sub-channel j and for each user (i.e., MS) u, the scheduler calculates
the post–processing SINR with the relay, i.e., γ

post
u, j . Let γSD,u, j denote the instantaneous

SINR the user u experiences on sub-channel j in the S→ D link. The scheduler plugs
in γSD,u, j, γSR, j and γ

post
u, j to the look-up table and reads the corresponding throughput and

nominal rate for each of them. Then, for each cooperative diversity scheme under con-
sideration, it calculates the end-to-end throughput with the relay, i.e., ρ

with−relay
u, j , by the

end-to-end throughput equations presented in Section 4.4.1. Let ρdirect
u, j = ρ(γSD,u, j) de-

note the throughput that user u can obtain on sub-channel j without relay, i.e., via S→ D
link only. For each user and for each sub-channel, the scheduler first decides on to relay
or not by

ρu, j = max{ρdirect
u, j ,ρwith−relay

u, j }. (4.7)

If ρu, j = ρdirect
u, j , w/o relay transmission is chosen over sub-channel j for user u. In this

case, sub-channel j carries one access burst spanning over the first and second phases. If
ρu, j = ρ

with−relay
u, j , one of the relayed transmission is chosen. In this case, sub-channel j

carries one relay burst in the first phase, and one access burst in the second phase. After
the best scheme (with or w/o relay) is selected as above, the users are then scheduled
according to various scheduling algorithms developed for two hop cellular networks. Such
scheduling algorithms are presented in the following.

4For instance, max SINR scheduler considers only SINR conditions and schedules the users
with the best SINR conditions
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Maximum End-to-End Throughput Scheduler

At a given frame and sub-channel of a w/o relay system, the maximum throughput sched-
uler allocates the sub-channel to the user who achieves the maximum throughput. This
is equivalent to scheduling the user who sees a peak SINR in the sub-channel. Maxi-
mum throughput scheduler provides both multi-user diversity and maximizes the system
throughput. However, it cannot provide fairness to the users as the users with good chan-
nel conditions will be scheduled more than the users with relatively worse channel con-
ditions. In this section, the maximum throughput scheduler used in single hop cellular
networks is modified to be efficiently used for two-hop cellular networks. This modi-
fied maximum throughput scheduler is referred to as maximum end-to-end throughput
scheduler and it allocates the sub-channel j to the user û according to:

û =
u∈{1,2,...,U}
argmax

{
ρu, j
}

. (4.8)

Such scheduler will provide similar advantages as maximum throughput scheduler.

Proportional Fair Scheduling for a Two Hop Cellular Network

With Proportional Fair Scheduler (PFS) in wireless networks, the system can benefit from
multi-user diversity while offering fairness to the users [59]. To obtain these benefits, the
system sacrifices from the system throughput that can be achieved with the maximum end-
to-end throughput scheduler. In this section, the existing PFS used in single-hop cellular
networks is modified to be efficiently used for two-hop cellular networks. For each sub-
channel j, the modified PFS scheduler calculates the PFS metric for each user according
to [59]5

PFSu, j =
ρu, j

ρu[k−1]
. (4.9)

Then, it allocates the sub-channel j to the user û according to [59]

û =
u∈{1,2,...,U}
argmax

{
PFSu, j

}
. (4.10)

The term ρu[k− 1] represents the past average throughput of user u at DL frame k− 1.
Once the users are scheduled, the past average throughput for each user is updated by
using a low pass filter with a time constant of T slots. This update is done according to

ρu[k] =
(T −1)ρu[k−1]+∑

J
j=1(cu, jρu, j)

T
. (4.11)

The term cu, j is equal to one if user u is scheduled on sub-channel j, otherwise it is
equal to zero. The designed scheduler provides both cooperative diversity and multi-user
diversity. For a given user, it guarantees that the end-to-end throughput will always be
greater than or equal to that of w/o relay. The time constant T adjusts the level of fairness

5Park et al. analyzes the PFS in [59] for single-hop wireless networks.
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of the scheduler. When T = 1, the users cannot get a fair channel access. Hence, T
should be long enough to provide fairness to the users. In this chapter, the evaluations
are provided with various T which reflects the proportional fair and proportional unfair
scheduling cases.

4.5 Deployment of the Relays in the Cell
Firs of all, the relays should be deployed at strategic positions in the cell where LOS
condition in the S→ R links is possible. In this chapter, all the relays are positioned
symmetrically at a distance of 10.4 km to the BS. With the current simulation set-up, the
reason for this placement is threefold:

• First of all, this is the longest distance where it is possible to detect 64-QAM sym-
bols with negligible error rate at each RS.

• Secondly, this is a far enough distance such that within the coverage of a given re-
lay, the transmissions with the relay improves the performance as compared to w/o
relay. For a single user, Figure 4.1 presents the average throughput gain per position
in the cell. Figure 4.1 presents the throughput gain in terms of (ρcoopT xDiv2−ρ

direct)
ρ

direct ×
100. The figure shows that the relays are positioned at strategic locations in the
cell where the coverage of each relay is utilized efficiently. The gains greater than
200% are rounded down to 200%. The gain at close distances to the BS, i.e., up
to 6 km, is zero as in those regions transmissions w/o relay provide the highest
end-to-end throughput. If the relays were placed closer to the BS for example,
then some part of the relays’ coverage will be wasted as in those parts the trans-
mission with the relay would not improve the end-to-end performance. To justify
this statement, the investigation presented in Figure 4.2 is conducted. The result in
this figure is obtained for 6 relays which are positioned symmetrically at a distance
of 5.2 km from the BS. A single user is simulated to see the relative performance
versus SNR conditions at various positions in the cell. Figure 4.2 presents the av-
erage throughput gain per position in the cell in terms of (ρcoopT xDiv2−ρ

direct)
ρ

direct × 100.
The gains greater than 200 % are rounded down to 200%. The figure shows that
the relays are not positioned at strategic locations in the cell due to the fact that
the potential coverage area of a given relay is not used efficiently. When the relays
are positioned at a distance of 5.2 km from the BS, they are within the area which
corresponds to the coverage area the w/o relay system6. Within the area which
corresponds to the coverage area of the w/o relay system, even if a user sees a good
channel condition to the RS, it does not need relaying most of the time. Therefore,
in order to efficiently use the potential coverage area of the relays, they should be
deployed outside the area which corresponds to the coverage area of the w/o relay
system.

6The w/o relay system with the PFS scheduler (with T = 100) has a coverage area of 8.4 km
as will be shown later in this chapter.
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• Thirdly, there is a region where the SNRs in the S→ D and R→ D links are com-
parable to each other where cooperative diversity is beneficial. Over such region,
the users can get service either from the BS or RS, whichever is beneficial. Such an
SNR region can be seen in Figure 4.3. In Figure 4.3, the ratio of SNRSD

SNRRD
is plotted in

dB for each position in the cell. In the figure, the results at a range of up to 20.5 km
are plotted for investigation7. The relays could have been placed farther from the
BS while allowing decoding errors at the relays. However, such decoding errors
in the S→ R links will severely limit the end-to-end throughput performance of
wireless relaying, since it is already limited by the multiplexing loss. Furthermore,
if the relays were placed at farther distances to the BS, then the SNR difference
between the signals received from the relay and the BS increases. This in turn di-
minishes the benefits of cooperative diversity. This might cause some regions to be
out of coverage (i.e., in outage). Such effect is visualized in Figure 4.4 for a total of
60 users uniformly distributed in the cell. Figure 4.4 presents the outage probabil-
ity at various positions in the cell. To obtain the results, the PFS developed in this
chapter is used with the time constant T set to 100 to provide fairness to the users.
The outage probability is calculated with the most robust scheme, i.e., the adaptive
cooperative diversity scheme. The result in this figure is plotted for 6 relays which
are positioned at 15.45 km away from the BS. Within the white regions, users are
within the coverage area. Outside of these white regions, Pout > 0.05 and hence the
users are in outage. This shows that placing the relays at further away distances to
the BS results in areas which are in outage.

4.6 The Relative Performance Evaluation of the Coo-
perative Diversity Schemes with Maximum End-
to-End Throughput Scheduler

In this section, the relative performance of various cooperative diversity schemes is pre-
sented with the maximum end-to-end scheduler. To obtain the results, a total of 60 users
are positioned uniformly within a region with a minimum BS, MS distance of 6 km, and
a maximum BS, MS distance of 14.85 km. In Figure 4.5, the average number of sub-
channels allocated to a given user is plotted at various positions in the cell. In Figure
4.6, the average throughput per channel use is plotted at various positions in the cell. In
Figures 4.5 and 4.6, a w/o relay system has been analyzed. As the results show, the users
that are closer to the BS can obtain more subchannels than the users that are farther to the
BS. The users within a distance of 6.4 km to the BS are in coverage area with p ≥ 0.95.
In Figure 4.7, the average end-to-end throughput is plotted at various positions in the
cell. The cooperative-transmit diversity–2 scheme is analyzed in this figure. The relays
are positioned at a distance of 10.4 km to the BS. The existence of unoccupied regions

7Note that the cell radius is not necessarily 20.5 km
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Figure 4.1: Average throughput gain per position in the cell. The gain is presented
as a percentage and shows the advantage of dynamically using the best scheme
among cooperative transmit diversity-2 and w/o relay instead of w/o relay only.
For enhanced readability, this figure should be printed in color.

Figure 4.2: Average throughput gain per position in the cell. The gain is presented
as a percentage and shows the advantage of dynamically using the best scheme
among cooperative transmit diversity-2 and w/o relay instead of w/o relay only.
The relays are positioned at a distance of 5.2 km from the BS. For enhanced
readability, this figure should be printed in color.
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Figure 4.3: The long term average SNR difference in dB per position in the cell.
For enhanced readability, this figure should be printed in color.

Figure 4.4: The outage probability, i.e. 1− p at various positions in the cell.
Within the white regions, users are within the coverage area. For enhanced read-
ability, this figure should be printed in color.
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(i.e., the regions in white) shows that the users only at close distances to the BS and a
given RS can obtain a sub-channel. This shows the unfairness of the maximum end-to-
end throughput scheduler. However, it maximizes the average end-to-end throughput in
the cell by allocating the sub-channels to the users who see a peak end-to-end throughput.
In Figure 4.8, (ρcoopT xDiv2−ρ

coopSDiv)
ρ

coopSDiv × 100 is plotted per position in the cell. In Figure 4.9,
(ρcoopT xDiv1−ρ

coopSDiv)
ρ

coopSDiv × 100 is plotted per position in the cell. As the results in Figures 4.8
and 4.9 show, only the users that are relatively closer to a given RS and BS can obtain a
sub-channel. Hence, cooperative transmit diversity–1 and cooperative transmit diversity–
2 schemes cannot provide significant throughput gain as compared to the cooperative
selection diversity. Consequently, with the maximum end-to-end throughput scheduler,
the use of adaptive relaying scheme will not bring throughput enhancement as compared
to using cooperative selection diversity only.

Figure 4.5: The average number of sub-channels allocated to the users at various
positions in the cell. For enhanced readability, this figure should be printed in
color.

4.7 The Relative Performance Evaluation of the Coo-
perative Diversity Schemes with PFS

In this section, the relative performance evaluation of various cooperative diversity schemes
is presented with the PFS developed in this chapter. Two cases have been analysed. The
case where the users can obtain a fair channel access and the case where the users can
obtain a less fair channel access have been analysed. To obtain these cases, the fairness is
controlled by adjusting the time constant T .
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Figure 4.6: The average throughput per channel use in a w/o relay system with
maximum end-to-end throughput scheduler. For enhanced readability, this figure
should be printed in color.

Figure 4.7: The average throughput per channel use at various positions in the
cell with cooperative transmit diversity-2 scheme. For enhanced readability, this
figure should be printed in color.
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Figure 4.8: Average throughput gain per position in the cell. The gain is presented
as a percentage and shows the advantage of dynamically using the best scheme
among cooperative transmit diversity 2 and w/o relay as compared to cooperative
selection diversity. For enhanced readability, this figure should be printed in color.
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Figure 4.9: Average throughput gain per position in the cell. The gain is presented
as a percentage and shows the advantage of dynamically using the best scheme
among cooperative transmit diversity 1 and w/o relay as compared to cooperative
selection diversity. For enhanced readability, this figure should be printed in color.
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4.7.1 The Evaluation with High Fairness
In this section, the relative performance evaluation of various cooperative diversity schemes
is presented for T = 100. Such time constant provides equal channel access chance to the
users regardless of their position in the cell. In the figures, within the black circle with ra-
dius 14.85 km, p≥ 0.7 with adaptive cooperative diversity. Within the dashed circle with
radius 14.5 km, p ≥ 0.95 with cooperative–selection diversity. For p ≥ 0.7, the adaptive
cooperative diversity provides the highest coverage area. For p ≥ 0.95, the cooperative
selection diversity is providing the lowest coverage area among all the other cooperative
diversity schemes. For p ≥ 0.95, the w/o relay system provides a coverage area with a
radius of r = 8.4 km.

