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Doctor of Philosophy

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

by Wei Fang

In relay-assisted direct-sequence code-division multiple-access (DS-CDMA) systems, the dis-

tance between the relay and the destination receiver may be significantly shorter than that between

the source transmitter and the destination receiver. Therefore, the transmission power of the relay

may be significantly reduced in comparison to that of the source transmitter. In this thesis, we inves-

tigate the dependence of the achievable bit error ratio (BER) performance of DS-CDMA systems on

the specific locations of the relays as well as on the power-sharing among the source transmitters and

relays, when considering different propagation pathloss exponents.

This thesis is focused on the class of repetition-based cooperation aided schemes, including both

amplify-and-forward (AF) as well as decode-and-forward (DF) schemes, with an emphasis on low-

complexity AF schemes. In our study, the signals received atthe destination receiver from the source

transmitters as well as from the relays are detected based ona range of diversity combining schemes

having a relatively low-complexity. Specifically, the maximal ratio combining (MRC), the maxi-

mum signal-to-interference-plus-noise ratio (MSINR) andthe minimum mean-square error (MMSE)

principles are considered.

We propose a novel cooperation aided DS-CDMA uplink scheme,where all the source mobile

terminals (MTs) share a common set of relays for the sake of achieving relay diversity. As shown in

our study, this low-complexity AF-based cooperation strategy is readily applicable to the challenging

scenario where each source MT requires the assistance of several separate relays in order to achieve

relay diversity.

Another novel cooperation scheme is proposed for the downlink of DS-CDMA systems, where the

downlink multiuser interference (MUI) is suppressed with the aid of transmitter preprocessing, while

maintaining the relay diversity order facilitated by the specific number of relays employed, despite

using simple matched-filter (MF) based receivers. The transmitter preprocessing schemes considered

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



iv

of linear transmitter preprocessing schemes. Furthermore, these transmitter preprocessing schemes

are operated under the assumption that the base station’s transmitter employs explicit knowledge

about the spreading sequences assigned to the destination MTs, but requires no knowledge about

the downlink channels. Our study demonstrates that the proposed relay-assisted DS-CDMA systems

using transmitter preprocessing are capable of substantially mitigating the downlink MUI, despite

using low-complexity MF receivers.
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(k)
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dTB : The distance between the transmitter and the BS.
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IIIn: The(n×n)-element identity matrix.
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n(t): The AWGN added to the transmitted signal.

N : The spreading factor.

N0: Single-sided power spectral density of White noise.

P0: The total transmitted power required for transmitting a single bit.
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Pkt: The power transmitted by thekth MT during the first time-slot.
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R: The coding rate.
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transmitted power for transmitting a single bit.

δ: The normalized distance between the relay and the destination receiver.

η: The pathloss exponent.

φk: The initial phase angle associated with the carrier modulation.

ψTc(t): The chip-waveform.
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γ0: The instantaneous SNR of the D-channel.
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γrl: The instantaneous SNR of thelth RB-channel.
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Chapter 1
Introduction

1.1 Research Background and Motivation

Diversity techniques can be beneficially adopted in wireless communications systems in order to

mitigate the detrimental effects of wireless channels by exploiting the diversity gain provided by the

independently faded diversity branches. In cellular wireless communications, multiple antennas may

be deployed at the base station (BS) in order to achieve spatial diversity at no extra transmission

time and bandwidth expansion requirement. However, it is usually not feasible to employ multiple

antennas at the mobile terminals (MTs) due to the size and signal processing constraints of the MTs.

In wireless communications systems, geographically distributed MTs may cooperate with each other

in order to achieve transmit/receive diversity in uplink/downlink transmissions by creating a virtual

antenna array (VAA). The diversity achieved by the cooperation of MTs is referred to as cooperative

diversity [2,14–31], which achieves spatial diversity.

The basic ideas behind cooperative communications can be traced back to the classic relay chan-

nels, as modelled in Figure 1.1 and originally examined by van der Meulen [32, 33]. Cover and El

Gamal [34] have evaluated the capacity of both the Gaussian relay channel and the discrete relay

channel. Furthermore, in [34] the achievable lower bound tothe capacity of the general relay channel

has also been established. Ktameret al. [35] have considered several coding strategies for relay-aided

networks, including both decode-and-forward (DF) and the compress-and-forward (CF) strategies as

well as their combinations. The distinctive property of relay-aided networks in general is that certain

terminals, referred to as ‘relays’, receive, process and re-transmit the information-bearing signals of

interest in order to improve the performance of the system. Specifically, cooperative diversity allows

2
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Figure 1.1: Illustration of a fading relay channel.

single-antenna MTs operating in a multi-user scenario to share their antennas, creating a VAA so as

to achieve spatial diversity in a distributed fashion. In more detail, a cooperative transmission aided

system is constituted by a set of wireless terminals, which transmit signal replicas over multiple inde-

pendently fading channels in the network. These independently faded signal replicas may allow the

distant receiver to average out the channel-induced received signal fluctuations resulted from various

types of fading. Therefore, cooperative diversity is achieved by exploiting the broadcast nature of the

wireless transmission medium, where the transmitted signals can be received and processed by any

number of terminals, provided that these terminals acquired and hence employ the knowledge nec-

essary for the demodulation of the transmitted signals. Consequently, in wireless communications,

instead of transmitting signals independently to their intended destinations, different MTs may listen

to each other’s transmissions and jointly transmit their information [17,36–41] to the BS, as shown in

Figure 1.1. For example, in the simple relay-assisted cooperative diversity aided scheme [17, 36–41]

shown in Figure 1.1, the data transmitted by a source terminal may be first demodulated and then

forwarded to the destination terminal by a cooperating terminal, namely the relay terminal. In this

context, cooperative diversity is usually referred to as relay diversity.

Code-division multiple-access (CDMA) [42, 43] is one of thekey techniques in the global stan-

dards employed for 3G wireless communications, such as CDMA2000 [44], W-CDMA [45] and TD-

SCDMA [46], defined by the International TelecommunicationUnion (ITU). It is likely to remain a

dominant multiple-access (MA) technique in the B3G and 4G wireless networks. In contrast to time-
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division multiple-access (TDMA) or frequency-division multiple-access (FDMA) systems, where the

time or frequency dimension is partitioned among the users,in CDMA systems all the users transmit

their signals at the same time within the same frequency bandwith the aid of the unique spreading

codes assigned to different users. Furthermore, since there is no need for precise time or frequency

coordination among the users, the users in CDMA systems can transmit asynchronously without

the requirement for an accurate tranmission scheduling. Indirect-sequence code-division multiple-

access (DS-CDMA) systems, relay diversity can be achieved by the cooperation of a number of MTs.

This thesis aims for contributing to the development of cooperative DS-CDMA systems, where both

uplink and downlink transmissions are considered. Variouscooperation strategies are proposed for

the relay-assisted DS-CDMA systems considered, which are capable of substantially improving the

performance of the uplink/downlink transmissions. Furthermore, a wide range of high-efficiency de-

tection/transmission schemes are invoked. The performance of the relay-assisted DS-CDMA systems

considered is investigated by both analysis and simulation. The 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.

• Chapter 2: In this chapter we provide an overview of the related work on cooperative diversity.

Specifically, we focus our attention on the family of repetition-based cooperative schemes and

coded cooperation. The repetition-based cooperative schemes considered may be configurated

either in the amplify-and-forward (AF) or the decode-and-forward (DF) mode of operation.

The coded cooperation schemes are associated with channel coding. For each specific cooper-

ative scheme considered, a brief problem formulation and performance analysis are presented.

Finally, simulation results are provided for characterizing the achievable performance of the

cooperative schemes invoked.

• Chapter 3: In this chapter we commence our discourse by studying a relaydiversity scheme

designed for the DS-CDMA uplink supporting a single user, where the user is assisted by

several relays. In the proposed relay diversity scheme, cooperation is based on time-division

(TD), where each symbol-duration is divided into two time-slots. During the first time-slot, the

source MT transmitter transmits signals to both the relays and the BS, while within the second

time-slot the relays transmit their signals received from the source MT in the first time-slot
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to the BS. Specifically, in this chapter the BER performance of the relay-assisted DS-CDMA

uplink is investigated for transmission over generalized Nakagami-m fading channels, where

the signals transmitted from the source MT to the relays and the BS, as well as those from

the relays to the BS receiver may experience differently distributed fading. The simplifying

assumption of considering fast fading only in the absence ofpropagation pathloss is stipulated

as a first step in our investigations. In this chapter the BER performance of the proposed relay-

assisted DS-CDMA uplink system is also investigated in conjunction with appropriate power

allocation, when the effects of both propagation pathloss and fast fading are considered. Three

types of detection schemes are invoked. The first one is a maximal ratio combining (MRC)-

assisted single-user receiver (SUR) scheme, which maximizes the output signal-to-noise ratio

(SNR) without taking into account the interference among the relays. By contrast, the other

two detection schemes are the multiuser combining (MUC) schemes, which are capable of

suppressing the interference experienced by the relays. Specifically, one of the MUC schemes

is the maximum signal-to-interference-plus-noise ratio (MSINR) arrangement, while the other

one is derived by minimizing the mean-square error between the transmitted data and the soft

outputs of the linear combiners, which is referred to as the MMSE-MUC.

• Chapter 4: The single-user multiple-relay aided scenario studied in Chapter 3 is extended to

the DS-CDMA uplink system supporting multiple users. In ourstudy, again, the generalized

Nakagami fading channel model is considered in the presenceor absence of large-scale fading.

Specifically, in this chapter two different cooperation strategies are proposed and investigated

based on how the relays are assigned to the source MTs. In the context of the first cooperation

strategy, which is referred to as Cooperation Strategy I, each source MT is assisted byL sepa-

rate relays and therefore the DS-CDMA system requires a total of KL relays for supportingK

source MTs. Hence, this cooperation strategy may require anexcessive number of relays, when

the value ofK and/orL is high. In fact, the required number of relays may not be readily avail-

able. Hence, in our second cooperation strategy, which is referred to as Cooperation Strategy

II, each relay serves several source MTs for the sake of achieving relay diversity. Furthermore,

in this chapter, two low-complexity detection schemes, namely the MRC-assisted SUR and the

MSINR-assisted MUC are invoked at the BS. Additionally, in the context of Cooperation Strat-

egy I, the MMSE-based multiuser detection (MUD) is employedat each relay for processing

the signals. By contrast, according to Cooperation Strategy II, the signals received at the relays

are directly forwarded to the BS without demodulation.
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• Chapter 5: In this chapter, the BER performance of the relay-assisted DS-CDMA downlink is

investigated for transmission over generalized Nakagami fading channels both in the presence

and in the absence of large-scale fading. We assume that the BS has a single transmit antenna

and each MT is aided byL relays during their downlink transmission. The MMSE-MUD is

applied at each relay to mitigate the multiple access interference (MAI). Finally, the signals

received at the destination MT are combined based on either the MRC-SUR or the MSINR-

MUC operation.

• Chapter 6: In this chapter we propose and investigate a relay-assistedDS-CDMA downlink

system, where transmitter preprocessing is employed in order to achieve relay diversity. In

the proposed relay-assisted DS-CDMA scheme the downlink multiuser interference (MUI) im-

posed on the relays and the MTs is suppressed with the aid of the zero-forcing (ZF) or MMSE

transmitter preprocessing applied at the BS. In order to reduce the implementation complexity

of transmitter preprocessing, we assume that the BS exploits only the knowledge of the spread-

ing codes of all the MTs, but assumes the availability of no further information gleaned from

the relays. Furthermore, we assume that the transmitter preprocessing employed does not make

use of any information concerning the channels spanning from the BS transmitter to the MTs.

In this chapter the BER performance of the relay-aided DS-CDMA downlink using transmitter

preprocessing is investigated for transmission over generalized Nakagami-m fading channels

in the presence or absence of propagation pathloss. Finally, the signals received at the destina-

tion MTs are combined based on the MRC-SUR or MSINR-MUC principle, as in the previous

chapters.

• Chapter 7: Finally, in Chapter 7 we summarize the thesis and provide ourconclusions. Fur-

thermore, in this chapter recommendations for future research are also provided.

The novel contributions of the thesis can be summarized as follows.

• The BER performance of the relay-assisted DS-CDMA uplink isinvestigated for transmission

over various fading channels [47,48]. In our investigations, we assume that the channels span-

ning from the source MTs to the BS and relays as well as those from the relays to the BS may

experience different fading profiles, which are modelled byNakagami-m distributions associ-

ated with different fading parameters.

• The BER performance of the relay-assisted DS-CDMA uplink isinvestigated, when the com-

munications channels experience both propagation pathloss and fast fading [49–51]. We as-
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sume a cooperative system, where the relays are chosen in thevicinity of the BS. In this case,

the distance between the relays and the BS may be significantly shorter than that between the

source MTs and the BS. Therefore, the transmission power required by the relays may be low

due to the less severe propagation pathloss. Consequently,the total transmission power required

for transmitting a single bit may be beneficially shared between the two time-slots so that the

best BER performance can be achieved. Therefore, the impactof the power-allocation among

the source MTs and relays as well as the influence of the relays’ location on the achievable

BER performance of the relay-assisted DS-CDMA uplink is also investigated [49–51].

• In DS-CDMA systems, each user is distinguished by his/her unique spreading code. Hence, a

single relay may serve many MTs in order to assist them to achieve relay diversity, provided that

the relay has a sufficiently high power for transmission to the corresponding BS. In this thesis

a low-complexity AF-based cooperation scheme is proposed for the relay-assisted DS-CDMA

uplink [49, 50, 52] and we refer to this as Cooperation Strategy II. This cooperative scheme is

beneficial in the scenario where more relays are required than the number of available ones.

• A cooperation scheme designed for the DS-CDMA downlink is proposed, where the downlink

MUI is suppressed with the aid of transmitter preprocessingcarried out at the BS [53, 54]. In

this cooperation scheme, the MUI within the first time-slot is mitigated with the aid of ZF or

MMSE transmitter preprocessing. By contrast, the inter-relay interference within the second

time-slot can be suppressed with the aid of various MUD schemes operated at the MTs. Note

that in our proposed low-complexity cooperation aided schemes, the transmitter preprocessing

is only dependent on the knowledge of the spreading sequences assigned to the destination

MTs, but requires no knowledge about the downlink channels.

• In this thesis, the performance of relay-assisted DS-CDMA systems is investigated, when vari-

ous low-complexity detection schemes are invoked [47–55].The detection schemes considered

include the MRC-SUR, the MSINR-MUC, the MMSE-MUC, etc. The BER performance of

the relay-assisted DS-CDMA systems associated with various cooperation schemes and diverse

detection schemes is investigated, when the channels encountered may experience propagation

pathloss and different types of fast fading modelled by generalized Nakagami fading associated

with different fading parameters.



Chapter 2
Overview of Cooperative Wireless

Communications

2.1 Introduction

Transmission over wireless channels suffers from fading, which can be mitigated by the employment

of various diversity techniques [21,24,28,37,38,41,56–58]. In wireless communications, diversity is

achieved by effectively combining a signal’s copies that experience independent fading in time, fre-

quency and/or space, which are correspondingly referred toas temporal diversity, frequency diversity

and spatial diversity, respectively [59–64]. In particular, spatial diversity is generated by transmit-

ting/receiving signals from geographically separated locations, so that multiple independently faded

replicas of a signal are available at the receiver. In state-of-the-art wireless communications, spatial

diversity techniques are particularly attractive and offer high spectral efficiency, since the correspond-

ing techniques do not incur an additional transmission time-slot or extra bandwidth [61–64]. Spatial

diversity may be achieved by the deployment of multiple antennas at the transmitter or at the receiver,

or at both. However, in cellular wireless communications, it is usually only feasible to deploy mul-

tiple antennas at the base station (BS), while it is not readily feasible at the mobile terminals (MTs),

due to the compact size of the mobile units. In recent years, there has been an upsurge of interest in

cooperative diversity as a distributed means of improving the bit error ratio (BER) performance and

system capacity [2,14–31].

As mentioned previously, the broadcast nature of the wireless communication medium is the key

8
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Figure 2.1: Illustration of cooperative communications.

property that allows for cooperative communications amongwireless terminals, since the transmitted

signals in principle may be received and processed by any number of terminals [16–19]. In a coop-

erative communications system, each wireless user may act as a transmitter as well as a cooperative

agent for another user, as shown in Figure 2.1, where user 2 can relay the signals transmitted by user

1 to the BS, so that a diversity order of two can be achieved foruser 1. Similarly, user 1 can assist

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

In the context of cooperative diversity research, Lanemanet al. [19] have developed and analyzed

a variety of low-complexity cooperative diversity protocols, so as to combat the fading induced by

multipath propagation in wireless networks. Specifically,in [19] several cooperation strategies have

been proposed, which include the family of fixed relaying schemes, selection relaying schemes and

the so-called incremental relaying schemes. The family of fixed relaying schemes includes amplify-

and-forward (AF) [65,66] and decode-and-forward (DF) [67]arrangements. By contrast, the selection

relaying schemes [68, 69] adapt their transmission regime based upon measurements of the channel

between the cooperating terminals, while the incremental relaying schemes [69] adapt based upon

the limited feedback received from the destination terminal. Specifically, in the selection relaying

schemes the relay forwards the signal it received from the source using either the AF or DF method,

if the measured channel amplitude at the relay lies above a certain threshold, otherwise the relay

becomes silent and the source simply continues its transmission to the destination in a conventional

manner. In contrast to the selection relaying schemes, the incremental relaying schemes exploit the

limited feedback received from the destination, which may be for example a single bit indicating
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the success or failure of the direct transmission, thus resulting in an improved spectral efficiency

in comparison to both fixed and selection based relaying schemes. In [16] the performance of a

communications system has been investigated when both the AF and the DF cooperative schemes are

considered. It has been shown in [16] that the less complex AFcooperative scheme is capable of

achieving a similar BER performance as the more complex DF cooperative scheme for transmission

over Rayleigh fading channels. Anghelet al. in [37] have further extended the cooperative scheme

considered in [16,17]. In [37]L number of AF relays have been assumed and the average symbol error

ratio (SER) has been analyzed for transmission over Rayleigh-fading environments. Furthermore,

in [37] a tight probability of error bound has been obtained.The bound obtained in [37] shows that

the AF-based cooperative scheme is capable of achieving themaximum attainable diversity gain in

the high SNR region, which is determined by the number of independently faded received signal

replicas. In [2, 14] Sendonariset al. have developed a generalized interference channel model in

order to investigate both the achievable rate regions and the associated outage probabilities for the

family of cooperative wireless systems. Furthermore, in [2, 14] a range of cooperative schemes have

been proposed for CDMA systems. In parallel to the work by Lanemanet al., Hunter in [70] has

proposed an alternative cooperation framework, which is referred to as coded cooperation (CC), since

cooperation is carried out after protecting the signal by channel coding. In the CC-based cooperations

each MT attempts to transmit incremental redundancy for itspartner, instead of simply mirroring the

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

It is worth noting that the achievable transmission rate is reduced in a single-relay-aided network,

since wireless terminals cannot transmit and receive simultaneously within the same frequency band.

Ribeiroet al. [71] have proposed a solution to circumvent this restriction by utilizing two physical re-

lays to simulate a single logical relay. To elaborate further, one of the relays repeats the even-indexed

frames received from the source transmitter in odd time-slots, while the other relay repeats the odd

frames received from the source transmitter in even time-slots. In order to recover the multiplexing

loss of the half-duplex relay network, Fanet al. [72] have considered a similar transmission protocol

to that outlined in [71] for a two-relay wireless network, where the source transmits the codewords

continuously, which are successively decoded and forwarded by two relays in turn. Zhanget al. [73]

have also proposed a full-rate cooperative scheme for half-duplex wireless relay networks by em-

ploying block-based transmission. However, the relays in their proposed cooperative scheme operate

simultaneously rather than operating alternatively in a pre-designed order as proposed in [71, 72].

Tailored for block-based tranmission, in [73] a distributed space-time design was proposed by em-

ploying a signal-space diversity technique at the source transmitter, which superimposed the resultant
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signal on a unique signature vector at each relay. Cooperative schemes designed for increasing the

achievable rates have also been explored in the literature [66, 74–78]. Security as well as privacy are

among other pivotal conerns in the context of cooperative schemes, which have been addressed in

great detail in the literature [79–82]. While there are manyissues to be considered when it comes

to cooperative schemes, we mainly focus our attention on theachievable cooperative diversity in our

forthcoming investigations.

Below we provide a more detailed review of the related work oncooperative diversity. Then, some

simulation results are presented in order to characterize the performance of cooperative diversity aided

schemes.

2.2 Cooperation Protocols

In this section we focus our attention on the summary of the related work on repetition-based cooper-

ation, which in general can be classified as eitheramplify-and-forward(AF) or decode-and-forward

(DF) method. By contrast, in coded cooperation [70], more sophisticated channel coding is used as

opposed to employing simple repetition-based cooperation. The cooperation aided schemes presented

in this section include

• user cooperation schemes proposed by Sendonariset al. in [2];

• time-division multiple-access (TDMA)-based cooperativeprotocols proposed by Nabaret al.

in [64];

• multi-relay-assisted diversity schemes proposed by Anghel et al. in [37];

• orthogonal cooperative diversity arrangements proposed by Mahinthanet al. [56,74];

• low-complexity cooperative protocols proposed by Lanemanet al. in [15,19];

• coded cooperation schemes proposed by Hunteret al. in [70].

Let us first consider the user cooperation schemes studied bySendonariset al. in [2].

2.2.1 User Cooperation [2]

2.2.1.1 Introduction

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

diversity for mobile users, which is referred to as user cooperation. Specifically, in this paper a user
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cooperation strategy has been proposed and the practical issues related to its implementation have

been investigated. In the proposed user cooperation strategy, each user has a ‘partner’ in the same

cell. Each of the two partners is responsible for transmitting not only his/her own information, but

also the information of the partner. This cooperation strategy essentially attempts to achieve spatial

diversity with the aid of the mobile partner’s antenna. In [2], the optimal as well as suboptimal

receiver designs have been considered and the achievable performance has been investigated in the

context of conventional CDMA systems. When a two-user system is considered, the results provided

in [2] show that the employment of cooperation not only allows an increase in capacity for both the

users, but also results in a more robust system, where the users’ achievable BER is less susceptible to

channel-quality variations.

To be more specific, the cooperation model investigated in [2] is shown in Figure 2.2, where

both users have their own information to send, which is denoted byWi for i = 1, 2. As shown in

Figure 2.2, each of the mobiles (E1 andE2) receives an attenuated and noisy version of the partner’s

transmitted signal. This contaminated signal is combined with its own data in order to construct a

transmit signal. At the base station (BS) a noisy version of the sum of the attenuated signals received

from both users is used for extracting the information transmitted by the two users. Mathematically,

the cooperation model of Figure 2.2 can be described as

y0(t) = h10x1(t) + h20x2(t) + n0(t), (2.1)

y1(t) = h21x2(t) + n1(t), (2.2)

y2(t) = h12x1(t) + n2(t), (2.3)

wherey0(t), y1(t), andy2(t) are the baseband equivalent signals received at the BS, user1 and user

2 respectively within a single symbol period,hi0, i = 1, 2, is the fading coefficient of the channel

connecting useri and the BS,hij is the fading coefficient of the channel spanning from useri to user

j, xi(t), i = 1, 2, is the signal transmitted by useri, while ni(t), i = 0, 1, 2, is the additive white

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

2.2.1.2 Channel Model

In [2] it is assumed that the channel between any user and the BS experiences non-frequency-selective

fading. The channel is therefore assumed to be constant overat least one symbol period. Furthermore,

perfect interference cancellation is assumed at each mobile user, implying that each user receives



2.2. COOPERATION PROTOCOLS 13

E1

E2

x1

y0

x2

W1

W2

y2

y1

n2

n1

n0

h12

h10

h21

h20

Figure 2.2: User cooperation model proposed by Sendonariset al. in [2].

signals only from its partner, and there is no interference contribution imposed byx2(t) on y2(t)

or by x1(t) on y1(t). This assumption is applied so that we can focus our attention on the benefits

of using cooperation in the most general case. In addition tothe above-mentioned assumptions,

the model proposed in [2] also makes the following assumptions: the transmitted signalxi(t) has

an average power constraint ofPi for i = 1, 2; the noise termsni(t), i = 0, 1, 2, are complex-

valued white Gaussian random processes with a power spectral density ofNi per dimension; the

fading coefficients{hij} are assumed to be zero-mean complex-valued Gaussian randomvariables,

corresponding to Rayleigh fading. Furthermore, it is assumed that user 1 can perfectly estimate the

channel impulse response (CIR)h21 and user 2 the CIRh12, and that the inter-user channels are

reciprocal, i.e. we haveh21 = h12. Finally, it is assumed that the BS is capable of perfectly tracking

bothh10 andh20.

2.2.1.3 Cooperation in CDMA Systems

Without loss of generality, let us consider a BPSK-assistedCDMA system, where each user is as-

signed a unique spreading code. For simplicity, we assume that the users’ codes are orthogonal and

that the coherence time of the channel isL0 symbol periods, i.e. all the fading coefficients remain
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approximately constant overL0 symbol periods. Note that instead of using orthogonal spreading

codes, any other classes of spreading codes may be employed in order to achieve a near-single-user

performance with the aid of multiuser detection [83]. As an example, let us assume that we have

L0 = 3. Then the non-cooperative and cooperation aided schemes of[2] can be described as follows.

For the conventional non-cooperative scenario, the signals transmitted by the two users during three

consecutive symbol periods can be expressed as

Period 1 Period 2 Period 3

x1(t) = a1b
(1)
1 c1(t), a1b

(2)
1 c1(t), a1b

(3)
1 c1(t),

x2(t) = a2b
(1)
2 c2(t), a2b

(2)
2 c2(t), a2b

(3)
2 c2(t),

(2.4)

whereb(i)j is theith bit of userj, cj(t) is the spreading code of userj andaj =
√

Pj/Ts, wherePj

denotes the transmission power of userj, while Ts denotes the symbol period.

When the two users decide to cooperatively transmit their information, they first determine their

cooperation mode, such as the total number of CDMA spreadingcodes employed by the two users

as well as their baseband modulation scheme. Specifically, according to the user cooperation strategy

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

Period 1 Period 2 Period 3

x1(t) = a11b
(1)
1 c1(t), a12b

(2)
1 c1(t), a13b

(2)
1 c1(t) + a14b̂

(2)
2 c2(t),

x2(t) = a21b
(1)
2 c2(t), a22b

(2)
2 c2(t), a23b̂

(2)
1 c1(t) + a24b

(2)
2 c2(t),

(2.5)

where b̂(i)j is the estimate ofb(i)j transmitted by userj within the ith symbol period. In (2.5) the

parameteraji controls the power allocated to a user’s own bits versus thatto the bits of his/her partner,

while maintaining a constant average power constraint ofPj for userj.

As shown in (2.5), Period 1 is set aside for both users to transmit their first signals to the BS and

there is no communication between the two users, since both are transmitting. By contrast, Period 2

is used to transmit the second information replicasb
(2)
1 andb(2)2 to the BS as well as to their partners.

Note that this communications regime requires that the users can both transmit and receive at the

same time. The simplifying assumption of simultaneous transmission and reception can be relaxed

by adopting the more realistic assumption that a terminal cannot transmit and receive simultaneously,

as exploited, for example, in [41] by Nabaret al. in Subsection 2.2.2. Once the second symbols

b
(2)
1 andb(2)2 have been estimated by user 2 and user 1, the corresponding estimatesb̂(2)1 and b̂(2)2 are
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Figure 2.3: A graphical illustration of the cooperation scheme proposed by Sendonariset al. in [2] for the
special case ofL0 = 6, Lc = 2.

superimposed onb(2)2 andb(2)1 employing user-specific spreading codes, as seen in (2.5), in order to

construct the composite cooperative signals, which are sent to the BS only during Period 3. Observe

that, as shown in (2.5), Period 3 is used to send a replica of the second information signal originally

sent during Period 2 to the BS. This implies that each of the users only sends two bits in three symbol

periods. By contrast, for the conventional non-cooperative CDMA system characterized in (2.4), three

bits are transmitted by each user within three symbol periods. Therefore the effective throughput of

the CDMA system using user cooperation is2/3.

Equation (2.5) specifies the case ofL0 = 3, Lc = 1. For the general case consideringL0

symbol periods, each of the two partners may use2Lc of theL0 periods for cooperation and the

remaining(L0−2Lc) periods for transmission of non-cooperative information,whereLc is an integer

assumed to be a value between0 andL0/2. Specifically, whenLc = L0/2, the two users are in full

cooperation, i.e. they cooperate during all theL0 symbol periods. By contrast,Lc = 0 corresponds

to no cooperation between the two users. For example, the scenario of equation (2.4) corresponds to

L0 = 3 andLc = 0, while that of equation (2.5) corresponds toL0 = 3 andLc = 1. For any given

L0 andLc, the cooperative scheme can be described as follows [2]:

x1(t) =







a11b
(i)
1 c1(t), i = 1, 2, ..., Ln

a12b
((Ln+1+i)/2)
1 c1(t), i = Ln + 1, Ln + 3, ..., L0 − 1

a13b
(Ln+i)/2
1 c1(t) + a14b̂

((Ln+i)/2)
2 c2(t), i = Ln + 2, Ln + 4, ..., L0
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x2(t) =







a21b
(i)
2 c2(t), i = 1, 2, ..., Ln

a22b
((Ln+1+i)/2)
2 c2(t), i = Ln + 1, Ln + 3, ..., L0 − 1

a23b̂
(Ln+i)/2
1 c1(t) + a24b

((Ln+i)/2)
2 c2(t), i = Ln + 2, Ln + 4, ..., L0

(2.6)

whereLn = L0 − 2Lc, andaij is chosen to satisfy the power constraints so that we have

1

L0
(Lna

2
11 + Lc(a

2
12 + a2

13 + a2
14)) = P1,

1

L0
(Lna

2
21 + Lc(a

2
22 + a2

23 + a2
24)) = P2. (2.7)

A graphical illustration of the cooperation scheme proposed in [2] is depicted in Figure 2.3 for the

specific case ofL0 = 6, Lc = 2. Let us now take a close look into the achievable performanceof the

user cooperation aided scheme proposed in [2].

2.2.1.4 BER Performance

Assume that the received signals are observed at the BS receivers using a chip-matched filter, as

shown in [83]. To simplify the analysis, orthogonal spreading codes are assumed albeit this is not

a necessary condition for supporting user cooperation. Furthermore, for convenience, we focus our

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

1) Error Ratio for the Non-cooperative Periods: Within the firstLn non-cooperative periods, the

two users send only their own data, which is received and detected only by the BS. In this case,

the signal transmitted by user 1 isx1 = a11b1c1, which is received at the BS according toy0 =

h10x1 + h20x2 + n0. Due to the orthogonality of the spreading codes, the estimate of user 1’s bit

during the non-cooperative periods is given by

b̂1 = sign

(
h∗10
N

cT
1 y0

)

= sign(|h10|2a11b1 + h∗10n0), (2.8)

where we haven0 ∼ N (0, N0/2Eb), N is the spreading gain,Eb = PTb represents the energy per

bit andN0/2 is the double-sided power spectral density (PSD) ofn0(t). According to (2.8), the BER

of user 1 can be expressed as [5]

Pe1 = Q

(

|h10|a11

√

2Eb

N0

)

. (2.9)
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Let us now derive the BER of the DS-CDMA when the two users cooperate with each other.

2) Error Ratio for the Cooperative Periods: As shown in Section 2.2.1.3, during the periods

of i = Ln + 1, Ln + 3, ..., L0 − 1, each user transmits only his/her own data, which is received

and detected not only by the partner but also by the BS. For convenience, these periods are referred

to as ‘odd’ periods. Within the ‘odd’ periods, the signal transmitted by user 1 is given byx1 =

a12b1c1. Correspondingly, the signal received by the corresponding partner isy1 = h12x1 +n1, while

that by the BS isyodd
0 = h10x1 + h20x2 + nodd

0 , wherex2 represents the signal transmitted by the

partner. According to the user cooperation strategy, the partner usesy1 to form a hard estimate forb1,

according to the decision rule ofb̂1 = sign((1/N)h∗12cT
1 y1). In this case, the BER ofb1 is given by

Pe12 = Q

(

|h12|a12

√

2Eb

N1

)

, (2.10)

whereN1/2 is the double-sided PSD ofn1(t). By contrast, based onyodd
0 , the BS forms a soft

estimate ofb1, which can be expressed as

yodd =
1

N
cT
1 yodd

0 . (2.11)

This soft estimate will be combined with the information transmitted by user 2 in order to form the

final estimate ofb1 as discussed below.

As discussed in Section 2.2.1.3, during the periods ofi = Ln +2, Ln+4, ..., L0, the two users co-

operatively transmit the superimposed DS-CDMA signals, which are received by the BS. Correspond-

ingly, these periods are referred to as the ‘even’ periods. Within the ‘even’ periods, the superimposed

transmitted signals of the two users are

x1 = a13b1c1 + a14b̂2c2

x2 = a23b̂1c1 + a24b2c2.
(2.12)

Correspondingly, the BS’s received signal within the ‘even’ periods becomesyeven
0 = h10x1+h20x2+

neven
0 . Hence, the soft estimate ofb1 is given by

yeven=
1

N
cT
1 yeven

0 . (2.13)
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When simplifying (2.11) and (2.13), we can express the corresponding soft values as

yodd = h10a12b1 + nodd

yeven = h10a13b1 + h20a23b̂1 + neven,
(2.14)

where bothnodd andneven are Gaussian noise samples distributed according toN (0,N0/2Eb). Fi-

nally, yodd andyeven are combined in order to form the estimate ofb1 according to

b̂1 = sign([h∗10a12 λ(h∗10a13 + h∗20a23)]y), (2.15)

where we havey = [yodd yeven]
T
√

2Eb

N0
andλ ∈ [0, 1] is a measure of the BS’s confidence in the bits

estimated by the partner. Note that,λ = 1 corresponds to the maximal-ratio combining (MRC) [5].

In [2], Sendonariset al. refer to the detector of (2.15) as theλ-MRC.

Finally, the BER ofb1 having the decision variable of (2.15) can be expressed as [2]

Pe2 = (1 − Pe12)Q




vT

λ v1
√

vT
λ vλ



+ Pe12Q




vT

λ v2
√

vT
λ vλ



 , (2.16)

where we havevλ = [h∗10a12 λ(h∗10a13) + h∗20a23)]
T , v1 = [h10a12 (h10a13 + h20a23)]

T
√

2Eb

N0

andv2 = [h10a12 (h10a13 − h20a23)]
T
√

2Eb

N0
, whilePe12 is given by (2.10).

Let us now consider the principles of cooperation aided schemes based on time-division multiple-

access (TDMA).

2.2.2 TDMA-based Cooperative Protocols

Nabaret al. [41] have investigated the basic principles of a cooperative diversity aided scheme, which

invokes a simple fading relay channel, where the source, destination and relay terminals are equipped

with a single antenna. In [41], three types of TDMA-based cooperative protocols have been consid-

ered, which are classified according to their grade of collision experienced during the broadcast and

receive phases. In the schemes proposed by Nabaret al. [41] the relay terminal is operated either in

the AF mode or in the DF mode. Again, the spatial diversity aided performance of the various pro-

tocols has been investigated in [41] and it can be shown that full spatial diversity1 may be achieved

1‘Full’ diversity is defined as the maximum achievable order of diversity, which is determined by the total number of
independently faded diversity components.
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Time Slot/Protocol I II III
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 proposed in [41].

by certain protocols, provided that accurate power controlis employed. 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 structure shown in Figure 1.1, where data is

transmitted from the source terminal S to the destination terminal D with the assistance of the relay

terminal R. It is assumed that all the terminals are equippedwith a single antenna for transmission

and reception. While in the first study co-authored by Sendonaris et al., the simplifying assumption

of simultaneous transmission and reception was exploited,Nabaret al. [41] adopted the realistic

assumption that a terminal cannot transmit and receive simultaneously. The relay terminal assists

the source in its communication with the destination terminal using either the AF mode or the DF

mode. Specifically, in the AF mode, the relay terminal simplyamplifies the signal received from the

source terminal and re-transmits it to the destination receiver. For the AF mode, no demodulation

or decoding of the received signal is performed. By contrast, in the context of the DF mode, the

signal received from the source terminal is first demodulated and decoded, before being re-transmitted

to the destination receiver. Explicitly, the AF mode imposes a significantly lower implementation

complexity than the DF mode. Nabaret al. in [41] have proposed three types of cooperation protocols

for both the AF and DF modes, depending on the ‘degree of broadcasting’ and on the grade of collision

during reception in the network. Here the degree of broadcasting is defined as the number of terminals

that simultaneously listen to the source terminal. Specifically, the degree of broadcasting is two, if

both the R and the D terminals listen to S, while it is one if only R or D listens to S. A collision

occurs, when the signals received from more than one terminal arrive at the destination terminal,

which overlap in time. The grade of collision is said to be thehighest, if D receives information

perfectly simultaneously from both S and R.

The three protocols proposed in [41] are summarized in Table2.1, where A→ B represents that

there exists a link between terminals A and B. In more detail,these protocols can be described as

follows.
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Protocol I: As shown in Table 2.1, as far as Protocol I is concerned, the source terminal transmits to

both the relay terminal R and the destination terminal D during the first time-slot. During the

second time-slot, both the source and relay terminals transmit to the destination terminal. This

protocol results in the maximum degree of broadcasting and the maximum grade of receive

collision.

Protocol II : In the context of this protocol, as shown in Table 2.1, the source terminal transmits to

both the relay terminal and the destination terminal duringthe first time-slot. During the second

time-slot, only the relay terminal transmits to the destination terminal, while the source terminal

ceases transmission. This protocol benefits from the maximum degree of broadcasting and

suffers from no receive collision. Furthermore, this protocol is suitable for a communications

scenario where the source terminal engages in data reception from another terminal in the

network during the second time-slot and therefore it is unable to transmit.

Protocol III : For the third protocol considered in [41], as shown in Table2.1, both the source and

relay terminals operate in the same way as in Protocol I. However, the destination terminal only

receives during the second time-slot. This protocol does not rely on broadcasting, but suffers

from receive collision. This protocol is suitable for the specific scenario where the destination

terminal is engaged in the transmission of data to another terminal during the first time-slot.

Hence, the signal transmitted by the source terminal can only be received by the relay terminal

during the first time-slot, which is then buffered for subsequent forwarding during the second

time-slot. As shown in Table 2.1, during the second time-slot, the destination terminal receives

information from both the source terminal and relay terminals.

2.2.2.2 Signalling Model

As in [41], we assume encountering frequency-flat fading channels and that no channel knowledge is

available at the transmitter, but exploit the idealized simplifying assumption that perfect channel state

information (CSI) is available at the receivers. In more detail, we 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 perfect synchronization. Since Protocols II and III can

be readily derived by extending Protocol I, we first derive the signalling models for Protocol I, when

it uses AF and DF modes. These signalling modes are then extended for Protocols II and III.

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 terminal during the first and second time-slots be

denoted byx1[n] andx2[n], respectively, wheren is the time-slot index. Consider simplified symbol-

by-symbol rather than the more realistic frame-by-frame based transmission, hence, the time-slot

indexn can be removed for simplicity. In this case, as shown in Table2.1, during the first time-slot,

the source terminal transmitsx1 to both the relay and destination terminals. The signal received by

the destination terminal can be expressed as

yD,1 =
√

ESDhSDx1 + nD,1, (2.17)

whereESD represents the average signal energy received at the destination terminal over a single

symbol period through the S→ D link, which takes into account both the pathloss and shadowfading

between the source and destination terminals,hSD represents the complex-valued channel gain, which

is invoked for taking into account the effects of fast fading, andnD,1 ∼ N (0,N0) represents the

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

yR,1 =
√

ESRhSRx1 + nR,1, (2.18)

whereESR represents the average signal energy received at the relay terminal over a single symbol

period,hSR represents the complex-valued fast fading channel gain between the source and relay

terminals andnR,1 ∼ N (0, N0) is the AWGN. Note that in general we haveESD 6= ESR due to the

differences in pathloss and shadowing between the S→ R and S→ D channels.

The relay terminal normalizes the received signalyR,1 by a factor of
√

E[|yR,1|2] and forwards the

normalized signal containingx1 to the destination terminal during the second time-slot. Asshown

in Table 2.1, during the second time-slot the source terminal also transmitsx2 to the destination

terminal. Hence, during the second time-slot the destination terminal receives a superposition of the

relayed signal and the transmitted signal of the source. Thesignal received at the destination terminal

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

yD,2 =
√

ESDhSDx2 +
√

ERDhRD
yR,1

√

E[|yR,1|2]
+ nD,2, (2.19)

whereERD represents the average signal energy received at the destination terminal through the R→
D channel over a single symbol period,hRD represents the complex-valued fast fading channel gain

of the R→ D channel, andnD,2 ∼ N (0,N0) is the AWGN. Note that, in (2.19) we have made the
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assumption thatESD andhSD remain constant over the first and second time-slots. Upon substituting

E[|yR,1|2] = ESR +N0, we can express (2.19) as

yD,2 =
√

ESDhSDx2 +

√

ESRERD

ESR +N0
hSRhRDx1 + ñ, (2.20)

where the effective noise term̃n given hRD has a mean of zero and a variance ofN ′
0 = N0[1 +

(ERD|hRD |2)/(ESR + N0)]. Let µ = [1 + (ERD|hRD |2)/(ESR + N0)]
1/2. Then, the input-output

relation for Protocol I in the AF mode can be described as [41]

y1 = H1x + n1, (2.21)

wherey1 = [yD,1 yD,2/µ]T is the received observation vector andH1 is the effective channel matrix

given by

H1 =





√
ESDhSD 0

1
µ

√
ESRERD

ESR+N0
hSRhRD

1
µ

√
ESDhSD



 . (2.22)

In (2.21)x = [x1 x2]
T contains the transmitted symbols, andn1 represents the Gaussian noise vector

with the statisticsE [n1] = 0 andE
[
n1nH

1

]
= N0I2, whereI2 is the(2× 2)-element identity matrix.

Having obtained the input-output relation of Protocol I in (2.21), the input-output relations for

Protocols II and III can be readily obtained with reference to Table 2.1. Specifically, for Protocol II,

the received observation at the destination terminal can beexpressed as

y2 = H2x1 + n2, (2.23)

whereH2 is the effective(2 × 1) channel matrix given by

H2 =





√
ESDhSD

1
µ

√
ESRERD

ESR+N0
hSRhRD



 , (2.24)

while n2 is the 2-element Gaussian noise vector withE[n2] = 0 andE[n2nH
2 ] = N0I 2.

In the context of Protocol III, the signal received at the destination terminal can be written as

y3 = H3x + n3, (2.25)
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whereH3 is the effective(1 × 2)-element channel matrix given by

H3 =
[

1
µ

√
ESRERD

ESR+N0
hSRhRD

1
µ

√
ESDhSD

]

. (2.26)

In (2.25)n3 is a Gaussian random variable withE[n3] = 0 andE[n3n
H
3 ] = N0.

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 relayterminal from the source terminal is

first decoded. Then, the decoded information is forwarded bythe relay terminal to the destination

terminal. Therefore, observe in Table 2.1 that, in the context of Protocol I, the signal received at the

destination terminal during the first time-slot is identical to that in the AF mode, which is given by

(2.17). The signal received at the relay terminal during thefirst time-slot is also the same as in the

AF mode, as shown in (2.18). For the DF mode, the relay terminal demodulates/decodes the signal

received during the first time-slot. Assuming that the signal is decoded correctly at the relay, i.e. the

relay terminal can perfectly recoverx1, we can express the signal received by the destination terminal

during the second time-slot as

yD,2 =
√

ESDhSDx2 +
√

ERDhRDx1 + nD,2, (2.27)

wherehSD andhRD represent the complex-valued channel gains between the source as well as the

relay and the destination, respectively. Correspondingly, the effective input-output relation in the DF

mode for Protocol I can be expressed as

y1 = H1x + n1, (2.28)

wherey1 = [yD,1 yD,2]
T is the received observation vector,H1 is the effective channel matrix given

by

H1 =





√
ESDhSD 0

√
ERDhRD

√
ESDhSD



 , (2.29)

while x = [x1 x2]
T is the transmitted signal vector andn represents the AWGN, which satisfies

E[n1] = 000 andE[n1nH
1 ] = N0I2.

The corresponding input-output equations for Protocols IIand III in the DF mode may be readily
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obtained from (2.28). Specifically, for Protocol II, the received observation vector can be written as

y2 = H2x1 + n2, (2.30)

where the associated channel matrix is given by

H2 =





√
ESDhSD

√
ERDhRD



 . (2.31)

By contrast, for Protocol III, the received observation vector can be written as

y3 = H3x + n3, (2.32)

whereH3 is given by

H3 =
[ √

ERDhRD

√
ESDhSD

]

. (2.33)

In conclusion, in this subsection we have summarized the cooperation aided schemes proposed

and investigated in [41]. The corresponding performance results 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 considered were based on a single relay. Hence,

the highest attainable diversity order is two. In order to achieve a diversity order higher than two, the

source terminal may be assisted by multiple relay terminals. Hence in this subsection we consider the

cooperation schemes employing multiple relays.

2.2.3.1 Introduction

In [57] Alamouti has presented a transmit diversity scheme based on two transmit antennas. When

using two transmit antennas and a single receive antenna, the scheme proposed in [57] is capable

of providing the same diversity order as that achieved usingone transmit and two receive antennas

based on the classic maximal-ratio receiver combining (MRRC). It may also be readily shown that

the scheme proposed in [57] can be generalized to the scenario of using two transmit antennas andM

receive antennas in order to achieve a diversity order of2M . An attractive application of the scheme
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advocated in [57] is that it is capable of providing diversity improvement for all the remote terminals

in a wireless system by using two transmit antennas at the BS,instead of upgrading to two receive

antennas at all the remote terminals, because at a compact MTit is unfeasible to ensure independent

fading for the received signal replicas.

Anghel et al. in [37] have presented an exact analysis of the average symbol error ratio (SER)

for distributed spatial diversity aided wireless systems usingL AF relays in a Rayleigh-fading en-

vironment. They have also developed tight bounds for the SERformula. It has be shown that the

cooperative scheme presented in [37] is capable of achieving the attainable full diversity order2 facil-

itated by the number of antennas. In [37] the investigationshave been based on the assumption that

both the channel between the source and relay terminals and that between the relay and destination

terminals experience Rayleigh fading. However, in cooperative networks the relays may be chosen

from the set of terminals roaming in the vicinity and hence providing the best propagation quality,

yielding a reliable possibly line-of-sight (LOS) relay. More precisely, this type of relay terminals are

usually located near the source terminal, when the uplink isconsidered, or near the BS for a downlink

transmission scenario. Therefore, we assume that the relays are in the vicinity of the source terminal

and in this case the channel between the source and relay terminals can be more appropriately mod-

eled as Nakagami fading channels having some LOS components. Hence, our analysis represents an

extension of the work in [37] by considering a Nakagami-Rayleigh fading channel model. Note that

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

2.2.3.2 System Model

Let us first refer to the cooperative system considered in [37], whereL idle mobile terminalsRl, l ∈
[1, · · · , L], are used to relay the information transmitted by a source terminal S to the destination

terminal D, as shown in Figure 2.4. The relays are assumed to operate in the AF mode. It is assumed

that any of the terminals in the system uses a single receive and single transmit antenna. To ensure

orthogonal transmissions for all the terminals, each terminal is assigned a unique orthogonal channel,

say,Cl, l ∈ [1, · · · , L], either in the time-domain or in the frequency-domain. As shown in Figure 2.4,

there is a single-hop channel from the source to the destination and there are alsoL two-hop relay

channels, which connect the source and the destination through the relays. Specifically, at time-slot

n, the source S broadcasts the information symbolx[n] to the relaysRl, l = 1, . . . , L, and also to the

destination terminal D using channelC0. Thelth relay receivesu[n] and amplifies it by a factor ofαl

2This diversity order is often referred to as‘full-diversity’ in the literature using parlance.
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h1,1 n1,1[n]

h1,l n1,l[n]

h1,L n1,L[n]

RL

h2,1 n2,1[n]

h0 n0[n]

h2,L n2,L[n]

h2,l n2,l[n]

Rl

R1

y1[n]

yl[n]

yL[n]

x[n] y0[n]
DS

uL[n]

ul[n]

u1[n]

Figure 2.4: Multi-relay discrete-time baseband equivalent channel model [37].

before re-transmitting it in channelCl. According to the above transmission regime and Figure 2.4,

it can be shown that the signal received at the destination from both the source and the relays can be

expressed as

y0 =
√
E0h0x[n] + n0[n],

yl = h2,lαlul[n] + n2,l[n], l ∈ [1, · · · , L],
(2.34)

where we haveul[n] =
√
E0h1,lx[n−dl]+n1,l[n],E0 is the transmitted symbol energy of the source

when we assume thatx[n] belongs to a modulation constellation with unit power. Furthermore, in

(2.34)n0[n], n1,l[n] andn2,l[n] are AWGN processes, whiledl is the processing delay at thelth relay.

