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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

Cooperative Diversity Aided Direct-Sequence Code-Divisn Multiple-Access Systems

by Wei Fang

In relay-assisted direct-sequence code-division mehgucess (DS-CDMA) systems, the dis-
tance between the relay and the destination receiver maigbiicantly shorter than that between
the source transmitter and the destination receiver. Tdrerethe transmission power of the relay
may be significantly reduced in comparison to that of the@®tnansmitter. In this thesis, we inves-
tigate the dependence of the achievable bit error ratio (BiEERormance of DS-CDMA systems on
the specific locations of the relays as well as on the powarisip among the source transmitters and
relays, when considering different propagation pathlagoeents.

This thesis is focused on the class of repetition-basederatipn aided schemes, including both
amplify-and-forward (AF) as well as decode-and-forward-YBchemes, with an emphasis on low-
complexity AF schemes. In our study, the signals receivedeatiestination receiver from the source
transmitters as well as from the relays are detected basadamge of diversity combining schemes
having a relatively low-complexity. Specifically, the mipdl ratio combining (MRC), the maxi-
mum signal-to-interference-plus-noise ratio (MSINR) #imel minimum mean-square error (MMSE)
principles are considered.

We propose a novel cooperation aided DS-CDMA uplink schemiare all the source mobile
terminals (MTs) share a common set of relays for the sakehiéaing relay diversity. As shown in
our study, this low-complexity AF-based cooperation siygtis readily applicable to the challenging
scenario where each source MT requires the assistancearbkeeparate relays in order to achieve
relay diversity.

Another novel cooperation scheme is proposed for the dakoli DS-CDMA systems, where the
downlink multiuser interference (MUI) is suppressed with tid of transmitter preprocessing, while
maintaining the relay diversity order facilitated by theestic number of relays employed, despite
using simple matched-filter (MF) based receivers. The irgitsr preprocessing schemes considered

include both the zero-forcing (ZF) and the MMSE-assistedragements, which belong to the class



of linear transmitter preprocessing schemes. Furtherntlbese transmitter preprocessing schemes
are operated under the assumption that the base statian'smitter employs explicit knowledge
about the spreading sequences assigned to the destinalien bt requires no knowledge about
the downlink channels. Our study demonstrates that theogegprelay-assisted DS-CDMA systems
using transmitter preprocessing are capable of subdtgntigtigating the downlink MUI, despite

using low-complexity MF receivers.
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Chapter

Introduction

1.1 Research Background and Motivation

Diversity techniques can be beneficially adopted in wielesmmunications systems in order to
mitigate the detrimental effects of wireless channels lpl@ting the diversity gain provided by the
independently faded diversity branches. In cellular vesslcommunications, multiple antennas may
be deployed at the base station (BS) in order to achieveasmhtiersity at no extra transmission
time and bandwidth expansion requirement. However, it igllg not feasible to employ multiple
antennas at the mobile terminals (MTs) due to the size amdisfgocessing constraints of the MTs.
In wireless communications systems, geographicallyidigied MTs may cooperate with each other
in order to achieve transmit/receive diversity in uplirddahlink transmissions by creating a virtual
antenna array (VAA). The diversity achieved by the coopenadf MTs is referred to as cooperative
diversity [2, 14—-31], which achieves spatial diversity.

The basic ideas behind cooperative communications carmbedback to the classic relay chan-
nels, as modelled in Figure 1.1 and originally examined by der Meulen [32, 33]. Cover and El
Gamal [34] have evaluated the capacity of both the Gaussiay channel and the discrete relay
channel. Furthermore, in [34] the achievable lower bourttiéacapacity of the general relay channel
has also been established. Ktaratal.[35] have considered several coding strategies for reildgea
networks, including both decode-and-forward (DF) and thragress-and-forward (CF) strategies as
well as their combinations. The distinctive property obsehided networks in general is that certain
terminals, referred to as ‘relays’, receive, process artdaresmit the information-bearing signals of

interest in order to improve the performance of the systepectically, cooperative diversity allows

2
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Relay Terminal

hsr hrp

h'SD

Source Terminal Destination Terminal

Figure 1.1: lllustration of a fading relay channel.

single-antenna MTs operating in a multi-user scenario &vestheir antennas, creating a VAA so as
to achieve spatial diversity in a distributed fashion. Inrendetail, a cooperative transmission aided
system is constituted by a set of wireless terminals, whiisimit signal replicas over multiple inde-
pendently fading channels in the network. These indepdhydtaled signal replicas may allow the
distant receiver to average out the channel-induced redeignal fluctuations resulted from various
types of fading. Therefore, cooperative diversity is aehikby exploiting the broadcast nature of the
wireless transmission medium, where the transmitted Egran be received and processed by any
number of terminals, provided that these terminals acquared hence employ the knowledge nec-
essary for the demodulation of the transmitted signals. s€guently, in wireless communications,
instead of transmitting signals independently to theemaked destinations, different MTs may listen
to each other’s transmissions and jointly transmit théornmation [17,36—41] to the BS, as shown in
Figure 1.1. For example, in the simple relay-assisted aabige diversity aided scheme [17,36—-41]
shown in Figure 1.1, the data transmitted by a source tetmiag be first demodulated and then
forwarded to the destination terminal by a cooperating ieainnamely the relay terminal. In this
context, cooperative diversity is usually referred to dayreliversity.

Code-division multiple-access (CDMA) [42, 43] is one of ey techniques in the global stan-
dards employed for 3G wireless communications, such as C20dA [44], W-CDMA [45] and TD-
SCDMA [46], defined by the International Telecommunicatidgmion (ITU). It is likely to remain a

dominant multiple-access (MA) technique in the B3G and 4&less networks. In contrast to time-
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division multiple-access (TDMA) or frequency-division ttiple-access (FDMA) systems, where the
time or frequency dimension is partitioned among the useiISDMA systems all the users transmit
their signals at the same time within the same frequency batidthe aid of the unique spreading
codes assigned to different users. Furthermore, since thero need for precise time or frequency
coordination among the users, the users in CDMA systems reasrit asynchronously without
the requirement for an accurate tranmission schedulinglirett-sequence code-division multiple-
access (DS-CDMA) systems, relay diversity can be achieydgdocooperation of a number of MTs.
This thesis aims for contributing to the development of @vative DS-CDMA systems, where both
uplink and downlink transmissions are considered. Variougperation strategies are proposed for
the relay-assisted DS-CDMA systems considered, which apalde of substantially improving the
performance of the uplink/downlink transmissions. Fumthare, a wide range of high-efficiency de-
tection/transmission schemes are invoked. The perforenafihe relay-assisted DS-CDMA systems
considered is investigated by both analysis and simulafitve organization and novel contributions

of the thesis can be summarized as follows.

1.2 Thesis Outline and Novel Contributions
The outline of the thesis is as follows.

e Chapter 2: In this chapter we provide an overview of the related work aoperative diversity.
Specifically, we focus our attention on the family of repetitbased cooperative schemes and
coded cooperation. The repetition-based cooperativarseheonsidered may be configurated
either in the amplify-and-forward (AF) or the decode-andafard (DF) mode of operation.
The coded cooperation schemes are associated with chaytiegc For each specific cooper-
ative scheme considered, a brief problem formulation amfibpeance analysis are presented.
Finally, simulation results are provided for characterigzithe achievable performance of the

cooperative schemes invoked.

e Chapter 3: In this chapter we commence our discourse by studying a dileysity scheme
designed for the DS-CDMA uplink supporting a single useremehthe user is assisted by
several relays. In the proposed relay diversity schemeparation is based on time-division
(TD), where each symbol-duration is divided into two timets During the first time-slot, the
source MT transmitter transmits signals to both the relaygksthe BS, while within the second

time-slot the relays transmit their signals received fréma source MT in the first time-slot
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to the BS. Specifically, in this chapter the BER performanicthe relay-assisted DS-CDMA
uplink is investigated for transmission over generalizeak&gjamim fading channels, where
the signals transmitted from the source MT to the relays &edBS, as well as those from
the relays to the BS receiver may experience differentlyriiged fading. The simplifying
assumption of considering fast fading only in the absenqeafagation pathloss is stipulated
as a first step in our investigations. In this chapter the BERopmance of the proposed relay-
assisted DS-CDMA uplink system is also investigated in @ociion with appropriate power
allocation, when the effects of both propagation pathleskfast fading are considered. Three
types of detection schemes are invoked. The first one is amadxatio combining (MRC)-
assisted single-user receiver (SUR) scheme, which maggritze output signal-to-noise ratio
(SNR) without taking into account the interference amorgrlays. By contrast, the other
two detection schemes are the multiuser combining (MUCess, which are capable of
suppressing the interference experienced by the relayexif@ally, one of the MUC schemes
is the maximum signal-to-interference-plus-noise ratd@(NR) arrangement, while the other
one is derived by minimizing the mean-square error betwbkenransmitted data and the soft

outputs of the linear combiners, which is referred to as tih&E-MUC.

e Chapter 4: The single-user multiple-relay aided scenario studiedhapfer 3 is extended to
the DS-CDMA uplink system supporting multiple users. In study, again, the generalized
Nakagami fading channel model is considered in the presenalsence of large-scale fading.
Specifically, in this chapter two different cooperatioragtgies are proposed and investigated
based on how the relays are assigned to the source MTs. lotiext of the first cooperation
strategy, which is referred to as Cooperation Strategych saurce MT is assisted by sepa-
rate relays and therefore the DS-CDMA system requires hdbt& L relays for supporting¢
source MTs. Hence, this cooperation strategy may requiexeessive number of relays, when
the value ofK and/orL is high. In fact, the required number of relays may not beitgadail-
able. Hence, in our second cooperation strategy, whicHésresl to as Cooperation Strategy
I, each relay serves several source MTs for the sake of éolieelay diversity. Furthermore,
in this chapter, two low-complexity detection schemes, elgithe MRC-assisted SUR and the
MSINR-assisted MUC are invoked at the BS. Additionally,he tontext of Cooperation Strat-
egy |, the MMSE-based multiuser detection (MUD) is emploge@ach relay for processing
the signals. By contrast, according to Cooperation Stydiethe signals received at the relays

are directly forwarded to the BS without demodulation.
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e Chapter 5: In this chapter, the BER performance of the relay-assist8ddDMA downlink is
investigated for transmission over generalized Nakagadinf channels both in the presence
and in the absence of large-scale fading. We assume thaiSt@8a single transmit antenna
and each MT is aided by, relays during their downlink transmission. The MMSE-MUD is
applied at each relay to mitigate the multiple access ieterfice (MAI). Finally, the signals
received at the destination MT are combined based on eifleeMRC-SUR or the MSINR-
MUC operation.

e Chapter 6: In this chapter we propose and investigate a relay-assid&@DMA downlink
system, where transmitter preprocessing is employed iardadachieve relay diversity. In
the proposed relay-assisted DS-CDMA scheme the downliriiusar interference (MUI) im-
posed on the relays and the MTs is suppressed with the ai@ aetto-forcing (ZF) or MMSE
transmitter preprocessing applied at the BS. In order togedhe implementation complexity
of transmitter preprocessing, we assume that the BS egmloly the knowledge of the spread-
ing codes of all the MTs, but assumes the availability of mthier information gleaned from
the relays. Furthermore, we assume that the transmittprgessing employed does not make
use of any information concerning the channels spanning fte BS transmitter to the MTs.
In this chapter the BER performance of the relay-aided D3ABDIownlink using transmitter
preprocessing is investigated for transmission over gdired Nakagamin fading channels
in the presence or absence of propagation pathloss. Fittedlgignals received at the destina-
tion MTs are combined based on the MRC-SUR or MSINR-MUC ppile; as in the previous

chapters.

e Chapter 7: Finally, in Chapter 7 we summarize the thesis and providecounclusions. Fur-

thermore, in this chapter recommendations for future rebeare also provided.
The novel contributions of the thesis can be summarized as fows.

e The BER performance of the relay-assisted DS-CDMA uplinkwestigated for transmission
over various fading channels [47,48]. In our investigagiome assume that the channels span-
ning from the source MTs to the BS and relays as well as thase fne relays to the BS may
experience different fading profiles, which are modelledNakagamim distributions associ-

ated with different fading parameters.

e The BER performance of the relay-assisted DS-CDMA uplinkwvestigated, when the com-

munications channels experience both propagation patlaod fast fading [49-51]. We as-
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sume a cooperative system, where the relays are chosenvicihigy of the BS. In this case,
the distance between the relays and the BS may be significstmkter than that between the
source MTs and the BS. Therefore, the transmission poweireshby the relays may be low
due to the less severe propagation pathloss. Consequaettgtal transmission power required
for transmitting a single bit may be beneficially shared lestvthe two time-slots so that the
best BER performance can be achieved. Therefore, the imp#oe power-allocation among
the source MTs and relays as well as the influence of the rdiagation on the achievable
BER performance of the relay-assisted DS-CDMA uplink i® atsestigated [49-51].

¢ In DS-CDMA systems, each user is distinguished by his/hequsspreading code. Hence, a
single relay may serve many MTs in order to assist them teesehielay diversity, provided that
the relay has a sufficiently high power for transmission sdbrresponding BS. In this thesis
a low-complexity AF-based cooperation scheme is proposethé relay-assisted DS-CDMA
uplink [49, 50, 52] and we refer to this as Cooperation Sgpaié This cooperative scheme is

beneficial in the scenario where more relays are requirgdttinumber of available ones.

e A cooperation scheme designed for the DS-CDMA downlink appsed, where the downlink
MUI is suppressed with the aid of transmitter preprocessengied out at the BS [53, 54]. In
this cooperation scheme, the MUI within the first time-skmiitigated with the aid of ZF or
MMSE transmitter preprocessing. By contrast, the inteayrénterference within the second
time-slot can be suppressed with the aid of various MUD seweoperated at the MTs. Note
that in our proposed low-complexity cooperation aided stde the transmitter preprocessing
is only dependent on the knowledge of the spreading segseassgned to the destination

MTSs, but requires no knowledge about the downlink channels.

¢ In this thesis, the performance of relay-assisted DS-CDWyBesns is investigated, when vari-
ous low-complexity detection schemes are invoked [47-5b¢ detection schemes considered
include the MRC-SUR, the MSINR-MUC, the MMSE-MUC, etc. Th&B performance of
the relay-assisted DS-CDMA systems associated with veigooperation schemes and diverse
detection schemes is investigated, when the channels igced may experience propagation
pathloss and different types of fast fading modelled by gaized Nakagami fading associated

with different fading parameters.



Chapter

Overview of Cooperative Wireless

Communications

2.1 Introduction

Transmission over wireless channels suffers from fadingclvcan be mitigated by the employment
of various diversity techniques [21,24,28,37, 38,41, 8-k wireless communications, diversity is
achieved by effectively combining a signal’s copies thaiezgience independent fading in time, fre-
quency and/or space, which are correspondingly referrad temporal diversity, frequency diversity
and spatial diversity, respectively [59—-64]. In particulspatial diversity is generated by transmit-
ting/receiving signals from geographically separatedtions, so that multiple independently faded
replicas of a signal are available at the receiver. In stthe-art wireless communications, spatial
diversity techniques are particularly attractive andrfiigh spectral efficiency, since the correspond-
ing techniques do not incur an additional transmission {&hoé or extra bandwidth [61-64]. Spatial
diversity may be achieved by the deployment of multiple anés at the transmitter or at the receiver,
or at both. However, in cellular wireless communicationss usually only feasible to deploy mul-
tiple antennas at the base station (BS), while it is not tedeasible at the mobile terminals (MTs),
due to the compact size of the mobile units. In recent yehesethas been an upsurge of interest in
cooperative diversity as a distributed means of improvivghit error ratio (BER) performance and

system capacity [2, 14-31].

As mentioned previously, the broadcast nature of the weset®@mmunication medium is the key

8
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— Userl

----» User2

Figure 2.1: lllustration of cooperative communications.

property that allows for cooperative communications amwirgless terminals, since the transmitted
signals in principle may be received and processed by anypauwof terminals [16—19]. In a coop-

erative communications system, each wireless user maysactransmitter as well as a cooperative
agent for another user, as shown in Figure 2.1, where user gty the signals transmitted by user
1 to the BS, so that a diversity order of two can be achievediger 1. Similarly, user 1 can assist

user 2 in order to communicate with the BS and hence to achieleersity order of two.

In the context of cooperative diversity research, Lanepta [19] have developed and analyzed
a variety of low-complexity cooperative diversity proté&oso as to combat the fading induced by
multipath propagation in wireless networks. Specificafly19] several cooperation strategies have
been proposed, which include the family of fixed relayingesahs, selection relaying schemes and
the so-called incremental relaying schemes. The familyxefffirelaying schemes includes amplify-
and-forward (AF) [65,66] and decode-and-forward (DF) [@fangements. By contrast, the selection
relaying schemes [68, 69] adapt their transmission regiasedb upon measurements of the channel
between the cooperating terminals, while the incrememtalying schemes [69] adapt based upon
the limited feedback received from the destination termirgpecifically, in the selection relaying
schemes the relay forwards the signal it received from thecgsousing either the AF or DF method,
if the measured channel amplitude at the relay lies abovetaicahreshold, otherwise the relay
becomes silent and the source simply continues its trasgmi$o the destination in a conventional
manner. In contrast to the selection relaying schemesntirernental relaying schemes exploit the

limited feedback received from the destination, which mayfdr example a single bit indicating
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the success or failure of the direct transmission, thusltireguin an improved spectral efficiency
in comparison to both fixed and selection based relayingrnsebe In [16] the performance of a
communications system has been investigated when bothRlanéd the DF cooperative schemes are
considered. It has been shown in [16] that the less complexddperative scheme is capable of
achieving a similar BER performance as the more complex Dpe@tive scheme for transmission
over Rayleigh fading channels. Angtetlal. in [37] have further extended the cooperative scheme
considered in[16,17]. In [37] number of AF relays have been assumed and the average symdvol e
ratio (SER) has been analyzed for transmission over Rayfeiding environments. Furthermore,
in [37] a tight probability of error bound has been obtain@te bound obtained in [37] shows that
the AF-based cooperative scheme is capable of achievinméxdimum attainable diversity gain in
the high SNR region, which is determined by the number of pedeently faded received signal
replicas. In [2, 14] Sendonarist al. have developed a generalized interference channel model i
order to investigate both the achievable rate regions amdsociated outage probabilities for the
family of cooperative wireless systems. Furthermore, 14 a range of cooperative schemes have
been proposed for CDMA systems. In parallel to the work bydraanet al., Hunter in [70] has
proposed an alternative cooperation framework, whichfeymed to as coded cooperation (CC), since
cooperation is carried out after protecting the signal tgnetel coding. In the CC-based cooperations
each MT attempts to transmit incremental redundancy fqrédttner, instead of simply mirroring the

bits received from the remote transmitter, as in the AF or Elfeme.

It is worth noting that the achievable transmission ratedkiced in a single-relay-aided network,
since wireless terminals cannot transmit and receive samebusly within the same frequency band.
Ribeiroet al.[71] have proposed a solution to circumvent this restichy utilizing two physical re-
lays to simulate a single logical relay. To elaborate furtbae of the relays repeats the even-indexed
frames received from the source transmitter in odd timesslohile the other relay repeats the odd
frames received from the source transmitter in even tiratssln order to recover the multiplexing
loss of the half-duplex relay network, Fahal.[72] have considered a similar transmission protocol
to that outlined in [71] for a two-relay wireless network, evh the source transmits the codewords
continuously, which are successively decoded and forvaalbgewo relays in turn. Zhangt al.[73]
have also proposed a full-rate cooperative scheme forchgifex wireless relay networks by em-
ploying block-based transmission. However, the relayséirtproposed cooperative scheme operate
simultaneously rather than operating alternatively in egbesigned order as proposed in [71, 72].
Tailored for block-based tranmission, in [73] a distrilmitgpace-time design was proposed by em-

ploying a signal-space diversity technique at the sousrestnitter, which superimposed the resultant
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signal on a unique signature vector at each relay. Cooperathemes designed for increasing the
achievable rates have also been explored in the litera@e’i—78]. Security as well as privacy are
among other pivotal conerns in the context of cooperativeses, which have been addressed in
great detail in the literature [79—-82]. While there are masyes to be considered when it comes
to cooperative schemes, we mainly focus our attention oath@&vable cooperative diversity in our
forthcoming investigations.

Below we provide a more detailed review of the related work@operative diversity. Then, some
simulation results are presented in order to charactdrezparformance of cooperative diversity aided

schemes.

2.2 Cooperation Protocols

In this section we focus our attention on the summary of tteded work on repetition-based cooper-
ation, which in general can be classified as eitmaplify-and-forward(AF) or decode-and-forward
(DF) method. By contrast, in coded cooperation [70], moghigiicated channel coding is used as
opposed to employing simple repetition-based cooperalibe cooperation aided schemes presented

in this section include

e user cooperation schemes proposed by Sendostzaisin [2];

time-division multiple-access (TDMA)-based cooperagpretocols proposed by Nabat al.
in [64];

multi-relay-assisted diversity schemes proposed by Anghal. in [37];

orthogonal cooperative diversity arrangements propogdddhinthanet al. [56, 74];

low-complexity cooperative protocols proposed by Lanemsizal. in [15, 19];

e coded cooperation schemes proposed by Huettat in [70].

Let us first consider the user cooperation schemes studi€ghgonari®t al. in [2].

2.2.1 User Cooperation [2]

2.2.1.1 Introduction

In their two-part paper [2], Sendonaes al. have presented a novel method of generating transmit

diversity for mobile users, which is referred to as user evafon. Specifically, in this paper a user
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cooperation strategy has been proposed and the pracstasiselated to its implementation have
been investigated. In the proposed user cooperation gyratach user has a ‘partner’ in the same
cell. Each of the two partners is responsible for transngttot only his/her own information, but
also the information of the partner. This cooperation sthatessentially attempts to achieve spatial
diversity with the aid of the mobile partner's antenna. Ifj [the optimal as well as suboptimal
receiver designs have been considered and the achievafibenpence has been investigated in the
context of conventional CDMA systems. When a two-user systeconsidered, the results provided
in [2] show that the employment of cooperation not only alcawn increase in capacity for both the
users, but also results in a more robust system, where tihg ashievable BER is less susceptible to
channel-quality variations.

To be more specific, the cooperation model investigated Jins[8hown in Figure 2.2, where
both users have their own information to send, which is dmhdty W, for i = 1,2. As shown in
Figure 2.2, each of the mobile&{ and E») receives an attenuated and noisy version of the partner's
transmitted signal. This contaminated signal is combinéH ks own data in order to construct a
transmit signal. At the base station (BS) a noisy versiomefdum of the attenuated signals received
from both users is used for extracting the information tnaitted by the two users. Mathematically,

the cooperation model of Figure 2.2 can be described as

Yo(t) = hiow1(t) + haowa(t) + no(t), (2.1)
Y1 (t) = h21x2 (t) + nl(t), (22)
Y2 (t) = hlgl‘l (t) “+ no (t), (23)

wherey(t), y1(t), andy,(t) are the baseband equivalent signals received at the BS] aset user
2 respectively within a single symbol periokly, i = 1,2, is the fading coefficient of the channel
connecting usei and the BSh;; is the fading coefficient of the channel spanning from uderuser
J, zi(t), i = 1,2, is the signal transmitted by usérwhile n;(t), ¢ = 0, 1,2, is the additive white

Gaussian noise (AWGN) at the BS, user 1 and user 2, respigctive

2.2.1.2 Channel Model

In [2] it is assumed that the channel between any user and3texBeriences non-frequency-selective
fading. The channel is therefore assumed to be constanableast one symbol period. Furthermore,

perfect interference cancellation is assumed at each enobgr, implying that each user receives
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Figure 2.2: User cooperation model proposed by Sendoredré in [2].

signals only from its partner, and there is no interferenaetrioution imposed byzo(t) on ya(t)

or by z1(t) ony;(t). This assumption is applied so that we can focus our atremtiothe benefits
of using cooperation in the most general case. In additiothéoabove-mentioned assumptions,
the model proposed in [2] also makes the following assumptidhe transmitted signal;(¢) has
an average power constraint &f for i = 1,2; the noise termsy;(¢), i = 0,1,2, are complex-
valued white Gaussian random processes with a power spdemaity of V; per dimension; the
fading coefficients{h;;} are assumed to be zero-mean complex-valued Gaussian rasdiatles,
corresponding to Rayleigh fading. Furthermore, it is asstithat user 1 can perfectly estimate the
channel impulse response (CIR); and user 2 the CIR2, and that the inter-user channels are
reciprocal, i.e. we havky; = hio. Finally, it is assumed that the BS is capable of perfectgking
bothhyg andhqyg.

2.2.1.3 Cooperation in CDMA Systems

Without loss of generality, let us consider a BPSK-assi€§BiMA system, where each user is as-
signed a unique spreading code. For simplicity, we assuatdlte users’ codes are orthogonal and

that the coherence time of the channeLissymbol periods, i.e. all the fading coefficients remain
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approximately constant ovdry symbol periods. Note that instead of using orthogonal shnga
codes, any other classes of spreading codes may be emplogeder to achieve a near-single-user
performance with the aid of multiuser detection [83]. As aamaple, let us assume that we have
Ly = 3. Then the non-cooperative and cooperation aided schenj2paain be described as follows.
For the conventional non-cooperative scenario, the ssginahsmitted by the two users during three

consecutive symbol periods can be expressed as

Period 1 Period 2 Period 3
21(t) = adMes(t),  abPes(t),  arpPeq(t), (2.4)
2o(t) = abVes(t),  abPest),  ab$es(t),

Whereby) is theith bit of userj, ¢;(t) is the spreading code of useanda; = \/P;/Ts, whereP;

denotes the transmission power of ugewhile 7; denotes the symbol period.

When the two users decide to cooperatively transmit théirimation, they first determine their
cooperation mode, such as the total number of CDMA spreactilgs employed by the two users
as well as their baseband modulation scheme. Specificattgrding to the user cooperation strategy

proposed in [2], the two users may transmit their informats:

Period 1 Period 2 Period 3
() = andMe(t),  abPe(t),  abPer () +aadses(t), (2.5)
l’g(t) = aglbgl)CQ(t), a22b§2)62(t), a236§2)61 (t) + a24bg2)62 (t),

Whereégi) is the estimate obg.") transmitted by usej within the ith symbol period. In (2.5) the
parametet.;; controls the power allocated to a user’s own bits versugdttae bits of his/her partner,

while maintaining a constant average power constraidt;dbr user;.

As shown in (2.5), Period 1 is set aside for both users to n#rtkeir first signals to the BS and
there is no communication between the two users, since bettrtamsmitting. By contrast, Period 2
is used to transmit the second information replibﬁé andbgz) to the BS as well as to their partners.
Note that this communications regime requires that thesusan both transmit and receive at the
same time. The simplifying assumption of simultaneoussimaasion and reception can be relaxed
by adopting the more realistic assumption that a terminahgatransmit and receive simultaneously,
as exploited, for example, in [41] by Nabat al. in Subsection 2.2.2. Once the second symbols

b&z) and béz) have been estimated by user 2 and user 1, the correspondiimgaml;g?) andééz) are
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Figure 2.3: A graphical illustration of the cooperation scheme propdsg Sendonarigt al. in [2] for the
special case afg = 6, L. = 2.

superimposed oh§2) and b§2) employing user-specific spreading codes, as seen in (8.5)yder to
construct the composite cooperative signals, which aretesghe BS only during Period 3. Observe
that, as shown in (2.5), Period 3 is used to send a replicaeadeibond information signal originally
sent during Period 2 to the BS. This implies that each of tleesusnly sends two bits in three symbol
periods. By contrast, for the conventional non-coopeeaflDMA system characterized in (2.4), three
bits are transmitted by each user within three symbol periddherefore the effective throughput of

the CDMA system using user cooperatior2js.

Equation (2.5) specifies the case bf = 3, L. = 1. For the general case consideriig
symbol periods, each of the two partners may &g of the L, periods for cooperation and the
remaining(Lo —2L..) periods for transmission of non-cooperative informatighereL. is an integer
assumed to be a value betweeand Ly /2. Specifically, whenL. = L(/2, the two users are in full
cooperation, i.e. they cooperate during all fiesymbol periods. By contrask,. = 0 corresponds
to no cooperation between the two users. For example, tmagoeof equation (2.4) corresponds to
Ly = 3 and L. = 0, while that of equation (2.5) correspondsiig = 3 and L. = 1. For any given

Ly and L., the cooperative scheme can be described as follows [2]:

anb{es (t), i=1,2,..,Ly,
21(t) = { agblE D (4, i=Lp+1,L,+3,...Lo—1
a13b§L"+i)/201(t) + a14B§(Ln+i)/2)Cz(t)a i=Ln+2,L,+4,.., Lo
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aglbg)CQ(t), 1= 1,2,...,Ln
22(t) = § agbS T D )4, i=L,+1,L,+3,..Lo—1  (2.6)

whereL,, = Ly — 2L., anda;; is chosen to satisfy the power constraints so that we have

1
L_O(L"G%I + Lc(afz + a%3 + 0%4)) = P,

1

L—O(Lnag1 + Le(a3g 4+ a3 +a3y)) = P (2.7)

A graphical illustration of the cooperation scheme proplose[2] is depicted in Figure 2.3 for the
specific case ol = 6, L. = 2. Let us now take a close look into the achievable performandee

user cooperation aided scheme proposed in [2].

2.2.1.4 BER Performance

Assume that the received signals are observed at the BS/@exeising a chip-matched filter, as
shown in [83]. To simplify the analysis, orthogonal spregdcodes are assumed albeit this is not
a necessary condition for supporting user cooperationthEumore, for convenience, we focus our

attention on user 1 and remove all the extraneous subsarigtsuperscripts related to this user.

1) Error Ratio for the Non-cooperative PeriadgVithin the firstL,, non-cooperative periods, the
two users send only their own data, which is received andctigteonly by the BS. In this case,
the signal transmitted by user 1x$ = a11b:€1, which is received at the BS according ytp =
h1oX1 + hooXe + Ng. Due to the orthogonality of the spreading codes, the estimBuser 1's bit

during the non-cooperative periods is given by

N . h* . "
by = S|9n< ]\1[0 C{y0> = sign(|h1o|?a11b1 + Rigno), (2.8)

where we havey ~ N (0, Ny/2E,), N is the spreading gairfy, = PT, represents the energy per
bit and IV /2 is the double-sided power spectral density (PSD)gf). According to (2.8), the BER

of user 1 can be expressed as [5]

2F,
P, =Q (\hlo\all ﬁ) : (2.9)
0
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Let us now derive the BER of the DS-CDMA when the two users eoafe with each other.

2) Error Ratio for the Cooperative PeriodsAs shown in Section 2.2.1.3, during the periods
ofi = L,+1,L, 4+ 3,..., Lo — 1, each user transmits only his/her own data, which is redeive
and detected not only by the partner but also by the BS. Farerience, these periods are referred
to as ‘odd’ periods. Within the ‘odd’ periods, the signalnseitted by user 1 is given by, =
a12bic;. Correspondingly, the signal received by the correspapdartner is/; = hi2X; +ny, while
that by the BS ig/3% = hygx; + haoXe + N3, wherex, represents the signal transmitted by the
partner. According to the user cooperation strategy, thi@ausey; to form a hard estimate fdx,

according to the decision rule bf = sign((1/N)h%,c’y,). In this case, the BER d# is given by

2F
P, =Q <|h12|a12 Fb> ; (2.10)
1
where N, /2 is the double-sided PSD of;(¢). By contrast, based oyg?, the BS forms a soft
estimate ob,, which can be expressed as
osa = —cTygdd (2.11)
1Yo
This soft estimate will be combined with the informationnsenitted by user 2 in order to form the

final estimate ob; as discussed below.

As discussed in Section 2.2.1.3, during the periods-efL,, +2, L,,+4, ..., Ly, the two users co-
operatively transmit the superimposed DS-CDMA signhaldctvhare received by the BS. Correspond-
ingly, these periods are referred to as the ‘even’ periodthikiMhe ‘even’ periods, the superimposed

transmitted signals of the two users are

Xi = ai3hiCr + a14baCs (2.12)

Xo = a23b1C1 + a4baCo.

Correspondingly, the BS’s received signal within the ‘éyeeriods becomeg;'®" = hioX; + haoX2 +
ng'*". Hence, the soft estimate bf is given by
even

1
Yeven = NCTYQ . (2.13)
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When simplifying (2.11) and (2.13), we can express the spwading soft values as

= higayeb; +n
Yodd 1021201 odd (2.14)

Yeven = hi10a13b1 + haoa2sbi + neven

where bothrnggg and neven are Gaussian noise samples distributed accordiny (@ Ny /2FE}). Fi-

nally, y,4q¢ andy..., are combined in order to form the estimatehpfccording to

b1 = sign([hjga1a A(Rjpais + h3gazs)]y), (2.15)

where we haveg = [yodd ye\,en]T1 /ZTEOb and\ € [0, 1] is a measure of the BS’s confidence in the bits
estimated by the partner. Note that= 1 corresponds to the maximal-ratio combining (MRC) [5].
In [2], Sendonari®t al. refer to the detector of (2.15) as theMRC.

Finally, the BER ofb; having the decision variable of (2.15) can be expressed]as [2

vivy vivy

I )
\/ VIV, \/ VIV,

where we havevA = [h’{oalg /\(hfoalg) + h;oagg)]T, Vi = [h10a12 (h10a13 + h20a23)]T\ / 2TEOZ’

andvy = [hloalg (h10a13 — hgoagg)]T 2TE§’, while P812 is given by (210)

P,=(1-P,,)Q + P.,Q (2.16)

Let us now consider the principles of cooperation aidedmessbased on time-division multiple-
access (TDMA).

2.2.2 TDMA-based Cooperative Protocols

Nabaret al. [41] have investigated the basic principles of a coopegativersity aided scheme, which
invokes a simple fading relay channel, where the sourcéinaéisn and relay terminals are equipped
with a single antenna. In [41], three types of TDMA-basedpamative protocols have been consid-
ered, which are classified according to their grade of ¢otli€xperienced during the broadcast and
receive phases. In the schemes proposed by Nalar[41] the relay terminal is operated either in
the AF mode or in the DF mode. Again, the spatial diversityedigerformance of the various pro-

tocols has been investigated in [41] and it can be shown thiasdatial diversity may be achieved

LFulr diversity is defined as the maximum achievable ordediversity, which is determined by the total number of
independently faded diversity components.



2.2. COOPERATION PROTOCOLS 19

Time Slot/Protocol I Il "
1 S—R,D S—R,D S—R
2 S—D,R—D R—D S—D,R—D

Table 2.1: The three types of TDMA-based cooperation protocols pregas [41].

by certain protocols, provided that accurate power congr@mployed. Below let us consider the

corresponding cooperation protocols in more detail.

2.2.2.1 Protocol Descriptions

The cooperative system considered in [41] obeys the steiciiown in Figure 1.1, where data is
transmitted from the source terminal S to the destinatiomiteal D with the assistance of the relay
terminal R. It is assumed that all the terminals are equippigid a single antenna for transmission
and reception. While in the first study co-authored by Seadset al., the simplifying assumption
of simultaneous transmission and reception was explolharet al. [41] adopted the realistic
assumption that a terminal cannot transmit and receivel&maously. The relay terminal assists
the source in its communication with the destination teahirsing either the AF mode or the DF
mode. Specifically, in the AF mode, the relay terminal simgatyplifies the signal received from the
source terminal and re-transmits it to the destinationivece For the AF mode, no demodulation
or decoding of the received signal is performed. By contriasthe context of the DF mode, the
signal received from the source terminal is first demoddlated decoded, before being re-transmitted
to the destination receiver. Explicitly, the AF mode imposesignificantly lower implementation
complexity than the DF mode. Nabetral. in [41] have proposed three types of cooperation protocols
for both the AF and DF modes, depending on the ‘degree of loastithg’ and on the grade of collision
during reception in the network. Here the degree of brodthgps defined as the number of terminals
that simultaneously listen to the source terminal. Spedificthe degree of broadcasting is two, if
both the R and the D terminals listen to S, while it is one ifyoRl or D listens to S. A collision
occurs, when the signals received from more than one teframiae at the destination terminal,
which overlap in time. The grade of collision is said to be kiighest, if D receives information
perfectly simultaneously from both S and R.

The three protocols proposed in [41] are summarized in Talllewhere A— B represents that
there exists a link between terminals A and B. In more detiadse protocols can be described as

follows.
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Protocol I: As shown in Table 2.1, as far as Protocol | is concerned,dhece terminal transmits to
both the relay terminal R and the destination terminal Drduthe first time-slot. During the
second time-slot, both the source and relay terminalsrmdrts the destination terminal. This
protocol results in the maximum degree of broadcasting hadrtaximum grade of receive

collision.

Protocoal II: In the context of this protocol, as shown in Table 2.1, therse terminal transmits to
both the relay terminal and the destination terminal dutirefirst time-slot. During the second
time-slot, only the relay terminal transmits to the destoraterminal, while the source terminal
ceases transmission. This protocol benefits from the maxirdegree of broadcasting and
suffers from no receive collision. Furthermore, this poolas suitable for a communications
scenario where the source terminal engages in data recejptim another terminal in the

network during the second time-slot and therefore it is lenaibtransmit.

Protocol Il : For the third protocol considered in [41], as shown in Téhle both the source and
relay terminals operate in the same way as in Protocol |. Mewéhe destination terminal only
receives during the second time-slot. This protocol doagselp on broadcasting, but suffers
from receive collision. This protocol is suitable for theesific scenario where the destination
terminal is engaged in the transmission of data to anotherinal during the first time-slot.
Hence, the signal transmitted by the source terminal cantmnleceived by the relay terminal
during the first time-slot, which is then buffered for subsemt forwarding during the second
time-slot. As shown in Table 2.1, during the second time$h@ destination terminal receives

information from both the source terminal and relay terdsina

2.2.2.2 Signalling Model

As in [41], we assume encountering frequency-flat fadingiokés and that no channel knowledge is
available at the transmitter, but exploit the idealizedmifying assumption that perfect channel state
information (CSI) is available at the receivers. In moreadgtve assume that the S R channel

is known to the relay terminal, while the S D, R — D, and S— R channels are known to the
destination terminal. Furthermore, we assume perfectsgnezation. Since Protocols Il and Il can
be readily derived by extending Protocol |, we first derive signalling models for Protocol I, when

it uses AF and DF modes. These signalling modes are thendeddor Protocols Il and IIl.

Input-Output Relationship in the AF Mode. Let us first consider the input-output relationship for
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Protocol I. Let the signals transmitted by the source teafdaring the first and second time-slots be
denoted byr,[n] andzo[n], respectively, where is the time-slot index. Consider simplified symbol-
by-symbol rather than the more realistic frame-by-frameelatransmission, hence, the time-slot
indexn can be removed for simplicity. In this case, as shown in Talle during the first time-slot,
the source terminal transmitg to both the relay and destination terminals. The signalivedeby

the destination terminal can be expressed as

yp,1 =V Esphspxi +np 1, (2.17)

where Esp represents the average signal energy received at the atestirierminal over a single
symbol period through the S D link, which takes into account both the pathloss and shddding
between the source and destination termiriadg, represents the complex-valued channel gain, which
is invoked for taking into account the effects of fast fadiapdnp ;1 ~ N(0, Ny) represents the

AWGN. The signal received at the relay terminal during thet fime-slot can be expressed as

yr1 = V Esghsrz1 + np, (2.18)

where Esr represents the average signal energy received at the egtaintl over a single symbol
period, hgr represents the complex-valued fast fading channel gaindeet the source and relay
terminals anchr 1 ~ N (0, Ny) is the AWGN. Note that in general we ha¥#gp # Egr due to the

differences in pathloss and shadowing between the B and S— D channels.

The relay terminal normalizes the received signal by a factor of,/E[|yg,1[?] and forwards the
normalized signal containing; to the destination terminal during the second time-slot.shAswn
in Table 2.1, during the second time-slot the source tervdis transmitse, to the destination
terminal. Hence, during the second time-slot the destinatrminal receives a superposition of the
relayed signal and the transmitted signal of the source sigmal received at the destination terminal

during the second time-slot can, therefore, be expressed as

yp,2 =\ Esphspxa + / ERDhRD% +np,2, (2.19)
R1
whereErp represents the average signal energy received at theatestiterminal through the R
D channel over a single symbol periddzp represents the complex-valued fast fading channel gain
of the R— D channel, andhp > ~ N(0, Ny) is the AWGN. Note that, in (2.19) we have made the
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assumption thalkls p andhgp remain constant over the first and second time-slots. Uplostisuting

Ellyr1|?] = Esr + No, we can express (2.19) as

EqpFE s
Yp,2 = vV Esphspxa + 4/ SBRD gy phrpxy + i, (2.20)
Esr + Ny

where the effective noise term given hrp has a mean of zero and a varianceNgf = Ny[1 +
(Erp|hrp|?)/(Esr + No). Letu = [1 + (Erplhrp|®)/(Esr + No)]*/2. Then, the input-output

relation for Protocol | in the AF mode can be described as [41]
y1 = HixX+ny, (2.21)

wherey, = [yp1 yp.2/u|T is the received observation vector and is the effective channel matrix
given by

VEsphsp 0
%\/%hwh}w +VEsphsp

In (2.21)x = [z x2]" contains the transmitted symbols, andrepresents the Gaussian noise vector

Hy = (2.22)

with the statistics® [n;] = 0 andE [n;n] = Nyl,, wherel is the(2 x 2)-element identity matrix.

Having obtained the input-output relation of Protocol | th21), the input-output relations for
Protocols Il and Il can be readily obtained with referenedable 2.1. Specifically, for Protocol I,

the received observation at the destination terminal caexpeessed as
Yo = Haz1 + Ny, (2.23)

whereH,, is the effective(2 x 1) channel matrix given by

vV Esphsp

1 /EsrErp ’
w\ Esr+No hsrhrp

while n, is the 2-element Gaussian noise vector witlmy] = 0 and E[nanif] = Nylo.

Hy = (2.24)

In the context of Protocol Ill, the signal received at thetaedion terminal can be written as

Y3 = H3X + ngs, (2.25)
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whereH3 is the effective(1 x 2)-element channel matrix given by

VEsphsp | - (2.26)

He = [ 1 /EsrERp 1
3 I3 ESR+NOhSRhRD I3

In (2.25)n3 is a Gaussian random variable wiltins] = 0 and E[nsni!] = Np.

Input-Output Relationship in the DF Mode. As mentioned in Section 2.1, when the cooperation
is carried out in the DF mode, the signal received by the riedayinal from the source terminal is
first decoded. Then, the decoded information is forwardethbyrelay terminal to the destination
terminal. Therefore, observe in Table 2.1 that, in the cdraéProtocol I, the signal received at the
destination terminal during the first time-slot is identitmthat in the AF mode, which is given by
(2.17). The signal received at the relay terminal duringfifs time-slot is also the same as in the
AF mode, as shown in (2.18). For the DF mode, the relay terndi@aodulates/decodes the signal
received during the first time-slot. Assuming that the sigmdecoded correctly at the relay, i.e. the
relay terminal can perfectly recover, we can express the signal received by the destinationriafmi

during the second time-slot as

yp,2 =\ Esphspxa + / Erphrpr1 +np 2, (2.27)

wherehgp andhgrp represent the complex-valued channel gains between theesas well as the
relay and the destination, respectively. Correspondijnbly effective input-output relation in the DF

mode for Protocol | can be expressed as
y1 = Hix+ny, (2.28)

wherey; = [yp1 yD,Q]T is the received observation vectét; is the effective channel matrix given
by
vVEsph 0
Hy = SDTSD : (2.29)
VErDphrD VEsphsp
while x = [z1 zo]7 is the transmitted signal vector amdrepresents the AWGN, which satisfies
E[nl] =0 andE[nln{{] = Nylo.

The corresponding input-output equations for Protocotmd 11l in the DF mode may be readily
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obtained from (2.28). Specifically, for Protocol Il, the eaed observation vector can be written as

Yo = Howy + Ny, (2.30)

where the associated channel matrix is given by

VEsph
Hy = SDESD (2.31)

VErphRrD

By contrast, for Protocol Ill, the received observationteecan be written as

Y3 = H3X + ngs, (2.32)
whereHs is given by
Ha=| VErohro VEsohsp |- (2.33)

In conclusion, in this subsection we have summarized theammoion aided schemes proposed
and investigated in [41]. The corresponding performansealte for these schemes will be provided
in Figures 2.15-2.16 in Section 2.3.

2.2.3 Multi-Relay-Assisted Diversity

In the previous subsection the cooperation schemes coadigere based on a single relay. Hence,
the highest attainable diversity order is two. In order thieee a diversity order higher than two, the
source terminal may be assisted by multiple relay termiriddsce in this subsection we consider the

cooperation schemes employing multiple relays.

2.2.3.1 Introduction

In [57] Alamouti has presented a transmit diversity scheiged on two transmit antennas. When
using two transmit antennas and a single receive antenaactieme proposed in [57] is capable
of providing the same diversity order as that achieved usimg transmit and two receive antennas
based on the classic maximal-ratio receiver combining (MRR may also be readily shown that
the scheme proposed in [57] can be generalized to the soefarsing two transmit antennas and

receive antennas in order to achieve a diversity ord@néf An attractive application of the scheme



2.2. COOPERATION PROTOCOLS 25

advocated in [57] is that it is capable of providing diversihprovement for all the remote terminals
in a wireless system by using two transmit antennas at thearB&ad of upgrading to two receive
antennas at all the remote terminals, because at a compatttididnfeasible to ensure independent
fading for the received signal replicas.