In Figure 4.10, the overall average throughput per channel use is plotted versus the
total number of relays in the cell. A total of 60 users have been simulated to obtain the
results in this figure. The average throughput is calculated within a range greater than 6
km and smaller than 14.85 km to the BS. This is the area where relaying improves the
performance as compared to the w/o relay system 8 and where the users are within the
coverage area. As seen in the figure, the cooperative selection diversity can perform as
well as more complex cooperative diversity schemes such as adaptive cooperative diver-
sity and cooperative transmit diversity–2. When there are a total of 6 relays in the cell,
the cooperative selection diversity brings a throughput enhancement of 126% as com-
pared to the w/o relay transmissions. This gain increases with the increasing number of
relays deployed in the cell. The throughput gain that can be achieved with cooperative
selection diversity reaches 246% at a number of relays equal to 22. In the system level
average throughput sense, cooperative transmit diversity–2 and cooperative selection di-
versity outperform the cooperative transmit diversity–1 even if it can provide highest post
processing SINR. The reasons for the conclusions drawn from Figure 4.10 can further be
explained with the investigations presented in Figures 4.11 and 4.12.

For a single user, Figure 4.11 presents the average throughput gain at various po-
sitions in the cell. In Figure 4.11, the throughput gain per position is calculated by
(ρcoopT xDiv2−ρ

coopSDiv)
ρ

coopSDiv ×100. As seen in this figure, cooperative transmit diversity–2 can bring
a throughput gain of around 25% in the majority of the region where it is beneficial over
conventional relaying. Such a gain can be seen over the region where the received SNR
from the BS and the closest RS are comparable to each other. Over that region, the ben-
efits of increased post–processing SNR as compared to conventional relaying becomes
important. However, such a region is only a small fraction of the overall coverage area
and hence, the overall gain in the average throughput becomes insignificant. Furthermore,
as the number of relays is increased in order to increase the throughput, such a region gets
smaller.

For a single user, Figure 4.12 presents the throughput gain of cooperative transmit
diversity–2 as compared to cooperative transmit diversity–1 at various positions in the
cell. In Figure 4.12, (ρcoopT xDiv2−ρ

coopT xDiv1)
ρ

coopT xDiv1 × 100 is plotted per position in the cell. As the

8The reader may refer to Figure 4.1 as reference.
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figure shows, cooperative transmit diversity–1 can outperform the cooperative transmit
diversity–2 when the user is far from both the BS and the closest RS. Due to the high
path-loss in such a region, the SNR gain becomes more important than the multiplexing
loss. On the other hand, such a region is small and outside of the coverage area. Hence, in
terms of average throughput and coverage, cooperative transmit diversity–1 cannot pro-
vide significant gain as compared to cooperative transmit diversity–2. Therefore, adaptive
cooperative diversity performs similar to cooperative transmit diversity–2 and cooperative
selection diversity.

Figure 4.13 presents the coverage radius r9 achieved with each one of the coopera-
tive diversity schemes analyzed in this chapter. The conclusions drawn from this figure are
similar to that drawn from Figure 4.10. The w/o relay system provides a coverage range of
8.4 km. The cooperative transmit diversity–2 and adaptive cooperative diversity schemes
provide the same coverage range which is 14.7 km. The cooperative selection diversity
provides negligibly (1.4%) less coverage range as compared to that provided by coopera-
tive transmit diversity–2. As seen in Figure 4.13, the cooperative selection diversity can
provide better coverage as compared to both cooperative receive diversity and cooperative
transmit diversity–1. Cooperative transmit diversity–1 and cooperative receive diversity
provide similar coverage range of 13.8 km and 13.65 km, respectively. This is due to the
following. As compared to both cooperative receive diversity and cooperative transmit
diversity–2, cooperative transmit diversity–1 can increase the post processing SINR as
much as γSD, j for each sub-channel. Such SINR gain can provide significant throughput
increase at closer distances to the BS. However, over closer distances to the BS, the users
are scheduled without relay most of the time and they are already within the coverage
area. Hence, such SINR gain becomes important only at far distances to the BS where
relaying is beneficial. Over such region, SINR in the S→ D link is already low. Hence,
for two-hop cellular networks with fixed relays, the cooperative transmit diversity–1 can-
not bring significant advantage in the average sense as compared to cooperative receive
diversity and cooperative transmit diversity–2. With the cooperative transmit diversity–2,
the coverage area of an existing IEEE 802.16e system can be tripled via the extension to
the IEEE 802.16j standard with the scheduler developed herein. Hence, this will reduce
the deployment costs of 2 out of 3 BSs. However, to achieve this saving, several relay sta-
tions, e.g., 6, need to be deployed. Hence, to achieve savings from the overall deployment
costs, the cost of an RS needs to be less than one third of the cost of a BS if a total of
6 relays are deployed in a cell. If the relays are designed properly with basic transceiver
structures with only PHY and MAC functionality, the infrastructure cost of an RS can be
much less than that of a BS.

4.7.2 The Evaluation with Lower Fairness
In this section, the relative performance evaluation of various cooperative diversity schemes
is given for T = 5. Such time constant does not provide equal channel access chance to
the users. It will favour users closer to the BS or a given RS more than the users that

9originated from the BS
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Figure 4.10: Average throughput per channel use versus the number of relay sta-
tions in the cell. For each cooperative diversity scheme, the users are scheduled
with the best scheme among w/o relay and with relay. The minimum and maxi-
mum distance of the users to the BS are dSD,min = 6 km and dSD,max = 14.85 km,
respectively.

Figure 4.11: Average throughput gain per position in the cell. The gain is pre-
sented as a percentage and shows the advantage of dynamically using the best
scheme among cooperative transmit diversity-2 and w/o relay as compared to coo-
perative selection diversity. For enhanced readability, this figure should be printed
in color.
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Figure 4.12: Average throughput gain per position in the cell. The gain is pre-
sented as a percentage and shows the advantage of dynamically using the best
scheme among cooperative transmit diversity-2 and w/o relay instead of the best
scheme among cooperative transmit diversity-1 and w/o relay. For enhanced read-
ability, this figure should be printed in color.

Figure 4.13: The coverage radius with each scheme where the throughput for
each user is greater than 0.5 b/s/Hz with probability greater than 0.95. For each
cooperative diversity scheme, the relay is used only if it can improve the end-to-
end throughput as compared to w/o relay. For enhanced readability, this figure
should be printed in color.
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are farther away to the BS or a given RS. This results in increased cell throughput and
decreased coverage range as compared to a fairer PFS scheduler. When T decreases,
the performance of PFS scheduler approaches to that of maximum end-to-end through-
put scheduler. Figure 4.14 presents the coverage range10 achieved with each one of the
cooperative diversity schemes analyzed in this chapter. The conclusions drawn from this
figure are similar to that drawn from Figure 4.13. The w/o relay system can achieve a
coverage range of 7 km which is less than that can be achieved with the PFS scheduler
with T = 100. The cooperative transmit diversity–2 and adaptive cooperative diversity
schemes provide the same coverage range which is 13.7 km. The cooperative selection
diversity provides negligibly (2%) less coverage range as compared to that provided by
cooperative transmit diversity–2. When T is decreased, Figure 4.14 shows that the cover-
age range for each scheme reduces. The scheduled users tend to be closer to a given relay.
Hence, cooperative transmit diversity–2 and adaptive cooperative diversity schemes will
not provide significant performance gain as compared to cooperative-selection diversity.

Figure 4.14: The coverage radius with each scheme where the throughput for
each user is greater than 0.5 b/s/Hz with probability greater than 0.95. For each
cooperative diversity scheme, the relay is used only if it can improve the end-to-
end throughput as compared to w/o relay. For enhanced readability, this figure
should be printed in color.

10originating from the location of the BS
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4.8 Comparative Analysis of the End–to–End Maxi-
mum Achievable Rate of Various Relaying Schemes

After developing efficient link adaptive transmission schemes for implementation in two-
hop wireless relay networks, this section provides information theoretic relative perfor-
mance evaluation of various relaying schemes. The conclusions provide guidelines for
determining the most efficient relaying and forwarding schemes from an information the-
oretic perspective.

4.8.1 Introduction
The channel capacity in b/s/Hz is a measure of the maximum achievable data rate per unit
bandwidth that can be communicated to the destination terminal with negligible error rate
[10,34]. The channel throughput in b/s/Hz can be defined as the percentage of the data rate
per unit bandwidth that is communicated to the destination terminal without error. The
capacity analysis yields insights into the maximum achievable throughput by the system.

The study in [5] compares the ergodic capacity of Cooperative–MIMO, Cooperative–
SIMO and Cooperative–MISO schemes and concentrates on frequency flat environments.
For each relaying scheme, it assumes two phases with equal duration11 which is not op-
timal for cooperative-MISO and conventional-relaying schemes as shown in Chapters 3
and 4. Hence, the conclusions in [5] underestimate the performance of cooperative-MISO
scheme. The investigation in [5] does not contain any comparisons to w/o relay transmis-
sion and conventional relaying. Furthermore, the comparisons are provided only when the
SNR condition in the direct link is high enough such that relaying may not improve the
system performance 12. Consequently, the comparisons presented in [5] did not show the
relative performance when relaying is beneficial. The study in [5] does not provide per-
formance comparison of AF and DF based relaying. Only fixed relaying, where one type
of relaying and forwarding is used at all times, is analyzed in [5]. The study in [60] pro-
vides capacity analysis of OFDM and OFDMA based wireless relay networks. Ref. [60]
provides capacity analysis of only Cooperative–SIMO scheme and does not contain any
comparison with other relaying mechanisms.

The analysis presented in this chapter provides a unified framework which compares
the end-to-end achievable rate of various relaying schemes over the region where relay-
ing improves the performance. The achievable rates with AF and DF based relaying are
analyzed and compared to each other as well. The comparisons are provided for vari-
ous channel conditions in a relay network. Furthermore, a fully adaptive relaying scheme
which dynamically uses the best relaying scheme and decides whether to relay or not is an-
alyzed in terms of information theoretic performance. The performance of such adaptive
relaying scheme is compared to its simpler versions, where one type of relaying scheme is
used if relaying is beneficial. This information theoretic analysis is necessary to validate

11i.e., fixed rate relaying
12This is verified with the results presented in the following sections.
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the conclusions drawn from an implementation point of view which were presented in
Chapter 3 and the previous sections of this chapter.

4.8.2 The End-to-End Maximum Achievable Rate with Vari-
ous Cooperative Multi–Antenna Channels

In this section, the end-to-end maximum achievable rate of various relaying schemes is
derived with the system considerations outlined in Section 2.2. The relaying schemes
outlined in Table 2.1 and w/o relay scheme are considered. The derivations are provided
for transmissions taking place at a given subcarrier i scheduled to a given user. The
derivations are provided for both AF and DF based forwarding. At a given subcarrier i,
the maximum achievable rate of w/o relay scheme is given by [61]

Cdirect = log2(1+ γSD,i)b/s/Hz. (4.12)

AF Based Relaying

In this section, the cooperative multi-antenna channels are created via AF based relaying.
In the following, ζi is defined as

ζi = 1+
γRD,i

(1+ γSR,i)
. (4.13)

1. Cooperative–MIMO Channel: Let x1,i and x2,i represent the transmitted constellation
points by the BS at the first and second phase, respectively. Let yR,i[m] and yD,i[m] repre-
sent the received signals at the relay and destination terminals at the first phase. yR,i[m]
and yD,i[m] are given by

yR,i[m] = hSR,i
√

ESx1,i +nR,i[m] (4.14)

yD,i[m] = hSD,i
√

ESx1,i +nD,i[m]. (4.15)

With cooperative–MIMO scheme, let yD,i[m+1] represent the received signal at destina-
tion terminal at the second phase. yD,i[m+1] is given by

yD,i[m+1] = hSD,i
√

ESx2,i +hRD,i

√
ER

βi
yR,i[m]+nD,i[m+1]

= hSD,i
√

ESx2,i +
√

ERES

βi
hSR,ihRD,ix1,i

+ hRD,i

√
ER

βi
nR,i[m]+nD,i[m+1]. (4.16)

The term βi is defined in Equation (2.4). Let n2 represent the noise component in yD,i[m+
1]. n2 is given by

n2 , nD,i[m+1]+hRD,i

√
ER

βi
nR,i[m]. (4.17)
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The power of the noise signal at the second phase can be calculated as

E{|n2|2}= ND
o

(
1+

γRD,i

(1+ γSR,i)

)
= ND

o ζi. (4.18)

n2 is a Zero Mean Circularly Symmetric Complex Gaussian (ZMCSCG) random variable,
i.e., n2 ∼ CN (0,E{|n2|2}).