Note that since orthogonal transmissions are assumed amongthe terminals, there is no inter-symbol

interference (ISI).

Leth1,l = |h1,l|ejθ1l , where|h1,l| andθ1l denote the amplitude and phase of the channel between

the source and thelth relay. In our simulations discussed in Section 2.3, we assume that|h1,l| obeys

the Nakagami-m distribution with the probability density function (PDF) given by [84]

f|h1,l|(y) =
2mmy2m−1

Γ(m)Ω
e−(m

Ω )y2
, y ≥ 0, (2.35)

while the phaseθ1l is assumed to be an independent and identically distributed(i.i.d) random variable

uniformly distributed in[0, 2π), andθ1l is also assumed to be independent of|h1,l|. In (2.35),m is the
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Nakagami fading parameter, which is assumed to be common forall the channels between the source

and the relays, andΩ = E[α2
1l] represents the average power conveyed by the channel connecting

the source and thelth relay, which was assumed to be unity in our simulations. In(2.34),h0 and

h2,l, l ∈ [1, · · · , L], are assumed to be zero-mean complex Gaussian random variables with variances

of Ω0 and Ω2,l, respectively. In other words, both the channel from the source to the destination

and the channels from the relays to the destination are assumed to be Rayleigh fading channels.

Furthermore, in (2.34) the variablesn0[n], n1,k[n] andn2,k[n] capturing the noise are assumed to be

zero-mean complex Gaussian random variables with variances ofN0,N1,k andN2,k, respectively.

In our simulations we assume that there is a maximum transmitpower ofEl at thelth relay. This

can be achieved by utilizing automatic gain control (AGC) [85], so thatαl can be set as

αl =

√

El

E0|h2
1,l| +N1,l

, l ∈ [1, · · · , L]. (2.36)

In the above equation, if we ignore the noise at the relay, then αl is given by

αl =

√

El

E0|h2
1,l|
, l ∈ [1, · · · , L]. (2.37)

As shown in (2.36) or (2.37),αl depends on the fading coefficienth1,l between the source and the

lth relay. Therefore, it was assumed that thelth relay employs perfect knowledge about the CSI

between the source and thelth relay. In our study perfect CSI was employed by the destination in

order to combine the independently faded replicas of the transmitted signal at the destination [37].

Specifically, as shown in [37], at the destination the signalreceived from the source and those received

from theL relays are coherently combined based on the classic maximumratio combining (MRC)

principles for the sake of achieving the maximum SNR. As shown in [37], the final decision variable

for x[n] can be expressed as

x̂[n] =
h∗0
N0

y0[n] +

L∑

l=1

h∗1,lh
∗
2,l

√
El

|h1,l|Zl
yl[n+ dl], (2.38)

whereZl = N2,l + N1,lEl|h2,l|2/(E0|h1,l|2) is the total noise power conveyed by thelth channel.

Our simulation results recorded for this cooperation scheme will 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 relays not to interfere with each other, one of the

possible techniques is to arrange for the relays to transmitorthogonal signals. In [56,74] Mahinthanet

al. have proposed a bandwidth-efficient cooperative diversityscheme based on orthogonal signalling,

which is achieved by exploiting the in-phase and quadraturecomponents of a phase shift keying

modulation scheme. The study of [56, 74] shows that, as expected, the BER performance of the

proposed cooperative diversity scheme improves upon increasing interuser channel’s signal strength.

Note that the inter-user channel is the channel between a user and his/her partner, who acts as a relay,

while simultaneously transmitting his/her own information. In addition, the proposed cooperative

diversity scheme is capable of achieving the diversity order of two for a high inter-user signal-to-

noise ratio (iSNR). Let us now provide some further details concerning this cooperative diversity

scheme.

2.2.4.1 System Architecture

In the cooperative wireless communications system proposed in [56, 74], a mobile user cooperates

with another one in order to transmit information in the uplink. For achieving orthogonal cooperative

diversity, each mobile user transmits his/her own and also his/her partner’s information symbols with

the aid of orthogonal duplexing. Specifically, in [56,74], the orthogonality was achieved by transmit-

ting the information on both the in-phase and quadrature components of a phase shift keying (PSK)

modulation scheme. Figure 2.5 shows a frame of information symbols transmitted by user 1 via chan-

nel 1 and by user 2 via channel 2, where one user is the partner of the other. As shown in Figure 2.5,

in the first symbol interval, each user transmits only his/her own information. By contrast, in the

successive symbol intervals, each user transmits both his/her own information and his/her partner’s

information that was received and decoded within the previous symbol interval. Finally, as shown

in Figure 2.5, during the last symbol interval of the frame, each user transmits only his/her partner’s

information.

Again, in order to achieve the orthogonality, in the proposed scheme in [56, 74], user 1 and user

2 transmit respectively on the in-phase and quadrature components of a QPSK modulation plane.

Therefore, each user employs the BPSK modulation. The signal constellations of the QPSK modu-

lation scheme are illustrated in Figure 2.6. As shown in Figure 2.6, the quadrature component of the

QPSK conveys the information of user 2 itself, while the in-phase component of the QPSK conveys

the information of user 1. Similarly, user 1 also transmits its own information and its partner’s infor-
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User 1 data

User 1 data + User 2 data

User 2 data

Figure 2.5: Frame of information symbols in a two-user scenario using orthogonal cooperative diversity [56,
74].
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Figure 2.6: Signal constellation of the two-user QPSK modulation scheme mapping their orthogonal coopera-
tion [56,74].
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mation on the in-phase and quadrature components of the QPSKconstellation. At the BS, for each

of the two users the signals received from both the users’ channels are combined based on the MRC

scheme. Explicitly, when assuming that the signals transmitted by 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 within thetth symbol duration from user 1 and user 2 at

the BS be denoted asr1,b(t) andr2,b(t), respectively. Similarly, let the signal received by user 1from

user 2 and that received by user 2 from user 1 be denoted asr2,1(t) andr1,2(t), respectively. Then, it

can be readily shown thatr1,b(t), r2,b(t), r2,1(t) andr1,2(t) may be expressed as

r1,b(t) = h1,b(t)s1(t) + n1,b(t)

r2,b(t) = h2,b(t)s2(t) + n2,b(t)

r2,1(t) = h2,1(t)s2(t) + n2,1(t)

r1,2(t) = h1,2(t)s1(t) + n1,2(t),

(2.39)

where the channel’s fading coefficient between useri and the BS is denoted byhi,b(t), i = 1, 2, and

that spanning from useri to userj is denoted byhi,j(t). Note that, when generating our simulation

results in Section 2.3, we assume that the channels are modeled as Rayleigh flat-fading channels. In

(2.39) the variablesn1,b(t), n2,b(t), n1,2(t) andn2,1(t) represent AWGN processes, which have a

zero mean and a common variance ofN0/2 per dimension. Furthermore, in (2.39)s1(t) ands2(t)

can be expressed as

s1(t) =
√

Eb/2[b1(t) + jb̂2(t− Ts)]

s2(t) =
√

Eb/2[b̂1(t− Ts) − jb2(t)],
(2.40)

whereb1(t) andb2(t) are the BPSK modulated signals of user 1 and user 2, respectively, while b̂i(t),

i = 1, 2, denotes the signal received by useri and detected by his/her parter,Ts denotes the symbol

duration andEb is the bit energy.

Upon invoking the maximum likelihood (ML) detection at user1 for recovering the signal of user

2, we can obtain

b̂2 = ℑ{h∗2,1(t)r2,1(t)}, (2.41)

whereℑ(x) represents the imaginary part ofx.
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Similarly, detecting user 1 at user 2 yields

b̂1 = ℜ{h∗1,2(t)r1,2(t)}, (2.42)

whereℜ(x) represents the real part ofx.

At the BS, the signals received from both users’ channels arecombined employing the classic

MRC principles and the estimates ofb1 andb2 can be expressed as

z1 = ℜ{h∗1,b(t− Ts)r1,b(t− Ts) + h∗2,b(t)r2,b(t)}
z2 = ℑ{h∗2,b(t− Ts)r2,b(t− Ts) + h∗1,b(t)r1,b(t)}.

(2.43)

Finally, the corresponding hard-decision is formulated according to

b̂i =







1, if zi > 0

−1, otherwise.
(2.44)

2.2.5 Low-Complexity Cooperative Protocols by Lanemanet al.

In [15, 19] Lanemanet al. have developed and analyzed a range of cooperative diversity protocols,

which have been claimed to have low-complexity implementations. The relaying aided detection

strategies may be classified as fixed relaying, selection relaying and incremental relaying. Specifi-

cally, in the context of fixed relaying schemes, cooperationis based on either the AF or the DF mode.

The selection relaying schemes are supported by channel-quality-related information characterizing

the link-quality between the cooperating terminals. Finally, the incremental relaying schemes are

based on limited CSI feedback received from the destinationterminal. It can be shown that, ex-

cept for the fixed DF, all the other cooperative diversity protocols are capable of achieving the ‘full’

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

2.2.5.1 System Model

To illustrate the main concepts, let us consider the wireless network depicted in Figure 2.7, where

the terminals ofT1 andT2 transmit signals to the terminals ofT3 andT4, respectively. As shown in

Figure 2.7, instead of transmitting independently toT3 andT4, the MTsT1 andT2 can listen to each

other’s transmissions and jointly transmit their information toT3 andT4.

In this context, the signals are transmitted in the form of full-duplex communications, assuming
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T1

T2

T3

T4

Figure 2.7: Illustration of the signal transmission paths in a wirelessnetwork including four terminals, where
terminalsT1 andT2 transmit information to terminalsT3 andT4, respectively.

that the signals are transmitted and received in the same frequency band at the same time, which

is not readily achievable in practice. To ensure a more realistic half-duplex operation, the available

bandwidth may be divided into orthogonal subbands and then these subbands are allocated to the

MTs, so that the resultant protocols can be realistically integrated into existing networks [15, 19]. In

Figure 2.8 a channel allocation scheme based on time-division (TD) is illustrated in the context of

two MTs.

Given the symmetric nature of the channel allocation, we mayfocus our attention on the specific

scenario which consists of a source terminalTs, a relay terminalTr and a destination terminalTd,

where we haves, r ∈ {1, 2} andd ∈ {3, 4}. Furthermore, the continuous-time channel can be

modeled as a baseband-equivalent, discrete-time channel havingN number of time-slots, whereN
is assumed to be a large integer.

For the baseline direct transmission case shown in Figure 2.8 (a),T1 andT2 transmit in the same

time-slots and might interfere with each other. To avoid this, let us hence focus our attention on the

orthogonal transmission scenarios of the form (b) and (c) shown in Figure 2.8.

For the baseline orthogonal direct transmission case shownin Figure 2.8 (b),T1 andT2 are time-

division duplexed,T1 transmits in the firstN/2 time-slots andT2 in the otherN/2 time-slots. In this

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

yd[n] = hs,dxs[n] + nd[n], n = 0, 1, ...,N/2 − 1, (2.45)

wherexs[n] represents the signal transmitted by the source,hs,d is the complex-valued gain of the

channel spanning from the sourceT1 to the destination, andnd[n] represents the AWGN. Similarly,
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we can consider the other terminal, which transmits within the time-slotsn = N/2, ...,N − 1, as

depicted in Figure 2.8 (b).

WhenT1 andT2 cooperate, the signals are transmitted according to Figure2.8 (c), where the first

half of theN/2 time-slots are used for the transmission of information forT1 with the assistance of

T2. In other words, within the firstN/4 time-slots,T1 transmits information, while the terminalT2

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

yr[n] = hs,rxs[n] + nr[n] (2.46)

yd[n] = hs,dxs[n] + nd[n], (2.47)

respectively, wheren = 0, ...,N/4 − 1, andxs[n] represents the source transmitted signal.

As shown in Figure 2.8 (c), after receiving the information fromT1, T2 forwards this information

to the destination using the followingN/4 time-slots. Correspondingly, the signal received at the

destination can be expressed as

yd[n] = hr,dxr[n] + nd[n], n = N/4, ...,N/2 − 1, (2.48)

wherexr[n] represents the signal transmitted by the relay terminalT2.

As shown in Figure 2.8 (c), the transmission ofT2 with the assistance ofT1 may be analyzed in a

similar way as above, where the information ofT2 is transmitted using the second half of the block.

2.2.5.2 Description of Cooperative Diversity Protocols

In the sequel, the cooperative diversity protocols proposed in [15,19] are described.

A. Fixed Relaying

The fixed relaying has two types of cooperative schemes, which are 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 information

expressed asxs[n], say, within the time-slotsn = 0, ...,N/4 − 1. During these time-slots, the

relay receives and processesyr[n], and then relays the information to the destination terminal by

transmitting

xr[n] = αryr[n−N/4] (2.49)

for n = N/4, ...,N/2 − 1. In (2.49), the parameterαr is used for ensuring that the associated power
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(b)

(a)

(c)

N /4 N /4N /4N /4

N /2 N /2

T1 Tx T2 Tx

T1 Tx + T2 Tx

N

T1 Tx + T2 Rx T2 Relay T2 Tx + T1 Rx T1 Relay

Figure 2.8: Example of time-division based channel allocation for (a) direct transmission with interference,
(b) orthogonal direct transmission and (c) orthogonal cooperative diversity.

constraint is met, whereαr satisfies

αr ≤
√

P

|hs,r|2P +N0
, (2.50)

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

The above-mentioned cooperative scheme may be viewed as repetition-coding scheme using two

separate transmitters, except that the relay amplifies not only the signal, but also the noise. Finally, the

destination terminal detects the signals transmitted byT1 upon appropriately combining the signals

received from the two subblocks, for example using the classic MRC techniques.

2) Decode-and-Forward (DF): For the cooperation based on the DF, the source terminal transmits

its informationxs[n] within the time-slotsn = 0, ...,N/4−1. Then, the relay receives and processes

yr[n] in order to provide an estimatêxs[n] of the source signal ofxs[n].

When a low-complexity repetition-coding based DF scheme isemployed, the relay transmits the

signal

xr[n] = x̂s[n−N/4] (2.51)

for n = N/4 + 1, ...,N/2 − 1. Decoding at the relay may assume numerous different forms.For

example, the relay might decode the entire codeword transmitted by the source terminal. It might
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also employ symbol-by-symbol based decoding [86], while leaving the full decoding of the codeword

transmitted by the source terminal for the destination. A symbol-by-symbol decoding regime for

binary transmissions has been exemplified in the absence of channel coding in [16]. The employment

of different DF options allow for striking a trade-off between 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 relaying aided DF scheme is limited by

the quality of the transmission in the channel between the source and relay terminals. Naturally, the

knowledge of the CIR may beneficially exploited by the relay,but its estimation imposes substantial

challenges in terms of synchronization, security, etc, since the message to be decoded was not in-

tended for the relay. Nonetheless, if this CIR knowledge becomes available, the relay terminals may

adapt their transmissions according to the channel condition. This observation suggests the following

class of selection relay algorithms. If the channel amplitude |hs,r| falls below a certain threshold,

implying relatively poor channel conditions, the source terminal simply continues its transmission

directly to the destination using, for example, repetitionor more powerful error control coding. By

contrast, if the channel amplitude is above a certain threshold, implying a good channel state, the re-

lay forwards what it received from the source terminal usingeither the AF or DF mode in an attempt

to achieve diversity gain.

C. Incremental Relaying

The previously described fixed or selection relaying may notmake efficient use of the degrees of

freedom facilitated by the fading channel, especially in the case of transmissions at high rates, because

the relay terminals repeat transmitting the information ofthe source terminals all the time. In order

to make the relay more efficient, Lanemanet al. in [15, 19] have proposed a relay protocol referred

to as incremental relaying, which requires only limited feedback from the destination terminal, such

as a single bit to indicate whether the direct transmission is successful or not. If the relay is informed

that the direct transmission is successful, no further action is required. Otherwise, the feedback

bit requests the relay to amplify-and-forward the signal itreceived from the source. Explicitly, the

incremental relaying protocol can be viewed as the hybrid automatic-repeat-request (ARQ) protocol

using incremental redundancy [87,88], where the source transmits extra redundancy if the destination

provides a negative acknowledgement via feedback, implying the failure of the original transmission.

Let us use an example to elaborate on the principle of incremental relaying. In this example

let us assume that the channels are allocated according to Figure 2.8. First, the source terminal

transmits its information to the destination terminal. Thedestination terminal then detects the signal
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and indicates its success or failure by broadcasting a single bit to both the source terminal and the relay

terminal (single relay terminal is assumed for simplicity). We assume that the feedback is detected

reliably at least by the relay terminal. If the source-destination SNR is sufficiently high, and the direct

transmission has been detected correctly, the feedback indicates the success of the direct transmission.

In this case the relay takes no further action. However, if the source-destination SNR is insufficiently

high, yielding an unsuccessful direct transmission, the feedback from the destination terminal requests

the relay terminal to amplify- and-forward the signal it received from the source terminal. In the latter

case, the destination attempts to combine the above-mentioned two transmissions in order to attain an

enhanced performance. The above-mentioned relay protocolis capable of making more efficient use

of the degrees of freedom facilitated by the channel, since in this case the relay channel is activated

only when it is necessary.

2.2.6 Coded Cooperation

So far, the cooperation techniques considered have been based either on the AF mode, where the

source symbol is amplified and forwarded by a relay to the destination terminal, or on the DF mode,

where the relayed signal is first detected and then forwardedto the destination terminal. It can be

shown that both the cooperation modes are capable of achieving a diversity gain. However, a simple

repetition coding degrades the achievable bandwidth efficiency. For this reason, Hunteret al. have

proposed a novel class of coded cooperation [70, 89–95]. As detailed in [70, 92, 94], the basic prin-

ciple behind coded cooperation is that each MT attempts to provide some redundancy for its partner.

Otherwise, when it cannot provide redundancy for its partner, the MT automatically reverts back to

the non-cooperative mode.

The key to the efficiency of coded cooperation is that cooperation is automatically ensured with

the aid of sophisticated code design, with no extra information exchange required between the co-

operating users. Coded cooperation has two important characteristics. Firstly, coded cooperation is

carried out by partitioning a user’s codeword, where part ofthe codeword is transmitted by the user

itself, while the remaining part is transmitted by his/her partner with the aid of partial or complete

decoding. Secondly, error detection may be carried out by the partner in order to avoid error prop-

agation. By contrast, many of the cooperative approaches described in Subsections 2.2.1-2.2.5 may

either forward the potentially erroneously estimated symbols, or amplify the signal and the back-

ground noise together. Explicitly, both of the above-mentioned deficiencies degrades the achievable

performance, especially when the channel between the cooperating partners is poor.
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The general principles of coded cooperation can be demonstrated with the aid of Figure 2.9, where

the source symbols of each user are divided into blocks of length-K0, which are encoded with the

aid of an error detection code, such as a cyclic redundancy check (CRC) code [87]. Each block is

then encoded with the aid of a forward error-correcting (FEC) code [96], which has a coding rateR.

Therefore, after FEC encoding the block-length becomesN0 = K0/R.

For the sake of supporting coded cooperation, theN0-symbol codewords of the two users seen in

Figure 2.9 are divided into two frames. The first frame containsN1 symbols, which also constitutes

a valid codeword of rateR1 = K0/N1. By contrast, the second frame contains onlyN2 = N0 −N1

number of parity-checking symbols. As shown in Figure 2.9, the first frames of both user1 and2 are

transmitted to their partners and also to the destination. For a given user, the frame of data is decoded

and subjected to parity-checking, in order to avoid error propagation. If theN1-length frame can be

decoded successfully, then theN2 extra parity-checking symbols are computed and then transmitted

in the second frame to the destination. Note that these additional N2 parity-checking symbols are

specifically selected to ensure that they can be combined with the first frame of lengthN1 in order

to generate a more powerful error-correcting code of rateR. However, if a user cannot successfully

decode his/her partner’s first frame, then in the second frame, N2 parity symbols of its own are

transmitted to the destination. Therefore, each user always transmits a total ofN0 symbols per source

block. Again, Figure 2.9 illustrates the general principles of coded cooperation. By contrast, in

Figure 2.10 the implementation of coded cooperation is shown in the context of a TDMA system.

Furthermore, the analogous FDMA and CDMA implementations may also be readily contrived.

In coded cooperation the grade of cooperation can be defined asN2/N0, which determines the

percentage of the total number of bits per source block that the user transmits for his/her partner. For

a given coding rateR, it is plausible that a smallerN2/N0 ratio implies a more powerful FEC code

for the first frame and an increased probability that a cooperating user successfully decodes his/her

partner’s symbols. However, a small grade of cooperation associated with a lowN2/N0 ratio also

implies having a smallN2 value, which hence reduces the achievable diversity gain.

In general, various channel coding methods, such as block coding, convolutional coding and their

various concatenations can be used in coded cooperation. Assuggested in [92], the encoded symbols

of the two frames may be partitioned using diverse techniques, such as puncturing, product codes or

other forms of concatenation.

It becomes plausible from the above discussions that the users act independently during the sec-

ond frame and without the knowledge of whether their own datatransmitted in the first frame was

correctly decoded by their partners. As a result, there are four possible cooperation scenarios during
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User 1 User 1

User 2 User 2

Frame 2Frame 1

N2 User 1 symbolsN1 User 2 symbols

N1 User 1 symbols N2 User 2 symbols

Figure 2.9: Illustration of the coded cooperation framework, where both N0 = N1 +N2 andN1 constitute a
legitimate codeword, whileN2 hosts only parity information [94].
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(a) Case 1 (b) Case 2

(c) Case 3 (d) Case 4

Figure 2.10: Four cooperative cases for the second frame’s transmission, depending on the first frame’s decod-
ing success or failure [94].
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the transmission of the second frame, as illustrated in Figure 2.10. Specifically, in Case 1, when both

users successfully decode the symbols of the cooperating partner, which is determined by the CRC

code in each frame. Then each of them transmits the symbols ofhis/her cooperating partner in the

second frame, resulting in the cooperation scenario depicted in Figure 2.9 and Figure 2.10 (a). In

the context of Case 2, neither user decodes the partner’s first frame successfully. Then the system

reverts back to the conventional non-cooperative case and within the second frame both users trans-

mit their own parity bits, as shown in Figure 2.10 (b). As shown in Figure 2.10 (c), in Case 3, user

2 successfully decodes the first frame of user 1, but user 1 does not decode the first frame of user 2

successfully. In this case, both users refrain from transmitting the second set of parity bits of user 2

in the second frame, but transmit the second set of parity bits of user 1. Finally, Case 4 is identical

to Case 3 with the roles of user 1 and user 2 reversed, since in the context of this case, the symbols

of user 1 are successfully decoded by user 2, but user 1 fails in decoding the symbols of user 2 in the

first frame. Clearly, in the above-described coded cooperation scenarios the destination terminal has

to know which of these four cases has occurred in order to correctly decode the received bits. This can

be achieved by ensuring that each user sends an additional bit in the second frame in order to indicate

the decision of the first frame. This bit has to be strongly protected, for example, using repetition

coding, which introduces a trade-off between the additional overhead imposed and the probability of

error for this bit [70,93]. An alternative approach is to allow the destination to simply decode accord-

ing to each of the four cases in succession, until the CRC codeindicates correct decoding [70]. This

strategy maintains the overall system performance at the cost of added computational complexity at

the destination.

2.3 Simulation Results

In this section we provide a range of simulation results in order to characterize the achievable per-

formance of the various cooperation schemes discussed in Section 2.2. Let us first consider the BER

performance of the cooperation aided scheme of Subsection 2.2.1 proposed by Sendonariset al. [2].

Let us defineδc = Lc/L0 as the cooperation factor. Then, as discussed in Subsection2.2.1, there

are2Lc cooperation time-slots and(L0−2Lc) non-cooperative time-slots in a frame. It can be shown

that forLc = L0/2 the proposed cooperation aided scheme has a cooperation factor of δc = 0.5. Note

that the parameterLc may be chosen to satisfy a long-term rate constraint imposedon the MTs based

on the prevalent fading statistics. Upon calculating the throughput, we may determine the specific

value ofLc required for the MTs to operate in the achievable throughputregion [2].
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Let h = |h|ejθ, where|h| andθ denote again the amplitude and phase of the channel between the

user and his/her partner. We assume that the fading amplitude |h| obeys the Nakagami-m distribution

having the probability density function (PDF) of [84]

f|h|(y) =
2mmy2m−1

Γ(m)Ω
e−(m/Ω)y2

, y ≥ 0 (2.52)

and the phaseθ is an independent and identically distributed (i.i.d) random variable uniformly dis-

tributed in [0, 2π), which is also independent of|h|. In (2.52),m = E2[|h|2]/var[|h|2] [84] is the

Nakagami fading parameter, which is assumed common for all the paths between the source user

and the partner. Finally, in (2.52)Ω is a scaling parameter which denotes the average power and is

assumed to be unity in our simulations. In our simulations weassume that the channels between the

source user and the BS and that from the partner to the BS are all Rayleigh fading channels.

Figure 2.11 shows the achievable BER performance of the usercooperation aided scheme of [2],

when the channel between the source user and his/her partneris modelled as a Nakagami-m fading

channel associated withm = 1.0, 1.2 and3.0, respectively. In our simulations, we assumedL0 = 3

andLc = 1, corresponding to the cooperation factor ofδc = 0.33. It can be seen that the BER

performance improves slightly as them value increases, since a largem value implies having a

strong LOS channel between the source user and his/her partner.

Figure 2.12 shows the BER performance of the user cooperation scheme of [2], when the channel

between the source user and his/her partner is modelled as a Nakagami-m fading channel associated

with m = 1.0, 1.2 and3.0, respectively. As seen from Figure 2.12, the BER performance remains

almost the same for the three different values of the fading parameter. This is because in the context

of Figure 2.12, the cooperation factor isδc = 0.17, which is a low value, implying low grade of

cooperation between the user and his/her partner. In this case, even if the channel between the user

and his/her partner improves, the overall BER performance improves only modestly, since the BER

performance is dominated by the BER of the non-cooperatively processed symbols.

In Figure 2.13 the BER performance was plotted in conjunction with L0 = 6 andLc = 1, 2 as

well as 3, respectively, when the channel between the sourceuser and his/her partner was modelled

by Rayleigh fading. We also plot the attainable BER performance in Figure 2.14 along withL0 = 8

as well asLc = 1, 2 and 3, respectively. It can be clearly seen that BER performance improves, as

the cooperation factor increases. This also suggests that user cooperation can lead to a more robust

system.

The results presented above indicate that user cooperationis capable of achieving substantial gains
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Figure 2.11: BER versus SNR performance of user cooperation [2] withL0 = 3 andLc = 1. The channel
between the source MT and its partner is modelled as Nakagami-m fading channel with the fading
parameterm = 1.0, 1.2 and3.0, respectively. The cooperation factor isδc = 0.33.
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Figure 2.12: BER versus SNR performance of user cooperation [2] withL0 = 6 andLc = 1. The channel
between the source MT and its partner is modelled as Nakagami-m fading channel with the fading
parameterm = 1.0, 1.2 and3.0, respectively. The cooperation factor isδc = 0.17.
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Figure 2.13: BER versus SNR performance of user cooperation [2] withL0 = 6 andLc = 1, 2 and3, respec-
tively, when the channel between the source MT and its partner is modelled as Rayleigh fading
channel.
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Figure 2.14: BER versus SNR performance of user cooperation [2] withL0 = 8 andLc = 1, 2 and3, respec-
tively, when the channel between the source MT and its partner is modelled as Rayleigh fading
channel.
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over the conventional non-cooperative strategy and that the BER performance can be improved upon

increasing the cooperation factor. The achievable gains can be converted into reduced transmit power

for the users, which is potentially capable of extending thebattery life of the MTs. Furthermore, it

is straightforward to generalize the concept of user cooperation proposed in [2] to the scenario where

multiple partners are involved in supporting the transmissions of other users, and thus even better

performance is achievable. Note that, in the CDMA implementations above, we assumed that the

various spreading codes used were orthogonal. However, this assumption is not necessary. Arbitrary

spreading codes may be used, along with multiuser detectionin order to approach the optimum single-

user performance.

Let us now provide some simulation results for the TDMA-based cooperative protocols discussed

in Subsection 2.2.2 in order to illustrate the achievable cooperative diversity gains. In our simulations

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

Figure 2.15 shows the BER performance of the cooperative scheme using both the AF and the DF

modes in Rayleigh fading channels. In our simulations, we assumed that the channels spanning from

S to D and those from R to D experienced the same type of fading,i.e. Rayleigh fading. Furthermore,

for the AF mode the channel fading between S and R was assumed to be the same as those spanning

both from S to D and from R to D. By contrast, for the DF mode it was assumed that the signal was

always decoded correctly at the relay. The results of Figure2.15 show that the BER performance

achieved by the DF mode is the same as that of an antenna diversity aided scheme using a single

transmit antenna and two receive antennas, hence achievingsecond-order diversity. The results of

Figure 2.15 also show that the BPSK scheme using AF-based cooperation outperforms conventional

BPSK operating without cooperation. However, its performance is significantly worse than that of

BPSK using DF-based cooperation, since in the DF mode the idealized simplifying assumption of

having a perfect channel between the source and relay was involved. Naturally, this assumption

is unrealistic in practice and hence it has to be eliminated by further research [97]. Therefore, in

Figure 2.16 we show the BER performance of the BPSK using no cooperation, AF-based or DF-based

cooperation, when assuming that the fading channel spanning from S to R obeys the same statistics

as that from S to D as well as that from R to D. As shown in Figure 2.16, the BER performance of

BPSK supported by the DF mode is even worse than that in the AF mode. The reason for the trends

observed in Figure 2.16 is that hard estimates carried out atthe relay terminal are unable to make

efficient use of the channel information, yielding a performance degradation.

Figures 2.17-2.20 show the achievable BER performance of BPSK using multiple relays, as de-

picted in Figure 2.4 for transmission over Nakagami and/or Rayleigh fading channels, where the
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Figure 2.15: BER performance comparison of coherent BPSK using the AF- and DF-based cooperation modes
over Rayleigh fading channels. For the AF mode, the fading channel spanning from S to R is the
same as that from S to D and that from R to D. For the DF mode, having a perfect channel between
S and R is assumed.
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Figure 2.16: BER performance comparison of coherent BPSK using the AF- and DF-based cooperation modes
over Rayleigh fading channel. For both of the modes, the fading channel spanning from S to R is
assumed the same as that from S to D and that from R to D.
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Figure 2.17: BER versusεT /N0 performance for the multi-relay-assisted cooperative scheme proposed in [37]
for transmission over Rayleigh fading channels. The numberof the assisting relays wasL =
0, 1, 2, 3.
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Figure 2.18: BER versusεT /N0 performance for the multi-relay-assisted cooperative scheme proposed in [37]
for transmission over Nakagami-Rayleigh fading channels.The number of assisting relays was
L = 1. In our simulations the channels spanning from S to D as well as those from the relays
to D were assumed to experience Rayleigh fading, while the channels from S to the relays were
assumed to experience different Nakagami-m fading associated with the fading parameterm
selected from the set{1.0, 1.5, 2.0, 3.0}.
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Figure 2.19: BER versusεT /N0 performance for the multi-relay-assisted cooperative scheme proposed in [37]
for transmission over Nakagami-Rayleigh fading channels.The number of assisting relays was
L = 2. In our simulations the channels spanning from S to D as well as those from the relays
to D were assumed to experience Rayleigh fading, while the the channels spanning from S to
the relays were assumed to experience different Nakagami-m fading associated with the fading
parameterm selected from the set{1.0, 1.5, 2.0, 3.0}.

channels spanning from S toRl, l = 1, 2, 3, were assumed to experience Nakagami-m fading, while

that from S to D as well as those fromRl, l = 1, 2, 3, to D experience Rayleigh fading. In our sim-

ulations we assumed having a fixed total energy per symbol in the systemεT :=
∑L

l=1El and we

selectedEl = εT /(L+ 1), l ∈ [0, L]. Furthermore, we assumed that the channels spanning from S to

Rl, l = 1, 2, 3, may experience different Nakagami fading associated withvarious fading parameter

m within the set{1.0, 1.5, 2.0, 3.0}. Naturally, the Nakagami-m fading channel associated with the

fading parameter ofm = 1.0 is in fact the Rayleigh fading channel.

Figure 2.17 shows the BER versusεT /N0 performance recorded for the multi-relay-assisted co-

operative scheme proposed in [37], when communicating overRayleigh fading channels. In our

simulations, we assumed various number of relays ranging from L = 0 to L = 3, whereL = 0

corresponds to the classic scenario of direct transmission, i.e. no relay was involved in assisting the

transmissions from the source to the destination. It can be observed from the results of Figure 2.17

that the BER performance of the cooperative scheme proposedin [37] in conjunction with different

relays does not result in significant performance difference in the low SNR region, while the coop-

eration aided scheme achieves the maximum attainable diversity order of(L + 1) in the high SNR
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Figure 2.20: BER versusεT /N0 performance for the multi-relay-assisted cooperative scheme proposed in [37]
for transmission over Nakagami-Rayleigh fading channels.The number of assisting relays was
L = 3. In our simulations the channels spanning from S to D as well as those from the relays
to D were assumed to experience Rayleigh fading, while the the channels spanning from S to
the relays were assumed to experience different Nakagami-m fading associated with the fading
parameterm selected from the set{1.0, 1.5, 2.0, 3.0}.

region,3which is confirmed by the BER curves of having slope−(L+ 1) in the high SNR region.

Figures 2.18-2.20 show the BER versusεT /N0 performance evaluated for the multi-relay-assisted

cooperative scheme proposed in [37] for transmission over Nakagami and/or Rayleigh fading chan-

nels, where the number of the relays employed wasL = 1, 2, 3, respectively. In our simulations

the channels spanning from S toRl, l = 1, 2, 3, were assumed to experience different Nakagami-m

fading associated with the fading parameter values of{1.0, 1.5, 2.0, 3.0}. From the results of Fig-

ures 2.18-2.20 we can make the following observations. Firstly, the BER performance degrades upon

decreasing the value ofm, which is natural, because a reducedm value implies that the desired signal

suffers from more severe fading. Secondly, the degradationof the BER performance is not linearly

proportional to the fading parameterm. Thirdly, the BER performance associated with different val-

ues ofm becomes more distinguishable, as the number of relays is increased. ForL = 1, the BER

performance associated with the value ofm = 1.5,m = 2.0 andm = 3.0 remains similar, while

for L = 2 the difference between them becomes more visible. The BER performance associated

with a different fading parameterm becomes even more distinguishable when the number of relays

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

3The clause ‘which is confirmed by the BER curves of having slope−(L+ 1) in the high SNR region.’ is newly added.
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It can be seen from the results shown in Figures 2.17-2.20 that the diversity order of(L + 1)

is achieved with the aid ofL relays transmitting in orthogonal channels. The price to bepaid for

this diversity gain is a reduction of the spectral efficiencyby a factor of(L + 1) in case ofL relays.

However, this ‘full’ diversity is achieved only on condition that the SNR between the source and the

relay is better than that of the channels extending to the destination. If the channel quality between the

source and relay is poor, the benefit of cooperation remains limited. This is because this cooperative

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

Finally, in Figures 2.21 and 2.22 the achievable BER performance of BPSK using the orthogonal

cooperative diversity scheme described in Subsection 2.2.4 is characterized. In our simulations we

assumed that each frame consisted of 128 information symbols. Furthermore, we assumed quasi-static

flat Rayleigh fading channels, implying that we haveh1,b(t) = h1,b(t − Ts), h2,b(t) = h2,b(t − Ts),

h1,2(t) = h1,2 andh2,1(t) = h2,1. Furthermore, in our simulations the channels between the two

users and the destination are assumed to be statistically equivalent, having the same SNR. Finally,

we introduced the terminology of differential SNR (dSNR) defined as dSNR= iSNR−SNR, where

iSNR is the inter-user SNR, which has been introduced in Subsection 2.2.4.

Figure 2.21 shows the achievable BER performance recorded at the partner users and the BS of

the cooperative scheme proposed in [56, 74], which was evaluated for the dSNR values of0, 10 and

20 dB. Note that positive values of dSNR imply having a better channel quality for the inter-user

channel than that of the identical channel between the usersand the BS, while the former and the

latter have the same channel quality, when dSNR equals to0 dB. It can be observed from the results

of Figure 2.21 that the BER performance evaluated at the BS can be significantly improved, as the

value of dSNR is increased, implying that the overall BER performance achieved at the destination

highly depends on the quality of the inter-user channel quantified in terms of iSNR.

Figure 2.22 shows the BER performance recorded at the BS of the cooperation aided scheme

proposed in [56, 74], which was evaluated for various dSNR gains of −5, 0, 5, 10 and20 dB. For

comparison, the BER performance of the direct transmission, which involves no cooperation, is also

provided. Note again that the negative value of dSNR indicates having a worse channel quality for

the inter-user channel than that between the users and the BS. It can be seen from the results of

Figure 2.22 that the BER performance recorded at the BS is improved upon increasing the value of

dSNR. Specifically, at a BER of10−3 the performance gains found for the dSNR values of0, 5, 10

and20 over direct transmission are3, 8, 11 and13 dB, respectively. By contrast, a BER performance

degradation is experienced in comparison with direct transmission, when dSNR is−5 dB.
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Figure 2.21: BER performance at the cooperating partners and the BS of thecooperative scheme proposed
in [56,74] for various differential SNR gains of 0, 10 and 20 dB.
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Figure 2.22: BER performance at the BS of the cooperative scheme proposedin [56,74] for various differential
SNR gains of -5, 0, 5, 10 and 20 dB.
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2.4 Conclusions

In the time of writing cooperative communications constitutes a repidly evolving research area in con-

stant transfiguration. This chapter has sought to review some of the pioneering work in cooperative

diversity aided systems. Specifically, both repetition-based and coded cooperation schemes have been

considered. The repetition-based cooperation schemes operate either in the AF mode, where the relay

terminal amplifies and forwards the signal received from thesource terminal to the destination termi-

nal, or in the DF mode, where the relayed signal is first detected, remodulated and then forwarded

to the destination terminal. By contrast, the family of coded cooperation scheme is intrinsically in-

tegrated with specifically designed channel coding, where each user attempts to transmit incremental

redundancy for his/her partner, rather than relaying the information from the source terminal in the

AF or DF mode. It can be shown that both the AF- and DF-based cooperation schemes are capable of

achieving a useful diversity gain. The achievable gain can be converted into reduced transmit power

for the cooperating MTs, which is potentially capable of extending the battery life of the MTs. How-

ever, the achievable performance of the repetition-based cooperative schemes may in fact degrade,

when the channel between the cooperating partners is poor. By contrast, coded cooperation is capable

of achieving an improved performance, as a benefit of having an integrated error detection scheme in

the coded cooperation aided scheme.

Having reviewed the related work on cooperative diversity,in our forthcoming chapters we pro-

pose and investigate a multiple-relay-assisted DS-CDMA uplink and downlink system.



Chapter 3
Single-User Performance of the

Relay-Assisted DS-CDMA Uplink

3.1 Introduction

It is well-known that transmissions over wireless communications channels suffer from fading, which

may be mitigated by exploiting various types of diversity attained in the time-, frequency- and/or

spatial-domain [5,57,98]. Specifically, spatial diversity can be achieved by transmitting the same sig-

nal from geographically separated transmitters so as to generate independently faded replicas of the

transmitted signal at the receiver. In wireless communications spatial diversity is particularly attrac-

tive, since it is capable of offering spectral efficiency without requiring an extra transmission duration

or bandwidth [64]. Spatial diversity is usually achieved with the assistance of multiple antennas at

the transmitter and/or at the receiver [99, 100]. In practice multiple-antennas are desirable for de-

ployment at cellular base stations (BSs) in order to achievedownlink transmit diversity. However,

transmit diversity employing multiple transmit antennas is not directly applicable to uplink transmis-

sion, owing to the mobile unit’s size limit. Recently, cooperative diversity schemes using distributed

mobile terminals (MTs) or users have attracted wide attention [2,14–31]. This is because the integrity

of a wireless system may be significantly improved with the aid of cooperation among the distributed

nodes or users [101–103]. Specifically, in a wireless systemsupporting the communications of dis-

tributed mobile users, a set of mobile users may share their transmit antennas in order to create a

virtual antenna array (VAA) for the sake of achieving transmit diversity [2, 14, 37, 104]. This type of

51
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transmit diversity is usually referred to as relay diversity.

The performance of relay diversity schemes has been widely investigated in the literature [16,17,

36–39,102,104–113] under the simplifying assumption thatthere exists no interference amongst the

relays, even though the relays access the wireless channel at the same time. However, in practice

cellular DS-CDMA systems tend to suffer from multiuser interference (MUI), when the mobile users

access the wireless channels using the same frequency band at the same time. Hence, in this chapter

we investigate the bit error ratio (BER) performance of an uplink DS-CDMA scheme, where one

user is assisted by several other users acting as relays so asto achieve relay diversity. In our study,

we assume a generalized Nakagami fading channel model [84],where the signals arriving from the

transmitter to the relays and those from the relays to the BS receiver may experience different fading.

By contrast, the study provided in [37] assumed the presenceof Rayleigh fading, while that in [104]

considered a common Nakagami-m fading for both the transmitter-relay and relay-receiver channels.

Furthermore, in this chapter three types of detection schemes are invoked. The first detection scheme

is a single-user receiver (SUR) scheme, which maximizes theoutput SNR without taking into account

the interference among the relays. By contrast, the other two combining schemes are the optimum

combining schemes derived based on the maximum signal-to-interference-plus-noise ratio (MSINR)

principles [114–117] and the minimum mean-square error (MMSE) principles [118–121]. Hence,

both of them are multiuser combining (MUC) schemes and are capable of suppressing the interference

among the relays.

In addition to the generalized Nakagami fading channel model [84, 98, 122, 123], which models

small-scale fading, large-scale fading [124–126] described in terms of the propagation pathloss satis-

fying theηth power law is also invoked in our study. In our study, different power-sharing schemes

distributing the total power appropriately between the source MT and the relays are considered. From

our study, it can be inferred that the performance of the proposed system can be significantly improved

when efficient power-sharing [40,113,127–129] among the source MT and relays is utilized. In other

words, our study shows that cooperation among the MTs in a wireless network is highly efficient in

terms of reducing the total radiated power that is required to ensure the delivery of information with

desired quality of service (QoS).

Note that the reason for us to focus our attention in this chapter on the single-user multiple-

relay scenario is that, from the single-user performance results, we can gain further insight into the

achievable performance of DS-CDMA systems using relays forsupporting multiple users associated

with employing advanced multiuser detection (MUD). Furthermore, it can be shown that our approach

adopted in this chapter can be readily extended to the more realistic 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 user, say userk, communicating with

the BS with the assistance ofL relays, which are also mobile users. The transmitter schematic diagram

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

sk(t) =
√

2Pktbk(t)ck(t) cos(2πfct+ φk), (3.1)

andPkt represents the transmitted power of userk, fc is the carrier frequency, whileφk denotes the

initial phase angle associated with the carrier modulation. In (3.1) bk(t) represents the transmitted

data waveform, which can be expressed as

bk(t) =

∞∑

n=0

bk[n]PTb
(t− nTb), (3.2)

wherebk[n] ∈ {−1,+1}, Tb represents the bit-duration,PTb
(t) denotes the rectangular waveform,

which is defined asPTb
(t) = 1 if 0 ≤ t < Tb, andPTb

(t) = 0 otherwise. Furthermore, in (3.1),ck(t)

represents the DS spreading waveform, which can be expressed as

ck(t) =

∞∑

n=0

cknψTc(t− nTc), (3.3)

whereTc represents the chip-duration,N = Tb/Tc represents the spreading factor,ckn ∈ {−1,+1},

ψTc(t) is the chip-waveform, which is defined within[0, Tc) and normalized to satisfy
∫ Tc

0 ψ2
Tc

(t)dt =

Tc. Let us now describe the cooperative scheme considered in this chapter.

3.2.2 Cooperation Operation

We assume that there areL relays constituted by mobile users, which assist in the uplink transmission

from userk to the BS, as shown in Figure 3.2. The relays are inactive MTs and hence they do not have

their own data to transmit. For the sake of convenience, in Figure 3.2 we define the direct (D) channel
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Figure 3.1: Transmitter schematic diagram of thekth user.
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Figure 3.2: Channels in a relay-assisted DS-CDMA, where a single uplinkMT transmitter is assisted byL
relays.

as the D-channel, which directly connects userk with the BS. The relay channel is defined as the R-

channel, which represents the channel spanning from userk through a relay to the BS. Furthermore,

the R-channel includes the channel connecting thekth user to the relay and that connecting the relay

to the BS. Hence, for convenience, the former is referred to as the TR-channel, while the latter as the

RB-channel.

Throughout this chapter we stipulate the realistic assumption that a mobile user cannot transmit

and receive signals simultaneously. Furthermore the cooperation scheme is based on time-division

(TD) and a symbol duration is divided into two time-slots. Specifically, in the cooperation scheme

considered, userk transmits signals to theL relays and the BS during the first time-slot, while within

the second time-slot, theL relays transmit the signal received from userk in the first time-slot to

the BS, as illustrated in Figure 3.4. Furthermore, in this chapter we assume transmissions over non-
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Figure 3.4: A graphical illustration of the cooperative configuration.

frequency-selective fading channels so as to focus our attention on the benefits of relay diversity

alone. Additionally, we assume that the transmitted signals can be perfectly synchronized, whenever

necessary.