Anghelet al. in [37] have presented an exact analysis of the average dyentor ratio (SER)
for distributed spatial diversity aided wireless systeramgi L. AF relays in a Rayleigh-fading en-
vironment. They have also developed tight bounds for the &FERula. It has be shown that the
cooperative scheme presented in [37] is capable of aclgjekimattainable full diversity ordéfacil-
itated by the number of antennas. In [37] the investigatiumge been based on the assumption that
both the channel between the source and relay terminalshandeétween the relay and destination
terminals experience Rayleigh fading. However, in coaperanetworks the relays may be chosen
from the set of terminals roaming in the vicinity and hencevjiling the best propagation quality,
yielding a reliable possibly line-of-sight (LOS) relay. koprecisely, this type of relay terminals are
usually located near the source terminal, when the uplickisidered, or near the BS for a downlink
transmission scenario. Therefore, we assume that thesratayin the vicinity of the source terminal
and in this case the channel between the source and relapnésman be more appropriately mod-
eled as Nakagami fading channels having some LOS compondatee, our analysis represents an
extension of the work in [37] by considering a Nakagami-Raf fading channel model. Note that

for the Rayleigh-Nakagami fading channel model, the amalyan be carried out in a similar way.

2.2.3.2 System Model

Let us first refer to the cooperative system considered ify {8dere L idle mobile terminalsR;, [
[1,---, L], are used to relay the information transmitted by a sounceital S to the destination
terminal D, as shown in Figure 2.4. The relays are assumepa@te in the AF mode. It is assumed
that any of the terminals in the system uses a single recedesiagle transmit antenna. To ensure
orthogonal transmissions for all the terminals, each teafis assigned a unique orthogonal channel,
say,Cy,l € [1,--- , L], either in the time-domain or in the frequency-domain. Asvahin Figure 2.4,
there is a single-hop channel from the source to the deistimand there are alsb two-hop relay
channels, which connect the source and the destinationghrthe relays. Specifically, at time-slot
n, the source S broadcasts the information symtjo| to the relaysk;,l = 1, ..., L, and also to the

destination terminal D using chanr@}. Theith relay receives|n] and amplifies it by a factor af;

2This diversity order is often referred to dsll-diversity’ in the literature using parlance.
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hl,L nir [77} h2,L no,rL [77]

ug[n] yr[n]

hiy ny,[n]

ho un) [n}

Figure 2.4: Multi-relay discrete-time baseband equivalent channedeh{87].

before re-transmitting it in channél;. According to the above transmission regime and Figure 2.4,
it can be shown that the signal received at the destinatiom fyoth the source and the relays can be

expressed as

—  Eohoz(n] + nolnl,
Yo ohox[n] + no[n] (2.34)
y = hooqun]+ngyn],lel, - L],

where we have,[n] = /Eohy jz[n—dj) +n1,[n], Ey is the transmitted symbol energy of the source
when we assume thatn] belongs to a modulation constellation with unit power. Rertore, in
(2.34)ng[n], nq[n] andngy [n] are AWGN processes, whitg is the processing delay at tfié relay.
Note that since orthogonal transmissions are assumed atherigrminals, there is no inter-symbol
interference (ISI).

Leth,; = \hu\eﬂ’ll, where|h, ;| andf;; denote the amplitude and phase of the channel between
the source and thith relay. In our simulations discussed in Section 2.3, werassthat/h; ;| obeys
the Nakagamin distribution with the probability density function (PDFygn by [84]

m,,2m—1

2m (m
finad®) = =g vz 0, (2.35)

while the phasé;; is assumed to be an independent and identically distri{ifed) random variable

uniformly distributed in0, 27), anddy; is also assumed to be independenitgf;|. In (2.35),m is the
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Nakagami fading parameter, which is assumed to be commailfible channels between the source
and the relays, anft = E[a?] represents the average power conveyed by the channel ¢imgnec
the source and th&h relay, which was assumed to be unity in our simulations(2184), hy, and
hay,l € [1,---, L], are assumed to be zero-mean complex Gaussian randomlesiéth variances

of Qg and )y, respectively. In other words, both the channel from the@®to the destination
and the channels from the relays to the destination are a&sbwonbe Rayleigh fading channels.
Furthermore, in (2.34) the variableg[n], n1 ;[n] andn, ;[n] capturing the noise are assumed to be

zero-mean complex Gaussian random variables with vaisaoicl,, IV, ,, and IV, 5, respectively.

In our simulations we assume that there is a maximum trarsmaier of £, at thelth relay. This

can be achieved by utilizing automatic gain control (AGG][&0 thatr; can be set as

E;
Yy g — Y= | N /| 2.36
l Eolh? |+ Niy : ] (2:39)

In the above equation, if we ignore the noise at the relay thés given by

E;
=,/ Jdell,-- L. (2.37)
Eoyhil\

As shown in (2.36) or (2.37)y; depends on the fading coefficieht; between the source and the

ith relay. Therefore, it was assumed that ttierelay employs perfect knowledge about the CSI
between the source and tké relay. In our study perfect CSI was employed by the detstinan
order to combine the independently faded replicas of thestrétted signal at the destination [37].
Specifically, as shown in [37], at the destination the sigeedived from the source and those received
from the L relays are coherently combined based on the classic maxirationcombining (MRC)
principles for the sake of achieving the maximum SNR. As show[37], the final decision variable

for z[n] can be expressed as

L * 1k

X hg h1ha v E:

ln] = Fooyo[n] +) Tz yiln + dil, (2.38)
=1 )

whereZ, = No; + N1, Ej|ha |?/(Eolh1,|?) is the total noise power conveyed by til channel.
Our simulation results recorded for this cooperation sahevill be presented at a later stage in

Section 2.3, which were based on (2.38).
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2.2.4 Orthogonal Cooperative Diversity

As shown in the previous subsection, in order for the relagsainterfere with each other, one of the
possible techniques is to arrange for the relays to trar@mhiogonal signals. In [56, 74] Mahinthat

al. have proposed a bandwidth-efficient cooperative divessibeme based on orthogonal signalling,
which is achieved by exploiting the in-phase and quadratmm@ponents of a phase shift keying
modulation scheme. The study of [56, 74] shows that, as ¢éggethe BER performance of the
proposed cooperative diversity scheme improves uponasarg interuser channel’s signal strength.
Note that the inter-user channel is the channel betweenrandehis/her partner, who acts as a relay,
while simultaneously transmitting his/her own informatioln addition, the proposed cooperative
diversity scheme is capable of achieving the diversity oafegwo for a high inter-user signal-to-
noise ratio (iISNR). Let us now provide some further detalaaerning this cooperative diversity

scheme.

2.2.4.1 System Architecture

In the cooperative wireless communications system prapos¢s6, 74], a mobile user cooperates
with another one in order to transmit information in the okliFor achieving orthogonal cooperative
diversity, each mobile user transmits his/her own and @sbédr partner’s information symbols with
the aid of orthogonal duplexing. Specifically, in [56, 74je torthogonality was achieved by transmit-
ting the information on both the in-phase and quadraturepomants of a phase shift keying (PSK)
modulation scheme. Figure 2.5 shows a frame of informatyomo®ls transmitted by user 1 via chan-
nel 1 and by user 2 via channel 2, where one user is the parttiee other. As shown in Figure 2.5,
in the first symbol interval, each user transmits only hisinwen information. By contrast, in the
successive symbol intervals, each user transmits bothehnistvn information and his/her partner’s
information that was received and decoded within the presigymbol interval. Finally, as shown
in Figure 2.5, during the last symbol interval of the framagleuser transmits only his/her partner's
information.

Again, in order to achieve the orthogonality, in the progbseheme in [56, 74], user 1 and user
2 transmit respectively on the in-phase and quadrature cpemis of a QPSK modulation plane.
Therefore, each user employs the BPSK modulation. The Isagmastellations of the QPSK modu-
lation scheme are illustrated in Figure 2.6. As shown in f@dli6, the quadrature component of the
QPSK conveys the information of user 2 itself, while the repe component of the QPSK conveys

the information of user 1. Similarly, user 1 also transmisivn information and its partner’s infor-
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Channel 1

OSSN SIS XS X XS

Channel 2

User 1 data User 2 data

User 1 data + User 2 data

Figure 2.5: Frame of information symbols in a two-user scenario usirtgagonal cooperative diversity [56,
74].
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Figure 2.6: Signal constellation of the two-user QPSK modulation sehempping their orthogonal coopera-
tion [56, 74].
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mation on the in-phase and quadrature components of the @B&a{ellation. At the BS, for each
of the two users the signals received from both the usersirdla are combined based on the MRC
scheme. Explicitly, when assuming that the signals trantechby user 1 and user 2 are independent,

we can achieve a diversity order of two for both users.

2.2.4.2 Signalling and Reception

Let the baseband equivalent signals received withirittiheymbol duration from user 1 and user 2 at
the BS be denoted as ;(t) andry ,(t), respectively. Similarly, let the signal received by usémoin
user 2 and that received by user 2 from user 1 be denoteg, & andr »(t), respectively. Then, it

can be readily shown that ,(t), r2,(t), r2,1(t) andry 2(t) may be expressed as

rip(t) = hip(t)si(t) +nip(t)

rop(t) = hop(t)s2(t) +nap(t) (2.39)
7'271(75) = hg’l(t)SQ(t) + ng,l(t)

ri2(t) = hia(t)si(t) +nia(t),

where the channel’s fading coefficient between usard the BS is denoted by ;(¢),7 = 1,2, and
that spanning from userto user; is denoted by; ;(t). Note that, when generating our simulation
results in Section 2.3, we assume that the channels are etbdglRayleigh flat-fading channels. In
(2.39) the variablesi; ;(t), nap(t), n1,2(t) andng 1 (t) represent AWGN processes, which have a
zero mean and a common varianceNgf/2 per dimension. Furthermore, in (2.39)(t) andsa(t)

can be expressed as

s1t) = /Ep/2[b1(t) + jba(t — T)]

A~

(2.40)
so(t) = Ep/2[b1(t —Ts) — jba(2)],

whereb, (t) andb,(t) are the BPSK modulated signals of user 1 and user 2, resplgctivhile b; (#),
1 = 1,2, denotes the signal received by us@nd detected by his/her part&t, denotes the symbol

duration andE, is the bit energy.

Upon invoking the maximum likelihood (ML) detection at udeior recovering the signal of user

2, we can obtain
by = S{h3 1 (t)ra1 (1)}, (2.41)

whereS(z) represents the imaginary partof
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Similarly, detecting user 1 at user 2 yields
b1 = R{hj,(t)r12(t)}, (2.42)

whereR(z) represents the real part of
At the BS, the signals received from both users’ channelsanmebined employing the classic

MRC principles and the estimatesigfandb, can be expressed as

21 = R{h] (¢ — To)rip(t — Ts) + by (B)rap(t)}

(2.43)
2 = S{h3,(t = To)rap(t — Ts) + 7, (H)r1p(t)}
Finally, the corresponding hard-decision is formulatecbading to
N 1, if z; >0
b = : (2.44)

—1, otherwise

2.2.5 Low-Complexity Cooperative Protocols by Lanemaret al.

In [15,19] Lanemaret al. have developed and analyzed a range of cooperative divg@rsitocols,
which have been claimed to have low-complexity implemémtagt The relaying aided detection
strategies may be classified as fixed relaying, selecti@yirgl and incremental relaying. Specifi-
cally, in the context of fixed relaying schemes, cooperaiidrased on either the AF or the DF mode.
The selection relaying schemes are supported by chanaétygrelated information characterizing
the link-quality between the cooperating terminals. Hinghe incremental relaying schemes are
based on limited CSI feedback received from the destinggominal. It can be shown that, ex-
cept for the fixed DF, all the other cooperative diversitytpools are capable of achieving the ‘full’

diversity order facilitated by the number of independeifdiged links available [19].

2.2.5.1 System Model

To illustrate the main concepts, let us consider the wisetestwork depicted in Figure 2.7, where
the terminals off} and7; transmit signals to the terminals % and T}, respectively. As shown in
Figure 2.7, instead of transmitting independentif$candT}, the MTsT; andT5 can listen to each
other’s transmissions and jointly transmit their inforfoatto 73 and7y.

In this context, the signals are transmitted in the form dfduplex communications, assuming
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Figure 2.7: lllustration of the signal transmission paths in a wireleesvork including four terminals, where
terminalsT; andT> transmit information to terminalg; andT}, respectively.

that the signals are transmitted and received in the samedney band at the same time, which
is not readily achievable in practice. To ensure a morestalalf-duplex operation, the available
bandwidth may be divided into orthogonal subbands and theset subbands are allocated to the
MTs, so that the resultant protocols can be realisticaliggrated into existing networks [15,19]. In
Figure 2.8 a channel allocation scheme based on time-aiviGiD) is illustrated in the context of
two MTs.

Given the symmetric nature of the channel allocation, we foays our attention on the specific
scenario which consists of a source termiiigl a relay terminall’. and a destination termindly,
where we haves,r € {1,2} andd € {3,4}. Furthermore, the continuous-time channel can be
modeled as a baseband-equivalent, discrete-time chaawieigh\" number of time-slots, wher&/
is assumed to be a large integer.

For the baseline direct transmission case shown in Fig&é2.7; andT; transmit in the same
time-slots and might interfere with each other. To avoid,tlét us hence focus our attention on the
orthogonal transmission scenarios of the form (b) and (@yvshin Figure 2.8.

For the baseline orthogonal direct transmission case simwigure 2.8 (b), 1} andT; are time-
division duplexedy; transmits in the first\'/2 time-slots and’» in the othet\V/2 time-slots. In this

case, the received signal within the firg/2 time-slots can be expressed as

ya[n] = hsazs[n] + nglnl,n =0,1,.. . N/2 -1, (2.45)

wherez,[n| represents the signal transmitted by the soukgg, is the complex-valued gain of the

channel spanning from the sour€e to the destination, and,[n] represents the AWGN. Similarly,
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we can consider the other terminal, which transmits withig time-slots, = A/2,....N' — 1, as
depicted in Figure 2.8 (b).

WhenT; andT> cooperate, the signals are transmitted according to FR8réc), where the first
half of the /2 time-slots are used for the transmission of informationZfpwith the assistance of
Ty. In other words, within the firs\//4 time-slots, T} transmits information, while the termindl,

and the destination terminal receive. The resultant redesignals can be expressed as

yrln] = hsyxs[n] + npn] (2.46)
yd[n] = hs,dxs[n]_‘_nd[n]v (2.47)

respectively, where = 0, ..., N//4 — 1, andx[n] represents the source transmitted signal.
As shown in Figure 2.8 (c), after receiving the informatioonh 77, T forwards this information
to the destination using the followiny’/4 time-slots. Correspondingly, the signal received at the

destination can be expressed as

yaln] = hygzr[n] + nglnl,n =N/4,.. N /2 -1, (2.48)

wherez, [n] represents the signal transmitted by the relay terniipal
As shown in Figure 2.8 (c), the transmissioriéfwith the assistance df; may be analyzed in a

similar way as above, where the informationiéfis transmitted using the second half of the block.

2.2.5.2 Description of Cooperative Diversity Protocols

In the sequel, the cooperative diversity protocols progdasgl5, 19] are described.

A. Fixed Relaying

The fixed relaying has two types of cooperative schemes, hwdiie based on the AF and DF
modes, respectively, as described in detail below.

1) Amplify-and-Forward (AF)For the AF scheme, the source terminal transmits its inf&bion
expressed as;[n|, say, within the time-slotss = 0,...,A//4 — 1. During these time-slots, the
relay receives and processggn], and then relays the information to the destination teririiya
transmitting

zr[n] = ary,[n — N /4] (2.49)

forn =N/4,..,N /2 — 1. In (2.49), the paramete, is used for ensuring that the associated power
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Figure 2.8: Example of time-division based channel allocation for (@@at transmission with interference,
(b) orthogonal direct transmission and (c) orthogonal evafive diversity.

P
A Y — 2.50
o= |hs,r|2P+N0 ( )

with P being the average transmitted power of a mobile terminal.

constraint is met, where, satisfies

The above-mentioned cooperative scheme may be viewed eigti@pcoding scheme using two
separate transmitters, except that the relay amplifiesmiptioe signal, but also the noise. Finally, the
destination terminal detects the signals transmitted*oupon appropriately combining the signals
received from the two subblocks, for example using the @ad&C techniques.

2) Decode-and-Forward (DFEYor the cooperation based on the DF, the source termimedrtris
its informationz ;[n] within the time-slots: = 0, ..., N'/4 — 1. Then, the relay receives and processes
yr[n] in order to provide an estimate [n] of the source signal afs[n].

When a low-complexity repetition-coding based DF schernamployed, the relay transmits the
signal

xr[n] = &s[n — N /4] (2.51)

forn = N/4+1,..,N/2 — 1. Decoding at the relay may assume numerous different foFfos.

example, the relay might decode the entire codeword trdtesnby the source terminal. It might
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also employ symbol-by-symbol based decoding [86], whiwileg the full decoding of the codeword
transmitted by the source terminal for the destination. Alsgl-by-symbol decoding regime for
binary transmissions has been exemplified in the absendwahel coding in [16]. The employment
of different DF options allow for striking a trade-off betere the achievable performance and the
complexity imposed at the relay terminal [19].

B. Selection Relaying

It can be shown [15, 19] that the performance of the fixed retpgided DF scheme is limited by
the quality of the transmission in the channel between tiececand relay terminals. Naturally, the
knowledge of the CIR may beneficially exploited by the relay, its estimation imposes substantial
challenges in terms of synchronization, security, etcgesithe message to be decoded was not in-
tended for the relay. Nonetheless, if this CIR knowledgeobezs available, the relay terminals may
adapt their transmissions according to the channel candifihis observation suggests the following
class of selection relay algorithms. If the channel amgétih, ,| falls below a certain threshold,
implying relatively poor channel conditions, the sourcami@al simply continues its transmission
directly to the destination using, for example, repetit@mmore powerful error control coding. By
contrast, if the channel amplitude is above a certain tloldsimplying a good channel state, the re-
lay forwards what it received from the source terminal ugitger the AF or DF mode in an attempt
to achieve diversity gain.

C. Incremental Relaying

The previously described fixed or selection relaying maymake efficient use of the degrees of
freedom facilitated by the fading channel, especially and¢hse of transmissions at high rates, because
the relay terminals repeat transmitting the informatiorthef source terminals all the time. In order
to make the relay more efficient, Lanemeinal. in [15, 19] have proposed a relay protocol referred
to as incremental relaying, which requires only limiteddieack from the destination terminal, such
as a single bit to indicate whether the direct transmissmuccessful or not. If the relay is informed
that the direct transmission is successful, no furtheroacts required. Otherwise, the feedback
bit requests the relay to amplify-and-forward the signakdeived from the source. Explicitly, the
incremental relaying protocol can be viewed as the hybridraatic-repeat-request (ARQ) protocol
using incremental redundancy [87,88], where the sourosinés extra redundancy if the destination
provides a negative acknowledgement via feedback, implthe failure of the original transmission.

Let us use an example to elaborate on the principle of inanémheelaying. In this example
let us assume that the channels are allocated accordinggtweF2.8. First, the source terminal

transmits its information to the destination terminal. Thstination terminal then detects the signal
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and indicates its success or failure by broadcasting aesbiglo both the source terminal and the relay
terminal (single relay terminal is assumed for simplicityye assume that the feedback is detected
reliably at least by the relay terminal. If the source-degion SNR is sufficiently high, and the direct
transmission has been detected correctly, the feedbaitlated the success of the direct transmission.
In this case the relay takes no further action. Howevergfdburce-destination SNR is insufficiently
high, yielding an unsuccessful direct transmission, tedback from the destination terminal requests
the relay terminal to amplify- and-forward the signal iteeed from the source terminal. In the latter
case, the destination attempts to combine the above-meudtivo transmissions in order to attain an
enhanced performance. The above-mentioned relay prascapable of making more efficient use
of the degrees of freedom facilitated by the channel, sindhis case the relay channel is activated

only when it is necessary.

2.2.6 Coded Cooperation

So far, the cooperation techniques considered have beexl leither on the AF mode, where the
source symbol is amplified and forwarded by a relay to theirm#sdn terminal, or on the DF mode,
where the relayed signal is first detected and then forwatdéke destination terminal. It can be
shown that both the cooperation modes are capable of angievliversity gain. However, a simple
repetition coding degrades the achievable bandwidth effayi. For this reason, Huntet al. have
proposed a novel class of coded cooperation [70, 89—-95].efaldd in [70, 92, 94], the basic prin-
ciple behind coded cooperation is that each MT attemptsdeigee some redundancy for its partner.
Otherwise, when it cannot provide redundancy for its paytine MT automatically reverts back to
the non-cooperative mode.

The key to the efficiency of coded cooperation is that codfmras automatically ensured with
the aid of sophisticated code design, with no extra infoiomagéxchange required between the co-
operating users. Coded cooperation has two important ceaistics. Firstly, coded cooperation is
carried out by partitioning a user’s codeword, where pathefcodeword is transmitted by the user
itself, while the remaining part is transmitted by his/hartper with the aid of partial or complete
decoding. Secondly, error detection may be carried out byp#rtner in order to avoid error prop-
agation. By contrast, many of the cooperative approachssitded in Subsections 2.2.1-2.2.5 may
either forward the potentially erroneously estimated sgisibor amplify the signal and the back-
ground noise together. Explicitly, both of the above-mamtid deficiencies degrades the achievable

performance, especially when the channel between the catopg partners is poor.
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The general principles of coded cooperation can be denatedtwith the aid of Figure 2.9, where
the source symbols of each user are divided into blocks a@jftheR, which are encoded with the
aid of an error detection code, such as a cyclic redundanegkcfCRC) code [87]. Each block is
then encoded with the aid of a forward error-correcting (FEdtie [96], which has a coding raie
Therefore, after FEC encoding the block-length becoigs= K/ R.

For the sake of supporting coded cooperation Afjesymbol codewords of the two users seen in
Figure 2.9 are divided into two frames. The first frame corgaV; symbols, which also constitutes
a valid codeword of rat&; = K,/N;. By contrast, the second frame contains aNly= Ay — NV;
number of parity-checking symbols. As shown in Figure 2h8,first frames of both usérand2 are
transmitted to their partners and also to the destinationafgiven user, the frame of data is decoded
and subjected to parity-checking, in order to avoid errappgation. If theV,-length frame can be
decoded successfully, then thg extra parity-checking symbols are computed and then triesin
in the second frame to the destination. Note that theseiadditN, parity-checking symbols are
specifically selected to ensure that they can be combinddtit first frame of lengthiV; in order
to generate a more powerful error-correcting code of Fatédowever, if a user cannot successfully
decode his/her partner’s first frame, then in the seconddraa parity symbols of its own are
transmitted to the destination. Therefore, each user alwansmits a total of/y symbols per source
block. Again, Figure 2.9 illustrates the general principtef coded cooperation. By contrast, in
Figure 2.10 the implementation of coded cooperation is shiowthe context of a TDMA system.
Furthermore, the analogous FDMA and CDMA implementatioay aiso be readily contrived.

In coded cooperation the grade of cooperation can be defméd &\, which determines the
percentage of the total number of bits per source block Heatiser transmits for his/her partner. For
a given coding rate®, it is plausible that a smalle¥, /N ratio implies a more powerful FEC code
for the first frame and an increased probability that a comtpeg user successfully decodes his/her
partner's symbols. However, a small grade of cooperatiso@ated with a lowN, /N ratio also
implies having a smallNV; value, which hence reduces the achievable diversity gain.

In general, various channel coding methods, such as blatikgoconvolutional coding and their
various concatenations can be used in coded cooperatiosuggested in [92], the encoded symbols
of the two frames may be partitioned using diverse techmigsigch as puncturing, product codes or
other forms of concatenation.

It becomes plausible from the above discussions that thes ase independently during the sec-
ond frame and without the knowledge of whether their own datasmitted in the first frame was

correctly decoded by their partners. As a result, there@regossible cooperation scenarios during
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Figure 2.9: lllustration of the coded cooperation framework, wherenbgy = N; + N, and N, constitute a
legitimate codeword, whil&Vs hosts only parity information [94].
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the transmission of the second frame, as illustrated inrEiguL0. Specifically, in Case 1, when both
users successfully decode the symbols of the cooperatitigepawhich is determined by the CRC
code in each frame. Then each of them transmits the symbdis/iier cooperating partner in the
second frame, resulting in the cooperation scenario dapiict Figure 2.9 and Figure 2.10 (a). In
the context of Case 2, neither user decodes the partnet'sréime successfully. Then the system
reverts back to the conventional non-cooperative case dhihvthe second frame both users trans-
mit their own parity bits, as shown in Figure 2.10 (b). As shadw Figure 2.10 (c), in Case 3, user
2 successfully decodes the first frame of user 1, but user 4 wwedecode the first frame of user 2
successfully. In this case, both users refrain from tratisrgithe second set of parity bits of user 2
in the second frame, but transmit the second set of parisydbitiser 1. Finally, Case 4 is identical
to Case 3 with the roles of user 1 and user 2 reversed, sinte ioontext of this case, the symbols
of user 1 are successfully decoded by user 2, but user 1tailedoding the symbols of user 2 in the
first frame. Clearly, in the above-described coded cooperatcenarios the destination terminal has
to know which of these four cases has occurred in order t@ctlyrdecode the received bits. This can
be achieved by ensuring that each user sends an additiofattée second frame in order to indicate
the decision of the first frame. This bit has to be stronglytgmted, for example, using repetition
coding, which introduces a trade-off between the additiomarhead imposed and the probability of
error for this bit [70,93]. An alternative approach is taallthe destination to simply decode accord-
ing to each of the four cases in succession, until the CRC rwlieates correct decoding [70]. This
strategy maintains the overall system performance at teeaf@dded computational complexity at

the destination.

2.3 Simulation Results

In this section we provide a range of simulation results ieorto characterize the achievable per-
formance of the various cooperation schemes discussecttin8&.2. Let us first consider the BER
performance of the cooperation aided scheme of Subsecoh [Zoposed by Sendonadsal. [2].

Let us defined. = L./ L as the cooperation factor. Then, as discussed in Subs&cfidh there
are2L, cooperation time-slots ar(d.o — 2L.) non-cooperative time-slots in a frame. It can be shown
that for L. = L(/2 the proposed cooperation aided scheme has a cooperationdéé. = 0.5. Note
that the parametef. may be chosen to satisfy a long-term rate constraint imposdte MTs based
on the prevalent fading statistics. Upon calculating theughput, we may determine the specific

value of L. required for the MTs to operate in the achievable througinggibn [2].
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Leth = |h|e??, where|h| and@ denote again the amplitude and phase of the channel betiveen t
user and his/her partner. We assume that the fading amg|itlidbeys the Nakagami: distribution
having the probability density function (PDF) of [84]

m,,2m—1

fin () = %e*m/myiy >0 (2.52)
and the phasé is an independent and identically distributed (i.i.d) ramdvariable uniformly dis-
tributed in [0, 27), which is also independent of|. In (2.52),m = E2[|h|?]/var||h|?] [84] is the
Nakagami fading parameter, which is assumed common fohealpaths between the source user
and the partner. Finally, in (2.52) is a scaling parameter which denotes the average power and is
assumed to be unity in our simulations. In our simulationsagsume that the channels between the
source user and the BS and that from the partner to the BSld&aeigh fading channels.

Figure 2.11 shows the achievable BER performance of theaaggreration aided scheme of [2],
when the channel between the source user and his/her partmexdelled as a Nakagami-fading
channel associated with = 1.0, 1.2 and3.0, respectively. In our simulations, we assumegd= 3
and L. = 1, corresponding to the cooperation factordgf= 0.33. It can be seen that the BER
performance improves slightly as the value increases, since a large value implies having a

strong LOS channel between the source user and his/heepartn

Figure 2.12 shows the BER performance of the user cooparatiteme of [2], when the channel
between the source user and his/her partner is modelled akaghimim fading channel associated
with m = 1.0,1.2 and3.0, respectively. As seen from Figure 2.12, the BER perforraaiemains
almost the same for the three different values of the fadargmpeter. This is because in the context
of Figure 2.12, the cooperation factords = 0.17, which is a low value, implying low grade of
cooperation between the user and his/her partner. In tkis, even if the channel between the user
and his/her partner improves, the overall BER performangaréves only modestly, since the BER

performance is dominated by the BER of the non-cooperatipricessed symbols.

In Figure 2.13 the BER performance was plotted in conjunctigth Lo = 6 and L. = 1,2 as
well as 3, respectively, when the channel between the saseeand his/her partner was modelled
by Rayleigh fading. We also plot the attainable BER perforogain Figure 2.14 along withy = 8
as well as., = 1,2 and 3, respectively. It can be clearly seen that BER perfoomamproves, as
the cooperation factor increases. This also suggests $eatcooperation can lead to a more robust

system.

The results presented above indicate that user cooperatapable of achieving substantial gains
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Figure 2.11: BER versus SNR performance of user cooperation [2] Wigh= 3 and L. = 1. The channel
between the source MT and its partner is modelled as Nakagafaiing channel with the fading

parametemn = 1.0, 1.2 and3.0, respectively. The cooperation factowis= 0.33.
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Figure 2.12: BER versus SNR performance of user cooperation [2] \liih= 6 and L. = 1. The channel
between the source MT and its partner is modelled as Nakagafaiing channel with the fading
parametermn = 1.0, 1.2 and3.0, respectively. The cooperation factowis= 0.17.
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Figure 2.13: BER versus SNR performance of user cooperation [2] Wwigh= 6 andL. = 1,2 and3, respec-
tively, when the channel between the source MT and its paisnaodelled as Rayleigh fading

channel.
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Figure 2.14: BER versus SNR performance of user cooperation [2] Wwigh= 8 andL. = 1,2 and3, respec-
tively, when the channel between the source MT and its paisn@odelled as Rayleigh fading

channel.
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over the conventional non-cooperative strategy and tleaB&R performance can be improved upon
increasing the cooperation factor. The achievable gaindeaonverted into reduced transmit power
for the users, which is potentially capable of extendingliatery life of the MTs. Furthermore, it
is straightforward to generalize the concept of user cadjmer proposed in [2] to the scenario where
multiple partners are involved in supporting the transioiss of other users, and thus even better
performance is achievable. Note that, in the CDMA impleratahs above, we assumed that the
various spreading codes used were orthogonal. Howeveradisumption is not necessary. Arbitrary
spreading codes may be used, along with multiuser deteictimmler to approach the optimum single-
user performance.

Let us now provide some simulation results for the TDMA-liaseoperative protocols discussed
in Subsection 2.2.2 in order to illustrate the achievableperative diversity gains. In our simulations

we assumed the employment of the BPSK baseband digital mmbalubnd Rayleigh fading channels.

Figure 2.15 shows the BER performance of the cooperativensetusing both the AF and the DF
modes in Rayleigh fading channels. In our simulations, veeiaed that the channels spanning from
S to D and those from R to D experienced the same type of fadindRayleigh fading. Furthermore,
for the AF mode the channel fading between S and R was assuniedthhe same as those spanning
both from S to D and from R to D. By contrast, for the DF mode isvaasumed that the signal was
always decoded correctly at the relay. The results of Figut® show that the BER performance
achieved by the DF mode is the same as that of an antennaityiveided scheme using a single
transmit antenna and two receive antennas, hence achiseound-order diversity. The results of
Figure 2.15 also show that the BPSK scheme using AF-basqrkbcatinon outperforms conventional
BPSK operating without cooperation. However, its perfano@is significantly worse than that of
BPSK using DF-based cooperation, since in the DF mode ttadizee simplifying assumption of
having a perfect channel between the source and relay walvéak Naturally, this assumption
is unrealistic in practice and hence it has to be eliminatedubther research [97]. Therefore, in
Figure 2.16 we show the BER performance of the BPSK using opemation, AF-based or DF-based
cooperation, when assuming that the fading channel sparfirom S to R obeys the same statistics
as that from S to D as well as that from R to D. As shown in Figulé 2the BER performance of
BPSK supported by the DF mode is even worse than that in the édiemThe reason for the trends
observed in Figure 2.16 is that hard estimates carried otlteatelay terminal are unable to make
efficient use of the channel information, yielding a perfarmce degradation.

Figures 2.17-2.20 show the achievable BER performance &kBising multiple relays, as de-

picted in Figure 2.4 for transmission over Nakagami and/ayl&gh fading channels, where the
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Figure 2.15: BER performance comparison of coherent BPSK using the A#Ddftbased cooperation modes
over Rayleigh fading channels. For the AF mode, the fadireqokl spanning from S to R is the
same as that from S to D and that from R to D. For the DF modenbavperfect channel between

S and R is assumed.
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Figure 2.16: BER performance comparison of coherent BPSK using the A#Ddftbased cooperation modes
over Rayleigh fading channel. For both of the modes, thentadhannel spanning from Sto R is

assumed the same as that from S to D and that from R to D.



2.3. SIMULATION RESULTS 45

1
0O — L=0
3 O — 171
10 O — L=2
A — L[=3
D, 2
' 3 ==
‘E Ry, e -
910‘3 \\“\( % %
(0 LR S—— 5g
— AN _
[ Phg XX
e
N N
10° AN \\i
X N
10° PN ¥
0 5 10 15 25 30
er/Ny (dB)

Figure 2.17: BER versug /N, performance for the multi-relay-assisted cooperatives@proposed in [37]
for transmission over Rayleigh fading channels. The nunalbéhe assisting relays wak =

0,1,2,3.
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Figure 2.18: BER versug /N, performance for the multi-relay-assisted cooperatives@proposed in [37]
for transmission over Nakagami-Rayleigh fading channéle number of assisting relays was
L = 1. In our simulations the channels spanning from S to D as veethase from the relays
to D were assumed to experience Rayleigh fading, while tla@cbls from S to the relays were
assumed to experience different Nakagamfading associated with the fading parameter
selected from the s€tL.0, 1.5, 2.0, 3.D.
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Figure 2.19: BER versug /N, performance for the multi-relay-assisted cooperatives@proposed in [37]
for transmission over Nakagami-Rayleigh fading chann€&he number of assisting relays was
L = 2. In our simulations the channels spanning from S to D as veethase from the relays
to D were assumed to experience Rayleigh fading, while teecttannels spanning from S to
the relays were assumed to experience different Nakagafading associated with the fading
parametern selected from the s€tl.0, 1.5, 2.0, 3.p.

channels spanning from S ®, [ = 1,2, 3, were assumed to experience Nakagaimfiading, while

that from S to D as well as those froRy, [ = 1,2, 3, to D experience Rayleigh fading. In our sim-
ulations we assumed having a fixed total energy per symbdigrsysteney := Ele E; and we
selectedt; = e /(L +1),1 € [0, L]. Furthermore, we assumed that the channels spanning from S t
Ry, 1 = 1,2,3, may experience different Nakagami fading associated vétious fading parameter
m within the set{1.0, 1.5, 2.0, 3.p. Naturally, the Nakagamix fading channel associated with the
fading parameter af. = 1.0 is in fact the Rayleigh fading channel.

Figure 2.17 shows the BER versug/N, performance recorded for the multi-relay-assisted co-
operative scheme proposed in [37], when communicating Bastleigh fading channels. In our
simulations, we assumed various number of relays rangmmg ft = 0to L. = 3, whereL = 0
corresponds to the classic scenario of direct transmissmnno relay was involved in assisting the
transmissions from the source to the destination. It candserved from the results of Figure 2.17
that the BER performance of the cooperative scheme propgng8d] in conjunction with different
relays does not result in significant performance diffeeeimcthe low SNR region, while the coop-

eration aided scheme achieves the maximum attainablesdiverder of(L + 1) in the high SNR
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Figure 2.20: BER versug /N, performance for the multi-relay-assisted cooperatives@proposed in [37]
for transmission over Nakagami-Rayleigh fading chann€&he number of assisting relays was
L = 3. In our simulations the channels spanning from S to D as veethase from the relays
to D were assumed to experience Rayleigh fading, while teecttannels spanning from S to
the relays were assumed to experience different Nakagafading associated with the fading
parametern selected from the s€tl.0, 1.5, 2.0, 3.p.

region,3which is confirmed by the BER curves of having slopgl, + 1) in the high SNR region.
Figures 2.18-2.20 show the BER versyg N, performance evaluated for the multi-relay-assisted
cooperative scheme proposed in [37] for transmission owalyami and/or Rayleigh fading chan-
nels, where the number of the relays employed Wwas: 1,2, 3, respectively. In our simulations
the channels spanning from SK), I = 1,2, 3, were assumed to experience different Nakagami-
fading associated with the fading parameter value§lod, 1.5, 2.0, 3.p. From the results of Fig-
ures 2.18-2.20 we can make the following observationstlfitee BER performance degrades upon
decreasing the value af, which is natural, because a redueedalue implies that the desired signal
suffers from more severe fading. Secondly, the degradatidghe BER performance is not linearly
proportional to the fading parameter. Thirdly, the BER performance associated with differerit va
ues ofm becomes more distinguishable, as the number of relaysreased. Fol, = 1, the BER
performance associated with the valuenof= 1.5, m = 2.0 andm = 3.0 remains similar, while
for L = 2 the difference between them becomes more visible. The BERrpgnce associated
with a different fading parameten becomes even more distinguishable when the number of relays

increases to three, which is a benefit of the increased diyensler.

*The clause ‘which is confirmed by the BER curves of havingslepL + 1) in the high SNR region.’ is newly added.
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It can be seen from the results shown in Figures 2.17-2.20ttleadiversity order of L + 1)
is achieved with the aid of relays transmitting in orthogonal channels. The price tpaie for
this diversity gain is a reduction of the spectral efficiebgya factor of(L + 1) in case ofL relays.
However, this ‘full’ diversity is achieved only on conditidhat the SNR between the source and the
relay is better than that of the channels extending to thinddi®n. If the channel quality between the
source and relay is poor, the benefit of cooperation remamited. This is because this cooperative

scheme may be viewed as a form of repetition coding from thepeetive of classic channel coding.

Finally, in Figures 2.21 and 2.22 the achievable BER peréoroe of BPSK using the orthogonal
cooperative diversity scheme described in Subsectiod ZszZharacterized. In our simulations we
assumed that each frame consisted of 128 information syambatthermore, we assumed quasi-static
flat Rayleigh fading channels, implying that we haume,(t) = hi (t — T%), hop(t) = hop(t — T5),
h12(t) = hi2 andhg1(t) = ho ;. Furthermore, in our simulations the channels betweenwie t
users and the destination are assumed to be statisticallyatent, having the same SNR. Finally,
we introduced the terminology of differential SNR (dSNRjided as dSNR= iSNR—SNR, where
iISNR is the inter-user SNR, which has been introduced in &utlus 2.2.4.

Figure 2.21 shows the achievable BER performance recortdie partner users and the BS of
the cooperative scheme proposed in [56, 74], which was atedufor the dSNR values 6f 10 and
20 dB. Note that positive values of dSNR imply having a bettemrctel quality for the inter-user
channel than that of the identical channel between the wsetshe BS, while the former and the
latter have the same channel quality, when dSNR equdlsif It can be observed from the results
of Figure 2.21 that the BER performance evaluated at the BSeasignificantly improved, as the
value of dSNR is increased, implying that the overall BERfgrenance achieved at the destination

highly depends on the quality of the inter-user channel tjieth in terms of iISNR.

Figure 2.22 shows the BER performance recorded at the BSeofdbperation aided scheme
proposed in [56, 74], which was evaluated for various dSNRgaf —5,0, 5,10 and 20 dB. For
comparison, the BER performance of the direct transmissitich involves no cooperation, is also
provided. Note again that the negative value of dSNR indg&iaving a worse channel quality for
the inter-user channel than that between the users and th# B& be seen from the results of
Figure 2.22 that the BER performance recorded at the BS isowed upon increasing the value of
dSNR. Specifically, at a BER af0—2 the performance gains found for the dSNR value$,6f 10
and20 over direct transmission a8, 11 and13 dB, respectively. By contrast, a BER performance

degradation is experienced in comparison with direct rassion, when dSNR is-5 dB.
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2.4 Conclusions

In the time of writing cooperative communications consétua repidly evolving research area in con-
stant transfiguration. This chapter has sought to reviewesointhe pioneering work in cooperative
diversity aided systems. Specifically, both repetitiosdzhand coded cooperation schemes have been
considered. The repetition-based cooperation schemeatemgther in the AF mode, where the relay
terminal amplifies and forwards the signal received fromsthigrce terminal to the destination termi-
nal, or in the DF mode, where the relayed signal is first dettatemodulated and then forwarded
to the destination terminal. By contrast, the family of cdd®operation scheme is intrinsically in-
tegrated with specifically designed channel coding, whaoh eiser attempts to transmit incremental
redundancy for his/her partner, rather than relaying tf@rmmation from the source terminal in the
AF or DF mode. It can be shown that both the AF- and DF-basedaration schemes are capable of
achieving a useful diversity gain. The achievable gain eadnverted into reduced transmit power
for the cooperating MTs, which is potentially capable ofexting the battery life of the MTs. How-
ever, the achievable performance of the repetition-baseparative schemes may in fact degrade,
when the channel between the cooperating partners is pgaomrast, coded cooperation is capable
of achieving an improved performance, as a benefit of havinigtegrated error detection scheme in
the coded cooperation aided scheme.

Having reviewed the related work on cooperative diversitygur forthcoming chapters we pro-

pose and investigate a multiple-relay-assisted DS-CDMikk@and downlink system.



Chapter

Single-User Performance of the

Relay-Assisted DS-CDMA Uplink

3.1 Introduction

It is well-known that transmissions over wireless commatiins channels suffer from fading, which
may be mitigated by exploiting various types of diversityaated in the time-, frequency- and/or
spatial-domain [5,57,98]. Specifically, spatial diversian be achieved by transmitting the same sig-
nal from geographically separated transmitters so as terganindependently faded replicas of the
transmitted signal at the receiver. In wireless commuitdinatspatial diversity is particularly attrac-
tive, since it is capable of offering spectral efficiencyhitit requiring an extra transmission duration
or bandwidth [64]. Spatial diversity is usually achievedhwihe assistance of multiple antennas at
the transmitter and/or at the receiver [99, 100]. In practiwultiple-antennas are desirable for de-
ployment at cellular base stations (BSs) in order to ach@mwenlink transmit diversity. However,
transmit diversity employing multiple transmit antennaisét directly applicable to uplink transmis-
sion, owing to the mobile unit’s size limit. Recently, coogitive diversity schemes using distributed
mobile terminals (MTs) or users have attracted wide atvar{,14—-31]. This is because the integrity
of a wireless system may be significantly improved with tlieadicooperation among the distributed
nodes or users [101-103]. Specifically, in a wireless sysiepporting the communications of dis-
tributed mobile users, a set of mobile users may share ttagisinit antennas in order to create a
virtual antenna array (VAA) for the sake of achieving trartstiversity [2, 14,37, 104]. This type of

51
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transmit diversity is usually referred to as relay divetsit

The performance of relay diversity schemes has been widegstigated in the literature [16,17,
36-39, 102, 104-113] under the simplifying assumption tthate exists no interference amongst the
relays, even though the relays access the wireless chantied aame time. However, in practice
cellular DS-CDMA systems tend to suffer from multiuser nfiéeence (MUI), when the mobile users
access the wireless channels using the same frequency btdmredsame time. Hence, in this chapter
we investigate the bit error ratio (BER) performance of ahinkpDS-CDMA scheme, where one
user is assisted by several other users acting as relaystsaeiieve relay diversity. In our study,
we assume a generalized Nakagami fading channel modeli@#le the signals arriving from the
transmitter to the relays and those from the relays to theeB8iver may experience different fading.
By contrast, the study provided in [37] assumed the presehBayleigh fading, while that in [104]
considered a common Nakagamifading for both the transmitter-relay and relay-receiveairmels.
Furthermore, in this chapter three types of detection selseare invoked. The first detection scheme
is a single-user receiver (SUR) scheme, which maximizesultgut SNR without taking into account
the interference among the relays. By contrast, the otherctmbining schemes are the optimum
combining schemes derived based on the maximum signakeédférence-plus-noise ratio (MSINR)
principles [114-117] and the minimum mean-square error @BYlprinciples [118-121]. Hence,
both of them are multiuser combining (MUC) schemes and grelde of suppressing the interference

among the relays.

In addition to the generalized Nakagami fading channel mf84e 98, 122, 123], which models
small-scale fading, large-scale fading [124—126] descriln terms of the propagation pathloss satis-
fying the nth power law is also invoked in our study. In our study, diffier power-sharing schemes
distributing the total power appropriately between these®MT and the relays are considered. From
our study, it can be inferred that the performance of the@eg system can be significantly improved
when efficient power-sharing [40,113,127-129] among theceoMT and relays is utilized. In other
words, our study shows that cooperation among the MTs in el@gs network is highly efficient in
terms of reducing the total radiated power that is requiceginisure the delivery of information with
desired quality of service (Q0S).

Note that the reason for us to focus our attention in this @rapn the single-user multiple-
relay scenario is that, from the single-user performansali® we can gain further insight into the
achievable performance of DS-CDMA systems using relaysdipporting multiple users associated
with employing advanced multiuser detection (MUD). Furthere, it can be shown that our approach

adopted in this chapter can be readily extended to the matistie multi-user scenario, which will
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be investigated in detail in Chapter 4.

3.2 System Description

3.2.1 Transmitted Signal

In our DS-CDMA scheme considered there is a single mobile ssg usetk, communicating with
the BS with the assistance bfrelays, which are also mobile users. The transmitter sctiegliagram

of userk is shown in Figure 3.1, where the signal transmitted byittheuser can be expressed as

Sk(t) = / 2Pgibr (t)ck (t) cos(2m fot + o), (3.2)

and P.; represents the transmitted power of ukgl. is the carrier frequency, whilg, denotes the
initial phase angle associated with the carrier modulation(3.1) b, (¢) represents the transmitted

data waveform, which can be expressed as

br(t) = Y bi[n]Pr,(t — nTy), (3.2)
n=0
whereb,[n] € {—1,+1}, T}, represents the bit-duratio®r, (¢) denotes the rectangular waveform,
which is defined a#’r, (t) = 1if 0 <t < T3, andPr, (t) = 0 otherwise. Furthermore, in (3.1, (t)

represents the DS spreading waveform, which can be exprasse
cr(t) = epntir.(t — nT.), (3.3)
n=0

whereT, represents the chip-duratioly, = T}, /7. represents the spreading factay, € {—1,+1},
Yr, (t) is the chip-waveform, which is defined withi, 7..) and normalized to satisfyj ° T/’% (t)dt =

T.. Let us now describe the cooperative scheme consideredsintthpter.