The effective input–output relation at subcarrier i over the two phases can be written
as

y =
[

yD,i[m]
yD,i[m+1]

]
=

[
h1,1 h1,2
h2,1 h2,2

][
x1,i

x2,i

]
+
[

n1
n2

]
= HAFx+n. (4.19)

Where the 2× 2 cooperative–MIMO channel HAF is given by Equation (3.1). The term
n1 is defined as; n1 , nD,i[m]. The noise vector received during two phases is given by
n = [n1 n2]T . The term x is given by; x = [x1,i x2,i]T . The covariance matrix of noise
vector n is derived as

E{nnH}= Rnn =

[
ND

o 0
0 ND

o (1+ γRD,i
(1+γSR,i)

)

]
. (4.20)

The vector n is ZMCSCG [62]. Since n is ZMCSCG, the differential entropy of vector n
is given by [62]

H(n) =
1
2

log2(det(πeRnn)) b/s/Hz. (4.21)

Since x and n are independent and have zero mean, the covariance matrix of y is given by

E{yyH}= Ryy = HAFRxxHAFH
+Rnn. (4.22)

The mutual information between vectors x and y is given by [10]

Ix;y = H(y)−H(n). (4.23)

In this study it is assumed that transmitters do not know HAF and destination terminal has
the knowledge of HAF. The differential entropy H(y) and hence Ix;y is maximized when
y is ZMCSCG [62]. This in turn implies that x must be ZMCSCG with Rxx = I2. In this
case, the differential entropy of vector y is given by [62]

H(y) =
1
2

log2(det(πeRyy))b/s/Hz (4.24)

=
1
2

log2(det(πeHAFHAFH
+πeRnn)). (4.25)
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By using equations (4.21), (4.23) and (4.25), the channel capacity of a cooperative–
MIMO channel without the channel knowledge at the transmitters can be derived as

CAF
Cooperative−MIMO =

1
2

log2

(
det(HAFHAFH +Rnn)

det(Rnn)

)
(4.26)

=
1
2

log2

(
1+

γ2
SD,i

ζi
+ γSD,i +

γRD,iγSR,i

ζi(1+ γSR,i)
+

γSD,i

ζi

)
.

2. Cooperative–SIMO Channel: The cooperative–SIMO channel created via AF
based relaying is given in Equation (2.6). The input-output relations that creates a cooperative-
SIMO channel at the destination terminal has been analysed in Section 2.3.2 and are given
by Equations (2.5), (2.6) and (2.7). The power of the noise signal at the second phase can
be calculated as

E{|n2|2}= ND
o

(
1+

γRD

1+ γSR

)
. (4.27)

The covariance matrix of the noise vector n = nAF can be calculated as

E{nnH}= Rnn =
[

ND
o 0
0 ND

o (1+ γRD
1+γSR

)

]
. (4.28)

The vector n is ZMCSCG [62]. Since n is ZMCSCG, the differential entropy of vector n
is given by Equation (4.21) [62].

Since the transmitted symbol xi[m] and the noise vector n are independent and have
zero mean, the covariance matrix of yAF is given by

E{yAFyAFH}= Ryy = hAFRxxhAFH
+Rnn, (4.29)

where Rxx is the covariance of the transmitted symbol xi[m]. The mutual information
between vectors x = xi[m] and yAF is then given by [10]

Ix;yAF = H(yAF)−H(n). (4.30)

It is assumed that transmitters do not know hAF and destination terminal has the knowl-
edge of hAF. The differential entropy H(yAF) and hence Ix;yAF is maximized when yAF is
ZMCSCG [62]. This in turn implies that x must be ZMCSCG with Rxx = 1. In this case,
the differential entropy of vector yAF is given by [62]

H(yAF) =
1
2

log2(det(πeRyy))b/s/Hz (4.31)

=
1
2

log2(det(πehAFhAFH
+πeRnn)). (4.32)

By using equations (4.30), (4.32), (4.21) and (4.28), the channel capacity of a cooperative–
SIMO channel without channel knowledge at the transmitters can be derived as

CAF
Cooperative−SIMO =

1
2

log2

(
det(hAFhAFH +Rnn)

det(Rnn)

)
(4.33)

=
1
2

log2

(
1+ γSD,i +

γRD,iγSR,i

ζi(1+ γSR,i)

)
. (4.34)
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3. Cooperative–MISO Channel: The cooperative–MISO channel is a subset of cooperative–
MIMO channel and it is given by Equation (3.14). The end-to-end maximum achievable
rate with this Cooperative–MISO channel can be derived as

CAF
Cooperative−MISO =

1
2

log2

(
1+

γRD,iγSR,i

(1+ γSR,i)ζi
+

γSD,i

ζi

)
. (4.35)

4. Conventional Relaying: The end-to-end maximum achievable rate with conventional
relaying can be derived as

CAF
conv.−relaying =

1
2

log2

(
1+

γRD,iγSR,i

ζi(1+ γSR,i)

)
b/s/Hz. (4.36)

In the above derivations, the factor of 1
2 in front of the end-to-end maximum achiev-

able rate equations accounts for the fact that two phases with equal duration are needed in
order to create the corresponding channel with AF.

DF Based Relaying

In this section, the cooperative multi-antenna channels are created via DF based relaying.
In the following, CSR = log2(1 + γSR,i) represents the channel capacity of the subcarrier
i of the S→ R link. Let R1 in b/s/Hz represent the transmission rate in the first phase
and let R2 in b/s/Hz represent the transmission rate in the second phase. In order to have
error free detection at the RS and hence achieve capacity, R1 should satisfy R1 ≤ CSR.
Assuming error free detection at the RS, the cooperative–MIMO channel achieved with
DF based relaying is given by Equation (3.2). The end-to-end maximum achievable sum
rate via Cooperative–MIMO channel, (R1 +R2)max, can be derived as [61]

(R1 +R2)max =
1
2

min{(Rmax
1 +Rmax

2 ),Rtotal} b/s/Hz (4.37)

where

Rmax
1 = min{log2 (1+ γSD,i + γRD,i) ,CSR},

Rmax
2 = log2 (1+ γSD,i) ,

Rtotal = log2 det
(

I2 +
HDF

MIMO(HDF
MIMO)H

ND
o

)
= log2

(
1+ γRD,i +2γSD,i + γ

2
SD,i
)
.

The cooperative–SIMO channel is given by Equation (2.12). The end-to-end maxi-
mum achievable rate with the Cooperative–SIMO channel is given by

Rmax
1 =

1
2

min{CSR, log2(1+ γRD,i + γSD,i)}b/s/Hz. (4.38)

Note that for cooperative–MISO and conventional relaying schemes, the MS does not
receive in the first phase. Hence, the rates in the first and second phase can be adjusted
based on the channel seen at the receiving terminal in each phase, i.e at the RS in the first
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phase and at the MS in the second phase. Hence, the end-to-end achievable rates for these
schemes can be derived as the following. The end-to-end maximum achievable rate via
Cooperative–MISO scheme is given by

Rmax =
CSRRtotal

(CSR +Rtotal)
b/s/Hz, (4.39)

where Rtotal = log2(1+ γRD,i + γSD,i).
The end-to-end maximum achievable rate via conventional relaying is given by

Rmax =
CSRCRD

(CSR +CRD)
b/s/Hz, (4.40)

where CRD = log2(1+ γRD,i) b/s/Hz.

Performance Comparison

In this section, the information theoretic end-to-end maximum achievable rate of various
relaying schemes are compared to each other. The SINR ranges considered in the analysis
are γSR,i ∈ [−12,30] dB, γRD,i ∈ [−12,30] dB and γSD,i ∈ [−12,30] dB. The following
conclusions are drawn over the SINR region where relaying improves the achievable rate
as compared to that of a w/o relay system.

The analysis with the derived end-to-end maximum achievable rate equations show
that, AF based relaying cannot outperform DF based relaying for cooperative–MIMO,
cooperative-MISO and conventional relaying schemes. With cooperative-SIMO scheme,
AF based relaying can outperform DF based relaying as much as 0.16 b/s/Hz, which is
insignificant for broadband applications. DF based relaying on the other hand can provide
significant performance improvement over AF based relaying as much as 0.5 b/s/Hz.

The end-to-end maximum achievable rate curves in Figure 4.15 are obtained versus
the instantaneous SINR condition in the S→ D link, i.e., versus γSD,i. The instantaneous
SINR conditions in the S→ R and R→ D links are fixed to γSR,i = 19 dB and γRD,i =
30 dB, respectively. At these SINR conditions, the rate improvement of cooperative-
MIMO scheme is maximum as compared to other schemes. The results in this figure
show that, cooperative-MIMO scheme can achieve an achievable rate gain of as much as
1.2 b/s/Hz as compared to both w/o relay and cooperative-MISO schemes. The end-to-end
maximum achievable rate curves in Figure 4.16 are obtained versus γSD,i with γSR,i = 30
dB and γRD,i = 4 dB. With these SINR conditions, the rate improvement of cooperative-
MISO scheme is maximum as compared to other schemes. The results in this figure
show that, cooperative-MISO scheme can achieve end-to-end achievable rate gains over
cooperative-MIMO scheme as much as 0.33 b/s/Hz. This is due to the following reason.
With cooperative-MISO scheme, one can adjust the transmission rates in the first and
second phases based on the channel capacity of each phase. Hence, for very good SINR
conditions in the first phase (i.e. for very good γSR,i), the transmission rate in the first
phase can be very high. This compensates to a certain extent the multiplexing-loss. With
cooperative-MIMO scheme on the other hand, one can achieve a higher channel capacity
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but needs to use the same rate over the two phases. This results in an end-to-end rate
determined by one half of the channel capacity offered by cooperative-MIMO scheme.

The end-to-end maximum achievable rate curves in Figure 4.17 are obtained versus
γSD,i with γSR,i = γRD,i = 30 dB. The results in this figure show that when γSR,i� γSD,i and
γRD,i � γSD,i, all the relaying schemes perform the same and the DF based relaying has
better performance. For these channel conditions, conventional relaying should be used
as it is the least complex relaying scheme. The analysis shows that, over the region where
relaying improves the performance, cooperative-SIMO scheme can perform as good as
cooperative-MISO scheme, however cannot outperform it (e.g., as seen in Figures 4.16,
4.17). Cooperative-MISO scheme can outperform cooperative-SIMO scheme as far as the
SINR condition in the S→ R link is very good. This is due to the fact that to achieve a
cooperative-MISO channel, it is not necessary to use the same modulation mode over the
two phases, however, to achieve a cooperative-SIMO channel the same modulation mode
needs to be used over the two transmission phases.

In Figure 4.18, the average end-to-end achievable rate in the cell is plotted versus
total number of relays in the cell. A single cell with radius 15.5 km where there are a
total of 30 users has been simulated. As a practical consideration shown in Chapter 4,
the relays are positioned at symmetric positions in the cell at a distance of 10.3 km to
the BS. Adaptive relaying refers to the scheme, where the scheme with the best end-to-
end achievable rate is used for each instantaneous channel conditions. The PFS scheduler
developed in Section 4.4 is used with the end-to-end achievable rate equations instead
of the throughput obtained from the lookup table. To provide fairness to the users, the
PFS window, i.e., T, is set to 100. Relaying is used only if there is an end-to-end rate
increase. As the results in Figure 4.18 show, link adaptive transmissions with cooperative-
MISO, cooperative selection diversity and adaptive relaying schemes perform similar.
This observation agrees with the observation presented in Section 4.7. These schemes
outperform cooperative-MIMO and cooperative-SIMO schemes thanks to reduction in
multiplexing loss via adjusting the transmission rates optimally in each phase. All the
schemes outperform w/o relay scheme provided that the best scheme among with relay
and w/o relay is selected dynamically based on CSI. Due to the same reasons stated in
Section 4.7, the cooperative-MIMO and cooperative-SIMO schemes perform similar in
the system level.

4.9 Conclusions and Future Works
In this chapter, a scheduler for implementation in two-hop cellular networks has been de-
veloped for low mobility users. This scheduler is able to consider all the instantaneous
SINR conditions and the end-to-end throughput in order to schedule the users on the ra-
dio resources. It guarantees that the end-to-end performance is always better than that of
a w/o relay system and fixed relaying. With this scheduler, the performance of various
cooperative diversity schemes has been investigated for two-hop cellular networks with
fixed relays. The investigations are provided for the emerging IEEE 802.16j based wire-
less relay networks. Interestingly, the investigations show that the cooperative selection
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Figure 4.15: The maximum gain of cooperative-MIMO scheme as compared to
other schemes

Figure 4.16: The maximum gain of cooperative-MISO scheme as compared to
other schemes
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Figure 4.17: When γSR,i� γSD,i and γRD,i� γSD,i, all the relaying schemes per-
form the same. DF based relaying has superior performance.

Figure 4.18: Average end-to-end achievable rate versus number of relays in the
cell
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diversity is promising when the instantaneous SINR knowledge is available at the trans-
mitter. This is due to the following reasons. From the system-level throughput point of
view, the cooperative selection diversity can perform as well as more complex coopera-
tive diversity schemes which require coherent signal combining at the destination. At a
given sub-channel, it requires transmissions either from the BS or the RS. This reduces
the interference in the system as compared to using other cooperative diversity schemes
which require simultaneous transmissions from the BS and the RS.