Let the complex baseband equivalent signal received by thelth relay within the first time-slot of

thenth bit-duration be expressed as

r
(k)
l (t) =

√

2P
(k)
l h

(k)
l bk[n]ck(t) + n

(k)
l (t), l = 1, 2, . . . , L, (3.4)

whereP (k)
l represents the power of relayl received from thekth user after taking into account the

pathloss of thelth TR-channel,h(k)
l represents the fading gain of thelth TR-channel, whilen(k)

l (t)
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represents the complex baseband equivalent Gaussian noise, which has a zero mean and a single-

sided power spectral density ofN0 per dimension. In order to generate a soft estimateb̂k[n] for the

transmitted bitbk[n], the received signal of (3.4) is first detected by thelth relay on a symbol-by-

symbol basis according to Figure 3.3. Specifically, as shownin Figure 3.3,r(k)
l (t) is first input to a

filter matched to the transmitted chip-waveformψTc(t). Then, the matched-filter’s output is sampled

at the chip-rate, which forwardsN samples per symbol to thelth detector. According to Figure 3.3,

after the normalization operation using
√

2P
(k)
l NTc, theλth sample can be expressed as

y
(k)
lλ =

1
√

2P
(k)
l NTc

∫ (λ+1)Tc

λTc

r
(k)
l (t)ψ∗

Tc
(t)dt, λ = 0, 1, · · · ,N − 1. (3.5)

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

y
(k)
lλ =

1√
N
h

(k)
l bk[n]ckλ + n

(k)
lλ , λ = 0, 1, · · · ,N − 1, (3.6)

wheren(k)
lλ is the Gaussian noise component given by

n
(k)
lλ =

1
√

2P
(k)
l NTc

∫ (λ+1)Tc

λTc

n
(k)
l (t)ψ∗

Tc
(t)dt, (3.7)

which has a mean of zero and a variance ofN0/2E
(k)
l per dimension, whereE(k)

l = P
(k)
l Tb represents

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

Let us define

yyy
(k)
l = [y

(k)
l0 , y

(k)
l1 , · · · , y

(k)
l(N−1)]

T ,

nnn
(k)
l = [n

(k)
l0 , n

(k)
l1 , · · · , n

(k)
l(N−1)]

T , (3.8)

ccck =
1√
N

[ck0, ck1, . . . , ck(N−1)]
T ,

which physically represent the received signal, the noise and theN -chip spreading sequence of the

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

yyy
(k)
l = ccckh

(k)
l bk[n] +nnn

(k)
l . (3.9)
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We assume that thelth relay is capable of tracking thelth TR-channel with the aid of channel es-

timation. Then, thelth relay can readily obtain the estimateb̂k[n] from (3.9), which can be expressed

as

b̂k[n] =
1

∣
∣
∣h

(k)
l

∣
∣
∣

2 (h
(k)
l )∗cccTk yyy

(k)
l =

1

h
(k)
l

cccTk yyy
(k)
l = bk[n] +

1

h
(k)
l

cccTknnn
(k)
l . (3.10)

Explicitly, b̂k[n] contains noise in addition to the desired bitbk[n] to be relayed. Furthermore, it

can be shown that the power ofb̂k[n] can be expressed as

ςkl = E

[∣
∣
∣b̂k[n]

∣
∣
∣

2
]

= 1 +
1

∣
∣
∣h

(k)
l

∣
∣
∣

2 × N0

E
(k)
l

. (3.11)

After the detection operation,̂bk[n] is then spread and relayed by thelth relay to the BS within

the second time-slot of thenth bit duration, as shown in Figure 3.4. Correspondingly, the transmitted

signal of thelth relay can be expressed as

s
(k)
l (t) =

√

2P
(k)
lt

ςkl
b̂k[n]c

(k)
l (t) cos(2πfct+ φ

(k)
l ), l = 1, 2, · · · , L, (3.12)

whereP (k)
lt , c(k)

l (t) andφ(k)
l represent the transmitted power, signature waveform and initial phase

associated with thelth relay signal, respectively.

Consequently, at the BS the received complex baseband equivalent signal within the first time-slot

of thenth bit-duration can be expressed as

r̄0(t) =
√

2Pkrh
(k)
0 bk[n]ck(t) + n(t), (3.13)

wherePkr represents the power received from userk, which is usually not the same as the transmitted

powerPkt due to the pathloss of the D-channel,h(k)
0 represents the channel gain of the D-channel,

while n(t) denotes the Gaussian noise received at the BS, which, again,has a mean of zero and a

single-sided power spectral density ofN0 per dimension.

By contrast, the complex baseband equivalent signal received by the BS during the second time-
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Transmitter Relay Base Station

dTB

dTR dRB

Figure 3.5: A relay which has a distancedTR from the transmitter and a distancedRB from the BS receiver.
The distance from the transmitter to the receiver isdTB.

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

r̄1(t) = n(t) +

L∑

l=1

√

2P
(k)
lr

ςkl
h

(k)
rl bk[n]c

(k)
l (t)

+

L∑

l=1

√

2P
(k)
lr

ςkl
h

(k)
rl

[

cccTknnn
(k)
l

h
(k)
l

]

c
(k)
l (t), (3.14)

whereP (k)
lr represents the power received by the BS from thelth RB-channel. Due to the propagation

pathloss,P (k)
lr is lower thanP (k)

lt seen in (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 mean-pathloss satisfying theηth power law and

a log-normally distributed slow-fading variation about the so-called local mean [125]. For mobile

communications, the mean pathloss,Lp(d), expressed as a function of transmitter-receiver (T-R)

separationd, is proportional to theηth power ofd relative to a reference distanced0 [124], which can

be expressed as [125]

Lp(d)(dB) = Ls(d0)(dB) + 10η log(
d

d0
), (3.15)

whereLs(d0) is the pathloss measured at the reference distanced0, η is the pathloss exponent, which

assumes a value of two in free space, while its typical worst-value is four in cellular mobile systems.

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

that connects the transmitter with the BS receiver, as shownin Figure 3.5. Furthermore, we assume
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that all the relays are in the vicinity of the BS and they all have the same distance from the transmitter

as well as from the BS. This assumption may be realistic in a scenario where the relays are on a circle

surrounding, where the radius of the circle is significantlylower than the distance between the source

and the BS. As illustrated by Figure 3.5, the T-R separation,i.e. the distance between the transmitter

and the relay isdTR, the R-B separation between the relay and the BS isdRB and finally the T-R

separation between the transmitter and the BS isdTB . Let dRB = δdTB , δ < 1. Then, according

to Figure 3.5, we havedTR = (1 − δ)dTB . For the sake of simplicity, in our analysis we ignore the

log-normal shadowing or slow fading. Consequently, the average received power can be expressed in

terms of the transmitted power by multiplying an attenuating factor. Note that the above assumptions

allow us to identify the received power in the context of the locations of the relays. Specially, given

the received energy per bitEb corresponding to the SNR ofEb/N0, the equivalent transmitted energy

per bit can be expressed as

E0 = Eb

(
dTB

d0

)n

. (3.16)

Alternatively, in order to reach the received powerPr, which yields the required SNR ofEb/N0,

where we haveEb = PrTb, the transmitted power has to beP0 = Pr(
dTB

d0
)n, when the transmitter and

the receiver are separated by a distance ofdTB. In order to carry out a fair comparison, we assume

that the total transmission power per symbol is the same for both our proposed cooperative relay aided

system and the direct transmission based non-cooperative system, which does not use relays. Hence,

we haveP0 = Pkt + LP
(k)
lt .

Note that in the context of the relay diversity schemes [37,40,127,128], it is usually assumed that

the total average SNR measured at the receiver is the same, regardless of the number of relays as well

as of their locations. However, a comparison based on this assumption is inappropriate, unless both

the transmitter as well as the relays are located at the places that have a similar distance from the BS

receiver. However, in practice it is desirable for a user to opt for using relays that are close to the BS,

so that the relays can consume a low power and also that the relay channels are reliable. Explicitly,

in this case the comparison based on the same total average received SNR is inappropriate. Hence,

in this chapter as well as in the following chapters, our comparisons of various relay schemes are

mainly based on the assumption that the total average transmitted power remains the same. Based on

this assumption, our study can provide us with an insight into many other issues, such as the efficient

power-sharing, the effect of the locations of the relays on the achievable performance, etc., which will

be considered in detail in our forthcoming discourse.

Let α be the ratio of the powerPkt transmitted by the transmitter during the first time-slot and



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

the total transmitted powerP0 required for transmitting a single bit, i.e.α = Pkt/P0. Thus, we have

P
(k)
lt = P0(1−α)/L. Based on the above assumptions, the average power receivedat the BS and the

relays during the first time-slot can be expressed, respectively, as

Pkr = αPr, (3.17)

P
(k)
l = α(1 − δ)−nPr. (3.18)

By contrast, the average power received at the BS from one of the relays during the second time-slot

can be expressed as

P
(k)
lr =

1 − α

L
δ−nPr. (3.19)

Note that the average received signal power considered above represents the power after removing the

effect of fast fading. In other words, Equations (3.17)-(3.19) 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 sakeof generality, we assume in our investi-

gations that the TR-channels and the RB-channels may experience different fading. Specifically, let

h
(k)
l = αl1e

jθl1 andh(k)
rl = αl2e

jθl2 for l = 1, 2, . . . , L in (3.14), whereαl1, αl2 andθl1, θl2 denote

the amplitudes and phases of thelth TR-channel and thelth RB-channel, respectively. We assume

that the fading amplitudeαli, i = 1, 2, obeys the Nakagami distribution having a PDF of

f(αli) =
2mmli

li α2mli−1
li

Γ(mli)Ω
mli

li

e−(mli/Ωli)α
2
li , i = 1, 2, (3.20)

wheremli represents the Nakagami fading parameter of thelth TR-channel (i = 1) or the lth RB-

channel (i = 2). According to [84], we havemli ≥ 1/2 andmli = E2[α2
li]/Var[α2

li]. In (3.20)Γ(·) is

the gamma function defined as [130].

Γ(z) =

∫ ∞

0
tz−1e−tdt, z ≥ 0. (3.21)

Furthermore, in (3.20)Ωli is a scaling parameter, which denotes the average power received from the

lith channel. According to [131], the amount of fading of a wireless channel,AF , is defined as the
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ratio between the variance of the received energy and the square of the mean received energy. For

Nakagami-m fading channels, we haveAF = 1/m. Hence, whenm increases, the amount of fading

decreases, implying that the channel becomes less faded. The Nakagami fading channel model is a

generalized channel model. According to [84], the Nakagami-m distribution is reduced to the one-

sided Gaussian distribution ifm = 1/2, which corresponds to the worst-case fading. It is reduced to

the Rayleigh distribution ifm = 1. Furthermore, whenm → ∞, the Nakagami-m fading channel

converges to the additive white Gaussian noise (AWGN) channel. Additionally, when we havem > 1,

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

m allows the Nakagami-m distribution to closely approximate the Rice distribution[84].

Note that in (3.13) we haveh0 = α0e
jθ0, whereα0 andθ0 denote, respectively, the amplitude and

phase of the D-channel, as seen in Figure 3.2. The PDF ofα0 can be readily obtained from (3.20) with

mli replaced bym0 andΩli by Ω0. Furthermore, the phasesθ0 andθli for l = 1, 2, . . . , L are assumed

to be the independent and identically distributed (i.i.d) random variables uniformly distributed within

[0, 2π). Let us now consider a variety of detection algorithms employed at the BS receiver.

3.3 Detection Algorithms

In this section we investigate the detection of the relay-assisted DS-CDMA signal when the spreading

codes employed by the transmitter and relays exhibit non-negligible cross-correlations. Hence, there

exists interference among all the relayed signals, since these relayed signals are received by the BS

within the same time-slot. However, the D-channel does not interfere with the relay channels, since

it transmits in a different time-slot. In this section threedetection schemes are derived, which are

detailed in our forthcoming discourse. Let us first derive the representation of the signal received by

the BS within a given symbol duration.

3.3.1 Representation of the Signal Received at the Base Station

As at the relays, the signal received at the BS is first filteredby a chip-waveform matched-filter and it

is then sampled at the chip-rate in order to provide the detector with observation samples, as shown

in Figure 3.6. Sincebk[n] is transmitted twice in two time-slots, each of which is associated with an

N -chip spreading sequence, the BS receiver processes a totalof 2N samples for detectingbk[n]. Let

yyy = [yyyT
0 , yyy

T
1 ]T contain the2N observation samples, whereyyyi = [yi0, yi1, · · · , yi(N−1)]

T , i = 0, 1. It
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Sampling
Algorithm
Detectionψ∗

Tc
(Tc − t)

ri(t)

λ = 0, 1, ..., N − 1

b̂k[n]

at (λ+ 1)Tc

Figure 3.6: Receiver schematic diagram at the BS.

can be shown thatyiλ can be expressed as

yiλ =
1√

2PkrNTc

∫ (λ+1)Tc

λTc

r̄i(t)ψ
∗
Tc

(t)dt, i = 0, 1;λ = 0, 1, · · · ,N − 1. (3.22)

Let us defineζkl = P
(k)
lr /(ςklPkr), whereςkl is given in (3.11). Then, upon substituting (3.13) and

(3.14) into (3.22), we obtain

y0λ =
1√
N
h

(k)
0 ckλbk[n] + n0λ

y1λ =
1√
N

L∑

l=1

√

ζklh
(k)
rl c

(k)
lλ bk[n] +

1√
N

L∑

l=1

√

ζklh
(k)
rl c

(k)
lλ

[

cccTknnn
(k)
l

h
(k)
l

]

+ n1λ

λ = 0, 1, · · · ,N − 1, (3.23)

whereniλ, i = 0, 1, is an independent Gaussian random variable with a mean of zero and a variance

of N0/2Ekr per dimension, andEkr = PkrTb represents the average energy per bit received from the

D-channel.

Let

ccc
(k)
l =

1√
N

[

c
(k)
l0 , c

(k)
l1 , . . . , c

(k)
l(N−1)

]T
, (3.24)

nnni =
[
ni0, ni1, · · · , ni(N−1)

]T
, i = 0, 1, (3.25)

which physically represent the spreading code of thelth relay of userk and the noise at the BS during

both the first and second time-slots. Then, it can be shown that, upon ignoring the superscriptk for
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convenience, we can expressyyy as

yyy =




yyy0

yyy1



 =







ccckh
(k)
0

L∑

l=1

ccc
(k)
l

√

ζklh
(k)
rl






bk[n] +







000
L∑

l=1

ccc
(k)
l

√

ζklh
(k)
rl

[

cccTknnn
(k)
l

h
(k)
l

]







+




nnn0

nnn1



 . (3.26)

Furthermore, the above equation can be rewritten as

yyy = CCCkAAAkhhhkbk[n] +CCCkrĀAAkHHHkr(IIIL ⊗ cccTk )nnntr +nnnr
︸ ︷︷ ︸

nnnI

, (3.27)

where⊗ represents theKronecker product[1] operation and the vectors and matrices in (3.27) are

given as follows:

CCCk =




ccck 000 000 · · · 000

000 ccc
(k)
1 ccc

(k)
2 . . . ccc

(k)
L



 , (3.28)

AAAk = diag
{

1,
√

ζk1,
√

ζk2, . . . ,
√

ζkL

}

, (3.29)

hhhk =
[

h
(k)
0 , h

(k)
r1 , h

(k)
r2 , · · · , h

(k)
rL

]T
, (3.30)

CCCkr =




000 000 . . . 000

ccc
(k)
1 ccc

(k)
2 . . . ccc

(k)
L



 , (3.31)

HHHkr = diag

{

h
(k)
r1

h
(k)
1

,
h

(k)
r2

h
(k)
2

, . . . ,
h

(k)
rL

h
(k)
L

}

, (3.32)

nnntr =
[

(nnn
(k)
1 )T , (nnn

(k)
2 )T , · · · , (nnn(k)

L )T
]T
, (3.33)

nnnr =
[
nnnT

0 ,nnn
T
1

]T
. (3.34)

Furthermore, in (3.27)̄AAAk is the(L×L)-dimensional diagonal matrix, which is obtained fromAAAk by

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

Having obtained the representation of the signal received at the BS, as seen in (3.27), let us now

derive a range of detection schemes that might be employed inorder to characterize the performance

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

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

ceived signal vectoryyy of (3.27) is first despread usingCCCT
k , yielding

ȳyy = CCCT
k yyy, (3.35)

whereȳyy = [ȳ0, ȳ1, . . . , ȳL]T . It can be shown that after the despreading thelth component of̄yyy can

be expressed as

ȳl =







h
(k)
0 bk[n] + cccTknnn0, if l = 0

√
ζklh

(k)
rl bk[n] +

√
ζklh

(k)
rl

h
(k)
l

cccTknnn
(k)
l + (ccc

(k)
l )Tnnn1 + IIRI , if l = 1, 2, . . . , L,

(3.36)

whereIIRI represents the inter-relay interference.

Since the MRC-assisted SUR (MRC-SUR) scheme does not have any knowledge about the inter-

fering relays, it can only treat the inter-relay interference as noise. Let us assume that the second-order

moment ofIIRI in (3.36) is given byσ2
IRI. Then it can be readily shown that the MRC weights used

for combining the direct and the relayed signals are given respectively by

wl =







(
N0
Ekr

)−1
(h

(k)
0 )∗, for l = 0

(

ζkl|h(k)
rl

|2

|h(k)
l

|2
N0

E
(k)
l

+ N0
Ekr

+ σ2
IRI

)−1 √
ζkl(h

(k)
rl )∗, for l = 1, 2, . . . , L.

(3.37)

Correspondingly, the decision variablezk[n] for bk[n] is given by

zk[n] = ℜ
{

L∑

l=0

wlȳl

}

, (3.38)

whereℜ{x} represents the real-part ofx.

Note that the MRC scheme of (3.38) maximizes the output SNR, when there exists no inter-

relay interference or when the inter-relay interference isindeed Gaussian However, the inter-relay

interference is usually not Gaussian, because the number ofsuperimposed relayed signals is typically

low. In this case, the MRC-SUR using the MRC weights of (3.37)is sub-optimum and hence the

inter-relay interference significantly degrades the achievable performance.

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

γ =

(
N0

Ekr

)−1

|h(k)
0 |2 +

L∑

l=1

(

ζkl|h(k)
rl |2

|h(k)
l |2

N0

E
(k)
l

+
N0

Ekr
+ σ2

IRI

)−1

ζkl|h(k)
rl |2

=
|h(k)

0 |2Ekr

N0
+

L∑

l=1

(

N0

|h(k)
l |2E(k)

l

+
N0/Ekr + σ2

IRI

ζkl|h(k)
rl |2

)−1

= γ0 +

L∑

l=1

(
1

γl
+

1

γrl

)−1

, (3.39)

where we have

γ0 =
|h(k)

0 |2Ekr

N0
,

γl =
|h(k)

l |2E(k)
l

N0
, l = 1, 2, . . . , L, (3.40)

γrl =
ζkl|h(k)

rl |2
N0/Ekr + σ2

IRI
, l = 1, 2, . . . , L

andγ0, γl andγrl represent the instantaneous SNRs of the D-channel, of thelth TR-channel and of

the lth RB-channel, respectively.

Furthermore, when assuming binary phase-shift keying (BPSK) baseband modulation and ap-

plying the Gaussian approximation for the inter-relay interfering signals, we can express the BER

conditioned on the instantaneous SNRs as

Pb (γ0, {γl} , {γrl}) = Q
(√

2γ
)

= Q





√
√
√
√γ0 +

L∑

l=1

(
1

γl
+

1

γrl

)−1


 . (3.41)

Based on (3.41) the average BER derived for special cases of interest may be estimated using the

results of [37,104,106]. However, for the general case considered in this chapter, it is challenging to

derive the closed-form BER expression. Furthermore, sinceusually only a small number of relays are

employed for assisting the source MT, the inter-relay interference cannot be accurately approximated

by a Gaussian variable. Therefore, Monte-Carlo simulations are employed for evaluating the BER

results in Section 3.4.

Let us now consider the maximum SINR (MSINR)-assisted MUC, which is 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 vector of (3.27) as

yyy = h̄hhkbk[n] +nnnI , (3.42)

with

h̄hhk = CCCkAAAkhhhk,

nnnI = CCCkrĀAAkHHHkr(IIIL ⊗ cccTk )nnntr +nnnr. (3.43)

The maximum SINR-assisted multiuser combining (MUC) scheme maximizes the output signal-

to-interference-plus-noise ratio (SINR) with the aid of exploiting the knowledge about MTk as well

as its relays. More specifically, the BS receiver exploit theassumption that we have perfect knowledge

of the spreading codes and the channels of both thekth MT and its relays.

Letwww be the2N -chip MSINR MUC weight vector. Then the decision variable can be expressed

as

zk[n] = wwwHyyy = wwwHh̄hhkbk[n] +wwwHnnnI . (3.44)

Correspondingly, the output SINR can be expressed as

SINR =
||wwwHh̄hhk||2
wwwHRRRIwww

=
||(RRR1/2

I www)H(RRR
−1/2
I h̄hhk)||2

wwwHRRRIwww
, (3.45)

whereRRRI = E[nnnInnn
H
I ] is the covariance matrix ofnnnI .

According to the Cauchy-Schwarz inequality [133], the SINRof (3.45) satisfies

SINR≤ |(RRR1/2
I www)|2|(RRR−1/2

I h̄hhk)|2
wwwHRRRIwww

, (3.46)
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where the equality is achieved if and only if we have

RRR
1/2
I www = µRRR

−1/2
I h̄hhk, (3.47)

whereµ is a constant. Consequently, the optimum weight vector for the MSINR-assisted MUC

(MSINR-MUC) is given by [11–13]

wwwopt = µRRR−1
I h̄hhk = µRRR−1

I CCCkAAAkhhhk. (3.48)

Correspondingly, the decision variable is given by

zk[n] = ℜ
{
wwwH

optyyy
}
, (3.49)

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

Furthermore, it can be shown that the MSINR is given by

MSINR = h̄hh
H
k RRR

−1
I h̄hhk. (3.50)

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

Pb(h
(k)
0 , {h(k)

rl }, {h(k)
l }) = Q

(√

h̄hh
H
k RRR

−1
I h̄hhk

)

. (3.51)

Moreover, since it is challenging to evaluate the BER based on (3.51), 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 information about the covariance matrixRRRI

of the interference plus noise. However, this covariance matrix is time-variant and hence may be

hard to estimate at regular intervals in practice. In this case, the MUC can be derived based on the

MMSE principles [118–121]. In the family of linear MUC combining schemes, the MMSE-aided

MUC (MMSE-MUC) offers particular advantages [6, 8], because it is capable of jointly mitigating

both the multiple-access interference (MAI) and the effects of thermal noise. It can be implemented at

a relatively low complexity using various adaptive or blindadaptive signal processing techniques [6].
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Furthermore, the MMSE-MUC is capable of achieving exactly the same BER performance as the

MSINR-MUC, as we will demonstrate in our forthcoming discourse.

In the context of the MMSE-MUC, the received observation vector yyy of (3.42) is weighted using

a complex weight vectorwww of length2N , in order to generate the estimateb̂k[n] of the transmitted bit

bk[n] as follows

b̂k[n] = wwwHyyy. (3.52)

When the MMSE-MUC is considered, the weight vectorwww is chosen by ensuring that the mean-

square error (MSE) between the transmitted bitbk[n] and the estimated bit̂bk[n] is minimized, which

can be expressed as

wwwopt = argmin
www

E
[

||bk[n] − b̂k[n]||2
]

= argmin
www

E
[
||bk[n] −wwwHyyy||2

]
, (3.53)

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

error be expressed as

∆ = bk[n] −wwwHyyy. (3.54)

Then, the estimation error’s variance can be expressed as

σ2
∆ = E

[(
bk[n] −wwwHyyy

) (
bk[n] −wwwHyyy

)∗]

= 1 − rrrH
ybwww −wwwHrrryb +wwwHRRRywww, (3.55)

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

as

RRRy = E
[
yyyyyyH

]

= h̄hhkh̄hh
H
k +RRRI (3.56)

= CCCkAAAkhhhkhhh
H
k AAAkCCC

T
k +RRRI , (3.57)

while rrryb in (3.55) represents the matrix of the cross-correlations between the observation vectoryyy
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and the desired bitbk[n], which is given by

rrryb = E [yyybk[n]]

= h̄hhk = CCCkAAAkhhhk. (3.58)

According to classic adaptive filtering theory [134], the minimization of (3.53) is equivalent to

ensuring that the gradient of the estimation error’s varianceσ2
∆ of (3.55) with respect towwwH is set to

be a zero vector, which yields [134]

wwwopt = RRR−1
y rrryb. (3.59)

Correspondingly, the variance of the estimation error, or the MMSE is given by

σ2
∆ = 1 − rrrH

ybRRR
−1
y rrryb. (3.60)

As shown in (3.59),wwwopt is related to the autocorrelation matrixRRRy of the observation vector

and the matrix of cross-correlationsrrryb between the observation vectoryyy and the transmitted data

bk[n]. In practice, both of them can be estimated by transmitting aset of training symbols [114, 135,

136]. Specifically, letbk[0], bk[1], · · · , bk[M − 1] representM number of training symbols and let

[y[0], y[1], · · · , y[M − 1]] be the corresponding observation vector. ThenRRRy andrrryb can be estimated

asRRRy = 1
M

∑M−1
m=0 y[m]yH [m] andrrryb = 1

M

∑M−1
m=0 y[m]bk[m], respectively.

Let us now demonstrate that both the MMSE-aided MUC and the MSINR-aided MUC achieve

the same BER performance. After substituting (3.56) and (3.58) into (3.59), we obtain

wwwopt =
(

h̄hhkh̄hh
H
k +RRRI

)−1
h̄hhk. (3.61)

Furthermore, upon invoking thematrix inversion lemma1 [1], we can express the optimum weight

1Let AAA beN × N , BBB beN × M , CCC beM × M and DDD beM × N . Then, according to the matrix inversion lemma [1],
we have

(AAA + BBBCCCDDD)−1 = AAA
−1

−AAA
−1

BBB
`

DDDAAA
−1

BBB + CCC
−1´−1

DDDAAA
−1

.
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vector for the MMSE-assisted MUC as

wwwopt =
1

1 + h̄hh
H
k RRR

−1
I h̄hhk

RRR−1
I h̄hhk. (3.62)

In (3.62) h̄hh
H
k RRR

−1
I h̄hhk is a real number. Hence, when comparing (3.62) and (3.48), wecan see

that the MMSE solution of (3.62) constitutes a special example of the MSINR solution of (3.62).

Furthermore, it can be shown that the SINR of the MMSE-aided MUC is given by

SINR = h̄hh
H
k RRR

−1
I h̄hhk, (3.63)

which is the same as that of the MSINR-aided MUC. Therefore, both the MMSE- and MSINR-aided

MUCs should achieve the same BER performance.

The linear MMSE receiver has the important property that a single user can be detected without

having to detect the other users. In other words, the linear MMSE detector can be implemented as

a set of single-user interference suppression filters [6]. As shown in (3.56) and (3.58), the matrices

required for carrying out the MMSE-assisted MUC operationsmay be estimated from the received

observation samples without invoking any other user’s information. Hence, the MMSE detector can

be considered as a single-user detector structure that is capable of achieving multiuser interference

suppression. In MMSE detection, the MMSE filter of each user can be implemented using an adaptive

FIR filter, which is analogous to an adaptive equalizer for a single-user channel [6]. Furthermore, in a

multi-cell communication environment the MMSE based detector is 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 in order to illustrate the achievable BER per-

formance of relay-assisted cooperative DS-CDMA systems communicating over Nakagami-m fading

channels associated with the various combining schemes formulated in Section 3.3. In our simula-

tions discussed in Subsection 3.4.1, we assumed that the total average SNR recorded at the receiver

was constant, regardless of the number of relays the transmitter involved. As mentioned previously in

Section 3.2, this assumption tacitly implies that the source transmitter and the relays are at a similar

distance from the receiver. However, in practice the transmitter may opt for electing relays in the

vicinity of the BS in order to reduce the overall transmittedpower 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 Nakagami-m 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 factor Detection at BS

Figure 3.7 Orthogonal sequences N = 8 MRC-SUR
Figure 3.8 m-sequences N = 7 MRC-SUR
Figure 3.9 Random sequences N = 7 MRC-SUR
Figure 3.10 Random sequences N = 7 MSINR-MUC

andm-sequences
Figure 3.11 Random sequences N = 7 MMSE-MUC

andm-sequences

Table 3.2: System parameters used for generating Figures 3.7-3.11 in Subsection 3.4.1.

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

account the pathloss and exploiting the assumption that thetotal transmitted power per data bit re-

mained constant in order to carry out a fair comparison. Table 3.1 shows the main features of the

DS-CDMA uplink considered.

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

Fading

In this subsection we provide performance results of the relay-assisted DS-CDMA uplink without

considering the effects of large-scale fading. In this case, we assume that the total average power

received from a user and its relays is constant, regardless of the number of relays. The system param-

eters used for generating Figures 3.7-3.11 are summarized in Table 3.2.

Figure 3.7 shows the BER versus average SNR per bit performance of the proposed relay-assisted

DS-CDMA uplink, when the D-channel and the TR-channels experience Rayleigh fading, while the
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Figure 3.7: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink supporting a single
user, when the D-channel and the TR-channels experience Rayleigh fading, while the RB-channels
experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4.

RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 0, 1, 2, 3, 4, where

L = 0 represents the system using no relays. In our simulations orthogonal spreading codes were

employed, hence there was no interference among the simultaneously transmitting relays. Conse-

quently, the BER performance shown in Figure 3.7 representsthe best BER performance that the

relay-assisted DS-CDMA is capable of achieving under the assumptions employed in this subsection.

The results of Figure 3.7 show that the BER performance improves, when using more relays for at-

taining the relay diversity, provided that the average SNR per bit is sufficiently high. However, as

shown in Figure 3.7, if the average SNR per bit is too low, no diversity gain can be guaranteed and

the BER performance recorded for using more relays may even degrade.

In Figure 3.8 and Figure 3.9 we show the BER versus the averageSNR per bit performance

of the relay-assisted DS-CDMA uplink associated with usingthe MRC-SUR derived in Subsec-

tion 3.3.2. Specifically, in the context of Figure 3.8 the spreading codes were constituted by them-

sequences [137–140], while in Figure 3.9 they were constituted by random sequences [137,141,142].

From the results of Figures 3.8 and 3.9 we observe that the BERperformance seen in both figures is

the same as that shown in Figure 3.7, whenL = 1. The reason for this is that, whenL = 1, there

exists no interference between MTk and its relay due to using different time-slots in time-division.

For the DS-CDMA uplink usingm-sequences as shown in Figure 3.8, whenL increases from 1 to 2,

a useful diversity gain is still explicitly observed, although the BER performance degrades, when it is
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Figure 3.8: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink usingm-sequences
and the MRC-SUR of Subsection 3.3.2, when the D-channel and the TR-channels experience
Rayleigh fading, while the RB-channels experience Nakagami-m fading associated withml2 = 2
for L = 1, 2, 3, 4.

compared to the BER performance bound seen in Figure 3.7. However, whenL > 2, we observe that

there is only a modest diversity gain or no diversity gain at all. The reason for the above observation

is that, forL > 2, there exists significant interference among the relays, when the MRC-assisted SUR

is utilized for detection. For the scheme using random sequences in the context of Figure 3.9, the

achievable BER performance slightly improves asL increases. However, the attainable diversity gain

is usually modest due to the MAI imposed by the random spreading sequences of the relays. Fur-

thermore, whenL ≥ 2 and stipulating the same value ofL, the BER performance of the DS-CDMA

uplink usingm-sequences in Figure 3.8 is better than that of random sequences characterized in Fig-

ure 3.9, which is owing to the lower cross-correlation of them-sequences than that of the random

spreading sequences.

Figure 3.10 shows the BER versus average SNR per bit performance for the relay-assisted DS-

CDMA uplink communicating over generalized Nakagami-m fading channels associated with using

the MSINR-MUC derived in Subsection 3.3.3. The parameters used in our simulations for recording

this figure were the same as those used in Figures 3.7-3.9. Both m-sequences and radom spreading

sequences were considered. Explicitly, we infer from the results of Figure 3.10 the BER performance

corresponding to any of the cases is close to that shown in Figure 3.7, which represents the best BER

performance achievable under the assumptions considered.Therefore, when the MSINR-MUC is
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Figure 3.9: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink using random se-
quences and the MRC-SUR derived in Subsection 3.3.2, when the D-channel and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2 for L = 1, 2, 3, 4.

employed, the interference among the relays can be efficiently mitigated.

Finally, Figure 3.11 shows the BER versus average SNR per bitperformance recorded for the

relay-assisted DS-CDMA uplink communicating over the generalized Nakagami-m fading channels

associated with using the MMSE-MUC derived in Subsection 3.3.4. Again, the parameters used in our

simulations for generating this figure were the same as thoseused in Figures 3.7-3.10. Furthermore,

bothm-sequences and random sequences were considered. As predicted, the BER performance of

the relay-assisted DS-CDMA uplink using the MMSE-MUC is thesame as that of its counterpart

using the MSINR-MUC.

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

Scale Fading

In this subsection we provide a range of simulation results in order to characterize the BER per-

formance of the single-user relay-assisted DS-CDMA uplinkconsidered, when the generalized

Nakagami-m fading channel model is assumed. In our simulations, we assume that the relays are cho-

sen from the mobile terminals in the vicinity of the BS. Therefore the RB-channels can be assumed

to be more reliable than the D-channels and TR-channels. Hence, the relays require a considerably
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Figure 3.10: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink using bothm-
sequences and random sequences and the MSINR-MUC of Subsection 3.3.3, when the D-channel
and the TR-channels experience Rayleigh fading, while the RB-channels experience Nakagami-
m fading associated withml2 = 2 for L = 1, 2, 3, 4.

lower transmission power than the original transmitter forforwarding the information to the BS.

In our simulation results provided in this subsection, we assumed that the total transmitted energy

per bit remained constant in order to carry out a fair comparison. By contrast, in Subsection 3.4.1,

we assumed that the total average received SNR remained constant, regardless of the number of

relays assisting a transmitter. Explicitly, this assumption is only suitable for the case when both the

transmitter and the relays are at a similar location. However, in practice, an uplink transmitter usually

prefers choosing its relays in the vicinity of the BS, so thatthe overall transmitted power is as low as

possible, and/or, possibly the interference imposed on to the other cells is also as low as possible in

a multiple-cell scenario. Additionally, in practice a mobile terminal roaming in the vicinity of a BS

may be more ‘willing to act’ as a relay than those far away fromthe BS, since those would be required

to transmit at a high power, which may significantly reduce the battery life time of the relays.

Furthermore, when large-scale fading is considered, the fraction of power assigned to the trans-

mitters in the first and second time-slots should be suitablyadjusted based on their channel quality in

order to achieve the lowest possible BER. Note that the channel quality here depends on the relays’

relative locations, which determines the pathloss, and on the fading-induced attenuation. In Fig-

ures 3.12-3.14, we evaluated the achievable BER versus (α, δ) performance, when the D-channel and

the TR-channels experienced Rayleigh fading, while the RB-channels experienced Nakagami-m fad-
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Figure 3.11: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink using bothm-
sequences and random sequences and the MMSE-MUC of Subsection 3.3.4, when the D-channel
and the TR-channels experience Rayleigh fading, while the RB-channels experience Nakagami-
m fading associated withml2 = 2 for L = 1, 2, 3, 4.

Figure 3.12 Figure 3.13 Figure 3.14

Number of relays L = 1 L = 2 L = 3

Eb/N0 10 dB 6 dB 4 dB
Spreading sequences m-sequences
Spreading factor N = 7

Pathloss exponent η = 3

Table 3.3: System parameters used for generating Figures 3.12-3.14 inSubsection 3.4.2.

ing associated withml2 = 2 for L = 1, 2, 3. More specifically, the BER performance was recorded

versus (α, δ), where the parameterα determines the fraction of power assigned to the first and sec-

ond time-slots, while the parameterδ determines the relative location of the relays. Further details

concerningα andδ can be found in Subsection 3.2.3. The system parameters usedfor generating

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

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

(α, δ) performance using the parameters ofL = 1 andEb/N0 = 10 dB. It can be seen from Fig-

ure 3.12 that increasingα, i.e. assigning more power to the source transmitter in the first time-slot,

generally results in an improved BER performance. Furthermore, increasingδ implies that the relay

moves toward the source transmitter from the BS, which also improves the attainable BER perfor-
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Figure 3.12: BER versus (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-sequences and
the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2. In this figure, we
assumedL = 1,Eb/N0 = 10 dB and that the pathloss exponent wasη = 3.

α δ BER α δ 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 corresponding values ofα andδ.

mance. However, when the values ofα andδ become excessive, for example, whenα ⊂ [0.8, 0.95]

andδ ⊂ [0.2, 0.5], the achievable BER performance degrades. Therefore, as seen in Figure 3.12, for

any given value ofα, usually there exists an efficient value ofδ, which results in the lowest BER.

Vice versa, for any given value ofδ, there exists an efficient value ofα, representing the efficient

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

Figures 3.13 and 3.14 show the BER versus (α, δ) performance of relay-assisted DS-CDMA

uplink. In Figure 3.13 the parameters employed wereL = 2, Eb/N0 = 6 dB andη = 3. By contrast,

the parameters used in Figure 3.14 wereL = 3, Eb/N0 = 4 dB andη = 3. From the results of

Figures 3.12-3.14 we have the following observations:
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Figure 3.13: BER versus (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-sequences and
the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2. In this figure, we
assumedL = 2,Eb/N0 = 6 dB and that the pathloss exponent wasη = 3.

α δ BER α δ 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 corresponding values ofα andδ.
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Figure 3.14: BER versus (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-sequences and
the MSINR-assisted MUC, when the D-channel and the TR-channels experience Rayleigh fading,
while the RB-channels experience Nakagami-m fading associated withml2 = 2. In this figure,
we assumedL = 3,Eb/N0 = 4 dB and that the pathloss exponent wasη = 3.

α δ BER α δ 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 corresponding values ofα andδ.
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Figure 3.17 Figure 3.18 Figure 3.19

Number of relays L = 1 L = 2 L = 3

Eb/N0 10 dB 6 dB 4 dB
Spreading sequences m-sequences
Spreading factor N = 7

Pathloss exponent η = 4

Table 3.7: System parameters used for generating Figures 3.17-3.19 inSubsection 3.4.2.

1) The DS-CDMA system employing more relays requires a reduced Eb/N0 value in order to

achieve the same BER performance, due to the higher diversity gain achieved.

2) For a given value ofα representing a specific power-sharing, the optimum value ofδ (if there

exists one) decreases, when increasing the diversity orderL. This observation implies that, for

a given power-sharing, the relays should be chosen from locations closer 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 3.12-3.14 are listed for diverse values

of α and δ. Furthermore, in Figure 3.15 the efficient (α, δ) values that achieve the lowest BERs

in Figures 3.12-3.14 are depicted. The results of Figure 3.15 indicate that, as expected, the power-

sharing should be appropriately adjusted in order to achieve the best possible BER, depending on the

locations of the relays.

Figure 3.16 shows the BER versus average SNR per bit performance for the relay-assisted DS-

CDMA uplink communicating over the generalized Nakagami-m fading channels associated with

using the MSINR-assisted MUC derived in Subsection 3.3.3. In our simulations we assumed that the

pathloss exponent wasη = 3. The other parameters used in this figure wereα = 0.8 andδ = 0.4. It

can be seen from the results of Figure 3.16 that the attainable BER performance significantly improves

upon increasing the number of relays under the assumption ofusing the efficient power-sharing. In

comparison with Figures 3.7 and 3.10, in Figure 3.16 there exits no cross-over between the BER

curves. For any of the SNR values considered, the BER of the DS-CDMA employing more relays

improves.

In Figures 3.17-3.19, we evaluated the BER versus (α, δ) performance for the relay-assisted

DS-CDMA uplink, when the D-channel and TR-channels experience Rayleigh fading, while the RB-

channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. As summarized in

Table 3.7, the parameters used for Figures 3.17-3.19 were the same as those employed for recording

Figures 3.12-3.14, except that the pathloss exponent was now η = 4. From the results of Figures 3.17-
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Figure 3.15: The values ofα and δ, which yield the lowest BER for the relay-assisted DS-CDMA uplink
usingm-sequences and the MSINR-assisted MUC when the D-channel and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2. The other parameters used areEb/N0 = 10 dB for L = 1, Eb/N0 = 6 dB for
L = 2,Eb/N0 = 4 dB forL = 3 and the pathloss exponent isη = 3.
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Figure 3.16: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink usingm-sequences
and the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh fading,
while the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3.
In this figure, we assumedα = 0.8, δ = 0.4 and that the pathloss exponent wasη = 3.
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Figure 3.17: BER versus (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-sequences and
the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2. In this figure, we
assumedL = 1,Eb/N0 = 10 dB and that the pathloss exponent wasη = 4.

α δ BER α δ 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 corresponding values ofα andδ.

α δ BER α δ 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 corresponding values ofα andδ.
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Figure 3.18: BER versus (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-sequences and
the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2. In this figure, we
assumedL = 2,Eb/N0 = 6 dB and that the pathloss exponent wasη = 4.
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Figure 3.19: BER versus (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-sequences and
the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2. In this figure, we
assumedL = 3,Eb/N0 = 4 dB and that the pathloss exponent wasη = 4.
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α δ BER α δ 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 corresponding values ofα andδ.
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Figure 3.20: The values ofα and δ, which yield the lowest BER for the relay-assisted DS-CDMA uplink
usingm-sequences and the MSINR-MUC, when the D-channel and the TR-channels experience
Rayleigh fading, while the RB-channels experience Nakagami-m fading associated withml2 =
2. The other parameters used areEb/N0 = 10 dB for L = 1, Eb/N0 = 6 dB for L = 2,
Eb/N0 = 4 dB forL = 3 and the pathloss exponent isη = 4.
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Figure 3.21: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink usingm-sequences
and the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh fading,
while the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3.
In this figure, we assumedα = 0.9, δ = 0.3 and that the pathloss exponent wasη = 4.

3.19 as well as those of Figures 3.12-3.14, we can observe that for the same number of relays ofL, the

sameEb/N0 value and the same value ofα, the efficient value ofδ increases when the pathloss expo-

nent increases from 3 to 4. This observation implies that, when the pathloss exponent increases, the

relays should be chosen from the area, which has a similar distance from both the source transmitter

and the BS receiver in order to achieve the lowest BER.

The efficient values ofα andδ achieving the lowest BER in Figures 3.17-3.19 were listed inTables

3.8-3.10. Furthermore, Figure 3.20 shows the values ofδ andα, which have achieved the lowest BERs

in Figures 3.17-3.19. Again, as suggested by the results of Figure 3.20, in order to achieve the lowest

BER, the appropriate amount of power should be assigned to the source transmitter and the relays,

when the relays are chosen from different locations.

Figure 3.21 portrays the BER versus average SNR per bit performance of the relay-assisted DS-

CDMA system communicating over the generalized Nakagami-m fading channels in conjunction

with using the MSINR-MUC. In our simulations, the pathloss exponent was set toη = 4. The other

parameters used in Figure 3.21 wereα = 0.9 andδ = 0.3. As observed in Figures 3.16 and 3.21,

when the power is efficiently allocated to the transmitter and to its relays, the BER performance of

the DS-CDMA system can be significantly improved by increasing the number of relays.

Figures 3.22 and 3.23 present the BER versus average SNR per bit performance of the relay-
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Figure 3.22: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink usingm-sequences
and the MRC-SUR, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. In this
figure, we assumedα = 0.8, δ = 0.4 and that the pathloss exponent wasη = 3.
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Figure 3.23: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink usingm-sequences
and MMSE-MUC, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. In this
figure, we assumedα = 0.8, δ = 0.4 and that the pathloss exponent wasη = 3.
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assisted DS-CDMA uplink using the MRC-SUR derived in Subsection 3.3.2 and the MMSE-MUC

derived in Subsection 3.3.4, when the DS-CDMA signals are transmitted over the generalized

Nakagami-m fading channels. In our simulations,m-sequences were assumed and the pathloss ex-

ponent wasη = 3. The other parameters used in our simulations characterized in Figures 3.22 and

3.23 wereα = 0.8 andδ = 0.4. As observed in Figure 3.22, in spite of using the MRC-assisted SUR,

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

to the source transmitter and to the assisting relays. As expected, the BER performance recorded in

Figure 3.23 is the same as that of its counterpart characterized in Figure 3.16, where all the parameters

were the same as those in Figure 3.23 except for using the MSINR-based detection.

Additionally, in Figures 3.24 and 3.25 the BER versus average SNR per bit performance of the

relay-assisted DS-CDMA uplink is depicted, when the MRC-SUR and the MMSE-MUC are consid-

ered, respectively. In our simulations,m-sequences were used for spreading and the pathloss exponent

was assumed to beη = 4. The other parameters used in our simulations characterized in Figures 3.24

and 3.25 wereα = 0.9 andδ = 0.3. Again, the BER performance improves when a transmitter is

aided by more relays. Furthermore, it can be seen that the BERperformance corresponding to any of

the cases considered in Figure 3.25 is the same as that of its counterpart characterized in Figure 3.21.

By contrast, when comparing Figure 3.24 to Figure 3.25, we find that a better BER performance is

achieved in the latter forL = 2, 3.

Finally, in Figures 3.26-3.28 the BER versus SNR per bit performance recorded for the relay-

assisted DS-CDMA uplink using random sequences and the above-mentioned three types of detection

algorithms is investigated, when the D-channel and TR-channels experience Rayleigh fading, while

the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. Specif-

ically, in our simulations documented in Figures 3.26-3.28we assumedα = 0.8, δ = 0.4 and that

the pathloss exponent wasη = 3. It can be seen that the BER performance corresponding to anyof

the cases characterized in Figure 3.26 is the same as that of its counterpart featuring in Figure 3.28,

but much better than that of its counterpart documented in Figure 3.22 forL = 2, 3. Hence, both the

MSINR-assisted and MMSE-assisted MUCs are capable of efficiently suppressing the interference

among the relays.

The system parameters used for generating the simulation results recorded in Figure 3.16 as well

as in Figures 3.21-3.28 are summarized in Table 3.11. We may conclude from the results of Fig-

ures 3.21-3.28 as well as from those in Figure 3.16 that once the power was efficiently allocated to

the source transmitter and to its relays, the BER performance of the DS-CDMA uplink considered can

be significantly improved upon increasing the number of assisting 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 η = 3 α = 0.8 δ = 0.4

Figure 3.21 m-sequences MSINR-MUC η = 4 α = 0.9 δ = 0.3

Figure 3.22 m-sequences MRC-SUR η = 3 α = 0.8 δ = 0.4

Figure 3.23 m-sequences MMSE-MUC η = 3 α = 0.8 δ = 0.4

Figure 3.24 m-sequences MRC-SUR η = 4 α = 0.9 δ = 0.3

Figure 3.25 m-sequences MSINR-MUC η = 4 α = 0.9 δ = 0.3

Figure 3.26 random sequences MSINR-MUC η = 3 α = 0.8 δ = 0.4

Figure 3.27 random sequences MRC-SUR η = 3 α = 0.8 δ = 0.4

Figure 3.28 random sequences MMSE-MUC η = 3 α = 0.8 δ = 0.4

Table 3.11:System parameters used for generating Figure 3.16 as well asFigures 3.21-3.28 in Subsec-
tion 3.4.2.
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Figure 3.24: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink usingm-sequences
and the MRC-SUR, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. In this
figure, we assumedα = 0.9, δ = 0.3 and that the pathloss exponent wasη = 4.

MSINR- and the MMSE-MUCs derived in Subsection 3.3.3 and Subsection 3.3.4 respectively have

the capability of mitigating the interference among the relays, the BER performance of the relay-

aided DS-CDMA uplink using either the MSINR-assisted or theMMSE-aided MUC is better than

that of their counterparts using the MRC-assisted SUR. Additionally, as we argued previously, both

the MSINR- and the MMSE-assisted MUCs are capable of achieving the same BER performance.
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Figure 3.25: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink usingm-sequences
and MMSE-MUC, when the D-channel and the TR-channels experience Rayleigh fading, while
the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. In this
figure, we assumedα = 0.9, δ = 0.3 and that the pathloss exponent wasη = 4.
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Figure 3.26: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink using random se-
quences and the MSINR-MUC, when the D-channel and the TR-channels experience Rayleigh
fading, while the RB-channels experience Nakagami-m fading associated withml2 = 2 for
L = 1, 2, 3. In this figure, we assumedα = 0.8, δ = 0.4 and that the pathloss exponent was
η = 3.