3.2.2 Cooperation Operation

We assume that there akerelays constituted by mobile users, which assist in thenlggifiansmission
from userk to the BS, as shown in Figure 3.2. The relays are inactive Mifidwence they do not have

their own data to transmit. For the sake of convenience,gni€i 3.2 we define the direct (D) channel
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Sk (t)
bi.(1)

ci(t) V2P cos(2mfet + ¢y)

Figure 3.1: Transmitter schematic diagram of théh user.
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Figure 3.2: Channels in a relay-assisted DS-CDMA, where a single ugliiiktransmitter is assisted h¥
relays.

as the D-channel, which directly connects usavith the BS. The relay channel is defined as the R-
channel, which represents the channel spanning fromiugepugh a relay to the BS. Furthermore,
the R-channel includes the channel connectingithauser to the relay and that connecting the relay
to the BS. Hence, for convenience, the former is referred the TR-channel, while the latter as the

RB-channel.

Throughout this chapter we stipulate the realistic assiomphat a mobile user cannot transmit
and receive signals simultaneously. Furthermore the gatipe scheme is based on time-division
(TD) and a symbol duration is divided into two time-slots.eSifically, in the cooperation scheme
considered, usef transmits signals to thé relays and the BS during the first time-slot, while within
the second time-slot, thé relays transmit the signal received from ugein the first time-slot to

the BS, as illustrated in Figure 3.4. Furthermore, in thigpthr we assume transmissions over non-
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Figure 3.3: Receiver schematic diagram of thh relay.
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Figure 3.4: A graphical illustration of the cooperative configuration.

frequency-selective fading channels so as to focus ountaiteon the benefits of relay diversity
alone. Additionally, we assume that the transmitted sgnah be perfectly synchronized, whenever
necessary.

Let the complex baseband equivalent signal received bjtlhelay within the first time-slot of

the nth bit-duration be expressed as

rM ) = \[2PF h b nlen(t) + P (1), 1=1,2,... L, (3.4)

WherePl(k) represents the power of relayeceived from theith user after taking into account the

pathloss of théth TR—channeIhl(k) represents the fading gain of th TR-channel, Whilml(k) (t)
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represents the complex baseband equivalent Gaussian ntigd has a zero mean and a single-
sided power spectral density 8fy per dimension. In order to generate a soft estinﬁ@ie] for the
transmitted bith [n], the received signal of (3.4) is first detected by ttierelay on a symbol-by-
symbol basis according to Figure 3.3. Specifically, as shiomigure 3.3,rl(k) (t) is first input to a
filter matched to the transmitted chip-wavefotim, (¢). Then, the matched-filter’s output is sampled
at the chip-rate, which forward¥ samples per symbol to thi¢h detector. According to Figure 3.3,

after the normalization operation usi 2Pl('“)NTc, the A\th sample can be expressed as

>\+1Tc
(k) — / Wi (t)dt, A\ =0,1,--- N —1. (3.5)
VS

Yix
\/QP(k NT.,

Upon substituting (3.4) into (3.5), we obtain

1
Uy = \/Nhl(k)bk[n]ckA +aly) A=0,1,-- N -1, (3.6)

Wherenl(’;) is the Gaussian noise component given by

)\+1
L)
A (t)s, (t)dt (3.7)

I\
\/QP(k NT.,

which has a mean of zero and avariancéf@fZEl(k) per dimension, WherEl(k) = Pl(k)Tb represents

the energy per bit received by tli relay from thekth transmitter.

Let us define

k k k k
y[( ) = [y[(0)7y[(1)7’ o 7yl((]3[_1)]T7
k k k
nl( ) = [nl((])vnl(l)v"' 7”[((])\7_1)]T7 (38)
1 T
. = ——[cro,Chls--sCn_D]
; \/N[ %05 Ck1 K(N=1)]

which physically represent the received signal, the nomkthe V-chip spreading sequence of the

kth user. Then, it can be readily shown that we have

yl(k) = ckhl(k)bk [n] + nl(k). (3.9)
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We assume that thigh relay is capable of tracking thith TR-channel with the aid of channel es-
timation. Then, théth relay can readily obtain the estimépﬁﬁn] from (3.9), which can be expressed

as

oo 1 (k)ye1, (k) L (k) RER0))
bk[n] - ‘h(k)r(hl ) cLY, = hl(k)ckyl - bk[n] + hl(k)cknl : (310)

Explicitly, b;[n] contains noise in addition to the desired hitn] to be relayed. Furthermore, it

can be shown that the power igfjn] can be expressed as

§kl:E|:‘Bk[n]‘2] =1+W X % (3.11)
l

After the detection operatiory [n] is then spread and relayed by ttie relay to the BS within
the second time-slot of theth bit duration, as shown in Figure 3.4. Correspondinglg,ttansmitted

signal of thelth relay can be expressed as

@
2P .
00 = \[ 2ol (0 cos(em it + ), 1= 1,2, L. (3.12)

where PF) cl(k) (t) and¢l(k) represent the transmitted power, signature waveform dtidliphase

It
associated with th&h relay signal, respectively.

Consequently, at the BS the received complex basebandadepiisignal within the first time-slot

of thenth bit-duration can be expressed as

Fo(t) = /2P h{P bi[n]ex (t) + n(t), (3.13)

whereP,, represents the power received from usgawhich is usually not the same as the transmitted
power P,; due to the pathloss of the D—channbjf) represents the channel gain of the D-channel,
while n(¢) denotes the Gaussian noise received at the BS, which, dgem mean of zero and a

single-sided power spectral density/8§ per dimension.

By contrast, the complex baseband equivalent signal reddiy the BS during the second time-
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Figure 3.5: A relay which has a distanagrg from the transmitter and a distanégg from the BS receiver.
The distance from the transmitter to the receivetiis.

slot of thenth bit-duration seen in Figure 3.4 can be expressed as

- Yow [P
+Z ' hy [’;l(kl) ]Cl (1), (3.14)

WherePl(f) represents the power received by the BS fromth&B-channel. Due to the propagation
pathloss,Pl(f) is lower thanPl(tk) seenin (3.12).

3.2.3 Channel Modelling

3.2.3.1 Large-Scale Fading Modelling [3, 4]

Large-scale fading can be described in terms of a meangzatisiatisfying thejth power law and

a log-normally distributed slow-fading variation aboue tho-called local mean [125]. For mobile
communications, the mean pathlogs,(d), expressed as a function of transmitter-receiver (T-R)
separationt, is proportional to thetth power ofd relative to a reference distandg[124], which can

be expressed as [125]

,(d)(dB) = L.(do)(dB) + 109 log( ), (3.15)

0
whereL,(dp) is the pathloss measured at the reference disténogis the pathloss exponent, which
assumes a value of two in free space, while its typical waakte is four in cellular mobile systems.

In our proposed systems, for the sake of simplicity, theysetae assumed to be located near a line

that connects the transmitter with the BS receiver, as shoagure 3.5. Furthermore, we assume
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that all the relays are in the vicinity of the BS and they alldnthe same distance from the transmitter
as well as from the BS. This assumption may be realistic irea@io where the relays are on a circle
surrounding, where the radius of the circle is significatdlyer than the distance between the source
and the BS. As illustrated by Figure 3.5, the T-R separatienthe distance between the transmitter
and the relay isirr, the R-B separation between the relay and the B&is and finally the T-R
separation between the transmitter and the B&ris. Letdrp = ddrp, 6 < 1. Then, according

to Figure 3.5, we havérr = (1 — §)drp. For the sake of simplicity, in our analysis we ignore the
log-normal shadowing or slow fading. Consequently, theaye received power can be expressed in
terms of the transmitted power by multiplying an attenugfactor. Note that the above assumptions
allow us to identify the received power in the context of tbedtions of the relays. Specially, given
the received energy per bit, corresponding to the SNR &, /Ny, the equivalent transmitted energy

per bit can be expressed as

Ey = Ep (%) . (3.16)

Alternatively, in order to reach the received pow#t which yields the required SNR df;, /Ny,
where we havé?, = P.T}, the transmitted power has to Bg = Pr(dg—OB)", when the transmitter and
the receiver are separated by a distancé;qf. In order to carry out a fair comparison, we assume
that the total transmission power per symbol is the samedibr twr proposed cooperative relay aided
system and the direct transmission based non-coopergstens, which does not use relays. Hence,
we havePy = P + LPl(tk).

Note that in the context of the relay diversity schemes [87127,128], it is usually assumed that
the total average SNR measured at the receiver is the sagaediess of the number of relays as well
as of their locations. However, a comparison based on tkisnastion is inappropriate, unless both
the transmitter as well as the relays are located at the pthe¢ have a similar distance from the BS
receiver. However, in practice it is desirable for a usergbfor using relays that are close to the BS,
so that the relays can consume a low power and also that @nealbnnels are reliable. Explicitly,
in this case the comparison based on the same total averegjees SNR is inappropriate. Hence,
in this chapter as well as in the following chapters, our carigons of various relay schemes are
mainly based on the assumption that the total average titiadmower remains the same. Based on
this assumption, our study can provide us with an insiglat inany other issues, such as the efficient
power-sharing, the effect of the locations of the relayshereichievable performance, etc., which will

be considered in detail in our forthcoming discourse.

Let « be the ratio of the poweP, transmitted by the transmitter during the first time-slodl an
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the total transmitted power, required for transmitting a single bit, i.e. = Py;/P,. Thus, we have
Pl(tk) = Py(1 — «)/L. Based on the above assumptions, the average power reegitreziBS and the

relays during the first time-slot can be expressed, resgdygtias
Py, = aP,, (3.17)

M =a(1-6)"P,. (3.18)

By contrast, the average power received at the BS from oneeafeiays during the second time-slot

can be expressed as

P(k)zl_a

Ir

5P, (3.19)

Note that the average received signal power considereceakpvesents the power after removing the
effect of fast fading. In other words, Equations (3.17t83.are derived by considering the effects of

the propagation pathloss only.

3.2.3.2 Small-Scale Fading Modelling

In the context of the small-scale or fast fading, for the sakgenerality, we assume in our investi-
gations that the TR-channels and the RB-channels may experidifferent fading. Specifically, let
hl(k) = apelfn andhfff) = apel?2 forl = 1,2,..., L in (3.14), wherey;, a2 andb;;, ;5 denote
the amplitudes and phases of itte TR-channel and thith RB-channel, respectively. We assume

that the fading amplitudey;, ¢ = 1, 2, obeys the Nakagami distribution having a PDF of

my; 2mlz~ -1
2my; oy

—(mui/Qiaf; ;1 9 3.20
e QoL (3.20

flay) =
wheremy; represents the Nakagami fading parameter ofithéR-channel { = 1) or thelth RB-
channel { = 2). According to [84], we haven; > 1/2 andm,; = E*[a}]/Var[az]. In (3.20)0'(:) is

the gamma function defined as [130].

['(z) = / t*te7tdt, 2 > 0. (3.21)
0

Furthermore, in (3.2002;; is a scaling parameter, which denotes the average poweveddeom the

l;th channel. According to [131], the amount of fading of a téss channelAF, is defined as the
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ratio between the variance of the received energy and theraaqi the mean received energy. For
Nakagamim fading channels, we havéF = 1/m. Hence, whem: increases, the amount of fading
decreases, implying that the channel becomes less fadexiNdkagami fading channel model is a
generalized channel model. According to [84], the Nakagandistribution is reduced to the one-
sided Gaussian distributionsif, = 1/2, which corresponds to the worst-case fading. It is reduced t
the Rayleigh distribution ifn = 1. Furthermore, whem — oo, the Nakagamin fading channel
converges to the additive white Gaussian noise (AWGN) celardditionally, when we have: > 1,

an appropriate one-to-one mapping between the Rigidactor and the Nakagami fading parameter

m allows the Nakagamir distribution to closely approximate the Rice distribut{@d].

Note that in (3.13) we havi, = age’%, wherea, andd, denote, respectively, the amplitude and
phase of the D-channel, as seen in Figure 3.2. The Plak c&n be readily obtained from (3.20) with
my; replaced byng and€;; by Q. Furthermore, the phaségandd;; forl = 1,2,..., L are assumed
to be the independent and identically distributed (i.iat)dom variables uniformly distributed within

[0,27). Let us now consider a variety of detection algorithms erygxdoat the BS receiver.

3.3 Detection Algorithms

In this section we investigate the detection of the relagistsd DS-CDMA signal when the spreading
codes employed by the transmitter and relays exhibit ngfigiBle cross-correlations. Hence, there
exists interference among all the relayed signals, sinesetihelayed signals are received by the BS
within the same time-slot. However, the D-channel does mietfiere with the relay channels, since
it transmits in a different time-slot. In this section thr@etection schemes are derived, which are
detailed in our forthcoming discourse. Let us first derive thpresentation of the signal received by

the BS within a given symbol duration.

3.3.1 Representation of the Signal Received at the Base Stat

As at the relays, the signal received at the BS is first filténed chip-waveform matched-filter and it
is then sampled at the chip-rate in order to provide the tlmtedth observation samples, as shown
in Figure 3.6. Sincéy[n| is transmitted twice in two time-slots, each of which is assied with an
N-chip spreading sequence, the BS receiver processes aftatsl samples for detectinby[n]. Let

y = [y§.y]]" contain the2 NV observation samples, wheye= [yio, yi1, - , ¥iv—1))*, i = 0,1. It
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Figure 3.6: Receiver schematic diagram at the BS.
can be shown thaf;, can be expressed as
1 O+ Te
Yix = W /AT ri(t)Yr, (t)dt, i =0, ;A =0,1,--- ,N — 1. (3.22)

Let us definely,; = P( )/(gklPk,,) whereg,,; is given in (3.11). Then, upon substituting (3.13) and
(3.14) into (3.22), we obtain

1

— — P ebiln +n
1 K T (k)
= \/ B o n|+ — \/ B o +n
Yix Z Crl rl l)\ \/N Crl rl l)\ hlk) D)
A=0,1,--- ,N — 17 (3.23)

wheren;y, i = 0,1, is an independent Gaussian random variable with a meanm@brel a variance
of Ny/2Ey, per dimension, andy,, = Py, T}, represents the average energy per bit received from the

D-channel.

Let

k k k T
cl() = \/—_{cl(o),cl(l),...,cl((]zl_l)} , (3.24)

T
n; = [nz’O;nila"'7ni(N—1)]

Li=0,1, (3.25)

which physically represent the spreading code oftheelay of use and the noise at the BS during

both the first and second time-slots. Then, it can be showtn upan ignoring the superscrigtfor
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convenience, we can expragas

Yo Ckhgk) 0 no
_ _|r L (k)
y= = k k| Okln] + % o | efn + . (3.26)
Y1 Zcz( Gy ch( ' VGah) I;L(kl) ny
=1 =1 l

Furthermore, the above equation can be rewritten as

y = CrAphib[n] + CrArHy, (I ® et g, +n, (3.27)

ny

where® represents th&ronecker produc{l1] operation and the vectors and matrices in (3.27) are

given as follows:

¢ 0 0 - 0
C, = o o (3.28)
{0 cg) cé) c(L)
A = diag{1,7/Ga, VG V) (3.29)
T
hy — [hé’“,hﬁ’?,hi’?,---,hf}’] : (3.30)
0 0 ... 0
Co = |« ol (3.31)
Lp PO
(a0 W
H,, = d|ag{ ’(”;), ’(“]f),..., ’{;f) , (3.32)
hl h2 hL
T
e = @@ )T (3.33)
n, = [ng,nf]T. (3.34)

Furthermore, in (3.27)\, is the(L x L)-dimensional diagonal matrix, which is obtained fratp by

removing the element ‘1’ at the top-left corner.

Having obtained the representation of the signal receivéideaBS, as seen in (3.27), let us now
derive a range of detection schemes that might be employedier to characterize the performance

of the cooperation aided schemes.
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3.3.2 Maximal Ratio Combining-Assisted Single-User Recegr [5]

In the context of the maximal ratio combining (MRC)-asgisténgle-user receiver (SUR), the re-

ceived signal vectay of (3.27) is first despread usir(g}f, yielding

g =Cty, (3.35)
wherey = [0, 71, - - - ,gL]T. It can be shown that after the despreadingithecomponent ofj can
be expressed as

) W bi[n] + €Tng, ifl=0 336)
Yy = (k) _ :
\ <klh5‘1l€)bk[n] + \/ChT(l:)Tl anl(k) + (cl(k))Tnl + IR, if | = L2,...,L,
l

wherel;r; represents the inter-relay interference.

Since the MRC-assisted SUR (MRC-SUR) scheme does not hgnkanawledge about the inter-
fering relays, it can only treat the inter-relay interfezeras noise. Let us assume that the second-order
moment ofl;; in (3.36) is given by,. Then it can be readily shown that the MRC weights used

for combining the direct and the relayed signals are givepeetively by

-1
(é\f_ko) (h{*, forl =0 337)
wy = (k)2 ! 3.37
Cr hr k)« —
( kllhll(k)lpl % + ELICOT + UI2R|> v Ckl(hf«l)) , fori=1,2,..., L.

Correspondingly, the decision variahlgn| for bx[n] is given by

L
2] = R {Z wzgl} : (3.38)
=0

whereR{z} represents the real-part of

Note that the MRC scheme of (3.38) maximizes the output SNfiermthere exists no inter-
relay interference or when the inter-relay interferencenteed Gaussian However, the inter-relay
interference is usually not Gaussian, because the numiseipefimposed relayed signals is typically
low. In this case, the MRC-SUR using the MRC weights of (3..373ub-optimum and hence the

inter-relay interference significantly degrades the acthte performance.

After we substitute (3.36) and (3.37) into (3.38), it may badily shown that the SNR can be
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expressed as [132]

—1
_ NO Ckl‘hrl N (k)12
T (Elcr> o Z ( ®)2 E(k B Er +oik | Culhy|
—1
|h((]k) |2Ek7’ L NO NO/Ekr + UIRI
0 I [PE, Gl

-1
=%+Z<‘“g , (3.39)

Trl

where we have

_ InPE
Y0 No )
1012 (k)
m:lL%LJﬂ&ML (3.40)
0
h(k) 2
S L M TP

NO/EkT + UI2RI ’

and~y, v; and~,; represent the instantaneous SNRs of the D-channel, ¢thhER-channel and of
thelth RB-channel, respectively.

Furthermore, when assuming binary phase-shift keying BR#iseband modulation and ap-
plying the Gaussian approximation for the inter-relay rifgeng signals, we can express the BER

conditioned on the instantaneous SNRs as

Py (o {ud s nd) = Q@ (v2)

So(\mente) ) em

Based on (3.41) the average BER derived for special casaeteoést may be estimated using the

results of [37,104, 106]. However, for the general caseidensd in this chapter, it is challenging to
derive the closed-form BER expression. Furthermore, siscally only a small number of relays are
employed for assisting the source MT, the inter-relay fetence cannot be accurately approximated
by a Gaussian variable. Therefore, Monte-Carlo simulatiare employed for evaluating the BER
results in Section 3.4.

Let us now consider the maximum SINR (MSINR)-assisted MURiclis capable of efficiently
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suppressing the inter-relay interference.

3.3.3 Maximum SINR-Assisted Multiuser Combining

For the sake of simplicity, we re-write the observation vecf (3.27) as

y = hibi[n] +ny, (3.42)
with
hy = CiAhy,
ny = CkTAkH]w(IL (= Cg)’ntr + n,. (343)

The maximum SINR-assisted multiuser combining (MUC) schenaximizes the output signal-
to-interference-plus-noise ratio (SINR) with the aid opkiting the knowledge about M% as well
as its relays. More specifically, the BS receiver exploitabgumption that we have perfect knowledge

of the spreading codes and the channels of botikthéT and its relays.

Letw be the2 N-chip MSINR MUC weight vector. Then the decision variable ¢& expressed

as
2k [n] = wHy = wHﬁkbk [n] + 'anI. (3.44)

Correspondingly, the output SINR can be expressed as

|[why |2
wHRyw
(R} *w)™ (R hy)||?

= wIRw ) (3.45)

SINR

whereR; = E[nm}{] is the covariance matrix af;.

According to the Cauchy-Schwarz inequality [133], the SIBIR3.45) satisfies

(R} *w)[2|(R;*hy) 2

SINR <
- wHR;w ’

(3.46)
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where the equality is achieved if and only if we have
R)*w = uR; " *hy, (3.47)

where 1 is a constant. Consequently, the optimum weight vector Her MISINR-assisted MUC
(MSINR-MUC) is given by [11-13]

Wopt = ,uRl_lﬁk = ,uRI_ICkAkhk. (3.48)
Correspondingly, the decision variable is given by
ze[n] = R{wlly}, (3.49)

wherey is formulated in (3.27) or (3.42).

Furthermore, it can be shown that the MSINR is given by
MSINR = hy R 'hy. (3.50)

Additionally, for BPSK modulation, the BER conditioned dretfading can be expressed as [5]

AGE, 8, () = @ (\/ﬁé’Rflﬁk) | (3.51)

Moreover, since it is challenging to evaluate the BER base(Bdb1), our results in Section 3.4 are

obtained by simulations.

3.3.4 Minimum Mean-Square Error-Assisted Multiuser Combining [6—10]

As shown in (3.48), the MSINR-MUC requires accurate infatioraabout the covariance matilR;

of the interference plus noise. However, this covarianc&rimis time-variant and hence may be
hard to estimate at regular intervals in practice. In thisecdhe MUC can be derived based on the
MMSE principles [118-121]. In the family of linear MUC conmlimg schemes, the MMSE-aided
MUC (MMSE-MUC) offers particular advantages [6, 8], beaauisis capable of jointly mitigating
both the multiple-access interference (MAI) and the effetthermal noise. It can be implemented at

a relatively low complexity using various adaptive or bladiaptive signal processing techniques [6].



68 CHAPTER 3. SINGLE-USER PERFORMANCE OF THE RELAY-ASSISTE D DS-CDMA UPLINK

Furthermore, the MMSE-MUC is capable of achieving exadtly same BER performance as the
MSINR-MUC, as we will demonstrate in our forthcoming disceei

In the context of the MMSE-MUC, the received observationteeg of (3.42) is weighted using
a complex weight vectaw of length2NV, in order to generate the estimétgn] of the transmitted bit

bi[n] as follows
bp[n] = wy. (3.52)

When the MMSE-MUC is considered, the weight veaiors chosen by ensuring that the mean-
square error (MSE) between the transmittechpjit] and the estimated i, [»] is minimized, which

can be expressed as

o = argmin £ [|[by[n] — byfr] I

= argmin £ [||bg[n] — w''y|], (3.53)

where the expectation is taken with respect to the transdhiiits and the AWGN. Let the estimation

error be expressed as
A = b[n] — w'y. (3.54)
Then, the estimation error’s variance can be expressed as

A = B(buln] —w'y) (uln] - w'y)]

H H

= l-rpw—wiry+ wHRyw, (3.55)

whereR, is the auto-correlation matrix of the observation vegtof (3.42), which can be expressed

as

R, = E[w"]
= hihy + Ry (3.56)
= CkAkhkthAka—kRI, (357)

while r;, in (3.55) represents the matrix of the cross-correlatiogtsveen the observation vectgpr
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and the desired bit[n], which is given by

Ty = Elybg[n]]
= hj =CLALh;. (3.58)

According to classic adaptive filtering theory [134], thenmiization of (3.53) is equivalent to
ensuring that the gradient of the estimation error's vasark of (3.55) with respect taw’ is set to

be a zero vector, which yields [134]
Wopt = Ry 7y (3.59)
Correspondingly, the variance of the estimation errorherMIMSE is given by

oA =1—rR 'y, (3.60)

As shown in (3.59)w,, is related to the autocorrelation matd, of the observation vector
and the matrix of cross-correlatiomg, between the observation vectgrand the transmitted data
br[n]. In practice, both of them can be estimated by transmittisgtaf training symbols [114, 135,
136]. Specifically, lebg[0], bi[1],--- ,bi[M — 1] representM number of training symbols and let
[y[0],y[1],--- ,y[M — 1]] be the corresponding observation vector. TRgrandr,, can be estimated

asR, = & > M= yim]y™ m] andry, = & M7 y[m]by.[m], respectively.

Let us now demonstrate that both the MMSE-aided MUC and théNRSaided MUC achieve
the same BER performance. After substituting (3.56) arsBj3dnto (3.59), we obtain

_ -1 _
Wopt = <hkth + R[) hy. (3.61)

Furthermore, upon invoking theatrix inversion lemm&[1], we can express the optimum weight

lLletAbe N x N,BbeN x M,CbeM x M andDbeM x N. Then, according to the matrix inversion lemma [1],
we have

(A+BCD)' =A™ —A"'B(DA"'B+C™") DA™
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vector for the MMSE-assisted MUC as

1 13
Wopt = fR hk (362)
" 1 +hy Ry
In (3.62) ﬁkHleﬁk is a real number. Hence, when comparing (3.62) and (3.48)camesee
that the MMSE solution of (3.62) constitutes a special eXangb the MSINR solution of (3.62).
Furthermore, it can be shown that the SINR of the MMSE-aidé&#OMs given by

SINR = k) R; 'hy,, (3.63)

which is the same as that of the MSINR-aided MUC. Therefoo# the MMSE- and MSINR-aided
MUCs should achieve the same BER performance.

The linear MMSE receiver has the important property thahglsiuser can be detected without
having to detect the other users. In other words, the linelstSE detector can be implemented as
a set of single-user interference suppression filters [6].siown in (3.56) and (3.58), the matrices
required for carrying out the MMSE-assisted MUC operatiorey be estimated from the received
observation samples without invoking any other user’srmiation. Hence, the MMSE detector can
be considered as a single-user detector structure thap@&bleaof achieving multiuser interference
suppression. In MMSE detection, the MMSE filter of each userlze implemented using an adaptive
FIR filter, which is analogous to an adaptive equalizer fdngls-user channel [6]. Furthermore, in a
multi-cell communication environment the MMSE based dmteis capable of suppressing both the

inter-cell and intra-cell interferences.

3.4 Performance Results

In this section we provide a range of simulation results mteoto illustrate the achievable BER per-
formance of relay-assisted cooperative DS-CDMA systemsngonicating over Nakagamir fading
channels associated with the various combining schemasufated in Section 3.3. In our simula-
tions discussed in Subsection 3.4.1, we assumed that tleat@rage SNR recorded at the receiver
was constant, regardless of the number of relays the trétiesnmvolved. As mentioned previously in
Section 3.2, this assumption tacitly implies that the sedransmitter and the relays are at a similar
distance from the receiver. However, in practice the trattemmay opt for electing relays in the

vicinity of the BS in order to reduce the overall transmitigalver and the drain of the ‘obliging’
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\ | Subsection 3.4.1 | Subsection 3.4.2 |

Main assumption | Constant total received Constant total transmitted
SNR per bit power per bit

Pathloss No Yes
D-channels Rayleigh fading
TR-channels Rayleigh fading
RB-channels Nakagamim fading (m = 2)
Modulation BPSK
Cooperation mode AF
Detection at BS MRC-SUR or MSINR-MUC or MMSE-MUC

Table 3.1: Main features of the DS-CDMA uplink considered.

Spreading sequences Spreading factof Detection at BY

Figure 3.7 | Orthogonal sequences N =8 MRC-SUR

Figure 3.8 | m-sequences N=T7 MRC-SUR

Figure 3.9 | Random sequences N=T7 MRC-SUR

Figure 3.10| Random sequences N=T7 MSINR-MUC
andm-sequences

Figure 3.11| Random sequences N=T7 MMSE-MUC
andm-sequences

Table 3.2: System parameters used for generating Figures 3.7-3. libiseStion 3.4.1.

MTs’ battery. Hence, in Subsection 3.4.2 we provide a rarfggnaulation results, when taking into

account the pathloss and exploiting the assumption thatiothétransmitted power per data bit re-
mained constant in order to carry out a fair comparison. &bl shows the main features of the
DS-CDMA uplink considered.

3.4.1 Performance of Relay-Assisted DS-CDMA Uplink in the Asence of Large-Scale
Fading

In this subsection we provide performance results of thayraksisted DS-CDMA uplink without
considering the effects of large-scale fading. In this caseassume that the total average power
received from a user and its relays is constant, regardfabe oumber of relays. The system param-
eters used for generating Figures 3.7-3.11 are summariZéabile 3.2.

Figure 3.7 shows the BER versus average SNR per bit perfaenairthe proposed relay-assisted
DS-CDMA uplink, when the D-channel and the TR-channels agpee Rayleigh fading, while the
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Figure 3.7: BER versus SNR per bit performance of the relay-assiste€CDSIA uplink supporting a single
user, when the D-channel and the TR-channels experiendeifajading, while the RB-channels
experience Nakagami fading associated withys = 2for L = 1,2, 3, 4.

RB-channels experience Nakagamifading associated withh;, = 2 for L = 0,1, 2, 3,4, where

L = 0 represents the system using no relays. In our simulaticth®gonal spreading codes were
employed, hence there was no interference among the simoligly transmitting relays. Conse-
quently, the BER performance shown in Figure 3.7 represinetdest BER performance that the
relay-assisted DS-CDMA is capable of achieving under tkaraptions employed in this subsection.
The results of Figure 3.7 show that the BER performance img&mowhen using more relays for at-
taining the relay diversity, provided that the average SMRt is sufficiently high. However, as

shown in Figure 3.7, if the average SNR per bit is too low, n@idiity gain can be guaranteed and
the BER performance recorded for using more relays may exgrade.

In Figure 3.8 and Figure 3.9 we show the BER versus the avesaiie per bit performance
of the relay-assisted DS-CDMA uplink associated with using MRC-SUR derived in Subsec-
tion 3.3.2. Specifically, in the context of Figure 3.8 theegling codes were constituted by the
sequences [137-140], while in Figure 3.9 they were conettby random sequences [137,141,142].
From the results of Figures 3.8 and 3.9 we observe that the [gElRrmance seen in both figures is
the same as that shown in Figure 3.7, whiers= 1. The reason for this is that, whdn= 1, there
exists no interference between MTand its relay due to using different time-slots in time-sion.
For the DS-CDMA uplink usingn-sequences as shown in Figure 3.8, wlieincreases from 1 to 2,

a useful diversity gain is still explicitly observed, altigh the BER performance degrades, when it is
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Figure 3.8: BER versus SNR per bit performance of the relay-assiste€CDS uplink usingm-sequences
and the MRC-SUR of Subsection 3.3.2, when the D-channel hadlR-channels experience
Rayleigh fading, while the RB-channels experience Nakagarfading associated withy;s = 2
forL =1,2,3,4.

compared to the BER performance bound seen in Figure 3.7etinwwhenl > 2, we observe that
there is only a modest diversity gain or no diversity gainliatihe reason for the above observation
is that, forL > 2, there exists significant interference among the relaygmvthe MRC-assisted SUR
is utilized for detection. For the scheme using random secpgin the context of Figure 3.9, the
achievable BER performance slightly improvedascreases. However, the attainable diversity gain
is usually modest due to the MAI imposed by the random spngasiéquences of the relays. Fur-
thermore, wherl. > 2 and stipulating the same value bf the BER performance of the DS-CDMA
uplink usingm-sequences in Figure 3.8 is better than that of random sega@maracterized in Fig-
ure 3.9, which is owing to the lower cross-correlation of thesequences than that of the random
spreading sequences.

Figure 3.10 shows the BER versus average SNR per bit perfaentor the relay-assisted DS-
CDMA uplink communicating over generalized Nakagamifading channels associated with using
the MSINR-MUC derived in Subsection 3.3.3. The parametseslun our simulations for recording
this figure were the same as those used in Figures 3.7-3.9.7Baequences and radom spreading
sequences were considered. Explicitly, we infer from tiseilis of Figure 3.10 the BER performance
corresponding to any of the cases is close to that shown ur& 87, which represents the best BER

performance achievable under the assumptions considdreerefore, when the MSINR-MUC is
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Figure 3.9: BER versus SNR per bit performance of the relay-assiste@CDSIA uplink using random se-
quences and the MRC-SUR derived in Subsection 3.3.2, wigeD4thannel and the TR-channels
experience Rayleigh fading, while the RB-channels expeaeNakagamin fading associated
withm;, =2forL =1,2,3,4.

employed, the interference among the relays can be effigianitigated.

Finally, Figure 3.11 shows the BER versus average SNR paydsformance recorded for the
relay-assisted DS-CDMA uplink communicating over the galieed Nakagamin fading channels
associated with using the MMSE-MUC derived in Subsecti@¥3.Again, the parameters used in our
simulations for generating this figure were the same as thesd in Figures 3.7-3.10. Furthermore,
both m-sequences and random sequences were considered. Adgutettie BER performance of
the relay-assisted DS-CDMA uplink using the MMSE-MUC is g@me as that of its counterpart
using the MSINR-MUC.

3.4.2 Performance of Relay-Assisted DS-CDMA Uplink in the Resence of Large-

Scale Fading

In this subsection we provide a range of simulation resulterder to characterize the BER per-
formance of the single-user relay-assisted DS-CDMA uplokisidered, when the generalized
Nakagamim fading channel model is assumed. In our simulations, wenasshat the relays are cho-
sen from the mobile terminals in the vicinity of the BS. THere the RB-channels can be assumed

to be more reliable than the D-channels and TR-channelscdiehe relays require a considerably
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Figure 3.10: BER versus SNR per bit performance of the relay-assistedCDSIA uplink using bothm-
sequences and random sequences and the MSINR-MUC of Siebbs2& 3, when the D-channel
and the TR-channels experience Rayleigh fading, while tReRannels experience Nakagami-
m fading associated withn;; = 2for L = 1,2, 3, 4.

lower transmission power than the original transmitterféowarding the information to the BS.

In our simulation results provided in this subsection, wauased that the total transmitted energy
per bit remained constant in order to carry out a fair congoaxi By contrast, in Subsection 3.4.1,
we assumed that the total average received SNR remainethngnsegardless of the number of
relays assisting a transmitter. Explicitly, this assumpiis only suitable for the case when both the
transmitter and the relays are at a similar location. Howeéngractice, an uplink transmitter usually
prefers choosing its relays in the vicinity of the BS, so thatoverall transmitted power is as low as
possible, and/or, possibly the interference imposed ohdather cells is also as low as possible in
a multiple-cell scenario. Additionally, in practice a migbierminal roaming in the vicinity of a BS
may be more ‘willing to act’ as a relay than those far away ftbmBS, since those would be required
to transmit at a high power, which may significantly reducetihttery life time of the relays.

Furthermore, when large-scale fading is considered, tmifm of power assigned to the trans-
mitters in the first and second time-slots should be suitatjysted based on their channel quality in
order to achieve the lowest possible BER. Note that the aaquality here depends on the relays’
relative locations, which determines the pathloss, andhenfading-induced attenuation. In Fig-
ures 3.12-3.14, we evaluated the achievable BER versud performance, when the D-channel and

the TR-channels experienced Rayleigh fading, while thecR&anels experienced Nakagamifad-
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Figure 3.11: BER versus SNR per bit performance of the relay-assistedCDSIA uplink using bothm-
sequences and random sequences and the MMSE-MUC of Sulnsg@&i4, when the D-channel
and the TR-channels experience Rayleigh fading, while tReRannels experience Nakagami-
m fading associated withn;; = 2for L = 1,2, 3, 4.

\ | Figure 3.12| Figure 3.13| Figure 3.14|

Number of relays L=1 L=2 L=3
Ey/No 10dB 6 dB 4 dB
Spreading sequences m-sequences
Spreading factor N=T7

Pathloss exponent n=3

Table 3.3: System parameters used for generating Figures 3.12-33dkigection 3.4.2.

ing associated withn;, = 2 for L = 1,2,3. More specifically, the BER performance was recorded

versus §, ¢), where the parameter determines the fraction of power assigned to the first and sec

ond time-slots, while the paramet&mdetermines the relative location of the relays. Furtheaitet

concerninga andd can be found in Subsection 3.2.3. The system parametersfarsgdnerating

the simulaton results recorded in Figures 3.12-3.14 ararsanmed in Table 3.3. In our simulations,

we assumed that the pathloss exponent was 3. Specially, Figure 3.12 shows the BER versus

(o, 6) performance using the parameterslof= 1 and E;/Ny = 10 dB. It can be seen from Fig-

ure 3.12 that increasing, i.e. assigning more power to the source transmitter in tisetfime-slot,

generally results in an improved BER performance. Furtleemincreasing implies that the relay

moves toward the source transmitter from the BS, which atgwroves the attainable BER perfor-
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Bit Error Rate

Figure 3.12: BER versus ¢, ) performance of the relay-assisted DS-CDMA uplink usingequences and
the MSINR-MUC, when the D-channel and the TR-channels égpee Rayleigh fading, while
the RB-channels experience Nakagamiading associated witln;, = 2. In this figure, we
assumed. = 1, E; /Ny = 10 dB and that the pathloss exponent was 3.

! 0 BER o 0 BER
0.950| 0.275| 1.08e-03| 0.800| 0.475| 7.54e-04
0.925| 0.325| 9.82e-04| 0.775| 0.488 | 7.50e-04
0.900| 0.363| 9.23e-04| 0.750| 0.488| 7.41e-04
0.875| 0.400| 8.70e-04| 0.725| 0.500| 7.53e-04
0.850| 0.438| 8.13e-04| 0.700| 0.500| 7.47e-04
0.825| 0.450| 7.84e-04| 0.675| 0.500| 7.94e-04

Table 3.4: Lowest BER values seen in Figure 3.12 and the correspondings ofc ands.

mance. However, when the valuescofindj become excessive, for example, whert [0.8,0.95]

andé C [0.2,0.5], the achievable BER performance degrades. Thereforeeasrs&igure 3.12, for
any given value ofy, usually there exists an efficient value @fwhich results in the lowest BER.
Vice versa, for any given value @f, there exists an efficient value of, representing the efficient

power-sharing, which also results in the lowest BER.

Figures 3.13 and 3.14 show the BER versus ) performance of relay-assisted DS-CDMA
uplink. In Figure 3.13 the parameters employed were 2, E;, /Ny = 6 dB andn = 3. By contrast,
the parameters used in Figure 3.14 wére= 3, E,/Ny = 4 dB andn = 3. From the results of

Figures 3.12-3.14 we have the following observations:
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Figure 3.13: BER versus ¢, ¢) performance of the relay-assisted DS-CDMA uplink usingsequences and
the MSINR-MUC, when the D-channel and the TR-channels égpee Rayleigh fading, while
the RB-channels experience Nakagamiading associated witln;, = 2. In this figure, we
assumed. = 2, E,/Ny = 6 dB and that the pathloss exponent was 3.

o 0 BER o 0 BER
0.950| 0.200| 1.36e-03| 0.725| 0.388 | 9.94e-04
0.925| 0.225]| 1.25e-03| 0.700| 0.413| 1.03e-03
0.900| 0.238| 1.19e-03| 0.675| 0.413| 1.02e-03
0.875| 0.263| 1.13e-03| 0.650| 0.413| 1.03e-03
0.850| 0.288| 1.09e-03| 0.625| 0.438| 1.06e-03
0.825| 0.325| 1.04e-03| 0.600| 0.463| 1.06e-03
0.800| 0.338| 1.03e-03| 0.575| 0.463| 1.08e-03
0.775| 0.338| 1.02e-03| 0.550| 0.500| 1.13e-03
0.750| 0.363| 1.01e-03| 0.525| 0.500| 1.16e-03

Table 3.5: Lowest BER values seen in Figure 3.13 and the correspondings ofa andsd.
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Bit Error Rate

Figure 3.14: BER versus ¢, ¢) performance of the relay-assisted DS-CDMA uplink usingsequences and
the MSINR-assisted MUC, when the D-channel and the TR-oblarexperience Rayleigh fading,
while the RB-channels experience Nakagamfading associated with;; = 2. In this figure,
we assumed. = 3, E, /Ny = 4 dB and that the pathloss exponent was 3.

o 0 BER o 0 BER
0.950| 0.150| 1.52e-03| 0.625| 0.363| 1.36e-03
0.925| 0.175| 1.38e-03| 0.600| 0.375| 1.44e-03
0.900| 0.200| 1.30e-03| 0.575| 0.375| 1.52e-03
0.875| 0.213| 1.26e-03| 0.550| 0.388| 1.57e-03
0.850| 0.238| 1.23e-03| 0.525| 0.400| 1.65e-03
0.825| 0.263| 1.23e-03| 0.500| 0.425| 1.71e-03
0.800| 0.263| 1.22e-03| 0.475| 0.450| 1.82e-03
0.775] 0.263| 1.22e-03| 0.450| 0.438| 1.98e-03
0.750| 0.300| 1.23e-03| 0.425| 0.488| 2.07e-03
0.725| 0.300| 1.24e-03| 0.400| 0.488| 2.21e-03
0.700| 0.313| 1.28e-03| 0.375| 0.500| 2.38e-03
0.675| 0.323| 1.30e-03| 0.350| 0.488| 2.55e-03
0.650| 0.350| 1.34e-03| 0.325| 0.500| 2.85e-03

Table 3.6: Lowest BER values seen in Figure 3.14 and the correspondiogs ofa andsd.
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\ | Figure 3.17| Figure 3.18] Figure 3.19

Number of relays L=1 L=2 L=3
Ey /Ny 10dB 6 dB 4 dB
Spreading sequences m-sequences
Spreading factor N=T7

Pathloss exponent n=4

Table 3.7: System parameters used for generating Figures 3.17-39@igection 3.4.2.

1) The DS-CDMA system employing more relays requires a redug,/N, value in order to

achieve the same BER performance, due to the higher diveaiih achieved.

2) For a given value ofr representing a specific power-sharing, the optimum value(dfthere
exists one) decreases, when increasing the diversity drd€éhis observation implies that, for
a given power-sharing, the relays should be chosen fronitomsacloser to the BS in order to

achieve the lowest BER, when more relays are employed.

In Tables 3.4-3.6 the lowest BER values seen in Figures 3.12-are listed for diverse values
of o andé. Furthermore, in Figure 3.15 the efficient, (§) values that achieve the lowest BERs
in Figures 3.12-3.14 are depicted. The results of Figuré Bhdicate that, as expected, the power-
sharing should be appropriately adjusted in order to aehies best possible BER, depending on the
locations of the relays.

Figure 3.16 shows the BER versus average SNR per bit perfaentor the relay-assisted DS-
CDMA uplink communicating over the generalized Nakagamfading channels associated with
using the MSINR-assisted MUC derived in Subsection 3.31&wur simulations we assumed that the
pathloss exponent was= 3. The other parameters used in this figure were 0.8 andé = 0.4. It
can be seen from the results of Figure 3.16 that the attamBR performance significantly improves
upon increasing the number of relays under the assumptiosiog the efficient power-sharing. In
comparison with Figures 3.7 and 3.10, in Figure 3.16 theits &0 cross-over between the BER
curves. For any of the SNR values considered, the BER of th«€ DBIA employing more relays
improves.

In Figures 3.17-3.19, we evaluated the BER versusd) performance for the relay-assisted
DS-CDMA uplink, when the D-channel and TR-channels exmegeRayleigh fading, while the RB-
channels experience Nakagamifading associated withn;, = 2 for L = 1,2, 3. As summarized in
Table 3.7, the parameters used for Figures 3.17-3.19 wersdtime as those employed for recording

Figures 3.12-3.14, except that the pathloss exponent wag re 4. From the results of Figures 3.17-
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mo=1mpy=1mp=2n=3
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O — L=1E,/Ny=10dB
| A —— L=2E,/Ny=6dB
0.55 0 — L=3 E,/Ny=4dB

Figure 3.15: The values ofw andd, which yield the lowest BER for the relay-assisted DS-CDMplirnk
using m-sequences and the MSINR-assisted MUC when the D-chandethenTR-channels
experience Rayleigh fading, while the RB-channels expeaeNakagamin fading associated
with m;s = 2. The other parameters used #g/Ny = 10dB for L = 1, E;, /Ny = 6 dB for
L =2,E,/Ny =4dB for L = 3 and the pathloss exponentjs= 3.
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Figure 3.16: BER versus SNR per bit performance of the relay-assiste€DSIA uplink usingm-sequences
and the MSINR-MUC, when the D-channel and the TR-channgie@ance Rayleigh fading,
while the RB-channels experience Nakagamiading associated withy;, = 2 for L = 1,2, 3.
In this figure, we assumed = 0.8, 6 = 0.4 and that the pathloss exponent was: 3.
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Figure 3.17: BER versus ¢, ) performance of the relay-assisted DS-CDMA uplink usingequences and
the MSINR-MUC, when the D-channel and the TR-channels égpee Rayleigh fading, while
the RB-channels experience Nakagamiading associated witln;, = 2. In this figure, we
assumed. = 1, E; /Ny = 10 dB and that the pathloss exponent was 4.

! 0 BER o 0 BER
0.950| 0.375| 5.09e-04| 0.875| 0.475| 3.55e-04
0.925| 0.413| 4.34e-04| 0.850| 0.500| 3.31e-04
0.900| 0.450| 3.87e-04| 0.825| 0.500| 3.18e-04

Table 3.8: Lowest BER values seen in Figure 3.17 and the correspondings ofc ands.