In this chapter, the implementation findings outlined in Chapters 3 and 4 have been
complemented by information theoretic performance analysis as well. To this end, the
end-to-end maximum achievable rate of various relaying schemes have been analyzed
comparatively. The analysis include link adaptive transmissions with both AF based re-
laying and DF based relaying. The performance comparisons are provided over the SNR
region where relaying improves the performance as compared to that of w/o relay trans-
mission. This analysis shows that the DF based relaying provides significant achievable
rate gain over the AF based relaying for various relaying schemes. The AF based re-
laying on the other hand cannot provide significant achievable rate gain as compared to
the DF based relaying. Consequently, the DF based relaying is promising for the wire-
less relay networks. The analysis shows that cooperative-MIMO scheme can provide
an end-to-end achievable rate gain as compared to other schemes such as cooperative-
SIMO, cooperative-MISO, conventional relaying and w/o relay. However, this gain can
be achieved when γRD,i � γSD,i and γRD,i � γSR,i. When γSR,i � γSD,i, γSR,i � γRD,i,
cooperative-MISO scheme can achieve a higher end-to-end maximum achievable rate as
compared to that of other schemes. As far as γSR,i� γSD,i and γRD,i� γSD,i, all the relay-
ing schemes perform the same. The information theoretic conclusions agree with that of
a practical system outlined in Chapters 3 and 4.

Future works out of this chapter include but are not limited to the following: 1. The
design and evaluation for the users with high speeds where obtaining the instantaneous
CSI at the transmitter is not practical. 2. Evaluations for a multi-cell environment.
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Chapter 5

Hop Adaptive MAC-PDU Size
Optimization for Infrastructure
Based Wireless Relay Networks

5.1 Introduction
In IEEE 802.16e networks, data is carried in the form of MAC-PDU packets. Once the
MAC-PDUs are created at the MAC layer, they are passed to the PHYsical layer for trans-
mission to the destination by using certain bursts. Each burst consists of a certain num-
ber of sub-channels. A MAC-PDU in IEEE 802.16e based networks consists of a fixed
length MAC header, variable length payload, optional Fragmentation Subheader (FSH) or
Packing Subheader (PSH) and a CRC [21]. The MAC header length is 48 bits [21]. It
carries information on the MAC-PDU length, the user ID where the packet is destined to,
etc. The payload of a MAC-PDU packet carries the unfragmented or fragmented portion
of a MAC-Service Data Unit (SDU) which is delivered to the MAC common part sub-
layer from the MAC convergence sublayer. Once the MAC-PDUs are created at the MAC
layer, they are passed to the PHYsical layer for transmission to the destination. Fragmen-
tation is the process in which a MAC-SDU is fragmented into two or more fragments and
transmitted in several MAC-PDUs [21]. This provides flexibility in the MAC-PDU size.
When a MAC-PDU contains a fragmented portion of a MAC-SDU, then a FSH is added
to each MAC-PDU. The FSH is composed of 2 bits Fragmentation Control (FC), 11 bits
Fragment Sequence Number (FSN) for non-ARQ connections, 11 bits Block Sequence
Number (BSN) for ARQ enabled connections and 3 reserved bits. The total length of the
FSH is 2 + 11 + 3 = 16 bits for extended type. The FC indicates the fragmentation state

This work was conducted at Intel Corporation, Hillsboro, Oregon, USA. It has been accepted
for publication in IEEE Globecom 2008 Conference.
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of the payload, i.e., 00 no fragmentation, 01 last fragment, 10 first fragment, 11 contin-
uing fragment. The FSN indicates the sequence number of the current SDU fragment.
The reserved bits are used for the standard to round the length of headers to an integer
number of bytes. The reserved bits can be used to add additional features to the FSH if
needed. This chapter proposes to use these reserved bits to signal to the RS the fragmen-
tation information for the packets it will forward. The details of this operation will be
described in Section 5.2. In this chapter, 16 bits CRC is considered1. In summary, when
a MAC-SDU is fragmented, a total of 48(MAC header) +16(FSH)+16(CRC) = 80 bits
overhead needs to be added per payload, i.e., fragment.

The IEEE 802.16e and IEEE 802.16j standards enable fragmentation of MAC-PDUs.
For fragmentation, the current IEEE 802.16j standard does not specify any procedure
beyond those specified in IEEE 802.16e or IEEE 802.16-2004 standards [33].

Increasing packet size2 increases the PER that each packet reception encounters. De-
creasing packet size decreases the PER. However, this at the same time increases the
significance of upper layer overheads carried per packet. Hence, a trade off should be
made between the significance of overheads and the PER in choosing a packet size. The
MAC-PDU size optimization in multi-hop networks needs to consider the channel con-
dition in each hop. Since channel conditions over different hops are independent and are
different, using the same MAC-PDU size over different hops is not efficient. For exam-
ple, if the MAC-PDU size is decided based on weaker links and kept the same over all
hops, then the system will not be able to extract the benefit from stronger links. If the
MAC-PDU size is decided based on stronger links and kept the same over all hops, then
the weaker links might encounter significant PER. For optimal operation, the MAC-PDU
size in each hop should be selected based on the channel condition seen over that hop.
This way, the PER experienced at each hop can be minimized. This requires the relays
to be able to open up the MAC-PDUs and change the MAC-PDU size before transmit-
ting to the next hop. Therefore, DF based forwarding is used where the relay decodes,
fragments3, re-encodes and forwards the information bits received from the source.

In this chapter, a method to efficiently implement the MAC-PDU size optimization in
OFDMA modulated two-hop wireless relay networks with infrastructure based relays is
proposed. This chapter further proposes a method that reduces the total overhead trans-
mitted in the end-to-end path. The organization of this chapter is as follows. Section
5.2 presents the key concept of the proposal. Section 5.3 presents the system model. In
Section 5.4, the effect of MAC-PDU size on the goodput is analyzed. In Section 5.5, a
method for the optimization of the MAC-PDU size in two-hop wireless relay networks
with infrastructure based relays is proposed. The performance of this proposal is pre-
sented in Sections 5.6 and 5.7 in terms of end-to-end overhead reduction and goodput
gain. Conclusions and future works are presented in Section 5.8.

1Hence, the probability of undetected errors is negligible [44].
2in terms of total number of bits per packet
3when necessary
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5.2 The Implementation of MAC-PDU Size Optimiza-
tion with Infrastructure Based Relays

In this chapter, relaying is chosen only if it can improve the end-to-end goodput as com-
pared to that of direct transmission. If relaying is chosen for a given user, conventional
relaying is used and hence the end-to-end burst used for that user contains one relay burst
and one access burst used for RS→ MS transmissions. If relaying is not chosen for a
given user, then the end-to-end burst used for that user contains one access burst which
span the overall duration of the DL frame where data transmissions take place. Each relay
and access burst carry unicast data traffic. However, depending on the scheduling and the
channel state information of a given user, one user can use more than one burst.

The construction of MAC-PDUs in wireless relay networks can be done in two ways.
One way to do it is in an end-to-end basis. The other way is to do it in a hop-by-hop basis.
With the end-to-end approach, relays do not change the structure of the MAC-PDUs. They
forward the packets as they are. In the hop-by-hop approach, each relay on the end-to-end
path can open up MAC-PDUs and can change the fragmentation configuration in it. This
allows optimizing the MAC-PDU size in each hop. In Figure 5.1, the end-to-end operation
is depicted for a relayed transmission to a given MS in a two-hop DL transmission. Such
an operation results in repeating the overheads twice, hence cannot take the advantage of
potentially robust BS→ RS channels with fixed relays. To remedy this problem, a hop
adaptive MAC-PDU size optimization is proposed as follows. If relaying is used for a
given MS, the relay burst carries the aggregated payload data that is going to be forwarded
via the relay in the second hop. Hence, for relayed transmissions, the MAC-PDU size in
the first hop will be longer than or equal to that of second hop. This is efficient when the
BS→ RS channels are robust and can carry longer length MAC-PDU packets as compared
to that of access links. The relay opens up the MAC-PDU and extracts the MAC header,
FSH and payload data. The BS informs the RS on the optimal number of packets, i.e.,

´nopt , for each access burst allocated to transmissions from the relay. The ´nopt is proposed
to be signalled by using the reserved bits field of the FSH of the MAC-PDU carried in
the relay burst. Therefore, such signalling does not incur any additional overhead. The
RS fragments the payload data of the MAC-PDU that it has received via the relay burst
into ´nopt fragments. It modifies the length field of the MAC header and appends it to each
fragment. It adds a new FSH for each fragment. It then calculates and adds the CRC to
each new packet. Finally, ´nopt MAC-PDU packets are created to be transmitted via the
relay on the access burst allocated to transmissions from the relay to a given MS. If the
optimal number of MAC-PDU packets is more than one for the access burst, then, such
hop adaptive approach will save from MAC, CRC and FSH overheads as compared to the
end-to-end operation. This procedure is depicted in Figure 5.2.
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Figure 5.1: The conventional non-hop adaptive transmission where the relay does
not change the structure of MAC-PDUs. Such operation results in repeating the
overheads twice, e.g., as shown in red.

Figure 5.2: The proposed hop-adaptive MAC-PDU size optimization: The relay
changes the structure of MAC-PDUs before forwarding.
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5.3 System Model

Centralized scheduling and radio resource allocation is done at the BS. A multi-user envi-
ronment is considered. For each burst, a flat–fading channel is assumed where the fading
coefficients remain unchanged over the frequency and time dimensions of the burst. How-
ever, the fading level at different bursts can be different based on the frequency selectivity
of the channel. Hence, the CSI feedback for each burst is effective. The modulation mode
and the packet size to be used for the transmission of MAC-PDU packets are adapted
according to the channel condition seen at each burst. Each user feedbacks to the BS the
SINR it sees at each burst. Since CSI is available at the BS, AMC is used.

Multiple relays are considered. The performance evaluations can be extended to in-
clude the multiple cell scenario. The users do not need to know the existence of the relay.
It is assumed that the relays are deployed at strategic positions in the cell such that the
first hop BS → RS links are much reliable than the second hop RS → MS links. The
achievement of such deployment has been presented in Chapter 4.

In this chapter, FEC is not considered. The analysis presented in this chapter can be
extended to include FEC. When analytical derivations are not available, look-up tables
can be prepared to select the MCS and the packet size for a given channel condition.
When FEC is included, the throughput of all the schemes will improve [42], hence, the
relative performance is expected to remain similar. The considered modulation schemes
are BPSK, QPSK, 16-QAM and 64-QAM. It is assumed that a MAC-PDU packet is
discarded at the MS if there is at least one bit received in error. Such error detection can
be based on CRC [45]. Each MAC-PDU packet contains a fragment of a given MAC-SDU
and hence needs one FSH.

The OFDMA parameters: The considered OFDMA system parameters are based
on the IEEE 802.16e standard [45]. The scalable OFDMA parameters with a system
bandwidth of 10 MHz and a total of 1024 sub-carriers have been considered. The sub-
carrier spacing is 10.94 kHz where the FFT sample rate is 11.2 MHz. The operating
carrier frequency is 2.5 GHz. The frames have 5 ms duration. There are a total of 49
OFDMA symbols in each frame. One OFDMA symbol is used for preamble transmission
from the BS. One OFDMA symbol duration is used as a guard time between the DL
and UL sub-frames. Hence, a total of 47 OFDMA symbols are available for data and
control information transmissions in an IEEE 802.16e based system. In such system, the
number of symbols to be used in the DL and UL are given by 47− n OFDMA symbols
for DL, and n OFDMA symbols for the UL. The term n is an integer in 12 < n < 21 [32].
In this chapter, n = 13 is chosen. Hence, the DL sub-frame has a total of 34 OFDMA
symbols. A total of 3 OFDMA symbols are used for transmitting FCH, DL and UL-MAP
information which are used to signal the radio resource allocation to the users and the
relay. In order to enable two hop communication in the TDD mode, one OFDMA symbol
duration is needed as a guard time for the relays to switch from the reception mode to the
transmission mode. Hence, there remain a total of 30 OFDMA data symbols that can be
used for each DL end-to-end burst.

Burst profile: The burst profiles are based on the following configuration. One bin
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is comprised of 9 contiguous sub-carriers. One bin has 8 data carrying sub-carriers and 1
pilot sub-carrier. One slot is composed of 2 bins in the frequency domain and 3 OFDMA
symbols in the time domain. One sub-channel (i.e., burst) is composed of 4 bins in the
frequency domain and multiple contiguous OFDMA symbols in the time domain. One
access burst used for RS→MS transmissions is comprised of 4 bins in the frequency do-
main and 15 OFDMA symbols in the time domain. One access burst used for w/o relay
transmissions is comprised of 4 bins in the frequency domain and 30 OFDMA symbols
in the time domain. The time duration (i.e. total number of OFDMA symbols) of a relay
burst can be shorter than or equal to that of access burst and can be up to 15 OFDMA sym-
bols. This is due to the fact that different MCSs can be selected for the relay and access
bursts when conventional relaying is used [42]. Consequently, an access burst can carry
60 ≤ L ≤ 360 bytes4 with relay , 120 ≤ L ≤ 720 bytes5 for w/o relay transmissions. For
each access and relay burst, the optimal MCS, the optimal MAC-PDU size, and hence the
optimal total number of MAC-PDUs are chosen by the BS. These parameters determine
the burst profile.