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

-5 0 5 10 15 20 25 30
Average SNR per bit (dB)

10
-5

10
-4

10
-3

10
-2

10
-1

1

B
it

E
rr

or
R

at
e

=0
=1
=2
=3

Figure 3.27: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink using random
sequences and the MRC-SUR, when the D-channel and the TR-channels experience Rayleigh
fading, while the RB-channels experience Nakagami-m fading associated withml2 = 2 for
L = 1, 2, 3. In this figure, we assumedα = 0.8, δ = 0.4 and that the pathloss exponent was
η = 3.
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Figure 3.28: BER versus SNR per bit performance of the relay-assisted DS-CDMA uplink using random se-
quences and MMSE-MUC, when the D-channel and the TR-channels experience Rayleigh fading,
while the RB-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3.
In this figure, we assumedα = 0.8, δ = 0.4 and that the pathloss exponent wasη = 3.
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SNR
L = 1 L = 2 L = 3 L = 4

Orthogonal sequences20.4 dB 17.0 dB 15.9 dB 15.3 dB Figure 3.7

MRC-SUR SNR
L = 1 L = 2 L = 3 L = 4

m-sequences 20.4 dB 17.4 dB 16.6 dB 16.3 dB Figure 3.8
Random sequences 20.4 dB 19.7 dB 19.0 dB 17.6 dB Figure 3.9

MSINR-MUC SNR
L = 1 L = 2 L = 3 L = 4

m-sequences 20.4 dB 17.0 dB 16.0 dB 15.4 dB Figure 3.10
Random sequences 20.4 dB 17.2 dB 16.3 dB 15.7 dB Figure 3.10

MMSE-MUC SNR
L = 1 L = 2 L = 3 L = 4

m-sequences 20.4 dB 17.0 dB 16.0 dB 15.4 dB Figure 3.11
Random sequences 20.4 dB 17.2 dB 16.3 dB 15.7 dB Figure 3.11

Table 3.12:SNR values required at BER=10−4 in the relay-assisted DS-CDMA uplink for transmission over
Nakagami-m fading channels in the absence of large-scale fading in the context of three types
of detection schemes, namely the MRC-SUR of Subsection 3.3.2, the MSINR-MUC of Subsec-
tion 3.3.3 and the MMSE-MUC of Subsection 3.3.4. The values were extracted from Figures 3.7-
3.11, while the corresponding simulation parameters were summarized in Tables 3.1-3.2.

3.5 Conclusions

In summary, in this chapter we have investigated the attainable performance of a relay-assisted DS-

CDMA uplink communicating over generalized Nakagami-m fading channels. We have focused our

attention on the single-user multiple-relay scenario, which enabled us to gain insight into the achiev-

able performance of the DS-CDMA system supporting multipleusers employing the advanced MUDs

of Subsections 3.3.3-3.3.4. In Subsection 3.4.1 we have first investigated the performance of our

proposed system under the assumption that the total averageSNR at the receiver remains constant,

regardless of the number of relays aiding the source transmitter. It was shown in Figures 3.7-3.11

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

ures 3.7-3.11 that when the SNR is too low, the attainable BERperformance may even degrade upon

increasing the number of relays. Then, the BER performance of our proposed cooperative system

has been investigated in Figures 3.21-3.28 under the assumption that the total average power trans-

mitted per bit remains constant for the sake of a fair comparison. In our investigations three types
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MRC-SUR SNR
L = 1 L = 2 L = 3

m-sequences 14.9 dB 9.8 dB 8.2 dB Figure 3.22
Random sequences14.9 dB 12.1 dB 10.6 dB Figure 3.27

MSINR-MUC SNR
L = 1 L = 2 L = 3

m-sequences 14.9 dB 9.4 dB 7.6 dB Figure 3.16
Random sequences14.9 dB 9.6 dB 8.2 dB Figure 3.26

MMSE-MUC SNR
L = 1 L = 2 L = 3

m-sequences 14.9 dB 9.4 dB 7.6 dB Figure 3.23
Random sequences14.9 dB 9.6 dB 8.2 dB Figure 3.28

Table 3.13:SNR values required at BER=10−4 in the relay-assisted DS-CDMA uplink for transmission over
Nakagami-m fading channels in the presence of large-scale fading in thecontext of three types
of detection schemes, namely the MRC-SUR of Subsection 3.3.2, the MSINR-MUC of Subsec-
tion 3.3.3 and the MMSE-MUC of Subsection 3.3.4. The values were extracted from Figures 3.16,
3.22-3.23 and 3.26-3.28. The corresponding experimental conditions wereα = 0.8, δ = 0.4 and
η = 3, as summarized in Tables 3.1 and 3.11.

of detection schemes have been invoked, namely the MRC-assisted SUR, the MSINR-assisted MUC

and the MMSE-assisted MUC. Tables 3.12-3.13 present the SNRvalues required for a target BER

of 10−4 in the context of the above-mentioned three types of detection schemes of our proposed co-

operative system in the absence and presence of large-scalefading, respectively. It can be observed

that the SNR values required for achieving a BER of10−4 were the same forL = 1, regardless

of the type of detection schemes and spreading sequences, provided that the same fading environ-

ments were assumed. Again, this is due to using different time-slots in time-division. Furthermore,

the SNR values required at BER=10−4 were the same in the context of the MSINR-MUC scheme

and the MMSE-MUC arrangement, since both of them were capable of achieving exactly the same

BER performance. Additionally, both the MSINR-MUC and MMSE-MUC arrangements required

a lower SNR value for achieving the same BER performance thanthe MRC-SUR scheme. Finally,

when the effects of large-scale fading were also taken into account, the DS-CDMA system required

a significantly lower SNR value for the sake of achieving the same BER performance.We may

conclude from our study that in relay-assisted DS-CDMA systems relay diversity may only be

achievable, when the interference among the relays is efficiently suppressed, unless orthogonal

spreading codes are employed. When efficient power-sharingis employed for sharing the total



3.5. CONCLUSIONS 93

power allocated to the source transmitter and the relays, the achievable BER performance of

relay-assisted DS-CDMA systems can be significantly improved upon increasing the number of

relays.

Note that in our simulations presented in this chapter we have assumed that all the relays have a

similar distance from the BS. This assumption can be generalized and we may assume that the relays

are randomly distributed.

Having investigated the performance of a single-user multiple-relay aided DS-CDMA system,

in the next chapter we investigate the family of relay-assisted DS-CDMA systems, which support

multiple users, where each user is assisted by a number of relays.



Chapter 4
Multi-User Performance of the

Relay-Assisted DS-CDMA Uplink

4.1 Introduction

Multiple access (MA) aided wireless communications systems enable multiple users to share the

available network resources [143, 144]. Historically, MA assisted wireless communications systems

divided the entire available frequency band into frequency‘slots’, where each user’s channel occu-

pies a portion of the total available bandwidth. Hence the users separated in the frequency domain

may communicate without significant interference with eachother. This MA scheme is referred to as

frequency-division MA (FDMA). Similarly, time-division MA (TDMA) schemes are operated by di-

viding the time axis into time-slots, where each time-slot is assigned to a user [143,145,146]. TDMA

has been used in both wired and wireless communications, including cellular standards such as the

second-generation (2G) Global System for Mobile Communications (GSM) and the 2.5G General

Packet Radio Service (GPRS) [144]. It is well known that the above-mentioned FDMA and TDMA

MA schemes are both fixed-assignment schemes, where a channel cannot be assigned to other users,

once it has been assigned to a specific user. These fixed MA schemes are simple to implement,

manage and control [147]. However, fixed channel assignmentis somewhat inefficient in making

use of the available spectral resources, especially when the number of users and their data rate is

high [144]. As a potentially more efficient solution, code-division MA (CDMA) schemes based on

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

94
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systems the relatively narrowband user information is spread to a significantly wider bandwidth with

the aid of high-chip-rate of pseudo noise (PN) sequences. InCDMA systems, we assign unique

spreading sequences to different users, hence multiple users’ information is transmitted within the

same frequency band at the same time without any significant difficulty to detect the desired signal

at the receiver, provided that the spreading sequence is known to the receiver [137]. In comparison

to FDMA and TDMA systems, the number of users supported by a CDMA system is not fixed as

in TDMA and FDMA systems. In CDMA system a new user may join thesystem at any time, pro-

vided that an unused spreading sequence is available. Givenits proven capacity enhancement over the

family of TDMA or FDMA systems, CDMA has been chosen as the MA scheme for the 3G mobile

cellular systems [144,149].

As shown in Chapter 1, cooperative wireless communication systems have attracted much re-

search attention in recent years, since they are capable of increasing the reliability of radio links in

wireless networks. It has been shown that the existing cooperative transmission protocols have mainly

been developed in conjuction with FDMA, TDMA or CDMA [2,15,18–22,28,89,93,103,150,151].

The basic principles behind cooperative diversity is that several single-antenna terminals may coop-

erate to form a distributed multi-antenna aided system in order to provide spatial diversity.

As discussed in Chapter 1, Sendonariset al. [2,14] and Lanemanet al. [15,18,19] have proposed

various cooperative diversity algorithms for a pair of terminals based on amplify-and-forward (AF)

or decode-and-forward (DF) relay strategies, both of whichbelong to the family of repetition-based

protocols. By contrast, Hunteret al. [89, 93] have proposed the philosophy of coded cooperation

schemes, where the users transmit additional parity to their partner instead of repeating their data.

In [26] Caoet al. have investigated cooperative transmissions in an MMSE detection assisted CDMA

network, where pairs of terminals assist each other in orderto transmit their information. Stefanov

et al. [152–154] have introduced the concept of cooperative space-time coding [155], where the co-

operating nodes may employ multiple antennas. In particular, they have considered the cooperation

between two nodes having a common destination, as in the caseof a cellular system or a wireless

LAN. More generally, they have studied cooperation betweentwo nodes wishing to communicate

with different destinations, for example, as in ad-hoc networks. In addition to the above-mentioned

work, further studies found in the literature [102,156–164] have concentrated on the scenario of two

partners communicating with a single destination.

In [103] Lanemanet al. have extended the repetition-based cooperation protocolsof [2,15,19] to

the multi-user scenario, where each user cooperates with all the other users. However, the cooperation

protocols proposed in [103] assume that the different relays are assigned orthogonal subchannels in
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order for the destination to combine the signals received from the relays without any interference.

Specifically, they have assumed that the relay channels are orthogonal in the time domain andL num-

ber of time-slots are needed, if there areL relays. As expected, this cooperation protocol may result

in a long delay and the destination node may also require a large memory, when a large number of

relays are involved in the cooperative transmissions. In [101] Hunteret al. have proposed distributed

cooperation aided protocols for the multi-user wireless networks. In [101] it has been assumed that

M users are randomly distributed within a finite area, where each user can independently decide to

cooperate with any of the other users at any given time without the further assistance of a central

controller. The study proposed in [101] shows that the maximum attainable diversity order of(n+ 1)

can be achieved, when a user cooperates withn (0 ≤ n ≤ M − 1) out of the(M − 1) other users.

However, the above-mentioned full diversity order is achieved in [101] on condition that each of the

users/relays is assigned a unique, orthogonal multiple-access channel. In the context of cellular DS-

CDMA communications, Venturinoet al. [151, 165] have analyzed the performance of the uplink

of a synchronous DS-CDMA cellular system employing non-orthogonal spreading codes1. The as-

sumptions employed in [151,165] include that each terminalis capable of transmitting and receiving

simultaneously and that each cooperating terminal has a single partner, acting as the relay. In addition

to the above-mentioned literature, the performance of multi-user cooperative networks has also been

investigated in [67,150,166–170].

Having investigated the performance of the proposed relay-assisted DS-CDMA system in the

context of the single-user multiple-relay scenario in Chapter 3, in this chapter we consider more

practical scenario of a relay-assisted DS-CDMA system supporting multiple users. Specifically, in

Sections 4.3-4.4 two different cooperation strategies areproposed and investigated. We assume that

the cooperation requires two time-slots, regardless of howmany relays are involved in assisting the

transmissions. During the first time-slot, each of the source terminals transmits its own information,

which is received both by the BS as well as by the relays. By contrast, during the second time-

slot, each of the relays transmits a processed version of theinformation received during the first

time-slot with the aid of its own unique spreading code. In our proposed strategies, we assume

that both the source mobile terminals (MTs) and their relaysare assigned non-orthogonal sequences.

The performance of the relay-assisted DS-CDMA communicating over generalized Nakagami fading

channels [84] is investigated, assuming that the signals transmitted from the source transmitter to

the relays and those transmitted from the relays to the BS receiver may experience different fading.

1Naturally, in reality the geographically dispersed MTs transmit asynchronously, but quasi-synchronous transmissions
may be achieved with the aid of adaptive timing-advance control under the directions of the BS.
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Furthermore, in Section 4.5 two types of detection schemes are invoked. The first detection scheme

used in Subsection 4.5.1 is a maximal ratio combining (MRC)-assisted single-user combining (SUR)

scheme, which maximizes the output SNR without taking into account the effects of interference

among the MTs and the relays. By contrast, the detection scheme of Subsection 4.5.2 maximizes

the signal-to-interference-plus-noise ratio, i.e. the MSINR detection scheme, which is a multiuser

combining (MUC) scheme that is capable of efficiently suppressing the effects of interference among

the MTs and the relays.

In addition to the generalized Nakagami fast fading modelling the small-scale fading, the effects

of thenth power pathloss law are also considered in our study. We will demonstrate in Section 4.6

that the performance of the DS-CDMA uplink using both of the cooperation diversity schemes of Sec-

tions 4.3-4.4 can be significantly improved, when efficient power sharing [40, 113, 127–129] among

the MTs and relays is utilized.

The cooperation strategies to be considered in Sections 4.3-4.4 can be briefly summarized as fol-

lows. In the context of the first cooperation strategy, each user has a separateL number of relays to

assist its communication. In other words, each relay is onlyassigned to a specific user. Therefore,

a total ofKL number of relays are used by the system supportingK uplink users. In this coop-

eration aided system, each relay employs an MMSE detector todetect the information transmitted

by the desired source MT. At the BS the signals received from both the source MTs and the relays

are combined using either the MRC-assisted SUR of Section 4.5.1 or the MSINR-assisted MUC of

Section 4.5.2.

However, the above-mentioned cooperative strategy may suffer from the lack of a sufficiently

high number of relays. Fortunately, this problem may be mitigated in CDMA systems, where the

different users are distinguished by their unique spreading codes. In this case, a single relay may

simultaneously serve several source MTs. Based on this observation, in Section 4.4 we will propose

a second cooperation strategy, where all the source MTs share the same set ofL relays, i.e. each

relay is assigned to assist all the source MTs. In other words, this cooperation strategy has the

attractive feature that each relay is capable of forwardingthe information of multiple users to the

destination, which is a substantial benefit in comparison tothe cooperation strategies proposed in the

literature [67, 150, 151, 165–170]. In our proposed cooperation strategy the signals received at the

relays are directly forwarded without demodulation, so that the implementation complexity of the

relays remains as low as possible. The signals received fromboth the source MTs and the relays

are finally detected at the BS with the aid of the MRC-assistedSUR 4.5.1 or the MSINR-assisted

MUC 4.5.2.
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The remainder of this chapter is organized as follows. We commence by describing the source

signal of the proposed relay-assisted DS-CDMA system in Section 4.2. Subsequently, the proposed

Cooperation Strategy I and Cooperation Strategy II are presented in Sections 4.3 and 4.4, respectively.

In Section 4.5 two different types of detection schemes designed for the proposed relay-assisted DS-

CDMA system are derived, while in Section 4.6 a range of performance results are provided. Finally,

our conclusions and further discussions are offered in Section 4.7.

4.2 Transmitted Signal

In our DS-CDMA system considered there areK source MTs communicating with the BS relying on

the assistance of a number of relays, which are constituted by inactive MTs, which do not have any

data in their transmit buffer. The signal transmitted by thekth user has been formulated in Equation

(3.1) of Subsection 3.2.1. Let us now consider the first proposed cooperation strategy, where each

source MT is aided byL number of separate relays.

4.3 Cooperation Strategy I

Cooperation Strategy I can be studied with the aid of Figure 4.1, where each relay assists a single user.

However, each relay receives signals from all theK active uplink users, who interfere with each other.

Therefore, a sufficiently intelligent detection scheme should be employed by the relays in order to re-

liably detect the information transmitted by the desired source MT after removing the interference

imposed by all the other actively communicating source MTs.In the context of Cooperation Strat-

egy I, an MMSE-based detection algorithm is employed by the relays, which is capable of offering

numerous advantages [6, 8], such as for example simultaneously mitigating both the multiple-access

interference (MAI) and the background noise. Furthermore,the linear MMSE detector recovers the

desired signal without having to detect all the other users.Hence, it can be viewed as a single-user

detector that is also capable of mitigating the multiuser interference (MUI) [6], while dispensing with

estimating the channels of the interfering users, which would be clearly unrealistic at the relays. Note

that since the DS-CDMA signal transmitted by a specific user has been discussed in the context of

Equation (3.1) of Subsection 3.2.1, we proceed to directly analyse Cooperation Strategy I in Subsec-

tions 4.3.1-4.3.2 as well as the related detection schemes in Section 4.5.
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Figure 4.1: Schematic diagram of Cooperation Strategy I used in the relay-assisted 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) are transmitted over flat

fading channels, the complex-valued baseband equivalent signal received by thelth relay of userk
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within the first time-slot of thenth bit-duration can be expressed as

r
(k)
l (t) =

K∑

k′=1

√

2P
(k)
k′,lh

(k)
k′,lbk′ [n]ck′(t) + n

(k)
l (t), k = 1, 2, · · · ,K; l = 1, 2, · · · , L, (4.1)

whereP (k)
k′,l represents the power received by thelth relay of userk from userk′ after taking into

account the pathloss of the TR-channel that connects userk′ with thelth relay of userk. Furthermore,

h
(k)
k′,l represents the fading gain of the TR-channel spanning from userk′ to the lth relay of userk,

while n(k)
l (t) represents the complex-valued baseband equivalent Gaussian noise observed at thelth

relay of userk, which is assumed to have a zero mean and a single-sided powerspectral density of

N0 per dimension.

The receiver schematic diagram of the relays is shown in Figure 4.2. At thelth relay of userk,

r
(k)
l (t) is first input to a filter matched to the transmitted chip-waveform ψTc(t). In this study a simple

rectangular chip-waveform is considered, while a variety of diverse chip-waveforms were considered

in [148]. Then, the matched-filter’s output is sampled at thechip-rate, which providesN samples per

symbol for thelth relay of userk for detection. At thelth relay of userk, the signal transmitted by

thekth source MT is detected using the MMSE principle [83,148], which provides an estimate of the

symbol transmitted by userk.

According to Figure 4.2, theλth sample can be expressed after the normalization using
√

2P
(k)
k,l NTc as

y
(k)
lλ =

1
√

2P
(k)
k,l NTc

∫ (λ+1)Tc

λTc

r
(k)
l (t)ψ∗

Tc
(t)dt, λ = 0, 1, · · · ,N − 1;

l = 1, 2, · · · , L; k = 1, 2, · · · ,K. (4.2)

Upon substituting (4.1) into (4.2), we can expressy
(k)
lλ as

y
(k)
lλ =

1√
N
h

(k)
k,l bk[n]ckλ +

1
√

P
(k)
k,l N

K∑

k′ 6=k

√

P
(k)
k′,lh

(k)
k′,lbk′ [n]ck′λ +N

(k)
lλ ,

λ = 0, 1, · · · ,N − 1; l = 1, 2, · · · , L; k = 1, 2, · · · ,K, (4.3)
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whereN (k)
lλ is the Gaussian noise component given by

N
(k)
lλ =

1
√

2P
(k)
k,l NTc

∫ (λ+1)Tc

λTc

n
(k)
l (t)ψ∗

Tc
(t)dt. (4.4)

In (4.4) N (k)
lλ obeys the complex Gaussian distribution with a mean of zero and a variance of

N0/2E
(k)
l per dimension, whereE(k)

l = P
(k)
k,l Tb represents the energy per bit received from the

kth source MT by thelth relay assisting userk.

Let us define

yyy
(k)
l = [y

(k)
l0 , y

(k)
l1 , · · · , y

(k)
l(N−1)]

T ,

nnn
(k)
l = [n

(k)
l0 , n

(k)
l1 , · · · , n

(k)
l(N−1)]

T , (4.5)

ccck =
1√
N

[ck0, ck1, · · · , ck(N−1)]
T ,

which physically represent the received signal, the noise and theN -chip spreading sequence of the

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

yyy
(k)
l = ccckh

(k)
k,l bk[n] +

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

ccck′h
(k)
k′,lbk′ [n] +nnn

(k)
l , (4.6)

where the first term represents thekth user’s spread and faded information bit, the second term for-

mulates the interference imposed by all the(K − 1) interferers, while the last one is the noise. Upon

definingh̃(k)
k′,l =

√

P
(k)

k′,l

P
(k)
k,l

h
(k)
k′,l, whereh̃(k)

k,l = h
(k)
k,l , we can express (4.6) as

yyy
(k)
l = ccckh̃

(k)
k,l bk[n] +

K∑

k′ 6=k

ccck′h̃
(k)
k′,lbk′ [n] +nnn

(k)
l

︸ ︷︷ ︸

nnnkl

(4.7)

where the termnnnkl becomes noise-like owing to the central limit theorem, if the number of interfering

users(K − 1) is sufficiently high.

After obtainingyyy(k)
l , the lth relay of userk combines it using a complex weight vectorwwwkl of
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lengthN in order to yield an estimatêb(k)
l [n] of the transmitted bitbk[n] in the form of

b̂
(k)
l [n] = wwwH

klyyy
(k)
l . (4.8)

As mentioned in Subsection 3.3.4, at the relays the symbols transmitted by the source MTs are de-

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

wwwopt
kl can be expressed as [6,8,134]

wwwopt
kl = RRR−1

y
(k)
l

rrr
y
(k)
l

bk
, (4.9)

whereRRR
y
(k)
l

is the auto-correlation matrix of the observation vectoryyy
(k)
l given by (4.7), which can be

expressed as

RRR
y
(k)
l

= E

[

yyy
(k)
l

(

yyy
(k)
l

)H
]

=
K∑

k′=1

∣
∣
∣h̃

(k)
k′,l

∣
∣
∣

2
ccck′cccHk′ +RRRkl, (4.10)

whereRRRkl = E

[

nnn
(k)
l

(

nnn
(k)
l

)H
]

= N0
El
IIIN is the covariance matrix ofnnn(k)

l given in (4.5). By contrast,

in (4.9) rrr
y
(k)
l

bk
represents the cross-correlation matrix between the observation vectoryyy(k)

l and the

desired bitbk[n], which is given by

rrr
y
(k)
l

bk
= E

[

yyy
(k)
l bk[n]

]

= ccckh̃
(k)
k,l . (4.11)

Upon substituting (4.10) and (4.11) into (4.9), we obtain the optimum MMSE weight vector given

by [134]

wwwopt
kl = RRR−1

y
(k)
l

ccckh̃
(k)
k,l . (4.12)
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Furthermore, the estimatêb(k)
l [n] of b(k)

l [n] can be expressed as

b̂
(k)
l [n] =

(

ccckh̃
(k)
k,l

)H
RRR−1

y
(k)
l

(

ccckh̃
(k)
k,l bk[n] +nnnkl

)

= νklbk[n] +Nkl, (4.13)

whereνkl =
(

ccckh̃
(k)
k,l

)H
RRR−1

y
(k)
l

ccckh̃
(k)
k,l andNkl =

(

ccckh̃
(k)
k,l

)H
RRR−1

y
(k)
l

nnnkl, which contains the background

noise as well as the MUI that has not been suppressed by the MMSE detector.

After detection,̂b(k)
l [n] is then re-spread and forwarded by thelth relay of userk to the BS within

the second time-slot of thenth bit-duration by using a scheme similar to that shown in Figure 3.1.

According to Figure 3.1, the signal transmitted by thelth relay of userk to the BS can be expressed

as

s
(k)
l (t) =

√

2P
(k)
lt β

(k)
l b̂

(k)
l [n]c

(k)
l (t) cos

(

2πfct+ φ
(k)
l

)

,

k = 1, 2, · · · ,K; l = 1, 2, · · · , L, (4.14)

whereP (k)
lt , c(k)

l (t) andφ(k)
l represent the transmission power, signature waveform and initial phase

associated with thelth relay of userk, respectively. Specifically, in (4.14)c(k)
l (t) can be expressed as

c
(k)
l (t) =

∞∑

n=0

c
(k)
ln ψTc(t− nTc), (4.15)

whereTc represents the chip-duration,N = Tb/Tc represents the spreading factor,c
(k)
ln ∈ {−1,+1},

and finally,ψTc(t) is the chip-waveform. In (4.14),β(k)
l is a normalization coefficient ensuring that

E
[

|β(k)
l b̂

(k)
l [n]|2

]

= 1. Hence, we have

β
(k)
l =

√
√
√
√
√

1

E

[∣
∣
∣b̂

(k)
l

∣
∣
∣

2
] . (4.16)

Furthermore, according to (4.8), we can show that E

[∣
∣
∣b̂

(k)
l

∣
∣
∣

2
]

= E
[

wwwH
klyyy

(k)
l (yyy

(k)
l )Hwwwkl

]

=

wwwH
klE
[

yyy
(k)
l (yyy

(k)
l )H

]

wwwkl = wwwH
klRRRy

(k)
l

wwwkl.

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

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

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

r0(t) =

K∑

k=1

√

2Pkrh
(k)
0 bk[n]ck(t) + n(t), (4.17)

wherePkr represents the power received by the BS from the D-channel ofuserk, h(k)
0 represents the

channel gain of thekth D-channel, whilen(t) denotes the Gaussian noise received at the BS, which

has a zero mean and a single-sided power spectral density ofN0 per dimension.

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

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

r1(t) =

K∑

k=1

L∑

l=1

√

2P
(k)
lr h

(k)
rl β

(k)
l b̂

(k)
l [n]c

(k)
l (t) + n(t), (4.18)

whereP (k)
lr represents the power received by the BS from thelth RB-channel of thekth user andh(k)

rl

represents the channel gain of the RB-channel that connectsthe lth relay of userk with the BS.

From (4.17) we can see that the signal received by the BS within the first time-slot is a noise-

contaminated composite signal of the spread, faded and attenuated information bits of allK users

from the D-channels, as shown in Figure 4.1. By comparison, it can be observed from (4.18) that

the signal received by the BS within the second time-slot is constituted by the noise-contaminated

composite information bits of allK users, which have been re-spread by theKL relays and been

faded as well as attenuated by the RB-channels, as illustrated in Figure 4.1.

4.3.2 Representation of the Signal Received at the Base Station

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

filter and then sampled at the chip-rate in order to provide the detector with observation samples,
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as shown in Figure 4.3. Sincebk[n] is transmitted using two time-slots and within each time-slot

it is spread by anN -chip spreading sequence, the BS’s receiver can obtain a total of 2N samples

for the detection ofbk[n]. Without loss of any generality, let us assume that user1 is the desired

user to be detected at the BS. Letyyy = [yyyT
0 , yyy

T
1 ]T contain the2N observation samples, whereyyyi =

[
yi0, yi1, · · · , yi(N−1)

]T
, i = 0, 1, contain theN observation samples within the first and second

time-slots, respectively. Then, according to the principles of matched-filtering [171], it can be shown

thatyiλ can be expressed after normalization using
√

2P1rNTc as

yiλ =
1√

2P1rNTc

∫ (λ+1)Tc

λTc

ri(t)ψ
∗
Tc

(t)dt, λ = 0, 1, · · · ,N − 1; i = 0, 1. (4.19)

Upon substituting (4.17) into the above equation, we obtain

y0λ =
1√
N
h

(1)
0 b1[n]c1λ +

1√
N

K∑

k 6=1

√

Pkr

P1r
h

(k)
0 bk[n]ckλ + n0λ, (4.20)

where the first term represents the contribution of user1 at the BS’ receiver within the first time-slot,

the second term quantifies the interference imposed by all the (K − 1) interferers, while the last term

is the noise. When defining̃h(k)
0 =

√
Pkr

P1r
h

(k)
0 , which includes both the power-attenuation and fading

effects of the D-channels, whereh̃(1)
0 = h

(1)
0 , we can re-write (4.20) in a simpler form as

y0λ =
1√
N

K∑

k=1

h̃
(k)
0 bk[n]ckλ + n0λ, (4.21)

which represents theλth observation sample for allK users at the BS’s receiver during the first time-

slot that has been spread, before being faded as well as attenuated by the D-channels before being

finally contaminated by the noise.

Let us defineζkl =
(

β
(k)
l

)2
P

(k)
lr /P1r, where the normalization coefficientβ(k)

l is given by (4.16).

Then, upon substituting (4.18) into (4.19), we can obtain the observations within the second time-slot

of thenth bit-duration as

y1λ =
1√
N

K∑

k=1

L∑

l=1

√

ζklh
(k)
rl b̂

(k)
l [n]c

(k)
lλ + n1λ, λ = 0, 1, · · · ,N − 1. (4.22)

where the first term represents the information bits of allK users received by the BS within the

second time-slot, which have been detected and re-spread bytheKL 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),niλ, i = 0, 1, is an independent Gaussian random variable with a zero mean

and a variance ofN0/2E1r per dimension, whereE1r = P1rTb represents the average energy per bit

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

Let us introduce the vectors

ccc
(k)
l =

1√
N

[

c
(k)
l0 , c

(k)
l1 , · · · , c

(k)
l(N−1)

]T
, (4.23)

nnni =
[
ni0, ni1, · · · , ni(N−1)

]T
, i = 0, 1, (4.24)

which physically represent the spreading code of thelth relay of userk and the noise at the BS during

both the first and second time-slots. Then, it can be shown that yyy may be expressed as

yyy =




nnn0

nnn1



+









K∑

k=1

ccckh̃
(k)
0 bk[n]

K∑

k=1

L∑

l=1

√

ζklh
(k)
rl ccc

(k)
l νklbk[n]









+









000
K∑

k=1

L∑

l=1

√

ζklh
(k)
rl ccc

(k)
l

(

ccckh̃
(k)
k,l

)H
RRR−1

y
(k)
l

nnnkl

︸ ︷︷ ︸

Nkl









, (4.25)

where the first term is the background noise at the BS, the second term is the desired term including

both the desired signal and the MUI, while the last term represents the noise contributed by the relays.

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

yyy = CCChhhb1[n] +CCCIHHHIbbbI +nnnR +nnn
︸ ︷︷ ︸

nnnI

, (4.26)

where the matrices and vectors are defined as follows:

✦ CCC is a [2N × (L + 1)]-element matrix related to the desired source MT, which can be expressed

as

CCC =




ccc1 000 000 · · · 000

000 ccc
(1)
1 ccc

(1)
2 · · · ccc

(1)
L



 , (4.27)
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whereccc1 is the spreading sequence of the desired user, whileccc
(1)
l , l = 1, · · · , L, is the spreading

sequence of thelth relay assisting the desired user;

✦CCCI is a[2N × (KL+K − L− 1)]-element matrix composed of the spreading sequences of the

interfering source MTs and their relays, which can be expressed as

CCCI =




ccc2 ccc3 · · · cccK 000 000 · · · 000 · · · 000 000 · · · 000

000 000 · · · 000 ccc
(2)
1 ccc

(3)
1 · · · ccc

(K)
1 · · · ccc

(2)
L ccc

(3)
L · · · ccc

(K)
L



 , (4.28)

whereccck, k = 2, · · · ,K, is the spreading sequence of userk, as seen in (4.5), whileccc(k)
l ,

l = 1, · · · , L, is the spreading sequence of thelth relay assisting userk, as given in (4.23);

✦ hhh is a vector of length(L+1) related to the D-channel and the RB-channels of the desired source

MT, which can be expressed as

hhh =
[

h̃
(1)
0 ,
√

ζ11h
(1)
r1 ν11,

√

ζ12h
(1)
r2 ν12, · · · ,

√

ζ1Lh
(1)
rLν1L

]T
; (4.29)

✦ [HHHI is a(KL+K−L−1)× (K−1)]-element matrix related to the D-channel and RB-channels

of the interfering MTs, which can be expressed as

HHHI =





































h̃
(2)
0 0 · · · 0

0 h̃
(3)
0 · · · 0

...
...

. . .
...

0 0 · · · h̃
(K)
0√

ζ21h
(2)
r1 ν21 0 · · · 0

0
√
ζ31h

(3)
r1 ν31 · · · 0

...
...

. . .
...

0 0 · · · √
ζK1h

(K)
r1 νK1

...
...

. . .
...

√
ζ2Lh

(2)
rLν2L 0 · · · 0

0
√
ζ3Lh

(3)
rLν3L · · · 0

...
...

. . .
...

0 0 · · · √
ζKLh

(K)
rL νKL





































; (4.30)
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✦ bbbI is a vector of length(K − 1) containing the data symbols transmitted by the interferingsource

MTs, which is given by

bbbI = [b2[n], b3[n], · · · , bK [n]]T ; (4.31)

✦ nnnR is a noise vector of length2N defined as

nnnR =
[
000, ñnnT

RCCC
T
R

]T
, (4.32)

whereCCCR is a(N ×KL)-element matrix defined as

CCCR =
[

ccc
(1)
1 ccc

(2)
1 · · · ccc

(K)
1 ccc

(1)
2 ccc

(2)
2 · · · ccc

(K)
2 · · · ccc

(1)
L ccc

(2)
L · · · ccc

(K)
L

]

,

(4.33)

while ñnnR is aKL-element vector containing the noise and interference present at theL number

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

ñnnR =
[
ñnnT

R1, ñnn
T
R2, · · · , ñnnT

RL

]T
. (4.34)

In (4.34),ñnnRl, l = 1, · · · , L, is aK-length vector defined as

ñnnRl =
[
nnnT

1lggg
T
1l,nnn

T
2lggg

T
2l, · · · ,nnnT

Klggg
T
Kl

]T
, (4.35)

wherennnkl, k = 1, · · · ,K, l = 1, · · · , L, is aN -element vector given by (4.7), whilegggkl,

k = 1, · · · ,K, l = 1, · · · , L, is aN -element vector defined as

gggkl =
√

ζklh
(k)
rl

(

ccckh̃
(k)
k,l

)H
RRR−1

y
(k)
l

; (4.36)

✦ Finally, in (4.26)nnn is a 2N -element vector containing2N noise samples present at the BS’s

receiver, which can be expressed as

nnn =
[
nnnT

0 ,nnn
T
1

]T
, (4.37)

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

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

4.4 Cooperation Strategy II

In the previous section we have described a cooperation strategy, where each source MT is assisted

byL separate relays constituted by the inactive mobile users that are chosen preferably in the vicinity

of the BS. Therefore the DS-CDMA system requires a total ofKL relays for supportingK users.

Since each of theKL relays uses MMSE detection in order to provide soft estimates of the symbols

transmitted by the source MTs, the complexity of the DS-CDMAsystem might become excessive,

when the valueKL is high. Furthermore, since the system requiresKL number of relays, the above

cooperation strategy may require more inactive MTs than thenumber of mobiles roaming within

the required vicinity of the BS. In DS-CDMA systems the different users are distinguished by their

unique spreading codes and a single relay may in fact serve several source MTs in order to achieve

relay diversity, provided that the transmissions of the source MTs can be separated at the BS. Based

on this observation, in this section we propose another cooperation strategy for the DS-CDMA uplink,

where all the source MTs share the same set ofL relays and each of theL relays forwards signals in

the interest of supporting all the source MTs, as shown in Figure 4.4. This philosophy circumvents

the potential shortage of relays in the vicinity of the BS. Let us now analyze Cooperation Strategy II

in detail.

4.4.1 Cooperation Operation

The DS-CDMA signal transmitted by thekth source MT assumes the form of (3.1). When the source

MT’s signals are transmitted over flat-fading channels, thecomplex-valued baseband equivalent signal

received by thelth relay within the first time-slot of thenth bit-duration can be expressed as

rl(t) =
K∑

k=1

√

2P
(k)
l h

(k)
l bk[n]ck(t) + nl(t), l = 1, 2, . . . , L, (4.38)

whereP (k)
l represents the power received by relayl from thekth source MT after taking into account

the pathloss of the TR-channel that connects thekth source MT to thelth relay. Furthermore,h(k)
l

represents the channel’s fading gain for the TR-channel connecting thekth MT with the lth relay,

while nl(t) represents the complex-valued baseband equivalent Gaussian noise, which has a mean of

zero and a single-sided power spectral density ofN0 per dimension. It can be observed from (4.38)
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Station

Base

D−channels

TR−channels RB−channels

User 1’s channel User 2’s channel

User 1

User 2 Relay 2

Relay 1

A channel related to all the users

User K Relay L

User K’s channel

Figure 4.4: Schematic diagram of Cooperation Strategy II used in the relay-assisted DS-CDMA uplink.

Sampling

Process and Transmitψ∗
Tc

(Tc − t)

λ = 0, 1, ..., N − 1
at (λ+ 1)Tc

rl(t)

Figure 4.5: Receiver schematic diagram at thelth relay.
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that the signal received at thelth relay is a composite of the spread, faded and attenuated information

bits of allK users, which is similar to (4.1) derived for Cooperation Strategy I of Section 4.3.

The signal processing operations carried out at thelth relay are shown in Figure 4.5, where the

received signalrl(t) is first input to a filter matched to the transmitted chip-waveform ψTc(t). Then,

the matched-filter’s output is sampled at the chip-rate, which providesN samples per symbol for the

lth relay. Without loss of generality, let us normalize the output of the matched-filter at thelth relay

using
√

2P
(1)
l NTc, whereP (1)

l represents the power received by relayl from the first source MT.

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

ylλ =
1

√

2P
(1)
l NTc

∫ (λ+1)Tc

λTc

rl(t)ψ
∗
Tc

(t)dt, λ = 0, 1, · · · ,N − 1; l = 1, 2, · · · , L. (4.39)

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

ylλ =
1√
N
h

(1)
l b1[n]c1λ +

1√
N

K∑

k=2

√
√
√
√
P

(k)
l

P
(1)
l

h
(k)
l bk[n]ckλ + nlλ ,

λ = 0, 1, · · · ,N − 1; l = 1, 2, · · · , L, (4.40)

where the first term is theλth observation sample for user1 at thelth relay, the second term is the

λth observation sample for the remaining(K − 1) users at thelth relay, while the last termnlλ is the

Gaussian noise component given by

nlλ =
1

√

2P
(1)
l NTc

∫ (λ+1)Tc

λTc

nl(t)ψ
∗
Tc

(t)dt, l = 1, 2, · · · , L; λ = 0, 1, · · · ,N − 1, (4.41)

which is a Gaussian distributed process with a mean of zero and a variance ofN0/2E
(1)
l per dimen-

sion, whereE(1)
l = P

(1)
l Tb represents the energy per bit received by thelth relay from the first source

MT.

Let us define

yyyl = [yl0, yl1, · · · , yl(N−1)]
T ,

nnnl = [nl0, nl1, · · · , nl(N−1)]
T , (4.42)

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

arrive at

yyyl =

K∑

k=1

ccckh̃
(k)
l bk[n] +nnnl, (4.43)

where we have similarly defined̃h(k)
l =

√

P
(k)
l

P
(1)
l

h
(k)
l , which accounts for both the attenuation and

fading effects of thelth TR-channel and we havẽh(1)
l = h

(1)
l . It can be seen that the vector of

the signals after being processed at thelth relay includes the spread, faded, attenuated and noise-

contaminated information bits of all theK users and can also be expressed in a more compact form

as

yyyl = CCCH̃HH lbbb+nnnl, (4.44)

where, by definition, we have

CCC = [ccc1, ccc2, · · · , cccK ] , (4.45)

H̃HH l = diag
{

h̃
(1)
l , h̃

(2)
l , · · · , h̃(K)

l

}

, (4.46)

bbb = [b1[n], b2[n], · · · , bK [n]]T . (4.47)

In more detail,CCC of (4.45) is a(N ×K)-element matrix containing the spreading sequences assigned

to theK source MTs,H̃HH l is a (K × K)-element diagonal matrix in which the entries on the main

diagonal are constituted by the normalized fading gains of thelth TR-channels associated with theK

source MTs andbbb is aK-length column vector containing the transmitted symbols of theK source

MTs.

As shown in Figure 4.5, after obtainingyyyl, thelth relay processesyyyl by invoking its own spreading

sequence and forms the spread signal to be transmitted within the second time-slot as

sl(t) =
√

2KPltβlCl(t)yl(t) cos (2πfct+ φl) , l = 1, 2, · · · , L, (4.48)

wherePlt represents the transmitted power of thelth relay,φl is the initial phase associated with the
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carrier modulation andyl(t) is formed fromyyyl, which is given by

yl(t) =

N−1∑

λ=0

ylλPTc(t− λTc), (4.49)

whereTc represents the chip-duration,N = Tb/Tc represents the spreading factor andPTc(t) denotes

the rectangular waveform, which is defined asPTc = 1 if 0 ≤ t < Tc andPTc = 0 otherwise. In

(4.48)Cl(t) denotes the spread-spectrum waveform of thelth relay, which can be expressed as

Cl(t) =

∞∑

n=0

ClnψTc(t− nTc), (4.50)

where we haveCln ∈ {−1,+1} andψTc(t) is the chip-waveform, which is defined within[0, Tc) and

normalized to satisfy
∫ Tc

0 ψ2
Tc

(t)dt = Tc. In (4.48),βl is a normalization coefficient employed for

ensuring that the transmission power ofsl(t) is Plt. It can be shown that

βl =

√

1

E
[
yyyH

l yyyl

] =

√

1

E [||yyyl||2]
. (4.51)

It is worth noticing from (4.48) that the composite signals of all K users received at thelth relay

are forwarded directly to the BS during the second time-slotafter being simply filtered and sampled

without any despreading within the first time-slot, which issignificantly different from Cooperation

Strategy I of Section 4.3, where the relays re-spread the estimates of the signals after MMSE detec-

tion. Explicitly, from (4.44) we have E
[
||yyyl||2

]
= trace

(
E
[
yyylyyy

H
l

])
= trace

(

CCCH̃HH lH̃HH
H
l CCCT + σ2IIIN

)

with σ2 = N0/E
(1)
l .

From the above analysis we know that theK source MTs transmit their signals in the form of

(3.1) within the first time-slot, while theL relays transmit their signals in the form of (4.48) using

the second time-slot. Hence, the BS has the explicit benefit of attaining two sets of observations

for detecting the information transmitted by theK source MTs at the cost of using two time-slots.

Specifically, at the BS, when theK source MTs transmit their signals in the form of (3.1) over

flat-fading channels using the first time-slot of thenth bit-duration, the complex-valued baseband

equivalent received signal can be expressed as

r̄0(t) =

K∑

k=1

√

2Pkrh
(k)
0 bk[n]ck(t) + n̄(t), (4.52)
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wherePkr denotes the power received by the BS from thekth source MT within the first time-slot,

h
(k)
0 represents the channel gain of thekth D-channel, whilēn(t) denotes the Gaussian noise received

at the BS, which has a zero mean and a single-sided power spectral density ofN0 per dimension.

By contrast, within the second time-slot, when theL relays transmit their signals expressed in the

form of (4.48) over flat-fading channel, the complex-valuedbaseband equivalent signal received by

the BS can be expressed as

r̄1(t) =
L∑

l=1

√

2PlrβlhrlCl(t)yl(t) + n̄(t), (4.53)

wherePlr represents the power received by the BS from thelth relay andhrl represents the fading

gain of the TB-channel connecting thelth relay with the BS.

It can be seen that (4.52) is formulated similarly to (4.17),both of which are spread, faded, at-

tenuated and noise-contaminated signals received by the BSwithin the first time-slot, while (4.53)

is formulated differently from (4.18) due to the different cooperation strategies at the relays. To be

more specific, the signal received at the BS within the secondtime-slot in the context of Cooperation

Strategy I has been estimated and re-spread by theKL relays before being faded as well as atten-

uated by the RB-channels, before being contaminated by the noise at the BS’s receiver, while the

corresponding signal in the context of Cooperation Strategy II has been directly forwarded by theL

relays without despreading, before it is attenuated by the RB-channels.

4.4.2 Representation of the Signal Received at the Base Station

The receiver schematic diagram of the cooperative DS-CDMA system using Cooperation Strategy II

is the same as that of its counterpart in the context of Cooperation Strategy I, as shown in Figure 4.3.

Similarly to Cooperation Strategy I, the signal received atthe BS for Cooperation Strategy II is filtered

by a chip-waveform matched-filter, with its output being sampled at the chip-rate in order to obtain

the observation samples for detecting the transmitted information. The BS’s receiver collects a total

of 2N observation samples for detectingbk[n] within two time-slots. Without loss of generality, let us

assume that user1 is the desired user to be detected. Letyyy = [yyyT
0 , yyy

T
1 ]T contain the2N observation

samples required for the detection ofbk[n], whereyyyi = [yi0, yi1, · · · , yi(N−1)]
T for i = 0, 1. Then, it

can be shown thatyiλ can be expressed as

yiλ =
1√

2P1rNTc

∫ (λ+1)Tc

λTc

r̄i(t)ψ
∗
Tc

(t)dt, λ = 0, 1, · · · ,N − 1; i = 0, 1. (4.54)
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Similarly to the derivation of (4.21) in the context of Cooperation Strategy I, upon substituting (4.52)

into the above equation, we can develop

y0λ =
1√
N

K∑

k=1

h̃
(k)
0 bk[n]ckλ + n̄0λ, λ = 0, 1, · · · ,N − 1, (4.55)

where, by definition, we havẽh(k)
0 =

√
Pkr

P1r
h

(k)
0 , which accounts for both the fading and attenuation

effects of the D-channels. It can be seen that (4.55) and (4.21) are formulated similarly, both of which

represent theλth observation sample for allK users at the BS’s receiver within the first time-slot.

In the context of the observation samples within the second time-slot, let us also defineζ1l =

β2
l Plr/P1r, whereβl is given in (4.51). Then, upon substituting (4.53) into (4.54), we have

y1λ =
1√
N

L∑

l=1

√

ζ1lhrlClλ

K∑

k=1

ckλh̃
(k)
l bk[n] +

1√
N

L∑

l=1

√

ζ1lhrlClλnlλ + n̄1λ,

λ = 0, 1, · · · ,N − 1, (4.56)

where the first term represents the information bits of allK users received by the BS within the second

time-slot, which has been forwarded by theL relays without any despreading and then been faded

and attenuated by the RB-channels, as shown in Figure 4.4, while the second term denotes the noise

introduced at the relays and forwarded through the RB-channels. It can be observed that (4.56) and

(4.22) are formulated differently, due to the different signal processing operations carried out at the

relays for Cooperation Strategy I and Cooperation StrategyII.

In (4.55)-(4.56)n̄iλ, i = 0, 1, is an independent Gaussian random variable, which has a zero

mean and a common variance ofN0/2E1r per dimension, whereE1r = P1rTb represents the average

energy per bit of user1 received from the D-channel.

Let us define

CCCl = diag
{
Cl0, Cl1, · · · , Cl(N−1)

}
, (4.57)

n̄nni =
[
n̄i0, n̄i1, · · · , n̄i(N−1)

]T
, i = 0, 1, (4.58)

which physically denotes the spreading code of thelth relay and the noise present at the BS within
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the two time-slots, respectively. Then, it can be shown thatyyy = [yyyT
0 , yyy

T
1 ]T can be expressed as

yyy =









K∑

k=1

ccckh̃
(k)
0 bk[n]

L∑

l=1

√

ζ1lhrlCCC l

K∑

k=1

ccckh̃
(k)
l bk[n]









+







000
L∑

l=1

√

ζ1lhrlCCClnnnl







+




n̄nn0

n̄nn1



 , (4.59)

where the first term includes both the desired signal and the MUI within two time-slots, the second

term represents the noise introduced by the relays and the last one denotes the background noise

present at the BS within the first and second time-slots, respectively. Furthermore, the above equation

can be expressed in a more compact form as

yyy = CCChhhb1[n] +CCCIHHHIbbbI +nnnR +nnn
︸ ︷︷ ︸

nnnI

, (4.60)

where the matrices and vectors are defined as follows:

✦CCC is a[2N × (L+ 1)]-element spreading matrix related to the desired user, which is given as

CCC =




ccc1 000 000 · · · 000

000 CCC1ccc1 CCC2ccc1 · · · CCCLccc1



 , (4.61)

whereccc1 is the spreading sequence assigned to the desired user, whileCCCl for l = 1, · · · , L is

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

✦CCCI is a[2N×(KL+K−L−1)]-element spreading matrix related to the interfering MTs, which

can be expressed as

CCCI =




CCCI 000 000 · · · 000

000 CCC1CCCI CCC2CCCI · · · CCCLCCCI



 , (4.62)

whereCCCI is a[N × (K − 1)]-element spreading matrix constituted by the spreading sequences

assigned to the interfering MTs, which can be expressed as

CCCI = [ccc2, ccc3, · · · , cccK ] , (4.63)

whereccck, k = 2, · · · ,K, is the spreading sequence assigned to userk;

✦ hhh is an (L + 1)-element vector related to the fading gains of the TR-channels as well as the
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RB-channels in the context of the desired MT, which is given by

hhh =
[

h̃
(1)
0 ,
√

ζ11hr1h̃
(1)
1 ,
√

ζ12hr2h̃
(1)
2 , · · · ,

√

ζ1LhrLh̃
(1)
L

]T
; (4.64)

✦HHHI is a[(KL+K −L− 1)× (K− 1)]-element matrix composed by the fading gains of the TR-

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

HHHI =





































h̃
(2)
0 0 · · · 0

0 h̃
(3)
0 · · · 0

...
...