! 0 BER o 0 BER
0.950| 0.288| 4.77e-04| 0.775| 0.425| 2.33e-04
0.925| 0.325| 3.93e-04| 0.750| 0.450| 2.25e-04
0.900| 0.350| 3.42e-04| 0.725| 0.450| 2.20e-04
0.875| 0.363| 3.04e-04| 0.700| 0.475| 2.17e-04
0.850| 0.388| 2.78e-04| 0.675| 0.475| 2.13e-04
0.825| 0.400| 2.59e-04| 0.650| 0.500| 2.09e-04
0.800| 0.413| 2.47e-04| 0.625| 0.500| 2.07e-04

Table 3.9: Lowest BER values seen in Figure 3.18 and the correspondiogs ofa andsd.
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Figure 3.18: BER versus ¢, ¢) performance of the relay-assisted DS-CDMA uplink usingsequences and
the MSINR-MUC, when the D-channel and the TR-channels égpee Rayleigh fading, while
the RB-channels experience Nakagamiading associated witln;, = 2. In this figure, we
assumed. = 2, £, /Ny = 6 dB and that the pathloss exponent was 4.
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Figure 3.19: BER versus ¢, ) performance of the relay-assisted DS-CDMA uplink usingequences and
the MSINR-MUC, when the D-channel and the TR-channels égpee Rayleigh fading, while
the RB-channels experience Nakagamiading associated witln;, = 2. In this figure, we
assumed. = 3, E; /Ny = 4 dB and that the pathloss exponent was 4.
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! 0 BER o 0 BER
0.950| 0.250| 4.45e-04| 0.700| 0.413| 1.96e-04
0.925| 0.288| 3.60e-04| 0.675| 0.425| 1.95e-04
0.900| 0.300| 3.05e-04| 0.650| 0.425| 1.94e-04
0.875| 0.313| 2.71e-04| 0.600| 0.463 | 1.96e-04
0.850| 0.325| 2.50e-04| 0.575| 0.463 | 2.02e-04
0.825| 0.350| 2.32e-04| 0.550| 0.463 | 2.07e-04
0.800| 0.363| 2.21e-04| 0.525| 0.463 | 2.16e-04
0.800| 0.363| 2.17e-04| 0.500| 0.488| 2.21e-04
0.775| 0.375| 2.11e-04| 0.475| 0.500| 2.32e-04
0.750| 0.388| 2.03e-04| 0.450| 0.500| 2.48e-04

Table 3.10:Lowest BER values seen in Figure 3.19 and the correspondings ofo: ands.

m0:1 m]1:1 m[2:2 77:4
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| A —— L=2E,/Ny=6dB
0.55 0 — L=3E,/Ny=4dB

Figure 3.20: The values ofw andd, which yield the lowest BER for the relay-assisted DS-CDMplirnk
usingm-sequences and the MSINR-MUC, when the D-channel and thehBRnels experience
Rayleigh fading, while the RB-channels experience Nakagarfading associated with,;; =
2. The other parameters used dg/Ny = 10dB for L = 1, E;/Ny = 6 dB for L = 2,
E, /Ny = 4 dB for L = 3 and the pathloss exponentjs= 4.



3.4. PERFORMANCE RESULTS 85

m():l mllzl m[2:2

0 — L=0
Gag O — L=1
10" 58 % L=2
o A — I=3
>y
%g \igi\ 8\&%\“
' 10° \'a =
o] N A
thJ N\ X ™Y
=10° \a\ 3 =
m —% 1%
X S
'\ X \\
10" \‘\ \&.\. \““
A\ ‘\\ ‘\\\
\ N
k\ \ AN
-5
10 -5 0 25 30

5 10 15 .20
Average SNR per bit (dB)

Figure 3.21: BER versus SNR per bit performance of the relay-assiste€DSIA uplink usingm-sequences
and the MSINR-MUC, when the D-channel and the TR-channgigem@ance Rayleigh fading,
while the RB-channels experience Nakagamfading associated withn;, = 2 for L = 1,2, 3.
In this figure, we assumed = 0.9, 6 = 0.3 and that the pathloss exponent was: 4.

3.19 as well as those of Figures 3.12-3.14, we can obsert/fotithe same number of relays bf the
sameFE} /Ny value and the same value @f the efficient value of increases when the pathloss expo-
nent increases from 3 to 4. This observation implies thaemthe pathloss exponent increases, the
relays should be chosen from the area, which has a simil&mdis from both the source transmitter
and the BS receiver in order to achieve the lowest BER.

The efficient values ak andd achieving the lowest BER in Figures 3.17-3.19 were listethinles
3.8-3.10. Furthermore, Figure 3.20 shows the valuésaoida, which have achieved the lowest BERs
in Figures 3.17-3.19. Again, as suggested by the resultggafé&3.20, in order to achieve the lowest
BER, the appropriate amount of power should be assignecdetsdbrce transmitter and the relays,
when the relays are chosen from different locations.

Figure 3.21 portrays the BER versus average SNR per bitpeaface of the relay-assisted DS-
CDMA system communicating over the generalized Nakaganfading channels in conjunction
with using the MSINR-MUC. In our simulations, the pathlogpenent was set tg = 4. The other
parameters used in Figure 3.21 were= 0.9 andé = 0.3. As observed in Figures 3.16 and 3.21,
when the power is efficiently allocated to the transmitted &mits relays, the BER performance of
the DS-CDMA system can be significantly improved by incneagghe number of relays.

Figures 3.22 and 3.23 present the BER versus average SNRtgmrtormance of the relay-
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Figure 3.22: BER versus SNR per bit performance of the relay-assiste@€DSIA uplink usingm-sequences
and the MRC-SUR, when the D-channel and the TR-channelsiexjge Rayleigh fading, while
the RB-channels experience Nakagamfading associated with;; = 2 for L = 1,2, 3. In this
figure, we assumed = 0.8, § = 0.4 and that the pathloss exponent was: 3.
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Figure 3.23: BER versus SNR per bit performance of the relay-assiste€CDSIA uplink usingm-sequences
and MMSE-MUC, when the D-channel and the TR-channels egpee Rayleigh fading, while
the RB-channels experience Nakagamfading associated with;; = 2 for L = 1,2, 3. In this
figure, we assumed = 0.8, § = 0.4 and that the pathloss exponent was: 3.
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assisted DS-CDMA uplink using the MRC-SUR derived in Subeac3.3.2 and the MMSE-MUC
derived in Subsection 3.3.4, when the DS-CDMA signals aa@simitted over the generalized
Nakagamim fading channels. In our simulations;-sequences were assumed and the pathloss ex-
ponent was) = 3. The other parameters used in our simulations characteizEigures 3.22 and
3.23 weren = 0.8 andd = 0.4. As observed in Figure 3.22, in spite of using the MRC-asdiSUR,

the BER performance of the DS-CDMA uplink still improves wttbe power is efficiently allocated

to the source transmitter and to the assisting relays. Asatgd, the BER performance recorded in
Figure 3.23 is the same as that of its counterpart charaeteim Figure 3.16, where all the parameters

were the same as those in Figure 3.23 except for using the Ri®id$ed detection.

Additionally, in Figures 3.24 and 3.25 the BER versus aver@dR per bit performance of the
relay-assisted DS-CDMA uplink is depicted, when the MRCRSuhd the MMSE-MUC are consid-
ered, respectively. In our simulations;sequences were used for spreading and the pathloss exponen
was assumed to be= 4. The other parameters used in our simulations characteinzeigures 3.24
and 3.25 werex = 0.9 andé = 0.3. Again, the BER performance improves when a transmitter is
aided by more relays. Furthermore, it can be seen that the@EBrmance corresponding to any of
the cases considered in Figure 3.25 is the same as that olitserpart characterized in Figure 3.21.
By contrast, when comparing Figure 3.24 to Figure 3.25, we tlirat a better BER performance is
achieved in the latter fof. = 2, 3.

Finally, in Figures 3.26-3.28 the BER versus SNR per bitqranince recorded for the relay-
assisted DS-CDMA uplink using random sequences and theeainewntioned three types of detection
algorithms is investigated, when the D-channel and TR+ebBnexperience Rayleigh fading, while
the RB-channels experience Nakagamiading associated witin,, = 2 for L = 1,2,3. Specif-
ically, in our simulations documented in Figures 3.26-3m28assumed = 0.8,6 = 0.4 and that
the pathloss exponent was= 3. It can be seen that the BER performance corresponding tofany
the cases characterized in Figure 3.26 is the same as thatamfuinterpart featuring in Figure 3.28,
but much better than that of its counterpart documentedgnorgi3.22 forL = 2, 3. Hence, both the
MSINR-assisted and MMSE-assisted MUCs are capable of eftlyi suppressing the interference
among the relays.

The system parameters used for generating the simulatioitseecorded in Figure 3.16 as well
as in Figures 3.21-3.28 are summarized in Table 3.11. We roaglude from the results of Fig-
ures 3.21-3.28 as well as from those in Figure 3.16 that dme@ower was efficiently allocated to
the source transmitter and to its relays, the BER performahnthe DS-CDMA uplink considered can

be significantly improved upon increasing the number ofstisgj relays. Furthermore, since both the
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Spreading sequences Detection Pathloss| Power-sharing Normalized
N="7 at BS exponent factor relay location
Figure 3.16 m-sequences MSINR-MUC | n =3 a=0.8 0=04
Figure 3.21 m-sequences MSINR-MUC | n =4 a=0.9 0=0.3
Figure 3.22 m-sequences MRC-SUR n=3 a=0..8 0=04
Figure 3.23 m-sequences MMSE-MUC n=3 a=0.8 0=04
Figure 3.24 m-sequences MRC-SUR n=4 a=0.9 0=0.3
Figure 3.25 m-sequences MSINR-MUC | n =4 a=0.9 0=0.3
Figure 3.26| random sequences MSINR-MUC | 75 =3 a=0.38 0=0.4
Figure 3.27| random sequences MRC-SUR n=3 a=0.38 0=0.4
Figure 3.28| random sequences MMSE-MUC n=3 a=0.38 0=0.4
Table 3.11:System parameters used for generating Figure 3.16 as wdligases 3.21-3.28 in Subsec-
tion 3.4.2.
m0=1 mllzl m[2:2
1
0 — L=0
Gag O — L=1
10" 53 O — L=2
N AN — L=3
[ ‘\‘2\\ S
ISR\ V. _
o) RN
= AN Y
0 ANy
m AR N
A} AVN AT
A X '\\\
10* \‘.\"\ \"\.
1\\ AN ‘\\
10° -\\ \
-5 0 25 30

5 10 15 .20
Average SNR per bit (dB)

Figure 3.24: BER versus SNR per bit performance of the relay-assiste€DSIA uplink usingm-sequences
and the MRC-SUR, when the D-channel and the TR-channelsiexjpe Rayleigh fading, while
the RB-channels experience Nakagamfading associated withn;, = 2 for L = 1, 2, 3. In this
figure, we assumed = 0.9, § = 0.3 and that the pathloss exponent was 4.

MSINR- and the MMSE-MUCs derived in Subsection 3.3.3 andsBation 3.3.4 respectively have
the capability of mitigating the interference among theys| the BER performance of the relay-
aided DS-CDMA uplink using either the MSINR-assisted or MiEISE-aided MUC is better than
that of their counterparts using the MRC-assisted SUR. #afdilly, as we argued previously, both
the MSINR- and the MMSE-assisted MUCs are capable of aafietvie same BER performance.
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Figure 3.25: BER versus SNR per bit performance of the relay-assiste€CDSIA uplink usingm-sequences
and MMSE-MUC, when the D-channel and the TR-channels egpee Rayleigh fading, while
the RB-channels experience Nakagamfading associated with;; = 2 for L = 1,2, 3. In this
figure, we assumed = 0.9, § = 0.3 and that the pathloss exponent was: 4.
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Figure 3.26: BER versus SNR per bit performance of the relay-assisted@CDSA uplink using random se-
quences and the MSINR-MUC, when the D-channel and the TRraHa experience Rayleigh
fading, while the RB-channels experience Nakagamiading associated with;, = 2 for
L = 1,2,3. In this figure, we assumed = 0.8, § = 0.4 and that the pathloss exponent was

n=3.
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Figure 3.27: BER versus SNR per bit performance of the relay-assistedCDSFA uplink using random
sequences and the MRC-SUR, when the D-channel and the Triwelsaexperience Rayleigh
fading, while the RB-channels experience Nakagamiading associated with;, = 2 for
L = 1,2,3. In this figure, we assumed = 0.8, § = 0.4 and that the pathloss exponent was
n=3.
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Figure 3.28: BER versus SNR per bit performance of the relay-assisted@CDSA uplink using random se-
quences and MMSE-MUC, when the D-channel and the TR-chaerpkrience Rayleigh fading,
while the RB-channels experience Nakagamfading associated withn;, = 2 for L = 1,2, 3.
In this figure, we assumed = 0.8, § = 0.4 and that the pathloss exponent was: 3.
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SNR
L=1)| L=2 | L=3 | L=
Orthogonal sequencgs20.4dB| 17.0dB| 15.9dB| 15.3dB| Figure 3.7

MRC-SUR SNR
L=1 | L=2 | L=3 | L=14
m-sequences 20.4dB| 17.4dB| 16.6dB| 16.3dB| Figure 3.8

Random sequences | 20.4dB| 19.7dB| 19.0dB| 17.6 dB| Figure 3.9

MSINR-MUC SNR
L=1]| L=2 ]| L=3] L=4
m-sequences 20.4dB| 17.0dB| 16.0dB| 15.4 dB| Figure 3.10

Random sequences | 20.4dB| 17.2dB| 16.3dB| 15.7 dB| Figure 3.10

MMSE-MUC SNR
L=1]| L=2 ]| L=3] L=4
m-sequences 20.4dB| 17.0dB| 16.0dB| 15.4 dB| Figure 3.11

Random sequences | 20.4dB| 17.2dB| 16.3dB| 15.7 dB| Figure 3.11

Table 3.12:SNR values required at BER&* in the relay-assisted DS-CDMA uplink for transmission over
Nakagamimn fading channels in the absence of large-scale fading in dinéegt of three types
of detection schemes, namely the MRC-SUR of Subsectio2,33e MSINR-MUC of Subsec-
tion 3.3.3 and the MMSE-MUC of Subsection 3.3.4. The valuesvextracted from Figures 3.7-
3.11, while the corresponding simulation parameters wanmensarized in Tables 3.1-3.2.

3.5 Conclusions

In summary, in this chapter we have investigated the atiéeéngerformance of a relay-assisted DS-
CDMA uplink communicating over generalized Nakagamiading channels. We have focused our
attention on the single-user multiple-relay scenario,clvfénabled us to gain insight into the achiev-
able performance of the DS-CDMA system supporting multigers employing the advanced MUDs
of Subsections 3.3.3-3.3.4. In Subsection 3.4.1 we haveiffivestigated the performance of our
proposed system under the assumption that the total av&idgeat the receiver remains constant,
regardless of the number of relays aiding the source tratesmit was shown in Figures 3.7-3.11

that a useful diversity gain is only achievable, when the S8IBRufficiently high. Observe in Fig-

ures 3.7-3.11 that when the SNR is too low, the attainable B&formance may even degrade upon
increasing the number of relays. Then, the BER performam@aioproposed cooperative system
has been investigated in Figures 3.21-3.28 under the assumtpat the total average power trans-

mitted per bit remains constant for the sake of a fair conspari In our investigations three types
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MRC-SUR SNR
L=1] L=2] L=3
m-sequences 149dB| 9.8dB | 8.2dB | Figure 3.22

Random sequencgs14.9dB| 12.1 dB| 10.6 dB| Figure 3.27

MSINR-MUC SNR
L=1] L=2] L=3
m-sequences 149dB| 9.4dB | 7.6dB | Figure 3.16

Random sequencegs14.9dB| 9.6dB | 8.2dB | Figure 3.26

MMSE-MUC SNR
L=1]L=2] L=3
m-sequences 149dB| 9.4dB | 7.6dB | Figure 3.23

Random sequencegs14.9dB| 9.6dB | 8.2dB | Figure 3.28

Table 3.13:SNR values required at BER8* in the relay-assisted DS-CDMA uplink for transmission over
Nakagamim fading channels in the presence of large-scale fading ircéiméext of three types
of detection schemes, namely the MRC-SUR of Subsectio2,33e MSINR-MUC of Subsec-
tion 3.3.3 and the MMSE-MUC of Subsection 3.3.4. The valuesvextracted from Figures 3.16,
3.22-3.23 and 3.26-3.28. The corresponding experimeatalitons werex = 0.8, § = 0.4 and
n = 3, as summarized in Tables 3.1 and 3.11.

of detection schemes have been invoked, namely the MRGteds$UR, the MSINR-assisted MUC
and the MMSE-assisted MUC. Tables 3.12-3.13 present the &MRs required for a target BER
of 10~* in the context of the above-mentioned three types of deiesithemes of our proposed co-
operative system in the absence and presence of largefadalg, respectively. It can be observed
that the SNR values required for achieving a BERL0of* were the same fof, = 1, regardless
of the type of detection schemes and spreading sequenaesigu that the same fading environ-
ments were assumed. Again, this is due to using differerd-8hats in time-division. Furthermore,
the SNR values required at BER¥* were the same in the context of the MSINR-MUC scheme
and the MMSE-MUC arrangement, since both of them were cepatbhchieving exactly the same
BER performance. Additionally, both the MSINR-MUC and MM3BJC arrangements required
a lower SNR value for achieving the same BER performance tiiratMRC-SUR scheme. Finally,
when the effects of large-scale fading were also taken iotount, the DS-CDMA system required
a significantly lower SNR value for the sake of achieving taene BER performanceWe may
conclude from our study that in relay-assisted DS-CDMA systms relay diversity may only be
achievable, when the interference among the relays is effently suppressed, unless orthogonal

spreading codes are employed. When efficient power-sharing employed for sharing the total
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power allocated to the source transmitter and the relays, th achievable BER performance of
relay-assisted DS-CDMA systems can be significantly impred upon increasing the number of
relays.

Note that in our simulations presented in this chapter we le@sumed that all the relays have a
similar distance from the BS. This assumption can be gerethhnd we may assume that the relays
are randomly distributed.

Having investigated the performance of a single-user piglielay aided DS-CDMA system,
in the next chapter we investigate the family of relay-dedidDS-CDMA systems, which support

multiple users, where each user is assisted by a numberagkrel



Chapter

Multi-User Performance of the

Relay-Assisted DS-CDMA Uplink

4.1 Introduction

Multiple access (MA) aided wireless communications systemable multiple users to share the
available network resources [143, 144]. Historically, Mgsisted wireless communications systems
divided the entire available frequency band into frequestts’, where each user’s channel occu-
pies a portion of the total available bandwidth. Hence thersiseparated in the frequency domain
may communicate without significant interference with eaitter. This MA scheme is referred to as
frequency-division MA (FDMA). Similarly, time-division M (TDMA) schemes are operated by di-
viding the time axis into time-slots, where each time-sdassigned to a user [143,145,146]. TDMA
has been used in both wired and wireless communicationkiding cellular standards such as the
second-generation (2G) Global System for Mobile Commuitna (GSM) and the 2.5G General
Packet Radio Service (GPRS) [144]. It is well known that theve-mentioned FDMA and TDMA
MA schemes are both fixed-assignment schemes, where a ¢ltamnet be assigned to other users,
once it has been assigned to a specific user. These fixed MAnsshare simple to implement,
manage and control [147]. However, fixed channel assignnisestmewhat inefficient in making
use of the available spectral resources, especially whemdamber of users and their data rate is
high [144]. As a potentially more efficient solution, codgision MA (CDMA) schemes based on

spread-spectrum techniques have been introduced in carianwireless systems [148]. In CDMA

94
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systems the relatively narrowband user information isagbite a significantly wider bandwidth with
the aid of high-chip-rate of pseudo noise (PN) sequencesCOMA systems, we assign unique
spreading sequences to different users, hence multipls’usrmation is transmitted within the
same frequency band at the same time without any signifigHituity to detect the desired signal
at the receiver, provided that the spreading sequence isrkimthe receiver [137]. In comparison
to FDMA and TDMA systems, the number of users supported by M&Bystem is not fixed as
in TDMA and FDMA systems. In CDMA system a new user may join ¢lgetem at any time, pro-
vided that an unused spreading sequence is available. &yanoven capacity enhancement over the
family of TDMA or FDMA systems, CDMA has been chosen as the MAeame for the 3G mobile
cellular systems [144, 149].

As shown in Chapter 1, cooperative wireless communicatimtesns have attracted much re-
search attention in recent years, since they are capabtem@fasing the reliability of radio links in
wireless networks. It has been shown that the existing aatige transmission protocols have mainly
been developed in conjuction with FDMA, TDMA or CDMA [2,18422, 28,89, 93,103, 150, 151].
The basic principles behind cooperative diversity is tleaesgal single-antenna terminals may coop-

erate to form a distributed multi-antenna aided systemdieioto provide spatial diversity.

As discussed in Chapter 1, Sendonatisl.[2,14] and Lanemast al.[15, 18, 19] have proposed
various cooperative diversity algorithms for a pair of tarats based on amplify-and-forward (AF)
or decode-and-forward (DF) relay strategies, both of whielong to the family of repetition-based
protocols. By contrast, Hunteat al. [89, 93] have proposed the philosophy of coded cooperation
schemes, where the users transmit additional parity to geginer instead of repeating their data.
In [26] Caoet al. have investigated cooperative transmissions in an MMSéctlet assisted CDMA
network, where pairs of terminals assist each other in da&ansmit their information. Stefanov
et al. [152—-154] have introduced the concept of cooperative spaeecoding [155], where the co-
operating nodes may employ multiple antennas. In partictiley have considered the cooperation
between two nodes having a common destination, as in theataseellular system or a wireless
LAN. More generally, they have studied cooperation betw®eam nodes wishing to communicate
with different destinations, for example, as in ad-hoc meks. In addition to the above-mentioned
work, further studies found in the literature [102, 156-]l6edve concentrated on the scenario of two

partners communicating with a single destination.
In [103] Lanemaret al. have extended the repetition-based cooperation proto€fits15, 19] to
the multi-user scenario, where each user cooperates Wittealther users. However, the cooperation

protocols proposed in [103] assume that the different sebg assigned orthogonal subchannels in
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order for the destination to combine the signals receivethfthe relays without any interference.
Specifically, they have assumed that the relay channelgtragonal in the time domain anfldnum-

ber of time-slots are needed, if there dreelays. As expected, this cooperation protocol may result
in a long delay and the destination node may also requirege lememory, when a large number of
relays are involved in the cooperative transmissions. 0i]Hunteret al. have proposed distributed
cooperation aided protocols for the multi-user wirelessvoeks. In [101] it has been assumed that
M users are randomly distributed within a finite area, wheoh emer can independently decide to
cooperate with any of the other users at any given time withioel further assistance of a central
controller. The study proposed in [101] shows that the maxrmattainable diversity order ¢fi + 1)

can be achieved, when a user cooperates wifh < n < M — 1) out of the(M — 1) other users.
However, the above-mentioned full diversity order is aebikin [101] on condition that each of the
users/relays is assigned a unigue, orthogonal multipgesscchannel. In the context of cellular DS-
CDMA communications, Venturinet al. [151, 165] have analyzed the performance of the uplink
of a synchronous DS-CDMA cellular system employing nomagbnal spreading codesThe as-
sumptions employed in [151, 165] include that each ternigehpable of transmitting and receiving
simultaneously and that each cooperating terminal hagéesiartner, acting as the relay. In addition
to the above-mentioned literature, the performance ofirnglir cooperative networks has also been
investigated in [67, 150, 166—170].

Having investigated the performance of the proposed ratzysted DS-CDMA system in the
context of the single-user multiple-relay scenario in Gaga3, in this chapter we consider more
practical scenario of a relay-assisted DS-CDMA system audjog multiple users. Specifically, in
Sections 4.3-4.4 two different cooperation strategiegpasposed and investigated. We assume that
the cooperation requires two time-slots, regardless of imamy relays are involved in assisting the
transmissions. During the first time-slot, each of the sedecminals transmits its own information,
which is received both by the BS as well as by the relays. Byrasty during the second time-
slot, each of the relays transmits a processed version ofnfbanation received during the first
time-slot with the aid of its own unique spreading code. Im proposed strategies, we assume
that both the source mobile terminals (MTs) and their relagsassigned non-orthogonal sequences.
The performance of the relay-assisted DS-CDMA commumigativer generalized Nakagami fading
channels [84] is investigated, assuming that the signalssinitted from the source transmitter to

the relays and those transmitted from the relays to the B8uercmay experience different fading.

INaturally, in reality the geographically dispersed MTssmit asynchronously, but quasi-synchronous transnmissio
may be achieved with the aid of adaptive timing-advancerobonder the directions of the BS.
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Furthermore, in Section 4.5 two types of detection scheme@muaoked. The first detection scheme
used in Subsection 4.5.1 is a maximal ratio combining (MR&3isted single-user combining (SUR)
scheme, which maximizes the output SNR without taking irdooant the effects of interference
among the MTs and the relays. By contrast, the detectionnseled Subsection 4.5.2 maximizes
the signal-to-interference-plus-noise ratio, i.e. thelNFS detection scheme, which is a multiuser
combining (MUC) scheme that is capable of efficiently suppireg the effects of interference among

the MTs and the relays.

In addition to the generalized Nakagami fast fading modelthe small-scale fading, the effects
of the nth power pathloss law are also considered in our study. Wederhonstrate in Section 4.6
that the performance of the DS-CDMA uplink using both of tbegeration diversity schemes of Sec-
tions 4.3-4.4 can be significantly improved, when efficiemwvpr sharing [40, 113, 127-129] among

the MTs and relays is utilized.

The cooperation strategies to be considered in Sectior4.4.8an be briefly summarized as fol-
lows. In the context of the first cooperation strategy, easdr has a separafenumber of relays to
assist its communication. In other words, each relay is ashigned to a specific user. Therefore,
a total of KL number of relays are used by the system supporfingplink users. In this coop-
eration aided system, each relay employs an MMSE detectdetect the information transmitted
by the desired source MT. At the BS the signals received froth the source MTs and the relays
are combined using either the MRC-assisted SUR of Sected 4r the MSINR-assisted MUC of
Section 4.5.2.

However, the above-mentioned cooperative strategy mdgrsinbm the lack of a sufficiently
high number of relays. Fortunately, this problem may begattd in CDMA systems, where the
different users are distinguished by their unique sprepdivdes. In this case, a single relay may
simultaneously serve several source MTs. Based on this\aigm, in Section 4.4 we will propose
a second cooperation strategy, where all the source MT& sharsame set df relays, i.e. each
relay is assigned to assist all the source MTs. In other wadtds cooperation strategy has the
attractive feature that each relay is capable of forwardirginformation of multiple users to the
destination, which is a substantial benefit in comparisahéccooperation strategies proposed in the
literature [67, 150, 151, 165-170]. In our proposed codmmastrategy the signals received at the
relays are directly forwarded without demodulation, sa tha implementation complexity of the
relays remains as low as possible. The signals received lxaiim the source MTs and the relays
are finally detected at the BS with the aid of the MRC-assi&8R 4.5.1 or the MSINR-assisted
MUC 4.5.2.
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The remainder of this chapter is organized as follows. Wemente by describing the source
signal of the proposed relay-assisted DS-CDMA system iti@ed.2. Subsequently, the proposed
Cooperation Strategy | and Cooperation Strategy Il aregntesl in Sections 4.3 and 4.4, respectively.
In Section 4.5 two different types of detection schemesghesi for the proposed relay-assisted DS-
CDMA system are derived, while in Section 4.6 a range of parémce results are provided. Finally,

our conclusions and further discussions are offered ini@edt7.

4.2 Transmitted Signal

In our DS-CDMA system considered there @&esource MTs communicating with the BS relying on
the assistance of a number of relays, which are constituyteddrative MTs, which do not have any

data in their transmit buffer. The signal transmitted by ktieuser has been formulated in Equation
(3.1) of Subsection 3.2.1. Let us now consider the first pgefdacooperation strategy, where each

source MT is aided by, number of separate relays.

4.3 Cooperation Strategy |

Cooperation Strategy | can be studied with the aid of Figutewthere each relay assists a single user.
However, each relay receives signals from all hactive uplink users, who interfere with each other.
Therefore, a sufficiently intelligent detection schemeustidhe employed by the relays in order to re-
liably detect the information transmitted by the desiredrse MT after removing the interference
imposed by all the other actively communicating source Mifisthe context of Cooperation Strat-
egy |, an MMSE-based detection algorithm is employed by étays, which is capable of offering
numerous advantages [6, 8], such as for example simultahemitigating both the multiple-access
interference (MAI) and the background noise. Furthermtire linear MMSE detector recovers the
desired signal without having to detect all the other usklance, it can be viewed as a single-user
detector that is also capable of mitigating the multiustrfierence (MUI) [6], while dispensing with
estimating the channels of the interfering users, whichldvba clearly unrealistic at the relays. Note
that since the DS-CDMA signal transmitted by a specific userlieen discussed in the context of
Equation (3.1) of Subsection 3.2.1, we proceed to directhlhysse Cooperation Strategy | in Subsec-

tions 4.3.1-4.3.2 as well as the related detection schem@sdtion 4.5.



4.3. COOPERATION STRATEGY | 99

TR-channels RB-channels

i .
/ i
d [ ,/‘
A
oMY NS
_— = - . ! "
r User 2 & [\/\[
W~ g

|
|
| Base
|
! Station
|
|
|
|
|
|
|
|
! r
o
1 !
| !
o
b
| B et L TR L T A R A A L AL L LS >
b G 7777777777777777 -
D-channels
—» User1'schannel ---» User2'schannel ---» User K’s channel

Figure 4.1: Schematic diagram of Cooperation Strategy | used in the/+&daisted DS-CDMA uplink sup-
porting multiple users.
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Figure 4.2: Receiver schematic diagram at the relays.

4.3.1 Cooperation Operation

Since theK number of DS-CDMA signals expressed in the form of (3.1) emegmitted over flat

fading channels, the complex-valued baseband equivalgmilseceived by théth relay of useik
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within the first time-slot of thexth bit-duration can be expressed as

Z 2P b new (8) + 0P (1), k=1,2, K3 1=1,2,--- L, (4.1)
k'=1

WhereP,gfg represents the power received by flie relay of userk from userk’ after taking into
account the pathloss of the TR-channel that connectskiséth thelth relay of usek. Furthermore,
h,(f?l represents the fading gain of the TR-channel spanning freenk to theith relay of userk,
while nl(k) (t) represents the complex-valued baseband equivalent @aussise observed at tlith
relay of userk, which is assumed to have a zero mean and a single-sided ppeetral density of

Ny per dimension.

The receiver schematic diagram of the relays is shown inrEigi2. At thelth relay of userk,
rl(k) (t) isfirst input to a filter matched to the transmitted chip-wiaw > (¢). In this study a simple
rectangular chip-waveform is considered, while a varidtgiverse chip-waveforms were considered
in [148]. Then, the matched-filter's output is sampled atdhip-rate, which providesd’ samples per
symbol for thelth relay of uselk for detection. At thdth relay of userk, the signal transmitted by
the kth source MT is detected using the MMSE principle [83, 148jicl provides an estimate of the
symbol transmitted by usér.

According to Figure 4.2, the\th sample can be expressed after the normalization using

\/2P)NT, as

1 (A+1)
g = 7/ r 8 (Eys, (B)dt, A = 0,1, N — 1;
2P NT, IATe
1=1,2- Lik=12-- K. (4.2)

Upon substituting (4.1) into (4.2), we can exprggg as

e Sl + )
sz N k' £k

A=0,1,--- ,N—1;1=1,2,-- ,L:k=1,2,-- , K, (4.3)

1
(k) _ L ) ben]ep + ———

yl)\_\/— Kl
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whereNl(f) is the Gaussian noise component given by

(AM1)T
N = A ()5, (£)dt (4.4)

A
(k)
\J 2P NT, T

In (4.4) Nl(f) obeys the complex Gaussian distribution with a mean of zew a variance of
No/2El(k) per dimension, Wheréil(k) = P,S?Tb represents the energy per bit received from the
kth source MT by théth relay assisting usé.

Let us define

(k) _ [(k) (k) (k) I

Y, Yo Y Yyv—nl
k k k k
nl( ) = [nl(())vnl(l)7"' ) [((])\7 )]T7 (45)
1 T
¢, = ——|crosChis CuN_1]" s
k \/N[ k0> Ck1 k(N 1)]

which physically represent the received signal, the nomkthe V-chip spreading sequence of the

kth user. Then, it can be shown that we have
y" = cxhi oy ln] + Z P lck,hfj‘f bre[n] +ni®), (4.6)
k' £k kz

where the first term represents thil user’s spread and faded information bit, the second term f

mulates the interference imposed by all {ti¢ — 1) interferers, while the last one is the noise. Upon

B P
definingh(lf)l = P"('krﬁ h,(c,)l, whereh! z) = h,(fl) we can express (4.6) as
k,l
y" = el brln] + Z e b bw [n] + 4.7)
7
Nkl

where the termm;; becomes noise-like owing to the central limit theorem, & ttumber of interfering

users(K — 1) is sufficiently high.

After obtainingyl(k), the lth relay of userk combines it using a complex weight vectoy,; of
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length IV in order to yield an estimati [n] of the transmitted biti[n] in the form of

> (k k

0 ] = wiiy®. (4.8)
As mentioned in Subsection 3.3.4, at the relays the symbasinitted by the source MTs are de-

tected based on the MMSE principle. In this case, it can bestibat the optimum weight vector

wit" can be expressed as [6,8, 134]

opt __ -1
l

whereRy(m is the auto-correlation matrix of the observation vegtﬁéCP given by (4.7), which can be
l

expressed as

R = i 6]

K
= 3 W[ ewett + R (4.10)
k'=1

H
whereR,; = E [nl(k) (nl(k)) } = %I ~ is the covariance matrix atl(k) given in (4.5). By contrast,

in (4.9) O represents the cross-correlation matrix between the odis@n vectoryl('“) and the
1 k

desired bith;[n], which is given by

k
o, = Eni]

= ai®). (4.12)

Upon substituting (4.10) and (4.11) into (4.9), we obtaie tiptimum MMSE weight vector given
by [134]

o — 7 (k
wi' = Ryfi)ckh,(ﬁl). (4.12)
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Furthermore, the estlmat;(;(:!‘C of b( )[ | can be expressed as

> (k RO 7 (k
bl( )[n] = (ckh];l)) Ry(i) (Ckh](€7l)bk[n] +nkl>
1
= vpbg[n] + Ny, (4.13)

me%F:@wwﬁ wahWaMNm:<%M“>.R@n%wmmcmmmmmmmwmmmd
Y

noise as well as the MUI that has not been suppressed by theBvild&ctor.

After detectionf;l(k) [n] is then re-spread and forwarded by ttterelay of user to the BS within
the second time-slot of theth bit-duration by using a scheme similar to that shown iruFag3.1.
According to Figure 3.1, the signal transmitted by ttrerelay of usefk to the BS can be expressed

as

k) t) = \/2Plgk)ﬁl(k)l;l(k) [n]cl(k) (t) cos <27cht + qﬁl(k)) ,

k=1,2- Kil=12-,L, (4.14)

wherePl(tk), (k )( t) andqsl(k) represent the transmission power, signature waveformratial iphase

associated with th&h relay of user, respectively. Specifically, in (4.14:51“) (t) can be expressed as
Eyzwn T.), (4.15)

whereT, represents the chip-duratiol, = T}, /T, represents the spreading facncﬂf.) e {-1,+1},
and finally,vr, (t) is the chip-waveform. In (4.14)81(’“) is a normalization coefficient ensuring that
E [|ﬁl(k)l§l(k) [n]ﬂ = 1. Hence, we have

B = {1. (4.16)

i

~ 2
Furthermore, according to (4.8), we can show thaHlﬁk)‘ } = E[wgyl(k)(yl(k))’{wkl —

wklE [ (k)( (k)) ]wkl = ngyfk)wkl.

Let us now focus our attention on analyzing the signals veckby the BS within both the first and

second time-slots of a given bit. At the BS, the complex-edlbaseband equivalent signal received
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Figure 4.3: Receiver schematic diagram of the BS.

within the first time-slot of thexth bit-duration can be expressed as

=

ro(t) = > /2P h bl (t) + n(t), (4.17)
k=1

where Py, represents the power received by the BS from the D-channedest;, h(()k) represents the
channel gain of théth D-channel, while:(¢) denotes the Gaussian noise received at the BS, which
has a zero mean and a single-sided power spectral densiy pér dimension.

By contrast, the complex-valued baseband equivalent lsigoaived by the BS during the second

time-slot of thenth bit-duration can be expressed as

K k k k) (k k
nt) = D3 V2RERY 80 e (1) + n(e), (4.18)
k

=11l=1

WherePl(f) represents the power received by the BS fromithé&kB-channel of théth user andmﬁ’;)
represents the channel gain of the RB-channel that contiextih relay of userk with the BS.

From (4.17) we can see that the signal received by the BSmilttg first time-slot is a noise-
contaminated composite signal of the spread, faded anduatisd information bits of alK” users
from the D-channels, as shown in Figure 4.1. By comparisocan be observed from (4.18) that
the signal received by the BS within the second time-slobisstituted by the noise-contaminated
composite information bits of alk’ users, which have been re-spread by & relays and been

faded as well as attenuated by the RB-channels, as illadtmtFigure 4.1.

4.3.2 Representation of the Signal Received at the Base Stat

Similarly to the relays, the signal received at the BS is fitstred by a chip-waveform matched-

filter and then sampled at the chip-rate in order to provigedétector with observation samples,
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as shown in Figure 4.3. Sindg|[n| is transmitted using two time-slots and within each tint-sl
it is spread by anV-chip spreading sequence, the BS’s receiver can obtairahdb2 N samples
for the detection oby[n]. Without loss of any generality, let us assume that uskirthe desired
user to be detected at the BS. et= [yl,y7]? contain the2V observation samples, whege =
[Yio, Y1, ,yi(N_l)]T, i = 0,1, contain theN observation samples within the first and second
time-slots, respectively. Then, according to the prirespf matched-filtering [171], it can be shown

thaty;, can be expressed after normalization usjyfy?;, N7, as

1 (A+1)
e cves A (U (B)dt, A= 0,1, N~ 1;i=0,1 (419
1r c T

Upon substituting (4.17) into the above equation, we obtain
Yyor = h( Jbrnlens + —= Z \V B Pkr $bglnlern + nox, (4.20)

where the first term represents the contribution of dsatrthe BS’ receiver within the first time-slot,
the second term quantifies the interference imposed bye(lth— 1) interferers, while the last term
is the noise. When definin@gk) =4 /%h(k) which includes both the power-attenuation and fading

effects of the D-channels, Whe/hé1 hy ), we can re-write (4.20) in a simpler form as
1 K k
Yor = = > R buln)er + nox, (4.21)
k=1

which represents thith observation sample for all’ users at the BS'’s receiver during the first time-
slot that has been spread, before being faded as well asiatdehby the D-channels before being

finally contaminated by the noise.

Let us defingy; = (ﬂ(k))z P(k)/P where the normalization coefficieﬁf“) isgi by (4.16
kl ) Ir 1r given by (4.16).
Then, upon substituting (4.18) into (4.19), we can obtaindhservations within the second time-slot

of thenth bit-duration as

K L
1
yin = —N§ S VGahG 0 ey +nix, A=0,1,- N 1. (4.22)
k=1 [=1

where the first term represents the information bits offallusers received by the BS within the

second time-slot, which have been detected and re-spretitelfy L relays and been faded as well
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as attenuated in the RB-channels shown in Figure 4.1.

In (4.20)-(4.22),n;», @ = 0,1, is an independent Gaussian random variable with a zero mean
and a variance oN,/2E, per dimension, wher&,, = P;, T}, represents the average energy per bit

received by the BS from the D-channel of the desired user.

Let us introduce the vectors

M= il [C§O>,C§1>,... ,Cg(}v_l)] , (4.23)
ni = [mo,ni, mivy)’ L i=0,1, (4.24)

which physically represent the spreading code oftheelay of use and the noise at the BS during

both the first and second time-slots. Then, it can be showrnytirey be expressed as

K L
~ H
IS VGuhPe (Ckhl(fl)) R;i)nkz : (4.25)
l

where the first term is the background noise at the BS, thenseteom is the desired term including
both the desired signal and the MUI, while the last term regmés the noise contributed by the relays.

Furthermore, it can be shown that the above equation cantes in a more compact form as

y:Chbl[n] +CHb; +ng +n, (4.26)

nr

where the matrices and vectors are defined as follows:

O Cisa2N x (L + 1)]-element matrix related to the desired source MT, which eaexpressed

as

C = {cl 0 0 - 0], (4.27)
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wheree; is the spreading sequence of the desired user, w{ﬁ?ld =1,---,L,isthe spreading

sequence of thiah relay assisting the desired user;

OCrisa2N x (KL + K — L — 1)]-element matrix composed of the spreading sequences of the

interfering source MTs and their relays, which can be exqaesas

cy €3 -+ CK 0 0 0 0 0 0
CEl0 0 0 D @ e e |0 O
wheree, £ = 2,--- , K, is the spreading sequence of ugeras seen in (4.5), whilel('“),
l=1,--- L,is the spreading sequence of ftierelay assisting uset, as given in (4.23);

O his a vector of lengti{ L + 1) related to the D-channel and the RB-channels of the desinedes
MT, which can be expressed as

3 T
h = [h((]l),\/Cnhf«ll)l/n,\/C12h£12)7/12,"' RV CthfalL)VlL] ; (4.29)

O[Hrisa(KL+K—L—1)x (K —1)]-element matrix related to the D-channel and RB-channels

of the interfering MTs, which can be expressed as

B 0
= (3
0 1% e 0
0 0 .. ﬁéK)
\/C21h7(«21) Vo1 0 - 0
0 V C31h,(n?i) SRR 0
H; = ; (4.30)
0 0 e Cthfff)l/Kl
\/<2Lh7(n227/2L 0 - 0
0 \/Cth?(f’L) V3 e 0
L 0 0 e CKL}%(«IL{)VKL_
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O by is a vector of lengtl{ & — 1) containing the data symbols transmitted by the interfesiogrce
MTs, which is given by
br = [ba[n], bs[n], -, bi[n]]"; (4.31)

O ng is a noise vector of length/V defined as
ng = [0,a5C%H]" (4.32)
whereC'r is a(N x K L)-element matrix defined as

Cr=[c! ¢ .. df ol @ . O el D ]
(4.33)
whilenp is a K L-element vector containing the noise and interferencesptes thel. number

of relays of the desired source MT, which can be expressed as

. T - 7 1T
nr = [’”%17”%27 e >n£L] (4.34)
In(4.34)ng,l=1,---, L, is aK-length vector defined as
_ T
ngr = [ngggang}gg;a te 7n11—‘{lgj[;l] ) (435)

whereny, k = 1,--- ,K,l = 1,--- L, is a N-element vector given by (4.7), whilg;,

k=1,--- ,K,l=1,---,L,isalN-element vector defined as
- H
grl =/ Ckzhffi) (Ckh;(fl)> Ry_&); (4.36)
l

O Finally, in (4.26)n is a 2/N-element vector containin@N noise samples present at the BS’s

receiver, which can be expressed as

n= [nl‘or,n'ﬂT (4.37)

9

wheren;, i = 0,1, has been given in (4.24).

Having outlined the operational principles of Cooperat8irategy I, let us now consider our second
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cooperation strategy in the next section.

4.4 Cooperation Strategy Il

In the previous section we have described a cooperatiotegytavhere each source MT is assisted
by L separate relays constituted by the inactive mobile usatstie chosen preferably in the vicinity
of the BS. Therefore the DS-CDMA system requires a totakdf relays for supporting< users.
Since each of thé( L relays uses MMSE detection in order to provide soft estimafehe symbols
transmitted by the source MTs, the complexity of the DS-CDM&tem might become excessive,
when the valud{ L is high. Furthermore, since the system requik&s number of relays, the above
cooperation strategy may require more inactive MTs thanntimaber of mobiles roaming within
the required vicinity of the BS. In DS-CDMA systems the diffet users are distinguished by their
unique spreading codes and a single relay may in fact sevegadesource MTs in order to achieve
relay diversity, provided that the transmissions of thers®WTs can be separated at the BS. Based
on this observation, in this section we propose anotheraradipn strategy for the DS-CDMA uplink,
where all the source MTs share the same sdt mflays and each of thé relays forwards signals in
the interest of supporting all the source MTs, as shown inifgigt.4. This philosophy circumvents
the potential shortage of relays in the vicinity of the BSt ug now analyze Cooperation Strategy |l

in detail.

4.4.1 Cooperation Operation

The DS-CDMA signal transmitted by thigh source MT assumes the form of (3.1). When the source
MT’s signals are transmitted over flat-fading channelsctimaplex-valued baseband equivalent signal

received by théth relay within the first time-slot of theth bit-duration can be expressed as
K
() =3 2P P bnler(t) + (), 1=1,2,... L, (4.38)
k=1

wherePl(k) represents the power received by reldsom thekth source MT after taking into account
the pathloss of the TR-channel that connectsktiesource MT to théth relay. Furthermore’;l(k)
represents the channel’s fading gain for the TR-channehexting thekth MT with the ith relay,
while n,(t) represents the complex-valued baseband equivalent @aussise, which has a mean of

zero and a single-sided power spectral densitiWgfer dimension. It can be observed from (4.38)



110 CHAPTER 4. MULTI-USER PERFORMANCE OF THE RELAY-ASSISTE D DS-CDMA UPLINK
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Figure 4.4: Schematic diagram of Cooperation Strategy Il used in treyrabsisted DS-CDMA uplink.
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Figure 4.5: Receiver schematic diagram at tte relay.
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that the signal received at tli#h relay is a composite of the spread, faded and attenudi@unation
bits of all K users, which is similar to (4.1) derived for Cooperatioragtgy | of Section 4.3.

The signhal processing operations carried out at/tiheelay are shown in Figure 4.5, where the
received signat;(t) is first input to a filter matched to the transmitted chip-viave 1, (t). Then,
the matched-filter’s output is sampled at the chip-ratectviprovidesN samples per symbol for the
ith relay. Without loss of generality, let us normalize thépom of the matched-filter at thigh relay
using \/2Pl(1)N T, WherePl(l) represents the power received by reldyom the first source MT.