The channel model: The users are pedestrian with a maximum speed of 3km/h.
For such users, the channel model which is referred to as pedestrian-A in [32] has been
used. The presented model in [32] has the following power delay profile. The taps
are located at τ = [0 110 190 410] ns. The average power at each tap is given by
P = [0 − 9.7 − 19.2 − 22.8] dB. This channel model has a coherence bandwidth
of 434.84 kHz (d39.75e sub-carriers) where the channel correlation is above 0.9. The
channel models presented in [40, 48] can be used to analyze broadband communication
with fixed6 wireless terminals. Since infrastructure based relays are considered, wire-
less channel and path-loss models developed in [40, 48] are used for the BS→ RS links.
The selected model has a power delay profile given by: P = [0 − 15 − 20] dB and
τ = [0 0.4 0.9]µs. This model corresponds to a coherence bandwidth of 165 sub-
carriers where the frequency correlation is above 0.5. It is assumed that the packets in the
relay bursts experience a negligible PER with 64-QAM transmissions even if the packet
size goes up to 360 bytes in the relay burst. As shown in Chapter 4, this is practical to
achieve for LOS conditions in the BS→ RS link when the infrastructure based relay is
deployed at a strategic position with an appropriate distance to the BS [51].

5.3.1 Terminology
The term j, j ∈ {1,2, ...,J}, denotes the burst index in the frequency domain. The term l
represents the packet length in bits. γSD,u, j and γRD,u, j represent the instantaneous SINR
that a user experiences on burst j of the BS → MS and RS → MS links, respectively.
L = B×M represents the maximum number of bits that can be carried over the access
burst. B represents the total number of data carrying sub-carriers available in the access
burst. σ represents the shadowing standard deviation in dB. κ is a pseudo-random number

4i.e., 15×8×4×1≤ L≤ 15×8×4×6 bits
5i.e., 30×8×4×1≤ L≤ 30×8×4×6 bits
6i.e., non-moving
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drawn from a normal distribution with mean zero and standard deviation one. k repre-
sents the DL frame index in time. The terms ´nopt and ´Mopt represent the optimal number
of MAC-PDU packets and the optimal MCS both providing the highest goodput when
conventional relaying is used. The terms nopt and Mopt represent the optimal number of
MAC-PDU packets and the optimal MCS both providing the highest goodput when w/o
relay transmissions are used.

5.4 The Effect of Adaptive MAC-PDU Size on the
Goodput

In this section, the effect of varying MAC-PDU size on the goodput is presented for
w/o relay transmissions in the access burst. The end–to–end throughput with a given
modulation scheme in a w/o relay system, i.e., ρ(γ j, l,M), is given by [38]

ρ(γ j, l,1) =
(
1−0.5erfc(

√
γ j)
)l b/s/Hz, for BPSK modulation

ρ(γ j, l,2) = 2

(
1−0.5erfc

(√
γ j

2

))l

b/s/Hz, for QPSK modulation

ρ(γ j, l,4) = 4
(

1− 3
4

erfc
(√

0.1γ j

))l/2

b/s/Hz, for 16−QAM modulation

ρ(γ j, l,6) = 6

(
1− 7

8
erfc

(√
1

42
γ j

))l/3

b/s/Hz, for 64−QAM modulation

(5.1)

for each of the modulation modes, i.e. BPSK (M = 1), QPSK (M = 2), 16–QAM (M =
4) and 64–QAM (M = 6), respectively. The term γ j represents the short term average
SINR condition observed at burst j. In these equations, the effect of overhead on the net
throughput delivered to the upper layers is not considered. When addition of the headers
and the CRC overhead is not considered, the decreasing MAC-PDU payload size will
increase the throughput. This is due to the fact that, the decreasing packet size decreases
the packet error rate for a given SINR. With decreasing MAC-PDU size, the significance
of header and CRC overheads increases. This in turn decreases the goodput. Hence, a
trade off should be made between increased reliability and increased overhead by taking
into account of goodput. Such a trade off can be seen in Figure 5.3. In the figure, the effect
of varying MAC-PDU size is analysed according to the following set-up. A MAC-PDU
is comprised of a total of l ∈ {L,L/2,L/3,L/4} bits including a total overhead of 80 bits
per MAC-PDU. For a MAC-PDU size of l bits, the goodput in terms of ρ(γ j, l,6)× l−80

l ,
ρ(γ j, l,4)× l−80

l , ρ(γ j, l,2)× l−80
l and ρ(γ j, l,1)× l−80

l are plotted for a flat fading channel
with varying short term average SINR γ j. As the results in Figure 5.3 show, the optimal
MAC-PDU size depends on the channel condition. Using the optimal packet size for each
channel condition results in significant goodput gain. When the channel can enable error
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Figure 5.3: The effect of MAC-PDU size on the goodput received over a flat
fading channel. The MAC, FSH and CRC overhead are considered.

free transmissions for a modulation mode say M, the optimal solution with AMC is to
increase the MAC-PDU size until the whole packet fits into one burst. When PER is non-
negligible, then the optimal solution is not only to choose the most efficient MCS but also
to choose the most efficient packet size. When PER is non-negligible, reducing the packet
size can increase the goodput even if there is an increasing significance of overhead.

5.5 Optimization of the MAC-PDU Size in Two Hop
Wireless Relay Networks with Infrastructure Based
Relays

5.5.1 Method for Hop Adaptive MAC-PDU Size Optimization
Based on CSI, the BS decides on the optimal number of MAC-PDU packets (i.e., the
optimal size of each packet) and the MCS to be used in an access burst. The MCS and
the packet size are optimized jointly based on analytical derivations. Such optimization is
done both for with and w/o relay cases according to:

ϕ
with−relay
u, j ( ´nopt , ´Mopt) =

n∈N
max{

M∈{1,2,4,6}
max {

Lpρ(γSR, j,L1,6)ρ(γRD,u, j,L/n,M)
(ML1 +6L)

}} (5.2)

ϕ
w/o−relay
u, j (nopt ,Mopt) =

n∈N
max{

M∈{1,2,4,6}
max {

Lp

L
ρ(γSD,u, j,

L
n
,M).}} (5.3)

The term n represents the number of MAC-PDU packets to be transmitted in the access
burst and it is an integer such that L

n is an integer. Hence, for a total of n packets to be
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transmitted over the access burst, the total number of bits included in each MAC-PDU
is given by L

n . The term Lp = L− n80 represents the total payload bits transmitted in
the access and relay bursts. With hop-adaptive MAC-PDU size optimization proposed in
this chapter, the total number of bits transmitted via the relay burst in one MAC-PDU is
given by L1 =

⌈
(Lp+80)

6

⌉
×6. The number 80 represents the total overhead in one MAC-

PDU packet. The term, ϕ
with−relay
u, j ( ´nopt , ´Mopt) represents the optimal goodput that user u

can obtain at the end-to-end burst j via the conventional relay transmissions. The term
ϕ

w/o−relay
u, j (nopt ,Mopt) represents the optimal goodput that user u can obtain at the end-to-

end burst j via w/o relay transmissions.
For the end-to-end burst, the BS finally decides whether to use the relay or not via

ϕopt,u, j[k] = max{ϕwith−relay
u, j ( ´nopt , ´Mopt),ϕ

w/o−relay
u, j (nopt ,Mopt)} (5.4)

If ϕopt,u, j[k] = ϕ
with−relay
u, j ( ´nopt , ´Mopt), then conventional relaying is used in the end-to-

end burst which is comprised of one relay burst and one access burst. If ϕopt,u, j[k] =
ϕ

w/o−relay
u, j (nopt ,Mopt), then w/o relay transmission is used in the end-to-end burst.

Once the optimal MCS, optimal packet size and optimal transmission mode with or
w/o relay is chosen for a given user u, the BS then schedules the users on bursts based on
a modified PFS algorithm given by:

û =
u∈{1,2,...,U}
argmax

{
ϕopt,u, j[k]
ϕu[k−1]

}
. (5.5)

If û = u, then the transmissions for user u are scheduled on burst j. The term ϕu[k− 1]
represents the past average goodput of user u at previous DL frame k−1. Once the users
are scheduled, the past average goodput for each user is updated by using a low pass filter
with a time constant of T slots. This update is done according to

ϕu[k] =
(T −1)ϕu[k−1]+∑

J
j=1(cu, jϕopt,u, j[k])

T
. (5.6)

The term cu, j is equal to one if transmissions for user u is scheduled on burst j, otherwise
it is equal to zero. This scheduler provides both cooperative diversity and multi-user
diversity. The cooperative diversity is achieved by dynamically selecting the best link
among with or w/o relay. For a given user, it guarantees that the end-to-end throughput
will always be greater than or equal to that of w/o relay. The time constant T adjusts the
level of fairness of the scheduler. The time constant T is set to T = 100 in order to provide
a fair channel allocation to the users (ref. Chapter 4).

5.6 Link Level Performance Evaluation
This section provides link level performance evaluation of the hop adaptive MAC-PDU
optimization for transmissions over a given end-to-end burst j. In Figure 5.4, the gain
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in goodput via the use of hop adaptive optimal MAC-PDU size selection is presented for
conventional relaying. γRD, j represents the short term average SINR condition experi-
enced in the access burst. It is determined by the fading and shadowing experienced at
the access burst and can be different from frame to frame. The solid line corresponds to
the case where, the packet size in each hop is the same and it is simply determined by the
chosen optimal MCS, i.e., l = B× ´Mopt . The dashed line corresponds to the case where,
the packet size is optimized for the access burst and it is kept the same in the relay burst.
This is referred to as non-hop adaptive packet size optimization. The dashed line with
+ signs corresponds to the case where, the packet size is optimized in each hop based
on the hop adaptive optimal MAC-PDU size selection procedure described herein. As
the curves show, the packet size optimization (either hop-adaptive or non hop-adaptive)
brings significant goodput improvement as compared to without packet size optimization.
For example, the goodput gains are 140%, 28.2%, 32.6% and 13% for SNRs 5.5, 10, 17.5
and 24.5 dB, respectively. These gains vary according to SNR condition seen over the
burst. When the channel condition can enable transmission even with longest packet size
that can fit to the burst, the results show that, packet size optimization is not needed for
those channel conditions. The hop adaptive packet size optimization does not bring sig-
nificant goodput improvement as compared to non-hop adaptive packet size optimization.
However, hop adaptive packet size optimization does bring significant gains in overhead
(e.g., as shown in Figures 5.1, 5.2 and 5.5). Let Θ represent the overhead gain in percent
achieved with the hop-adaptive MAC-PDU size optimization proposed herein. This gain
is given by Θ = 2 ´nopt 80−( ´nopt+1)80

2 ´nopt 80 × 100. For each short term average SINR in the access
burst, overhead gain Θ is depicted in Figure 5.5. In Figure 5.6, ´nopt is plotted versus γRD, j.

As the results show, when ´nopt > 1, the gain in overheads is greater than or equal to
25% and can go up to 43.75%. ´nopt goes up to 8. Hence, only 3 bits are necessary to
inform the relay on ´nopt . In this chapter, the reserved bits of FSH are proposed to be used
to inform the relay on ´nopt . This adds a new feature for the relay support in 802.16 based
networks.

5.7 System Level Performance Evaluation

5.7.1 The Simulation Setup
In this section, the simulation setup is presented. The relays are deployed symmetrically
in the cell. When necessary, an MS receives transmissions of the BS via the relay with
the closest distance to it. This scenario is depicted in Figure 5.7 for a total of four relays.
A total of 23 users and 23 end-to-end bursts are simulated. The RS and each MS have a
nosie figure of 7 dB and 9 dB, respectively.

The path loss models: The distance between BS and a given RS is dSR = 10.4 km.
With the system model considered in this thesis, this results in efficient deployment of the
relays as presented in Chapter4. At this distance, the relays can decode the MAC-PDUs
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Figure 5.4: The gain in end-to-end goodput when the packet size is optimized as
well as the MCS.

Figure 5.5: The gain in total overhead when the MAC-PDU size is optimized for
each hop. The gain is calculated as compared to the non-hop adaptive packet size
optimization.
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Figure 5.6: The ´nopt versus short time average SINR of the access burst.

Figure 5.7: The simulation scenario with 4 relays.
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received from the BS with negligible block error rate with the path-loss model presented
in the following. The BS→ RS link has a path-loss exponent of nSR = 3 and a LOS K
factor of K = 10. The RS→ MS and BS→ MS links are NLOS and have a path loss
exponent of nMS = 3.5. The carrier frequency is fc = 2.5 GHz. The wavelength λ is given
by; λ = 3×108/ fc. The path-loss in the BS→ RS link is calculated according to [40]:

PLBS,RS = A+10nSRlog10(
dSR

do
)+6log10(

fc

1062000
)−20log10(hRS/2) dB.(5.7)

hRS is the height of the RS antenna from the ground level and it is assumed to be 10m.
The term A is given by: A = 20log10(4πdo

λ
). The reference distance do is 100 m. The

term 6log10(
fc

1062000) represents the frequency correction factor which reflects higher path
loss at higher frequencies [63], [64]. The term 20log10(hRS/2) represents the amount of
reduced path-loss thanks the higher antenna heights [65]. The RS is assumed to have an
ΦRS = 15 dBi of receive antenna gain. Hence, the received signal power from the BS at
the RS is given by: PRx,BS,RS = 10((10log10(PBS)−PLBS,RS+ΦRS)/10)W. Where the EIRP from
the BS is set to 10log10(PBS)+30 = 57.3 dBm [3].