. . .
...

0 0 · · · h̃
(K)
0√

ζ11hr1h̃
(2)
1 0 · · · 0

0
√
ζ11hr1h̃

(3)
1 · · · 0

...
...

. . .
...

0 0 · · · √
ζ11hr1h̃

(K)
1

...
...

. . .
...

√
ζ1LhrLh̃

(2)
L 0 · · · 0

0
√
ζ1LhrLh̃

(3)
L · · · 0

...
...

. . .
...

0 0 · · · √
ζ1LhrLh̃

(K)
L





































; (4.65)

✦ bbbI is a(K−1)-element vector containing the data symbols transmitted bythe(K−1) interfering

MTs, which can be expressed as

bbbI = [b2[n], b3[n], · · · , bK [n]]T ; (4.66)

✦ nnnR is a2N -element vector containing the background noise forwardedby the relays, which can

be expressed as

nnnR =
[
000,hhhT

rlAAA
T
1NNN

T
R

]T
, (4.67)

wherehhhrl is aL-element vector containing the fading gains of the RB-channels given as

hhhrl = [hr1, hr2, · · · , hrL]T ; (4.68)
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AAA1 is a diagonal matrix given by

AAA1 = diag
{√

ζ11,
√

ζ12, · · · ,
√

ζ1L

}

; (4.69)

andNNNR is a(N × L) matrix defined as

NNNR = [CCC1nnn1,CCC2nnn2, · · · ,CCCLnnnL] ; (4.70)

✦ Finally,nnn is a2N -element Gaussian noise vector given by

nnn =
[
n̄nnT

0 , n̄nn
T
1

]T
, (4.71)

wheren̄nni, i = 0, 1, is given in (4.58). Hence,nnn obeys the Gaussian distribution with a mean

of zero and a convariance matrix of2σ2III2N , whereσ2 = 1/2SNR and SNR represents the

signal-to-noise ratio.

Let us now consider the detection ofb1[n] at the BS.

4.5 Detection in Cooperative DS-CDMA Uplink

Based on the observation equation (4.60), the transmitted signal may be detected with the aid of var-

ious detection schemes. Specifically, in this section we consider two types of detection schemes,

namely the MRC-assisted SUR and the MSINR-assisted MUC. Before considering the detection

schemes, let us however first consider the assignment of spreading sequences in the cooperative DS-

CDMA scheme using Cooperation Strategy II.

As discussed before, since each source MT hasL number of separate relays to assist in its the

uplink transmission, Cooperation Strategy I may require anexcessive number of relays. By contrast,

Cooperation Strategy II is capable of circumventing this problem by using each relay to serve several

source MTs. Based on Cooperation Strategy II, which has beendiscussed in Section 4.4, we can

see in (4.59) that the spreading sequences of the source MTs and the relays are multiplied, when

the signals are forwarded by the relays. These multiplication operations at the relays result in new

spreading sequences. In order to ensure that diversity is achieved, the spreading sequences of the

source MTs and the relays should be appropriately chosen, sothat the 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 ofm-sequences and Gold sequences [137].

any two sequences is as low as possible. Moreover, this multiplication operation should not generate

spreading sequences that are the same for different source MTs. Otherwise, the BS becomes incapable

of detecting the transmitted information, since the cross-correlation between the spreading sequences

of two different users will become unity.

The spreading sequence assignment scheme used throughout our simulations in Section 4.6 can

be described as follows. Let us assumeM to be a set ofm-sequences that are generated using

a maximum-lengthm-stage shift register associated with a polynomial. It can be shown that the

multiplicaton of any twom-sequences in the setM leads to a newm-sequence in the same set.

Based on this observation, in our simulations presented in Section 4.6 them-sequences of the source

MTs and the relays are generated based on two different primitive polynomials. Note that no inner

restriction is imposed on the spreading sequences in terms of Cooperation Strategy I, since in this case

MMSE detection is invoked at each of the relays and there are no multiplication operations between

the sequences of the source MTs and that of the relays. In our simulations presented in Section 4.6,

random sequences andm-sequences are considered.

Gold showed [172, 173] that some pairs ofm-sequences having the same degree can be used to

generate Gold sequences, which constitute a large and important class of periodic sequences having

beneficially low periodic cross-correlation, resulting inlow MUI. Specifically, a set of Gold sequences

of lengthN = (2m − 1) can be constructed from any preferred pair ofm-sequences. A preferred

pair ofm-sequences is a pair having a specific ternary-valued cross-correlation function (CCF) with
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values from the set{−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 bothm-sequences and Gold sequences of dif-

ferent degree. As shown in Table 4.1, the beneficial cross-correlation properties of Gold sequences

result in an improved BER performance for our proposed DS-CDMA system, 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 DS-CDMA considered, the received

signal vectoryyy of (4.26) or (4.60) is first despread by multiplying it withCCCT , yielding

ȳyy = CCCTyyy, (4.72)

where ȳyy = [ȳ0, ȳ1, . . . , ȳL]T . In more detail, it can be readily shown that after the despreading

operation, thelth component of̄yyy can be expressed in the context of Cooperation Strategy I as [37,47]

ȳl =







h̃
(1)
0 b1[n] + cccT1 n̄nn0 + IIUI , if l = 0

√
ζ1lh

(1)
rl ν1lb1[n] +

(

ccc
(1)
l

)T
n̄nn1 + IIURI, if l = 1, 2, . . . , L,

(4.73)

where, at the right hand side, the first term in the upper line represents the information bits of user1

faded and attenuated by the D-channels, the second term in the upper line denotes the despread noise

by invoking the spreading sequence of user1 within the first time-slot, the first term in the lower line

accounts for the information bits of user1 faded and attenuated by the RB-channels, while the second

term in the lower line records the despread noise by invokingthe spreading sequence of thelth relay

of user1 within the second time-slot. Furthermore, in (4.73)IIUI represents the inter-user interference

(IUI) engendered by theK number of D-channels within the first time-slot, which can beexpressed

as

IIUI =

K∑

k=2

cccT1 ccckh̃
(k)
0 bk[n]. (4.74)
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By contrast, in (4.73)IIURI represents the inter-user relay-induced interference (IURI), namely the

interference engendered by the signals transmitted over the R-channels associated with the transmis-

sions within both the first and second time-slots, which can be expressed as

IIURI =

L∑

l′=1
l′ 6=l

√

ζ1l′h
(1)
rl′ ν1l′

(

ccc
(1)
l

)T
ccc
(1)
l′ b1[n]

+

L∑

l′=1

K∑

k=2

√

ζkl′h
(k)
rl′ νkl′

(

ccc
(1)
l

)T
ccc
(k)
l′ bk +

(

ccc
(1)
l

)T
L∑

l′=1

K∑

k=1

gggkl′nnnkl′ccc
(k)
l′ , (4.75)

where, at the right hand side, the first term is the interference engendered by all theL relays except for

the lth one, the second term represents the interference engendered by all theK source MTs except

for the desired one, while the last term is the despread interference engendered by all the source MTs

at thelth relay.

Similarly, thelth component of̄yyy in the context of Cooperation Strategy II can be expressed as

ȳl =







h̃
(1)
0 b1[n] + cccT1 n̄nn0 + IIUI , if l = 0

√
ζ1lhrlh̃

(1)
l b1[n] +

L∑

l′=1

√

ζ1l′hrl′ccc
T
1CCClCCC l′nnnl′ + cccT1CCCln̄nn1 + IIURI , if l = 1, 2, . . . , L,

(4.76)

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

interpretations as their counterparts in (4.73) derived for Cooperation Strategy I, the first term in the

lower line represents the information bits of user1 faded and attenuated both by the TR-channel

spanning from user1 to relayl and by the RB-channel connecting relayl with the BS. Furthermore,

the second term in the lower line denotes the equivalent noise at the BS introduced by all theL

number of relays, while the third one in the lower line accounts for the noise despread by invoking

the spreading sequences of user1 and relayl during the second time-slot. Furthermore, in (4.76)IIUI

represents the IUI imposed by the signals transmitted over the D-channels within the first time-slot,

which is formulated in the same as (4.74) for Cooperation Strategy I, whileIIURI represents the IURI

among the signals transmitted over the R-channels in the first and second time-slots, which can be

expressed as

IIURI =

L∑

l′=1

K∑

k=2

√

ζ1l′hrl′h̃
(k)
l′ ccc

T
1CCClCCC l′ccckbk[n] +

L∑

l′=1
l′ 6=l

√

ζ1l′hrl′h̃
(1)
l′ ccc

T
1CCC lCCCl′ccc1b1[n]. (4.77)
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At the right-hand side of (4.77), the first term is constituted by the interference arriving from all the

source MTs except for the desired one, while the second term is the interference imposed by all the

relays except for thelth one.

Furthermore, in (4.73) and (4.76),cccT1 n̄nn0,
(

ccc
(1)
l

)T
n̄nn1 andcccT1CCC lCCCl′nnnl′ are independent Gaussian

random variables, which obey the same distribution asn̄iλ, i = 0, 1, λ = 0, · · · ,N − 1, in (4.55) and

(4.56).

Let us assume that the second-order moment ofIIUI in (4.73) and (4.76) is given byσ2
IUI , while

the second-order moment ofIIURI in (4.73) and (4.76) is denoted byσ2
IURI. Then, it can be readily

shown that the MRC-SUR weights derived in the context of Cooperation Strategy I can be expressed

as [37]

wl =







(
N0
E1r

+ σ2
IUI

)−1 (

h̃
(1)
0

)∗
, for l = 0

(
N0
E1r

+ σ2
IURI

)−1 √
ζ1l

(

h
(1)
rl ν1l

)∗
, for l = 1, 2, . . . , L.

(4.78)

By contrast, the MRC-SUR weights derived in the context of the Cooperation Strategy II are given by

wl =







(
N0
E1r

+ σ2
IUI

)−1 (

h̃
(1)
0

)∗
, for l = 0

(
L∑

l′=1

ζ1l′ |hrl′ |2
N0

E
(1)
l′

+
N0

E1r
+ σ2

IURI

)−1
√
ζ1l

(

hrlh̃
(1)
l

)∗
, for l = 1, 2, . . . , L.

(4.79)

It can be seen from (4.78) and (4.79) that the MRC-SUR weightsfor both Cooperation Strategy I and

II were the same forl = 0, since thelth component of̄y for both of them were the same whenl = 0,

as seen in (4.73) and (4.76).

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

σ2
IURI =

L∑

l′=1
l′ 6=l

ζ1l′E

[∣
∣
∣
∣
h

(1)
rl′ ν1l′

(

ccc
(1)
l

)T
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(1)
l′

∣
∣
∣
∣

2
]

+

L∑

l′=1

K∑

k=2

ζkl′E

[∣
∣
∣
∣
h

(k)
rl′ νkl′

(

ccc
(1)
l

)T
ccc
(k)
l′

∣
∣
∣
∣

2
]

+

L∑

l′=1

K∑

k=1

E

[∣
∣
∣
∣
gggkl′nnnkl′

(

ccc
(1)
l

)T
ccc
(k)
l′

∣
∣
∣
∣

2
]

, (4.80)

while for Cooperation Strategy II, we have

σ2
IURI =

L∑

l′=1

K∑

k=2

ζ1l′E

[∣
∣
∣hrl′h̃

(k)
l′ ccc

T
1CCC lCCCl′ccck

∣
∣
∣

2
]

+

L∑

l′=1
l′ 6=l

ζ1l′E

[∣
∣
∣hrl′ h̃

(1)
l′ ccc

T
1CCClCCC l′ccc1

∣
∣
∣

2
]

. (4.81)
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Additionally, the second moment ofIIUI in (4.74) can be expressed for both Cooperation Strategy I

and II as

σ2
IUI =

K∑

k=2

E

[∣
∣
∣cccT1 ccckh̃

(k)
0

∣
∣
∣

2
]

. (4.82)

Furthermore, it can be shown that when random spreading sequences are considered, we have

σ2
IUI =

1

N

K∑

k=2

E
[

|h̃(k)
0 |2

]

. (4.83)

Having obtained the weights for the components inyyy as shown in (4.78) for the Cooperation

Strategy I and in (4.79) for the Cooperation Strategy II, we can form the decision variablez1[n] for

b1[n] in terms of the MRC-SUR as

zk[n] =

L∑

l=0

wlȳl. (4.84)

Note that the combining schemes characterized in (4.78) or (4.79) are capable of maximizing the

output SNR, when there exists no interference among the users or relays in the relay-assisted DS-

CDMA system. When the relay-aided DS-CDMA uplink supports multiple users, our simulation re-

sults provided in Section 4.6 demonstrate that the interference among the D-channels and R-channels

significantly degrades the achievable BER performance, since the MRC-SUR scheme cannot mitigate

this type of interference.

In the next section we consider the MSINR-assisted MUC (MSINR-MUC) scheme, which is

capable of efficiently suppressing the interference encountered 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 observation vector of (4.26) derived for Cooper-

ation Strategy I and that in (4.60) for Cooperation StrategyII as

yyy = h̄hhb1[n] +nnnI , (4.85)
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where we have

h̄hh = CCChhh (4.86)

nnnI = CCCIHHHIbbbI +nnnR +nnn (4.87)

for both Cooperation Strategy I and II.

Upon following our derivation in Subsection 3.3.3 of Chapter 3, we arrive at the optimum weight

vector to be used for detection of the desired MT, which can beexpressed as

wwwopt = µRRR−1
I h̄hh, (4.88)

whereµ is a constant andRRRI = E[nnnInnn
H
I ] is the covariance matrix ofnnnI , as seen in (4.87). Specif-

ically, from (4.87) we arrive atRRRI = CCCIHHHIHHH
H
I CCC

H
I + E[nnnRnnn

H
R ] + E[nnnnnnH ]. It can be shown that

E[nnnnnnH ] = N0
E1r

III2N for both Cooperation Strategy I and II. Let us now deriveE[nnnRnnn
H
R ] for the two

cooperation strategies based onnnnR, which has been given in (4.32) and (4.67), respectively. For

Cooperation Strategy I, it can be shown that

E[nnnRnnn
H
R ] =




000 000

000 CCCRE[ñnnRñnn
H
R ]CCCH

R



 , (4.89)

whereCCCR has been given in (4.33), andE[ñnnRñnn
H
R ] can be expressed as

E[ñnnRñnn
H
R ] = diag

{
E[ñnnR1ñnn

H
R1], E[ñnnR2ñnn

H
R2], · · · , E[ñnnRLñnn

H
RL]
}
, (4.90)

whereE[ñnnRlñnn
H
Rl], l = 1, · · · , L, is a(K ×K)-element diagonal matrix in the form ofE[ñnnRlñnn

H
Rl] =

diag{Λ1,Λ2, · · · ,ΛK}, andΛk, k = 1, · · · ,K, can be expressed as

Λk = ζkl|h(k)
rl h̃

(k)
k,l |ccckRRR−1

y
(k)
l





K∑

k′ 6=k

|h̃(k)
k′,l|2 +

N0

E
(k)
l

IIIN





(

RRR−1

y
(k)
l

)H

ccck. (4.91)
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By contrast, for the Cooperation Strategy II, we arrive at

E[nnnRnnn
H
R ] =







000 000

000

L∑

l=1

N0

E
(1)
l

ζ1l|hrl|2IIIN






. (4.92)

Correspondingly, in the context of the MSINR-MUC the decision variable forb1[n] is given by

zzzn = ℜ
{
wwwH

optyyy
}
, (4.93)

whereyyy was outlined (4.26) for Cooperation Strategy I and in (4.60)for Cooperation Strategy II,

while ℜ{xxx} is the operation retaining the real-part of each element ofxxx.

Let us now use a range of simulation results to illustrate theachievable BER performance of the

relay-assisted DS-CDMA system, which employs either Cooperation Strategy I or II.

4.6 Performance Results

In this section we characterize the BER versus SNR per bit performance of the relay-assisted DS-

CDMA system supporting multiple users, when either Cooperation Strategy I or II is employed. In our

simulations we assumed that both the D-channels and the TR-channels experienced Rayleigh fading,

while the RB-channels experienced more benign Nakagami-m fading associated withml2 = 2. This

assumption was justified, since we assumed that the relays were chosen from the area close to the

BS. In our simulations, both random sequences andm-sequences were considered. The number of

relays employed in our simulations was typicallyL = 0, 1, 2, 3, 4, whereL = 0 corresponds to the

scenario of direct transmission, assuming that no relays were employed. The BER performance of

the relay-assisted DS-CDMA system is initially investigated in Subsection 4.6.1 in the less realistic

scenario of having no pathloss, which may be deemed to correspond to perfect power control in

the absence of shadow-fading. Naturally, satisfying theseassumptions requires sophisticated system-

control, especially, as far as the relays are concerned, butthese considerations are beyond the scope of

our current study, which is focused on characterizing the attainable performance. Table 4.2 presents

the main features of the DS-CDMA uplink considered. Let us now focus our attention on this relay-

assisted DS-CDMA system operating without considering theeffects 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 Nakagami-m fading (m = 2)
Modulation BPSK
Cooperation strategy Cooperation Strategy I or II
Detection at BS MSINR-MUC MRC-SUR or MSINR-MUC
Spreading sequences Random sequences orm-sequences
Spreading factor N = 15, 31

Number of MTs supported K = 2, 15

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 II
Figure 4.9 m-sequences K = 15 II
Figure 4.10 Random sequences K = 2 II
Figure 4.11 Random sequences K = 15 II

Table 4.3: System parameters employed for generating Figures 4.6-4.11 in Subsection 4.6.1.

4.6.1 Performance of the Relay-Assisted DS-CDMA Uplink in the Absence of Large-

Scale Fading

In this subsection we provide simulation results for characterizing the BER performance of the relay-

assisted DS-CDMA system without considering large-scale fading. More explicitly, we assumed that

perfect power control was employed, hence the received power from any of the source MTs and

that from any of the relays was the same. Furthermore, in order to carry out a fair comparison, the

average SNR associated with a single transmitted data bit was constant, regardless of value ofL, i.e.

the number of relays employed for supporting each source MT.Tables 4.2-4.3 illustrates the system

parameters employed for generating Figures 4.6-4.11 in this subsection.
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4.6.1.1 Cooperation Strategy I

Figures 4.6 and 4.7 show the BER versus average SNR per bit performance of the relay-assisted

DS-CDMA system using the proposed Cooperation Strategy I ofSection 4.3. In our simulations we

assumed that the number of source MTs supported in the context of both Figures 4.6 and 4.7 wasK =

2. Furthermore, in Figure 4.6 the spreading sequences were constituted bym-sequences of length 15,

while in Figure 4.7 random sequences of length 15 were employed. As shown in Figures 4.6 and 4.7,

when the same number of relays were employed, the BER performance of cooperative DS-CDMA

usingm-sequences is slightly better than that using random sequences. The results of Figures 4.6

and 4.7 show that, when the SNR is sufficiently high, the BER performance substantially improves,

if more relays are used for providing the source MTs with a higher-order relay diversity. However,

when the SNR is low, using more relays fails to guarantee a diversity gain and hence the resultant

BER performance may even degrade upon increasing the numberof relays. Furthermore, the BER

performance portrayed in Figures 4.6 and 4.7 is slightly better than that of the single-user scenario

shown in Figure 3.10. This is because in the single-user caseof Figure 3.10 the relays are operated

in the AF mode, which amplifies and forwards the signal as wellas the noise. By contrast, the

MMSE detection employed at each of the relays in the multiple-user scenario used in Figures 4.6

and 4.7 is capable of both mitigating the effects of interference and suppressing the Gaussian noise

simultaneously.

Let us now investigate the attainable performance of Cooperation Strategy II, when a similar

communication scenario is considered.

4.6.1.2 Cooperation Strategy II

Figures 4.8 and 4.9 quantify the BER versus average SNR per bit performance of the relay-assisted

DS-CDMA uplink using the proposed Cooperation Strategy II of Section 4.4. In our simulations we

assumed that the number of source MTs used in Figure 4.8 wasK = 2, while that in Figure 4.9 was

K = 15. Furthermore,m-sequences of lengthN = 15 were employed for spreading both by the

source MTs and by the relays. As mentioned previously in Section 4.5m-sequences assigned to the

source MTs and that to the relays were generated using different generator polynomials in order to

ensure that the sequences after relaying are distinguishable. The results of Figures 4.8 and 4.9 show

that in comparison to the DS-CDMA system operating without the assistance of relay diversity, the

BER performance significantly improves when each source MT is aided by a relay, provided that the

average SNR per bit is sufficiently high. However, when the number of relays supporting a single
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Figure 4.6: Cooperation Strategy I: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink usingm-sequencesand the MSINR-MUC of Subsection 4.5.2, when the D-
channels and the TR-channels experience Rayleigh fading, while the RB-channels experience
Nakagami-m fading associated withml2 = 2. The experimental conditions were listed in Ta-
bles 4.2-4.3.
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Figure 4.7: Cooperation Strategy I: BER versus average SNR per bit performance of the relay-assisted DS-
CDMA uplink using random sequencesand the MSINR-MUC of Subsection 4.5.2, when the
D-channels and the TR-channels experience Rayleigh fading, while the RB-channels experience
Nakagami-m fading associated withml2 = 2. The experimental conditions were listed in Ta-
bles 4.2-4.3.
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Figure 4.8: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink usingm-sequencesand the MSINR-MUC of Subsection 4.5.2, when the D-
channels and the TR-channels experience Rayleigh fading, while the RB-channels experience
Nakagami-m fading associated withml2 = 2. The experimental conditions were listed in Ta-
bles 4.2-4.3.
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Figure 4.9: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink usingm-sequencesand the MSINR-MUC of Subsection 4.5.2, when the D-
channels and the TR-channels experience Rayleigh fading, while the RB-channels experience
Nakagami-m fading associated withml2 = 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 diversity gain may only be achieved, when a

higher SNR is available. In comparison to the BER performance portrayed in Figures 4.6 and 4.7 for

Cooperation Strategy I, the diversity gain observed in Figures 4.8 and 4.9 for Cooperation Strategy II

cannot be guaranteed and hence the resultant BER performance may even degrade at low SNRs upon

increasing the number of relays. The reason for this observation is that for Cooperation Strategy I,

the MMSE detection is applied at each of the relays, which is capable of sufficiently mitigating the

effects of interference as well as of the noise encountered at the relays, while for Cooperation Strategy

II the relays operate in the AF mode, which simultaneously amplifies and forwards the signals and

the noise.

In Figures 4.10 and 4.11 the BER versus average SNR per bit performance of the relay-assisted

DS-CDMA uplink was depicted, when random spreading sequences of lengthN = 15 were em-

ployed. The number of source MTs supported by the DS-CDMA system as recorded in Figure 4.10

wasK = 2, while that in Figure 4.11 wasK = 15. From the results of Figure 4.10, we can observe

that the BER performance ofL ≤ 3 is close to that shown in Figure 4.8, wherem-sequences were

considered. However, as shown in Figure 4.10, the BER performance even degrades within the SNR

range considered, when the number of relaysL is increased from 3 to 4, which is a consequence of

the severe multiuser interference engendered by the randomspreading codes. From the results of Fig-

ure 4.11, we observe that the BER performance recorded forL ≤ 3 is worse than the corresponding

BER performance shown in Figure 4.9, wherem-sequences were employed. This is because more

severe MUI engendered by the random spreading sequences than that bym-sequences. Furthermore,

as shown in Figure 4.11, the BER performance degrades withinthe SNR range considered, when the

number of relays is increased fromL = 3 to L = 4. By contrast, whenL ≤ 3, the BER perfor-

mance may improve when the number of relays is increased, provided that the SNR per bit value is

sufficiently high.

In summary, in this subsection we have investigated the attainable BER performance of the relay-

assisted DS-CDMA system supporting multiple users in the context of both Cooperation Strategy I

and II, while assuming perfect power control, i.e. in the presence of large-scale fading. Based on

our simulation results, we conclude that both of the cooperation strategies are capable of providing

significant performance gains with respect to DS-CDMA usingno relays, provided that the average

SNR per bit is sufficiently high. Furthermore, it can be shownthat Cooperation Strategy I is more

immune to the multiuser interference and hence it is capableof achieving a better BER performance

than Cooperation Strategy II. This is because for the Cooperation Strategy I the MMSE detectors

employed at the relays are capable of efficiently suppressing both the interference engendered by



4.6. PERFORMANCE RESULTS 131

0 5 10 15 20 25 30
Average SNR per bit (dB)

10
-5

10
-4

10
-3

10
-2

10
-1

1

B
it

E
rr

or
R

at
e

=0
=1
=2
=3
=4

Figure 4.10: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink usingrandom sequencesand the MSINR-MUC of Subsection 4.5.2, when
the D-channels and the TR-channels experience Rayleigh fading, while the RB-channels experi-
ence Nakagami-m fading associated withml2 = 2. The experimental conditions were listed in
Tables 4.2-4.3.
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Figure 4.11: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink usingrandom sequencesand the MSINR-MUC of Subsection 4.5.2, when
the D-channels and the TR-channels experience Rayleigh fading, while the RB-channels experi-
ence Nakagami-m fading associated withml2 = 2. The experimental conditions were listed in
Tables 4.2-4.3.
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Figure 4.12 Figure 4.13 Figure 4.14 Figure 4.15

Number of MTs supported K = 2

Pathloss exponent η = 4 η = 3

Power-sharing factor α = 0.9 α = 0.8

Normalized relay location η = 0.3 η = 0.4

Detection schemes at BS MRC-SUR MSINR-MUC

Table 4.4: System parameters for generating Figures 4.12-4.15 in Subsection 4.6.2.

the other source MTs and the noise, while the AF-aided Cooperation Strategy II jointly amplifies

the signal and the noise. Recall, however, that CooperationStrategy I may have insufficient MTs

used as relays for attaining the above-mentioned performance for high values ofK owing to the

lack of inactive MTs. In the next subsection we provide the simulation 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 in the Presence of Large-

Scale Fading

In this subsection we provide a range of simulation results in order to illustrate the achievable BER

performance of the relay-assisted DS-CDMA uplink, when thecooperation schemes proposed in

Sections 4.3 and 4.4 are employed subjected to the realisticscenario of large-scale fading, which

takes into account the effects of propagation pathloss. In this subsection we assume that the total

transmitted energy per bit remains constant, regardless ofthe number of relays in order to carry

out a fair comparison. By contrast, in Subsection 4.6.1 we assumed that the total average received

SNR remained constant, regardless of the number of relays that a source MT employed. Let us first

consider the simulation results recorded for the DS-CDMA system employing Cooperation Strategy

I. The system parameters used for generating Figures 4.12-4.15 are listed in Tables 4.2 and 4.4.

4.6.2.1 Cooperation Strategy I

Figure 4.12 shows the BER versus average SNR per bit performance recorded for the relay-assisted

DS-CDMA uplink aided by Cooperation Strategy I of Section 4.3, when the MRC-SUR of Subsec-

tion 4.5.1 is considered. Recall from Subsection 3.2.3 of Chapter 3 that the parameterα determines

the ratio of the power assigned to the first and second time-slots, which was assumed to beα = 0.9,

while the parameterδ determines the relative location of the relays and was assumed to beδ = 0.3.
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Figure 4.12: Cooperation Strategy I: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, when the D-channels and the TR-
channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations, random sequences were used for spreading, the
number of relays wasL = 1, 2, 3, 4, α = 0.9, δ = 0.3 and the pathloss exponent wasη = 4. The
experimental conditions were listed in Tables 4.2 and 4.4.
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Figure 4.13: Cooperation Strategy I: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, when the D-channels and the
TR-channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations,m-sequences were used for spreading, the number
of relays wasL = 1, 2, 3, 4, α = 0.9, δ = 0.3 and the pathloss exponent wasη = 4. The
experimental conditions were listed in Tables 4.2 and 4.4.
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Figure 4.14: Cooperation Strategy I: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, when the D-channels and the
TR-channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations, random sequences were used for spreading, the
number of relays wasL = 1, 2, 3, 4, α = 0.9, δ = 0.3 and the pathloss exponent wasη = 4. The
experimental conditions were listed in Tables 4.2 and 4.4.
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Figure 4.15: Cooperation Strategy I: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, when the D-channels and the
TR-channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations,m-sequences and random sequences were used for
spreading, the number of relays wasL = 1, 2, 3, 4, α = 0.8, δ = 0.4 and the pathloss exponent
wasη = 3. The experimental conditions were listed in Tables 4.2 and 4.4.
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The pathloss exponent wasη = 4. Furthermore, random sequences of lengthN = 15 were employed

for DS-CDMA spreading. The results of Figure 4.12 show that the BER performance significantly

improves, when more relays are used and appropriate power-sharing is employed. However, a error

floor is observed for each of the curves in Figure 4.12. This ismainly because the MRC-SUR is

a single-user detector, which is unable to suppress the interference among the source MTs and that

among the relays.

For comparison, the BER performance of the relay-assisted DS-CDMA uplink aided by Coopera-

tion Strategy I is also shown in Figures 4.13-4.15, when the MMSE 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 system assisted by Cooperation Strat-

egy I, whenm-sequences of lengthN = 15 were employed for spreading. The number of source

MTs supported by the DS-CDMA system in Figure 4.13 wasK = 2. Furthermore, we assumed

α = 0.9, δ = 0.3 and that the pathloss exponent wasη = 4. It can be seen from Figure 4.13 that

the BER performance of multi-user DS-CDMA can be significantly improved, if the efficient power

is allocated to the source MTs and the relays, when the MSINR-MUC is invoked by the BS for

suppressing the MUI.

In Figure 4.14, the BER performance of the DS-CDMA system assisted by the proposed Cooper-

ation Strategy II is depicted, when random sequences of length N = 15 were employed. The other

parameters were the same as those assumed for Figure 4.13. Itcan be seen in Figure 4.14 that the

BER performance recorded for random sequences was slightlyworse than that form-sequences seen

in Figure 4.13. The same observation can also be stated for the results shown in Figure 4.15, where

we assumed thatK = 2, α = 0.9, δ = 0.3 andη = 4.

From the results of Figures 4.13-4.15, we can conclude that Cooperation Strategy I is capable

of providing significant performance enhancement for DS-CDMA systems, when efficient power-

allocation is assumed and when the MSINR-MUC is invoked for efficiently suppressing the MUI.

Furthermore, the BER performance of the relay-assisted DS-CDMA uplink subjected to realistic

large-scale fading is significantly better than that of the idealized system ignoring the effects of large-

scale fading. This observation confirms again the advantages of using power-allocation. Let us now

provide simulation results for characterizing the corresponding DS-CDMA system using Cooperation

Strategy II, when an otherwise identical communication scenario is assumed.
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Figure 4.16 Figure 4.17 Figure 4.18

Number of relays L = 1 L = 2 L = 3

Eb/N0 10 dB 6 dB 4 dB
Spreading sequences m-sequences
Spreading factor N = 15

Number of MTs supported K = 2

Pathloss exponent η = 3

Detection at BS MSINR-MUC

Figure 4.19 Figure 4.20 Figure 4.21

Number of relays L = 3

Eb/N0 4 dB
Spreading sequences m-sequences
Spreading factor N = 15

Number of MTs supported K = 15 K = 2 K = 15

Pathloss exponent η = 3 η = 4

Detection at BS MSINR-MUC

Table 4.5: System parameters for generating Figures 4.16-4.21 in Subsection 4.6.2.
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Figure 4.16: BER versus the parameters (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-
sequences and the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2. In this figure, we assumedK = 2, L = 1, Eb/N0 = 10 dB and that the pathloss
exponent wasη = 3. The experimental conditions were summarized in Tables 4.3and 4.5.
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Figure 4.17: BER versus the parameters (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-
sequences and the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2. In this figure, we assumedK = 2, L = 2, Eb/N0 = 6 dB and that the pathloss
exponent wasη = 3. The experimental conditions were summarized in Tables 4.3and 4.5.
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Figure 4.18: BER versus the parameters (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-
sequences and the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2. In this figure, we assumedK = 2, L = 3, Eb/N0 = 4 dB and that the pathloss
exponent wasη = 3. The experimental conditions were summarized in Tables 4.3and 4.5.
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Figure 4.19: BER versus the parameters (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-
sequences and the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2. In this figure, we assumedK = 15, L = 3, Eb/N0 = 4 dB and that the pathloss
exponent wasη = 3. The experimental conditions were summarized in Tables 4.3and 4.5.
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Figure 4.20: BER versus the parameters (α, δ) performance of the relay-assisted DS-CDMA uplink usingm-
sequences and the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2. In this figure, we assumedK = 2, L = 3, Eb/N0 = 4 dB and that the pathloss
exponent wasη = 4. The experimental conditions were summarized in Tables 4.3and 4.5.



4.6. PERFORMANCE RESULTS 139

B
it

E
rr

or
R

at
e

00.20.40.60.81 α
0 0.1 0.2 0.3 0.4 0.5

δ

10−5

10−4

10−3

10−2

10−1

100

Figure 4.21: BER versus the parameters (α, δ) performance of the relay-assisted DS-CDMA usingm-
sequences and the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-channels
experience Rayleigh fading, while the RB-channels experience Nakagami-m fading associated
with ml2 = 2. In this figure, we assumedK = 15, L = 3, Eb/N0 = 4 dB and that the pathloss
exponent wasη = 4. The experimental conditions were summarized in Tables 4.3and 4.5.

Figure 4.22 Figure 4.23 Figure 4.24 Figure 4.25

Spreading sequences Random sequences andm-sequences m-sequences
Spreading factor N = 15 N = 31

Number of MTs supported K = 2 K = 5 K = 15 K = 2

Pathloss exponent η = 4

Power-sharing factor α = 0.9

Normalized relay location δ = 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 MTs supported K = 2 K = 15 K = 2 K = 15

Pathloss exponent η = 4 or η = 3

Power-sharing factor α = 0.9 or α = 0.8

Normalized relay location δ = 0.3 or δ = 0.4

Detection at BS MSINR-MUC

Table 4.6: System parameters for generating Figures 4.22-4.29 in Subsection 4.6.2.
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Figure 4.22: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, when the D-channels and the TR-
channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations,m-sequences and random sequences of length
N = 15 were used for spreading, the number of relays wasL = 1, 2, 3, 4, α = 0.9, δ = 0.3 and
the pathloss exponent wasη = 4. The experimental conditions were listed in Tables 4.2 and 4.6.
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Figure 4.23: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, when the D-channels and the TR-
channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations,m-sequences and random sequences of length
N = 15 were used for spreading, the number of relays wasL = 1, 2, 3, 4, α = 0.9, δ = 0.3 and
the pathloss exponent wasη = 4. The experimental conditions were listed in Tables 4.2 and 4.6.
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Figure 4.24: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, when the D-channels and the TR-
channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations,m-sequences and random sequences of length
N = 15 were used for spreading, the number of relays wasL = 1, 2, 3, 4, α = 0.9, δ = 0.3 and
the pathloss exponent wasη = 4. The experimental conditions were listed in Tables 4.2 and 4.6.

4.6.2.2 Cooperation Strategy II

In Figures 4.16-4.18, we evaluated the BER versus (α, δ) 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 Nakagami-m fading associated withml2 = 2

for L = 1, 2, 3. In our simulationsm-sequences of lengthN = 15 were used for spreading and the

MSINR-assisted MUC of Subsection 4.5.2 was employed for detection at the BS. The experimental

conditions were listed in Tables 4.3 and 4.5. Specifically, Figure 4.16 shows the BER versus (α, δ)

performance of the relay-aided DS-CDMA uplink associated with the parameters ofL = 1,Eb/N0 =

10 dB. It can be seen from Figure 4.16 that increasingα, i.e. assigning more power to the transmitters

during the first time-slot, or increasingδ, implying that the relay moves toward the source MT from

the BS, generally results in an improved BER performance. However, when the value ofα and the

value ofδ are excessive, the BER performance degrades. Therefore, asseen in Figure 4.16, for any

given value ofα, there may exist an efficient value ofδ capable of achieving the lowest BER, which

has been argued in Figures 3.12-3.14 of Chapter 3. Vice versa, for any given value ofδ, there exists an

efficient value ofα, implying the efficient power-allocation, adjusted for achieving the lowest BER.
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Figures 4.17 and 4.18 show the BER versus (α, δ) performance of the relay-aided DS-CDMA

uplink using the parameters ofL = 2,Eb/N0 = 6 dB andL = 3,Eb/N0 = 4 dB, respectively. It can

be observed from the results of Figures 4.16-4.18 that for a given BER, the requiredEb/N0 decreases,

when more relays are involved in assisting the transmissions of the source MTs. Figure 4.19 shows

the BER versus (α, δ) performance recorded for the relay-assisted DS-CDMA uplink supporting

K = 15 users. The other parameters used in Figure 4.19 were the sameas those used in Figure 4.18,

as listed in Tables 4.3 and 4.5. It can be seen from the resultsof Figure 4.18 and Figure 4.19 that

for the same parameters (α, δ), the BER performance degrades, when the relay-assisted DS-CDMA

system supports more users. However, the degradation of theBER performance recorded for the

relay-assisted DS-CDMA system supportingK = 15 users is not significant, which implies that the

MSINR-MUC has efficiently suppressed the interference inflicted by the relays and the other source

MTs.

In Figure 4.20, we evaluated the BER versus (α, δ) performance of the relay-assisted DS-

CDMA system, when the D-channels and the TR-channels experience Rayleigh fading, while the

RB-channels experience more benevolent Nakagami-m fading associated withml2 = 2 for L = 3.

The parameters used in Figure 4.20 were the same as those employed for recording Figure 4.18,

except that the pathloss exponent was now increased fromη = 3 to η = 4. From the results of Fig-

ure 4.20, as well as the results of Figure 4.18, it can be seen that for the same value ofα, the efficient

value ofδ increases, when the pathloss exponent increases from 3 to 4.This observation implies that

when the pathloss exponent increases, the relays should be chosen from the area, which has a similar

distance from both the source MTs and the BS, in order to minimize the achievable BER.

Figure 4.21 shows the BER versus (α, δ) performance of the relay-assisted DS-CDMA uplink

supportingK = 15 users. The other parameters used in Figure 4.21 were the sameas those employed

in Figure 4.20, as summarized in Tables 4.3 and 4.5. From the results of Figures 4.20 and 4.21, it can

be seen that for the same parameters (α, δ), the BER performance degrades, when the relay-assisted

DS-CDMA system supports more users. Again, the degradationof the BER performance observed

for the relay-assisted DS-CDMA uplink supportingK = 15 andK = 2 users is insignificant in

comparison to the single-user performance.

Figures 4.22-4.24 characterize the BER versus average SNR per bit performance of the relay-

assisted DS-CDMA uplink employing the proposed Cooperation Strategy II, when the MRC-SUR of

Subsection 4.5.1 is employed for detection at the BS. In our simulations we assumed that the numbers

of source MTs used in Figures 4.22-4.24 wereK = 2, 5, and10, respectively. For each of the figures,

we assumedα = 0.9, δ = 0.3 and that the pathloss exponent wasη = 4. Furthermore, both random
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sequences andm-sequences of lengthN = 15 were assumed for spreading in our simulations. From

the results of Figures 4.22-4.24 we can infer the following observations.

1) The BER performance of the relay-aided DS-CDMA uplink usingm-sequences is better than

that of its counterpart using random sequences, when the same number of users are supported

and the same number of relays are employed.

2) When the relay-aided DS-CDMA uplink employs random sequences, the BER performance

improves as the number of relays increases. However, the achievable diversity gain reduces,

when the DS-CDMA system supports an increasing number of users. For example, as shown in

Figure 4.24, for the DS-CDMA arrangement supportingK = 15 users, only a modest diversity

gain is observed, when the number of relays is increased. This is because using more relays

may lead to an increased interference level, while providing diversity gain. The resultant per-

formance indicates the presence of a trade-off between the beneficial and detrimental effects of

employing an increased number of relays.

3) When the relay-aided DS-CDMA uplink employsm-sequences, again, relying more relays

failed to guarantee an improved BER performance, as seen in Figures 4.23 and 4.24. This is

because in addition to providing diversity, using more relays also results in increased inter-

ference, which cannot be entirely suppressed by the MRC-SURbased detector. As shown in

Figure 4.24, when the number of users supported by the DS-CDMA system is increased from

K = 5 to K = 15, the BER performance corresponding to usingm-sequences degrades and

also suffers from further degradation upon increasing the number of relays.

Furthermore, as shown in Figure 4.22, an increased diversity was provided, when using more

relays. However, there was a very limited increase in diversity gain for them-sequences, when the

number of relaysL increased from 3 to 4. This is because the length of them-sequences we employed

was onlyN = 15, which has high cross correlation betweenm-sequences or Gold sequences that

were generated by selected pairs ofm-sequences, as shown in Table 4.1. In Figure 4.25 we also

provide the BER performance of the MRC-assisted DS-CDMA uplink by increasing the length ofm-

sequences fromN = 15 toN = 31. The other parameters used in Figure 4.25 were the same as those

in conjunction with them-sequences in Figure 4.22, which were summarized in Tables 4.3 and 4.6. It

can be seen from Figures 4.22 and 4.25 that a markedly better BER performance was achievable for

L = 4 relays thanL = 3, when increasing the length of them-sequences fromN = 15 toN = 31.

We may conclude from the results of Figures 3.22 and 3.27 thatin the relay-aided DS-CDMA

system supporting multiple-users, the MUI significantly degrades the achievable BER performance,
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Figure 4.25: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MRC-SUR of Subsection 4.5.1, when the D-channels and the TR-
channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations,m-sequences of lengthN = 31 were used for
spreading, the number of relays wasL = 1, 2, 3, 4, α = 0.9, δ = 0.3 and the pathloss exponent
wasη = 4. The experimental conditions were listed in Tables 4.2 and 4.6.

unless the receiver efficiently mitigates it. Let us now consider the performance of the relay-aided

DS-CDMA uplink using Cooperation Strategy II, when the MSINR-MUC of Subsection 4.5.2 is

employed for detection at the BS.

Figures 4.26 and 4.27 show the BER performance of the relay-aided DS-CDMA uplink using

Cooperation Strategy II, whenm-sequences of lengthN = 15 were employed. The number of

source MTs supported by the DS-CDMA system in the context of Figure 4.26 wasK = 2, while that

in Figure 4.27 wasK = 15. Furthermore, in our simulations two different pathloss exponents were

considered, which wereη = 3 associated withα = 0.8, δ = 0.4 andη = 4 associated withα = 0.9,

δ = 0.3. For the sake of comparison, in Figures 4.28 and 4.29 we depicted the BER performance

of the relay-assisted DS-CDMA uplink employing random sequences of lengthN = 15. From the

results of Figures 4.26-4.29, we may infer the following observations.

1) The BER performance of the relay-assisted DS-CDMA uplinkusing the MSINR-MUC is sig-

nificantly better than that of the corresponding relay-assisted arrangement using the MRC-SUR,

as shown in Figures 4.22-4.24.

2) The performance gain corresponding toη = 3 overη = 4 is about1.5 dB at a BER of10−5.
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Figure 4.26: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted
DS-CDMA uplink using the MSINR-MUC of Subsection 4.5.2, when the D-channels and the
TR-channels experience Rayleigh fading, while the RB-channels experience Nakagami-m fading
associated withml2 = 2. In our simulations, them-sequences of lengthN = 15 were used for
spreading, the number of relays wasL = 1, 2, 3, 4 and two different pathloss exponents were
considered, i.e.η = 4 associated withα = 0.9, δ = 0.3 andη = 3 associated withα = 0.8,
δ = 0.4. The experimental conditions were summarized in Tables 4.2and 4.6.

This observation implies that a better BER performance is achieved in the communication

environments having more severe propagation pathloss.

3) As shown in Figure 4.29, satisfactory BER performance canbe achieved, even when the DS-

CDMA system supportsK = 15 users and employs random spreading sequences. This implies

that the MSINR-MUC is capable of efficiently mitigating the interference engendered by both

the source MTs and the relays.

4.7 Conclusions

In this chapter we have proposed two cooperation strategiesfor the relay-assisted DS-CDMA uplink.

The BER performance of the DS-CDMA uplink supported by the proposed cooperation strategies has

been investigated when communicating over generalized Nakagami-m fading channels in the absence

or presence of large-scale fading. When the effects of large-scale fading are considered, the BER per-

formance of the relay-assisted DS-CDMA uplink has been investigated in the context of appropriate

power-allocation between the first and second time-slots. In our investigations two different types of
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Figure 4.27: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted DS-
CDMA uplink using the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-
channels experience Rayleigh fading, while the RB-channels experience more benign Nakagami-
m fading associated withml2 = 2. In our simulations, them-sequences of lengthN = 15 were
used for spreading, the number of relays wasL = 1, 2, 3, 4 and two different pathloss exponents
were considered, i.e.η = 4 associated withα = 0.9, δ = 0.3 andη = 3 associated withα = 0.8,
δ = 0.4. The experimental conditions were summarized in Tables 4.2and 4.6.

Cooperation Strategy II SNR
(K = 2) L = 1 L = 2 L = 3 L = 4

m-sequences 21.4 dB 19.3 dB 19.0 dB 19.0 dB Figure 4.8
Random sequences 21.4 dB 19.4 dB 19.0 dB 19.4 dB Figure 4.10

Cooperation Strategy II SNR
(K = 15) L = 1 L = 2 L = 3 L = 4

m-sequences 21.9 dB 20.0 dB 19.7 dB 19.7 dB Figure 4.9
Random sequences 26.2 dB 22.2 dB 21.0 dB 22.2 dB Figure 4.11

Table 4.7: SNR values required at BER=10−4 in the relay-assisted DS-CDMA uplink for transmission over
Nakagami-m fading channels in the absence of large-scale fading in the context of Cooperation
Strategy II of Section 4.4. The values were extracted from Figures 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 II: BER versus average SNR per bit performance of the relay-assisted DS-
CDMA using the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-channels
experience Rayleigh fading, while the RB-channels experience more benevolent Nakagami-m
fading associated withml2 = 2. In our simulations, the random sequences of lengthN = 15
were used for spreading, the number of relays wasL = 1, 2, 3, 4 and two different pathloss
exponents were considered, i.e.η = 4 associated withα = 0.9, δ = 0.3 andη = 3 associated
with α = 0.8, δ = 0.4. The experimental conditions were summarized in Tables 4.2and 4.6.