According to Figure 4.5, thath sample after the normalization can be expressed as

Wi (A, A=0,1,--- \N—1;1=1,2,--- L.  (4.39)

(A+D)T,
Y\ = —F/———— /
\/2P NT AT,

Upon substituting (4.38) into (4.39), we obtain

1 5B
Y\ = \/—Nhl bl Cl)\ Z m l bk[n]ck)\ + ngx,
l

A= 01 N-11=1,2--,L, (4.40)

where the first term is thath observation sample for useérat thelth relay, the second term is the
Ath observation sample for the remainioly — 1) users at théth relay, while the last term;, is the

Gaussian noise component given by

G (O)dt, 1 =1,2,--- L; A\=0,1,--- ,N —1, (4.41)

(AM1)T
W\ = —F/—— /
\/2P NT ATe

which is a Gaussian distributed process with a mean of zet@amriance otV /2El(1) per dimen-
sion, WhereEl(l) = Pl(l)Tb represents the energy per bit received byitheelay from the first source
MT.

Let us define

v = oy uw-nl

n, = [nzo7nz1,"'7nz(N_1)]T, (4.42)

which are formulated by removing the superscripts of theunterpart vectors in (4.5) derived for
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Cooperation Strategy | of Section 4.3. Then, upon followsirgilar steps to deduce (4.7), we readily

arrive at

K
y=Y e +m, (4.43)
k=1

- )
where we have similarly defineblgk) = 1/%@(“, which accounts for both the attenuation and
l

fading effects of theth TR-channel and we ha\iel(l) = hl(l). It can be seen that the vector of
the signals after being processed at ttierelay includes the spread, faded, attenuated and noise-
contaminated information bits of all th€ users and can also be expressed in a more compact form

as

Y = Cﬁlb +ny, (444)
where, by definition, we have
C = le,eo, ek, (4.45)
H = diag{ﬁl(l),ﬁl(z), . ,EZ(K)} , (4.46)
b = [bafn] bo[n],---  bx[n])" . (4.47)

In more detailC of (4.45) is a(N x K)-element matrix containing the spreading sequences &skign
to the K source MTsH; is a(K x K)-element diagonal matrix in which the entries on the main
diagonal are constituted by the normalized fading gaink@fth TR-channels associated with the
source MTs and is a K-length column vector containing the transmitted symbélthe K source

MTs.

As shown in Figure 4.5, after obtainimg, thelth relay processag by invoking its own spreading

sequence and forms the spread signal to be transmittechwiithisecond time-slot as

si(t) = 2K P 5iCi(t)yi(t) cos 2mfet + ), 1 =1,2,--- | L, (4.48)

where P;; represents the transmitted power of ttterelay, ¢; is the initial phase associated with the
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carrier modulation ang;(t) is formed fromy;, which is given by

N-1
w(t) =Y ynPr.(t = \Tp), (4.49)
A=0

whereT, represents the chip-duratiolN, = T}, /T, represents the spreading factor dhel(¢) denotes
the rectangular waveform, which is definedBs = 1if 0 < ¢t < T, and Pr, = 0 otherwise. In

(4.48)C;(t) denotes the spread-spectrum waveform ofitheelay, which can be expressed as
Ci(t) =) Cintpr, (t — nTy), (4.50)
n=0
where we have’;,, € {—1,+1} andy7, (¢) is the chip-waveform, which is defined withje, 7°.) and

normalized to satisf){f0 ¢ T/’% (t)dt = T.. In (4.48),, is a normalization coefficient employed for

ensuring that the transmission powersgft) is P. It can be shown that

1 [ 1
o= \ Ely/y:] \ Elllwll? 4.51)

It is worth noticing from (4.48) that the composite signafsath K users received at thigh relay

are forwarded directly to the BS during the second time-aftar being simply filtered and sampled
without any despreading within the first time-slot, whictsignificantly different from Cooperation
Strategy | of Section 4.3, where the relays re-spread theatsts of the signals after MMSE detec-
tion. Explicitly, from (4.44) we have Hy||?] = trace(E [yy!!]) = trace(CfIlﬂlHCT + a2IN)
with 02 = No/E(".

From the above analysis we know that tResource MTs transmit their signals in the form of
(3.1) within the first time-slot, while thé relays transmit their signals in the form of (4.48) using
the second time-slot. Hence, the BS has the explicit benkfittaining two sets of observations
for detecting the information transmitted by th& source MTs at the cost of using two time-slots.
Specifically, at the BS, when thE source MTs transmit their signals in the form of (3.1) over
flat-fading channels using the first time-slot of thth bit-duration, the complex-valued baseband

equivalent received signal can be expressed as

K
Rot) =Y V2Peh binlew(t) + 7i(t), (4.52)

k=1
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where P.,. denotes the power received by the BS from Afle source MT within the first time-slot,
h(()k) represents the channel gain of #tb D-channel, while:(¢) denotes the Gaussian noise received
at the BS, which has a zero mean and a single-sided poweralpdensity of Ny per dimension.

By contrast, within the second time-slot, when theslays transmit their signals expressed in the
form of (4.48) over flat-fading channel, the complex-valldeband equivalent signal received by

the BS can be expressed as

L
mt) = Y V2P BhaCi(tu(t) + n(t), (4.53)
=1

where P, represents the power received by the BS fromitheelay andh,; represents the fading
gain of the TB-channel connecting tftl relay with the BS.

It can be seen that (4.52) is formulated similarly to (4.16th of which are spread, faded, at-
tenuated and noise-contaminated signals received by thei8® the first time-slot, while (4.53)
is formulated differently from (4.18) due to the differemtoperation strategies at the relays. To be
more specific, the signal received at the BS within the setiomelslot in the context of Cooperation
Strategy | has been estimated and re-spread bystherelays before being faded as well as atten-
uated by the RB-channels, before being contaminated by dfise rat the BS's receiver, while the
corresponding signal in the context of Cooperation Stsatebas been directly forwarded by the

relays without despreading, before it is attenuated by BeRannels.

4.4.2 Representation of the Signal Received at the Base Stat

The receiver schematic diagram of the cooperative DS-CDstesn using Cooperation Strategy |l
is the same as that of its counterpart in the context of Caioer Strategy |, as shown in Figure 4.3.
Similarly to Cooperation Strategy I, the signal receivethatBS for Cooperation Strategy Il is filtered
by a chip-waveform matched-filter, with its output being géed at the chip-rate in order to obtain
the observation samples for detecting the transmittednmétion. The BS’s receiver collects a total
of 2N observation samples for detectitygn| within two time-slots. Without loss of generality, let us
assume that useris the desired user to be detected. fet [y, y7]7 contain the2N observation

samples required for the detectiont@fn], wherey; = [vio, yi1, - - - ,yi(N_l)]T fori =0,1. Then, it

can be shown thaf;, can be expressed as

1 A+1)T.
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Similarly to the derivation of (4.21) in the context of Coogion Strategy |, upon substituting (4.52)

into the above equation, we can develop

Yo = CkA+n0)\7)‘_Oa17'” 7N_ 17 (455)

||MN

where, by definition, we havlég“) = %hé’“), which accounts for both the fading and attenuation
effects of the D-channels. It can be seen that (4.55) and 42 formulated similarly, both of which

represent theith observation sample for alt’ users at the BS's receiver within the first time-slot.

In the context of the observation samples within the second-slot, let us also defing; =
ﬁfBT/PM, whereg; is given in (4.51). Then, upon substituting (4.53) into &,5ve have

L
Yin = \/—— Z thriCix Z ciahybgln Z VCuhCianiy + My,

>\ = 0, 1,--,N—1, (4.56)

where the first term represents the information bits of@allsers received by the BS within the second
time-slot, which has been forwarded by therelays without any despreading and then been faded
and attenuated by the RB-channels, as shown in Figure 4ilg thke second term denotes the noise
introduced at the relays and forwarded through the RB-aklanit can be observed that (4.56) and
(4.22) are formulated differently, due to the differentrgijprocessing operations carried out at the

relays for Cooperation Strategy | and Cooperation Straliegy

In (4.55)-(4.56)7n;,, i = 0,1, is an independent Gaussian random variable, which hasoa zer
mean and a common varianced§/2F1, per dimension, wher&,,, = P, T}, represents the average

energy per bit of user received from the D-channel.
Let us define

C; = diag{Cy,Ci1, - ,Cyn_1)} (4.57)

_ _ T
n; = [niOanila"'yni(N—l)}

Li=0,1, (4.58)

which physically denotes the spreading code ofitheelay and the noise present at the BS within
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the two time-slots, respectively. Then, it can be shownyhat[yOT,yﬂT can be expressed as

y (4.59)

K ~
> ey by ln] 0 )
=1 {n ]

L K
= vV CuhnCimy
> VCuhaC chhl(k)bk [n] ; '
I=1 k=1
where the first term includes both the desired signal and tbké Within two time-slots, the second
term represents the noise introduced by the relays and shefe denotes the background noise
present at the BS within the first and second time-slots gasly. Furthermore, the above equation

can be expressed in a more compact form as

y:Chbl[n] 4+ CH b +ngr+n, (4.60)

nr

where the matrices and vectors are defined as follows:

O Cisal2N x (L + 1)]-element spreading matrix related to the desired user,wibigiven as

0 O --- 0
c - |° , (4.61)

0 0161 0261 s CL61
wheree; is the spreading sequence assigned to the desired uses,GyHdr Il = 1,--- , L is

the sequence related to thh relay, as seen in (4.57);

OCrisa[2N x (KL+ K — L —1)]-element spreading matrix related to the interfering MTisicl
can be expressed as

Cr 0 o -~ 0

0 CiC; CL; -+ CrCy

C;= , (4.62)

whereC;is a[N x (K — 1)]-element spreading matrix constituted by the spreadingesemps

assigned to the interfering MTs, which can be expressed as

c[ = [02,63,"' ,CK], (463)

wheree, k= 2,--- , K, is the spreading sequence assigned to kiser

O his an (L + 1)-element vector related to the fading gains of the TR-chianas well as the
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RB-channels in the context of the desired MT, which is given b
- - - <1 T
h = [h(()l), vV C11h7~1h§1), vV C12hr2h§1)7 IRV, Cthth(Ll)} ; (4.64)

OHrisal[(KL+ K—L—1) x (K — 1)]-element matrix composed by the fading gains of the TR-

and RB-channels of the interfering MTs, which can be writien

Y 0 0 |
0 % 0
0 0 ﬁéK)

V Cllhrlil§2) 0 e 0
0 V <11hr1]~1§3) e 0

H; = ; (4.65)

0 0 e/ Cllhrling)

V CthrLﬁ(Lz) 0 B 0
0 V CthrLBf) e 0

| 0 0 ey CthrLil(LK)_

0 by is a(K — 1)-element vector containing the data symbols transmittethéy/<’ — 1) interfering

MTs, which can be expressed as

br = [ba[n], bs[n], -+, b [n]]"; (4.66)

O ng is a2N-element vector containing the background noise forwaliethe relays, which can
be expressed as
np = [0,hLATNE]", (4.67)

whereh,; is a L-element vector containing the fading gains of the RB-ckégiven as

hyy = [Pyt hez, o her]” s (4.68)
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A, is a diagonal matrix given by

Ay = diag{\/Ci1, V/Ciz. -+ VG } s (4.69)

andNpris a(N x L) matrix defined as

N =[Cin1,Cony, - ,CrnL]; (4.70)

wheren;, i = 0,1, is given in (4.58). Hencen obeys the Gaussian distribution with a mean
of zero and a convariance matrix 2§21y, wheres? = 1/2SNR and SNR represents the

signal-to-noise ratio.

Let us now consider the detectiontgfn] at the BS.

4.5 Detection in Cooperative DS-CDMA Uplink

Based on the observation equation (4.60), the transmiiclsmay be detected with the aid of var-
ious detection schemes. Specifically, in this section wesiden two types of detection schemes,
namely the MRC-assisted SUR and the MSINR-assisted MUCorBefonsidering the detection
schemes, let us however first consider the assignment ddipgesequences in the cooperative DS-
CDMA scheme using Cooperation Strategy Il.

As discussed before, since each source MT hamimber of separate relays to assist in its the
uplink transmission, Cooperation Strategy | may requirexaressive number of relays. By contrast,
Cooperation Strategy Il is capable of circumventing thisbfem by using each relay to serve several
source MTs. Based on Cooperation Strategy I, which has bdesmussed in Section 4.4, we can
see in (4.59) that the spreading sequences of the source Miltha relays are multiplied, when
the signals are forwarded by the relays. These multipbcatiperations at the relays result in new
spreading sequences. In order to ensure that diversityhig\al, the spreading sequences of the

source MTs and the relays should be appropriately chosethasdhe cross-correlation between
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Length of | Maximal normalized cross-correlationNormalized cross-correlation
sequences coefficient ofm-sequences coefficient of gold sequences
7 0.71 0.71
15 0.60 0.60
31 0.35 0.29
63 0.36 0.27
127 0.32 0.13
255 0.37 0.13
1023 0.37 0.06
4095 0.34 0.03

Table 4.1: Cross-correlation coefficient ofi-sequences and Gold sequences [137].

any two sequences is as low as possible. Moreover, thisphcétiion operation should not generate
spreading sequences that are the same for different sourse®therwise, the BS becomes incapable
of detecting the transmitted information, since the cramselation between the spreading sequences

of two different users will become unity.

The spreading sequence assignment scheme used througihairnalations in Section 4.6 can
be described as follows. Let us assurié to be a set ofn-sequences that are generated using
a maximum-lengthmn-stage shift register associated with a polynomial. It carsbown that the
multiplicaton of any twom-sequences in the sg@il leads to a newn-sequence in the same set.
Based on this observation, in our simulations presente@ati®& 4.6 then-sequences of the source
MTs and the relays are generated based on two different tiv@rpolynomials. Note that no inner
restriction is imposed on the spreading sequences in téfr@saperation Strategy |, since in this case
MMSE detection is invoked at each of the relays and there amauitiplication operations between
the sequences of the source MTs and that of the relays. Irimnutagions presented in Section 4.6,

random sequences andsequences are considered.

Gold showed [172, 173] that some pairsrefsequences having the same degree can be used to
generate Gold sequences, which constitute a large and tampatass of periodic sequences having
beneficially low periodic cross-correlation, resultindgow MUI. Specifically, a set of Gold sequences
of length N = (2™ — 1) can be constructed from any preferred paimosequences. A preferred

pair of m-sequences is a pair having a specific ternary-valued casstation function (CCF) with
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values from the sef—1, [-1 + g(m)],[-1 — g(m)]}, where

g(m) =

2(m+1)/2 " \whenm is odd
2(m+2)/2 \whenm is even

Table 4.1 shows the cross-correlation coefficients of betbequences and Gold sequences of dif-
ferent degree. As shown in Table 4.1, the beneficial crosgletion properties of Gold sequences
result in an improved BER performance for our proposed D34Bystem, especially when the

length of them-sequences is significantly high.

Let us now consider the MRC-assisted single-user detection

4.5.1 MRC-Assisted Single-User Receiver

In the context of the MRC-SUR employed for the cooperative CIAVA considered, the received
signal vectony of (4.26) or (4.60) is first despread by multiplying it wi#f, yielding

y=CTy, (4.72)

wherey = [go,gl,...,gL]T In more detail, it can be readily shown that after the desgirey

operation, théth component off can be expressed in the context of Cooperation Strateg\8i/ad 7]

;L(()l)bl [TL] + C{’flo + Lo, ifl=0

T (4.73)
\/Cllhg)’/llbl [n] + (Cz(l)) ny + Lur, f1=1,2,...,L,

where, at the right hand side, the first term in the upper peasents the information bits of uder
faded and attenuated by the D-channels, the second terra upfer line denotes the despread noise
by invoking the spreading sequence of usarithin the first time-slot, the first term in the lower line
accounts for the information bits of usefaded and attenuated by the RB-channels, while the second
term in the lower line records the despread noise by involtilegspreading sequence of thie relay

of userl within the second time-slot. Furthermore, in (4.78) represents the inter-user interference
(IUI) engendered by th& number of D-channels within the first time-slot, which canelipressed

as

K
I =3 el b befn). (4.74)
k=2
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By contrast, in (4.73),yr| represents the inter-user relay-induced interferenc®IjlLhamely the
interference engendered by the signals transmitted oeeRtbhannels associated with the transmis-

sions within both the first and second time-slots, which caetpressed as

Luri Z\/Ghrl’ Vu'( > cl(,l)bl[n]

=1
V£l
L K INT i
+Y >V Crh) vy ( ‘ )) ey by + ( ) Z ngl’nkl’cz(/ ' @75
I=1k=2 I'=1k=1
where, at the right hand side, the first term is the interfegeangendered by all thHerelays except for

thelth one, the second term represents the interference engenile all theK source MTs except

for the desired one, while the last term is the despreadf@marce engendered by all the source MTs

at thelth relay.

Similarly, thelth component of; in the context of Cooperation Strategy Il can be expressed as

iL(()l)bl [n] + c{’l’_l() + L, ifli=20

L
\/Cuhrzhl(l)lh [n] + Z Vel CCumy + ¢ Ciy + Turi, if1=1,2,...,L,
=1
(4.76)

where, at the right hand side, the first and second terms imigper line have the same physical

Yy =

interpretations as their counterparts in (4.73) derivedCfooperation Strategy I, the first term in the
lower line represents the information bits of udefaded and attenuated both by the TR-channel
spanning from uset to relay! and by the RB-channel connecting relayith the BS. Furthermore,
the second term in the lower line denotes the equivalentnaighe BS introduced by all the
number of relays, while the third one in the lower line acdsuor the noise despread by invoking
the spreading sequences of usand relayl during the second time-slot. Furthermore, in (4.7,6)
represents the IUl imposed by the signals transmitted dvebDtchannels within the first time-slot,
which is formulated in the same as (4.74) for Cooperatioat&y |, whileljyr| represents the IURI
among the signals transmitted over the R-channels in theafiid second time-slots, which can be

expressed as

liyri = Z Z VCwhehy el CiCyerbi[n] + Z Vrhahl d'CiCreibi[n).  (4.77)

I'=1k=2 =1
U+l
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At the right-hand side of (4.77), the first term is constitutey the interference arriving from all the
source MTs except for the desired one, while the second tetheiinterference imposed by all the
relays except for théh one.

Furthermore, in (4.73) and (4.7&! ny, (cl(l))Tﬁl andc!'C,Cyny are independent Gaussian
random variables, which obey the same distribution,asi = 0,1, A\=0,--- | N — 1, in (4.55) and
(4.56).

Let us assume that the second-order momertpfin (4.73) and (4.76) is given by?,,, while
the second-order moment @fr in (4.73) and (4.76) is denoted Iyt ,. Then, it can be readily
shown that the MRC-SUR weights derived in the context of @oafon Strategy | can be expressed
as [37]

-1 /. ) *
<EL1°T+0|2U|> (h( N for i =0
wy = N (4.78)
<EL10, +U|2UR|> \/Cl < rl Vll) 3 fOfl — 1,2,...,[/.
By contrast, the MRC-SUR weights derived in the context ef@ooperation Strategy Il are given by
-1 /. *
(22 + i) <h<”)’ fort =0

-1
wp = N, "
(E <ll’|hrl’ 1 EO +U|2URI> \/Cl < rlh )) , forl = 1,2,..., L.
l’ 1r

I'=1

(4.79)

It can be seen from (4.78) and (4.79) that the MRC-SUR weifgintisoth Cooperation Strategy | and
Il were the same fol = 0, since theth component of; for both of them were the same whée- 0,
as seen in (4.73) and (4.76).

Following further analysis, it may be shown that for CoogieraStrategy I, we arrive at

‘h Rz < l(l > cl,

+ Z Z G B

U'=1k=2

e ()

|

: (4.80)

2
OiURI = ZCM

l’;ﬁl
2

gryngy (Cl(l)) ! Cl(/k)

while for Cooperation Strategy I, we have

~ 2 L
rl’hl(fk)c{clcl’ck‘ } +Y CwE [

~ 2
hrl/hl(,l)c"erlCl/cl ‘ :| . (4.81)
o

iRl = ZZCU’E [

'=1k=2
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Additionally, the second moment dfy, in (4.74) can be expressed for both Cooperation Strategy |

and Il as

K
ot =S E “c{ckhg’“ﬂ . (4.82)
k=2

Furthermaore, it can be shown that when random spreadingeseqs are considered, we have

K
oy = %ZE [1R§72]. (4.83)
k=2

Having obtained the weights for the componentg ias shown in (4.78) for the Cooperation
Strategy | and in (4.79) for the Cooperation Strategy Il, \@a form the decision variable [n] for
b1[n] in terms of the MRC-SUR as

L
2ln] = wigi. (4.84)
=0

Note that the combining schemes characterized in (4.78).@8) are capable of maximizing the
output SNR, when there exists no interference among thes wsenelays in the relay-assisted DS-
CDMA system. When the relay-aided DS-CDMA uplink supportdtiple users, our simulation re-
sults provided in Section 4.6 demonstrate that the intenfeg among the D-channels and R-channels
significantly degrades the achievable BER performanceesiee MRC-SUR scheme cannot mitigate

this type of interference.

In the next section we consider the MSINR-assisted MUC (MSINUC) scheme, which is
capable of efficiently suppressing the interference enesad over both the D-channels and the R-

channels.

4.5.2 Maximum SINR-Assisted Multiuser Combining [11-13]

In order to derive the MSINR-MUC, we re-write the observatiector of (4.26) derived for Cooper-
ation Strategy | and that in (4.60) for Cooperation Stratiegg

y = hby[n] +ng, (4.85)
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where we have

=
Il

Ch (4.86)
ny = CrHb;+ngp+n (4.87)

for both Cooperation Strategy | and 1.

Upon following our derivation in Subsection 3.3.3 of Cha@ewe arrive at the optimum weight

vector to be used for detection of the desired MT, which caeXpeessed as
wopr = uR;'A, (4.88)

wherey is a constant an®; = E[n/n] is the covariance matrix of;, as seen in (4.87). Specif-
ically, from (4.87) we arrive aRR; = C;H;/HC¥ + Engnfl] + E[nnf]. It can be shown that
Enn!’] = £ I,y for both Cooperation Strategy | and II. Let us now deti znl?] for the two
cooperation strategies based mp, which has been given in (4.32) and (4.67), respectivelyr Fo

Cooperation Strategy |, it can be shown that

" 0 0
Engnyp] = , (4.89)
0 CrERgnf)CH

whereC i has been given in (4.33), alﬁ[ﬁRﬁg | can be expressed as
Elngng) = diag{ Efpm1ngh, ], Efrois), - Efriag]}, (4.90)

whereE[agntl), 1 =1,--- ,L,is a(K x K)-element diagonal matrix in the form &f[npnk,| =

diag{A1,As, - ,Ax},andAy, k=1,--- , K, can be expressed as

K H
~ _ ~ N, _
N = Gl B lenRedy | D P+~ I (R i)) . (4.92)
U\ ki2k E, Y
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By contrast, for the Cooperation Strategy Il, we arrive at

0 0

L
Ny (4.92)
0 > —CulhnlLy
=1+

E[ang] =

Correspondingly, in the context of the MSINR-MUC the demisvariable forb; [n] is given by
Zn =R {wg,ty} , (4.93)

wherey was outlined (4.26) for Cooperation Strategy | and in (4.80)Cooperation Strategy I,

while R {z} is the operation retaining the real-part of each elememt of

Let us now use a range of simulation results to illustrateatti@éevable BER performance of the

relay-assisted DS-CDMA system, which employs either Coatmn Strategy | or Il

4.6 Performance Results

In this section we characterize the BER versus SNR per bibpeance of the relay-assisted DS-
CDMA system supporting multiple users, when either Codjmréstrategy | or 1l is employed. In our
simulations we assumed that both the D-channels and then@Rnrels experienced Rayleigh fading,
while the RB-channels experienced more benign Nakagarfaeding associated withm;, = 2. This
assumption was justified, since we assumed that the relages atesen from the area close to the
BS. In our simulations, both random sequences anrsequences were considered. The number of
relays employed in our simulations was typically= 0,1, 2, 3,4, whereL = 0 corresponds to the
scenario of direct transmission, assuming that no relaye wmployed. The BER performance of
the relay-assisted DS-CDMA system is initially investeghin Subsection 4.6.1 in the less realistic
scenario of having no pathloss, which may be deemed to gamesto perfect power control in
the absence of shadow-fading. Naturally, satisfying tlsseimptions requires sophisticated system-
control, especially, as far as the relays are concernedhésé considerations are beyond the scope of
our current study, which is focused on characterizing tterable performance. Table 4.2 presents
the main features of the DS-CDMA uplink considered. Let us facus our attention on this relay-
assisted DS-CDMA system operating without consideringeffexts of large-scale fading, i.e. in the

absence of both pathloss and shadow-fading.
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\ | Subsection 4.6.1 | Subsection 4.6.2 \

Main assumption Constant total received Constant total transmitted
SNR per bit power per bit

Pathloss No Yes
D-channels Rayleigh fading
TR-channels Rayleigh fading
RB-channels Nakagamim fading (m = 2)
Modulation BPSK
Cooperation strategy Cooperation Strategy | or Il
Detection at BS MSINR-MUC \ MRC-SUR or MSINR-MUC
Spreading sequences Random sequences nr-sequences
Spreading factor N =15,31
Number of MTs supported K =215
Number of relays considered L=0,1,2,3,4

Table 4.2: Main features of the DS-CDMA uplink considered.

Spreading sequences Number of | Cooperation
MTs supported,  Strategy

Figure 4.6 | m-sequences K=2 I
Figure 4.7 | Random sequences K=2 I
Figure 4.8 | m-sequences K=2 Il
Figure 4.9 | m-sequences K=15 Il
Figure 4.10| Random sequences K=2 Il

Figure 4.11| Random sequences K=15 Il

Table 4.3: System parameters employed for generating Figures 46i4 Subsection 4.6.1.

4.6.1 Performance of the Relay-Assisted DS-CDMA Uplink inlie Absence of Large-
Scale Fading

In this subsection we provide simulation results for chiadzing the BER performance of the relay-
assisted DS-CDMA system without considering large-scatinfy. More explicitly, we assumed that
perfect power control was employed, hence the received pim any of the source MTs and
that from any of the relays was the same. Furthermore, inrd@ocdearry out a fair comparison, the
average SNR associated with a single transmitted data bitwsmstant, regardless of valuelofi.e.
the number of relays employed for supporting each sourceTdbles 4.2-4.3 illustrates the system

parameters employed for generating Figures 4.6-4.11 $rethithsection.
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4.6.1.1 Cooperation Strategy |

Figures 4.6 and 4.7 show the BER versus average SNR per lbirpance of the relay-assisted
DS-CDMA system using the proposed Cooperation StrategySeation 4.3. In our simulations we
assumed that the number of source MTs supported in the ¢aiteath Figures 4.6 and 4.7 was =
2. Furthermore, in Figure 4.6 the spreading sequences wastitted bym-sequences of length 15,
while in Figure 4.7 random sequences of length 15 were emeglofs shown in Figures 4.6 and 4.7,
when the same number of relays were employed, the BER peafarenof cooperative DS-CDMA
using m-sequences is slightly better than that using random seggernrlhe results of Figures 4.6
and 4.7 show that, when the SNR is sufficiently high, the BERop@ance substantially improves,
if more relays are used for providing the source MTs with éhbigprder relay diversity. However,
when the SNR is low, using more relays fails to guarantee ersity gain and hence the resultant
BER performance may even degrade upon increasing the nushbelays. Furthermore, the BER
performance portrayed in Figures 4.6 and 4.7 is slightlyebeghan that of the single-user scenario
shown in Figure 3.10. This is because in the single-user abB&gure 3.10 the relays are operated
in the AF mode, which amplifies and forwards the signal as aelthe noise. By contrast, the
MMSE detection employed at each of the relays in the mulijder scenario used in Figures 4.6
and 4.7 is capable of both mitigating the effects of intenfie and suppressing the Gaussian noise
simultaneously.

Let us now investigate the attainable performance of Catjmer Strategy Il, when a similar

communication scenario is considered.

4.6.1.2 Cooperation Strategy Il

Figures 4.8 and 4.9 quantify the BER versus average SNR ppetformance of the relay-assisted
DS-CDMA uplink using the proposed Cooperation Strategyf Bection 4.4. In our simulations we

assumed that the number of source MTs used in Figure 4.8dwas2, while that in Figure 4.9 was

K = 15. Furthermorem-sequences of lengthv = 15 were employed for spreading both by the
source MTs and by the relays. As mentioned previously ini&edt5m-sequences assigned to the
source MTs and that to the relays were generated using eliffgrenerator polynomials in order to
ensure that the sequences after relaying are distinguéh@be results of Figures 4.8 and 4.9 show
that in comparison to the DS-CDMA system operating withbgt assistance of relay diversity, the
BER performance significantly improves when each source $/Hided by a relay, provided that the

average SNR per bit is sufficiently high. However, when theber of relays supporting a single
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Figure 4.6: Cooperation Strategy t BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink usingm-sequencesand the MSINR-MUC of Subsection 4.5.2, when the D-
channels and the TR-channels experience Rayleigh fadihge whe RB-channels experience
Nakagamim fading associated witln;; = 2. The experimental conditions were listed in Ta-
bles 4.2-4.3.
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Figure 4.7: Cooperation Strategy t BER versus average SNR per bit performance of the relagtad<DS-
CDMA uplink usingrandom sequencesand the MSINR-MUC of Subsection 4.5.2, when the
D-channels and the TR-channels experience Rayleigh fadihde the RB-channels experience
Nakagamim fading associated witln;; = 2. The experimental conditions were listed in Ta-
bles 4.2-4.3.
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Figure 4.8: Cooperation Strategy Il: BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink usingm-sequencesand the MSINR-MUC of Subsection 4.5.2, when the D-
channels and the TR-channels experience Rayleigh fadihge whe RB-channels experience
Nakagamim fading associated witln;; = 2. The experimental conditions were listed in Ta-
bles 4.2-4.3.
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Figure 4.9: Cooperation Strategy Il. BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink usingm-sequencesand the MSINR-MUC of Subsection 4.5.2, when the D-
channels and the TR-channels experience Rayleigh fadihge wthe RB-channels experience
Nakagamim fading associated witln;; = 2. The experimental conditions were listed in Ta-

bles 4.2-4.3.
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source MT is further increased, a further increased diyeggin may only be achieved, when a
higher SNR is available. In comparison to the BER perforregmartrayed in Figures 4.6 and 4.7 for
Cooperation Strategy I, the diversity gain observed in Fag4.8 and 4.9 for Cooperation Strategy I
cannot be guaranteed and hence the resultant BER perfoemaaceven degrade at low SNRs upon
increasing the number of relays. The reason for this obBervis that for Cooperation Strategy I,

the MMSE detection is applied at each of the relays, whictajgable of sufficiently mitigating the

effects of interference as well as of the noise encountdrégt aelays, while for Cooperation Strategy
Il the relays operate in the AF mode, which simultaneouslyldias and forwards the signals and

the noise.

In Figures 4.10 and 4.11 the BER versus average SNR per arpence of the relay-assisted
DS-CDMA uplink was depicted, when random spreading seesei€ lengthNV = 15 were em-
ployed. The number of source MTs supported by the DS-CDMAesysas recorded in Figure 4.10
was K = 2, while that in Figure 4.11 wa& = 15. From the results of Figure 4.10, we can observe
that the BER performance df < 3 is close to that shown in Figure 4.8, wheresequences were
considered. However, as shown in Figure 4.10, the BER paegnce even degrades within the SNR
range considered, when the number of relayis increased from 3 to 4, which is a consequence of
the severe multiuser interference engendered by the rasdarading codes. From the results of Fig-
ure 4.11, we observe that the BER performance recordefl f0r3 is worse than the corresponding
BER performance shown in Figure 4.9, wheresequences were employed. This is because more
severe MUI engendered by the random spreading sequenceth#tidoym-sequences. Furthermore,
as shown in Figure 4.11, the BER performance degrades vithiSNR range considered, when the
number of relays is increased fromm= 3 to L = 4. By contrast, wherl. < 3, the BER perfor-
mance may improve when the number of relays is increasedidea that the SNR per bit value is
sufficiently high.

In summary, in this subsection we have investigated thénatikee BER performance of the relay-
assisted DS-CDMA system supporting multiple users in theecd of both Cooperation Strategy |
and Il, while assuming perfect power control, i.e. in thesprece of large-scale fading. Based on
our simulation results, we conclude that both of the codjmrastrategies are capable of providing
significant performance gains with respect to DS-CDMA usingelays, provided that the average
SNR per bit is sufficiently high. Furthermore, it can be shdhait Cooperation Strategy | is more
immune to the multiuser interference and hence it is capattdehieving a better BER performance
than Cooperation Strategy Il. This is because for the Catjoer Strategy | the MMSE detectors

employed at the relays are capable of efficiently supprgsisoth the interference engendered by
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Figure 4.10: Cooperation Strategy I BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink usingrandom sequencesnd the MSINR-MUC of Subsection 4.5.2, when
the D-channels and the TR-channels experience Rayleigigfaghile the RB-channels experi-
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Figure 4.11: Cooperation Strategy I BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink usingrandom sequencesand the MSINR-MUC of Subsection 4.5.2, when
the D-channels and the TR-channels experience Rayleigigfadhile the RB-channels experi-
ence Nakagamir fading associated withu;; = 2. The experimental conditions were listed in
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\ | Figure 4.12] Figure 4.13] Figure 4.14] Figure 4.15|

Number of MTs supported K=

Pathloss exponent n=4 n=3
Power-sharing factor a=20.9 a=038
Normalized relay location n=20.3 n =04
Detection schemes at BS| MRC-SUR MSINR-MUC

Table 4.4: System parameters for generating Figures 4.12-4.15 ine8tibe 4.6.2.

the other source MTs and the noise, while the AF-aided Cadiper Strategy Il jointly amplifies
the signal and the noise. Recall, however, that Cooper&teoategy | may have insufficient MTs
used as relays for attaining the above-mentioned perfaeéor high values of’ owing to the
lack of inactive MTs. In the next subsection we provide thmuation results of the relay-assisted

DS-CDMA system with considering the large-scale fading.

4.6.2 Performance of the Relay-Assisted DS-CDMA Uplink inlte Presence of Large-
Scale Fading

In this subsection we provide a range of simulation resalisrder to illustrate the achievable BER
performance of the relay-assisted DS-CDMA uplink, when ¢heperation schemes proposed in
Sections 4.3 and 4.4 are employed subjected to the readisticario of large-scale fading, which
takes into account the effects of propagation pathlosshigidubsection we assume that the total
transmitted energy per bit remains constant, regardlesheohumber of relays in order to carry
out a fair comparison. By contrast, in Subsection 4.6.1 veeragd that the total average received
SNR remained constant, regardless of the number of relaysatbource MT employed. Let us first
consider the simulation results recorded for the DS-CDMs#tay employing Cooperation Strategy

I. The system parameters used for generating Figures 41R2ade listed in Tables 4.2 and 4.4.

4.6.2.1 Cooperation Strategy |

Figure 4.12 shows the BER versus average SNR per bit perfaen@corded for the relay-assisted
DS-CDMA uplink aided by Cooperation Strategy | of Sectio8,4vhen the MRC-SUR of Subsec-
tion 4.5.1 is considered. Recall from Subsection 3.2.3 c@ér 3 that the parameterdetermines
the ratio of the power assigned to the first and second tiwts;sihich was assumed to be= 0.9,

while the parametef determines the relative location of the relays and was asdumbes = 0.3.
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Figure 4.12: Cooperation Strategy | BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, whiee D-channels and the TR-
channels experience Rayleigh fading, while the RB-chanegperience Nakagami- fading
associated withn;s = 2. In our simulations, random sequences were used for sprgattie
number of relays wag = 1,2, 3,4, « = 0.9, 6 = 0.3 and the pathloss exponent was- 4. The
experimental conditions were listed in Tables 4.2 and 4.4.
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Figure 4.13: Cooperation Strategy | BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, whihe D-channels and the
TR-channels experience Rayleigh fading, while the RB-okéexperience Nakagami-fading
associated withn;, = 2. In our simulationsn-sequences were used for spreading, the number
of relays wasL = 1,2,3,4, « = 0.9, 6 = 0.3 and the pathloss exponent was= 4. The
experimental conditions were listed in Tables 4.2 and 4.4.
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Figure 4.14: Cooperation Strategy | BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, whihe D-channels and the
TR-channels experience Rayleigh fading, while the RB-olkeésexperience Nakagami-fading
associated withn;s = 2. In our simulations, random sequences were used for sprgattie
number of relays wag = 1,2, 3,4, « = 0.9, 6 = 0.3 and the pathloss exponent was- 4. The
experimental conditions were listed in Tables 4.2 and 4.4.
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Figure 4.15: Cooperation Strategy | BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, whihe D-channels and the
TR-channels experience Rayleigh fading, while the RB-okéexperience Nakagami-fading
associated withn;; = 2. In our simulationsn-sequences and random sequences were used for
spreading, the number of relays was= 1,2, 3,4, « = 0.8, § = 0.4 and the pathloss exponent
wasn = 3. The experimental conditions were listed in Tables 4.2 aAd 4
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The pathloss exponent was= 4. Furthermore, random sequences of length= 15 were employed
for DS-CDMA spreading. The results of Figure 4.12 show thatBER performance significantly
improves, when more relays are used and appropriate pdvaeng is employed. However, a error
floor is observed for each of the curves in Figure 4.12. Thimanly because the MRC-SUR is
a single-user detector, which is unable to suppress thedéné@ce among the source MTs and that

among the relays.

For comparison, the BER performance of the relay-assis@&@CDMA uplink aided by Coopera-
tion Strategy | is also shown in Figures 4.13-4.15, when thé9¥& detector is employed at the relays
and the MSINR-MUC is invoked by the BS for detection.

Figure 4.13 shows the BER performance of the DS-CDMA systesisted by Cooperation Strat-
egy |, whenm-sequences of lengthh = 15 were employed for spreading. The number of source
MTs supported by the DS-CDMA system in Figure 4.13 was= 2. Furthermore, we assumed
a = 0.9,6 = 0.3 and that the pathloss exponent was= 4. It can be seen from Figure 4.13 that
the BER performance of multi-user DS-CDMA can be signifigaithproved, if the efficient power
is allocated to the source MTs and the relays, when the MSWNKC is invoked by the BS for
suppressing the MUI.

In Figure 4.14, the BER performance of the DS-CDMA systenstes by the proposed Cooper-
ation Strategy Il is depicted, when random sequences ofHelNg= 15 were employed. The other
parameters were the same as those assumed for Figure 4cEh be seen in Figure 4.14 that the
BER performance recorded for random sequences was slightlse than that fom-sequences seen
in Figure 4.13. The same observation can also be stateddaetiults shown in Figure 4.15, where
we assumed that =2, =0.9,§ = 0.3 andn = 4.

From the results of Figures 4.13-4.15, we can conclude tbap€ration Strategy | is capable
of providing significant performance enhancement for DSMZDsystems, when efficient power-
allocation is assumed and when the MSINR-MUC is invoked féiciently suppressing the MUI.
Furthermore, the BER performance of the relay-assistedCD$tA uplink subjected to realistic
large-scale fading is significantly better than that of thealized system ignoring the effects of large-
scale fading. This observation confirms again the advaatafjasing power-allocation. Let us now
provide simulation results for characterizing the coroggping DS-CDMA system using Cooperation

Strategy Il, when an otherwise identical communicatiomace is assumed.
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\ | Figure 4.16] Figure 4.17| Figure 4.18|

Number of relays L=1 L=2 L=3
Ey /Ny 10dB 6 dB 4 dB
Spreading sequences m-sequences
Spreading factor N =15

Number of MTs supported K=2

Pathloss exponent n=3

Detection at BS MSINR-MUC

\ | Figure 4.19] Figure 4.20] Figure 4.21]

Number of relays L=3

Ey /Ny 4 dB

Spreading sequences m-segquences
Spreading factor N =15

Number of MTs supported K = 15 K=2 | K=15
Pathloss exponent n=3 n=4
Detection at BS MSINR-MUC

Table 4.5: System parameters for generating Figures 4.16-4.21 ineStibe 4.6.2.
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Figure 4.16: BER versus the parametets, () performance of the relay-assisted DS-CDMA uplink using
sequences and the MSINR-MUC of Subsection 4.5.2, when tblkedbnels and the TR-channels
experience Rayleigh fading, while the RB-channels expeaeNakagamin fading associated
with m;2 = 2. In this figure, we assumell = 2, L = 1, E; /Ny = 10 dB and that the pathloss
exponentwag = 3. The experimental conditions were summarized in Tablesdd34.5.
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Bit Error Rate

Figure 4.17: BER versus the parameters, () performance of the relay-assisted DS-CDMA uplink using
sequences and the MSINR-MUC of Subsection 4.5.2, when thkedbnels and the TR-channels
experience Rayleigh fading, while the RB-channels expegeNakagamin fading associated
with m;2 = 2. In this figure, we assumell = 2, L = 2, E;,/Ny = 6 dB and that the pathloss
exponentwag = 3. The experimental conditions were summarized in TableaAd34.5.
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Figure 4.18: BER versus the parameters, () performance of the relay-assisted DS-CDMA uplink using
sequences and the MSINR-MUC of Subsection 4.5.2, when thkedbnels and the TR-channels
experience Rayleigh fading, while the RB-channels expeaeNakagamin fading associated
with m;2 = 2. In this figure, we assumell = 2, L = 3, E;,/Ny = 4 dB and that the pathloss
exponentwag = 3. The experimental conditions were summarized in TableaAd34.5.
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Figure 4.19: BER versus the parameters, () performance of the relay-assisted DS-CDMA uplink using

Bit Error Rate

sequences and the MSINR-MUC of Subsection 4.5.2, when thkedbnels and the TR-channels
experience Rayleigh fading, while the RB-channels expegeNakagamin fading associated
with m;2 = 2. In this figure, we assumeld = 15, L = 3, E;, /Ny = 4 dB and that the pathloss
exponentwag = 3. The experimental conditions were summarized in TableaAd34.5.
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Figure 4.20: BER versus the parameters, () performance of the relay-assisted DS-CDMA uplink usimg

sequences and the MSINR-MUC of Subsection 4.5.2, when thkedbnels and the TR-channels
experience Rayleigh fading, while the RB-channels expeaeNakagamin fading associated
with m;2 = 2. In this figure, we assumell = 2, L = 3, E;,/Ny = 4 dB and that the pathloss
exponentwag = 4. The experimental conditions were summarized in TableaAd34.5.
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Bit Error Rate

Figure 4.21: BER versus the parameterg,(6) performance of the relay-assisted DS-CDMA using
sequences and the MSINR-MUC of Subsection 4.5.2, when tblkedbnels and the TR-channels
experience Rayleigh fading, while the RB-channels expegeNakagamin fading associated
with m;2 = 2. In this figure, we assumell = 15, L = 3, E};, /Ny = 4 dB and that the pathloss
exponentwag = 4. The experimental conditions were summarized in Tablesdd34.5.

\ | Figure 4.22] Figure 4.23| Figure 4.24| Figure 4.25 |

Spreading sequences Random sequences andsequences | m-sequences
Spreading factor N =15 N =31
Number of MTssupported K=2 | K=5 | K=15 K=2
Pathloss exponent n=4

Power-sharing factor a=0.9

Normalized relay location 6=0.3

Detection at BS MRC-SUR

\ | Figure 4.26] Figure 4.27| Figure 4.28| Figure 4.29 |

Spreading sequences m-sequences \ Random sequences
Spreading factor N =15

Number of MTssupported K=2 | K=15 | K=2 | K=15
Pathloss exponent n=40rn=3

Power-sharing factor a=090ra=0.8

Normalized relay location d=030r§d =04

Detection at BS MSINR-MUC

Table 4.6: System parameters for generating Figures 4.22-4.29 ine8tibe 4.6.2.
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Figure 4.22: Cooperation Strategy It BER versus average SNR per bit performance of the relagtads

DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, whiee D-channels and the TR-
channels experience Rayleigh fading, while the RB-chanegperience Nakagami- fading
associated withn;, = 2. In our simulationsyn-sequences and random sequences of length
N = 15 were used for spreading, the number of relays was 1,2, 3,4, « = 0.9, § = 0.3 and

the pathloss exponent was= 4. The experimental conditions were listed in Tables 4.2 afd 4
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Figure 4.23: Cooperation Strategy I BER versus average SNR per bit performance of the relagtads

DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, whiee D-channels and the TR-
channels experience Rayleigh fading, while the RB-chanegperience Nakagami- fading
associated withn;, = 2. In our simulationsyn-sequences and random sequences of length
N = 15 were used for spreading, the number of relays was 1,2, 3,4, « = 0.9, § = 0.3 and

the pathloss exponent was= 4. The experimental conditions were listed in Tables 4.2 afd 4
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Figure 4.24: Cooperation Strategy I BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, whiea D-channels and the TR-
channels experience Rayleigh fading, while the RB-chanegperience Nakagami- fading
associated withn;s = 2. In our simulations,n-sequences and random sequences of length
N = 15 were used for spreading, the number of relays was 1,2,3,4, a = 0.9, 6 = 0.3 and
the pathloss exponent was= 4. The experimental conditions were listed in Tables 4.2 afd 4

4.6.2.2 Cooperation Strategy Il

In Figures 4.16-4.18, we evaluated the BER versyg) performance recorded for the relay-assisted
DS-CDMA uplink supportingk’ = 2 users, when the D-channels and the TR-channels experienced
Rayleigh fading, while the RB-channels experienced Nakaga fading associated withn;, = 2

for L = 1,2, 3. In our simulationgn-sequences of length’ = 15 were used for spreading and the
MSINR-assisted MUC of Subsection 4.5.2 was employed foealietn at the BS. The experimental
conditions were listed in Tables 4.3 and 4.5. Specificaligufe 4.16 shows the BER versus, (§)
performance of the relay-aided DS-CDMA uplink associatét the parameters df = 1, E, /Ny =

10 dB. It can be seen from Figure 4.16 that increasinge. assigning more power to the transmitters
during the first time-slot, or increasing implying that the relay moves toward the source MT from
the BS, generally results in an improved BER performancewéver, when the value af and the
value ofé$ are excessive, the BER performance degrades. Therefosegasn Figure 4.16, for any
given value ofw, there may exist an efficient value &ttapable of achieving the lowest BER, which
has been argued in Figures 3.12-3.14 of Chapter 3. Vice Mersany given value of, there exists an
efficient value ofo, implying the efficient power-allocation, adjusted for esting the lowest BER.
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Figures 4.17 and 4.18 show the BER versus ) performance of the relay-aided DS-CDMA
uplink using the parameters &f= 2, E,/Ny = 6 dB andL = 3, E, /Ny = 4 dB, respectively. It can
be observed from the results of Figures 4.16-4.18 that forendBER, the required;, /N, decreases,
when more relays are involved in assisting the transmissibrihe source MTs. Figure 4.19 shows
the BER versusd, §) performance recorded for the relay-assisted DS-CDMAnkp§iupporting
K = 15 users. The other parameters used in Figure 4.19 were theasathese used in Figure 4.18,
as listed in Tables 4.3 and 4.5. It can be seen from the resufigure 4.18 and Figure 4.19 that
for the same parameters,(d), the BER performance degrades, when the relay-assisteGDNA
system supports more users. However, the degradation dHfe performance recorded for the
relay-assisted DS-CDMA system supportifg= 15 users is not significant, which implies that the
MSINR-MUC has efficiently suppressed the interferencedtdti by the relays and the other source
MTs.