For a BS, MS distance of dBS,MS m, the path-loss in a BS→MS link and the received
signal power from the BS at the MS are given by:

PLBS,MS = A+10nMSlog10(dBS,MS/do)+6log10((
fc

106 )/2000)+σκ dB (5.8)

PRx,BS,MS = 10(
(10log10(PBS)−PLBS,MS+ΦMS)

10 ) W, (5.9)

respectively. The receive antenna gain at an MS is assumed to be ΦMS = −3 dBi. The
shadowing standard deviation σ is 8 dB.

For an RS, MS distance of dRS,MS m, the path-loss in an RS→MS link and the received
signal power from the RS at the MS are given by:

PLRS,MS = A+10nMSlog10(dRS,MS/do)+6log10((
fc

106 )/2000)+σκ dB(5.10)

PRx,RS,MS = 10(
(10log10(PRS)−PLRS,MS+ΦMS)

10 ) W, (5.11)

respectively. The EIRP from the RS is set to 10log10(PRS)+30 = 47.3 dBm.

5.7.2 Performance Evaluation
With this simulation setup, the system level simulations are done and presented in this
section. The transmissions for the users are scheduled on each burst based on the PFS
presented in Equations (5.5) and (5.6). The system level simulations show the results
presented in Table 5.1. The average goodput results are obtained when the goodput is
greater than or equal to 0.001 b/s/Hz. The first column in the table represents the total
number of relays in the cell. The second column represents the average gain in header
and CRC overheads in the relayed links. The third column represents the average gain in
the end-to-end goodput via MAC-PDU size optimization. As the results show, there is a
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Number of relays Average overhead gain (%) Average goodput gain (%)
2 13.7 17.5
3 13.52 13
4 12.75 7.25
6 12.1 6.2

Table 5.1: The average system level gains versus number of relay stations

significant performance improvement in the system level. For example, when there are a
total of three relays in the cell, MAC-PDU size optimization brings an end-to-end average
goodput gain of 13%. On top of such gain, our proposal brings an average overhead gain
of 13.52% in the relayed links. The system level end-to-end goodput gain reduces with
increasing number of relays. This is due to the fact that, when there are more relays in
the system, a user has more chance to obtain a better channel condition. This in turn re-
duces the goodput gain coming from MAC-PDU size optimization. Even with increasing
number of relays in the cell, the proposed hop-adaptive MAC-PDU size optimization still
brings significant gain in header and CRC overheads transmitted in the end-to-end path.

5.8 Conclusions and Future Work

In this chapter, the inefficiency of having the same MAC-PDU size over all the links
constituting a multi-hop wireless communication system is investigated. To remedy this
inefficiency and to provide an end-to-end optimization, a hop adaptive MAC-PDU size
optimization is proposed. This proposal is analysed for two-hop wireless relay networks
with infrastructure based relays deployed at strategic locations in the cell. The perfor-
mance metrics are overhead reduction and goodput gain provided by the hop adaptive
MAC-PDU size optimization. When there are a total of three infrastructure based relays,
a single BS, and 23 low mobility users in a Mobile-WiMAX network with relay support,
the system level evaluations show that the average gain in goodput is 13% and average
gains in the header and CRC overheads in relayed links is 13.54%. The investigations
show that the average goodput gain via MAC-PDU size optimization reduces with in-
creasing number of relays in the cell. On the other hand, the proposal brings significant
reductions in the header and CRC overheads even with increasing number of relays in the
cell.

Future works out of this work include the following: 1. Design and analysis for high
mobility users where the channel varies more often. 2. Inclusion of FEC. 3. Design and
evaluation for a multi-cell environment. 4. Design and evaluation with reduced and/or
imperfect CSI. 5. Design and analysis with ARQ and HARQ.
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Chapter 6

Implementation Issues for
OFDM(A) Based Wireless Relay
Networks

This chapter presents several implementation issues for OFDMA based multi-hop cellu-
lar networks which need inclusion of relay terminals. The first issue presented is synch-
ronization. It is shown that synchronization is not problematic for infrastructure based
relaying, where the relays are deployed by a system operator at strategic positions in the
cell. Another implementation issue that is presented is related to the hardware implemen-
tation aspects. The hardware resource usage analysis shows that cooperative diversity
schemes which require coherent signal combining at the MS increase hardware resource
usage and power/energy consumption at the MSs. Furthermore, the channel estimation
errors at the MS result in an effective decrease in the post processing SINR achieved via
coherent signal combining, e.g., MRC [66]. The reliability of channel estimation at the
MSs depends on the density and power of pilot tones and the algorithm used for channel
estimation.

6.1 Synchronization Issues for OFDM(A) Based Wire-
less Relay Networks

The frame structure developed in Chapter 3 and the cooperative transmit diversity enable
simultaneous transmissions from the BS and the RS terminals. This necessitates investi-
gations on various synchronization issues that will arise by enabling simultaneous trans-
missions from the BS and the RS terminals. In this section, such synchronization issues
for the DL transmissions in OFDM(A) based two-hop cellular networks are investigated.

The work presented in this chapter was sponsored by Aalborg University and Telecommuni-
cation R&D Center-Samsung Electronics Co. Ltd., Suwon, Republic of Korea. A part from this
work has been published in [1] and [2].
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6.1.1 Introduction in Time Offset Problem
In conventional multi-antenna schemes where the transmit and receive antennas are co-
located at a given terminal, the signals that are simultaneously transmitted by the transmit-
ter antennas arrive at the receiver simultaneously since they are transmitted from the same
terminal. However, in cooperative transmission schemes where the signals transmitted by
the BS and the RS are supposed to be received simultaneously at the receiving terminal,
the receiver (i.e., the MS) might experience a time offset between the OFDM(A) symbols
that are received from the BS and the RS. This time offset is caused by the geographical
separation of the transmitters and the timing imperfection at the relay. Let ∆ represent the
time offset in seconds. This time offset issue is visualized in Figure 6.1. In the figure, ∆RD

and ∆SD represent the propagation delay in the R→ D and S→ D links, respectively. In
order to have the most robustness to this time offset problem, the MS should align its FFT
window with the earliest arriving link as depicted in the figure. Such alignment is consid-
ered in this chapter. The term δ in seconds represents the time–delay introduced at the RS
before it starts its transmissions. A positive time offset indicates that the signals that are
transmitted from the RS arrive first. A negative time offset indicates that the signals that
are transmitted from the BS arrive first.

For OFDM based networks, the time offset does not cause throughput degradation if
|∆|+5σrms < τCP, where τCP represents the cyclic prefix (CP) duration and σrms represents
the rms delay spread of the channel between the transmitters and the receiver [49]. If
|∆|+5σrms > τCP then ISI occurs with power directly proportional to:

• the average SINR condition in the RS→MS link if the OFDM(A) signals received
from the RS arrive after the OFDM(A) signals received from the BS,

• the average SINR condition in the BS→MS link if the OFDM(A) signals received
from the BS arrive after the OFDM(A) signals received from the RS,

• the total duration of the ISI relative to the symbol duration, i.e., |∆|+5σrms−τCP
Tsymb

,

where it is assumed that the FFT window is aligned with the earliest arriving signal. Tsymb
represents the OFDM(A) symbol duration. If only one terminal is allowed to transmit in
the second phase (either the BS or the RS), then the time offset problem does not occur,
however, in this case the radio resources are not used efficiently as shown in Chapter 3.

In the following, the effects of the time offset is analyzed at various positions in
the cell. The same system set-up presented in Chapter 4 has been considered with the
following exceptions. The analysis is presented for a single RS. The analysis can be
extended to the multiple RS case. The BS is at the centre of a cell with radius 9.8 km.
The RS is placed at a distance of 4.3 km from the BS, i.e., dSR = 4.3 km. With the current
system setup, the reasons for this placement is the following. First of all, at this position,
it is possible to detect 64–QAM symbols with negligible error rate at the RS. Hence, the
benefits of relaying can be exploited efficiently. Furthermore, since the RS is closer to
the BS, the time offset may cause significant ISI as the average SINRs in the S→ D and
R→ D links will be comparable to each other. Hence, this will enable analysis on how
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worse such ISI might affect the performance. The time offset effect is analyzed within a
circular area around the relay, which has a radius of 5.5 km.

The investigation presented in Figure 6.2 in colour is obtained over the region where
the time offset causes a nonzero ISI. Over the regions presented in white, the time offset
does not cause ISI. It can be observed in Figure 6.2 that, when the RS introduces a
delay, i.e., δ samples, to its transmissions, the difference between SINR (including the
interference caused by ISI, i.e., time offset) and SNR (when the interference caused by
the time offset problem is not considered) is less than 1 dB. To achieve this value, the
MS should align its FFT window from the earliest arriving link as depicted in Figure 6.1.
Consequently, the gain in throughput comes at the cost of a loss of as much as 1 dB in SNR
only at very close distances to the RS. Over this region, conventional relaying can be used
as the SNR of the RS→MS links are very strong as compared to BS→MS links. Hence, a
loss of 1 dB in SNR will not cause significant degradation. The results presented in Figure
6.2 are obtained for an rms delay spread of 1µs which corresponds to 22 samples with a
sampling frequency of 22.4 MHz of IEEE 802.16e standard. In a practical system, the
rms delay spread can be less than 1µs [41]. In this case, the degradation due to time offset
will be less than the one depicted in Figure 6.2. Furthermore, if the relay is positioned
at a further distance to the BS, the SNR difference in the BS→MS and RS→MS links
increases (e.g., as shown in Chapter 4). In such a case, the degradation will be less than the
one depicted in Figure 6.2. In summary, the time offset problem does not cause significant
degradation on the system throughput provided that the RS introduces an appropriate
delay in its transmissions. The amount of the necessary delay depends on the position of
the RS in the cell and the transmit power difference between the BS and the RS. The time
offset ∆ is defined as

∆ = ∆SD− (∆RD +δ). (6.1)

6.1.2 Introduction in Frequency Offset Problem
The Carrier Frequency Offset (CFO) problem in OFDM based wireless networks causes
Inter Carrier Interference (ICI) and a common phase error [67]. In conventional multi–
antenna schemes, the DL signals received at a given MS suffer from a single CFO, i.e., the
CFO caused by the Local Oscillator (LO) mismatch between the BS and the MS. For the
relaying schemes where simultaneous transmissions from the BS and the RS are needed,
the MS suffers from two distinct CFO effects simultaneously1. One of them results from
the CFO between the BS and MS, and the other one results from the CFO between the
RS and MS. It is not possible for the MS to compensate the CFO for both links at the
same time. For infrastructure based relay terminals, the CFO problem can be solved if
the RS estimates its carrier frequency mismatch with the carrier frequency of the BS and

1It is assumed that the effects of the CFO in the BS→ RS link in DL and in the RS→ BS link
in UL transmissions are compensated perfectly. This can be achieved with infrastructure based
relays and existing CFO compensation algorithms developed for single-hop cellular networks.
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Figure 6.1: The time offset problem and the alignment of the FFT window at the
MS in order to achieve most resilience against the time offset problem.

compensates for this offset before its transmissions2. This way, the MS sees only one
CFO caused by the LO mismatch between its own LO and the LO of the BS. Such offset
can be compensated at the MS by using existing CFO compensation algorithms used in
single-hop cellular networks.

The following synchronization problems are identified for the UL transmissions in the
OFDM(A) based two-hop cellular networks. Assuming that the infrastructure based relay
terminals can align their carrier frequency with that of the BS, then the CFO problem in
the UL of two-hop cellular networks converges to the problems in the single-hop cellular
networks. Regarding the time offset problem in the UL, the relays can be treated as the
users. Hence, the existing solutions for the time and CFO problems in the UL of single-
hop cellular networks can be used for the synchronization problems in the UL of two-hop
cellular networks.

In the following section, the analytical model of the CFO effects in DL is developed
that justifies the conclusions presented herein.

2This estimation can be done at a high accuracy since line-of-sight and high SNR conditions in
the BS→ RS links can be achieved with infrastructure based relay terminals deployed at strategic
positions in the cell.
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Figure 6.2: The SINR (dB) - SNR (dB) per position (over the region where time
offset causes ISI) within the coverage area of the BS and the RS where the RS
transmits its signals with a delay of 80 samples as compared to the instant where
the BS starts its transmissions

6.1.3 The Analytical Model of the Time and Frequency Offset
Problem in OFDM(A) Based Wireless Relay Networks

In this section, baseband model of the time and frequency offset problem is presented for
OFDM based two-hop cellular networks with a single relay.