Cooperation Strategy II SNR
(K = 2) L = 1 L = 2 L = 3 L = 4

m-sequences 16.1 dB 10.9 dB 9.6 dB 8.8 dB Figure 4.26
Random sequences 16.3 dB 12.3 dB 10.7 dB 9.9 dB Figure 4.28

Cooperation Strategy II SNR
(K = 15) L = 1 L = 2 L = 3 L = 4

m-sequences 16.8 dB 13.6 dB 12.1 dB 11.4 dB Figure 4.27
Random sequences 19.8 dB 15.7 dB 14.0 dB 13.0 dB Figure 4.29

Table 4.8: SNR values required at BER=10−4 in the relay-assisted DS-CDMA uplink for transmission over
Nakagami-m fading channels in the presence of large-scale fading in thecontext of Cooperation
Strategy II of Section 4.4. The values were extracted from Figures 4.26-4.29. The corresponding
simulation parameters wereα = 0.8, δ = 0.4 andη = 3, as summarized in Tables 4.2 and 4.6.
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Figure 4.29: Cooperation Strategy II: BER versus average SNR per bit performance of the relay-assisted DS-
CDMA uplink using the MSINR-MUC of Subsection 4.5.2, when the D-channels and the TR-
channels experience Rayleigh fading, while the RB-channels experience more benign Nakagami-
m fading associated withml2 = 2. In our simulations, the random sequences of lengthN = 15
were used for spreading, the number of relays wasL = 1, 2, 3, 4 and two different pathloss
exponents were considered, i.e.η = 3 associated withα = 0.8, δ = 0.4 andη = 4 associated
with α = 0.9, δ = 0.3. The experimental conditions were summarized in Tables 4.2and 4.6.

detection schemes have been invoked, which are the MRC-assisted SUR of Subsection 4.5.1 and the

MSINR-assisted MUC of Subsection 4.5.2. At the relays, in the context of Cooperation Strategy I

of Section 4.3, the MMSE detector was employed for suppressing the interference among the source

MTs. By contrast, in Cooperation Strategy II of Section 4.4,the signals received by the relays were

directly forwarded to the Bs without despreading. Furthermore, in the context of the relay-aided DS-

CDMA uplink using Cooperation Strategy II, various spreading sequence assignment policies have

been considered. Tables 4.7-4.8 summarized the SNR values required for a target BER of10−4 in

the context of Cooperation Strategy II of the relay-assisted DS-CDMA uplink in the absence and

presence of large-scale fading, respectively. From our investigations provided in this chapter, we may

draw the following conclusions.

1) In the relay-assisted DS-CDMA uplink supported by Cooperation Strategy I, each source MT

is assisted byL relays. Therefore, the DS-CDMA system requires a total ofKL relays for sup-

portingK source MTs. Therefore, the system supported by CooperationStrategy I may require

an excessive number of relays. By contrast, in the relay-assisted DS-CDMA system supported

by Cooperation Strategy II, all theK source MTs share the same set ofL relays, where each of
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theL relays serves all the source MTs. Hence, in contrast to the problem encountered by the

Cooperation Strategy I, under Cooperation Strategy II, therelay-assisted DS-CDMA system

may not face a shortage of inactive MTs that could be relied upon as relays.

2) Cooperation Strategy I imposes a more complex system structure than Cooperation Strategy II,

since each of theKL relays activated in Cooperation Strategy I carries out MMSEdetection,

while in Cooperation Strategy II the signals received at therelays are directly forwarded to the

BS without demodulation.

3) It was shown in Figures 4.22-4.24 that in the relay-assisted DS-CDMA system using the MRC-

SUR, the MUI dominates the achievable BER performance. As demonstrated in Figures 4.22-

4.24, no substantial diversity gain can be attained, when a relatively high number of MTs were

supported, because on one hand we gain owing to using more relays for providing diversity, but

lose due to the interference caused by using an increasing number of relays.

4) It was shown in Figures 4.13-4.15 as well as Figures 4.26-4.29 that when the MSINR-MUC is

employed to suppress the MUI, the relay-assisted DS-CDMA system using either Cooperation

Strategy I or II is capable of achieving a useful diversity gain. In this case, the corresponding

BER performance improves as the number of relays increases,because the MSINR-MUC is

capable of efficiently mitigating the MUI.

5) We demonstrated in Figure 4.12 as well as Figures 4.22-4.24 that in the relay-assisted DS-

CDMA system supporting multiple users, the MUI may significantly degrade the achievable

BER performance. Our investigations portrayed in Figure 4.12 as well as Figures 4.22-4.24

demonstrated that for Cooperation Strategy I and II the achievable relay diversity gain may

be eroded by the increased MUI when a large number of relays are used and the performance

improvements may only be achievable, if the MUI is efficiently suppressed with the aid of the

sophisticated MUC techniques employed by Cooperation Strategy I and II.



Chapter 5
Multi-User Performance of the

Relay-Assisted DS-CDMA Downlink

5.1 Introduction

In wireless communications providing spatial diversity isattractive due to its capability of offering

an improved integrity without incurring an increased transmission time or bandwidth [57, 64], since

the required redundancy is mapped to multiple antennas, notin multiple time-slots or frequency-

slots. Multiple antennas can be employed at both the transmitter and the receiver to achieve spatial

diversity [57, 99]. However, the major problems associatedwith employing multiple antennas at the

hand-held mobile terminal (MT) are the limited cost, size and power of the MT. Recently, coopera-

tive diversity, which takes advantage of the broadcast nature of the wireless propagation channel to

transmit a message both directly to its destination and via relays, has been proposed to exploit the

benefits of spatial diversity without the requirement of having multiple antennas at each MT. Hence,

it is often referred to as relay diversity.

It is widely recognized that transmit diversity can be achieved for downlink transmission with

the aid of multiple transmit antennas at base stations (BSs)in order to improve the achievable down-

link capacity [174–178]. The multiple antennas should be sufficiently separated in space so that

the signals transmitted from the different antennas becomeuncorrelated. While employing multiple

antennas solely at the BS is capable of achieving transmit diversity, it is unable to counteract the

effects of propagation pathloss. By contrast, in relay-assisted communications, an intermediate relay

150
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appropriately selected between the BS and the MT splits longer propagation paths into two shorter

segments. Thus, the overall pathloss may be reduced by exploiting the non-linear relation between the

propagation pathloss and the propagation distance, which allows a potential reduction of the overall

transmission power. Furthermore, if a relay is chosen in thevicinity of the desired MT, this relay

may need considerably lower power for forwarding information to the destination. In this case, the

total transmission power required by the DS-CDMA downlink may be allocated in such a way that

the lowest possible bit error ratio (BER) can be achieved.

The performance of wireless systems using relay diversity has been widely investigated in the

literature [37, 38, 58, 104], when it is assumed that there exists no interference among the source

transmitters and relays. However, in practical wireless communications systems such as cellular

DS-CDMA systems, there is usually multiple-access interference (MAI) among the MTs, when they

access the wireless channels using the same frequency band at the same time. Specifically, the MAI is

encountered at the relays and the destination in relay-assisted DS-CDMA systems. Multiuser detector

have been adopted in [26,151] in order to suppress the MAI at the relays and the BS in the uplink of

a synchronous DS-CDMA network. However, in [26, 151] cooperation is carried out in a pair-wise

manner, where two MTs form a pair which relay the signals for each other. Since according to this

cooperation strategy each relay assists only one MT, the maximum achievable degrees-of-freedom

potentially provided by multiple relays is hence not efficiently exploited. Furthermore, the impact of

the specific relay locations have not been investigated in [26]. Similarly, the power allocation has not

been optimized in [151].

In Chapter 1 we have reviewed the related work on cooperativediversity. Then, we have proposed

a relay-assisted DS-CDMA system in the context of single-user and multiple-user scenarios in Chap-

ter 3 and Chapter 4, respectively. Specifically, in Chapter 3we have investigated the single-user per-

formance bound of the proposed relay-assisted DS-CDMA system, where a source MT communicates

with the BS with the aid of multiple relays. In our study outlined in Chapter 3, we have first assumed

that the communications channels experience fast fading, and that the channels spanning from the

source MT to the BS and the relays as well as that from the relays to the BS may experience different

fast fading profile, which were modelled correspondingly bythe Nakagami-m distribution [84]. In

addition to fast fading, we have assumed that the communications channels experience propagation

pathloss. The BER performance of the relay-assisted DS-CDMA uplink is investigated in conjuc-

tion with considering the locations of the relays as well as most beneficial power-allocation among

the source MT and the relays in the context of communicationschannels experiencing both propa-

gation pathloss and fast fading. In our study provided in Chapter 3, we have assumed a single-user
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receiver (SUR) scheme using maximal ratio combining as wellas two different multiuser combining

(MUC) schemes, which are derived based on either the minimummean-square error (MMSE) princi-

ple or the maximum signal-to-interference-plus-noise ratio (MSINR) criterion. In Chapter 4, we have

extended the single-user multiple-relay scenario to a multiple-user multiple-relay one, where two dif-

ferent cooperation strategies have been proposed and investigated. As shown in our study provided

in Chapter 4, in the context of Cooperation Strategy I of Section 4.3, each user hasL separate relays

so that a total ofKL relays are required by the system for supportingK uplink users. In the context

of Cooperation Strategy II of Section 4.4, all the source users share the same set ofL relays, i.e. each

relay is assigned to assist all the source users.

Having investigated the performance of the relay-assistedDS-CDMA uplink, in this chapter we

investigate the performance of the relay-assisted DS-CDMAdownlink, where a MT is assisted by a

cluster of other MTs acting as relays in order to achieve relay diversity. We adopt multiuser detec-

tion (MUD) techniques in order to mitigate the MAI at the relays and employ two different detection

algorithms at the desired MT for the sake of achieving relay diversity. Specifically, the minimum-

mean-square-error (MMSE) detector of Subsection 5.2.2 is employed at the relays, while at the MT

the signals received from both the BS and the relays are combined based on the maximal ratio com-

bining (MRC) or maximum signal-to-interference-plus-noise (MSINR) criteria. In our investigations

the effects of both propagation pathloss and fast fading [124] are considered in order to demonstrate

the fact that appropriately selected relays can be beneficial in terms of saving the precious transmitted

power for the sake of achieving an improved power-efficiency. For fast fading we assume a general-

ized Nakagami-m fading channel model [84], where the signals transmitted from the BS to the relays

and those from the relays to the MT may experience different fading. Our simulation results show that

the relays of a given MT should be chosen from a certain geographical area in order to achieve the

best attainable BER performance. Furthermore, it can be shown that the achievable BER performance

of the DS-CDMA downlink can be significantly improved, when efficient power-sharing is utilized

among the BS and relays. In other words, our investigations show that cooperation among the MTs

of a wireless network is capable of significantly reducing the total radiated power in order to ensure

the delivery of information at the desired quality of service (QoS).

The remainder of this chapter is organized as follows. We first provide a brief description of the

proposed relay-assisted DS-CDMA system in Section 5.2. We then consider two different types of

detection schemes designed for our proposed relay-assisted DS-CDMA downlink system in Section

5.3 and provide quantitative performance results in Section 5.4. 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 singleBS andK destination MTs. Each

MT is aided byL relays, which are assumed to be close to the MT. The BS synchronously broadcasts

its information to theK MTs and the signal broadcast by the BS to theK MTs can be expressed as

x(t) =
K∑

k=1

xk(t), (5.1)

wherexk(t) represents the signal conveying the information to MTk, which can be formulated as

xk(t) =
√

2Pktbk(t)ck(t) cos(2πfct+ φk), (5.2)

wherePkt denotes the transmission power of MTk, fc is the carrier frequency andφk denotes the

initial phase angle associated with the carrier modulation. In (5.2)bk(t) represents the data waveform,

which can be expressed as

bk(t) =

∞∑

n=0

bk[n]PTb
(t− nTb), (5.3)

where we havebk[n] ∈ {−1,+1}, Tb represents the bit-duration andPTb
(t) is the rectangular chip-

waveform. Furthermore, in (5.2),ck(t) represents the DS spreading waveform, which can be ex-

pressed as

ck(t) =
∞∑

n=0

cknψTc(t− nTc), (5.4)

whereTc represents the chip-duration,N = Tb/Tc denotes the spreading factor,ckn ∈ {−1,+1} and

ψTc(t) is the chip-waveform, as defined in Chapter 3. Let us now describe the cooperation scheme

designed for downlink transmission.

5.2.2 Cooperation Operation

We assume that each mobile user is assisted byL relays. As for the uplink scenarios considered

in Chapter 3-4, we define the direct (D) channels as the D-channels, which directly connect the BS

with the MTs. The relay (R) channels are referred to as the R-channels, which represent the channels

spanning from the BS via the relays to the MTs. Furthermore, an R-channel includes a BR-channel
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Figure 5.1: Schematic diagram for the relay-assisted DS-CDMA downlinksupporting multiple users.

connecting the BS with a relay and an RM-channel connecting arelay to a destination MT.

We assume that the cooperation aided scheme is based on time-division (TD) and a symbol du-

ration is divided into two time-slots. The BS broadcasts thesuperposition of the DS-CDMA signals

to be transmitted to theK destination MTs within the first time-slot. Within the second time-slot, the

KL relays of theK MTs transmit their signals received from the BS within the first time-slot to the

K destination MTs. It can be shown that the complex-valued baseband equivalent signal received by

the lth relay of thekth user within the first time-slot of thenth bit-duration can be expressed as

r
(k)
l (t) = h

(k)
l

K∑

k′=1

√

2P
(k)
k′,lbk′ [n]ck′(t) + n

(k)
l (t), k = 1, 2, · · · ,K; l = 1, 2, · · · , L, (5.5)

whereP (k)
k′,l represents the power received from userk′ by the lth relay of MT k, h(k)

l denotes the

fading gain of the BR-channel connecting the BS with thelth relay of MTk, whilen(k)
l (t) represents

the complex-valued baseband equivalent Gaussian noise observed at thelth relay of MTk, which is

assumed to be a Gaussian noise process with a mean of zero and asingle-sided power spectral density

of N0 per dimension.

At the lth relay of MTk, r(k)
l (t) is first input to a filter matched to the chip-waveformψTc(t).

Then, the output of the matched-filter (MF) is sampled at the chip-rate. Hence, thelth relay of MT

k collectsN samples for detecting the information to be forwarded to thekth MT. Specifically, after



5.2. SYSTEM DESCRIPTION 155

normalization using the factor
√

2P
(k)
k,l NTc, theλth sample obtained at the matched-filter’s output

can be expressed as

y
(k)
lλ =

1
√

2P
(k)
k,l NTc

∫ (λ+1)Tc

λTc

r
(k)
l (t)ψ∗

Tc
(t)dt, λ = 0, 1, · · · ,N − 1;

l = 1, 2, · · · , L; k = 1, 2, · · · ,K. (5.6)

Upon substituting (5.5) into (5.6), we arrive at

y
(k)
lλ =

1√
N
h

(k)
l bk[n]ckλ +

1√
N
h

(k)
l

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

bk′ [n]ck′λ + n
(k)
lλ ,

λ = 0, 1, · · · ,N − 1; l = 1, 2, · · · , L; k = 1, 2, · · · ,K, (5.7)

whereN (k)
lλ is the Gaussian noise component, which can be expressed as

n
(k)
lλ =

1
√

2P
(k)
k,l NTc

∫ (λ+1)Tc

λTc

n
(k)
l (t)ψ∗

Tc
(t)dt

λ = 0, 1, · · · ,N − 1; l = 1, 2, · · · , L, (5.8)

having a zero mean and a variance ofN0/2E
(k)
l per dimension, whereE(k)

l = P
(k)
k,l Tb denotes the

energy per bit received by thelth relay of MTk from the signal transmitted by the BS to MTk.

Let us define

yyy
(k)
l = [y

(k)
l0 , y

(k)
l1 , · · · , y

(k)
l(N−1)]

T ,

nnn
(k)
l = [n

(k)
l0 , n

(k)
l1 , · · · , n

(k)
l(N−1)]

T , (5.9)

ccck =
1√
N

[ck0, ck1, . . . , ck(N−1)]
T ,

which physically represent the received signal, the noise and theN -chip spreading sequence of the

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

yyy
(k)
l = ccckh

(k)
l bk[n] + h

(k)
l

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

ccck′bk′ [n] +nnn
(k)
l

︸ ︷︷ ︸

nnnkl

, (5.10)
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where the first term represents thekth user’s spread and faded information bit, the second term denotes

the interference imposed by all the(K − 1) interferers, while the last one is the noise at thelth relay

of MT k.

After obtainingyyy(k)
l , the lth relay of MTk multiplies theN samples output by the MF with a

complex-valued weight vectorwwwkl of lengthN , yielding the estimatêb(k)
l [n] of the transmitted bit

bk[n], which is given by

b̂
(k)
l [n] = wwwH

klyyy
(k)
l . (5.11)

When the classic MMSE detection scheme [6,8,134] is considered, the optimum weight vectorwwwopt
kl

can be expressed as

wwwopt
kl = RRR−1

y
(k)
l

rrr
y
(k)
l

bk
, (5.12)

whereRRR
y
(k)
l

is the auto-correlation matrix of the observation vectoryyy
(k)
l of (5.10), which can be

expressed as

RRR
y
(k)
l

= E

[

yyy
(k)
l

(

yyy
(k)
l

)H
]

=
∣
∣
∣h

(k)
l

∣
∣
∣

2
K∑

k′=1

P
(k)
k′,l

P
(k)
k,l

ccck′cccHk′ +
N0

Eb
IIIN , (5.13)

where the first and second terms represent the covariance matrix associated with theK MTs and

noise, respectively. In (5.12)rrr
y
(k)
l

bk
represents the cross-correlation matrix between the observation

vectoryyy(k)
l and the desired bitbk[n], which is given by

rrr
y
(k)
l

bk
= E

[

yyy
(k)
l bk[n]

]

= ccckh
(k)
l . (5.14)

Therefore, we can obtain the optimum weight vector, which can be expressed as [134]

wwwopt
kl = RRR−1

y
(k)
l

ccckh
(k)
l . (5.15)
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Hence the estimatêb(k)
l [n] can be expressed as

b̂
(k)
l [n] =

(

ccckh
(k)
l

)H
RRR−1

y
(k)
l

(

ccckh
(k)
l bk[n] +nnnkl

)

= νklbk[n] +Nkl, (5.16)

whereνkl =
(

ccckh
(k)
l

)H
RRR−1

y
(k)
l

ccckh
(k)
l andNkl =

(

ccckh
(k)
l

)H
RRR−1

y
(k)
l

nnnkl.

Note that we employ MMSE detection for the relays, since the MMSE detector can be imple-

mented at a relatively low complexity. Specifically, thelth relay of MTk is capable of estimating the

auto-correlation matrixRRR
y
(k)
l

as

RRR
y
(k)
l

= E[yyy
(k)
l (yyy

(k)
l )H ]. (5.17)

It can also estimaterrr
y
(k)
l

bk
based on the relationship of

yyy
y
(k)
l

bk
= E[yyy

(k)
l bk[n]]. (5.18)

Hence, in practice, a certain number of training data symbols {bk[n]} have to be made available for

the lth relay of MT k to estimate bothRRR
y
(k)
l

andrrr
y
(k)
l

bk
and consequentlywwwkl. In this context we

have to note that imposing this estimation requirement on the relays is a demanding one, potentially

requiring further research.

After the detection,̂b(k)
l [n] is then spread and relayed by thelth relay of MTk to thekth user.

Correspondingly, the signal transmitted by thelth relay of MTk can be expressed as

s
(k)
l (t) =

√

2P
(k)
lt β

(k)
l b̂

(k)
l [n]c

(k)
l (t) cos

(

2πfct+ φ
(k)
l

)

,

k = 1, 2, · · · ,K; l = 1, 2, · · · , L, (5.19)

whereP (k)
lt , c(k)

l (t) andφ(k)
l represent the transmitted power, signature waveform and initial phase

associated with thelth relay of MTk, respectively, whileβ(k)
l is a normalization coefficient ensuring

the transmission power of thelth relay of MTk is P k
lt ; β

(k)
l is given by

β
(k)
l =

√
√
√
√
√

1

E

[∣
∣
∣

∣
∣
∣b̂

(k)
l

∣
∣
∣

∣
∣
∣

2
] , (5.20)
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where it can be shown from (5.11) that we have E

[∣
∣
∣

∣
∣
∣b̂

(k)
l

∣
∣
∣

∣
∣
∣

2
]

= wwwH
klRRRy

(k)
l

wwwkl.

The MTs receive signals during both the first and second time-slots. At thekth MT, the received

complex-valued baseband equivalent signal within the firsttime-slot of thenth bit-duration can be

expressed as

r
(k)
0 (t) = h

(k)
0

K∑

k=1

√

2Pkrbk[n]ck(t) + n(t), (5.21)

wherePkr denotes the power of MTk received from the BS,h(k)
0 represents the channel gain of the

kth D-channel, whilen(t) denotes the Gaussian noise received at MTk, which has a zero mean and a

single-sided power spectral density ofN0 per dimension. By contrast, the complex-valued baseband

equivalent signal received by thekth user during the second time-slot of thenth bit-duration is given

by

r
(k)
1 (t) =

K∑

k′=1

L∑

l=1

√

2P
(k′)
k,lr h

(k′)
k,rlβ

(k′)
l b̂

(k′)
l [n]c

(k′)
l (t) + n(t), (5.22)

whereP (k′)
k,lr represents the power received by MTk from thelth relay of userk′ andh(k′)

k,rl represents

the corresponding channel gain of the RM-channel that connects thelth relay of userk′ with thekth

user.

5.2.3 Representation of Received Signals

The received signal at a destination MT seen in Figure 5.1 is first input to a chip-waveform matched-

filter, which is successively sampled at the chip-rate in order to provide the detector with observation

samples. Letyyy = [yyyT
0 , yyy

T
1 ]T contain the2N observation samples obtained during the first and second

time-slots, whereyyy0 andyyy1 collect the observation samples of MT1 during the first and second time-

slots, respectively. To be more specific, letyyyi = [yi0, yi1, · · · , yi(N−1)]
T , i = 0, 1. Then, it can be

shown thatyiλ can be expressed as

yiλ =
1√

2P1rNTc

∫ (λ+1)Tc

λTc

r
(1)
i (t)ψ∗

Tc
(t)dt, i = 0, 1

λ = 0, 1, · · · ,N − 1. (5.23)
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Upon substituting (5.21) into the above equation, we obtain

y0λ =
1√
N
h

(1)
0

K∑

k=1

√

Pkr

P1r
bk[n]ckλ + n0λ, λ = 0, 1, · · · ,N − 1, (5.24)

which represents theλth observation sample of all theK MTs at the destination MT during the first

time-slot, which was spread at the BS, faded as well as attenuated by the D-channels and finally

contaminated by the noise.

Let us defineζkl =
(

β
(k)
l

)2
P

(k)
1,lr/P1r, whereβ(k)

l is given in (5.20). Then, upon substituting

(5.22) into (5.23), we obtain

y1λ =
1√
N

K∑

k=1

L∑

l=1

√

ζklh
(k)
1,rlb̂

(k)
l [n]c

(k)
lλ + n1λ, λ = 0, 1, · · · ,N − 1, (5.25)

where the first term represents the information bits of all theK users received by MT1 within the

second time-slot, which have been detected and re-spread bytheKL relays and then been faded as

well as attenuated by the RB-channels.

In (5.24)-(5.25),niλ, i = 0, 1, is an independent Gaussian random variable, which have a mean

of zero and a variance ofN0/2E1r per dimension, whereE1r = P1rTb denotes the average energy

per bit received by MT1 from the BS during the first time-slot.

Let us define

ccc
(k)
l =

1√
N

[

c
(k)
l0 , c

(k)
l1 , · · · , c

(k)
l(N−1)

]T
, (5.26)

nnni =
[
ni0, ni1, · · · , ni(N−1)

]T
, i = 0, 1, (5.27)

which physically denotes the spreading code of thelth relay of MTk and the noise at the destination

MT during both the first and second time-slots. Then, it can beshown that the observationyyy gleaned
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from the two time-slots of a symbol can be expressed as

yyy =




nnn0

nnn1



+









h
(1)
0

K∑

k=1

√

Pkr

P1r
ccckbk[n]

K∑

k=1

L∑

l=1

√

ζklh
(k)
1,rlccc

(k)
l ηklbk[n]









+









000
K∑

k=1

L∑

l=1

√

ζklh
(k)
1,rlccc

(k)
l

(

ccckh
(k)
l

)H
RRR−1

y
(k)
l

nnnkl

︸ ︷︷ ︸

Nkl









, (5.28)

where the first term quantifies the background noise at the destination MT, the second term represents

the desired term including both the desired signal and the MUI, while the last term denotes the noise

contributed by the relays. Furthermore, it can be shown thatthe above equation may be expressed in

a compact form as

yyy = CCChhhb1[n] +CCCIHHHIbbbI +nnnR +nnn
︸ ︷︷ ︸

nnnI

, (5.29)

where the matrices and vectors are defined as follows:

✦CCC is a[2N×(L+1)]-element matrix related to the desired MT1, which is formulated in the same

way as that of Cooperation Strategy I in the DS-CDMA uplink, as seen in (4.27) of Chapter 4;

✦CCCI is a[2N × (KL+K−L−1)]-element matrix including the spreading sequences of the inter-

fering MTs and their relays, which can be expressed in the same way as (4.27) of Cooperation

Strategy I in Chapter 4;

✦ hhh is a vector of length(L+ 1), which can be expressed as

hhh =
[

h
(1)
0 ,
√

ζ11h
(1)
1,r1η11,

√

ζ12h
(1)
1,r2η12, · · · ,

√

ζ1Lh
(1)
1,rLη1L

]T
(5.30)

whereh(1)
0 is the channel gain of the desired D-channel, whileh(1)

1,rl, l = 1, · · · , L, is the

channel gain of the RM-channel connecting thelth relay of the desired MT1 with MT 1;

✦ HHHI is a [(KL +K − L − 1) × (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

HHHI =






































h
(1)
0

√
P2r

P1r
0 · · · 0

0 h
(1)
0

√
P3r

P1r
· · · 0

...
...

. . .
...

0 0 · · · h
(1)
0

√
PKr

P1r√
ζ21h

(2)
1,r1η21 0 · · · 0

0
√
ζ31h

(3)
1,r1η31 · · · 0

...
...

. . .
...

0 0 · · · √
ζK1h

(K)
1,r1ηK1

...
...

. . .
...

√
ζ2Lh

(2)
1,rLη2L 0 · · · 0

0
√
ζ3Lh

(3)
1,rLη3L · · · 0

...
...

. . .
...

0 0 · · · √
ζKLh

(K)
1,rLηKL


















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
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






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








; (5.31)

✦ bbbI is a(K − 1)-element vector related to the data symbols transmitted by the BS to the(k − 1)

interfering MTs, which can be expressed as

bbbI = [b2[n], b3[n], · · · , bK [n]]T ; (5.32)

✦ nnnR is a2N -element vector, which can be expressed as

nnnR =
[
000, ñnnT

RCCC
T
R

]T
, (5.33)

whereCCCR is a(N ×KL)-element matrix, which can be expressed as

CCCR =
[

ccc
(1)
1 ccc

(2)
1 · · · ccc

(K)
1 ccc

(1)
2 ccc

(2)
2 · · · ccc

(K)
2 · · · ccc

(1)
L ccc

(2)
L · · · ccc

(K)
L

]

,

(5.34)

while ñnnR is aKL-element vector, which can be expressed as

ñnnR =
[
ñnnT

R1, ñnn
T
R2, · · · , ñnnT

RL

]T
, (5.35)
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whereñnnRl, l = 1, · · · , L, is aK-length vector given by

ñnnRl =
[
nnnT

1lggg
T
1l,nnn

T
2lggg

T
2l, · · · ,nnnT

Klggg
T
Kl

]T
, (5.36)

wherennnkl, k = 1, · · · ,K, l = 1, · · · , L, is a vector of lengthN , which has been given in

(5.10), andgggkl, k = 1, · · · ,K, l = 1, · · · , L, is a vector of lengthN , which is defined as

gggkl =
√

ζklh
(k)
1,rl

(

ccckh
(k)
l

)H
RRR−1

y
(k)
l

; (5.37)

✦ Finally, in (5.29)nnn is a2N -length Gaussian noise vector, which can be expressed as

nnn =
[
nnnT

0 ,nnn
T
1

]T
, (5.38)

which obeys the complex multivariate Gaussian distribution with a mean of zero and a conva-

riance matrix ofN0
Eb
III2N .

5.3 Detection Algorithms

Again, in order to illustrate the BER performance of the DS-CDMA downlink employing the pro-

posed relay scheme, we consider two types of combining schemes, namely 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 vectoryyy of (5.29) is first despread usingCCCT ,

yielding

ȳyy = CCCTyyy, (5.39)

whereȳyy = [ȳ0, ȳ1, . . . , ȳL]T . To be more specific, thelth component of̄yyy can be expressed as

ȳl =







h
(1)
0 b1[n] + cccT1nnn0 + IIUI , if l = 0

√
ζ1lh

(1)
1,rlν1lb1[n] +

(

ccc
(1)
l

)T
nnn1 + IIURI, if l = 1, 2, . . . , L,

(5.40)
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whereIIUI represents the interference among the signals transmittedover the D-channels within the

first time-slot, which can be expressed as

IIUI = h
(1)
0

K∑

k=2

cccT1 ccck

√

Pkr

P1r
bk[n]. (5.41)

By contrast, in (5.40),IIURI represents the interference among the signals transmittedover the R-

channels within both the first and second time-slots, which can be expressed as

IIURI =
L∑

l′=1
l′ 6=l

√

ζ1l′h
(1)
1,rl′ν1l′

(

ccc
(1)
l

)T
ccc
(1)
l′ b1[n] +

L∑

l′=1

K∑

k=2

√

ζkl′h
(k)
1,rl′νkl′

(

ccc
(1)
l

)T
ccc
(k)
l′ bk

+
(

ccc
(1)
l

)T
L∑

l′=1

K∑

k=1

gggkl′nnnkl′ccc
(k)
l′ , (5.42)

where the first term is the interference engendered by all theL relays of MT1 except for thelth one,

the second term represents the interference engendered by all the K MTs except for the destination

MT, while the last term denotes the interference engenderedby all theK MTs.

Let us assume that the second-order moment ofIIUI in (5.41) is given byσ2
IUI , while the second-

order moment ofIIURI in (5.42) is given byσ2
IURI. Then, following our analysis provided in Subsec-

tion 3.3.2 of Chapter 3, we can obtain the weights for combining the direct and relayed signals, which

can be expressed as

wl =







(
N0
E1r

+ σ2
IUI

)−1 (

h
(1)
0

)∗
, for l = 0

(
N0
E1r

+ σ2
IURI

)−1 √
ζ1l

(

h
(1)
1,rlν1l

)∗
, for l = 1, 2, . . . , L,

(5.43)

where the second-order moments ofIIUI andIIURI are given by

σ2
IUI =

∣
∣
∣h

(1)
0

∣
∣
∣

2
K∑

k=2

Pkr

P1r
E
[∣
∣cccT1 ccck

∣
∣
2
]

(5.44)
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and

σ2
IURI =
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l′ 6=l

ζ1l′E
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∣
h
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1,rl′ν1l′
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(
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l
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]

+
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gggkl′nnnkl′

(
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(1)
l

)T
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(k)
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∣
∣
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∣

2
]

, (5.45)

respectively. Furthermore, it can be shown that, whenm-sequences or random sequences are consid-

ered, (5.44) and (5.45) can be simplified to

σ2
IUI =







∣
∣
∣h

(1)
0

∣
∣
∣

2∑K
k=2

Pkr

N2P1r
, (m-sequences)

∣
∣
∣h

(1)
0

∣
∣
∣

2∑K
k=2

Pkr

NP1r
, (random sequences)

(5.46)
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l′ 6=l
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∣
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+
1
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K∑

k=1

E
[

|gggkl′nnnkl′ |2
]

, (m-sequences) (5.47)
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1
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l′ 6=l

ζ1l′E

[∣
∣
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1,rl′ν1l′
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]

+
1
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ζkl′E
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1,rl′νkl′
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]

+
1

N2

L∑

l′=1

K∑

k=1

E
[

|gggkl′nnnkl′ |2
]

, (random sequences). (5.48)

Finally, the decision variablez1[n] for b1[n] can be formed as

zk[n] =

L∑

l=0

wlȳl, (5.49)

which is the appropriately weighted superposition of theL received signal replicas. When BPSK

modulation scheme is employed, the estimate ofbk[n] can be formed as

b̂k[n] = sgn(ℜ{zk[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-write the observation vector of (5.29) as

yyy = CCChhh1b1[n] +nnnI . (5.51)

Let www be the weight vector, which linearly processes the observation vectoryyy of (5.29). Then, fol-

lowing our derivations in Subsection 3.3.3 of Chapter 3, we can obtain the optimum weight vector in

the MSINR sense, which can be expressed as [13]

wwwopt = µRRR−1
I CCChhh1, (5.52)

whereµ > 0 is a constant andRRRI = E[nnnInnn
H
I ] is the covariance matrix ofnnnI representing the

background noise and interference. Correspondingly, the decision variable forb1[n] corresponding to

the desired MT can be expressed as

z1 = ℜ
{
wwwH

optyyy
}
. (5.53)

Let us now provide our simulation results for the relay-assisted 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 SNR perbit performance for the relay-assisted

DS-CDMA downlink supporting multiple users over Nakagami-m fading channels. The subsequent

simulation results were obtained based on the assumptions that the D-channels and the BR-channels

experienced Rayleigh fading, while the RM-channels experienced more benign Nakagami-m fading

associated with the fading parameter beingml2 = 2. In our simulations, we assumed that the spread-

ing sequences were constituted bym-sequences and random sequences of lengthN = 15. The BER

performance of the relay-aided DS-CDMA downlink was investigated, whenL = 0, 1, 2, 3, 4 relays

per MT were employed. Table 5.1 illustrates the main features of the DS-CDMA downlink consid-

ered. Let us first discuss the simulation results recorded for the relay-assisted DS-CDMA downlink

system without considering the effects of large-scale fading, i.e. 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 Nakagami-m fading (m = 2)
Modulation BPSK
Detection at relays MMSE
Detection at MTs MRC-SUR or MSINR-MUC
Spreading sequences Random sequences orm-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 sequencesDetection 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 5.2-5.5in Subsection 5.4.1.

5.4.1 Performance of the Relay-Assisted DS-CDMA Downlink in the Absence of

Large-Scale Fading

In this subsection we provide a range of simulation results in order to illustrate the BER versus the

average SNR per bit performance for the relay-assisted DS-CDMA downlink system without consid-

ering the effects of large-scale fading. In our simulationswe assumed that perfect power control was

employed, hence the received power from the original BS transmitter and that from any of the relays

were the same. Furthermore, in order to carry out a fair comparison, the average SNR associated with

a single transmitted data bit was assumed to be the same, regardless of the value ofL. Tables 5.1-5.2

provide all system parameters used for generating Figures 5.2-5.5 of this subsection.

Figures 5.2 and 5.3 show the BER versus average SNR per bit performance of the relay-assisted

DS-CDMA downlink system supportingK = 2 users and employing the MRC-SUR of Subsec-

tion 5.3.1 for the desired user. In our simulations,m-sequences of lengthN = 15 were employed for

DS spreading in Figure 5.2, while random sequences of lengthN = 15 were employed for spreading
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Figure 5.2: BER versus average SNR per bit performance for the relay-assisted DS-CDMA downlink using
m-sequencesand the MRC-SUR of Subsection 5.3.1, when the D-channels andthe BR-channels
experience Rayleigh fading, while the RM-channels experience more benign Nakagami-m fading
associated withml2 = 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 relay-assisted DS-CDMA downlink using
random sequencesand the MRC-SUR of Subsection 5.3.1, when the D-channels andthe BR-
channels experience Rayleigh fading, while the RM-channels experience more benign Nakagami-
m fading associated withml2 = 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 relay-assisted DS-CDMA downlink usingm-
sequencesand the MSINR-MUC of Subsection 5.3.2, when the D-channels and the BR-channels
experience Rayleigh fading, while the RM-channels experience more benign Nakagami-m fading
associated withml2 = 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 relay-assisted DS-CDMA downlink using
random sequencesand the MSINR-MUC of Subsection 5.3.2, when the D-channels and the BR-
channels experience Rayleigh fading, while the RM-channels experience Nakagami-m fading as-
sociated withml2 = 2. All system parameters were listed in Tables 5.1-5.2.



5.4. PERFORMANCE RESULTS 169

Spreading sequences Detection Pathloss Power-sharing Normalized
at MTs exponent factor relay location

Figure 5.6 m-sequences MRC-SUR η = 3 α = 0.8 δ = 0.4

Figure 5.7 Random sequences MRC-SUR η = 3 α = 0.8 δ = 0.4

Figure 5.8 Random sequences MSINR-MUC η = 4 α = 0.9 δ = 0.3

Figure 5.9 m-sequences MSINR-MUC η = 3 or 4 α = 0.8 or 0.9 δ = 0.4 or 0.3
Figure 5.10 Random sequences MSINR-MUC η = 3 or 4 α = 0.8 or 0.9 δ = 0.4 or 0.3

Table 5.3: System parameters employed for generating Figures 5.6-5.10 in Subsection 5.4.2.

in Figure 5.3. It can be observed from Figures 5.2 and 5.3 thatthe BER performance of the relay-

assisted DS-CDMA downlink can be significantly improved when the number of relays increases,

provided that the average SNR is sufficiently high. However,when the average SNR is too low, no

diversity gain might be achievable, as seen in Figures 5.2 and 5.3. More specifically, observe in

Figures 5.2 and 5.3 that for the same number of relays, the BERperformance of the relay-assisted

DS-CDMA downlink usingm-sequences may be better than that of the downlink using random se-

quences, especially when the number of relays is high. The above-mentioned observations are similar

to that provided in the relay-assisted DS-CDMA uplink system, as demonstrated in Chapters 3 and 4.

To elaborate further, Figures 5.4 and 5.5 show the BER versusthe average SNR per bit per-

formance of the relay-assisted DS-CDMA downlink supporting K = 2 users and employing the

MSINR-MUC of Subsection 5.3.2 at the desired MT. In our simulations,m-sequences and random

sequences were considered in Figures 5.4 and 5.5, respectively. As shown in Figures 5.4 and 5.5,

when the MSINR-MUC is employed, the BER performance of the relay-assisted DS-CDMA down-

link using bothm-sequences and random sequences is similar. In comparison to Figures 5.2 and 5.3,

when the MSINR-MUC is employed, the BER performance of the relay-assisted DS-CDMA down-

link is improved, owing to the MUI suppresssion capability of the MSINR-MUC. Let us now provide

our simulation results recorded for the relay-assisted DS-CDMA downlink system, when taking into

account the effects of more realistic large-scale fading.

5.4.2 Performance of the Relay-Assisted DS-CDMA Downlink in the Presence of

Large-Scale Fading

In this subsection we provide a range of simulation results to characterize the BER performance of the

relay-assisted DS-CDMA downlink, when assuming the presence of a realistic propagation pathloss.

All system parameters used for generating Figures 5.6-5.10are provided 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 relay-assisted DS-CDMA downlink using the
MRC-SUR of Subsecton 5.3.1, when the D-channels and BR-channels experience Rayleigh fading,
while the RM-channels experience more benign Nakagami-m fading associated withml2 = 2 for
L = 1, 2, 3, 4. In our simulations,m-sequencesof lengthN = 15 were employed for spreading
and the other parameters areα = 0.8, δ = 0.4 andη = 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 relay-assisted DS-CDMA downlink using the
MRC-SUR of Subsection 5.3.1, when the D-channel and BR-channels experience Rayleigh fading,
while the RM-channels experience more benign Nakagami-m fading associated withml2 = 2 for
L = 1, 2, 3, 4. In our simulations,random sequencesof lengthN = 15 were employed for
spreading and the other parameters areα = 0.8, δ = 0.4 andη = 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 relay-assisted DS-CDMA downlink using the
MRC-SUR of Subsection 5.3.1, when the D-channels and BR-channels experience Rayleigh fad-
ing, while the RM-channels experience more benign Nakagami-m fading associated withml2 = 2
for L = 1, 2, 3, 4. In our simulations,m-sequencesandrandom sequencesof lengthN = 15
were used for spreading. The other parameters areα = 0.9, δ = 0.3 andη = 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 relay-assisted DS-CDMA downlink using
MSINR-MUC of Subsection 5.3.2, when the D-channels and BR-channels experience Rayleigh
fading, while the RM-channels experience Nakagami-m fading associated withml2 = 2 for L =
1, 2, 3, 4. In our simulations,m-sequencesof lengthN = 15 were used for spreading and two
different pathloss exponents were considered, i.e.η = 4 associated withα = 0.9, δ = 0.3 and
η = 3 associated withα = 0.8, δ = 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 relay-assisted DS-CDMA downlink using
MSINR-MUC of Subsection 5.3.2, when the D-channels and BR-channels experience Rayleigh
fading, while the RM-channels experience more benign Nakagami-m fading associated with
ml2 = 2 for L = 1, 2, 3, 4. In our simulations,random sequencesof lengthN = 15 were
used for spreading and two different pathloss exponents were considered, i.e.η = 4 associated
with α = 0.9, δ = 0.3 andη = 3 associated withα = 0.8, δ = 0.4. All system parameters were
listed in Tables 5.1 and 5.3.

investigations, we assume that the total transmission energy per bit remains constant, regardless of the

number of relays for the sake of carrying out a fair comparison. By contrast, in Subsection 5.4.1 we

assumed that the total average received SNR remained constant, regardless of the number of relays.

Figures 5.6 and 5.7 show the BER versus average SNR per bit performance of the relay-assisted

DS-CDMA downlink supportingK = 2 users, when both propagation pathloss and proportionate

power allocation are considered. In our simulations,m-sequences of lengthN = 15 were employed

for DS spreading in Figure 5.6, while random sequences of lengthN = 15 were used for spreading in

Figure 5.7. In our simulations we assumed that the pathloss exponent wasη = 3 and the parameters

related to power-allocation and to the relays’ location were α = 0.8 andδ = 0.4, which represent

an efficient point for power-allocation, as shown in Figure 3.12 in Chapter 3. It can be seen from the

results of Figures 5.6 and 5.7 that the BER performance of therelay-assisted DS-CDMA downlink

significantly improves, when the desired MT is assisted by more relays, yielding an increased relay

diversity gain, provided that the efficient power-allocation is considered. However, from the results

of Figure 5.7, we infer that the MUI may significantly degradethe achievable BER performance.

Figure 5.8 shows the BER versus the average SNR per bit performance for the relay-assisted
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DS-CDMA downlink system when the propagation pathloss and beneficial power-allocation were

considered. In this figure, bothm-sequences and random sequences were employed. We assumed

α = 0.9, δ = 0.3 and that the pathloss exponent wasη = 4. As seen from Figure 5.8 for both

m-sequences and random sequences, an improved BER performance can be guaranteed when more

relays are employed andK = 2 MTs are supported. Furthermore, it can be observed from the result

of Figure 5.8 as well as that of Figures 5.6 and 5.7 that the BERperformance of the relay-assisted DS-

CDMA downlink usingm-sequences is better than that of the the relay-assisted DS-CDMA downlink

using random sequences, on condition that the same number ofrelays were employed and the same

fading environment was assumed.

Figures 5.9 and 5.10 portray the BER versus average SNR per bit performance of the relay-

assisted DS-CDMA downlink supportingK = 2 users, when the MSINR-MUC of Subsection 5.3.2

is employed. In our simulations,m-sequences were employed for DS spreading in the context of Fig-

ure 5.9, while random sequences were employed for Figure 5.10. Two different pathloss exponents

were considered, which areη = 4 associated withα = 0.9, δ = 0.3 andη = 3 associated with

α = 0.8, δ = 0.4. From the results of Figures 5.9 and 5.10, it can be seen that at a BER of10−5 the

SNR performance recorded forη = 3 is 3.0− 3.7 dB worse than that forη = 4 , which indicates that

an improved BER performance is achievable for an increased pathloss scenario, which corresponds to

similar trends to those of the uplink. Note that the BER performance of the relay-assisted DS-CDMA

system is not solely dependent on the propagation pathloss,but dependent on the power-allocation

and the relays’ location as well. As shown in Figures 3.12-3.14 of Chapter 3, when the propagation

pathloss isη = 4, the corresponding efficient(α, δ) parameters are(0.9, 0.3). By contrast, recall

from Figures 3.17-3.14that when the propagation pathloss isη = 3, the corresponding efficient(α, δ)

parameters are(0.8, 0.4). Furthermore, the BER performance form-sequences is only slightly bet-

ter than that for random sequences, since the MSINR-MUC is capable of efficiently mitigating the

interference among the MTs and the relays associated with the first and second time-slots.

5.5 Conclusions

In this chapter we have investigated the BER performance of the relay-assisted DS-CDMA downlink

supporting multiple users, when the downlink signals were transmitted over generalized Nakagami-m

fading channels both with and without considering the effects of large-scale fading. In our investiga-

tions the MMSE detector has been employed at each relay for mitigating the MUI within the first time-

slot. Two different types of detection schemes have been considered for detection at the destination
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MRC-SUR SNR
L = 1 L = 2 L = 3 L = 4

m-sequences 20.3 dB 17.0 dB 15.7 dB 15.2 dB Figure 5.2
Random sequences25.0 dB 21.6 dB 20.5 dB 20.1 dB Figure 5.3

MSINR-MUC SNR
L = 1 L = 2 L = 3 L = 4

m-sequences 19.9 dB 16.6 dB 15.5 dB 14.9 dB Figure 5.4
Random sequences20.2 dB 17.1 dB 16.1 dB 15.7 dB Figure 5.5

Table 5.4: SNR values required at BER=10−4 in the relay-assisted DS-CDMA downlink for transmission over
Nakagami-m fading channels in the absence of large-scale fading in the context of two detection
schemes at the MTs, namely the MRC-SUR of Subsection 5.3.1 and the MSINR-MUC of Subsec-
tion 5.3.2. The values were extracted from Figures 5.2-5.5,while 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 15.5 dB 10.4 dB 8.4 dB 7.4 dB Figure 5.6
Random sequences22.4 dB 16.2 dB 13.3 dB 11.9 dB Figure 5.7

MSINR-MUC SNR
L = 1 L = 2 L = 3 L = 4

m-sequences 14.7 dB 10.0 dB 8.2 dB 7.2 dB Figure 5.9
Random sequences14.9 dB 10.4 dB 8.8 dB 7.8 dB Figure 5.10

Table 5.5: SNR values required at BER=10−4 in the relay-assisted DS-CDMA downlink for transmission over
Nakagami-m fading channels in the presence of large-scale fading in thecontext of two detection
schemes at the MTs, namely the MRC-SUR of Subsection 5.3.1 and the MSINR-MUC of Subsec-
tion 5.3.2. The values were extracted from Figures 5.6-5.7 and 5.9-5.10, while the corresponding
simulation parametersα = 0.8, δ = 0.4 andη = 3, as listed in Tables 5.1 and 5.3.

MTs, which include the MRC-SUR of Subsection 5.3.1 and the MSINR-MUC of Subsection 5.3.2.

In our simulations bothm-sequences and random sequences have been invoked for spreading in the

relay-assisted DS-CDMA system. The cooperation scheme considered in this chapter is a detection-

and-forward arrangement. Tables 5.4-5.5 summarized the SNR values required for achieving a target

BER of10−4 in the context of the above-mentioned two detection schemesof our proposed coopera-

tive system downlink in the absence and presence of large-scale fading, respectively. From our study

and simulation results provided in this chapter, we can drawthe following conclusions:

1) In the proposed cooperation aided scheme, each user is assisted byL relays. Hence the relay-

assisted DS-CDMA downlink using the proposed cooperation scheme of Subsection 5.2.2
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needs a total ofKL relays, whenK destination MTs are supported.

2) Observe in Figures 5.2-5.10 that the BER performance of the proposed relay-assisted DS-

CDMA downlink supporting multiple users and employing the MSINR-MUC scheme of Sub-

section 5.3.2 can be significantly improved in comparison toits counterpart using the MRC-

SUR, especially when random sequences are employed.

3) As indicated by the simulation results of Figures 5.2-5.5in this chapter as well as in the previous

chapters, when the average SNR is too low, the BER performance may even degrade upon

increasing the number of relays under the assumption that the total average SNR at the receiver

remains constant regardless of the number of relays. By contrast, when the total tranmission

power per bit is assumed to remain constant and it is combinedwith beneficial power-allocation

as well as with beneficial relay location selection based on the large-scale fading environment

considered, the achievable BER performance can be significantly improved as the number of

relays increases.