In Figure 4.20, we evaluated the BER versus §) performance of the relay-assisted DS-
CDMA system, when the D-channels and the TR-channels exquari Rayleigh fading, while the
RB-channels experience more benevolent Nakaganféding associated witih;, = 2 for L = 3.
The parameters used in Figure 4.20 were the same as thoseyeahfibr recording Figure 4.18,
except that the pathloss exponent was now increaseds#rens to n = 4. From the results of Fig-
ure 4.20, as well as the results of Figure 4.18, it can be $esridr the same value af, the efficient
value of¢ increases, when the pathloss exponent increases from Jtislobservation implies that
when the pathloss exponent increases, the relays shoulibbercfrom the area, which has a similar

distance from both the source MTs and the BS, in order to nibgirthe achievable BER.

Figure 4.21 shows the BER versus, (§) performance of the relay-assisted DS-CDMA uplink
supportingK’ = 15 users. The other parameters used in Figure 4.21 were theasatimese employed
in Figure 4.20, as summarized in Tables 4.3 and 4.5. Fronethdts of Figures 4.20 and 4.21, it can
be seen that for the same parametersif, the BER performance degrades, when the relay-assisted
DS-CDMA system supports more users. Again, the degradatidhne BER performance observed
for the relay-assisted DS-CDMA uplink supportidg = 15 and K = 2 users is insignificant in
comparison to the single-user performance.

Figures 4.22-4.24 characterize the BER versus average ®NRitpperformance of the relay-
assisted DS-CDMA uplink employing the proposed CoopenaBtrategy I, when the MRC-SUR of
Subsection 4.5.1 is employed for detection at the BS. Inioaulations we assumed that the numbers
of source MTs used in Figures 4.22-4.24 wéfe= 2, 5, and10, respectively. For each of the figures,

we assumedr = 0.9, § = 0.3 and that the pathloss exponent was- 4. Furthermore, both random



4.6. PERFORMANCE RESULTS 143

sequences ana-sequences of lengtN = 15 were assumed for spreading in our simulations. From

the results of Figures 4.22-4.24 we can infer the followibgearvations.

1)

2)

3)

The BER performance of the relay-aided DS-CDMA uplinkngsin-sequences is better than
that of its counterpart using random sequences, when the samber of users are supported

and the same number of relays are employed.

When the relay-aided DS-CDMA uplink employs random seqas, the BER performance
improves as the number of relays increases. However, thevatihe diversity gain reduces,
when the DS-CDMA system supports an increasing number e§user example, as shown in
Figure 4.24, for the DS-CDMA arrangement supportiig= 15 users, only a modest diversity
gain is observed, when the number of relays is increaseds i$Hiecause using more relays
may lead to an increased interference level, while progidiiversity gain. The resultant per-
formance indicates the presence of a trade-off betweenethefigial and detrimental effects of

employing an increased number of relays.

When the relay-aided DS-CDMA uplink employs-sequences, again, relying more relays
failed to guarantee an improved BER performance, as seeigimes 4.23 and 4.24. This is
because in addition to providing diversity, using more yelalso results in increased inter-
ference, which cannot be entirely suppressed by the MRC-Ba#ed detector. As shown in
Figure 4.24, when the number of users supported by the DS-£Bydtem is increased from
K = 5to K = 15, the BER performance corresponding to usingsequences degrades and

also suffers from further degradation upon increasing tivaber of relays.

Furthermore, as shown in Figure 4.22, an increased diyengit provided, when using more

relays. However, there was a very limited increase in dityegmin for them-sequences, when the

number of relayd. increased from 3 to 4. This is because the length ofitkeequences we employed

was only N = 15, which has high cross correlation betweensequences or Gold sequences that

were generated by selected pairsnofsequences, as shown in Table 4.1. In Figure 4.25 we also
provide the BER performance of the MRC-assisted DS-CDMAnkgby increasing the length of-

sequences fromV = 15to N = 31. The other parameters used in Figure 4.25 were the samesss tho

in conjunction with then-sequences in Figure 4.22, which were summarized in TabBesndl 4.6. It

can be seen from Figures 4.22 and 4.25 that a markedly bafRrgrformance was achievable for

L = 4 relays thanl. = 3, when increasing the length of the-sequences fromV = 15to N = 31.
We may conclude from the results of Figures 3.22 and 3.27ithttte relay-aided DS-CDMA

system supporting multiple-users, the MUI significantlgdeles the achievable BER performance,
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Figure 4.25: Cooperation Strategy It BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, whiea D-channels and the TR-
channels experience Rayleigh fading, while the RB-chanegperience Nakagami- fading
associated withn;s = 2. In our simulationsyn-sequences of length = 31 were used for
spreading, the number of relays was= 1,2,3,4, a = 0.9, 6 = 0.3 and the pathloss exponent
wasn = 4. The experimental conditions were listed in Tables 4.2 afd 4

unless the receiver efficiently mitigates it. Let us now édeisthe performance of the relay-aided
DS-CDMA uplink using Cooperation Strategy I, when the MBMUC of Subsection 4.5.2 is
employed for detection at the BS.

Figures 4.26 and 4.27 show the BER performance of the rétigdaDS-CDMA uplink using
Cooperation Strategy Il, whem-sequences of lengthh = 15 were employed. The number of
source MTs supported by the DS-CDMA system in the contexigiifeé 4.26 wad< = 2, while that
in Figure 4.27 wad< = 15. Furthermore, in our simulations two different pathlospanents were
considered, which werg = 3 associated witln = 0.8, 6 = 0.4 andn = 4 associated witlax = 0.9,

6 = 0.3. For the sake of comparison, in Figures 4.28 and 4.29 we @eptbe BER performance
of the relay-assisted DS-CDMA uplink employing random sewes of lengthV = 15. From the
results of Figures 4.26-4.29, we may infer the followingetvations.

1) The BER performance of the relay-assisted DS-CDMA uplising the MSINR-MUC is sig-
nificantly better than that of the corresponding relaysisdiarrangement using the MRC-SUR,

as shown in Figures 4.22-4.24.

2) The performance gain correspondingjte= 3 overn = 4 is aboutl.5 dB at a BER ofl0~5.
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Figure 4.26: Cooperation Strategy It BER versus average SNR per bit performance of the relagtads
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, whihe D-channels and the
TR-channels experience Rayleigh fading, while the RB-oleésexperience Nakagami-fading
associated withn;> = 2. In our simulations, then-sequences of lengtN = 15 were used for
spreading, the number of relays was= 1,2, 3,4 and two different pathloss exponents were
considered, i.en = 4 associated witlh = 0.9, § = 0.3 andn = 3 associated witlw = 0.8,

0 = 0.4. The experimental conditions were summarized in Tablegdd?4.6.

This observation implies that a better BER performance fgexed in the communication

environments having more severe propagation pathloss.

3) As shown in Figure 4.29, satisfactory BER performancelmachieved, even when the DS-
CDMA system support& = 15 users and employs random spreading sequences. This implies
that the MSINR-MUC is capable of efficiently mitigating theérference engendered by both

the source MTs and the relays.

4.7 Conclusions

In this chapter we have proposed two cooperation stratégidle relay-assisted DS-CDMA uplink.
The BER performance of the DS-CDMA uplink supported by thteppsed cooperation strategies has
been investigated when communicating over generalize@dd&kism fading channels in the absence
or presence of large-scale fading. When the effects of{acgée fading are considered, the BER per-
formance of the relay-assisted DS-CDMA uplink has beensiigated in the context of appropriate

power-allocation between the first and second time-sloteut investigations two different types of
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Figure 4.27: Cooperation Strategy I BER versus average SNR per bit performance of the relagtadDS-
CDMA uplink using the MSINR-MUC of Subsection 4.5.2, wher th-channels and the TR-
channels experience Rayleigh fading, while the RB-chagberience more benign Nakagami-
m fading associated withy;s = 2. In our simulations, the:-sequences of lengtN' = 15 were
used for spreading, the number of relays las 1,2, 3, 4 and two different pathloss exponents
were considered, i.e; = 4 associated witlx = 0.9, 6 = 0.3 andn = 3 associated witlw = 0.8,

0 = 0.4. The experimental conditions were summarized in Tablegdd?4.6.

Cooperation Strategy Il SNR

(K =2) L=1]L=2| L=3 ] L=4
m-sequences 21.4dB| 19.3dB| 19.0dB| 19.0dB| Figure 4.8
Random sequences 21.4dB| 19.4dB| 19.0dB| 19.4 dB| Figure 4.10
Cooperation Strategy Il SNR

(K = 15) L=1]L=2| L=3 ] L=4
m-sequences 21.9dB| 20.0dB| 19.7dB| 19.7 dB| Figure 4.9

Random sequences 26.2dB| 22.2dB| 21.0dB| 22.2 dB| Figure 4.11

Table 4.7: SNR values required at BER&* in the relay-assisted DS-CDMA uplink for transmission over
Nakagamim fading channels in the absence of large-scale fading in ¢diéegt of Cooperation
Strategy Il of Section 4.4. The values were extracted frogufés 4.8-4.11, while the corresponding
experimental conditions were summarized in Tables 4.2-4.3
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Figure 4.28: Cooperation Strategy It BER versus average SNR per bit performance of the relagtadDS-

CDMA using the MSINR-MUC of Subsection 4.5.2, when the Duhels and the TR-channels
experience Rayleigh fading, while the RB-channels expeganore benevolent Nakagami-
fading associated withn;s = 2. In our simulations, the random sequences of length- 15
were used for spreading, the number of relays Was- 1,2, 3,4 and two different pathloss
exponents were considered, ise= 4 associated witlax = 0.9, 6 = 0.3 andn = 3 associated
with o = 0.8, § = 0.4. The experimental conditions were summarized in Tableadd4.6.

Cooperation Strategy Il SNR

(K =2) L=1]L=2| L=3 ] L=4
m-sequences 16.1dB| 10.9dB| 9.6dB | 8.8dB | Figure 4.26
Random sequences 16.3dB| 12.3dB| 10.7dB| 9.9dB | Figure 4.28
Cooperation Strategy Il SNR

(K = 15) L=1]L=2| L=3 ] L=4
m-sequences 16.8dB| 13.6dB| 12.1dB| 11.4 dB| Figure 4.27

Random sequences 19.8dB| 15.7dB| 14.0dB| 13.0 dB| Figure 4.29

Table 4.8: SNR values required at BER&* in the relay-assisted DS-CDMA uplink for transmission over

Nakagamim fading channels in the presence of large-scale fading irctimext of Cooperation
Strategy Il of Section 4.4. The values were extracted frogufés 4.26-4.29. The corresponding
simulation parameters were= 0.8, = 0.4 andn = 3, as summarized in Tables 4.2 and 4.6.
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Figure 4.29: Cooperation Strategy It BER versus average SNR per bit performance of the relagtadDS-
CDMA uplink using the MSINR-MUC of Subsection 4.5.2, wher th-channels and the TR-
channels experience Rayleigh fading, while the RB-chagberience more benign Nakagami-
m fading associated with;; = 2. In our simulations, the random sequences of lerdgth 15
were used for spreading, the number of relays Was- 1,2, 3,4 and two different pathloss
exponents were considered, ise= 3 associated witlax = 0.8, 6 = 0.4 andn = 4 associated
with o = 0.9, § = 0.3. The experimental conditions were summarized in Tableadd4.6.

detection schemes have been invoked, which are the MREtedSUR of Subsection 4.5.1 and the
MSINR-assisted MUC of Subsection 4.5.2. At the relays, i dhntext of Cooperation Strategy |
of Section 4.3, the MMSE detector was employed for suppngdsie interference among the source
MTs. By contrast, in Cooperation Strategy Il of Section 4%, signals received by the relays were
directly forwarded to the Bs without despreading. Furth@emin the context of the relay-aided DS-
CDMA uplink using Cooperation Strategy Il, various spregdsequence assignment policies have
been considered. Tables 4.7-4.8 summarized the SNR vageged for a target BER af0~* in

the context of Cooperation Strategy Il of the relay-asdiddks-CDMA uplink in the absence and
presence of large-scale fading, respectively. From owsitigations provided in this chapter, we may

draw the following conclusions.

1) In the relay-assisted DS-CDMA uplink supported by Coafien Strategy |, each source MT
is assisted by relays. Therefore, the DS-CDMA system requires a totdt éfrelays for sup-
porting K source MTs. Therefore, the system supported by Cooper8trategy | may require
an excessive number of relays. By contrast, in the relaigtassDS-CDMA system supported

by Cooperation Strategy I, all thE source MTs share the same sef.akelays, where each of
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2)

3)

4)

5)

the L relays serves all the source MTs. Hence, in contrast to thielggm encountered by the
Cooperation Strategy |, under Cooperation Strategy |l réhey-assisted DS-CDMA system

may not face a shortage of inactive MTs that could be reliezhigs relays.

Cooperation Strategy | imposes a more complex systerotstauthan Cooperation Strategy |l,
since each of thé( L relays activated in Cooperation Strategy | carries out MMisEection,
while in Cooperation Strategy Il the signals received atréhays are directly forwarded to the

BS without demodulation.

It was shown in Figures 4.22-4.24 that in the relay-asgiftS-CDMA system using the MRC-
SUR, the MUI dominates the achievable BER performance. Asotstrated in Figures 4.22-
4.24, no substantial diversity gain can be attained, whetedively high number of MTs were
supported, because on one hand we gain owing to using masesfelr providing diversity, but

lose due to the interference caused by using an increasimgperuof relays.

It was shown in Figures 4.13-4.15 as well as Figures 4.28-that when the MSINR-MUC is
employed to suppress the MUI, the relay-assisted DS-CDMsesy using either Cooperation
Strategy | or Il is capable of achieving a useful diversityngdn this case, the corresponding
BER performance improves as the number of relays increbsesuse the MSINR-MUC is

capable of efficiently mitigating the MUI.

We demonstrated in Figure 4.12 as well as Figures 4.22+hat in the relay-assisted DS-
CDMA system supporting multiple users, the MUI may signifia degrade the achievable
BER performance. Our investigations portrayed in Figut s well as Figures 4.22-4.24
demonstrated that for Cooperation Strategy | and Il theexeliile relay diversity gain may
be eroded by the increased MUI when a large humber of relayased and the performance
improvements may only be achievable, if the MUI is efficigraippressed with the aid of the

sophisticated MUC techniques employed by Cooperatiortestyd and |l.



Chapter

Multi-User Performance of the

Relay-Assisted DS-CDMA Downlink

5.1 Introduction

In wireless communications providing spatial diversityattractive due to its capability of offering
an improved integrity without incurring an increased traission time or bandwidth [57, 64], since
the required redundancy is mapped to multiple antennasinnmiultiple time-slots or frequency-
slots. Multiple antennas can be employed at both the tratemaind the receiver to achieve spatial
diversity [57,99]. However, the major problems associatéti employing multiple antennas at the
hand-held mobile terminal (MT) are the limited cost, size gower of the MT. Recently, coopera-
tive diversity, which takes advantage of the broadcastraattithe wireless propagation channel to
transmit a message both directly to its destination andel@ys, has been proposed to exploit the
benefits of spatial diversity without the requirement ofihgunultiple antennas at each MT. Hence,

it is often referred to as relay diversity.

It is widely recognized that transmit diversity can be aeb@kfor downlink transmission with
the aid of multiple transmit antennas at base stations (BSs}er to improve the achievable down-
link capacity [174-178]. The multiple antennas should biéigently separated in space so that
the signals transmitted from the different antennas beaamcerrelated. While employing multiple
antennas solely at the BS is capable of achieving transwitrglty, it is unable to counteract the

effects of propagation pathloss. By contrast, in relaysésd communications, an intermediate relay

150
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appropriately selected between the BS and the MT splitselopgopagation paths into two shorter
segments. Thus, the overall pathloss may be reduced byigxglithe non-linear relation between the
propagation pathloss and the propagation distance, whmlisaa potential reduction of the overall
transmission power. Furthermore, if a relay is chosen invibmity of the desired MT, this relay

may need considerably lower power for forwarding inforroatio the destination. In this case, the
total transmission power required by the DS-CDMA downlinkytbe allocated in such a way that

the lowest possible bit error ratio (BER) can be achieved.

The performance of wireless systems using relay diversty lieen widely investigated in the
literature [37, 38, 58, 104], when it is assumed that theist®xo interference among the source
transmitters and relays. However, in practical wirelessimminications systems such as cellular
DS-CDMA systems, there is usually multiple-access interfee (MAI) among the MTs, when they
access the wireless channels using the same frequency tthedsame time. Specifically, the MAl is
encountered at the relays and the destination in relagtaddDS-CDMA systems. Multiuser detector
have been adopted in [26, 151] in order to suppress the MAleatdlays and the BS in the uplink of
a synchronous DS-CDMA network. However, in [26, 151] coaien is carried out in a pair-wise
manner, where two MTs form a pair which relay the signals fmheother. Since according to this
cooperation strategy each relay assists only one MT, thérmem achievable degrees-of-freedom
potentially provided by multiple relays is hence not effitig exploited. Furthermore, the impact of
the specific relay locations have not been investigated@h Rimilarly, the power allocation has not
been optimized in [151].

In Chapter 1 we have reviewed the related work on cooperdiixsity. Then, we have proposed
a relay-assisted DS-CDMA system in the context of singkr-asid multiple-user scenarios in Chap-
ter 3 and Chapter 4, respectively. Specifically, in Chapteedave investigated the single-user per-
formance bound of the proposed relay-assisted DS-CDMABysivhere a source MT communicates
with the BS with the aid of multiple relays. In our study ondd in Chapter 3, we have first assumed
that the communications channels experience fast fadimg) ttzat the channels spanning from the
source MT to the BS and the relays as well as that from thesdtathe BS may experience different
fast fading profile, which were modelled correspondinglytly Nakagamin distribution [84]. In
addition to fast fading, we have assumed that the commuoisathannels experience propagation
pathloss. The BER performance of the relay-assisted DS-E&DPink is investigated in conjuc-
tion with considering the locations of the relays as well astibeneficial power-allocation among
the source MT and the relays in the context of communicatei@nels experiencing both propa-

gation pathloss and fast fading. In our study provided ingidra3, we have assumed a single-user
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receiver (SUR) scheme using maximal ratio combining as agetivo different multiuser combining
(MUC) schemes, which are derived based on either the minimean-square error (MMSE) princi-
ple or the maximum signal-to-interference-plus-noiser@SINR) criterion. In Chapter 4, we have
extended the single-user multiple-relay scenario to aiptedtiser multiple-relay one, where two dif-
ferent cooperation strategies have been proposed andigatesl. As shown in our study provided
in Chapter 4, in the context of Cooperation Strategy | of 8act.3, each user hdsseparate relays
so that a total of< L relays are required by the system for supportitgiplink users. In the context
of Cooperation Strategy Il of Section 4.4, all the sourcesishare the same setbfrelays, i.e. each

relay is assigned to assist all the source users.

Having investigated the performance of the relay-assiB8dCDMA uplink, in this chapter we
investigate the performance of the relay-assisted DS-CRidnlink, where a MT is assisted by a
cluster of other MTs acting as relays in order to achieveyrdigersity. We adopt multiuser detec-
tion (MUD) techniques in order to mitigate the MAI at the yedaand employ two different detection
algorithms at the desired MT for the sake of achieving relagrdity. Specifically, the minimum-
mean-square-error (MMSE) detector of Subsection 5.2.thjsl@yed at the relays, while at the MT
the signals received from both the BS and the relays are cmdlbased on the maximal ratio com-
bining (MRC) or maximum signal-to-interference-plus$®i{MSINR) criteria. In our investigations
the effects of both propagation pathloss and fast fading][&2 considered in order to demonstrate
the fact that appropriately selected relays can be bendfidierms of saving the precious transmitted
power for the sake of achieving an improved power-efficietey fast fading we assume a general-
ized Nakagamim fading channel model [84], where the signals transmittethfthe BS to the relays
and those from the relays to the MT may experience differaainfy. Our simulation results show that
the relays of a given MT should be chosen from a certain gebigal area in order to achieve the
best attainable BER performance. Furthermore, it can berstimat the achievable BER performance
of the DS-CDMA downlink can be significantly improved, wheificgent power-sharing is utilized
among the BS and relays. In other words, our investigatibogvghat cooperation among the MTs
of a wireless network is capable of significantly reducing tbtal radiated power in order to ensure

the delivery of information at the desired quality of seev{€Qo0S).

The remainder of this chapter is organized as follows. Wegitavide a brief description of the
proposed relay-assisted DS-CDMA system in Section 5.2. W&® tonsider two different types of
detection schemes designed for our proposed relay-as&8eCDMA downlink system in Section
5.3 and provide quantitative performance results in Sedid. Finally, we offer our conclusions in
Section 5.5.
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5.2 System Description

5.2.1 Transmitted Signal

The DS-CDMA downlink system considered consists of a sifleand K destination MTs. Each
MT is aided byL relays, which are assumed to be close to the MT. The BS synctsty broadcasts
its information to thek” MTs and the signal broadcast by the BS to KiéITs can be expressed as

K
2(t) = a(t), (5.1)

k=1
wherexy(t) represents the signal conveying the information to MWhich can be formulated as

xp(t) = /2Pgibi (t) ek (t) cos(2m fot + op), (5.2)

where P;,; denotes the transmission power of MT f. is the carrier frequency ang, denotes the
initial phase angle associated with the carrier modulatinis.2) b, (¢) represents the data waveform,

which can be expressed as

br(t) =Y bi[n] P, (t — nTy), (5.3)

n=0
where we havéy[n] € {—1,+1}, T), represents the bit-duration adi}, (¢) is the rectangular chip-
waveform. Furthermore, in (5.2)(¢) represents the DS spreading waveform, which can be ex-

pressed as

cr(t) =Y ckntir, (t —nTe), (5.4)
n=0

whereT,. represents the chip-duratiolN, = T}, /7. denotes the spreading facteg,, € {—1,+1} and
Y.(t) is the chip-waveform, as defined in Chapter 3. Let us now desthe cooperation scheme

designed for downlink transmission.

5.2.2 Cooperation Operation

We assume that each mobile user is assisted bglays. As for the uplink scenarios considered
in Chapter 3-4, we define the direct (D) channels as the Dreflanwhich directly connect the BS
with the MTs. The relay (R) channels are referred to as thédeels, which represent the channels

spanning from the BS via the relays to the MTs. FurthermaneR-a&hannel includes a BR-channel
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(@) Destination M1

® Relay
--#» Time-Slot 1

— Time-Slot 2

Figure 5.1: Schematic diagram for the relay-assisted DS-CDMA downrdimporting multiple users.

connecting the BS with a relay and an RM-channel connectirdps to a destination MT.

We assume that the cooperation aided scheme is based oditiisien (TD) and a symbol du-
ration is divided into two time-slots. The BS broadcastsdhgerposition of the DS-CDMA signals
to be transmitted to th&™ destination MTs within the first time-slot. Within the sedaime-slot, the
K L relays of theK MTs transmit their signals received from the BS within thetftrme-slot to the
K destination MTs. It can be shown that the complex-value@liasd equivalent signal received by

thelth relay of thekth user within the first time-slot of theth bit-duration can be expressed as

K
r(t) = b N 2P b Infew (8) + 0V (1), k=1,2,--- (K3 1=1,2,--- L,  (5.5)
k'=1

WhereP,gffg represents the power received from useby thelith relay of MT &, hl(k) denotes the
fading gain of the BR-channel connecting the BS withitherelay of MTk, while nl(k) (t) represents
the complex-valued baseband equivalent Gaussian noiseveldsat thdth relay of MT &, which is
assumed to be a Gaussian noise process with a mean of zersiagteasided power spectral density
of Ny per dimension.

At the [th relay of MT k, rl(k)(t) is first input to a filter matched to the chip-waveform:. (¢).
Then, the output of the matched-filter (MF) is sampled at thip-cate. Hence, théh relay of MT

k collects N samples for detecting the information to be forwarded tokitheMT. Specifically, after
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normalization using the factov 2P,§’§)N T,., the Xth sample obtained at the matched-filter's output

can be expressed as

1 (A+1)
W == [ P oun oA =01, N
2P NT, IATe
1=1,2,--- ,Lik=1,2,--- , K. (5.6)

Upon substituting (5.5) into (5.6), we arrive at

K (k)

®_ 1w 1 k) Bera (k)
A=01, Noll=1,2- Lik=12- K (5.7)

WhereNl(f) is the Gaussian noise component, which can be expressed as

)\
o) / L e 1t
\/ZPM NT, ATe
A=01,-- N—=1;1=1,2,--- ,L, (5.8)

having a zero mean and a variance]‘Qf/ZEl(k) per dimension, wherEl(k) = P,E’?Tb denotes the

energy per bit received by tlith relay of MTk from the signal transmitted by the BS to MT

Let us define

(k) _ [('f) (k) (k) I

Y; Yo 9 Yynv—yl
k k k
nl( )= [nl(O)vnl(l)v"' nl((J)\f )]Tv (5.9)
1 T
Cr = ——|[CkOsCkly---Cl(N— ,
k \/W[ %0, Ck1 K(N—1)]

which physically represent the received signal, the nomkthe V-chip spreading sequence of the

kth user. Then, it can be shown that we have

K (k)
y" = e by [n] + nY > l?m coby [n] +ny, (5.10)
k#k \ L
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where the first term represents #té user’s spread and faded information bit, the second temotes
the interference imposed by all th& — 1) interferers, while the last one is the noise atitherelay
of MT k.

After obtainingyl(k), thelth relay of MT k& multiplies the N samples output by the MF with a
complex-valued weight vectapny; of length NV, yielding the estimatél(k) [n] of the transmitted bit

bi[n], which is given by

~ (k k

5 ] = whiy®. (5.11)
When the classic MMSE detection scheme [6, 8,134] is coraifjéhe optimum weight vectew%’t
can be expressed as

_ p-1
wy,; —Ryl(k)'l'yl(k)bk, (5.12)

WhereRy(k) is the auto-correlation matrix of the observation ve(gﬁ? of (5.10), which can be
l

expressed as

k )\
R = ()]
_ pw]? #i oo No
_ (hl ( ;Pﬁckck,JrEbIN, (5.13)

where the first and second terms represent the covariang& rassociated with théd MTs and

noise, respectively. In (5.12-)y(k)bk represents the cross-correlation matrix between the ‘edisan
l

vectory" and the desired bit; ], which is given by

k
'ryl(k)bk = E[yl( )bk[n]}

— M. (5.14)
Therefore, we can obtain the optimum weight vector, whighlmaexpressed as [134]

0] — k
w? = Ryfi)ckh§ ), (5.15)
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Hence the estimatlék) [n] can be expressed as

~ H
b = (ckhl(’“)) Ry‘l&) (Ckhl(k)bk[n]+nkl>
= vpbg[n] + Ny, (5.16)

H H
WhEI’El/kl = (ckhl(k)) R;l(}c)ck’hl(k) andel = <ckhl(k)) Ry_l(}c)nkl.

Note that we employ MMSE detection for the relays, since tHd3E detector can be imple-
mented at a relatively low complexity. Specifically, thie relay of MT & is capable of estimating the

auto-correlation matri)Ryuc) as
l
k k
R o = Ely” ")), (5.17)

It can also estimatey(k> by based on the relationship of
By,

Y, 00y, = b} belnl]. (5.18)

Hence, in practice, a certain number of training data symfigl[n|} have to be made available for
the ith relay of MT k to estimate botfRy(k> andry(k>b and consequentlwy;. In this context we

l 1 Yk
have to note that imposing this estimation requirement err¢hays is a demanding one, potentially

requiring further research.

After the detectioni)l(k) [n] is then spread and relayed by thk relay of MT & to the kth user.

Correspondingly, the signal transmitted by therelay of MT & can be expressed as

st = /2P 86 el ) cos (2mfet + 61
k=1,2,--- ,K;l=1,2,---,L, (5.19)

wherePl(tk),

associated with th&h relay of MT k, respectively, WhiI(—;Bl(k) is a normalization coefficient ensuring

cl(k) (t) and¢l(k) represent the transmitted power, signature waveform dtidliphase

the transmission power of thith relay of MTk is P/;; ﬁl(k) is given by

(5.20)
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12
where it can be shown from (5.11) that we havH Fz(k) H } = ngy(mwkl.
l

The MTs receive signals during both the first and second Slots: At thekth MT, the received
complex-valued baseband equivalent signal within the timsg-slot of thenth bit-duration can be

expressed as

K
() = hy) S V/2Pibiln]e(t) + n(t), (5.21)
k=1

where P, denotes the power of M% received from the BSh(()k) represents the channel gain of the
kth D-channel, while:(t) denotes the Gaussian noise received atdyliwhich has a zero mean and a
single-sided power spectral density 8§ per dimension. By contrast, the complex-valued baseband

equivalent signal received by th¢h user during the second time-slot of thia bit-duration is given

by

K L
k k' 14 ks (K K’
rm) = 30N V2R R 80 )™ () + nit), (5.22)

k'=11=1

wherePlgkl;) represents the power received by MTrom thelth relay of user’ andhlgk;z represents
the corresponding channel gain of the RM-channel that aiaribelth relay of uselk’ with the kth

user.

5.2.3 Representation of Received Signals

The received signal at a destination MT seen in Figure 5.1ssifiput to a chip-waveform matched-
filter, which is successively sampled at the chip-rate ireotd provide the detector with observation
samples. Ley = [yZ',y?]" contain the2 NV observation samples obtained during the first and second
time-slots, whergy, andy; collect the observation samples of MTuring the first and second time-
slots, respectively. To be more specific, ¥et= [vio, ¥i1, - - - 7yz'(N—1)]T7 it = 0,1. Then, it can be

shown thaty;, can be expressed as

1 T
= g | O O =0
A=0,1,--- ,N —1. (5.23)
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Upon substituting (5.21) into the above equation, we obtain

-

Tbk ck>\+n0>\, A=0,1,---,N —1, (524)

T

K
Yor = —h g Z Iz
k=1 ' 1

which represents thith observation sample of all th€ MTs at the destination MT during the first
time-slot, which was spread at the BS, faded as well as atteduby the D-channels and finally

contaminated by the noise.

Let us define(;,; = (ﬁl(k ) Pl(ljr/PM, Whereﬁl is given in (5.20). Then, upon substituting
(5.22) into (5.23), we obtain

K L
1 Eh® 5 ) o8
yl)\:—zz 1T’lb ]Cl)\ +n1)\7 )\2071,“‘ ,N_l, (5.25)
VN k=1 I=1
where the first term represents the information bits of al Akhusers received by MT within the
second time-slot, which have been detected and re-spretiteldy L. relays and then been faded as

well as attenuated by the RB-channels.

In (5.24)-(5.25),n;), i = 0,1, is an independent Gaussian random variable, which haveaa me
of zero and a variance d¥,/2E;, per dimension, wheré&,, = P;, T, denotes the average energy

per bit received by M from the BS during the first time-slot.

Let us define

k k k T
o \/——[61(0)701(1)7”‘ C;(}V )] , (5.26)

T
n; = [niOanila"'yni(N—l)}

Li=0,1, (5.27)

which physically denotes the spreading code ofitheelay of MT k& and the noise at the destination

MT during both the first and second time-slots. Then, it castmvn that the observatigngleaned
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from the two time-slots of a symbol can be expressed as

(1) /lk
h E 71(3 br|n
|: ° 0 Plr F k[ ]

n] Tl L k) (k
! ZZ\/thiZlc} )ﬁklbk[n]

k=1 1=1

y:

0

K
H
IS Vel (chh§k>) R (5.28)
1

k=1 1=1

Ny

where the first term quantifies the background noise at thiendésn MT, the second term represents
the desired term including both the desired signal and thé, Mbile the last term denotes the noise
contributed by the relays. Furthermore, it can be shownthietbove equation may be expressed in

a compact form as

y:Chbl[n] +CiHb; +ng +n, (5.29)

nr

where the matrices and vectors are defined as follows:

O Cisal2N x (L+1)]-element matrix related to the desired Ni;Twhich is formulated in the same

way as that of Cooperation Strategy | in the DS-CDMA uplir&ksaen in (4.27) of Chapter 4;

OCrisa2N x (KL+ K — L —1)]-element matrix including the spreading sequences of tee-in
fering MTs and their relays, which can be expressed in theesaay as (4.27) of Cooperation
Strategy | in Chapter 4;

O h is a vector of lengti{ L + 1), which can be expressed as

T
h = [h(()l)7 V Cllhﬂlml, V C12h§227712, ERRY, CthgszL] (5.30)

Wherehél) is the channel gain of the desired D-channel, Wlhiigl, Il =1,---,L,is the

channel gain of the RM-channel connecting ttierelay of the desired MT with MT 1;

OHrisa[(KL+ K — L —1) x (K — 1)]-element matrix related to the D-channel and the RM-
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channels of the interfering MTs, which can be expressed as
(1) /Pay
0 ho '/ B e 0
(1) /Py,
0 0 e hy '\ Br
% 42171@17721 0 e 0
0 C31hf7«17731 e 0
H; = : : . : ; (5.31)
0 0 SRRV Cthankl
V C2Lh§?2L772L 0 e 0
0 V <3Lh§?2L773L B 0
L 0 0 e \/CKthi)LnKL_

0 by is a(K — 1)-element vector related to the data symbols transmittedhé&BS to the(k — 1)

interfering MTs, which can be expressed as

by = [ba[n], bs[n], -~ b [n])" ;

O ng is a2N-element vector, which can be expressed as
. T
np = [0,ALCE] .
whereC'r is a(N x K L)-element matrix, which can be expressed as

(K)

it @)

OO D

K 1 2
Cr=]¢ (K)o o2

¢ C

while ny is a K L-element vector, which can be expressed as

- ~T T -7 1T
NRr = [ananR27"' 7nRL]

)

(5.32)
(5.33)

c%K) ] )
(5.34)
(5.35)
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whereng;, I =1,--- , L, is aK-length vector given by

. T

ngr = [nfll;gfll;’n%;g%;’ te 7n711(lgtlr(l] ) (536)
whereny;, k = 1,--- K, = 1,--- , L, is a vector of lengthV, which has been given in

(5.10), antgy;, k=1,--- ,K,l=1,---, L, is avector of lengthV, which is defined as
H
gkl = (kzh@l <Ckhl(k)> R;(}c); (5.37)
l
O Finally, in (5.29)n is a2N-length Gaussian noise vector, which can be expressed as
T 1717
n=[nj,ni] , (5.38)
which obeys the complex multivariate Gaussian distrilsutigth a mean of zero and a conva-

riance matrix of%g[ ON-

5.3 Detection Algorithms

Again, in order to illustrate the BER performance of the DSMA downlink employing the pro-
posed relay scheme, we consider two types of combining sefienamely the MRC-SUR and the
MSINR-MUC. Let us first derive the MRC-SUR.

5.3.1 MRC-Assisted Single-User Receiver

In the context of the MRC-SUR, the received signal vegtaf (5.29) is first despread usir@”,

yielding
y=CTy, (5.39)
wherey = [§o, U1, - - - ,gL]T. To be more specific, thith component of can be expressed as
h{bi[n] + ¢Tno + T, if | =0

5 = (5.40)

T -
\/Cuhﬂﬂ/ubl[n] + (Cl(l)) ny + Lyr, if1=1,2,...,L,
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where Iy represents the interference among the signals transnoitterdthe D-channels within the

first time-slot, which can be expressed as

K
1 P,
Iy = h{” gcipck \ Py, bi[n]. (5.41)

By contrast, in (5.40)]uri represents the interference among the signals transnuttedthe R-

channels within both the first and second time-slots, whashlme expressed as

L
Lur = Z \/Ghﬁ)ﬂllyll’ (Cl(l))TCl’ bl —l— Z Z \/@hl VR ( >Tcl(,k)bk

= I'=1k=2
11

L K
T
+ (Cl(l)) Z ngl/nkl/cl(,k), (542)
I'=1k=1
where the first term is the interference engendered by all.ttedays of MT1 except for thdth one,
the second term represents the interference engenderdbthy & MTs except for the destination

MT, while the last term denotes the interference engendeyell the K MTs.

Let us assume that the second-order momeifpfin (5.41) is given by, while the second-
order moment ofjyrs in (5.42) is given by 3 5,. Then, following our analysis provided in Subsec-
tion 3.3.2 of Chapter 3, we can obtain the weights for conmigjthe direct and relayed signals, which

can be expressed as

(8 o) (W)’ forl =0

(2 4 ob) ™ VE ()", fori=1,2,... .1, o

w; =

where the second-order moments/gfi andjyr| are given by

o2 = ‘h(l‘ ZP’“‘ [\c’{ckﬂ (5.44)
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and

N
iR Z G ||Wie (cl( ) | |+ Z ngl’ W v (cl(l)) o’ ]
v=t U'=1k=2
VAl
L K )
+> D E | |gwmi ( ; )> o’ ] , (5.45)
=1 k=1

respectively. Furthermore, it can be shown that, whesequences or random sequences are consid-
ered, (5.44) and (5.45) can be simplified to

b2 { ‘h ‘ Zk 2N];P ., (m-sequences)

(5.46)
‘ ‘ Iy 7,  (random sequences)
1 & L X 2
0'|2UR| = NZCU'E “hgﬂ,vw ] NZZ wk “ l,ykl, }
= =ik
| LK
+sz [|gkl/nkl/|2], (m-sequences) (5.47)
l'=1k=1
J|2UR| = N2 Zgll’ |:‘ 1rl/7/1l’ :| ZCMIE |:‘ lrl’ykl/‘ :|
zf 1k=2
l’#l
| LXK
—222 [|gkl’nkl’ }, (random sequences) (5.48)
'=1k=1
Finally, the decision variable, [n] for b;[n] can be formed as
L
= wig, (5.49)
1=0

which is the appropriately weighted superposition of theeceived signal replicas. When BPSK
modulation scheme is employed, the estimat&,ff] can be formed as

b[n] = sgn(R{z[n]}). (5.50)
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5.3.2 Maximum SINR-Assisted Multiuser Combining

In the context of the MSINR-MUC, it is desirable to re-writeetobservation vector of (5.29) as
y = Chibi[n] +n;. (5.51)

Let w be the weight vector, which linearly processes the observatctory of (5.29). Then, fol-
lowing our derivations in Subsection 3.3.3 of Chapter 3, s @btain the optimum weight vector in

the MSINR sense, which can be expressed as [13]
Wopt = uR;'Chy, (5.52)

wherep > 0 is a constant and?; = E[nm?] is the covariance matrix at; representing the
background noise and interference. Correspondingly, ¢éeesin variable fob, [n] corresponding to

the desired MT can be expressed as
2 =R{wly}. (5.53)

Let us now provide our simulation results for the relay-stesi DS-CDMA downlink system, when

the proposed cooperation scheme of Figure 5.1 is invoked.

5.4 Performance Results

In this section we investigate the BER versus average SNRipperformance for the relay-assisted
DS-CDMA downlink supporting multiple users over Nakagamifading channels. The subsequent
simulation results were obtained based on the assumptiabshie D-channels and the BR-channels
experienced Rayleigh fading, while the RM-channels expeged more benign Nakagamifading
associated with the fading parameter beimg = 2. In our simulations, we assumed that the spread-
ing sequences were constituted/bysequences and random sequences of leigth 15. The BER
performance of the relay-aided DS-CDMA downlink was inigegied, whenl. = 0,1, 2, 3,4 relays
per MT were employed. Table 5.1 illustrates the main featafehe DS-CDMA downlink consid-
ered. Let us first discuss the simulation results recordethforelay-assisted DS-CDMA downlink

system without considering the effects of large-scalenigdie. assuming perfect power control.
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\ | Subsection 5.4.1 | Subsection 5.4.2 |

Main assumption Constant total received Constant total transmitted
SNR per bit power per bit

Pathloss No Yes
D-channels Rayleigh fading
BR-channels Rayleigh fading
RM-channels Nakagamim fading (m = 2)
Modulation BPSK
Detection at relays MMSE
Detection at MTs MRC-SUR or MSINR-MUC
Spreading sequences Random sequences or-sequences
Spreading factor N =15
Number of MTs supported K=2
Number of relays considered L=0,1,2,3,4

Table 5.1: Main features of the DS-CDMA downlink considered.

\ | Spreading sequencgsDetection at MTs|

Figure 5.2| m-sequences MRC-SUR
Figure 5.3| Random sequences MRC-SUR
Figure 5.4| m-sequences MSINR-MUC
Figure 5.5| Random sequences| MSINR-MUC

Table 5.2: System parameters employed for generating Figures 5.@&+S8bsection 5.4.1.

5.4.1 Performance of the Relay-Assisted DS-CDMA Downlinkn the Absence of
Large-Scale Fading

In this subsection we provide a range of simulation resultsrder to illustrate the BER versus the
average SNR per bit performance for the relay-assisted DB downlink system without consid-
ering the effects of large-scale fading. In our simulatisrgsassumed that perfect power control was
employed, hence the received power from the original BSstratter and that from any of the relays
were the same. Furthermore, in order to carry out a fair coisgra, the average SNR associated with
a single transmitted data bit was assumed to be the samedlessaof the value of. Tables 5.1-5.2
provide all system parameters used for generating Figue5.5 of this subsection.

Figures 5.2 and 5.3 show the BER versus average SNR per oripance of the relay-assisted
DS-CDMA downlink system supportingg = 2 users and employing the MRC-SUR of Subsec-
tion 5.3.1 for the desired user. In our simulationssequences of lengtN = 15 were employed for

DS spreading in Figure 5.2, while random sequences of leNgth 15 were employed for spreading
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Figure 5.2: BER versus average SNR per bit performance for the relagtadsDS-CDMA downlink using
m-sequencesnd the MRC-SUR of Subsection 5.3.1, when the D-channelshenBR-channels
experience Rayleigh fading, while the RM-channels expeganore benign Nakagami-fading
associated withn;o = 2. All system parameters were listed in Tables 5.1-5.2.
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Figure 5.3: BER versus average SNR per bit performance for the relagtadsDS-CDMA downlink using
random sequencesand the MRC-SUR of Subsection 5.3.1, when the D-channelgten®R-
channels experience Rayleigh fading, while the RM-chaegberience more benign Nakagami-
m fading associated withn;; = 2. All system parameters were listed in Tables 5.1-5.2.
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Figure 5.4: BER versus average SNR per bit performance for the relagtadDS-CDMA downlink usingn-
sequencesnd the MSINR-MUC of Subsection 5.3.2, when the D-chanmadsthe BR-channels
experience Rayleigh fading, while the RM-channels expeganore benign Nakagami-fading
associated withn;s = 2. All system parameters were listed in Tables 5.1-5.2.
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Figure 5.5: BER versus average SNR per bit performance for the relagtadsDS-CDMA downlink using
random sequencesind the MSINR-MUC of Subsection 5.3.2, when the D-channaisthe BR-
channels experience Rayleigh fading, while the RM-chanesberience Nakagami-fading as-
sociated withm;, = 2. All system parameters were listed in Tables 5.1-5.2.
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Spreading sequences Detection Pathloss | Power-sharingd Normalized
at MTs exponent factor relay location
Figure 5.6 m-sequences MRC-SUR n=3 a=0.8 6=04
Figure 5.7 | Random sequence$ MRC-SUR n=3 a=0.8 6=04
Figure 5.8 | Random sequence$ MSINR-MUC n=4 a=0.9 6=0.3
Figure 5.9 m-sequences MSINR-MUC | n=30r4 | a=080r0.9| §=040r0.3
Figure 5.10| Random sequences MSINR-MUC | n=30r4| a=0.80r0.9| § =0.40r 0.3

Table 5.3: System parameters employed for generating Figures 5@ib 3ubsection 5.4.2.

in Figure 5.3. It can be observed from Figures 5.2 and 5.3tH@BER performance of the relay-
assisted DS-CDMA downlink can be significantly improved whibe number of relays increases,
provided that the average SNR is sufficiently high. Howewdren the average SNR is too low, no
diversity gain might be achievable, as seen in Figures 525B. More specifically, observe in
Figures 5.2 and 5.3 that for the same number of relays, the BEfRrmance of the relay-assisted
DS-CDMA downlink usingm-sequences may be better than that of the downlink usingorarsk-
quences, especially when the number of relays is high. Toeeaimentioned observations are similar
to that provided in the relay-assisted DS-CDMA uplink sgstas demonstrated in Chapters 3 and 4.
To elaborate further, Figures 5.4 and 5.5 show the BER vdisusaverage SNR per bit per-
formance of the relay-assisted DS-CDMA downlink suppgrtid = 2 users and employing the
MSINR-MUC of Subsection 5.3.2 at the desired MT. In our siatioins, m-sequences and random
sequences were considered in Figures 5.4 and 5.5, resdectivs shown in Figures 5.4 and 5.5,
when the MSINR-MUC is employed, the BER performance of thayrassisted DS-CDMA down-
link using bothm-sequences and random sequences is similar. In compaoisogures 5.2 and 5.3,
when the MSINR-MUC is employed, the BER performance of thayrassisted DS-CDMA down-
link is improved, owing to the MUI suppresssion capabilifylee MSINR-MUC. Let us now provide
our simulation results recorded for the relay-assisteddDBAA downlink system, when taking into

account the effects of more realistic large-scale fading.