In order to present the analytical model of the time and frequency offsets, the follow-
ing parameters are defined. The terms ωBS, ωRS and ωMS represent the carrier frequency
of the BS, RS and MS, respectively. The terms h̃SD(t) and h̃RD(t) represent the baseband
time domain channel in the BS→MS and RS→MS links, respectively. The terms s̃BS(t)
and s̃RS(t−δ) represent the transmitted baseband signals by the BS and RS, respectively.
With these definitions, the received baseband signal at the MS in the second phase is given
by:

r̃MS(t) =
(
s̃BS(t)∗ h̃SD(t−∆SD)

)
e j(ωBS−ωMS)t

+
(
s̃RS(t)∗ h̃RD(t−∆RD−δ)

)
e j(ωRS−ωMS)t +nMS(t) (6.2)

where nMS(t) represents the AWGN noise at the MS terminal. As seen in the above
equation, there are two simultaneous CFO that affects the performance. Due to this fact,
the perfect compensation of the CFO can be done only for one link but not for both. If the
CFO is compensated for the RS→ MS link, then the compensated signal at the MS can
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be written as:

r̃MS(t)e− j(ωRS−ωMS)t =
(
s̃BS(t)∗ h̃SD(t−∆SD)

)
e j(ωBS−ωRS)t

+
(
s̃RS(t)∗ h̃RD(t−∆RD−δ)

)
+nMS(t) (6.3)

In this case, the power of the ICI caused by the residual CFO appearing on the signal
received from the BS → MS link will be proportional to the received power from the
BS→ MS link. If the CFO is compensated for the BS→ MS link instead of RS→ MS
link, then the compensated signal at the MS can be written as:

r̃MS(t)e− j(ωBS−ωMS)t =
(
s̃BS(t)∗ h̃SD(t−∆SD)

)
+

(
s̃RS(t)∗ h̃RD(t−∆RD−δ)

)
e j(ωRS−ωBS)t +nMS(t) (6.4)

In this case, the power of the ICI caused by the residual CFO appearing on the signal
received from the RS → MS link will be proportional to the received power from the
RS→MS link. Over the region where relaying improves performance, the received signal
power from the RS is higher than that of the signal received from the BS. In this case, it is
advantageous to compensate the CFO in the RS→MS link instead of BS→MS link. If the
CFO is compensated for the RS→MS link, then the residual CFO will appear on the signal
received from the BS→ MS link which has relatively lower receive power than that of
RS→MS link over the region where relaying improves performance. This will relieve to a
certain extent, the ICI effects. Furthermore, as seen in Equations (6.3) and (6.4), when the
CFO is compensated for either one of the RS→MS or BS→MS links, the residual CFO
becomes equal to |ωBS−ωRS|. This is an important observation. With infrastructure based
relays, the CFO of |ωBS−ωRS| is expected to be less than |ωBS−ωMS|. This is mainly due
to the fact that the hardware structure of an infrastructure based relay can be more robust
than that of an MS. The infrastructure based relay can estimate the |ωBS−ωRS| with a
high accuracy. If a given RS compensates for this CFO prior to its transmissions, then the
CFO problem in two-hop relay networks resorts to the CFO problem seen in single-hop
networks. This is practical to achieve with infrastructure based relay terminals.

6.1.4 The Time and Frequency Offset Conditions Resulting In
Significant Degradation

In this section, the time and frequency offset conditions resulting in significant degra-
dation are presented with system level simulations. The investigations are presented for
various cooperative diversity schemes presented in Chapter 3. Performance with both AF
and DF based relaying is presented.

The System Model Considered

A single relay is used for a given user. The cooperative-MIMO and cooperative-MISO
schemes are used to achieve the cooperative transmit diversity–1 and cooperative transmit
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diversity–2 schemes, respectively. Cooperative-SIMO scheme is used to provide coopera-
tive receive diversity. In order to analyze the effects in conventional systems, it is assumed
that one type of cooperative diversity scheme is used with fixed relaying. Hence, the time
and carrier frequency offset issues become specific to cooperative transmit diversity–1
and 2. It is assumed that the CFO effects in BS→ RS link, w/o relay, conventional re-
laying and cooperative receive diversity schemes can be compensated perfectly. AMC is
used based on link adaptation and selection method developed in Chapter 3. However,
for conventional relaying and cooperative transmit diversity–2, two phases with equal du-
ration3 has been considered with DF based relaying. The modulation levels considered
are BPSK, QPSK, 16–QAM and 64–QAM. FEC is not implemented. The simulation
parameters that are considered are given in Table 6.1. The S→ R link has an SNR of 48.5
dB which allows error free detection of 64-QAM symbols. Hence, the decoding errors at
the relay are negligible.

Effects of Residual CFO On the Performance

In this section, the throughput degradation caused by the residual CFO between the BS
and the RS is presented. For the second–phase of cooperative transmit diversity–1 and
cooperative transmit diversity–2 schemes, the effect of a residual CFO in either one of
the RS→MS or BS→MS links is analyzed while assuming that the CFO in one of the
links is compensated perfectly. Hence, the residual CFO is equal to |ωBS−ωRS| as given
in Equations (6.3) and (6.4).

In Figures 6.3, 6.4, 6.5 and 6.6, the relative gain in average spectral efficiency in % is
presented versus the residual carrier frequency offset in terms of 100× ferr

∆ f = 100×|ωBS−ωRS|
2π∆ f .

It is assumed that the time offset is within the limits where it does not cause any degra-
dation. For all these figures, the average SNR value for the BS → MS link is set to
SNRSD = 4.21 dB. Among the figures, only the average SNR in the RS→ MS link is
changing from 8dB to 9.5 dB. This is a practical range of SNRs where relaying will be
beneficial over w/o relay transmissions. In Figure 6.3 the gain in average spectral effi-
ciency is presented for the case where the CFO is compensated for the BS→ MS link
perfectly as presented in Equation (6.4). In Figure 6.4, the average spectral efficiency is
presented with the same simulation parameters for the case where the CFO is compensated
for the RS→ MS link perfectly as presented in Equation (6.3). When the performance
presented in Figures 6.3 and 6.4 are compared, it is seen that compensating the CFO for
RS→ MS link instead of BS→ MS link improves performance when SNRRD > SNRSD.
For example, when the CFO is compensated for the BS→MS link perfectly, then coope-
rative transmit diversity–1 is beneficial over cooperative receive diversity for CFOs up to
2.2 % of the sub–carrier spacing ( ref. Figure 6.3) and up to 3.45 % (ref. Figure 6.4) when
the CFO is compensated for the RS→MS link instead. This improvement becomes more
significant as the SNR in the RS→MS link improves. For example, Figures 6.5 and 6.6
show the case where SNRRD = 9.5 dB. When the CFO is compensated for the BS→MS
link perfectly, then cooperative transmit diversity–1 is beneficial over cooperative receive

3i.e., the same MCS is used in the two hops
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Table 6.1: The simulation parameters [3]
Parameter Value

Carrier frequency, 2.5 GHz
fc

Sampling Frequency, 22.857 MHz
B

Total Number of Sub–carriers, 360 sub–carriers
N are simulated

Sub–carrier spacing, 22.857MHz/360 = 63.5 kHz
4 f

CP samples, 256
Ng

OFDM symbol duration, N+CP
B = 26.95µsec

Ts
S→ R link LOS, SUI–I: mostly flat terrain

(suburban area) [40, 48] with light tree densities
multi path power delay profile:

p = [0 −15 −20] dB,
τ = [0 0.4 0.9]µs,
K factor = [4 0 0]

SNRSR = 48.5 dB
S→ D and NLOS, multi path power delay profile:

R→ D links [41] p =−1×
[0 6.2 2.6 10.4 16.47 22.2]dB,

τ = [0 0.06 0.14 0.4 1.38 2.83]µs,
RMS delay spread = 0.23µs

For frequency correlation above 0.5,
coherence bandwidth = 0.87 MHz
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diversity for CFOs up to 1.1 % of the sub–carrier spacing (ref. Figure 6.5) and up to
2.94 % of the sub–carrier spacing (ref. Figure 6.6) when the CFO is compensated for the
RS→MS link instead.

Figure 6.3: Spectral efficiency gain of cooperative transmit diversity–1 and coo-
perative receive diversity schemes as compared to w/o relay and conventional re-
laying with SNRRD = 8 dB, SNRSD = 4.21 dB and SNRSR = 48.5 dB. The CFO is
compensated for the BS→MS link perfectly.

When the SNR in the BS→ RS link is very good, e.g., 48.5 dB as in the figures pre-
sented in this section, both the AF and DF based relaying schemes perform the same when
ωBS−ωRS 6= 0. As the results in this section show, if there is a large uncompensated resid-
ual CFO, the cooperative diversity schemes which use simultaneous transmissions from
the RS and the BS are no longer advantageous over the cooperative diversity schemes
where only the RS transmit in the second phase. Therefore, efficient algorithms should be
developed to remedy the effects of residual CFO in wireless relay networks. In summary,
the optimal CFO compensation algorithm for wireless relay networks that uses simultane-
ous transmissions from the BS and RS should consider the ratio of ϕ = SNRRD

SNRSD
. The design

of such algorithm is an interesting future work.

Effects of Time offset On the Performance

In this sub–section, the effect of the time offset on the performance of various cooperative
diversity schemes is presented. In Figure 6.7 the gain in average spectral efficiency in %
is presented versus the time offset ∆ which is given in terms of number of samples. It
is assumed that the CFOs can be compensated perfectly and the FFT window is aligned
from the earliest arriving link as visualized in Figure 6.1. In Figure 6.7, the considered
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Figure 6.4: Spectral efficiency gain of cooperative transmit diversity–1 and coo-
perative receive diversity schemes as compared to w/o relay and conventional re-
laying with SNRRD = 8 dB, SNRSD = 4.21 dB and SNRSR = 48.5 dB. The CFO is
compensated for the RS→MS link perfectly.

Figure 6.5: Spectral efficiency gain of cooperative transmit diversity–1 and coo-
perative receive diversity schemes as compared to w/o relay and conventional re-
laying with SNRRD = 9.5 dB, SNRSD = 4.21 dB and SNRSR = 48.5 dB. The CFO
is compensated for the BS→MS link perfectly.
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Figure 6.6: Spectral efficiency gain of cooperative transmit diversity–1 and coo-
perative receive diversity schemes as compared to w/o relay and conventional re-
laying with SNRRD = 9.5 dB, SNRSD = 4.21 dB and SNRSR = 48.5 dB. The CFO
is compensated for the RS→MS link perfectly.

average SNRvalues are SNRSD = 4.21 dB and SNRRD = 8 dB. When the time offset ∆

is positive, the ISI is coupled from the BS→ MS link if ∆ + τmax > CP. The term τmax

in terms of number of samples represents the length of the channel impulse response
of the BS→ MS link. When the time offset ∆ is negative, the ISI is coupled from the
RS→MS link if |∆|+ τmax > CP, where τmax in terms of number of samples represents
the length of the channel impulse response of the RS→MS link. Over the region where
relaying improves the performance, the RS→ MS link has a greater SNR than that of
the BS → MS link. Consequently, the degradation due to time offset over this region
is steeper for ∆ < 0. Hence, to reduce the ISI caused by the time offset problem, the
position of the FFT window at the MS should be optimized for wireless relay networks.
To determine the optimal FFT window positioning , the ratio of ϕ = SNRRD

SNRSD
should be

considered. In the following, a possible FFT window positioning is proposed to further
improve the tolerance to the time offset. This proposal is presented in Figure 6.8. When
∆ < 0 and |∆|+ τmax > CP and ϕ > 1, then the FFT window should be aligned from the
earliest arriving link (i.e., from the BS→ MS link) with a shift, i.e., µ samples. For the
above condition, if the FFT window is not shifted then all the ISI samples will be coupled
from the RS→MS link which causes higher degradation than the case where some part of
the ISI is coupled from the BS→MS link. For the same condition, if the FFT window is
shifted µ samples, then some part of the ISI will be coupled from the BS→MS link instead
of all of the ISI is coupled from the RS→MS link. This will reduce the degradation on
the performance of cooperative transmit diversity–1 and cooperative transmit diversity–2
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Figure 6.7: Spectral efficiency gain of cooperative transmit diversity–1, coopera-
tive receive diversity and cooperative transmit diversity–2 schemes as compared
to w/o relay and conventional relaying with SNRRD = 8 dB, SNRSD = 4.2 dB and
SNRSR = 48.5 dB. FFT window is aligned from the earliest arriving link.

Figure 6.8: An example for the proposed FFT window timing at the MS when
∆ < 0 and |∆|+ τmax > CP.
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schemes. The shift in FFT window timing, µ should basically be larger than shown in
Figure 6.8 to further relieve the ISI coupled from the RS→ MS link due to multi–path
propagation. The optimization of the shift µ is an interesting future work.