4) In the relay-assisted DS-CDMA downlink supporting multiple users, relay diversity may only

be achievable, when the interferences between the MTs and the relays are efficiently sup-

pressed.



Chapter 6
Performance of the Relay-Aided

DS-CDMA Downlink Using Transmitter

Preprocessing

6.1 Introduction

In direct-sequence code-division multiple-access (DS-CDMA) systems, the main source of perfor-

mance degradation is caused by multiuser interference (MUI) resulting from the simultaneous trans-

missions of multiple users over the same frequency band and by the intersymbol interference (ISI) due

to multipath fading channels. Multiuser detection (MUD) techniques [83,114,179–190] have been ex-

tensively investigated, since they constitute effective interference mitigation techniques employed in

order to improve the achievable performance of interference-limited DS-CDMA systems. The MUD

techniques however impose an increased computational burden at the receiver, which contradicts to

the desire of making the hand-held portable terminal cost and power-efficient.

As a design alternative, transmitter preprocessing was proposed, which facilitates the employment

of low-complexity single-user receivers [191–232]. More explicitly, the main advantage of employ-

ing transmitter preprocessing is that the computational burden can be shifted from the MTs to the less

complexity-limited base station (BS), thus resulting in low-complexity, high power-efficiency MTs.

To elaborate a little further, with the aid of transmitter preprocessing, the receivers may employ low-

complexity matched-filter detection without requiring channel state information (CSI). In [191], the

176
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authors have developed a preprocessing scheme based on the minimum mean-square error (MMSE)

principles for synchronous CDMA systems communicating over additive white Gaussian noise chan-

nels. The investigations of [191] have been extended to consider frequency selective multipath fad-

ing channels [233, 234] with the aid of a RAKE receiver, assuming perfect CSI at the transmitter

about all channels between the BS transmitter and the MTs. In[192–195], a pre-RAKE combining

scheme has been proposed and investigated in the context of aCDMA system using time-division

duplex (TDD) [235], where the assumption of having an identical uplink and downlink channel

was used for generating the required CSI. It has been shown for both single- and multi-user sce-

narios that the performance of DS-CDMA using a pre-RAKE scheme at the transmitter is similar

to that of DS-CDMA using a RAKE receiver, provided that orthogonal spreading codes are em-

ployed. Transmitter preprocessing having a pre-RAKE combining has been extensively investigated

in the literature [196–208, 210, 222, 223]. In [211, 212, 216, 217, 224, 225, 227, 228, 231], the authors

have considered the employment of transmitter preprocessing for interference elimination combined

with a simplified receiver at the MT in conjuction with transmit diversity using multiple transmitter

antennas at the BS. Specifically, in [216] the authors have proposed a zero-forcing (ZF) aided pre-

processing scheme to eliminate both the multiuser and multipath interference in DS-CDMA down-

link systems. However, as indicated by the simulation results of [216], the interference could not

be eliminated, when the number of users increased. This is because the power normalization fac-

tor at the preprocessing scheme proposed in [216] was reduced as the number of users increased,

which contaminated the decisions at the desired user. In [224], the author has proposed a transmitter

preprocessing scheme to mitigate the effects of interference in CDMA systems using the minimum

variance distortionless response (MVDR) criterion. By contrast, in [225], the authors have consid-

ered a transmitter preprocessing scheme designed for CDMA systems based on the MMSE princi-

ple. Closed-form expressions have been derived in [225] forthe preprocessign schemes’s weighting

vector for transmission over both flat and frequency-selective fading channels. Another transmitter

preprocessing scheme based on the MMSE principle can be found in [231], where linear space-time

preprocessing has been proposed to mitigate the multiple-access interference (MAI) in a multiple-

transmit single-receive antenna aided CDMA system for transmission over both flat- and multipath-

fading channels. Both receive as well as transmit diversityhave been explored in great detail in

the literature [209, 210, 213–215, 218, 219, 230, 232]. In [209], the authors have considered joint

transmitter-receiver optimization based on the MMSE criterion under a specific transmitter power

constraint in the context of synchronous CDMA systems communicating over both additive white

Gaussian noise (AWGN) and multipath channels. In [219], theauthors have examined three differ-
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ent types of transmitter preprocessing schemes, namely thetransmit matched filter, the transmit ZF

filter and the transmit Wiener filter, which were derived based on similar optimization techniques

as their respective receive filters, while imposing an additional transmit power constraint. In [232],

a ZF-based transmitter preprocessing scheme has been designed in order to minimize the bit error

ratio (BER) of multiple-input multiple-output (MIMO) downlink systems. Furthermore, simulations

results have also been provided in [232] in order to demonstrate the capability of the proposed trans-

mitter preprocessing scheme to mitigate the effects of boththe ISI and the interchannel interference

(ICI).

The transmitter preprocessing schemes designed in the above-cited publications were based on

full or partial knowledge of the CSI of the downlink spanningfrom the BS transmitter to the MTs.

In the TDD-based systems of [192–195,235], the CSI used for transmitter preprocessing may be ob-

tained from the estimates of the CSI in the uplink channels, since in the TDD mode the uplink and

the downlink share the same frequency band. Hence the uplinkand downlink CSI may be considered

similar [210,236–239]. However, in the frequency-division duplex (FDD) based systems the CSI has

to be fed back from the MT’s receiver to the BS transmitter, since in the FDD mode the uplink and

downlink channels are not reciprocal. In practice, if the channel’s variation is fast, the TDD-based

channel estimate derived at the BS from the uplink channel may not be sufficiently accurate for the

downlink transmitter’s preprocessing. It is widely recognized that in CDMA systems each user is

distinguished by his/her unique spreading code. The basic philosophy we follow in the sequel to

preprocess the MTs’ signals is that in the CDMA system the BS is capable of exploiting the knowl-

edge of the MTs’ spreading codes, because they are indeed allocated by the BS. We will exploit this

knowledge without any information about the downlink CSI atthe BS in order to eliminate the down-

link MUI. Furthermore, as mentioned in Chapter 5, employingmultiple antennas solely at the BS is

capable of achieving transmit diversity. By contrast, intermediate relays between the BS and the MT

split longer propagation path into shorter segments, thus reducing the detrimental effects of the over-

all pathloss, hence potentially allowing for a reduction ofthe overall transmission power. Therefore,

transmitter preprocessing schemes can be extended for employment in a cooperative manner with the

aid of intermediate relays for the sake of achieving a high power-efficiency, while simultaneously

attaining relay diversity.

In this chapter we propose and investigate a relay-assistedDS-CDMA downlink scheme that

employs transmitter preprocessing. In our proposed relay-assisted DS-CDMA scheme the down-

link MUI imposed on the relays and on the desired MT is suppressed with the aid of transmitter

preprocessing operated at the BS. The BS carries out transmitter preprocessing by exploiting the
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knowledge of the spreading codes of all the MTs, but without receiving any information from the

relays. The proposed transmitter preprocessing scheme is also independent of the CSI concerning

the channels spanning from the BS transmitter to the MTs. In our proposed scheme, transmitter pre-

processing is carried out based on either the ZF or the MMSE principles. It can be shown that the

extension of our proposed transmitter preprocessing scheme to other optimization principles, such

as the MVDR [213, 240], minimum power distortionless response (MPDR) [241], linear constrained

minimum variance (LCMV) [1, 242] etc. is straightforward. In this chapter the BER performance of

the relay-aided DS-CDMA downlink using transmitter preprocessing is investigated, when communi-

cating over generalized Nakagami-m fading channels. At the MTs, the received signals are combined

based on two different types of principles, namely the maximal ratio combining (MRC) and maximum

signal-to-interference-plus-noise (MSINR). In summary,the novelty of this chapter can be listed as

follows:

• A cooperative diversity scheme is proposed for the DS-CDMA downlink, where the downlink

MUI is suppressed with the aid of transmitter preprocessingoperated at the BS.

• It is shown that the relays assisting the MTs are free from thedownlink MUI upon using trans-

mitter preprocessing at the BS. Hence, the reliability of the decisions carried out at the relays

is significantly enhanced, which in turn enhances the reliability of the signals forwarded by the

relays.

• The MUI encountered within the first time-slot is significantly mitigated with the aid of trans-

mitter preprocessing. By contrast, the inter-relay interference within the second time-slot is

suppressed with the aid of the MRC-SUR or the MSINR-MUC invoked at the MTs.

• It is shown that the MUI and inter-relay interference can be efficiently mitigated and hence relay

diversity can be achieved with the aid of transmitter preprocessing and appropriate receiver

techniques.

• Two different types of transmitter preprocessing schemes are considered, which are the ZF

and MMSE arrangements, yielding the so-called transmitterZF (TZF) and transmitter MMSE

(TMMSE) schemes. In our proposed cooperation schemes, the transmitter preprocessing ex-

ploits the knowledge of the spreading sequences assigned tothe destination MTs, but requires

no knowledge about the downlink channels.

• The BER performacne of the relay-assisted DS-CDMA downlinkis investigated in the context

of the proposed cooperation schemes for transmission over Nakagami-m fading channels both
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Figure 6.1: Schematic diagram of the relay-aided DS-CDMA downlink supportingK MTs using transmitter
preprocessing at the base station. Each of theK MTs relies onL relays to assist the transmissions
from the base station to the MT.

in the absence and in the presence of large-scale fading. When large-scale fading is considered,

we also investigate the effect of power-sharing across the cooperating nodes on the achievable

BER performance of the relay-assisted DS-CDMA downlink.

The remainder of this chapter is organised as follows. In Section 6.2, the relay-assisted DS-

CDMA downlink assisted by transmitter preprocesssing is described and analyzed. The detection

schemes and the achievable BER performance are addressed inSection 6.3 and Section 6.4, respec-

tively. Finally, our conclusions are presented in Section 6.5.

6.2 System Description

6.2.1 Transmitted Signal

Let us consider the cooperative multiuser DS-CDMA downlinksupportingK users/MTs, where each

MT is aided byL relays and each MT as well as itsL relays form a cluster, as shown in Figure 6.1.

Again, we refer to the direct channels spanning from the BS totheK MTs as the D-channels, while

the relay channels spanning from the BS through the relays totheK MTs are referred to as the R-

channels. Furthermore, the R-channels are divided into theBR-channels and RM-channels, where

the BR-channels represent the links between the BS and the relays, while the RM-channels refer to
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the channels extending from the relays to theK MTs.

We assume that the cooperation scheme proposed is based on time-division (TD) principles. To

be more specific, we assume that each symbol-duration is divided into two time-slots. Within the first

time-slot, the BS broadcasts the sum ofK user signals to theK destination MTs and also to theKL

relays. During the second time-slot, theKL relays forward the signals received from the BS within

the first time-slot to theK destination MTs. Furthermore, for the sake of simplicity, we assume that

any two cooperating clusters are sufficiently far apart fromeach other to ensure that the interference

between any two clusters may be ignored, when taking into account the distance-related propagation

pathloss during the second time-slot. This may be readily ensured by an appropriate relay-selection

algorithm. However, our study may also be readily extended to the scenario, which takes into account

the inter-cluster interference within the second time-slot.

The signals transmitted by the BS to both the relays and MTs within the first time-slot of a single

symbol-duration are preprocessed signals. Letsss = [s0, s1, . . . , sN−1]
T represent the discrete-time

signals transmitted by the BS, whereN denotes the number of chips per symbol or the spreading

factor of the DS-CDMA scheme. When both spreading and transmitter preprocessing are considered,

sss can be expressed as [227,241,243]

sss = P̃PPAAAbbb, (6.1)

whereP̃PP = PPPCCC,PPP is a(N×N)-dimensional transmitter preprocessing matrix, whileCCC is a(N×K)-

dimensional spreading matrix hosting the spreading sequences assigned to theK MTs. Explicitly, the

transmitter preprocessing and spreading operations can bejointly implemented by directly determin-

ing the matrixP̃PP , which can be expressed in terms of theK downlink MTs as

P̃PP = [p̃pp1, p̃pp2, · · · , p̃ppK ] , (6.2)

wherep̃ppk is anN -element vector employed for preprocessing the data transmitted to MT k. In (6.1)

AAA is a(K ×K)-element diagonal matrix related to the transmission powerof theK MTs, which is

expressed as

AAA = diag
{√

2P1t,
√

2P2t, . . . ,
√

2PKt

}

, (6.3)

wherePkt denotes the transmission power of MTk. Finally, bbb in (6.1) denotes aK-element vector

containing the data symbols to be transmitted to theK MTs during thenth bit-duration, which is
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defined as

bbb = [b1[n], b2[n], · · · , bK [n]]T , (6.4)

wherebk[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 expressed as

s(t) =
K∑

k=1

√

2Pktbk(t)p̃k(t) cos(2πfct), (6.5)

wherefc represents the carrier frequency, whilebk(t) denotes the transmitted data waveform, which

can be expressed as

bk(t) =
∞∑

n=0

bk[n]PTb
(t− nTb), (6.6)

whereTb represents the bit-duration andPTb
(t) is the rectangular waveform, which is defined as

PTb
(t) = 1 if 0 ≤ t < Tb, andPTb

(t) = 0 otherwise. In (6.5),pk(t) is the waveform hosted bỹppp

shown in (6.2), which can be expressed as

p̃k(t) =
∞∑

n=0

p̃knψTc(t− nTc), (6.7)

where p̃kn denotes thenth element of̃pppk, Tc represents the chip-duration andψTc(t) is the chip-

waveform, which is defined within the interval of[0, Tc) and normalized to satisfy
∫ Tc

0 ψ2
Tc

(t)dt = Tc.

Let us assume that the downlink channels experience both propagation pathloss and flat fading.

Then, it can be shown that the normalized discrete observation vector obtained at thekth MT can be

expressed as

rrrk = ξ
(k)
0 h

(k)
0 P̃PPAAAbbb+nnnk, k = 1, 2, · · · ,K, (6.8)

whereξ(k)
0 andh(k)

0 account for the propagation pathloss and fast fading of thekth D-channel spanning

from the BS to MTk, respectively, whilennnk is anN -element Gaussian noise vector, which obeys the

multivariate Gaussian distribution with a zero mean and a convariance matrix of2σ2IIIN .

At MT k, rrrk is despread using thekth MT’s spreading sequenceccck, yielding the decision variable

for bk[n] expressed as

yk = cccTk rrrk = ξ
(k)
0 h

(k)
0 cccTk P̃PPAAAbbb+ nk, k = 1, 2, . . . ,K, (6.9)
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where the despread noise is given bynk = cccTknnnk, which is a Gaussian distributed random variable

having a zero mean and a variance ofσ2 per dimension. In physically tangible terms, the transmitted

signal ofsss = P̃PPAAAbbb is multiplied by the pathlossξ(k)
0 and the fast-fading variableh(k)

0 , before it is

despread using the sequencecccTk .

Let yyy = [y1, y2, . . . , yK ]T contain the decision variables of theK downlink MTs, which can be

expressed as

yyy = ξξξHHHCCCT P̃PPAAAbbb+nnn, (6.10)

where, by definition, we have

ξξξ = diag{ξ(1)0 , ξ
(2)
0 , · · · , ξ(K)

0 },

HHH = diag{h(1)
0 , h

(2)
0 , · · · , h(K)

0 },

nnn = [n1, n2, · · · , nK ]T . (6.11)

As shown in (6.10), there exists interference among theK downlink MTs, whenCCCT P̃PP is not a

diagonal matrix. In this case, transmitter preprocessing [191,204,212,215–217,219,224,225,227,228,

231, 241] may be employed to suppress the downlink MUI. Let ushence consider the preprocessing

matrix P̃PP using either the zero-forcing (ZF) or the minimum mean-square error (MMSE) principle.

Note that our transmitter preprocessing schemes proposed are based on the following assumptions:

• The BS exploits the knowledge about the spreading sequencesassigned to theK MTs, but does

not rely on the knowledge of the downlink channels associated with theK MTs;

• There is no information feedback to the BS from any of theKL relays.

6.2.2 Zero-Forcing Aided Transmitter Preprocessing

The objective of transmitter preprocessing is to derive a preprocessing matrix̃PPP so that the perfor-

mance of the system considered can be optimized using a particular criterion. Specifically, when

TZF is considered, the preprocessing matrixP̃PP is chosen so that the downlink MUI is fully removed.

According to (6.10), the TZF condition is met, provided thatP̃PP is chosen to satisfy

CCCT P̃PP TZF = βIIIK , (6.12)
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where the parameterβ is invoked for ensuring that the total transmission power remains unchanged

after transmitter preprocessing. Upon solving (6.12), we arrive at

P̃PP TZF = β
(
CCCT
)†
, (6.13)

where(·)† denotes the Moore-Penrose (generalized) inverse of(·) [244]. Upon assumingN ≥ K,

we have [83]

P̃PP TZF = βCCC
(
CCCTCCC

)−1
. (6.14)

When substituting (6.14) into (6.10), we obtainyyy = βξξξHHHAAAbbb+nnn. Explicitly, the MUI existing among

the downlink MTs is fully removed, sinceξξξ,HHH andAAA are all diagonal matrices.

In (6.14), the value ofβ can be determined with the aid of the relationshipE[||P̃PPbbb||2] =

E[||bbb||2] = K, which gives

β =

√

K

trace((CCCTCCC)−1)
, (6.15)

where trace(·) denotes the trace of the square matrix(·). After substituting (6.15) into (6.14), we can

express the transmitter preprocessing matrix of the TZF scheme as

P̃PPTZF =

√

K

trace((CCCTCCC)−1)
CCC
(
CCCTCCC

)−1
. (6.16)

Furthermore, from (6.12), it can be readily shown that we have

cccTk p̃ppk′ =







β, if k′ = k

0, otherwise,
(6.17)

which, again, implies that the TZF-based transmitter preprocessing is capable of nulling the downlink

MUI. However, as the ZF-assisted MUD [83], the TZF-assistedtransmitter 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 principles, which is referred to as the transmitter

MMSE (TMMSE) scheme, is capable of mitigating the effects ofdownlink MUI, while simultane-



6.2. SYSTEM DESCRIPTION 185

ously suppressing the background noise [10, 185, 217, 241].In the context of the TMMSE scheme1,

based on (6.10), the transmitter preprocessing matrix can be expressed as [217,241]

P̃PP = βCCC
(
CCCTCCC + 2σ2ρρρ

)−1
, (6.18)

where (6.18)ρρρ = {ρ1, ρ2, . . . , ρK} contains the noise-suppression factors [241] with respectto the

K MTs, which may be optimized in order to achieve the best possible performance under the realistic

conditions of having imperfect knowledge about the noise power associated with theK MTs. Fur-

thermore, when no knowledge about the downlink noise power is available, the BS transmitter may

setρρρ = 0. In this case, (6.18) is reduced to the transmitter preprocessing matrix derived for the TZF

scheme of (6.14). As our simulation results in Section 6.4 demonstrated, when there is no knowledge

about the noise power of theK MTs at the BS, the preprocessing matrix of (6.18) may be set toan

appropriate non-zero diagonal matrix. As a result, the performance achieved in this case may still be

better than that attained by employing the TZF arrangement of (6.14).

In (6.18) the parameterβ introduced for satisfying the power constraint can be expressed as

β =

√
√
√
√

K

trace
(

P̂PPP̂PP
H
) , (6.19)

where by definition we havêPPP = CCC
(
CCCTCCC + 2σ2ρρρ

)−1
. Finally, the TMMSE transmitter preprocess-

ing matrix can be expressed as

P̃PP TMMSE =

√
√
√
√

K

trace
(

P̂PPP̂PP
H
)CCC

(
CCCTCCC + 2σ2ρρρ

)−1
. (6.20)

Let us now turn our attention to the cooperation strategy proposed in this chapter.

1It is worth noting at this stage that an MMSE receiver mitigates the effects of both the MUI and the noise, striking
a compromise between their mitigation. This is in contrast to a ZF receiver, for example, which completely eliminates
the MUI at the potential cost of noise amplification. By contrast, in the context of MMSE MUT schemes the transmitter
attempts to jointly compensate for the effects of both the CIR and the MUI as well as the noise to be experienced at the
receiver by the signal about to be transmitted. In a somewhatsimplistic, but conceptually appealing context this process
may be viewed as a relative of spatial division multiple access (SDMA) [245], where the unique user-specific CIRs are
employed for differentiating and separating the multi-user signals. However, in support of the MUT schemes, the CIR
information has to be estimated by the receiver, then quantized and finally transmitted back to the MUT along with the
variance of the noise encountered at the receiver. Provided, that both the CIRs and the noise variance are known sufficiently
accurately, the MUT has the ability to pre-compensate theireffect at the transmitter.
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Figure 6.2: Schematic diagram illustrating the signal processing operations at a relay.

6.2.4 Cooperation Operation

The relays receive and process the signals transmitted by the BS within the first time-slot of a bit-

duration. During the second time-slot of a bit-duration, the processed signals are forwarded by the

relays to the destination MTs. In this section we consider the signal processing operations at the

relays.

When the downlink DS-CDMA signals expressed in the form of (6.5) are transmitted over flat

fading channels, the complex baseband equivalent signal received by thelth relay of thekth MT

within the first time-slot of thenth bit-duration can be written as

r
(k)
l (t) = h

(k)
l

K∑

k′=1

√

2P
(k)
k′,lbk′ [n]p̃k′(t) + n

(k)
l (t), l = 1, 2, · · · , L; k = 1, 2, · · · ,K, (6.21)

whereP (k)
k′,l represents the power received by thelth relay of MTk from thek′th user signal trans-

mitted by the BS after taking into account the pathloss of theBR-channel,h(k)
l represents the fading

coefficient of the BR-channel spanning from the BS to thelth relay of MTk, while n(k)
l (t) denotes

the Gaussian noise observed at thelth relay of MTk, which has a zero mean and a single-sided power

spectral density ofN0 per dimension.

The schematic diagram illustrating the signal processing operations at thelth relay of MTk is

depicted in Figure 6.2, where the received signalr
(k)
l (t) of (6.21) is first input to a filter matched

to the transmitted chip-waveformψTc(t). Then, the matched-filter’s (MF’s) output is sampled at the

chip-rate, which providesN samples per time-slot for estimating the information to be forwarded to

MT k. Without any loss of generality, let us normalize MF’s output of the lth relay of MTk using
√

2P
(k)
k,l NTc. Then, according to Figure 6.2, theλth sample can be expressed as

y
(k)
lλ =

1
√

2P
(k)
k,l NTc

∫ (λ+1)Tc

λTc

r
(k)
l (t)ψ∗

Tc
(t)dt, λ = 0, 1, · · · ,N − 1; l = 1, 2, · · · , L. (6.22)
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Upon substituting (6.21) into (6.22), we can expressy
(k)
lλ as

y
(k)
lλ =

1√
N
h

(k)
l p̃kλbk[n] +

1√
N
h

(k)
l

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

p̃k′λbk′ [n] + ñ
(k)
lλ ,

λ = 0, 1, · · · ,N − 1; l = 1, 2, · · · , L, (6.23)

where the first term represents the contribution of MTk, the second term denotes the interference

imposed by all the(K − 1) downlink interferers and̃n(k)
lλ is given by

ñ
(k)
lλ =

1
√

2P
(k)
k,l NTc

∫ (λ+1)Tc

λTc

n
(k)
l (t)ψ∗

Tc
(t)dt, l = 1, 2, · · · , L;λ = 0, 1, · · · ,N − 1, (6.24)

which is Gaussian distributed with a zero mean and a varianceof N0/2E
(k)
l per dimension, where

E
(k)
l = P

(k)
k,l Tb represents the energy per bit received by thelth relay of MTk from thekth signal

transmitted by the BS to MTk.

Let us define

yyy
(k)
l = [y

(k)
l0 , y

(k)
l1 , · · · , y

(k)
l(N−1)]

T ,

ñnn
(k)
l = [ñ

(k)
l0 , ñ

(k)
l1 , · · · , ñ

(k)
l(N−1)]

T , (6.25)

which physically represent the received signal and noise atthe lth relay of MTk. Then, it can be

readily shown thatyyy(k)
l can be expressed as

yyy
(k)
l = h

(k)
l p̃ppkbk[n] + h

(k)
l

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

p̃ppk′bk′ [n] + ñnn
(k)
l , l = 1, 2, . . . , L. (6.26)

where the first term represents the spread, faded and attenuated information bit of MTk, while the

second term is the interference imposed by all the remaining(K − 1) interferers.

We assume that thelth relay of MTk exploits the knowledge ofccck of the spreading sequence

assigned to thekth MT. We also assume that thelth relay of MTk benefits from the knowledge of
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h
(k)
l . Then, thelth relay of MTk can estimatebk[n] by forming the soft-decision variable of

b̂
(k)
l [n] =

1

|h(k)
l |2

(h
(k)
l )∗cccTk yyy

(k)
l = cccTk p̃ppkbk[n] +

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

cccTk p̃ppk′bk′ [n] +
1

h
(k)
l

cccTk ñnn
(k)
l . (6.27)

After the estimation process formulated in (6.27),b̂
(k)
l [n] is then re-spread and forwarded by the

lth relay to MTk using the second time-slot of thenth bit-duration. The transmitted signal of thelth

relay of MTk can be expressed as

s
(k)
l (t) =

√

2P
(k)
lt

ςkl
b̂
(k)
l [n]c

(k)
l (t) cos(2πfct+ φ

(k)
l ), l = 1, 2, · · · , L, (6.28)

whereP (k)
lt , c(k)

l (t), fc andφ(k)
l represent the transmission power, signature waveform, carrier fre-

quency and initial phase associated with thelth relay of MTk, respectively. In (6.28)ςkl is a nor-

malization coefficient applied to ensure that the transmission power ofs(k)
l (t) is P (k)

lt , which is given

by

ςkl = E
[

|b̂k[n]|2
]

=

K∑

k′=1

P
(k)
k′,l

P
(k)
k,l

cccTk p̃ppk′p̃ppT
k′ccck +

1

|h(k)
l |2

N0

E
(k)
l

. (6.29)

Note that when the TZF scheme of (6.14) is applied, it can be readily shown with the aid of (6.17)

that (6.27) and (6.29) can be respectively simplified as

b̂
(k)
l [n] = βbk[n] +

1

h
(k)
l

cccTk ñnn
(k)
l , (6.30)

ςkl = β2 +
1

|h(k)
l |2

N0

E
(k)
l

. (6.31)

Let us now derive the representation of the signals receivedat MT k.

6.2.5 Representation of the Received Signals at MTk

The MTs receive signals during both the first and second time-slots of a single bit-duration. More

particularly, within the first time-slot of a single bit-duration, the MTs receive signals from the BS.

Specifically, the complex-valued baseband equivalent signal received by MTk within the first time-
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Figure 6.3: Receiver schematic diagram of userk.

slot of thenth bit-duration can be expressed as

r
(k)
0 (t) = h

(k)
0

K∑

k′=1

√

2P
(k)
k′r bk′ [n]p̃k′(t) + n(t), k = 1, 2, · · · ,K, (6.32)

whereP (k)
k′r , k′ = 1, . . . ,K, represents the power received by MTk from thek′th signal transmitted

by the BS after taking into account the pathloss of the D-channel spanning from the BS to MTk.

In (6.32),h(k)
0 represents the fading gain accounting for the fast fading ofthekth D-channel, while

n(t) denotes the complex baseband equivalent Gaussian noise at MT k, which has a zero mean and a

single-sided power spectral density ofN0 per dimension.

In contrast to the first time-slot, within the second time-slot of a single bit-duration, the MTs re-

ceive signals from their relays. Specifically, the complex-valued baseband equivalent signal received

by MT k during the second time-slot of thenth bit-duration can be expressed as

r
(k)
1 (t) =

L∑

l=1

√

2P
(k)
lr

ςkl
h

(k)
rl b̂

(k)
l [n]c

(k)
l (t) + n(t), k = 1, 2, · · · ,K, (6.33)

whereP (k)
lr represents the power received by MTk from its lth relay andh(k)

rl denotes the (fast) fading

gain of thelth RM-channel of MTk.

The receiver schematic diagram of MTk is shown in Figure 6.3. The signal received at MTk is

first input to an MF designed for the specific transmitted chip-waveform. Then, the MF’s output is

sampled at the chip-rate in order to obtain the required observations. Finally, detection may be carried

out based on using diverse detection schemes, which will be discussed in Section 6.3.

Let us now collect the observations obtained from the first and second time-slots of thenth bit-

duration in the vectorsyyy(k)
0 andyyy(k)

1 , whereyyy(k)
i = [y

(k)
i0 , y

(k)
i1 , · · · , y

(k)
i(N−1)]

T , i = 0, 1. Then, after

the chip-waveform MF’s output is normalized by
√

2P
(k)
kr NTc, theλth sample of the first time-slot
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can be expressed as

y
(k)
0λ =

1
√

2P
(k)
kr NTc

∫ (λ+1)Tc

λTc

r
(k)
0 (t)ψ∗

Tc
(t)dt, λ = 0, 1, · · · ,N − 1; k = 1, 2, · · · ,K. (6.34)

Upon substituting (6.32) into (6.34), we can expressy
(k)
0λ as

y
(k)
0λ =

h
(k)
0 p̃kλ√
N

bk[n] +
h

(k)
0

√

P
(k)
kr N

K∑

k′ 6=k

√

P
(k)
k′r p̃k′λbk′ [n] + ñ0λ ,

λ = 0, 1, · · · ,N − 1;K = 1, 2, · · · ,K, (6.35)

whereñ0λ is the Gaussian noise given by

ñ0λ =
1

√

2P
(k)
kr NTc

∫ (λ+1)Tc

λTc

n(t)ψ∗
Tc

(t)dt, λ = 0, 1, · · · ,N − 1; k = 1, 2, · · · ,K, (6.36)

which has a zero mean and a variance ofN0/2E
(k)
0 per dimension, whereE(k)

0 = P
(k)
kr Tb represents

the energy per bit received by thekth MT from the BS.

Based on (6.35), we can expressyyy(k)
0 in a vector form as

yyy
(k)
0 = h

(k)
0 p̃ppkbk[n] + h

(k)
0

K∑

k′ 6=k

√
√
√
√
P

(k)
k′r

P
(k)
kr

p̃ppk′bk′ [n] + ñnn0, k = 1, 2, · · · ,K, (6.37)

whereñnn0 is anN -element Gaussian noise vector defined as

ñnn0 = [ñ00, ñ01, · · · , ñ0(N−1)]
T . (6.38)

Let us now represent the signals received by MTk during the second time-slot of thenth bit-

duration. After normalization of the chip-waveform MF’s output using
√

2P
(k)
lr NTc, it can be shown

that theλth observation obtained from the second time-slot of thenth bit-duration can be expressed

as

y
(k)
1λ =

1
√

2P
(k)
lr NTc

∫ (λ+1)Tc

λTc

r
(k)
1 (t)ψ∗

Tc
(t)dt, λ = 0, 1, · · · ,N − 1; k = 1, 2, · · · ,K. (6.39)
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Furthermore, upon substituting (6.33) into (6.39), we arrive at

y
(k)
1λ =

1√
N

L∑

l=1

√
1

ςkl
h

(k)
rl ccc

T
k p̃ppkbk[n]c

(k)
lλ +

1√
N

L∑

l=1

√
1

ςkl
h

(k)
rl c

(k)
lλ

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

cccTk p̃ppk′bk′ [n]

+
1√
N

L∑

l=1

√
1

ςkl
h

(k)
rl

[

cccTk ñnn
(k)
l

h
(k)
l

]

c
(k)
lλ + ñ1λ ,

λ = 0, 1, · · · ,N − 1;K = 1, 2, · · · ,K, (6.40)

whereñ1λ is the Gaussian noise sample, which has a zero mean and a variance ofN0/2E
(k)
lr per

dimension, whereE(k)
l = P

(k)
lr Tb denotes the energy per bit received by thekth MT from its lth

relay. Finally,yyy(k)
1 containing theN observations of the second time-slot can be expressed as

yyy
(k)
1 =

L∑

l=1

ccc
(k)
l

√
1

ςkl
h

(k)
rl ccc

T
k p̃ppkbk[n] +

L∑

l=1

ccc
(k)
l

√
1

ςkl
h

(k)
rl

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

cccTk p̃ppk′bk′ [n]

+

L∑

l=1

ccc
(k)
l

√
1

ςkl
h

(k)
rl

[

cccTk ñnn
(k)
l

h
(k)
l

]

+ ñnn1, k = 1, 2, · · · ,K, (6.41)

whereñnn1 represents the length-N Gaussian noise vector, which has a mean of zero and a covariance

matrix ofN0/2E
(k)
lr IIIN .

Alternatively, (6.41) can be expressed in a more compact form as

yyy
(k)
1 = CCCkAAAkhhhkccc

T
k p̃ppkbk[n] +CCCkAAAkhhhk

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

cccTk p̃ppk′bk′ [n] +CCCkAAAkHHHk(IIIL ⊗ cccTk )ñnn(k) + ñnn1

︸ ︷︷ ︸

nnnI

,

(6.42)

where the matrices and vectors are defined as follows:

• CCCk is a(N×L)-dimensional matrix, which can be expressed as

CCCk = [ccc
(k)
1 , ccc

(k)
2 , · · · , ccc(k)

L ], (6.43)

whereccc(k)
l , l = 1, · · · , L, is the spreading sequence used by thelth relay of MTk;
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• AAAk is a(L×L)-dimensional matrix given by

AAAk = diag

{√
1

ςk1
,

√
1

ςk2
, · · · ,

√
1

ςkL

}

, (6.44)

where the normalization coefficientsςkl for l = 1, · · · , L are given in (6.29);

• hhhk is aL-element vector related to the RM-channels of MTk, which can be expressed as

hhhk = [h
(k)
r1 , h

(k)
r2 , · · · , h

(k)
rL ]T ; (6.45)

• HHHk is a(L×L)-dimensional matrix related to both the BR-channels and RM-channels, which

can be expressed as

HHHk = diag

{

h
(k)
r1

h
(k)
1

,
h

(k)
r2

h
(k)
2

, · · · , h
(k)
rL

h
(k)
L

}

; (6.46)

• Finally, ñnn(k) is a Gaussian noise vector of lengthLN , which can be expressed as

ñnn(k) =

[(

ñnn
(k)
1

)T
,
(

ñnn
(k)
2

)T
, · · · ,

(

ñnn
(k)
L

)T
]T

, (6.47)

whereñnn(k)
l , l = 1, · · · , L, is given by (6.25).

6.3 Detection Algorithms

The signals received by thekth MT within the first and second time-slots of thenth bit-duration have

been represented by (6.37) and (6.42), respectively. In this section we consider the detection of the

nth bit bk[n] at MT k.

Since there is no interference between the first and second time-slots, the signals received within

the first and second time-slots can be treated separately before the final-stage of combining for mak-

ing decisions. Furthermore, since transmitter preprocessing is employed at the BS for suppressing

the downlink MUI, the signals transmitted over the D-channels within the first time-slot experience

no MUI when the TZF scheme is employed, or encounter low MUI, when the TMMSE scheme is

employed. By contrast, within the second time-slot, theL number of relays transmit their signals

simultaneously to thekth MT and hence they may interfere with each other. Therefore, the signals

received by MTk via its RM-channels during the second time-slot have to be combined and de-
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contaminated with the aid of MUI suppression. In this treatise two different combining schemes are

considered, which are the MRC-assisted single-user receiver (SUR) and the MSINR-assisted mul-

tiuser combining (MUC) arrangements.

Note that the SUR and MUC schemes to be derived below are suitable for systems using either

the TZF or TMMSE scheme. If only the TZF arrangement is considered, the relevant equations may

be further simplified with the aid of (6.30). Additionally, it is worth noting that although the TMMSE

is capable of mitigating both MUI and background noise simultaneously, it fails to fully remove the

MUI. As our simulation results in Section 6.4 illustrated, the residual MUI of the TMMSE scheme

may cause a performance degradation in the high SNR region, especially when random spreading

sequences are employed.

The signal received by MTk over the D-channel during the first time-slot of thenth bit-duration

is first despread usingcccTk , yielding

ȳ
(k)
0 = cccTk yyy

(k)
0 = h

(k)
0 cccTk p̃ppkbk[n] + h

(k)
0

K∑

k′ 6=k

√
√
√
√
P

(k)
k′r

P
(k)
kr

cccTk p̃ppk′bk′ [n]

︸ ︷︷ ︸

ID

+cccTk ñnn0, (6.48)

whereID denotes the downlink MUI within the first time-slot, which iszero when the TZF scheme of

(6.14) is employed and is usually small when the TMMSE arrangement of (6.18) is employed. Based

on (6.48), it can be shown that, after ignoring the termID representing the MUI, the receiver weight

used for finally combininḡy(k)
0 can be expressed as

w
(k)
0 =

(

N0

E
(k)
0

+ σ2
D

)−1

cccTk p̃ppk

(

h
(k)
0

)∗
, (6.49)

whereσ2
D represents the second-order moment ofID, which is given by

σ2
D = |h(k)

0 |2
K∑

k′=1

P
(k)
k′r

P
(k)
kr

cccTk p̃ppk′p̃ppT
k′ccck. (6.50)

Let us now consider the combining of the signals received by MT k during 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 thenth bit-duration are hosted byyyy(k)
1 given in

(6.42). When the MRC-SUR is considered,yyy
(k)
1 is first despread usingCCCT

k of (6.43), yielding

ȳyy = [ȳ
(k)
1 , ȳ

(k)
2 , · · · , ȳ(k)

L ] = CCCT
k yyy

(k)
1 . (6.51)

Upon substituting (6.42) and (6.43) into (6.51), thelth entry ofȳyy can be expressed as

ȳ
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l = 1, 2, . . . , L, (6.52)

whereIR is given by
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cccTk p̃ppk′bk′ [n].

(6.53)

Note that at the right-hand side of (6.52), the first term is the desired output, the second term is the

noise forwarded by theL relays, the third term is the noise received at MTk and finallyIR is the

MUI forwarded by theL relays to MTk.

For the MRC-SUR,̄y(k)
l of (6.52) is may be modelled by a Gaussian distributed signalwith a

mean given by the first term at the right-hand side of (6.52) and a variance given by

σ2
R =

L∑

l′ 6=l
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Consequently, the weights derived for the MRC-SUR can be expressed as [51]
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)∗
. (6.55)

Finally, when both the first and second time-slots of thenth bit-duration are considered, the
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decision variablezk[n] for bk[n] can be formed as

zk[n] =

L∑

l=0

w
(k)
l ȳ

(k)
l , (6.56)

which is the appropriately weighted superposition of all theL diversity components of thekth 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 the observations of (6.42) as

yyy
(k)
1 = h̄hhkbk[n] +nnnI , (6.57)

where by definition we have

h̄hhk = CCCkAAAkhhhkccc
T
k p̃ppk, (6.58)

nnnI = CCCkAAAkhhhk

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
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cccTk p̃ppk′bk′ [n] +CCCkAAAkHHHk(IIIL ⊗ cccTk )ñnnk + ñnn1. (6.59)

whereh̄hhk may be viewed as the equivalent channel impulse response (CIR) associated with MTk,

whilennnI contains the MUI, inter-relay interference and backgroundnoise.

Letwww be a length-N vector derived for combiningyyy(k)
1 obeying the MSINR principles [1, 246].

According to (6.57), it may be shown thatwww can be expressed as [1,51,246]

www = µRRR−1
I h̄hhk, (6.60)

whereµ denotes a constant andRRRI represents the covariance matrix ofnnnI , which, after some simpli-

fication, can be expressed as
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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 Nakagami-m 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 orm-sequences
Spreading factor N = 15

Number of MTs supported K = 2, 11

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 and second time-slots of thenth bit-

duration are combined, the decision variable derived forbk[n] can be formed as

zk[n] = w
(k)
0 ȳ

(k)
0 +wwwHyyy

(k)
1 , k = 1, 2, . . . ,K, (6.62)

whereȳ(k)
0 andw(k)

0 are given in (6.48) and (6.49).

6.4 Performance Results

In this section we provide a range of simulation results in order to illustrate the attainable BER perfor-

mance of the DS-CDMA downlink in conjunction with relay diversity, when the TZF- or TMMSE-

based transmitter preprocessing schemes of Subsections 6.2.2-6.2.3 are employed at the BS. In our

simulations we assumed that binary phase-shift keying (BPSK) baseband modulation was employed.

We initially stipulated the simplifying assumption that the D-channels, BR-channels as well as the

RM-channels might experience fast fading only modelled by the Nakagami-m distributions associ-

ated with variousm values. We then considered a more realistic channel model experiencing both

fast fading and propagation pathloss, of which the latter accounts for large-scale fading and satisfies

ηth power law. For details of the channel model, readers are referred to Subsection 3.2.3. In our sim-

ulations we assume that the desired MT and its relays form a cooperating 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 Subsection 6.4.1.

two of the clusters are assumed to be sufficiently separated,so that each cluster may be considered

to be free from interference imposed by the other clusters during the second time-slot. Furthermore,

in our simulations bothm-sequences and random sequences having a spreading factor of N = 15

were considered. Additionally, the number of relays assisting each of the MTs was assumed to be

L = 0, 1, 2, 3, 4, whereL = 0 corresponds to non-cooperative direct transmission, where no relays

were utilized. Let us first investigate the performance of the proposed DS-CDMA downlink invok-

ing transmitter preprocessing and relay diversity, when channel is modelled as Nakagami-m fading

without taking into account the effects of large-scale fading. Table 6.1 shows the main features of the

DS-CDMA downlink considered.

6.4.1 Performance of the Relay-Aided DS-CDMA Downlink Using Transmitter Pre-

processing in the Absence of Large-Scale Fading

In this subsection we investigate the proposed relay-aidedDS-CDMA downlink using transmitter

preprocessing, when the channels considered are modelled by Nakagami-m fading in the absence

of large-scale fading. Here, again, we assumed that perfectpower control was employed, hence

that the power received from the the BS transmitter and that from any of the relays were the same.

Furthermore, in order to carry out a fair comparison, the average SNR associated with a transmitted

data bit was fixed toEb/N0, regardless of the value ofL. In our simulations the D-channel and

the BR-channels are assumed to experience Rayleigh fading,while the RM-channels are assumed to

experience Nakagami-m fading associated with a fading parameter ofml2 = 2. Table 6.2 illustrates
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Figure 6.4: BER versus SNR per bit performance of the relay-assisted DS-CDMA downlink supporting
K = 2 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated with the fading parameters ofml2 = 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-assisted DS-CDMA downlink supporting
K = 11 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated with the fading parameters ofml2 = 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-assisted DS-CDMA downlink supporting
K = 2 MTs using the MSINR-SUC of Subsection 6.3.2 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated with the fading parameters ofml2 = 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-assisted DS-CDMA downlink supporting
K = 11 MTs using the MSINR-SUC of Subsection 6.3.2 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated with the fading parameters ofml2 = 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-assisted DS-CDMA downlink supporting
K = 11 MTs usingm-sequences for spreading and the MRC-SUR of Subsection 6.3.1, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated with the fading parameters ofml2 = 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-assisted DS-CDMA downlink supporting
K = 11 MTs using randon sequences for spreading and the MRC-SUR of Subsection 6.3.1, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated with the fading parameters ofml2 = 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 Figures 6.4-6.9 in this subsection.

Figures 6.4 and 6.5 show the BER versus average SNR per bit performance of the relay-assisted

DS-CDMA downlink using the proposed TZF scheme of Subsection 6.2.2, when signals received by

the desired MT during the second time-slot were detected using the MRC-SUR of Subsection 6.3.1.

We assumed that the number of MTs supported by the relay-assisted DS-CDMA downlink wasK = 2

for Figure 6.4 andK = 11 for Figure 6.5. Furthermore, the number of relays assistingeach of the

MTs was assumed to beL = 0, 1, 2, 3, 4, whereL = 0 corresponds to direct transmission, where

no relays were utilized. It can be explicitly observed from the results of Figures 6.4 and 6.5 that

the BER performance improves when the number of relays increases, provided that the average SNR

per bit is sufficiently high. When the average SNR per bit is too low, relay diversity gain might not

be achieved and hence the attainable BER performance may even degrade, as the number of relays

increases. Furthermore, the BER performance of the relay-assisted DS-CDMA downlink usingm-

sequences is better than that of its counterpart using random sequences. The performance loss due to

using random sequences instead of them-sequences becomes explicit, when the relays-assisted DS-

CDMA supportsK = 11 users, as shown in Figure 6.5. In addition, observe from Figures 6.4 and

6.5 that no error-floors exist for eitherm-sequences or random sequences, implying that the proposed

TZF scheme is capable of efficiently suppressing the MUI encountered at the relays as well as at the

desired MT.

Figures 6.6 and 6.7 show the BER versus average SNR per bit performance of the relay-assisted

DS-CDMA downlink using the proposed TZF scheme of Subsection 6.2.2, when the signals received

by the desired MT during the second time-slot were detected using the MSINR-MUC scheme of

Subsection 6.3.2. We assumed that the number of MTs supported by the relay-assisted DS-CDMA

downlink wasK = 2 for Figure 6.6 andK = 11 for Figure 6.7. We can infer several observations

from the results of Figures 6.4 and 6.6. Firstly, the BER performance of the relay-assisted DS-

CDMA downlink using the MSINR-MUC scheme is the same as that of its counterpart using the

MRC-MUC, whenL = 1 relay was utilized to assist the desired MT, regardless of which spreading

sequences were used. This is because there is no interference between the signals received within

the first and the second time-slots. Secondly, the MSINR-MUCand the MRC-SUR were used to

mitigate the interferences between the different relays and thus have equivalent effect on the overall

BER performance when we hadL < 2. Thirdly, when we hadL ≥ 2 andm-sequences were utilized,

the BER performance of the relay-assisted DS-CDMA downlinkusing the MSINR-MUC was only

marginally better than that of its counterpart using the MRC-SUR, which implies that the proposed

TZF scheme is capable of sufficiently mitigating the MUI, resulting 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 η = 3 α = 0.8 δ = 0.4

Figure 6.11 K = 11 MRC-SUR η = 3 α = 0.8 δ = 0.4

Figure 6.12 K = 2 MSINR-MUC η = 3 α = 0.8 δ = 0.4

Figure 6.13 K = 11 MSINR-MUC η = 3 α = 0.8 δ = 0.4

Figure 6.14 K = 2 MSINR-MUC η = 4 α = 0.9 δ = 0.3

Figure 6.15 K = 11 MSINR-MUC η = 4 α = 0.9 δ = 0.3

Table 6.3: System parameters used for generating Figures 6.10-6.15 inSubsection 6.4.2.

signals received from the different relays. Fourthly, whenwe hadL ≥ 2 and random sequences were

utilized, the BER performance of the relay-assisted DS-CDMA downlink using the MSINR-MUC

was significantly better than that of its counterpart using the MRC-SUR, indicating that the MSINR-

MUC is capable of mitigating the interferences between the signals received from different relays.

Finally, it can be observed that the BER performance of the relay-assisted DS-CDMA downlink

usingm-sequences is explicitly better than that of its counterpart using random sequences.

Figures 6.8 and 6.9 show the BER versus average SNR per bit performance 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 desiredMT during the second time-slot were

detected using the MRC-SUR. In our simulationsm-sequences were employed in Figure 6.8, while

random sequences were used in Figure 6.9. We can observe fromthe results of Figures 6.8 and 6.9

that whenm-sequences were employed, the BER performance gain of the relay-assisted DS-CDMA

downlink using the proposed TMMSE scheme over its TZF counterpart was indistinguishable in the

SNR region considered. By contrast, when random sequences were employed, the relay-assisted DS-

CDMA downlink using the TMMSE arrangement was capable of achieving a better BER performance

than its counterpart using the TZF scheme, especially in thelow SNR region.