5.4.2 Performance of the Relay-Assisted DS-CDMA Downlinkn the Presence of
Large-Scale Fading
In this subsection we provide a range of simulation resalthtaracterize the BER performance of the

relay-assisted DS-CDMA downlink, when assuming the preser a realistic propagation pathloss.

All system parameters used for generating Figures 5.6-d&rd @rovided in Tables 5.1 and 5.3. In our
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Figure 5.6: BER versus average SNR per bit performance of the relagtaddDS-CDMA downlink using the
MRC-SUR of Subsecton 5.3.1, when the D-channels and BRrglisiexperience Rayleigh fading,
while the RM-channels experience more benign Nakagarfading associated witi;, = 2 for
L =1,2,3,4. In our simulationsm-sequence®f length N = 15 were employed for spreading
and the other parameters ate= 0.8, 6 = 0.4 andn = 3. All system parameters were listed in
Tables 5.1 and 5.3.
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Figure 5.7: BER versus average SNR per bit performance of the relagtaddDS-CDMA downlink using the
MRC-SUR of Subsection 5.3.1, when the D-channel and BRoblarexperience Rayleigh fading,
while the RM-channels experience more benign Nakagarfading associated wit;, = 2 for
L = 1,2,3,4. In our simulationsyandom sequenceof length N = 15 were employed for
spreading and the other parametersare 0.8, § = 0.4 andn = 3. All system parameters were
listed in Tables 5.1 and 5.3.
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Figure 5.8: BER versus average SNR per bit performance of the relagtaddDS-CDMA downlink using the

MRC-SUR of Subsection 5.3.1, when the D-channels and BR+uo#la experience Rayleigh fad-
ing, while the RM-channels experience more benign Nakagarfsding associated with;o = 2
for L = 1,2,3,4. In our simulationsm-sequencesindrandom sequence®f lengthN = 15
were used for spreading. The other parametersxare 0.9, § = 0.3 andn = 4. All system
parameters were listed in Tables 5.1 and 5.3.
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Figure 5.9: BER versus average SNR per bit performance of the relagtagdsDS-CDMA downlink using

MSINR-MUC of Subsection 5.3.2, when the D-channels and BRAoels experience Rayleigh
fading, while the RM-channels experience Nakagamfading associated withy;; = 2 for L =
1,2,3,4. In our simulationsm-sequencef length N = 15 were used for spreading and two
different pathloss exponents were considered,s;.e= 4 associated witlh = 0.9, § = 0.3 and

n = 3 associated witly = 0.8, 6 = 0.4. All system parameters were listed in Tables 5.1 and 5.3.
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Figure 5.10: BER versus average SNR per bit performance of the relagtadsDS-CDMA downlink using
MSINR-MUC of Subsection 5.3.2, when the D-channels and BRaoels experience Rayleigh
fading, while the RM-channels experience more benign Nakagn fading associated with
myp = 2 for L = 1,2,3,4. In our simulationsyandom sequencef length N = 15 were
used for spreading and two different pathloss exponents e@nsidered, i.ey = 4 associated
with o = 0.9, § = 0.3 andn = 3 associated witlx = 0.8, 6 = 0.4. All system parameters were
listed in Tables 5.1 and 5.3.

investigations, we assume that the total transmissiorggmar bit remains constant, regardless of the
number of relays for the sake of carrying out a fair comparidy contrast, in Subsection 5.4.1 we

assumed that the total average received SNR remained ngrstgardless of the number of relays.

Figures 5.6 and 5.7 show the BER versus average SNR per foripence of the relay-assisted
DS-CDMA downlink supporting’ = 2 users, when both propagation pathloss and proportionate
power allocation are considered. In our simulationssequences of lengtV = 15 were employed
for DS spreading in Figure 5.6, while random sequences gttelN = 15 were used for spreading in
Figure 5.7. In our simulations we assumed that the pathbgssnent was; = 3 and the parameters
related to power-allocation and to the relays’ locationever= 0.8 andé = 0.4, which represent
an efficient point for power-allocation, as shown in Figur&23in Chapter 3. It can be seen from the
results of Figures 5.6 and 5.7 that the BER performance ofelag-assisted DS-CDMA downlink
significantly improves, when the desired MT is assisted byamelays, yielding an increased relay
diversity gain, provided that the efficient power-allooatiis considered. However, from the results

of Figure 5.7, we infer that the MUI may significantly degrdlle achievable BER performance.

Figure 5.8 shows the BER versus the average SNR per bit psfawe for the relay-assisted
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DS-CDMA downlink system when the propagation pathloss asdkebcial power-allocation were
considered. In this figure, both-sequences and random sequences were employed. We assumed
a = 0.9, § = 0.3 and that the pathloss exponent was= 4. As seen from Figure 5.8 for both
m-sequences and random sequences, an improved BER perte@mam be guaranteed when more
relays are employed and = 2 MTs are supported. Furthermore, it can be observed fromethdtr
of Figure 5.8 as well as that of Figures 5.6 and 5.7 that the B&fdrmance of the relay-assisted DS-
CDMA downlink usingm-sequences is better than that of the the relay-assiste@M3A downlink
using random sequences, on condition that the same numbelagé were employed and the same
fading environment was assumed.

Figures 5.9 and 5.10 portray the BER versus average SNR p@eliormance of the relay-
assisted DS-CDMA downlink supporting = 2 users, when the MSINR-MUC of Subsection 5.3.2
is employed. In our simulations;-sequences were employed for DS spreading in the contexgof F
ure 5.9, while random sequences were employed for Figu o different pathloss exponents
were considered, which arg = 4 associated witle = 0.9, § = 0.3 andn = 3 associated with
a = 0.8, = 0.4. From the results of Figures 5.9 and 5.10, it can be seen tlaaBER of10~° the
SNR performance recorded fgr= 3 is 3.0 — 3.7 dB worse than that fop = 4 , which indicates that
an improved BER performance is achievable for an increaatdgss scenario, which corresponds to
similar trends to those of the uplink. Note that the BER penfance of the relay-assisted DS-CDMA
system is not solely dependent on the propagation pathbtossiependent on the power-allocation
and the relays’ location as well. As shown in Figures 3.12&f Chapter 3, when the propagation
pathloss isy = 4, the corresponding efficierity, §) parameters ar€).9,0.3). By contrast, recall
from Figures 3.17-3.14that when the propagation pathkgs- 3, the corresponding efficiefit, J)
parameters ar@).8,0.4). Furthermore, the BER performance farsequences is only slightly bet-
ter than that for random sequences, since the MSINR-MUCpalda of efficiently mitigating the

interference among the MTs and the relays associated vétfirft and second time-slots.

5.5 Conclusions

In this chapter we have investigated the BER performanckeofdlay-assisted DS-CDMA downlink
supporting multiple users, when the downlink signals wexegmitted over generalized Nakagamai-
fading channels both with and without considering the é$fef large-scale fading. In our investiga-
tions the MMSE detector has been employed at each relay foyating the MUI within the first time-

slot. Two different types of detection schemes have beeridered for detection at the destination
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MRC-SUR SNR
L=1]| L=2 ]| L=3] L=4
m-sequences 20.3dB| 17.0dB| 15.7dB| 15.2 dB| Figure 5.2

Random sequencgs25.0dB | 21.6 dB| 20.5dB| 20.1 dB| Figure 5.3

MSINR-MUC SNR
L=1]| L=2 ]| L=3] L=4
m-sequences 199dB| 16.6dB| 15.5dB| 14.9dB| Figure 5.4

Random sequencegs20.2dB| 17.1dB| 16.1dB| 15.7 dB| Figure 5.5

Table 5.4: SNR values required at BER&* in the relay-assisted DS-CDMA downlink for transmissioeov
Nakagamim fading channels in the absence of large-scale fading in dinéegt of two detection
schemes at the MTs, namely the MRC-SUR of Subsection 5.3l thenMSINR-MUC of Subsec-
tion 5.3.2. The values were extracted from Figures 5.2:38tble the corresponding experimental
conditions were summarized in Tables 5.1-5.2.

MRC-SUR SNR
L=1 | L=2 | L=3 | L=4
m-sequences 155dB| 10.4dB| 8.4dB | 7.4dB | Figure 5.6

Random sequences22.4 dB | 16.2dB| 13.3dB| 11.9dB| Figure 5.7

MSINR-MUC SNR
L=1]| L=2 ]| L=3] L=4
m-sequences 14.7dB| 10.0dB| 8.2dB | 7.2dB | Figure 5.9

Random sequencgs14.9dB| 10.4dB| 8.8dB | 7.8 dB | Figure 5.10

Table 5.5: SNR values required at BER&* in the relay-assisted DS-CDMA downlink for transmissioeov
Nakagamimn fading channels in the presence of large-scale fading icdinéext of two detection
schemes at the MTs, namely the MRC-SUR of Subsection 5.3l thenMSINR-MUC of Subsec-
tion 5.3.2. The values were extracted from Figures 5.6-6d7%9-5.10, while the corresponding
simulation parameteks = 0.8, § = 0.4 andn = 3, as listed in Tables 5.1 and 5.3.

MTs, which include the MRC-SUR of Subsection 5.3.1 and thdMRBSMUC of Subsection 5.3.2.
In our simulations bothn-sequences and random sequences have been invoked fatisgrieethe
relay-assisted DS-CDMA system. The cooperation schemgidened in this chapter is a detection-
and-forward arrangement. Tables 5.4-5.5 summarized thR\&iNies required for achieving a target
BER of 10~* in the context of the above-mentioned two detection scherhesr proposed coopera-
tive system downlink in the absence and presence of lage-fading, respectively. From our study

and simulation results provided in this chapter, we can dhenfollowing conclusions:

1) In the proposed cooperation aided scheme, each useisteddsy L relays. Hence the relay-

assisted DS-CDMA downlink using the proposed cooperaticmeme of Subsection 5.2.2



5.5. CONCLUSIONS 175

2)

3)

4)

needs a total of{ L relays, whenk destination MTs are supported.

Observe in Figures 5.2-5.10 that the BER performance efptiloposed relay-assisted DS-
CDMA downlink supporting multiple users and employing th& MR-MUC scheme of Sub-
section 5.3.2 can be significantly improved in comparisoits@ounterpart using the MRC-

SUR, especially when random sequences are employed.

As indicated by the simulation results of Figures 5.2# this chapter as well as in the previous
chapters, when the average SNR is too low, the BER perforenaray even degrade upon
increasing the number of relays under the assumption tbdbthl average SNR at the receiver
remains constant regardless of the number of relays. Byagintwhen the total tranmission
power per bit is assumed to remain constant and it is combititbchbeneficial power-allocation

as well as with beneficial relay location selection basecdhendrge-scale fading environment
considered, the achievable BER performance can be sigmtifijcaproved as the number of

relays increases.

In the relay-assisted DS-CDMA downlink supporting npl#iusers, relay diversity may only
be achievable, when the interferences between the MTs andethys are efficiently sup-

pressed.



Chapter

Performance of the Relay-Aided
DS-CDMA Downlink Using Transmitter

Preprocessing

6.1 Introduction

In direct-sequence code-division multiple-access (DIVIA systems, the main source of perfor-
mance degradation is caused by multiuser interference YMisulting from the simultaneous trans-
missions of multiple users over the same frequency bandtitehintersymbol interference (I1SI) due
to multipath fading channels. Multiuser detection (MUDjHeiques [83,114,179-190] have been ex-
tensively investigated, since they constitute effectiveriference mitigation techniques employed in
order to improve the achievable performance of interfezdimited DS-CDMA systems. The MUD
techniques however impose an increased computationagbwtthe receiver, which contradicts to
the desire of making the hand-held portable terminal codtamver-efficient.

As a design alternative, transmitter preprocessing wgsgsed, which facilitates the employment
of low-complexity single-user receivers [191-232]. Morplgitly, the main advantage of employ-
ing transmitter preprocessing is that the computationaeddoucan be shifted from the MTs to the less
complexity-limited base station (BS), thus resulting im{oomplexity, high power-efficiency MTs.
To elaborate a little further, with the aid of transmitteejprocessing, the receivers may employ low-

complexity matched-filter detection without requiring nhal state information (CSl). In [191], the

176
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authors have developed a preprocessing scheme based omimeim mean-square error (MMSE)
principles for synchronous CDMA systems communicating edglitive white Gaussian noise chan-
nels. The investigations of [191] have been extended toidenfequency selective multipath fad-
ing channels [233, 234] with the aid of a RAKE receiver, assgnperfect CSI at the transmitter
about all channels between the BS transmitter and the MTELI2-195], a pre-RAKE combining
scheme has been proposed and investigated in the contex€BM&A system using time-division
duplex (TDD) [235], where the assumption of having an id@itiuplink and downlink channel
was used for generating the required CSI. It has been showboth single- and multi-user sce-
narios that the performance of DS-CDMA using a pre-RAKE sohat the transmitter is similar
to that of DS-CDMA using a RAKE receiver, provided that ogboal spreading codes are em-
ployed. Transmitter preprocessing having a pre-RAKE coinbi has been extensively investigated
in the literature [196—208, 210, 222,223]. In [211,212, 216,224,225, 227,228, 231], the authors
have considered the employment of transmitter preprawgder interference elimination combined
with a simplified receiver at the MT in conjuction with tranigmiversity using multiple transmitter
antennas at the BS. Specifically, in [216] the authors hawpgsed a zero-forcing (ZF) aided pre-
processing scheme to eliminate both the multiuser and patittiinterference in DS-CDMA down-
link systems. However, as indicated by the simulation tesofl [216], the interference could not
be eliminated, when the number of users increased. Thisciguse the power normalization fac-
tor at the preprocessing scheme proposed in [216] was rdcagéhe number of users increased,
which contaminated the decisions at the desired user. | [#2 author has proposed a transmitter
preprocessing scheme to mitigate the effects of interéerém CDMA systems using the minimum
variance distortionless response (MVDR) criterion. Bytcast, in [225], the authors have consid-
ered a transmitter preprocessing scheme designed for CDJMdi&ras based on the MMSE princi-
ple. Closed-form expressions have been derived in [225h®preprocessign schemes’s weighting
vector for transmission over both flat and frequency-seledading channels. Another transmitter
preprocessing scheme based on the MMSE principle can bd faj&31], where linear space-time
preprocessing has been proposed to mitigate the multquesa interference (MAI) in a multiple-
transmit single-receive antenna aided CDMA system forstrassion over both flat- and multipath-
fading channels. Both receive as well as transmit diverdséye been explored in great detalil in
the literature [209, 210, 213-215, 218, 219, 230, 232]. BO]2the authors have considered joint
transmitter-receiver optimization based on the MMSE udote under a specific transmitter power
constraint in the context of synchronous CDMA systems comioaing over both additive white

Gaussian noise (AWGN) and multipath channels. In [219],ah#hors have examined three differ-
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ent types of transmitter preprocessing schemes, namelyahemit matched filter, the transmit ZF
filter and the transmit Wiener filter, which were derived lthsa similar optimization techniques

as their respective receive filters, while imposing an aalill transmit power constraint. In [232],

a ZF-based transmitter preprocessing scheme has beemetksigorder to minimize the bit error

ratio (BER) of multiple-input multiple-output (MIMO) dowimk systems. Furthermore, simulations
results have also been provided in [232] in order to dematesthe capability of the proposed trans-
mitter preprocessing scheme to mitigate the effects of tiwHSI and the interchannel interference
(IC1).

The transmitter preprocessing schemes designed in theealied publications were based on
full or partial knowledge of the CSI of the downlink spannifigm the BS transmitter to the MTs.
In the TDD-based systems of [192-195, 235], the CSI useddasknitter preprocessing may be ob-
tained from the estimates of the CSl in the uplink channéfsesin the TDD mode the uplink and
the downlink share the same frequency band. Hence the wlidikdownlink CSI may be considered
similar [210, 236—-239]. However, in the frequency-divisiduplex (FDD) based systems the CSI has
to be fed back from the MT'’s receiver to the BS transmittarcsiin the FDD mode the uplink and
downlink channels are not reciprocal. In practice, if tharalel’s variation is fast, the TDD-based
channel estimate derived at the BS from the uplink channgl moa be sufficiently accurate for the
downlink transmitter’s preprocessing. It is widely rectagl that in CDMA systems each user is
distinguished by his/her unique spreading code. The bdslogophy we follow in the sequel to
preprocess the MTs’ signals is that in the CDMA system the B&pable of exploiting the knowl-
edge of the MTs’ spreading codes, because they are indematat by the BS. We will exploit this
knowledge without any information about the downlink CSttegt BS in order to eliminate the down-
link MUI. Furthermore, as mentioned in Chapter 5, employimgjtiple antennas solely at the BS is
capable of achieving transmit diversity. By contrast, imtediate relays between the BS and the MT
split longer propagation path into shorter segments, tedsaing the detrimental effects of the over-
all pathloss, hence potentially allowing for a reductiortted overall transmission power. Therefore,
transmitter preprocessing schemes can be extended fooymght in a cooperative manner with the
aid of intermediate relays for the sake of achieving a higivgreefficiency, while simultaneously
attaining relay diversity.

In this chapter we propose and investigate a relay-assB®@€CDMA downlink scheme that
employs transmitter preprocessing. In our proposed ra¢sisted DS-CDMA scheme the down-
link MUI imposed on the relays and on the desired MT is sum@éswith the aid of transmitter

preprocessing operated at the BS. The BS carries out trdaesmreprocessing by exploiting the
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knowledge of the spreading codes of all the MTs, but withegeiving any information from the
relays. The proposed transmitter preprocessing schenisasralependent of the CSI concerning
the channels spanning from the BS transmitter to the MTsutrpooposed scheme, transmitter pre-
processing is carried out based on either the ZF or the MM$i€iples. It can be shown that the
extension of our proposed transmitter preprocessing setternther optimization principles, such
as the MVDR [213, 240], minimum power distortionless regm(MPDR) [241], linear constrained
minimum variance (LCMV) [1, 242] etc. is straightforward this chapter the BER performance of
the relay-aided DS-CDMA downlink using transmitter pregassing is investigated, when communi-
cating over generalized Nakagamifading channels. Atthe MTs, the received signals are coetbin
based on two different types of principles, namely the makiratio combining (MRC) and maximum
signal-to-interference-plus-noise (MSINR). In summaing novelty of this chapter can be listed as

follows:

e A cooperative diversity scheme is proposed for the DS-CDMWidlink, where the downlink

MUI is suppressed with the aid of transmitter preprocessperated at the BS.

e Itis shown that the relays assisting the MTs are free frondtvenlink MUI upon using trans-
mitter preprocessing at the BS. Hence, the reliability efdecisions carried out at the relays
is significantly enhanced, which in turn enhances the riitialof the signals forwarded by the

relays.

e The MUI encountered within the first time-slot is signifidgrnhitigated with the aid of trans-
mitter preprocessing. By contrast, the inter-relay imerfice within the second time-slot is
suppressed with the aid of the MRC-SUR or the MSINR-MUC iradlat the MTs.

¢ Itis shown that the MUI and inter-relay interference canffieiently mitigated and hence relay
diversity can be achieved with the aid of transmitter prepssing and appropriate receiver

techniques.

e Two different types of transmitter preprocessing schemescansidered, which are the ZF
and MMSE arrangements, yielding the so-called transmitke(TZF) and transmitter MMSE
(TMMSE) schemes. In our proposed cooperation schemestahenitter preprocessing ex-
ploits the knowledge of the spreading sequences assigribd tiestination MTs, but requires

no knowledge about the downlink channels.

e The BER performacne of the relay-assisted DS-CDMA downnkvestigated in the context

of the proposed cooperation schemes for transmission caeadamizn fading channels both
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Figure 6.1: Schematic diagram of the relay-aided DS-CDMA downlink sutipg K MTs using transmitter
preprocessing at the base station. Each offTs relies onL relays to assist the transmissions
from the base station to the MT.

in the absence and in the presence of large-scale fadingn Vallge-scale fading is considered,
we also investigate the effect of power-sharing acrossdbperating nodes on the achievable

BER performance of the relay-assisted DS-CDMA downlink.

The remainder of this chapter is organised as follows. IniG@e®.2, the relay-assisted DS-
CDMA downlink assisted by transmitter preprocesssing iscdbed and analyzed. The detection
schemes and the achievable BER performance are addresSedtion 6.3 and Section 6.4, respec-

tively. Finally, our conclusions are presented in Sectidn 6

6.2 System Description

6.2.1 Transmitted Signal

Let us consider the cooperative multiuser DS-CDMA downBnbkportingKK' users/MTs, where each
MT is aided byL relays and each MT as well as itsrelays form a cluster, as shown in Figure 6.1.
Again, we refer to the direct channels spanning from the BiBdd< MTs as the D-channels, while
the relay channels spanning from the BS through the relaylseté&’ MTs are referred to as the R-
channels. Furthermore, the R-channels are divided int@d&ehannels and RM-channels, where

the BR-channels represent the links between the BS and lthssrevhile the RM-channels refer to



6.2. SYSTEM DESCRIPTION 181

the channels extending from the relays to KiéMTs.

We assume that the cooperation scheme proposed is basedeaditision (TD) principles. To
be more specific, we assume that each symbol-duration @edivnto two time-slots. Within the first
time-slot, the BS broadcasts the sumitfuser signals to th&” destination MTs and also to tHe L
relays. During the second time-slot, thel. relays forward the signals received from the BS within
the first time-slot to thé( destination MTs. Furthermore, for the sake of simplicitg assume that
any two cooperating clusters are sufficiently far apart feanh other to ensure that the interference
between any two clusters may be ignored, when taking intowaddhe distance-related propagation
pathloss during the second time-slot. This may be read#yd by an appropriate relay-selection
algorithm. However, our study may also be readily extenddtié scenario, which takes into account

the inter-cluster interference within the second time:-slo

The signals transmitted by the BS to both the relays and MTlsmihe first time-slot of a single
symbol-duration are preprocessed signals. d_et [sg, s1,. .. ,sN_l]T represent the discrete-time
signals transmitted by the BS, whele denotes the number of chips per symbol or the spreading
factor of the DS-CDMA scheme. When both spreading and tréatesmpreprocessing are considered,
s can be expressed as [227,241,243]

s = PAb, (6.1)

whereP = PC, Pis a(N x N)-dimensional transmitter preprocessing matrix, wllls a (N x K)-
dimensional spreading matrix hosting the spreading semseassigned to th€ MTs. Explicitly, the
transmitter preprocessing and spreading operations cpiritly implemented by directly determin-

ing the matrixP, which can be expressed in terms of fiedownlink MTs as

P=[p,by, - ,DK) (6.2)

wherep,, is an N-element vector employed for preprocessing the data trigtieshto MT k. In (6.1)
Ais a(K x K)-element diagonal matrix related to the transmission paféne X' MTs, which is

expressed as

A= diag{\/QPlt, NG «/ZPKt} , (6.3)

where P,; denotes the transmission power of MT Finally, b in (6.1) denotes d&-element vector

containing the data symbols to be transmitted to shélTs during thenth bit-duration, which is
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defined as
b= [bi[n], ba[n], - ,bx[n]]", (6.4)

whereby [n] assumes the binary values{of 1, —1}, implying that binary phase-shift keying (BPSK)

baseband modulation is assumed.

Based on (6.1), the signal broadcast by the BS can be exdrasse

K
s(t) =Y /2P (t)Pe (t) cos(2r fet), (6.5)
k=1

where f. represents the carrier frequency, whilgt) denotes the transmitted data waveform, which

can be expressed as

bi(t) = bi[n] P, (t — nTh), (6.6)

n=0
whereT;, represents the bit-duration ar®}, (¢) is the rectangular waveform, which is defined as
Pr,(t) =1if 0 <t < T, andPr,(t) = 0 otherwise. In (6.5)p(t) is the waveform hosted by

shown in (6.2), which can be expressed as
Pr(t) = Prenthr, (t — ), (6.7)
n=0

where py,, denotes theuth element ofp,, 7. represents the chip-duration awg: (¢) is the chip-

waveform, which is defined within the interval 6 7..) and normalized to satisfyj, © T/’% (t)dt = T..

Let us assume that the downlink channels experience bopagation pathloss and flat fading.
Then, it can be shown that the normalized discrete observagctor obtained at theth MT can be
expressed as

r =P PAb 4y k=1,2,-- K, (6.8)

Wheregék) andhg“) account for the propagation pathloss and fast fading ofth@®-channel spanning
from the BS to MTk, respectively, whiley, is an N-element Gaussian noise vector, which obeys the

multivariate Gaussian distribution with a zero mean andra@gance matrix 0o 21 y .

AtMT k&, r is despread using thHgh MT'’s spreading sequeneg, yielding the decision variable

for bi[n] expressed as

yr =clre = I PAb + ny, k=1,2,... K, (6.9)
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where the despread noise is giveniy = c;{nk, which is a Gaussian distributed random variable
having a zero mean and a varianceséfper dimension. In physically tangible terms, the transditt
signal ofs = PAb is multiplied by the pathlossék) and the fast-fading variablb(k), before it is
despread using the sequerzu%e
Lety = [y1,¥9,. .- ,yK]T contain the decision variables of t€ downlink MTs, which can be
expressed as
y =E¢HCTPAb +n, (6.10)

where, by definition, we have

6 = dlag{f((]l), (()2)7 e 75((]K)}7
H = dlag{h(1)7 h(()2)7 e 7h(()K)}7

n=[ny,ny - ngl (6.11)

As shown in (6.10), there exists interference amongfthdownlink MTs, whenC” P is not a
diagonal matrix. In this case, transmitter preprocessi®g [204,212,215-217,219,224,225,227,228,
231,241] may be employed to suppress the downlink MUI. Ldiarsce consider the preprocessing
matrix P using either the zero-forcing (ZF) or the minimum mean-seuwaror (MMSE) principle.

Note that our transmitter preprocessing schemes proposdahaed on the following assumptions:

e The BS exploits the knowledge about the spreading sequeassemed to th& MTs, but does
not rely on the knowledge of the downlink channels assodiaiith the X' MTs;

e There is no information feedback to the BS from any of fhé relays.

6.2.2 Zero-Forcing Aided Transmitter Preprocessing

The objective of transmitter preprocessing is to deriveeppocessing matri® so that the perfor-
mance of the system considered can be optimized using aydarticriterion. Specifically, when
TZF is considered, the preprocessing mafiis chosen so that the downlink MUI is fully removed.
According to (6.10), the TZF condition is met, provided tiais chosen to satisfy

CTPryr = plk, (6.12)
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where the parametet is invoked for ensuring that the total transmission poweraias unchanged

after transmitter preprocessing. Upon solving (6.12), meaat
Przr =0 (CT)T7 (6.13)

where(-)" denotes the Moore-Penrose (generalized) inverse) §244]. Upon assumingV > K,
we have [83]
Pryr=p5C(CTC)"". (6.14)

When substituting (6.14) into (6.10), we obtgin= S¢ H Ab+n. Explicitly, the MUI existing among

the downlink MTs is fully removed, singg H andA are all diagonal matrices.

In (6.14), the value of3 can be determined with the aid of the relationsHif{|Pb||?] =
E[|b]|?] = K, which gives

K
b= \/ trace((CTC) 1’ (6.15)

where tracé ) denotes the trace of the square matrix After substituting (6.15) into (6.14), we can

express the transmitter preprocessing matrix of the TZErsehas

- K -1
Pryp = \/ trace((CT C)_l)c (cto) . (6.16)

Furthermore, from (6.12), it can be readily shown that weshav

. B, ifk =k
c;fpk, = { _ (6.17)
0, otherwise

which, again, implies that the TZF-based transmitter regssing is capable of nulling the downlink
MUI. However, as the ZF-assisted MUD [83], the TZF-assistadsmitter preprocessing eliminates

the MUI at the cost of background noise amplification [185].

6.2.3 Minimum Mean-Square Error Based Transmitter Preprocessing

The transmitter preprocessing based on the MMSE pringiplbgh is referred to as the transmitter
MMSE (TMMSE) scheme, is capable of mitigating the effectslonlink MUI, while simultane-
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ously suppressing the background noise [10, 185,217, 241he context of the TMMSE scherhe

based on (6.10), the transmitter preprocessing matrix eaxpressed as [217, 241]
P =p5C(CTC+20%) ", (6.18)

where (6.18p = {p1, 02, ..., pr} contains the noise-suppression factors [241] with resjettte

K MTs, which may be optimized in order to achieve the best pisgierformance under the realistic
conditions of having imperfect knowledge about the noisegycassociated with th& MTs. Fur-
thermore, when no knowledge about the downlink noise posvarailable, the BS transmitter may
setp = 0. In this case, (6.18) is reduced to the transmitter pregsiog matrix derived for the TZF
scheme of (6.14). As our simulation results in Section 6ralestrated, when there is no knowledge
about the noise power of th€ MTs at the BS, the preprocessing matrix of (6.18) may be sahto
appropriate non-zero diagonal matrix. As a result, thegoerénce achieved in this case may still be
better than that attained by employing the TZF arrangemig(@. ©4).

In (6.18) the parametet introduced for satisfying the power constraint can be esged as

(6.19)

where by definition we hav® = C (CTC + 202p) ~'. Finally, the TMMSE transmitter preprocess-

ing matrix can be expressed as

Pryvse = (6.20)

Let us now turn our attention to the cooperation strategp@sed in this chapter.

11t is worth noting at this stage that an MMSE receiver mitigathe effects of both the MUI and the noise, striking
a compromise between their mitigation. This is in contrasa tZF receiver, for example, which completely eliminates
the MUI at the potential cost of noise amplification. By cast; in the context of MMSE MUT schemes the transmitter
attempts to jointly compensate for the effects of both the @hd the MUI as well as the noise to be experienced at the
receiver by the signal about to be transmitted. In a somesihatlistic, but conceptually appealing context this pesce
may be viewed as a relative of spatial division multiple asc€SDMA) [245], where the unique user-specific CIRs are
employed for differentiating and separating the multirusignals. However, in support of the MUT schemes, the CIR
information has to be estimated by the receiver, then gueaitand finally transmitted back to the MUT along with the
variance of the noise encountered at the receiver. Provilatboth the CIRs and the noise variance are known suffigien
accurately, the MUT has the ability to pre-compensate #&fééct at the transmitter.
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Figure 6.2: Schematic diagram illustrating the signal processing afomrs at a relay.

6.2.4 Cooperation Operation

The relays receive and process the signals transmittedeb $hwithin the first time-slot of a bit-
duration. During the second time-slot of a bit-duratiore firocessed signals are forwarded by the
relays to the destination MTs. In this section we considerdignal processing operations at the

relays.

When the downlink DS-CDMA signals expressed in the form ob)@re transmitted over flat
fading channels, the complex baseband equivalent signalvesl by thelth relay of thekth MT

within the first time-slot of thexth bit-duration can be written as

K
r® (1) = n® > 2P,§ff3bk,[n]p“k,(t) 40y, 1=1,2,--  L; k=1,2,--- K, (6.21)
k=1

whereP,i,k} represents the power received by thierelay of MT k& from the k'th user signal trans-
mitted by the BS after taking into account the pathloss oBRechanneI,hl(k) represents the fading
coefficient of the BR-channel spanning from the BS toltherelay of MT &, while nl(k) (t) denotes
the Gaussian noise observed atftherelay of MT &, which has a zero mean and a single-sided power

spectral density oiVy per dimension.

The schematic diagram illustrating the signal processipgrations at théth relay of MT k is
depicted in Figure 6.2, where the received sigrfé](t) of (6.21) is first input to a filter matched
to the transmitted chip-waveformz, (t). Then, the matched-filter's (MF’s) output is sampled at the
chip-rate, which provide®' samples per time-slot for estimating the information todmevarded to
MT k. Without any loss of generality, let us normalize MF’s outptithe /th relay of MT & using
\/2P,§§)NTC. Then, according to Figure 6.2, théh sample can be expressed as

® (A+1)T.

1
Yn =
\/2PB NT, AT

rl(k)(t)q/,}c(t)dt, A=0,1,---,N—-1;1=1,2,--- ,L. (6.22)
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Upon substituting (6.21) into (6.22), we can exprggc% as

k)

K #k kz
A=0,1,-- ,N—1;1=1,2,--- , L, (6.23)

where the first term represents the contribution of MTthe second term denotes the interference
imposed by all th¢ X' — 1) downlink interferers anell(f) is given by

~(k)
L

G (B)dt, 1=1,2,-  L;A=0,1,--- ,N—1, (6.24)

/ (MDT:
\/2P,§]§ NT, /T,

which is Gaussian distributed with a zero mean and a variahd%/2El(k) per dimension, where
El(k) = P,S?Tb represents the energy per bit received byltherelay of MT k& from the kth signal
transmitted by the BS to M%.

Let us define

k k k k
yl( ) = [y[(())>yl(1)> ’yl((lé 1)]T7
~(k k) ~ ~(k
A = ) A A 6.25)

which physically represent the received signal and noidbeatth relay of MT k. Then, it can be

readily shown thagl(k) can be expressed as

") = npbiln] + b > ka; whln] +a", 1=1,2,.. L. (6.26)
Kk \ D

where the first term represents the spread, faded and aienimdormation bit of MTk, while the

second term is the interference imposed by all the remaiffing- 1) interferers.

We assume that thith relay of MT & exploits the knowledge dof,. of the spreading sequence

assigned to théth MT. We also assume that tlih relay of MT k& benefits from the knowledge of
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hl(k). Then, thdth relay of MT k& can estimatéy[n] by forming the soft-decision variable of

pk)
2 (k 1 k) Pl . 1 k
bl( ) | = —]hl(k)\z(hl( )) c{yl( ) = cl'prbun +k%:k kl czpk,bk/[ ]+ —hl( )cknl( ). (6.27)

After the estimation process formulated in (6. Zb‘?‘jC is then re-spread and forwarded by the
lth relay to MTk using the second time-slot of thh bit-duration. The transmitted signal of tia

relay of MT k can be expressed as

(k)
2P .
sl(k)(t) = ibl(k) [n]cl(k)(t) cos(2m fot + (bl(k)), 1=1,2,---,L, (6.28)

WherePl(tk), (k) (t), foand qﬁl(k) represent the transmission power, signature waveformigcdre-
quency and initial phase associated with ttierelay of MT k, respectively. In (6.28); is a nor-
malization coefficient applied to ensure that the transiarisgower ofsl( )( t)is p®

) » Which is given
by

N 1 N
Skl = E |:‘bk[n”2:| = Z (k:) Cgpk/pk/Ck + 0

=5 (6.29)
k k
= P PR E®

Note that when the TZF scheme of (6.14) is applied, it can &direshown with the aid of (6.17)
that (6.27) and (6.29) can be respectively simplified as

1 o
b [n) = Bby[n] + AG —cla, (6.30)
1
1 N
_ 12 0

Let us now derive the representation of the signals recevédT k.

6.2.5 Representation of the Received Signals at MF

The MTs receive signals during both the first and second §lois- of a single bit-duration. More
particularly, within the first time-slot of a single bit-chtron, the MTs receive signals from the BS.

Specifically, the complex-valued baseband equivalentasigeteived by MTk within the first time-
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Figure 6.3: Receiver schematic diagram of uger
slot of thenth bit-duration can be expressed as
K
(1) = b S\ 2P b nlpe (1) +nt), k=1,2,- K, (6.32)
E=1

whereP,g,’j), k' =1,..., K, represents the power received by MTrom the k’th signal transmitted

by the BS after taking into account the pathloss of the D-nehspanning from the BS to M%.
In (6.32),h(()k) represents the fading gain accounting for the fast fadindp@kth D-channel, while
n(t) denotes the complex baseband equivalent Gaussian noist &tWhich has a zero mean and a

single-sided power spectral density/g§ per dimension.

In contrast to the first time-slot, within the second timetglf a single bit-duration, the MTs re-
ceive signals from their relays. Specifically, the complalded baseband equivalent signal received

by MT & during the second time-slot of thgh bit-duration can be expressed as

L ®)
2P, "
00 = S PO P 0 + ), k= 1,200 K, (6.33)

WherePl(f) represents the power received by MTrom itsith relay andszf) denotes the (fast) fading
gain of thelth RM-channel of MTk.

The receiver schematic diagram of MTis shown in Figure 6.3. The signal received at MTs
first input to an MF designed for the specific transmitted shgveform. Then, the MF’s output is
sampled at the chip-rate in order to obtain the requiredrgbtens. Finally, detection may be carried

out based on using diverse detection schemes, which wilideeissed in Section 6.3.

Let us now collect the observations obtained from the firgt sacond time-slots of theth bit-

duration in the vectorg(()k) andy&k), Whereygk) = [y§§>,y§f>, e 7%(82[_1)]7“7 i = 0,1. Then, after

the chip-waveform MF’s output is normalized 2P,§ff)NTc, the Ath sample of the first time-slot
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can be expressed as

/()\-i—l
\/2Pk7, NT, /ATe

Upon substituting (6.32) into (6.34), we can exprggf\% as

(k)
Yox —

Wi (t)dt, A=0,1,--- \ N —1;k=1,2,--- , K. (6.34)

(k) S B h & (k)
Yox = t br[n] + # Z Pklfﬁk’Abk’ [n] + 7oy
\/PIET)N k' #k

A=0,1,--- , N-1;K=1,2,--- , K, (6.35)

whereng) is the Gaussian noise given by

A\+D)T,
= |
\/2Pkr NT, /ATe

which has a zero mean and a variancéV@f/ZEé ) per dimension, WherE(k) P,gf)Tb represents

Wi (t)dt, \=0,1,--- \N—1;k=1,2,--- | K, (6.36)

the energy per bit received by tléh MT from the BS.

Based on (6.35), we can expr@%@ in a vector form as

K (k)
P, _
wy) = Bl + 007 32| Pbiln + o, k=12 K, (8.37)
k' #£k kr

whereng is anN-element Gaussian noise vector defined as

fig = [fio0, o1, + » ov—1)] " - (6.38)

Let us now represent the signals received by Mduring the second time-slot of theh bit-
duration. After normalization of the chip-waveform MF’stput usingy/ 2Pl(f)N T,, it can be shown
that the\th observation obtained from the second time-slot ofrttiebit-duration can be expressed

as

) 1 AFUTe
) = 7/ POy, ()dt, A=0,1,-- N —1Lik=1,2--- K. (6.39)
2Pl(k)NTc AT,
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Furthermore, upon substituting (6.33) into (6.39), wevarat

)
y = c L b[n c C D brs
i fZ\/ Ehiulnler) Z\/% MMZ# tBube[n)
_Z\/7 c}fnl(k)
TN SN G| W

k -
cl()\) + N1y,

A=0,1,--- N-1;K=12- K, (6.40)

wheren, is the Gaussian noise sample, which has a zero mean and acamfaNo/2El(f) per
dimension, WhereEl(k) = Pl(f)Tb denotes the energy per bit received by tite MT from its /th

relay. Finally,ygk) containing theV observations of the second time-slot can be expressed as

( )
/ 1w Py
Z rl ckpkbk h( (k)ckpk,bk/[ ]
Skl k’;ﬁk Py
Z /1 ck”z
+ ki rl [ h(k

wheren; represents the lengtN- Gaussian noise vector, which has a mean of zero and a cosarian
matrix of N0/2El(f)IN.

th, k=12 K, (6.41)

Alternatively, (6.41) can be expressed in a more compaaot fs

K (k)

Py
) = CArhycl pibiln] + CrArhi ® ck L b [n] + CLALH (I @ ¢l )a® + ny,
k' £k k.l
ny
(6.42)
where the matrices and vectors are defined as follows:
e C} is a(N x L)-dimensional matrix, which can be expressed as

Cr=[e". e, ). (6.43)

Wherecl(k), l=1,---,L,isthe spreading sequence used byitheelay of MTk;
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Ay is a(Lx L)-dimensional matrix given by

Ak:diag{ Y R /L}7 (6.44)
Sk1 Sk2 SkL

where the normalization coefficientg for/ =1,--- , L are given in (6.29);

h; is aL-element vector related to the RM-channels of MTwhich can be expressed as

hy, = B ), pIT

yho 1T (6.45)

H, is a(Lx L)-dimensional matrix related to both the BR-channels and éislanels, which

can be expressed as

S R A 0
H; = dlag{ ARG oo, N : (6.46)
1 2 L

Finally, n¥) is a Gaussian noise vector of lengtlV, which can be expressed as

) — {(ﬁ&’f)f (ﬁé’f))T ,<ﬁ(L’f))T]T’ (6.47)

Whereﬁl(k), l=1,---,L,is given by (6.25).

6.3 Detection Algorithms

The signals received by thiéh MT within the first and second time-slots of théh bit-duration have
been represented by (6.37) and (6.42), respectively. fnsiition we consider the detection of the
nth bit by [n] at MT &.

Since there is no interference between the first and secomddiots, the signals received within
the first and second time-slots can be treated separatalyebbie final-stage of combining for mak-
ing decisions. Furthermore, since transmitter prepraocgds employed at the BS for suppressing
the downlink MUI, the signals transmitted over the D-chdsngthin the first time-slot experience
no MUI when the TZF scheme is employed, or encounter low MUWHewthe TMMSE scheme is
employed. By contrast, within the second time-slot, thaumber of relays transmit their signals
simultaneously to théth MT and hence they may interfere with each other. Therefibe signals

received by MTk via its RM-channels during the second time-slot have to bahkined and de-
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contaminated with the aid of MUI suppression. In this teatwo different combining schemes are
considered, which are the MRC-assisted single-user recé8BUR) and the MSINR-assisted mul-

tiuser combining (MUC) arrangements.

Note that the SUR and MUC schemes to be derived below arebiiifiar systems using either
the TZF or TMMSE scheme. If only the TZF arrangement is caergid, the relevant equations may
be further simplified with the aid of (6.30). Additionally,is worth noting that although the TMMSE
is capable of mitigating both MUI and background noise stamdously, it fails to fully remove the
MUI. As our simulation results in Section 6.4 illustratedetresidual MUI of the TMMSE scheme
may cause a performance degradation in the high SNR regspecilly when random spreading

sequences are employed.

The signal received by ME over the D-channel during the first time-slot of thi bit-duration

is first despread usingf, yielding

K (k)

_(k k k) T~ k e T _

g = Ty — 18O eTp, by n) + B 3 Pizk) cE by [n] +-ct g, (6.48)
k'#k kr

Ip

wherelp denotes the downlink MUI within the first time-slot, whichzero when the TZF scheme of
(6.14) is employed and is usually small when the TMMSE areamgnt of (6.18) is employed. Based
on (6.48), it can be shown that, after ignoring the tdirepresenting the MUI, the receiver weight

used for finally combining?ék) can be expressed as

-1
N, 5 *
wi) = (—0 + a%)> T, (hg’“) , (6.49)

whereazD represents the second-order momenkgfwhich is given by

2 (k)2 S P(fﬂ) T T
ob =g > ’zk’;ckﬁkli)k,ck. (6.50)
k'=1 Pkr

Let us now consider the combining of the signals received GyAluring the second time-slot of
thenth bit-duration.
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6.3.1 MRC-Assisted Single-User Receiver

The signals received within the second time-slot of #itie bit-duration are hosted b_;flk) given in
(6.42). When the MRC-SUR is considergd? is first despread using? of (6.43), yielding

Upon substituting (6.42) and (6.43) into (6.51), theentry ofy can be expressed as

R RO P, ]+ZL: Ty (ef* )> (k) (T (k)+(<k>>T i
Yy = L CpPrbkN o hl(/k) G Cp Cpny C ni R»

=1

1=1,2,....L, (6.52)
wherelpy is given by
[T (T ® 3 0 (0T 0 o | Pl g
Ir = Z S /hrl, (cl > Cv cgf)kbk[n] +Z < ,hrl’ (l ) Cy Z (k)ckpk’bk’[ ]
vz VoK r=1 ' oK Kk \ Pry
(6.53)

Note that at the right-hand side of (6.52), the first term &dlsired output, the second term is the
noise forwarded by thé relays, the third term is the noise received at Mand finally I is the
MUI forwarded by thel relays to MTk.

For the MRC- SURy of (6.52) is may be modelled by a Gaussian distributed signidl a

mean given by the first term at the right-hand side of (6.58)amariance given by

=1 k) n| = P/gﬁ)
(o Wi () el ety *chl/ w8 ()" el S el e (65)
VAl =1 k'#k Lkl

Consequently, the weights derived for the MRC-SUR can beessed as [51]
k T k)
w® = > No+ Ny + o2 1/ 5 h( . (6.55)
=1 Ckl’|hlf |2

Finally, when both the first and second time-slots of ihik bit-duration are considered, the

e
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decision variabley [n] for b [n] can be formed as
L
=3 wPg®), (6.56)

=0

which is the appropriately weighted superposition of adl fhdiversity components of thith MT.