6.2 Hardware Complexity Analysis of Cooperative
Diversity Implementations at the MS

In order to achieve the post processing SINR gain as compared to conventional relaying,
signal combining should be used at the destination node. Combining methods differ in
computational complexity depending on the realized cooperative diversity scheme. This
results in varying processing time and hardware resource utilization at the MS. In or-
der to evaluate the hardware requirements to achieve the cooperative diversity schemes
presented in Chapter 3, the hardware related measures using Field Programmable Gate
Array (FPGA) based implementation models have been analyzed in this section. Focus of
this analysis is on the digital baseband processing blocks used at the MS. In IEEE 802.16e
based systems, the highest aggregate throughput in the system is achieved by using the
transmission mode with 2048 sub-carriers. This is the most demanding case for the digital
base-band processors used in the IEEE 802.16e based systems. The results presented in
this section are provided for this most demanding case. This way, the conclusions drawn
can give insights to the practical feasibility of less demanding cases as well.

Figure 6.9 shows a comparison of FPGA elementary block usage and circuit power
consumption estimates at the MS for different cooperative diversity scheme implementa-
tions. The considered cooperative diversity schemes are cooperative transmit diversity–1
and 2, cooperative receive diversity and cooperative selection diversity which were pre-
sented in Chapters 3 and 4. Parallel processing in the form of fast complex matrix mul-
tiplication is used to reduce the symbol processing time. This property is extremely im-
portant in real-time systems with large number of processed sub-carriers, where increase
in symbol processing time can lead to infeasibility of the real-time operation. The num-
ber of DSP blocks on a single FPGA chip is significantly smaller as compared to other
resources. Hence, 10x scaling is used in the figure for DSP block utilization measure.
This is introduced to maintain similar scale for all the presented results in both visual and
hardware-cost sense. Analysis shows that cooperative diversity schemes which require
coherent signal combining introduce increased implementation cost at the MS in terms of
hardware complexity and power consumption. To achieve coherent signal combining, the
cooperative receive diversity requires the least number of complex multiplications. Coo-
perative diversity achieved with cooperative-MIMO scheme (i.e., cooperative transmit
diversity–1) requires the highest number of complex multiplications. Hence, as expected,
the same order applies to the hardware resource usage. The evaluation presented in Fig-
ure 6.9 shows that conventional relaying does not bring additional processing complexity
as compared to that of w/o relay scheme. Therefore, hardware complexity of the coo-
perative selection diversity is the same as that of w/o relay scheme. Furthermore, it is
shown in Chapter 4 that cooperative selection diversity is promising in terms of end-to-
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Figure 6.9: Hardware resource usage and power consumption estimates at the
MS for the implementation of various cooperative diversity schemes. This figure
should be printed in color for enhanced readability.

end throughput performance with fixed relay stations deployed at strategic positions in the
cell. Therefore, for wireless relay networks with fixed relay stations, cooperative selec-
tion diversity is a promising cooperative diversity scheme not only due to its end-to-end
throughput performance, but also due to its simplicity in implementation at the MS. Power
consumption estimates are related mainly to average processing workload which can be
expressed as the number of arithmetical operations performed in a unit of time. As in the
case of hardware resource usage, the w/o relay and conventional relaying schemes also
present the lowest power consumption measures while cooperative transmit diversity-1
scheme introduces the highest power consumption. For cooperative receive diversity and
cooperative transmit diversity-2 schemes, the power consumption estimates do not differ
significantly from each other. The analysis presented in this section does not consider
the idle phases at the MS which occur in the first phase of conventional relaying and
cooperative transmit diversity-2. If this feature is taken into consideration, lower power
consumption estimates will ensue for these schemes. This brings additional advantage as
compared to other schemes.

The observations presented in this section suggest using cooperative diversity schemes
which necessitate coherent signal combining at the MS only when the system performance
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gain is significant. Such significant performance gain can be observed for the users with
high speeds where the use of instantaneous CSI at the BS may not be feasible to achieve
cooperative selection diversity. For such users, this is due to higher time variations in the
channel.

6.3 Conclusions and Future Work
In this chapter, the synchronization issues for OFDM(A) based wireless relay networks
have been presented. The time and carrier frequency offset issues have been analyzed. It
is shown that both the time and frequency offset are not problematic with infrastructure
based RSs. The time offset problem can be overcome if the relays introduce an appropriate
delay 4 to their transmissions. To reduce the time offset and the ISI, the duration of this
delay should be adjusted based on the position of the relay relative to the BS and the
transmit power difference between the BS and the RS. This delay needs to be optimized.
Such optimization is an interesting future study. Preamble transmission from the relays
can further provide robustness in synchronization in a wireless relay network. As a future
work, the evaluations on the cell throughput while considering the time offset problem can
be investigated in a multiple relay scenario. This chapter further proposes an FFT window
timing at the MSs which can relieve the effects of ISI when the time offset is large. It is
shown in this chapter that, when the CFO between an RS and the BS is zero, then the CFO
problem in OFDM(A) based two-hop wireless relay networks resorts to that of single hop
cellular networks. With infrastructure based relays deployed at strategic positions in the
cell, the relays can align their carrier frequency with that of BS at a high accuracy. This is
thanks to the achievement of high SINR in the BS→ RS links, the fixed (i.e., non-mobile)
nature of the relays and the better hardware structure of an infrastructure based RS as
compared to that of a MS.

This chapter further analyzes the hardware complexity of implementing various coo-
perative diversity schemes at the MS. The investigations show that, cooperative diversity
schemes which require coherent signal combining at the MS result in significant com-
plexity as compared to cooperative selection diversity. Therefore, for infrastructure based
wireless relay networks, the cooperative selection diversity is promising not only in terms
of end-to-end throughput performance5, but also in terms of its simplicity in implementa-
tion at the MSs.

4either positive or negative
5as shown in Chapter 4
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Chapter 7

Conclusions and Future Work

In this thesis, various link adaptive transmission mechanisms have been developed for
OFDM(A)–TDD based two-hop cellular networks with fixed relays. The systems investi-
gated operate based on IEEE 802.16e and IEEE 802.16j standards. The DL transmissions
to low mobility users have been considered with centralized control done by the BS. Va-
rious implementation issues have been identified and investigated for such networks.

In this thesis, an end-to-end link adaptation and selection method for wireless re-
lay networks has been proposed. A frame structure in order to enable this proposal in
OFDM(A)–TDD based cellular wireless relay networks has been developed. Simple and
efficient AMC decision rules have been developed for wireless relay networks. Such rules
are able to take into account the fading conditions in all the wireless links constituting a
relay network whereby the end–to–end throughput is optimized. The investigations show
that, the end–to–end throughput performance with the proposed link adaptation and se-
lection method is better than or equal to that of i) w/o relay transmissions and ii) fixed
relaying. The investigations further show that, with proper AMC algorithm, the AF based
relaying cannot outperform simple–AdDF based relaying over the region where relaying
improves the end–to–end throughput as compared to w/o relay transmissions. Hence,
transmissions with the DF scheme is promising as the error propagation can be avoided
by error detection techniques which are already inherent in wireless networks operating
based on IEEE 802.16 standards. These conclusions further agree that drawn from infor-
mation theoretic analysis presented in this thesis.

In this thesis, a scheduler for implementation in two-hop cellular networks has been
developed. This scheduler is able to consider all the instantaneous SINR conditions and
the end-to-end throughput in order to schedule the users on the radio resources. It guar-
antees that the system level performance is always better than that of a w/o relay system
and provides multi-user diversity. With this scheduler and multiple relays efficiently de-
ployed in the cell, the system level performance of various cooperative diversity schemes
has been investigated comparatively. When the instantaneous SINR knowledge is avail-
able at the transmitter, the investigations show that the cooperative selection diversity is
promising due to the following reasons. First of all, from the system level throughput
point of view, it can perform as good as more complex diversity schemes which require

119



CHAPTER 7. CONCLUSIONS AND FUTURE WORK

coherent signal combining at the destination. At a given sub-channel, it requires transmis-
sions either from the BS or the RS and hence allows rate adaptive relaying. This reduces
the interference in the system as well. These conclusions further agree that drawn from
information theoretic analysis presented in this thesis.

In this thesis, the end-to-end maximum achievable rate of various relaying schemes
has been analyzed. The performance comparisons are provided over the SINR region
where relaying improves the performance as compared to that of w/o relay transmission.
The analysis shows that the DF based relaying provides significant gain over the AF based
relaying for various relaying schemes. The AF based relaying on the other hand cannot
provide significant gain as compared to the DF based relaying. The analysis shows that
cooperative-MIMO scheme can provide an end-to-end achievable rate gain as compared
to other schemes such as cooperative-SIMO, cooperative-MISO, conventional relaying
and w/o relay. However, this gain can be achieved when γRD,i� γSD,i and γRD,i� γSR,i.
When γSR,i� γSD,i, γSR,i� γRD,i, cooperative-MISO scheme can achieve a higher end-to-
end maximum achievable rate as compared to that of other schemes. This is mainly due to
the fact that it provides not only post processing SINR gain, but also enables rate adaptive
relaying. As far as γSR,i � γSD,i and γRD,i � γSD,i, all the relaying schemes perform the
same. For such channel conditions, conventional relaying scheme should be used as it is
the least complex relaying scheme.

In this thesis, the inefficiency of having the same MAC-PDU size over all the links
constituting a multi-hop wireless communication system is investigated. To remedy this
inefficiency and to provide an end-to-end optimization, a hop adaptive MAC-PDU size
optimization is proposed. This proposal is analysed for two-hop wireless relay networks
with infrastructure based relays deployed at strategic locations in the cell. The perfor-
mance metrics are overhead reduction and goodput gain provided by the hop adaptive
MAC-PDU size optimization. When there are a total of three infrastructure based relays,
a single BS, and 23 low mobility users in a Mobile-WiMAX network with relay support,
the system level evaluations show that the average gain in goodput is 13% and average
gains in the header and CRC overheads in relayed links is 13.54%. The investigations
show that the average goodput gain via MAC-PDU size optimization reduces with in-
creasing number of relays in the cell. On the other hand, the proposal brings significant
reductions in the header and CRC overheads even with increasing number of relays in the
cell.

In this thesis, the synchronization issues for OFDM based wireless relay networks
have been presented. The time and carrier frequency offset issues have been analyzed.
It is shown that both the time offset and frequency offset are not problematic for infras-
tructure based relaying. The time offset problem can be overcome if the relays introduce
an appropriate delay to their transmissions. The duration of this delay depends on the
position of the relay relative to the BS. Furthermore, it depends on the transmit power
difference of the BS and the RS terminals and the delay spread of the channel. A new
method which can relieve the effects of ISI caused by the time offset problem has been
proposed. This method proposes to optimize the location of the FFT window at the MS
in a wireless relay network. Such optimization should consider the SNR difference of the
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BS→MS and RS→MS links, the relative time offset and the delay spread of the channel.
The complexity of various cooperative diversity implementations has been investi-

gated for MSs. Such investigation is done via implementing various cooperative diversity
schemes on FPGA. The analysis and such implementation results presented in this thesis
show that, the processing needed at the MSs to achieve cooperative-multi-antenna channel
benefits should be introduced only when there is throughput gain over conventional relay-
ing and w/o relay. By this way, the battery consumption at the mobiles can be reduced.

7.1 Future Works
The future works out of this thesis include, but are not limited to the investigation of the
following items:

• The transmission and reception with imperfect and/or reduced channel state infor-
mation,

• The transmissions to the users with high speeds. For such users, the sub-channel
allocation is done on frequency diverse sub-carriers to provide frequency diver-
sity [3]. In this case, new lookup tables should be prepared with average SINR
conditions as instantaneous SINR conditions cannot be taken into account due to
high variations in the channel,

• The reduction in power consumption at the MS by using the algorithms developed
in this thesis which introduce the cooperative diversity only when necessary,

• The transmissions with HARQ,

• The transmissions in a multi-cell environment with sectoring,

• The beamforming for the BS→ RS links which will further strengthen the link qua-
lity in the first hop. For transmissions in the BS→RS links, the use of beamforming
will allow to use higher rate modulation modes beyond 64-QAM. It can therefore
reduce the multiplexing loss with the use of rate adaptive relaying schemes.
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2. Başak Can (Inventor); Hiroyuki Yomo (Inventor); Elisabeth De Carvalho (In-
ventor); Jin-Kyu Koo (Inventor); Su-Ryong Jeong (Inventor); Young-Kwon
Cho (Inventor); Jae-Weon Cho (Inventor); Dong-Seek Park (Inventor); Hokyu
Choi (Inventor), "Hybrid Forwarding Apparatus and Method for Cooperative
Relaying in an OFDM Network", Korean Intellectual Property Office. Patent
nr.: KR2006-0033844. 2006-04-14.

• Peer Reviewed Conference Publications
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8. Frank H. P. Fitzek, Başak Can, Ramjee Prasad, Markos Katz, “Traffic Anal-
ysis of Multiple Description Coding of Video Services over IP Networks”,
Wireless Personal Multimedia Communications (WPMC), September 2004,
Abano Terme, Italy.
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and M. Imadur Rahman.

2. Maciej Portalski, “Hardware Aspects of Fixed Relay Station Design for OFDM(A)
Based Wireless Relay Networks”, 10’th Semester ASPI Project Report, 2007,
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