Let us now consider the proposed MSINR-MUC detection scheme

6.3.2 Maximum SINR-Assisted Multiuser Combining

For convenience of deriving the MSINR-MUC, we express theeotations of (6.42) as

Y = hibifn] s, (6.57)
where by definition we have
hi = CrAphicil by, (6.58)
K (k)
n; = CLALhy Z ( ckpk,bk/[ ] + CkAka(IL X c{)ﬁ,k +nq. (6.59)
k' #k k.l

whereh;, may be viewed as the equivalent channel impulse respon$® @3kociated with M,
while n; contains the MUI, inter-relay interference and backgrooaise.

Letw be a length& vector derived for combininggk) obeying the MSINR principles [1, 246].
According to (6.57), it may be shown thatcan be expressed as [1, 51, 246]

w = R hy, (6.60)

wherep denotes a constant alfity represents the covariance matrixngf, which, after some simpli-

fication, can be expressed as

. W0 (0T o= Pil

R; =E [nmn]] :Z Ik, [P, (cl ) Z @ )ckpk’pk’ck
=1 Sk K2k P

OIE

rl

h®

T N
cl(k) (cl(k)) + ETO)IN' (6.61)

Ir

L
+Z&L

k
P El( ) Ski
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\ | Subsection 6.4.1 | Subsection 6.4.2 |

Main assumption Constant total received Constant total transmitted
SNR per bit power per bit

Pathloss No Yes
D-channels Rayleigh fading
BR-channels Rayleigh fading
RM-channels Nakagamim fading (m = 2)
Modulation BPSK
Cooperation mode AF
Transmitter preprocessing TZF or TMMSE
Detection at MTs MRC-SUR or MSINR-MUC
Spreading sequences Random sequences or-sequences
Spreading factor N =15
Number of MTs supported K=211
Number of relays considered L=0,1,2,3,4

Table 6.1: Main features of the DS-CDMA downlink considered.

Finally, when the signals received during both the first aedord time-slots of theith bit-

duration are combined, the decision variable derivedft] can be formed as
zeln] = wlF g +wfy® k=12 K (6.62)

Whereg(()k) andw(()k) are given in (6.48) and (6.49).

6.4 Performance Results

In this section we provide a range of simulation results @eoto illustrate the attainable BER perfor-
mance of the DS-CDMA downlink in conjunction with relay diséy, when the TZF- or TMMSE-
based transmitter preprocessing schemes of Subsect®2s662.3 are employed at the BS. In our
simulations we assumed that binary phase-shift keying ©@P&seband modulation was employed.
We initially stipulated the simplifying assumption thaetb-channels, BR-channels as well as the
RM-channels might experience fast fading only modelledhsy Nlakagamin distributions associ-
ated with variousn values. We then considered a more realistic channel mogelriexcing both
fast fading and propagation pathloss, of which the lattepanots for large-scale fading and satisfies
nth power law. For details of the channel model, readers deeresl to Subsection 3.2.3. In our sim-

ulations we assume that the desired MT and its relays fornopasating cluster. For simplicity, any
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Spreading sequences Number of Detection Transmitter
MTs supported at MTs Preprocessing

Figure 6.4| Random sequences K=2 MRC-SUR TZF
andm-sequences

Figure 6.5| Random sequences K=11 MRC-SUR TZF
andm-sequences

Figure 6.6| Random sequences K=2 MSINR-MUC TZF
andm-sequences

Figure 6.7| Random sequences K=11 MSINR-MUC TZF
andm-sequences

Figure 6.8| m-sequences K=11 MRC-SUR | TZF and TMMSE

Figure 6.9| Random sequences K=11 MRC-SUR | TZF and TMMSE

Table 6.2: System parameters for generating Figures 6.4-6.9 in Stibséc4.1.

two of the clusters are assumed to be sufficiently separatethat each cluster may be considered
to be free from interference imposed by the other clustersmiduhe second time-slot. Furthermore,
in our simulations bothn-sequences and random sequences having a spreading fa¢for015
were considered. Additionally, the number of relays asgjstach of the MTs was assumed to be
L =0,1,2,3,4, whereL = 0 corresponds to non-cooperative direct transmission, evherrelays
were utilized. Let us first investigate the performance ef phoposed DS-CDMA downlink invok-
ing transmitter preprocessing and relay diversity, wheanokel is modelled as Nakagami-fading
without taking into account the effects of large-scalerigdiTable 6.1 shows the main features of the
DS-CDMA downlink considered.

6.4.1 Performance of the Relay-Aided DS-CDMA Downlink Usig Transmitter Pre-

processing in the Absence of Large-Scale Fading

In this subsection we investigate the proposed relay-ald8dCDMA downlink using transmitter

preprocessing, when the channels considered are modslléthkagamim fading in the absence

of large-scale fading. Here, again, we assumed that pepfager control was employed, hence
that the power received from the the BS transmitter and tioah fany of the relays were the same.
Furthermore, in order to carry out a fair comparison, theaye SNR associated with a transmitted
data bit was fixed ta¥;, /Ny, regardless of the value di. In our simulations the D-channel and
the BR-channels are assumed to experience Rayleigh fadhig the RM-channels are assumed to

experience Nakagami: fading associated with a fading parametenqgf = 2. Table 6.2 illustrates
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m0:1 mllzl m12:2 K=2

1
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Figure 6.4: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 2 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Stthme6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated with the fading parameterspf = 2. All system parameters are
summarized in Tables 6.1 and 6.2.
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Figure 6.5: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 11 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Sttime6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated with the fading parameterspf = 2. All system parameters are
summarized in Tables 6.1 and 6.2.
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Figure 6.6: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 2 MTs using the MSINR-SUC of Subsection 6.3.2 and the TZF ofsgation 6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamimn fading associated with the fading parametersmg = 2 for L = 1,2,3,4. All
system parameters are summarized in Tables 6.1 and 6.2.
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Figure 6.7: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 11 MTs using the MSINR-SUC of Subsection 6.3.2 and the TZF ofsgéabtion 6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamimn fading associated with the fading parametersmg = 2 for L = 1,2,3,4. All
system parameters are summarized in Tables 6.1 and 6.2.
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Figure 6.8: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 11 MTs usingm-sequences for spreading and the MRC-SUR of Subsectioh, &Ben
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamimn fading associated with the fading parametersmg = 2 for L = 1,2,3,4. All
system parameters are summarized in Tables 6.1 and 6.2.
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Figure 6.9: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 11 MTs using randon sequences for spreading and the MRC-SURl#e8tion 6.3.1, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamimn fading associated with the fading parametersmg = 2 for L = 1,2,3,4. All
system parameters are summarized in Tables 6.1 and 6.2.
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the system parameters employed for generating Figure®. 8.4t this subsection.

Figures 6.4 and 6.5 show the BER versus average SNR per forpance of the relay-assisted
DS-CDMA downlink using the proposed TZF scheme of Subsedi@.2, when signals received by
the desired MT during the second time-slot were detectatubie MRC-SUR of Subsection 6.3.1.
We assumed that the number of MTs supported by the relagtad$dS-CDMA downlink wag( = 2
for Figure 6.4 and< = 11 for Figure 6.5. Furthermore, the number of relays assistimch of the
MTs was assumed to be = 0,1, 2, 3,4, whereL = 0 corresponds to direct transmission, where
no relays were utilized. It can be explicitly observed frdme results of Figures 6.4 and 6.5 that
the BER performance improves when the number of relaysase provided that the average SNR
per bit is sufficiently high. When the average SNR per bit @ ltaw, relay diversity gain might not
be achieved and hence the attainable BER performance maydegeade, as the number of relays
increases. Furthermore, the BER performance of the redsigted DS-CDMA downlink using:-
sequences is better than that of its counterpart using rrsgguences. The performance loss due to
using random sequences instead ofithaequences becomes explicit, when the relays-assisted DS-
CDMA supportsK = 11 users, as shown in Figure 6.5. In addition, observe fromregy6.4 and
6.5 that no error-floors exist for eithet-sequences or random sequences, implying that the proposed
TZF scheme is capable of efficiently suppressing the MUI entayed at the relays as well as at the
desired MT.

Figures 6.6 and 6.7 show the BER versus average SNR per foripance of the relay-assisted
DS-CDMA downlink using the proposed TZF scheme of Subsedi@.2, when the signals received
by the desired MT during the second time-slot were detect@aguhe MSINR-MUC scheme of
Subsection 6.3.2. We assumed that the humber of MTs supploytéhe relay-assisted DS-CDMA
downlink wasK = 2 for Figure 6.6 and< = 11 for Figure 6.7. We can infer several observations
from the results of Figures 6.4 and 6.6. Firstly, the BER qrenfance of the relay-assisted DS-
CDMA downlink using the MSINR-MUC scheme is the same as tHdtsocounterpart using the
MRC-MUC, whenL = 1 relay was utilized to assist the desired MT, regardless da€hwbpreading
sequences were used. This is because there is no intedebehween the signals received within
the first and the second time-slots. Secondly, the MSINR-Mi@ the MRC-SUR were used to
mitigate the interferences between the different relaysthns have equivalent effect on the overall
BER performance when we hdd< 2. Thirdly, when we had. > 2 andm-sequences were utilized,
the BER performance of the relay-assisted DS-CDMA downliskg the MSINR-MUC was only
marginally better than that of its counterpart using the MRAR, which implies that the proposed

TZF scheme is capable of sufficiently mitigating the MUI,uléisg in a low interference between the
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Number of Detection Pathloss| Power-sharing Normalized
MTs supported at MTs exponent factor relay location
Figure 6.10 K=2 MRC-SUR n=23 a=0.8 6=04
Figure 6.11 K=11 MRC-SUR n=3 a=0.8 6=04
Figure 6.12 K=2 MSINR-MUC | =3 a=0.8 6=04
Figure 6.13 K=11 MSINR-MUC | =3 a=0.8 6=04
Figure 6.14 K=2 MSINR-MUC | n =4 a=0.9 6=0.3
Figure 6.15 K=11 MSINR-MUC | n =4 a=0.9 6=0.3

Table 6.3: System parameters used for generating Figures 6.10-6kgection 6.4.2.

signals received from the different relays. Fourthly, wixnhadL > 2 and random sequences were
utilized, the BER performance of the relay-assisted DS-@Dddwnlink using the MSINR-MUC
was significantly better than that of its counterpart ushgMRC-SUR, indicating that the MSINR-
MUC is capable of mitigating the interferences between tgeais received from different relays.
Finally, it can be observed that the BER performance of thayrassisted DS-CDMA downlink
usingm-sequences is explicitly better than that of its countdérpsing random sequences.

Figures 6.8 and 6.9 show the BER versus average SNR per foripance of the relay-assisted
DS-CDMA downlink supportingk = 11 users using the TZF and TMMSE schemes of Subsec-
tions 6.2.2-6.2.3, when the signals received by the desi&dduring the second time-slot were
detected using the MRC-SUR. In our simulationssequences were employed in Figure 6.8, while
random sequences were used in Figure 6.9. We can observdHheorasults of Figures 6.8 and 6.9
that whenm-sequences were employed, the BER performance gain ofltheassisted DS-CDMA
downlink using the proposed TMMSE scheme over its TZF capate was indistinguishable in the
SNR region considered. By contrast, when random sequersesamployed, the relay-assisted DS-
CDMA downlink using the TMMSE arrangement was capable ofeadhg a better BER performance

than its counterpart using the TZF scheme, especially ifotkeSNR region.

6.4.2 Performance of the Relay-Aided DS-CDMA Downlink Usig Transmitter Pre-

processing in the Presence of Large-Scale Fading

In this subsection we investigate the achievable BER pexdoce of the relay-assisted DS-CDMA
downlink using transmitter preprocessing, when the chiaroensidered are modelled by Nakagami-
m fading in the presence of large-scale fading, i.e. propaggiathloss. When the propagation

pathloss is considered, power-sharing between the firstsandnd time-slots should become one
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\ | Figures 6.18]  Figures 6.19 | Figures 6.20 | Figure 6.21

Number of MTs supported K=11

Pathloss exponent n=3

Power-sharing factor a=0.8

Normalized relay location n =04

Transmitter preprocessing TZF and TMMSE

Detection schemes at MT|s MRC-SUR MRC-SUR MSINR-MUC MSINR-MUC
Spreading sequences m-sequences Random sequences m-sequences| Random sequence

Table 6.4: System parameters used for generating Figures 6.18-6 2dkigection 6.4.2.
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Figure 6.10: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 2 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Setfmse6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a = 0.8, = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.3.
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Figure 6.11: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 11 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Suthme6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a=0.8,§ = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.3.

of the major concerns in order to ensure that the DS-CDMA diokris energy-efficient and the
best possible performance can be achieved [49, 51]. In tiisextion, in order to carry out a fair
comparison, we assume again that the total transmissiomrmpoesnsumed per symbol is the same
for both the relay-assisted DS-CDMA downlink using difieresumber of relays and for the DS-
CDMA downlink using no relays. Specifically, we assume tRat= Py, + LP[; is the total power
transmitted in the DS-CDMA downlink without using relayshéin when the DS-CDMA downlink
employs relaysP; = aP; is allocated to the first time-slot for the BS to transmit iggnals to the
desired MT and to itd relays. The rest ofl — «) P, is allocated to the second time-slot for the
relays to forward their information received within the fitisne-slot to the desired MT. We assume
that the distance between the BS and the cooperating clvatefl — ), while that between thé
relays and the desired MT waswhere we hav® < § < 1. In our simulations, the D-channels and
BR-channels were assumed to experience Rayleigh fadinitg thle RM-channels were assumed to
experience more benevolent Nakagamfading associated with the fading parametengf = 2. In
addition to the fast fading, we also considered variouslpsthexponents. All system parameters used
for generating Figures 6.10-6.15 as well as those for géngriigures 6.18-6.21 are summarized in
Tables 6.3 and 6.4, respectively.

In Figures 6.10 and 6.11 we evaluated the BER versus SNR peetformance of the relay-
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Figure 6.12: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 2 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of&adtion 6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a=0.8,§ = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.3.

assisted DS-CDMA downlink assisted by the MRC-SUR deteattne desired MT and by the TZF
scheme at the BS, when the DS-CDMA downlink suppoiiee= 2 and K = 11 MTSs, respectively.
In our simulations, the pathloss exponent was assumed tpbe3 and the remaining parameters
werea = 0.8 andd = 0.4. It can be seen from the results of Figures 6.10 and 6.11 hieaBER
performance may be significantly improved in the presensargé-scale fading, when compared to
the performacne results obtained in Subsection 6.4.1. ,Hega&n, using more relays is generally
capable of achieving an improved BER performance, exceptienvery low SNR region, where
no diversity gain can be guaranteed. However, in these tigations the BER performance never
degraded in the SNR region considered, as the number ofsrelag increased. Furthermore, the
BER performance of the relay-assisted DS-CDMA downlinkngsiz-sequences was found to be
better than that of its counterpart using random sequentes.performance improvement attained
upon usingn-sequences instead of random sequences becomes mord expien the DS-CDMA
downlink supportsk’ = 11 users, as illustrated in Figure 6.11.

Figures 6.12 and 6.13 present the BER versus the average &Nt performance of the DS-
CDMA downlink assisted by the MSINR-MUC detector at the degiMT and by the TZF scheme
at the BS, when the DS-CDMA downlink supportéd = 2 and K = 11 MTs, respectively. The

simulation parameters were the same as those in Figuresaa6dl6.11, i.e.a = 0.8, § = 0.4 and
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Figure 6.13: BER versus SNR per bit performance of the relay-assiste@DSIA downlink supporting’ =
11 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of §dbon 6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamimn fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a =0.8,6 = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.3.
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Figure 6.14: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 2 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of&adtion 6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a=0.9,§ = 0.3 andn = 4. All system parameters are summarized in Tables 6.1 and 6.3.
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Figure 6.15: BER versus SNR per bit performance of the relay-assiste@DSIA downlink supporting’ =

11 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of sadbion 6.2.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a=0.9,§ = 0.3 andn = 4. All system parameters are summarized in Tables 6.1 and 6.3.
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Figure 6.16: BER versus the noise-suppression fagtgrerformance of the relay-assisted DS-CDMA down-

link supporting K = 11 MTs using the MRC-SUR of Subsection 6.3.1 and the TMMSE of
Subsection 6.2.3, when the D-channel and BR-channels iexgerRayleigh fading, while the
RM-channels experience Nakagamifading associated withh;, = 2 for L = 1,2,3. In our
simulationsm-sequences and random sequences of length 15 were empluyether parame-
terswerenn = 0.8,5 = 0.4, 7 = 3 and SNR=4 dB.
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Figure 6.17: BER versus the noise-suppression fagtgrerformance of the relay-assisted DS-CDMA down-
link supporting K = 11 MTs using the MRC-SUR of Subsection 6.3.1 and the TMMSE of
Subsection 6.2.3, when the D-channel and BR-channels iexgerRayleigh fading, while the
RM-channels experience Nakagamifading associated withh;, = 2 for L = 1,2,3. In our
simulationsm-sequences and random sequences of length 15 were empluyethar parame-
ters weren = 0.8,0 = 0.4, n = 3 and SNR=8 dB.
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Figure 6.18: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 11 MTs usingm-sequences for spreading and the MRC-SUR of Subsectioh, &Ben
the D-channel and BR-channels experience Rayleigh fadihte the RM-channels experience
Nakagamim fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a =0.8,6 = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.4.
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Figure 6.19: BER versus SNR per bit performance of the relay-assiste@DSIA downlink supporting’ =

11 MTs using random sequences for spreading and the MRC-SURilee8tion 6.3.1, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamim fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a =0.8,6 = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.4.
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Figure 6.20: BER versus SNR per bit performance of the relay-assistedCDSIA downlink supporting
K = 11 MTs usingm-sequences for spreading and the MSINR-MUC of Subsect®2 8ivhen
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamimn fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a=0.8,§ = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.4.
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Figure 6.21: BER versus SNR per bit performance of the relay-assiste@DSIA downlink supporting’ =
11 MTs using random sequences for spreading and the MSINR-M8Lilbsection 6.3.2, when
the D-channel and BR-channels experience Rayleigh fadihge the RM-channels experience
Nakagamimn fading associated withy;s = 2 for L = 1,2, 3, 4. In our simulations we assumed
a = 0.8, = 0.4 andn = 3. All system parameters are summarized in Tables 6.1 and 6.4.

n = 3. Itis observed from the results of Figures 6.12 and 6.13ttaBER performance can be
significantly improved in comparison to those in Figures @@ 6.7, which were recorded without
the effects of large-scale fading. Furthermore, using mele/s was capable of achieving a similar
(in the very low SNR region) or improved (low, medium and hi§KR regions) BER performance.
In addition, we can make similar observations in the conbéXigures 6.6 and 6.7, which are listed

below:

e regardless of the type of spreading sequences applied) tl@nMIRC-SUR or MSINR-MUC
for detection at the desired user would achieve a similar BEformance, whelh = 1 relay

was used for assisting the transmissions, due to the TDeahpli

e whenm-sequences were employed in the DS-CDMA downlink, usingMi$&#NR-MUC for
detection at the desired user would achieve a similar BERpaance to its counterpart using

the MRC-SUR scheme fat > 2;

e when random sequences were utilized in the DS-CDMA downluging the MSINR-MUC
scheme for detection at the desired user would achieve disarily better BER performance

than its counterpart using the MRC-SUR arrangementfor 2;
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¢ the BER performance of the DS-CDMA downlink usingsequences is better than that of its

counterpart employing random sequences.

Figures 6.14 and 6.15 show the BER versus average SNR pearformance of the DS-CDMA
downlink employing the MSINR-MUC of Subsection 6.3.2 at thesired MT and the TZF scheme
at the BS, when the DS-CDMA downlink supportéd = 2 and K = 11 MTs, respectively. The
simulation parameters used in Figures 6.14 and 6.15 wete0.9, 6 = 0.3 andn = 4, rather than
the values oty = 0.8, § = 0.4 andn = 3 used in Figures 6.12 and 6.13. It can be seen from the results
of Figures 6.14 and 6.15, together with those of Figures &ri®6.13 that the BER performance of
the DS-CDMA downlink using the parametersot= 0.9, § = 0.3 andn = 4 is better than that of its
counterpart using the parametersaof 0.8, 6 = 0.4 andn = 3. Note that the BER performance of
the relay-assisted DS-CDMA downlink is dependent not onlyte propagation pathloss, but also on
the specific power-sharing regime employed and on the rdlagegtion. As demonstrated previously,
when the propagation pathlossris= 4, the corresponding efficierity, §) parameters ar@.9,0.3).

By contrast, when the propagation pathlossg is 3, the corresponding efficiertty, §) parameters
are(0.8,0.4). In order to achieve the best possible BER performance y$ters parameters should
be adjusted based on the practical large-scale fadingoemagnt encountered.

In Figures 6.16 and 6.17, we investigate the effect of theewsuppression factorg, on the
achievable BER performance of the relay-assisted DS-CDMndink supportingK = 11 MTs
using the TMMSE scheme at the BS. Note that for the sake ofl&iitydn our simulations we applied
p=pr k=1,--- K. Furthermore, in our simulations both-sequences and random sequences of
length N = 15 were employed. The other simulation parameters wete 0.8, § = 0.4 andn = 3.
The SNR values considered in Figures 6.16 and 6.17 were 4 dB dB, respectively. As shown in
Subsection 6.2.3, when= 0, the TMMSE arrangement exploits no knowledge about thedrackd
noise and therefore it becomes identical to the TZF schenoen Ehe results of Figures 6.16 and 6.17,
we can infer the following observations. Firstly, therestxian optimunp value, which results in the
lowest BER. Secondly, the BER performance was rather iitsent the noise-suppression factpr,
whenm-sequences were used for spreading. By contrast, the BE®p@nce was more sensitive
to the p values, when random sequences were employed. Finallygvaghian increased diversity
gain can be guaranteed for-sequences, when the valueincreases. By contrast, a diversity loss
was experienced for random sequences and the BER curvesduimasequences converged, when
the value ofp was increased.

In Figures 6.18 and 6.19, we characterize the BER versuagee3NR per bit performance of
the DS-CDMA downlink employing the MRC-SUR of SubsectioB.&.at the desired MT and the
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TZF or TMMSE scheme at the BS, when the DS-CDMA downlink sufggbX = 11 MTs. In
our simulationsyn-sequences and random sequences were employed in Fig8rartl Figure 6.19,
respectively. The remaining simulation parameters wete 0.8, § = 0.4 andn = 3. It can be seen
from the results of Figures 6.18 and 6.19 that the BER perdioga of the relay-assisted DS-CDMA
downlink using both the TZF and the TMMSE arrangements wadai, whenm-sequences were
employed, due to the system'’s robustness to the specificelobithe noise-suppression faciorBy
contrast, when random sequences were employed, the BE®parice using the TMMSE scheme
is better than that of its counterpart using the TZF arrareggnm the low and medium SNR regions.
In Figures 6.20 and 6.21 we present the BER versus averagep8NRit performance of the
relay-assisted DS-CDMA downlink using the MSINR-MUC of Sabtion 6.3.2 at the desired MT
and the TZF or TMMSE scheme at the BS, when the DS-CDMA downdinpportedK’ = 11
MTs. The remaining simulation parameters of Figures 6.2D@G81 are the same as those employed
in Figures 6.18 and 6.19. It can be observed from the resfiligures 6.20 and 6.21 that the
BER performance of the relay-assisted DS-CDMA downlinknggboth the TZF and the TMMSE
schemes is similar, whem-sequences were used for spreading, which is also similfuateseen in
Figure 6.18. By contrast, when random sequences were eathltlye BER performance using the
TMMSE scheme was better than that of its counterpart usied #F arrangement, especially in the
low and medium SNR regions fdt < 3. However, when the number of relays was increased to
L = 4, the BER performance using the TMMSE arrangement was wbese that using the TZF

scheme.

6.5 Conclusions

Transmitter preprocessing provides an attractive destgmative to the classic receiver-based MUD
techniques, rendering the MT simple and power-efficientiovs transmitter preprocessing schemes
have been proposed based on the the essential assumptifulltbiapartial knowledge of the CSl is
available at the BS transmitter, which may be valid in TDDiegss or even in FDD system, provided
that the necessary CSl feedback from the MT to the BS can be madable. However, the similarity
of the downlink and uplink channels may not be automaticsgdlijsfied within TDD systems. In this
case the feeding channel estimate from the MT to the BS isngtilessary. In FDD systems, the
assumption that this CSI feedback is available at the BSiémphat the channel estimate of the
downlink has to be obtained at the MT, which can be employeetctly at the MT for its detection.
The CSI feedback delay experienced at the BS may be avoidédive aid of feeding the past CSI
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TZF (K =2) SNR
MRC-SUR L=1]| L=2 ]| L=3] L=4
m-sequences 20.2dB| 16.8dB| 15.6 dB| 15.0dB| Figure 6.4

Random sequences 20.5dB| 18.2dB| 17.5dB| 17.3 dB| Figure 6.4

TZF (K =11) SNR
MRC-SUR L=1]| L=2 ]| L=3] L=4
m-sequences 20.6dB| 17.2dB| 15.9dB| 15.3dB| Figure 6.5

Random sequences 26.9 dB | 24.5dB| 23.9dB| 23.7 dB| Figure 6.5

TZF (K =2) SNR
MSINR-MUC L=1]| L=2 ]| L=3] L=4
m-sequences 20.1dB| 16.7dB| 15.5dB| 14.9dB| Figure 6.6

Random sequences 20.5dB| 17.1dB| 15.9dB| 15.5dB| Figure 6.6

TZF (K =11) SNR
MSINR-MUC L=1]| L=2 ]| L=3] L=4
m-sequences 20.5dB| 17.1dB| 15.8dB| 15.2dB| Figure 6.7

Random sequences 26.8 dB | 23.2dB| 21.8dB| 21.2 dB| Figure 6.7

TMMSE (K = 11) SNR
MRC-SUR L=1 | L=2 | L=3 | L=4
m-sequences 20.6dB| 17.2dB| 15.9dB| 15.3dB| Figure 6.8

Random sequences 25.7 dB | 23.2dB| 23.2dB| 23.7 dB| Figure 6.9

Table 6.5: SNR values required at BER&* in the relay-assisted DS-CDMA downlink using transmitte-p
processing for transmission over Nakagamfading channels in the absence of large-scale fading
in the context of the TZF scheme and the TMMSE arrangememrithass two detection schemes,
namely the MRC-SUR of Subsection 6.3.1 and the MSINR-MUC wfs®ction 6.3.2. The val-
ues were extracted from Figures 4.8-4.11, while the cooreding experimental conditions were
summarized in Tables 6.1-6.2.

estimates into a long-range prediction.

In this chapter we have proposed and investigated a rekigted DS-CDMA downlink scheme,
where the downlink MUI is efficiently suppressed by the TZResne of Subsection 6.2.2 or the
TMMSE arrangement of Subsection 6.2.3 carried out at theTBi®. proposed transmitter prepro-
cessing schemes require the knowledge of the spreading obdiee MTs to mitigate the downlink
MUI, but they require no CSI feedback from the relays or theirdel MTs. In this chapter we have
investigated the BER performance of the relay-assistedCD$A downlink for transmission over
generalized Nakagamir fading channels both in the absence and presence of patinbss the
TZF or the TMMSE scheme was employed at the BS. At the desirédwé have assumed that
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TZF SNR
MRC-SUR L=1]| L=2 ]| L=3] L=4
m-sequences 15.0dB| 9.6dB | 7.8dB | 6.8dB | Figure 6.11

Random sequencegs21.2dB| 16.5dB| 14.5dB| 13.4 dB| Figure 6.11

TZF SNR
MSINR-MUC L=1]| L=2 | L=3] L=4
m-sequences 15.0dB| 9.5dB | 7.7dB | 6.7 dB | Figure 6.13

Random sequencegs21.2dB| 15.0dB| 12.3dB| 11.1 dB| Figure 6.13

TMMSE SNR
MRC-SUR L=1]| L=2 | L=3] L=4
m-sequences 15.0dB| 9.6dB | 7.8dB | 6.8dB | Figure 6.18

Random sequencegs20.7 dB | 15.2dB| 13.4dB| 12.5dB| Figure 6.19

TMMSE SNR
MSINR-MUC L=1]| L=2 | L=3] L=4
m-sequences 15.0dB| 9.5dB | 7.7dB | 6.7 dB | Figure 6.20

Random sequencegs20.7dB| 13.8dB| 11.9dB| 11.4 dB| Figure 6.21

Table 6.6: SNR values required at BER&~* in the relay-assisted DS-CDMA downlink supportiAg= 11
MTSs using transmitter preprocessing for transmission badtagamim fading channels in the pres-
ence of large-scale fading in the context of the TZF schenteubsection 6.2.2 and the TMMSE
arrangement of Subsection 6.2.3 based on two detectiomssh@amely the MRC-SUR of Subsec-
tion 6.3.1 and the MSINR-MUC of Subsection 6.3.2. The valuere extracted from Figures 6.11,
6.13 and 6.18-6.21. The corresponding simulation paraseterea = 0.8, 6 = 0.4 andn = 3, as
summarized in Tables 6.1 and 6.3-6.4.

the signals received from the D-channel and the RM-chawets combined based on the MRC of
Subsection 6.3.1 or the MSINR scheme of Subsection 6.3.2.

The main features of the relay-assisted DS-CDMA downlinksidered were shown in Table 6.1.

In our simulations, bothn-sequences and random sequences have been employed &atiispria
order to compare the interference-mitigation capabilityth® proposed transmitter preprocessing
schemes. We have first made the simplifying assumption fleatdmmunications channels consid-
ered experience fast fading in the absence of propagatitiopa. The simulation results under this
assumption were plotted in Figures 6.4-6.9, while the epwading system parameters were sum-
marized in Table 6.2. Then, we have applied the more reabsisumption that the communications
channels experience both fast fading and propagationgssthiThe achievable BER performance
comparisons of using random sequencesranrskequences for DS spreading have been recorded in

Figures 6.10-6.15, while the associated system parameseessummarized in Table 6.2. By contrast,
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the attainable BER performance of the TZF and the TMMSE selsenere shown in Figures 6.18-
6.21, and the corresponding system parameters were list€édble 6.3. In Figures 6.16-6.17 the
effect of the noise-suppression facteron the achievable BER performance of the relay-assisted
DS-CDMA downlink considered were investigated, when défeé number of relays were employed.
Tables 6.5-6.6 present the SNR valued required for achjexitarget BER ofl0~* in the context of

the TZF scheme and the TMMSE arrangement of our proposedecatiye system downlink in the
absence and presence of large-scale fading, respectireiy our study provided in this chapter, the

following conclusions can be drawn:

e When random sequences were employed for DS spreading, thdSBVscheme was gener-
ally capable of achieving a better BER performance than #f drrangement in the low and
medium SNR regions, as shown in Figure 6.9 as well as in Fsg6uEd and 6.21. By contrast,
whenm-sequences were utilized for DS spreading, the two scheamesvad similar BER per-
formances over the entire SNR region considered, as deratetstin Figure 6.8 as well as in
Figures 6.18 and 6.20.

e The BER performance was fairly insensitive to the specificiad of the noise-suppression
factor p, whenm-sequences were used, but it was more sensitive, when rasdquences

were applied. This can be observed with the aid of Figure8-6.17.

e When power-sharing was applied associated with takingaotount the locations of the relays,
the BER performance of the relay-assisted DS-CDMA downtioksidered was significantly
improved, as shown Figures 6.10-6.15 as well as in Figuli&6.21.

e Our relay-assisted transmitter preprocessing schemg®$ed in this chapter are capable of

substantially mitigating the downlink MUI, thus achievibgneficial relay diversity.

In our study provided in this chapter, we have assumed thabperative cluster was interference
free from other clusters. The results of our study can bectyr@pplied to the scenarios where the
inter-cluster interference may be approximated by Ganssigse. The study of this chapter can also
be readily generalized to the scenarios considering theGarssian inter-cluster interference, which

constitutes our future work.



Chapter

Conclusions and Future Work

In this final concluding chapter, a summary of the thesis & firesented in Section 7.1. Then, our

recommendations for future research are provided in Seétd.

7.1 Summary and Conclusions

In this thesis we have proposed and investigated relagtadsDS-CDMA systems, where each MT
may be assisted by several other MTs acting as relays fopliskuor downlink transmission. In
our investigation we have assumed that the communicatibasnels experience both propagation
pathloss and Nakagami-fast fading. When propagation pathloss is consideredjeititranmission
power sharing between the source transmitters and thesraitilized in order to achieve the best
attainable BER performance.

We have commenced in Chapter 2 with a detailed review ofaélatork on cooperative diver-
sity. We have focused our attention on the pioneering wortepetition-based cooperation schemes,
which may be combined with both the AF and DF methods. Thelfamfitoded cooperation schemes
combined with channel coding has also been discussed. Tmb®egpecific, in Chapter 2 a survey of
the repetition-based cooperation schemes has been cautiedthich includes the user cooperation
schemes proposed by Sendonatisl. in [2], the TDMA-based cooperative protocols advocated by
Nabaret al. in [64], the multi-relay-assisted diversity scheme ssige by Angheket al. in [37],
the orthogonal cooperative diversity scheme of Mahintbaal [56, 74] and the low-complexity
cooperative protocols pioneered by Lanenedral in [15, 19]. Following the repetition-based co-

operation schemes, a brief introduction to the coded cabiparschemes proposed by Hunétral.

216



7.1. SUMMARY AND CONCLUSIONS 217

in [70] has also been provided. Finally, in Chapter 2 simakatesults have been provided in order to
investigate the achievable BER performance of the codperathemes considered. It was shown in
Section 2.3 that both the AF- and DF-based cooperation sehanme capable of achieving relay diver-
sity gain. However, the BER performance of the repetitiasda cooperation schemes may degrade,
if the channel quality between the cooperating partneraspmor. By contrast, coded cooperation
schemes are capable of achieving improved BER performamed¢odthe integration of error-control

coding.

In Chapter 3 we have proposed and investigated a relayes&S-CDMA uplink scheme in the
context of a single-user scenario, where an MT communiegitbsts serving BS with the assistance
of multiple relays. In our investigations we have first assdnthat the communications channels
experience fast fading and that the channels spanning fnensdurce MT to both the BS and the
relays as well as those linking the relays to the BS may egpee different Nakagamiz distri-
butions associated with different fading parameters. tteoto demonstrate the dependence of the
achievable BER performance on the specific locations ofdlays and on the power-sharing among
the source MT and relays, we have considered realistic conimations channels experiencing both
propagation pathloss and fast fading. In Section 3.3 we baweidered both single-user combin-
ing (SUC) employing maximal ratio combining (MRC) and mudter combining (MUC) in order to
recover the received signals at the BS. Our results wereatkbased on either the maximum signal-
to-interference-plus-noise ratio (MSINR) or the minimurnean-square error (MMSE) criterion. In
Figures 3.7-3.28 of Section 3.4, a range of simulation teshadve been provided to characterize the
BER performance of the relay-assisted DS-CDMA uplink iragkcooperation. Table 3.1 has shown
the main features of the DS-CDMA uplink considered. Theaygbarameters used for generating the
simulation results of Section 3.4 have been summarizedbfe$a.1-3.3 as well as in Tables 3.7 and
3.11. It can be concluded from the results of Figures 3.7-tat when the communications chan-
nels experience Nakagami-fading, relay diversity can be achieved after the interfeeecamong the
relays is efficiently mitigated with the aid of the technigyaroposed in Section 3.3. However, if
the average SNR per bit is too low, no diversity gain can beajuaed and the BER performance
recorded when using an increased number of relays may eggadie as indicated in Figures 3.7-
3.11. By contrast, if the communications channels are asdum experience realistic propagation
pathloss in addition to the previously stipulated Nakagamfiast fading, the achievable diversity
gain can be significantly improved, provided that efficieoivpr-sharing is utilized, as portrayed in
the results of Figure 3.16 as well as in the context of Fig@r2%-3.28. Furthermore, our simulation

results seen both in Figure 3.16 and in Figures 3.21-3.28 slaown that using more relays is capable
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of achieving an improved BER performance, when efficientgrasharing is employed.

In Chapter 4 we have extended the single-user multipler@&ided scenario studied in Chapter 3
to a multi-user multiple-relay scenario. In this chapteo thfferent cooperation strategies have been
proposed based on how the relays are assigned to the souiseSyécifically, according to the first
cooperation strategy, namely Cooperation Strategy | afi@ed.3, we have assumed that each source
MT is assisted by, separate relays. Therefore the DS-CDMA system employirgycboperation
strategy requires a total df L relays in order to suppotk” source MTs. Since this cooperation
strategy may require more relays than the total number aysedvailable, Cooperation Strategy Il of
Section 4.4 has been proposed. In this cooperation stratbdglye X source MTs share a set bfre-
lays. Hence, Cooperation Strategy Il is capable of circurting the problem of having an insufficient
number of relays, as encountered by Cooperation Stratégyolr investigation of Subsection 4.3.1
the MMSE detector has been proposed for employment at ekshinethe context of Cooperation
Strategy |. For Cooperation Strategy Il the signals reckbsethe relays are directly forwarded to the
BS without data demodulation, as demonstrated in Subsettibl. Therefore, Cooperation Strategy
I exhibits a significantly more complex system structurent@@moperation Strategy Il, since each of
the K L relays of Cooperation Strategy | carries out MMSE detectidmile the relays of Cooperation
Strategy Il are operated in the low-complexity AF mode, veheo despreading and data detection is
employed. Furthermore, it can be shown that Cooperaticate®fy |l does not violate the privacy of
the source MTSs, since no information extraction is requatethe relays. Figures 4.22-4.24 demon-
strate that when the MUI is not mitigated, the relay divgrgiin may be entirely eroded by the MUI.

By contrast, a useful diversity gain can be achieved, pexVithat the MUI is efficiently suppressed.

From Chapter 5 onwards, we have focused our attention orethg-assisted DS-CDMA down-
link. According to the principle of transmit diversity, folownlink transmissions, multiple transmit
antennas may be employed at the BS in order to boost the atiéegownlink performance. How-
ever, while employing multiple antennas that are suffityjeseparated across space at the BS results
in achieving a useful transmit diversity gain, it is unabbecbunteract the effects of propagation
pathloss. By contrast, as discussed in the previous clsaptdren intermediate relays are chosen
between the BS and the MTs, the longer propagation paths mdivided into several shorter prop-
agation segments. Furthermore, when a relay is chosen widimity of a desired MT, the distance
between the desired MT and the relay can be significantlytshtran that between the desired MT
and the BS. Consequently, the transmission power to beaddlddor such a relay can be low com-
pared to that for the BS. Therefore, in this cooperativermegihe total transmission power of the

DS-CDMA downlink may be significantly reduced or its BER merhance may be substantially im-
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proved by appropriately sharing the total power within thie time-slots. Therefore in Chapter 5, we
have investigated the attainable BER performance of tlag+&$sisted DS-CDMA downlink, where
each MT is aided by several other MTs in order to achieve rdtagrsity. In the relay-assisted DS-
CDMA downlink, we have assumed that the BS employs a singlestnit antenna. Furthermore,
the MMSE MUD has been applied at each relay in order to mitighe multiple-access interfer-
ence (MAI). Finally, at the destination MTs, two differeppes of detection algorithms have been
considered, which were derived based on the MRC or the MSIitRiple. Our study and simula-
tion results provided in Chapter 5 show that relay divensigy only be achievable in the DS-CDMA
downlink, when the downlink MUI experienced at both the MTig aelays are efficiently suppressed.
In Chapter 6 we have proposed and investigated a relajeddkS-CDMA downlink system,
which uses transmitter preprocessing for the sake of aicigeelay diversity. In the proposed relay-
assisted DS-CDMA system the downlink MUI imposed on they®land on the destination MTs
is suppressed with the aid of the ZF or MMSE transmitter regssing scheme carried out at the
BS. The proposed transmitter preprocessing schemes aqjreethe knowledge of the spreading
codes uniquely assigned to the destination MTs, but requoreaformation from the relays. Fur-
thermore, the transmitter preprocessing schemes reqoikmawledge of the channels between the
BS transmitter and the destination MTs. Therefore, our @sef transmitter preprocessing schemes
have the lowest possible complexity. In this chapter, weehiavestigated the BER performance of
the relay-aided DS-CDMA downlink for transmission over geatized Nakagamir fading channels
both in the presence and in the absence of propagation pathlsom our analysis and simulation
results we may conclude that, when the TZF scheme of Subee6il.2 is employed, the relays
are free from MUI. By contrast, when the TMMSE scheme of Sotise 6.2.3 is employed, the
relays suffer from residual interference, which may degrde achievable BER performace in the
high SNR region. However, the TZF scheme enhances the makgmoise, while the TMMSE
arrangement is capable of suppressing the effects of bethdbkground noise as well as those of
the MUI. Hence the TMMSE scheme may significantly outperfone TZF arrangement in the low
SNR region. Furthermore, our study demonstrated that ilagrsity could be achieved, following

the efficient suppression of the MUI using either the TZF erTMMSE scheme.

7.2 Recommendations for Future Research

In this section we provide suggestions for potential furesearch.

¢ In this thesis, we have mainly focused our attention on theljaeof repetition-based coopera-
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tion schemes, which include the AF and DF modes. Our res@aagtbe extended by invoking
various more efficient cooperation schemes. For exampdesdlective relaying scheme pro-
posed in [19] may be employed to allow the relays to adopt themsmission regime based on
the estimated quality of the transmission over the charbretiseen the source transmitter and
the relays. Furthermore, as indicated by the simulationltesf Figures 2.21-2.22 in Chap-
ter 2, the DF mode may outperform the AF mode in terms of théesahle BER performance,
when the quality of the channel between the source traremdtid the relay is reasonable.
However, the BER performance of the DF mode may be significaeigraded, if channel be-
tween the source transmitter and the relay is poor. Re¢eafyrelaying schemes [247-253]
have been proposed as novel relay strategies in order tmvmhe attainable BER perfor-
mance of the cooperative system by regenerating signatasplithout loss of soft informa-
tion. Therefore, DS-CDMA systems using soft relaying sceemay become a research area
of interest in order to improve the achievable BER perforoealmeneficially from both the AF

and DF modes.

In the relay-assisted DS-CDMA downlink employing trangeritpreprocessing, which has
been studied in Chapter 6, we have assumed that there isantenence between the clusters
of cooperation. Our study in this context can be generaligedonsidering the more realistic

scenario of having inter-cluster interference.

In this thesis, for simplicity, we have assumed that the comoations channels experience
flat fading. It is well known that DS-CDMA signals may be sudtj¢o frequency-selective
fading due to using a wide transmission bandwidth [148, 25#erefore, our work can be
extended to communications scenarios where the DS-CDM#akigexperience frequency-
selective fading. Alternatively, our schemes proposed beaglirectly applied to more realistic
frequency-selective fading channels, when the genedhalizelticarrier direct sequence code-
division multiple-access (MC DS-CDMA) schemes [148, 143:2256] are introduced in order
to convert the frequency-selective fading channels intarae of parallel multicarrier sub-

channels experiencing flat fading.

For simplicity, in this thesis we have assumed that all thayse which are chosen from the
MTs in the vicinity of a destination receiver, obey the sammegraphical characteristics. We
have also assumed that the channels between the souramittangand the relays as well as
those between the relays and the destination receiver depemdent. Furthermore, we have

assumed that there is no cooperation among the relays. Howieéwmay be interesting to
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investigate the overall achievable performance of a cativersystem by considering different
relay topologies as well as by allowing the coordinationedéys. It would also be interesting
to extend our study to a hybrid cellular/ad-hoc DS-CDMA sys{257—-261].

e Other interesting future research areas related to the predented in this thesis may include
the application of error-control coding [262,263], spéicee processing [264,265], distributed
space-time spreading [266—269], etc, in cooperative D$ABBystems.



Glossary

2G

3G

AF
AGC
ARQ

AWGN(S)

BER
BPSK
BR-channel

BS(s)

CC
CCF
CDMA

CIR

second-generation

third-generation

amplify-and-forward
automatic gain control
automatic-repeat-request

additive white Gaussian noise(s)

bit error ratio
binary phase-shift keying
a channel connecting the base station with a relay

base station(s)

coded cooperation
cross-correlation function
code-division multiple-access
channel impulse response
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CRC

CSlI

dSNR

D-channel

DF

DS-CDMA

FDD

FDMA

FEC

GPRS

GSM

ISNR

ICI

ISI

U1

IURI

LCMV

LOS

MA

cyclic redundancy check

channel state information

differential signal-to-noise ratio
a channel directly connecting the base station with a mabitainal
decode-and-forward

direct sequence code-division multiple-access

frequency-division duplex
frequency-division multiple access

forward error-correcting

General Packet Radio Service

Global System for Mobile Communications

interuser signal-to-noise ratio
inter-channel interference
inter-symbol interference
inter-user interference

inter-user relay-induced interference

linear constrained minimum variance

line-of-sight

multiple-access
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MAI multiple-access interference

MC DS-CDMA multicarrier direct sequence code-division multipleesx

MF matched-filter

MIMO multiple-input multiple output

ML maximum likelihood

MMSE minimum mean-square error

MPDR minimum power distortionless response
MRC maximal ratio combining

MRRC maximal-ratio receiver combining

MSINR maximum signal-to-interference-plus-noise ratio
MT(s) mobile terminal(s)

MUC multiuser combining

MUD multiuser detection

MUT multiuser transmission

MVDR minimum variance distortionless response
PDF(s) probability density function(s)

PN pseudo noise

PSD power spectral density

PSK phase shift keying

QoS quality of service

QPSK guadrature phase-shift keying
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RM-channel a channel connecting a relay to a mobile terminal
SER symbol error ratio

SINR signal-to-interference-plus-noise ratio

SNR signal-to-noise ratio

SucC single-user combining

SUR single-user receiver

TD time-division

TDD time-division duplex

TDMA time-division multiple-access

TMMSE transmitter minimum mean-square error

TZF transmitter zero-forcing

VAA virtual antenna array

ZF zero-forcing
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