6.4.2 Performance of the Relay-Aided DS-CDMA Downlink Using Transmitter Pre-

processing in the Presence of Large-Scale Fading

In this subsection we investigate the achievable BER performance of the relay-assisted DS-CDMA

downlink using transmitter preprocessing, when the channels considered are modelled by Nakagami-

m fading in the presence of large-scale fading, i.e. propagation pathloss. When the propagation

pathloss is considered, power-sharing between the first andsecond 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 η = 3

Power-sharing factor α = 0.8

Normalized relay location η = 0.4

Transmitter preprocessing TZF and TMMSE
Detection schemes at MTs MRC-SUR MRC-SUR MSINR-MUC MSINR-MUC
Spreading sequences m-sequences Random sequences m-sequences Random sequences

Table 6.4: System parameters used for generating Figures 6.18-6.21 inSubsection 6.4.2.
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Figure 6.10: BER versus SNR per bit performance of the relay-assisted DS-CDMA downlink supporting
K = 2 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 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-assisted DS-CDMA downlink supporting
K = 11 MTs using the MRC-SUR of Subsection 6.3.1 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 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 downlink is energy-efficient and the

best possible performance can be achieved [49, 51]. In this subsection, in order to carry out a fair

comparison, we assume again that the total transmission power consumed per symbol is the same

for both the relay-assisted DS-CDMA downlink using different number of relays and for the DS-

CDMA downlink using no relays. Specifically, we assume thatP0 = Pkt + LP k
lt is the total power

transmitted in the DS-CDMA downlink without using relays. Then when the DS-CDMA downlink

employs relays,Pkt = αP0 is allocated to the first time-slot for the BS to transmit its signals to the

desired MT and to itsL relays. The rest of(1 − α)P0 is allocated to the second time-slot for theL

relays to forward their information received within the first time-slot to the desired MT. We assume

that the distance between the BS and the cooperating clusterwas(1 − δ), while that between theL

relays and the desired MT wasδ, where we have0 ≤ δ ≤ 1. In our simulations, the D-channels and

BR-channels were assumed to experience Rayleigh fading, while the RM-channels were assumed to

experience more benevolent Nakagami-m fading associated with the fading parameter ofml2 = 2. In

addition to the fast fading, we also considered various pathloss exponents. All system parameters used

for generating Figures 6.10-6.15 as well as those for generating Figures 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 per bit performance of the relay-
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Figure 6.12: BER versus SNR per bit performance of the relay-assisted DS-CDMA downlink supporting
K = 2 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 3. All system parameters are summarized in Tables 6.1 and 6.3.

assisted DS-CDMA downlink assisted by the MRC-SUR detectorat the desired MT and by the TZF

scheme at the BS, when the DS-CDMA downlink supportedK = 2 andK = 11 MTs, respectively.

In our simulations, the pathloss exponent was assumed to beη = 3 and the remaining parameters

wereα = 0.8 andδ = 0.4. It can be seen from the results of Figures 6.10 and 6.11 that the BER

performance may be significantly improved in the presense oflarge-scale fading, when compared to

the performacne results obtained in Subsection 6.4.1. Here, again, using more relays is generally

capable of achieving an improved BER performance, except inthe very low SNR region, where

no diversity gain can be guaranteed. However, in these investigations the BER performance never

degraded in the SNR region considered, as the number of relays was increased. Furthermore, the

BER performance of the relay-assisted DS-CDMA downlink using m-sequences was found to be

better than that of its counterpart using random sequences.The performance improvement attained

upon usingm-sequences instead of random sequences becomes more explicit, when 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 SNR per bit performance of the DS-

CDMA downlink assisted by the MSINR-MUC detector at the desired MT and by the TZF scheme

at the BS, when the DS-CDMA downlink supportedK = 2 andK = 11 MTs, respectively. The

simulation parameters were the same as those in Figures 6.10and 6.11, i.e.α = 0.8, δ = 0.4 and
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Figure 6.13: BER versus SNR per bit performance of the relay-assisted DS-CDMA downlink supportingK =
11 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 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-assisted DS-CDMA downlink supporting
K = 2 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.9, δ = 0.3 andη = 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-assisted DS-CDMA downlink supportingK =
11 MTs using the MSINR-MUC of Subsection 6.3.2 and the TZF of Subsection 6.2.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.9, δ = 0.3 andη = 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 factorρ performance of the relay-assisted DS-CDMA down-
link supportingK = 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 experience Rayleigh fading, while the
RM-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. In our
simulationsm-sequences and random sequences of length 15 were employed and other parame-
ters wereα = 0.8, δ = 0.4, η = 3 and SNR=4 dB.



208 CHAPTER 6. RELAY-AIDED DS-CDMA DOWNLINK USING TRANSMIT TER PREPROCESSING

0 1 2 3 4 5
Noise-suppression factor,

10
-5

10
-4

10
-3

10
-2

10
-1

1

B
it

E
rr

or
R

at
e

TMMSE: SNR=8 dB

random sequences

-sequences

=1
=2
=3

Figure 6.17: BER versus the noise-suppression factorρ performance of the relay-assisted DS-CDMA down-
link supportingK = 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 experience Rayleigh fading, while the
RM-channels experience Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3. In our
simulationsm-sequences and random sequences of length 15 were employed and other parame-
ters wereα = 0.8, δ = 0.4, η = 3 and SNR=8 dB.
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Figure 6.18: BER versus SNR per bit performance of the relay-assisted DS-CDMA downlink supporting
K = 11 MTs usingm-sequences for spreading and the MRC-SUR of Subsection 6.3.1, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 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-assisted DS-CDMA downlink supportingK =
11 MTs using random sequences for spreading and the MRC-SUR of Subsection 6.3.1, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 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-assisted DS-CDMA downlink supporting
K = 11 MTs usingm-sequences for spreading and the MSINR-MUC of Subsection 6.3.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 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-assisted DS-CDMA downlink supportingK =
11 MTs using random sequences for spreading and the MSINR-MUC of Subsection 6.3.2, when
the D-channel and BR-channels experience Rayleigh fading,while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. In our simulations we assumed
α = 0.8, δ = 0.4 andη = 3. All system parameters are summarized in Tables 6.1 and 6.4.

η = 3. It is observed from the results of Figures 6.12 and 6.13 thatthe BER performance can be

significantly improved in comparison to those in Figures 6.6and 6.7, which were recorded without

the effects of large-scale fading. Furthermore, using morerelays was capable of achieving a similar

(in the very low SNR region) or improved (low, medium and highSNR regions) BER performance.

In addition, we can make similar observations in the contextof Figures 6.6 and 6.7, which are listed

below:

• regardless of the type of spreading sequences applied, using the MRC-SUR or MSINR-MUC

for detection at the desired user would achieve a similar BERperformance, whenL = 1 relay

was used for assisting the transmissions, due to the TD applied;

• whenm-sequences were employed in the DS-CDMA downlink, using theMSINR-MUC for

detection at the desired user would achieve a similar BER performance to its counterpart using

the MRC-SUR scheme forL ≥ 2;

• when random sequences were utilized in the DS-CDMA downlink, using the MSINR-MUC

scheme for detection at the desired user would achieve a significantly better BER performance

than its counterpart using the MRC-SUR arrangement forL ≥ 2;
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• the BER performance of the DS-CDMA downlink usingm-sequences is better than that of its

counterpart employing random sequences.

Figures 6.14 and 6.15 show the BER versus average SNR per bit performance of the DS-CDMA

downlink employing the MSINR-MUC of Subsection 6.3.2 at thedesired MT and the TZF scheme

at the BS, when the DS-CDMA downlink supportedK = 2 andK = 11 MTs, respectively. The

simulation parameters used in Figures 6.14 and 6.15 wereα = 0.9, δ = 0.3 andη = 4, rather than

the values ofα = 0.8, δ = 0.4 andη = 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 6.12and 6.13 that the BER performance of

the DS-CDMA downlink using the parameters ofα = 0.9, δ = 0.3 andη = 4 is better than that of its

counterpart using the parameters ofα = 0.8, δ = 0.4 andη = 3. Note that the BER performance of

the relay-assisted DS-CDMA downlink is dependent not only on the propagation pathloss, but also on

the specific power-sharing regime employed and on the relays’ location. As demonstrated previously,

when the propagation pathloss isη = 4, the corresponding efficient(α, δ) parameters are(0.9, 0.3).

By contrast, when the propagation pathloss isη = 3, the corresponding efficient(α, δ) parameters

are(0.8, 0.4). In order to achieve the best possible BER performance, the system parameters should

be adjusted based on the practical large-scale fading environment encountered.

In Figures 6.16 and 6.17, we investigate the effect of the noise-suppression factors,ρ, on the

achievable BER performance of the relay-assisted DS-CDMA downlink supportingK = 11 MTs

using the TMMSE scheme at the BS. Note that for the sake of simplicity in our simulations we applied

ρ = ρk, k = 1, · · · ,K. Furthermore, in our simulations bothm-sequences and random sequences of

lengthN = 15 were employed. The other simulation parameters wereα = 0.8, δ = 0.4 andη = 3.

The SNR values considered in Figures 6.16 and 6.17 were 4 dB and 8 dB, respectively. As shown in

Subsection 6.2.3, whenρ = 0, the TMMSE arrangement exploits no knowledge about the background

noise and therefore it becomes identical to the TZF scheme. From the results of Figures 6.16 and 6.17,

we can infer the following observations. Firstly, there exists an optimumρ value, which results in the

lowest BER. Secondly, the BER performance was rather insensitive to the noise-suppression factor,ρ,

whenm-sequences were used for spreading. By contrast, the BER performance was more sensitive

to theρ values, when random sequences were employed. Finally, achieving an increased diversity

gain can be guaranteed form-sequences, when the value ofρ increases. By contrast, a diversity loss

was experienced for random sequences and the BER curves of random sequences converged, when

the value ofρ was increased.

In Figures 6.18 and 6.19, we characterize the BER versus average SNR per bit performance of

the DS-CDMA downlink employing the MRC-SUR of Subsection 6.3.1 at the desired MT and the
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TZF or TMMSE scheme at the BS, when the DS-CDMA downlink supportedK = 11 MTs. In

our simulations,m-sequences and random sequences were employed in Figure 6.18 and Figure 6.19,

respectively. The remaining simulation parameters wereα = 0.8, δ = 0.4 andη = 3. It can be seen

from the results of Figures 6.18 and 6.19 that the BER performance of the relay-assisted DS-CDMA

downlink using both the TZF and the TMMSE arrangements was similar, whenm-sequences were

employed, due to the system’s robustness to the specific choice of the noise-suppression factorρ. By

contrast, when random sequences were employed, the BER performance using the TMMSE scheme

is better than that of its counterpart using the TZF arrangement in the low and medium SNR regions.

In Figures 6.20 and 6.21 we present the BER versus average SNRper bit performance of the

relay-assisted DS-CDMA downlink using the MSINR-MUC of Subsection 6.3.2 at the desired MT

and the TZF or TMMSE scheme at the BS, when the DS-CDMA downlink supportedK = 11

MTs. The remaining simulation parameters of Figures 6.20 and 6.21 are the same as those employed

in Figures 6.18 and 6.19. It can be observed from the results of Figures 6.20 and 6.21 that the

BER performance of the relay-assisted DS-CDMA downlink using both the TZF and the TMMSE

schemes is similar, whenm-sequences were used for spreading, which is also similar tothat seen in

Figure 6.18. By contrast, when random sequences were employed, the BER performance using the

TMMSE scheme was better than that of its counterpart using the TZF arrangement, especially in the

low and medium SNR regions forL ≤ 3. However, when the number of relays was increased to

L = 4, the BER performance using the TMMSE arrangement was worse than that using the TZF

scheme.

6.5 Conclusions

Transmitter preprocessing provides an attractive design alternative to the classic receiver-based MUD

techniques, rendering the MT simple and power-efficient. Various transmitter preprocessing schemes

have been proposed based on the the essential assumption that full or partial knowledge of the CSI is

available at the BS transmitter, which may be valid in TDD systems or even in FDD system, provided

that the necessary CSI feedback from the MT to the BS can be made available. However, the similarity

of the downlink and uplink channels may not be automaticallysatisfied within TDD systems. In this

case the feeding channel estimate from the MT to the BS is still necessary. In FDD systems, the

assumption that this CSI feedback is available at the BS implies that the channel estimate of the

downlink has to be obtained at the MT, which can be employed directly at the MT for its detection.

The CSI feedback delay experienced at the BS may be avoided with the 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 20.2 dB 16.8 dB 15.6 dB 15.0 dB Figure 6.4
Random sequences 20.5 dB 18.2 dB 17.5 dB 17.3 dB Figure 6.4

TZF (K = 11) SNR
MRC-SUR L = 1 L = 2 L = 3 L = 4

m-sequences 20.6 dB 17.2 dB 15.9 dB 15.3 dB Figure 6.5
Random sequences 26.9 dB 24.5 dB 23.9 dB 23.7 dB Figure 6.5

TZF (K = 2) SNR
MSINR-MUC L = 1 L = 2 L = 3 L = 4

m-sequences 20.1 dB 16.7 dB 15.5 dB 14.9 dB Figure 6.6
Random sequences 20.5 dB 17.1 dB 15.9 dB 15.5 dB Figure 6.6

TZF (K = 11) SNR
MSINR-MUC L = 1 L = 2 L = 3 L = 4

m-sequences 20.5 dB 17.1 dB 15.8 dB 15.2 dB Figure 6.7
Random sequences 26.8 dB 23.2 dB 21.8 dB 21.2 dB Figure 6.7

TMMSE (K = 11) SNR
MRC-SUR L = 1 L = 2 L = 3 L = 4

m-sequences 20.6 dB 17.2 dB 15.9 dB 15.3 dB Figure 6.8
Random sequences 25.7 dB 23.2 dB 23.2 dB 23.7 dB Figure 6.9

Table 6.5: SNR values required at BER=10−4 in the relay-assisted DS-CDMA downlink using transmitter pre-
processing for transmission over Nakagami-m fading channels in the absence of large-scale fading
in the context of the TZF scheme and the TMMSE arrangement based on two detection schemes,
namely the MRC-SUR of Subsection 6.3.1 and the MSINR-MUC of Subsection 6.3.2. The val-
ues were extracted from Figures 4.8-4.11, while the corresponding 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 relay-assisted DS-CDMA downlink scheme,

where the downlink MUI is efficiently suppressed by the TZF scheme of Subsection 6.2.2 or the

TMMSE arrangement of Subsection 6.2.3 carried out at the BS.The proposed transmitter prepro-

cessing schemes require the knowledge of the spreading codes of the MTs to mitigate the downlink

MUI, but they require no CSI feedback from the relays or the desired MTs. In this chapter we have

investigated the BER performance of the relay-assisted DS-CDMA downlink for transmission over

generalized Nakagami-m fading channels both in the absence and presence of pathloss, when the

TZF or the TMMSE scheme was employed at the BS. At the desired MT, we have assumed that
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TZF SNR
MRC-SUR L = 1 L = 2 L = 3 L = 4

m-sequences 15.0 dB 9.6 dB 7.8 dB 6.8 dB Figure 6.11
Random sequences21.2 dB 16.5 dB 14.5 dB 13.4 dB Figure 6.11

TZF SNR
MSINR-MUC L = 1 L = 2 L = 3 L = 4

m-sequences 15.0 dB 9.5 dB 7.7 dB 6.7 dB Figure 6.13
Random sequences21.2 dB 15.0 dB 12.3 dB 11.1 dB Figure 6.13

TMMSE SNR
MRC-SUR L = 1 L = 2 L = 3 L = 4

m-sequences 15.0 dB 9.6 dB 7.8 dB 6.8 dB Figure 6.18
Random sequences20.7 dB 15.2 dB 13.4 dB 12.5 dB Figure 6.19

TMMSE SNR
MSINR-MUC L = 1 L = 2 L = 3 L = 4

m-sequences 15.0 dB 9.5 dB 7.7 dB 6.7 dB Figure 6.20
Random sequences20.7 dB 13.8 dB 11.9 dB 11.4 dB Figure 6.21

Table 6.6: SNR values required at BER=10−4 in the relay-assisted DS-CDMA downlink supportingK = 11
MTs using transmitter preprocessing for transmission overNakagami-m fading channels in the pres-
ence of large-scale fading in the context of the TZF scheme ofSubsection 6.2.2 and the TMMSE
arrangement of Subsection 6.2.3 based on two detection schemes, namely the MRC-SUR of Subsec-
tion 6.3.1 and the MSINR-MUC of Subsection 6.3.2. The valueswere extracted from Figures 6.11,
6.13 and 6.18-6.21. The corresponding simulation parameters wereα = 0.8, δ = 0.4 andη = 3, as
summarized in Tables 6.1 and 6.3-6.4.

the signals received from the D-channel and the RM-channelswere 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 downlink considered were shown in Table 6.1.

In our simulations, bothm-sequences and random sequences have been employed for spreading in

order to compare the interference-mitigation capability of the proposed transmitter preprocessing

schemes. We have first made the simplifying assumption that the communications channels consid-

ered experience fast fading in the absence of propagation pathloss. The simulation results under this

assumption were plotted in Figures 6.4-6.9, while the corresponding system parameters were sum-

marized in Table 6.2. Then, we have applied the more realistic assumption that the communications

channels experience both fast fading and propagation pathloss. The achievable BER performance

comparisons of using random sequences andm-sequences for DS spreading have been recorded in

Figures 6.10-6.15, while the associated system parameterswere summarized in Table 6.2. By contrast,
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the attainable BER performance of the TZF and the TMMSE schemes were shown in Figures 6.18-

6.21, and the corresponding system parameters were listed in Table 6.3. In Figures 6.16-6.17 the

effect of the noise-suppression factorρ on the achievable BER performance of the relay-assisted

DS-CDMA downlink considered were investigated, when different number of relays were employed.

Tables 6.5-6.6 present the SNR valued required for achieving a target BER of10−4 in the context of

the TZF scheme and the TMMSE arrangement of our proposed cooperative system downlink in the

absence and presence of large-scale fading, respectively.From our study provided in this chapter, the

following conclusions can be drawn:

• When random sequences were employed for DS spreading, the TMMSE scheme was gener-

ally capable of achieving a better BER performance than the TZF arrangement in the low and

medium SNR regions, as shown in Figure 6.9 as well as in Figures 6.19 and 6.21. By contrast,

whenm-sequences were utilized for DS spreading, the two schemes achieved similar BER per-

formances over the entire SNR region considered, as demonstrated in Figure 6.8 as well as in

Figures 6.18 and 6.20.

• The BER performance was fairly insensitive to the specific choice of the noise-suppression

factor ρ, whenm-sequences were used, but it was more sensitive, when randomsequences

were applied. This can be observed with the aid of Figures 6.16-6.17.

• When power-sharing was applied associated with taking intoaccount the locations of the relays,

the BER performance of the relay-assisted DS-CDMA downlinkconsidered was significantly

improved, as shown Figures 6.10-6.15 as well as in Figures 6.18-6.21.

• Our relay-assisted transmitter preprocessing schemes proposed in this chapter are capable of

substantially mitigating the downlink MUI, thus achievingbeneficial relay diversity.

In our study provided in this chapter, we have assumed that a cooperative cluster was interference

free from other clusters. The results of our study can be directly applied to the scenarios where the

inter-cluster interference may be approximated by Gaussian noise. The study of this chapter can also

be readily generalized to the scenarios considering the non-Gaussian inter-cluster interference, which

constitutes our future work.



Chapter 7
Conclusions and Future Work

In this final concluding chapter, a summary of the thesis is first presented in Section 7.1. Then, our

recommendations for future research are provided in Section 7.2.

7.1 Summary and Conclusions

In this thesis we have proposed and investigated relay-assisted DS-CDMA systems, where each MT

may be assisted by several other MTs acting as relays for its uplink or downlink transmission. In

our investigation we have assumed that the communications channels experience both propagation

pathloss and Nakagami-m fast fading. When propagation pathloss is considered, efficient tranmission

power sharing between the source transmitters and the relays is utilized in order to achieve the best

attainable BER performance.

We have commenced in Chapter 2 with a detailed review of related work on cooperative diver-

sity. We have focused our attention on the pioneering work onrepetition-based cooperation schemes,

which may be combined with both the AF and DF methods. The family of coded cooperation schemes

combined with channel coding has also been discussed. To be more specific, in Chapter 2 a survey of

the repetition-based cooperation schemes has been carriedout, which includes the user cooperation

schemes proposed by Sendonariset al. in [2], the TDMA-based cooperative protocols advocated by

Nabaret al. in [64], the multi-relay-assisted diversity scheme suggested by Anghelet al. in [37],

the orthogonal cooperative diversity scheme of Mahinthanet al. [56, 74] and the low-complexity

cooperative protocols pioneered by Lanemanet al. in [15, 19]. Following the repetition-based co-

operation schemes, a brief introduction to the coded cooperation schemes proposed by Hunteret al.
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in [70] has also been provided. Finally, in Chapter 2 simulation results have been provided in order to

investigate the achievable BER performance of the cooperation schemes considered. It was shown in

Section 2.3 that both the AF- and DF-based cooperation schemes are capable of achieving relay diver-

sity gain. However, the BER performance of the repetition-based cooperation schemes may degrade,

if the channel quality between the cooperating partner is too poor. By contrast, coded cooperation

schemes are capable of achieving improved BER performance due to the integration of error-control

coding.

In Chapter 3 we have proposed and investigated a relay-assisted DS-CDMA uplink scheme in the

context of a single-user scenario, where an MT communicateswith its serving BS with the assistance

of multiple relays. In our investigations we have first assumed that the communications channels

experience fast fading and that the channels spanning from the source MT to both the BS and the

relays as well as those linking the relays to the BS may experience different Nakagami-m distri-

butions associated with different fading parameters. In order to demonstrate the dependence of the

achievable BER performance on the specific locations of the relays and on the power-sharing among

the source MT and relays, we have considered realistic communications channels experiencing both

propagation pathloss and fast fading. In Section 3.3 we haveconsidered both single-user combin-

ing (SUC) employing maximal ratio combining (MRC) and multiuser combining (MUC) in order to

recover the received signals at the BS. Our results were derived based on either the maximum signal-

to-interference-plus-noise ratio (MSINR) or the minimum mean-square error (MMSE) criterion. In

Figures 3.7-3.28 of Section 3.4, a range of simulation results have been provided to characterize the

BER performance of the relay-assisted DS-CDMA uplink invoking cooperation. Table 3.1 has shown

the main features of the DS-CDMA uplink considered. The system parameters used for generating the

simulation results of Section 3.4 have been summarized in Tables 3.1-3.3 as well as in Tables 3.7 and

3.11. It can be concluded from the results of Figures 3.7-3.11 that when the communications chan-

nels experience Nakagami-m fading, relay diversity can be achieved after the interference among the

relays is efficiently mitigated with the aid of the techniques proposed in Section 3.3. However, if

the average SNR per bit is too low, no diversity gain can be guaranteed and the BER performance

recorded when using an increased number of relays may even degrade, as indicated in Figures 3.7-

3.11. By contrast, if the communications channels are assumed to experience realistic propagation

pathloss in addition to the previously stipulated Nakagami-m fast fading, the achievable diversity

gain can be significantly improved, provided that efficient power-sharing is utilized, as portrayed in

the results of Figure 3.16 as well as in the context of Figures3.21-3.28. Furthermore, our simulation

results seen both in Figure 3.16 and in Figures 3.21-3.28 have shown that using more relays is capable
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of achieving an improved BER performance, when efficient power-sharing is employed.

In Chapter 4 we have extended the single-user multiple-relay aided scenario studied in Chapter 3

to a multi-user multiple-relay scenario. In this chapter two different cooperation strategies have been

proposed based on how the relays are assigned to the source MTs. Specifically, according to the first

cooperation strategy, namely Cooperation Strategy I of Section 4.3, we have assumed that each source

MT is assisted byL separate relays. Therefore the DS-CDMA system employing this cooperation

strategy requires a total ofKL relays in order to supportK source MTs. Since this cooperation

strategy may require more relays than the total number of relays available, Cooperation Strategy II of

Section 4.4 has been proposed. In this cooperation strategy, all theK source MTs share a set ofL re-

lays. Hence, Cooperation Strategy II is capable of circumventing the problem of having an insufficient

number of relays, as encountered by Cooperation Strategy I.In our investigation of Subsection 4.3.1

the MMSE detector has been proposed for employment at each relay in the context of Cooperation

Strategy I. For Cooperation Strategy II the signals received by the relays are directly forwarded to the

BS without data demodulation, as demonstrated in Subsection 4.4.1. Therefore, Cooperation Strategy

I exhibits a significantly more complex system structure than Cooperation Strategy II, since each of

theKL relays of Cooperation Strategy I carries out MMSE detection, while the relays of Cooperation

Strategy II are operated in the low-complexity AF mode, where no despreading and data detection is

employed. Furthermore, it can be shown that Cooperation Strategy II does not violate the privacy of

the source MTs, since no information extraction is requiredat the relays. Figures 4.22-4.24 demon-

strate that when the MUI is not mitigated, the relay diversity gain may be entirely eroded by the MUI.

By contrast, a useful diversity gain can be achieved, provided that the MUI is efficiently suppressed.

From Chapter 5 onwards, we have focused our attention on the relay-assisted DS-CDMA down-

link. According to the principle of transmit diversity, fordownlink transmissions, multiple transmit

antennas may be employed at the BS in order to boost the achievable downlink performance. How-

ever, while employing multiple antennas that are sufficiently separated across space at the BS results

in achieving a useful transmit diversity gain, it is unable to counteract the effects of propagation

pathloss. By contrast, as discussed in the previous chapters, when intermediate relays are chosen

between the BS and the MTs, the longer propagation paths may be divided into several shorter prop-

agation segments. Furthermore, when a relay is chosen in thevicinity of a desired MT, the distance

between the desired MT and the relay can be significantly shorter than that between the desired MT

and the BS. Consequently, the transmission power to be allocated for such a relay can be low com-

pared to that for the BS. Therefore, in this cooperative regime the total transmission power of the

DS-CDMA downlink may be significantly reduced or its BER performance may be substantially im-
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proved by appropriately sharing the total power within the two time-slots. Therefore in Chapter 5, we

have investigated the attainable BER performance of the relay-assisted DS-CDMA downlink, where

each MT is aided by several other MTs in order to achieve relaydiversity. In the relay-assisted DS-

CDMA downlink, we have assumed that the BS employs a single transmit antenna. Furthermore,

the MMSE MUD has been applied at each relay in order to mitigate the multiple-access interfer-

ence (MAI). Finally, at the destination MTs, two different types of detection algorithms have been

considered, which were derived based on the MRC or the MSINR principle. Our study and simula-

tion results provided in Chapter 5 show that relay diversitymay only be achievable in the DS-CDMA

downlink, when the downlink MUI experienced at both the MTs and relays are efficiently suppressed.

In Chapter 6 we have proposed and investigated a relay-assisted DS-CDMA downlink system,

which uses transmitter preprocessing for the sake of achieving relay diversity. In the proposed relay-

assisted DS-CDMA system the downlink MUI imposed on the relays and on the destination MTs

is suppressed with the aid of the ZF or MMSE transmitter preprocessing scheme carried out at the

BS. The proposed transmitter preprocessing schemes only require the knowledge of the spreading

codes uniquely assigned to the destination MTs, but requireno information from the relays. Fur-

thermore, the transmitter preprocessing schemes require no knowledge of the channels between the

BS transmitter and the destination MTs. Therefore, our proposed transmitter preprocessing schemes

have the lowest possible complexity. In this chapter, we have investigated the BER performance of

the relay-aided DS-CDMA downlink for transmission over generalized Nakagami-m fading channels

both in the presence and in the absence of propagation pathloss. From our analysis and simulation

results we may conclude that, when the TZF scheme of Subsection 6.2.2 is employed, the relays

are free from MUI. By contrast, when the TMMSE scheme of Subsection 6.2.3 is employed, the

relays suffer from residual interference, which may degrade the achievable BER performace in the

high SNR region. However, the TZF scheme enhances the background noise, while the TMMSE

arrangement is capable of suppressing the effects of both the background noise as well as those of

the MUI. Hence the TMMSE scheme may significantly outperformthe TZF arrangement in the low

SNR region. Furthermore, our study demonstrated that relaydiversity could be achieved, following

the efficient suppression of the MUI using either the TZF or the TMMSE scheme.

7.2 Recommendations for Future Research

In this section we provide suggestions for potential futureresearch.

• In this thesis, we have mainly focused our attention on the family of repetition-based coopera-
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tion schemes, which include the AF and DF modes. Our researchmay be extended by invoking

various more efficient cooperation schemes. For example, the selective relaying scheme pro-

posed in [19] may be employed to allow the relays to adopt their transmission regime based on

the estimated quality of the transmission over the channelsbetween the source transmitter and

the relays. Furthermore, as indicated by the simulation results of Figures 2.21-2.22 in Chap-

ter 2, the DF mode may outperform the AF mode in terms of the achievable BER performance,

when the quality of the channel between the source transmitter and the relay is reasonable.

However, the BER performance of the DF mode may be significantly degraded, if channel be-

tween the source transmitter and the relay is poor. Recently, soft relaying schemes [247–253]

have been proposed as novel relay strategies in order to improve the attainable BER perfor-

mance of the cooperative system by regenerating signal replicas without loss of soft informa-

tion. Therefore, DS-CDMA systems using soft relaying schemes may become a research area

of interest in order to improve the achievable BER performance beneficially from both the AF

and DF modes.

• In the relay-assisted DS-CDMA downlink employing transmitter preprocessing, which has

been studied in Chapter 6, we have assumed that there is no interference between the clusters

of cooperation. Our study in this context can be generalizedby considering the more realistic

scenario of having inter-cluster interference.

• In this thesis, for simplicity, we have assumed that the communications channels experience

flat fading. It is well known that DS-CDMA signals may be subject to frequency-selective

fading due to using a wide transmission bandwidth [148, 254]. Therefore, our work can be

extended to communications scenarios where the DS-CDMA signals experience frequency-

selective fading. Alternatively, our schemes proposed maybe directly applied to more realistic

frequency-selective fading channels, when the generalized multicarrier direct sequence code-

division multiple-access (MC DS-CDMA) schemes [148,149,254–256] are introduced in order

to convert the frequency-selective fading channels into a range of parallel multicarrier sub-

channels experiencing flat fading.

• For simplicity, in this thesis we have assumed that all the relays, which are chosen from the

MTs in the vicinity of a destination receiver, obey the same geographical characteristics. We

have also assumed that the channels between the source transmitter and the relays as well as

those between the relays and the destination receiver are independent. Furthermore, we have

assumed that there is no cooperation among the relays. However, it may be interesting to
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investigate the overall achievable performance of a cooperative system by considering different

relay topologies as well as by allowing the coordination of relays. It would also be interesting

to extend our study to a hybrid cellular/ad-hoc DS-CDMA system [257–261].

• Other interesting future research areas related to the workpresented in this thesis may include

the application of error-control coding [262,263], space-time processing [264,265], distributed

space-time spreading [266–269], etc, in cooperative DS-CDMA systems.



Glossary

2G second-generation

3G third-generation

AF amplify-and-forward

AGC automatic gain control

ARQ automatic-repeat-request

AWGN(s) additive white Gaussian noise(s)

BER bit error ratio

BPSK binary phase-shift keying

BR-channel a channel connecting the base station with a relay

BS(s) base station(s)

CC coded cooperation

CCF cross-correlation function

CDMA code-division multiple-access

CIR channel impulse response
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CRC cyclic redundancy check

CSI channel state information

dSNR differential signal-to-noise ratio

D-channel a channel directly connecting the base station with a mobileterminal

DF decode-and-forward

DS-CDMA direct sequence code-division multiple-access

FDD frequency-division duplex

FDMA frequency-division multiple access

FEC forward error-correcting

GPRS General Packet Radio Service

GSM Global System for Mobile Communications

iSNR interuser signal-to-noise ratio

ICI inter-channel interference

ISI inter-symbol interference

IUI inter-user interference

IURI inter-user relay-induced interference

LCMV linear constrained minimum variance

LOS line-of-sight

MA multiple-access
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MAI multiple-access interference

MC DS-CDMA multicarrier direct sequence code-division multiple-access

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 quadrature 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

SUC 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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Bö [41] . . . . . . . . . . . . . . 3, 8, 14, 18–20, 22, 24

Baier [145] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Baier [185] . . . . . . . . . . . . . . . . . . . 176, 184, 185

Banta [85] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Bao [248] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Bar-Ness [12] . . . . . . . . . . . . . . . . . . . . . . 67, 123

Barbarossa [102] . . . . . . . . . . . . . . . . . 51, 52, 95

Barbosa [120] . . . . . . . . . . . . . . . . . . . . . . . 52, 67

Barreto [216] . . . . . . . . . . . . . . . . . 176, 177, 183

Batalama [115] . . . . . . . . . . . . . . . . . . . . . . . . . 52

Baynast [77] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Belfiore [65] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Berger [109] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Betz [190] . . . . . . . . . . . . . . . . . . . . . . . . . . . . .176

Bhargava [68] . . . . . . . . . . . . . . . . . . . . . . . . . . . .9

Bi [136] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Bletsas [28] . . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

255



256 AUTHOR INDEX

Bloch [81] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

Blum [62] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Bo [252] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Borade [66] . . . . . . . . . . . . . . . . . . . . . . . . . . 9, 11

Boyer [108] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Boyer [38] . . . . . . . . . . . . . . . . . . . . 3, 8, 52, 151

Bui [250] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

C

Cai [23] . . . . . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Cai [71] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Calderbank [100] . . . . . . . . . . . . . . . . . . . . . . . 51

Calderbank [99] . . . . . . . . . . . . . . . . . . . . 51, 150

Canpolat [25] . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Cao [26] . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95, 151

Cao [205] . . . . . . . . . . . . . . . . . . . . . . . . .176, 177

Cao [206] . . . . . . . . . . . . . . . . . . . . . . . . .176, 177

Cardei [167] . . . . . . . . . . . . . . . . . . . . . . . . 96, 97

Catovic [164] . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Chai [205] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Chai [206] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Charash [131] . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Chen [21] . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

Chen [20] . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

Chen [230] . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Chen [46] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Cheng [202] . . . . . . . . . . . . . . . . . . . . . . 176, 177

Cheng [46] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Chin [175] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

Choi [245] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Choi [224] . . . . . . . . . . . . . . . . . . . 176, 177, 183

Choi [225] . . . . . . . . . . . . . . . . . . . 176, 177, 183

Choi [211] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Choi [212] . . . . . . . . . . . . . . . . . . . 176, 177, 183

Choi [213] . . . . . . . . . . . . . . . . . . . 176, 177, 179

Choi [214] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Choi [215] . . . . . . . . . . . . . . . . . . . 176, 177, 183

Choi [217] . . . . . . . . . . . . . . . 176, 177, 183, 185

Choi [218] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Chu [262] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Cifuentes [10] . . . . . . . . . . . . . . . . . . . . . . 67, 185

Collins [45] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3

Compton [13] . . . . . . . . . . . . . . . . . 67, 123, 165

Costello [88] . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Costello [263] . . . . . . . . . . . . . . . . . . . . . . . . . 221

Cover [34] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

Cui [97] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

D

Dai [167] . . . . . . . . . . . . . . . . . . . . . . . . . . . 96, 97

Darmawan [251] . . . . . . . . . . . . . . . . . . . . . . . 220

Davidson [226] . . . . . . . . . . . . . . . . . . . . . . . . 176

Dawy [129] . . . . . . . . . . . . . . . . . . . . . . . . . 52, 97

Del-Re [234] . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Deng [127] . . . . . . . . . . . . . . . . . . . . . . 52, 59, 97

Deng [117] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Diggavi [63] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Ding [226] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Dong [201] . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Doostnejad [177] . . . . . . . . . . . . . . . . . . . . . . 150

Duel-Hallen [182]. . . . . . . . . . . . . . . . . . . . . .176

Duel-Hallen [184]. . . . . . . . . . . . . . . . . . . . . .176

Duel-Hallen [237]. . . . . . . . . . . . . . . . . . . . . .178

Duel-Hallen [239]. . . . . . . . . . . . . . . . . . . . . .178

Duel-Hallen [238]. . . . . . . . . . . . . . . . . . . . . .178

Duel-Hallen [210] . . . . . . . . . . . . . . . . . 176–178



AUTHOR INDEX 257

Duel-Hallen [236]. . . . . . . . . . . . . . . . . . . . . .178

Duel-Hallen [200] . . . . . . . . . . . . . . . . . 176, 177

E

E. [34] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Eckford [262] . . . . . . . . . . . . . . . . . . . . . . . . . 221

El-Khamy [196] . . . . . . . . . . . . . . . . . . . 176, 177

ElBatt [259] . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Emamian [39] . . . . . . . . . . . . . . . . . . . . . . . . 3, 52

Eng [233] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Ephremides [259] . . . . . . . . . . . . . . . . . . . . . . 221

Ephremides [258] . . . . . . . . . . . . . . . . . . . . . . 221

Erkip [158] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Erkip [159] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Erkip [14] . . . . . . . . . . . . . . . . . . .2, 8, 10, 51, 95

Erkip [2] . .2, 8, 10–16, 18, 39–43, 51, 95, 216

Erkip [156] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Erkip [153] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Erkip [152] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Erkip [157] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Erkip [154] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Esmailzadeh [193] . . . . . . . . . . . . . . . . .176–178

Esmailzadeh [192] . . . . . . . . . . . . . . . . .176–178

Esmailzadeh [194] . . . . . . . . . . . . . . . . .176–178

Esmailzadeh [235] . . . . . . . . . . . . . . . . .177, 178

Esmailzadeh [195] . . . . . . . . . . . . . . . . .176–178

Etten [183] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Eyceoz [238] . . . . . . . . . . . . . . . . . . . . . . . . . . 178

Eyceoz [236] . . . . . . . . . . . . . . . . . . . . . . . . . . 178

F

Falconer [108] . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Falconer [38] . . . . . . . . . . . . . . . . . . 3, 8, 52, 151

Fan [72] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

Fan [203] . . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Fan [204] . . . . . . . . . . . . . . . . . . . . 176, 177, 183

Fang [51] . . . . . . . . . . . . . . . . 6, 7, 194, 195, 204

Fang [52] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7

Fang [53] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7

Fang [54] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7

Fang [47] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Fang [49] . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7, 204

Fang [48] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Fang [50] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Fang [55] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7

Fantacci [234] . . . . . . . . . . . . . . . . . . . . . . . . . 177

Fettweis [216] . . . . . . . . . . . . . . . . 176, 177, 183

Fettweis [40] . . . . . . . . . . . . . . . . . . 3, 52, 59, 97

Fettweis [24] . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Friedlander [178] . . . . . . . . . . . . . . . . . . . . . . 150

Fuja [263] . . . . . . . . . . . . . . . . . . . . . . . . . . . . .221

G

G. [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Gabidulin [203] . . . . . . . . . . . . . . . . . . . 176, 177

Gallager [66] . . . . . . . . . . . . . . . . . . . . . . . . . 9, 11

Gamal [67] . . . . . . . . . . . . . . . . . . . . . . . 9, 96, 97

Gamal [34] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Gamal [155] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Gamal [160] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Gamal [82] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Gao [97] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Gastpar [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Giannakis [23] . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Giannakis [71] . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Giannakis [265]. . . . . . . . . . . . . . . . . . . . . . . .221

Goeckel [170] . . . . . . . . . . . . . . . . . . . . . . . 96, 97



258 AUTHOR INDEX

Gold [172] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Gold [173] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Goldsmith [4] . . . . . . . . . . . . . . . . . . . . . . . . . . .58

Goldstein [10] . . . . . . . . . . . . . . . . . . . . . .67, 185

Gomadam [249] . . . . . . . . . . . . . . . . . . . . . . . 220

Gradshteyn [130] . . . . . . . . . . . . . . . . . . . . . . . 60

Gradshteyn [133] . . . . . . . . . . . . . . . . . . . . . . . 66

Gu [232] . . . . . . . . . . . . . . . . . . . . . . . . . 176–178

Guncavdi [210] . . . . . . . . . . . . . . . . . . . 176–178

Guo [121] . . . . . . . . . . . . . . . . . . . . . . . . . . .52, 67

Gupta [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

Gurewitz [77] . . . . . . . . . . . . . . . . . . . . . . . . . . .11

H

H. [82] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Haimovich [127] . . . . . . . . . . . . . . . . . 52, 59, 97

Hairej [251] . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Hallen [237] . . . . . . . . . . . . . . . . . . . . . . . . . . .178

Hallen [239] . . . . . . . . . . . . . . . . . . . . . . . . . . .178

Hallen [238] . . . . . . . . . . . . . . . . . . . . . . . . . . .178

Hallen [236] . . . . . . . . . . . . . . . . . . . . . . . . . . .178

Hammerstroem [264] . . . . . . . . . . . . . . . . . . .221

Hammons [155] . . . . . . . . . . . . . . . . . . . . . . . . .95

Han [222] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Han [223] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Hanzo [245] . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Hanzo [148] . . . . . . . . . . . . . . . . . . . 94, 100, 220

Hanzo [51] . . . . . . . . . . . . . . 6, 7, 194, 195, 204

Hanzo [52] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Hanzo [53] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Hanzo [54] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Hanzo [47] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Hanzo [49] . . . . . . . . . . . . . . . . . . . . . . . 6, 7, 204

Hanzo [48] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Hanzo [50] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Hanzo [55] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Hanzo [138] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Hanzo [139] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Hanzo [256] . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Hanzo [149] . . . . . . . . . . . . . . . . . . . . . . . 95, 220

Hanzo [267] . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Hanzo [266] . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Hao [203] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Hao [204] . . . . . . . . . . . . . . . . . . . . 176, 177, 183

Hartenstein [257] . . . . . . . . . . . . . . . . . . . . . . 221

Hartmann [86] . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Hasna [106] . . . . . . . . . . . . . . . . . . . . . . . . . 52, 65

Hasna [58] . . . . . . . . . . . . . . . . . . . . . . . . . . 8, 151

Hasna [104] . . . . . . . . . . . . . . . . . 51, 52, 65, 151

Hasna [107] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Hasna [105] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Haykin [134] . . . . . . . . . . . . . . . . . . . . . . .69, 102

Heath [230] . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Hedayat [95] . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Hedayat [22] . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

Helleseth [140] . . . . . . . . . . . . . . . . . . . . . . . . . 72

Herhold [40] . . . . . . . . . . . . . . . . . . 3, 52, 59, 97

Herhold [24] . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Holtzman [184] . . . . . . . . . . . . . . . . . . . . . . . . 176

Honig [6] . . . . . . . . . . . . . . . . . . . 67, 70, 98, 102

Honig [114] . . . . . . . . . . . . . . . . . . . . 52, 69, 176

Honig [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Honig [119] . . . . . . . . . . . . . . . . . . . . . . . . . 52, 67

Honig [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Hoshyar [253] . . . . . . . . . . . . . . . . . . . . . . . . . 220

Host-Madsen [113] . . . . . . . . . . . . . . . . . . 52, 97



AUTHOR INDEX 259

Host-Madsen [27] . . . . . . . . . . . . . . . . . . 2, 8, 51

Host-Madsen [188] . . . . . . . . . . . . . . . . . . . . 176

Hu [237] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

Hu [236] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

Hu [30] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Hu [167] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96, 97

Hu [128] . . . . . . . . . . . . . . . . . . . . . . . . 52, 59, 97

Hunter [70] . . . . . . . . . . . . . . 10, 11, 36, 39, 217

Hunter [90] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Hunter [89] . . . . . . . . . . . . . . . . . . . . . . . . . 36, 95

Hunter [91] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Hunter [101] . . . . . . . . . . . . . . . . . . . . . . . . 51, 96

Hunter [92] . . . . . . . . . . . . . . . . . . . . . . . . . 36, 37

Hunter [94] . . . . . . . . . . . . . . . . . . . . . . . . . 36, 38

Hunter [93] . . . . . . . . . . . . . . . . . . . . . . 36, 39, 95

Hunter [95] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Hunter [22] . . . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

I

Ibrahim [171] . . . . . . . . . . . . . . . . . . . . . . . . . .105

J

J. [72] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

Jafar [249] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Jafarkhani [100] . . . . . . . . . . . . . . . . . . . . . . . . 51

Jamalipour [144] . . . . . . . . . . . . . . . . . . . . 94, 95

Janani [95] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Jang [209] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Jang [191] . . . . . . . . . . . . . . . . . . . 176, 177, 183

Jardine [29] . . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Joham [219] . . . . . . . . . . . . . . . . . . 176, 177, 183

Joham [220] . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Jun [198] . . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Jung [145] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .94

K

K. [73] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Kadous [196] . . . . . . . . . . . . . . . . . . . . . 176, 177

Kaleh [60] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Kaleh [185] . . . . . . . . . . . . . . . . . . 176, 184, 185

Kansal [115] . . . . . . . . . . . . . . . . . . . . . . . . . . . .52

Kaveh [36] . . . . . . . . . . . . . . . . . . . . . . . . . . . 3, 52

Kaveh [37] 3, 8, 10, 11, 25–27, 45–47, 51, 52,

59, 65, 151, 216

Kaveh [168] . . . . . . . . . . . . . . . . . . . . . . . . .96, 97

Kaveh [39] . . . . . . . . . . . . . . . . . . . . . . . . . . . 3, 52

Kavehl [150] . . . . . . . . . . . . . . . . . . . . . . . . 95–97

Keller [245] . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Khajehnouri [110]. . . . . . . . . . . . . . . . . . . . . . .52

Khandani [231] . . . . . . . . . . . . . . . 176, 177, 183

Khisti [28] . . . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

Kim [112] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Klein [185] . . . . . . . . . . . . . . . . . . .176, 184, 185

Kliewer [263] . . . . . . . . . . . . . . . . . . . . . . . . . 221

Knightly [77] . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Ko [123] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Ko [175] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

Kondo [255] . . . . . . . . . . . . . . . . . . . . . . . . . . .220

Kozick [62] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8

Kramer [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Kuan [148] . . . . . . . . . . . . . . . . . . . . 94, 100, 220

Kucar [143] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Kuhn [264] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

L

Lü [244] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

Lai [160] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Lai [82] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11



260 AUTHOR INDEX

Lajos [50] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Lajos [55] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Lamarca [59] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Laneman [21] . . . . . . . . . . . . . . . . . . .2, 8, 51, 95

Laneman [20] . . . . . . . . . . . . . . . . . . .2, 8, 51, 95

Laneman [18] . . . . . . . . . . . . . . . . 2, 8, 9, 51, 95

Laneman [16] . . . . . . . . . . . . 2, 8–10, 35, 51, 52

Laneman [17] . . . . . . . . . . . . . 2, 3, 8–10, 51, 52

Laneman [15] 2, 8, 11, 31–33, 35, 51, 95, 216

Laneman [103] . . . . . . . . . . . . . . . . . . . . . . 51, 95

Laneman [19] . . 2, 8, 9, 11, 31–33, 35, 51, 95,

216, 220

Larsson [61] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Lee [117] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Lee [222] . . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Lee [78] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

Lehnert [141] . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Lehnert [116] . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Letaief [211] . . . . . . . . . . . . . . . . . . . . . . 176, 177

Letaief [212] . . . . . . . . . . . . . . . . . 176, 177, 183

Letaief [214] . . . . . . . . . . . . . . . . . . . . . . 176, 177

Letaief [121] . . . . . . . . . . . . . . . . . . . . . . . . 52, 67

Letaief [73] . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

Leung [78] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Leus [150] . . . . . . . . . . . . . . . . . . . . . . . . . . 95–97

Li [248] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Li [252] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Li [46] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Li [190] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Li [242] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

Li [232] . . . . . . . . . . . . . . . . . . . . . . . . . . 176–178

Li [162] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Li [158] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Li [30] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Li [261] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Li [111] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Liang [75] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Liang [175] . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

Lie-Liang [50] . . . . . . . . . . . . . . . . . . . . . . . . . 6, 7

Lie-Liang [55] . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Lim [177] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

Lim [166] . . . . . . . . . . . . . . . . . . . . . . . . . . . 96, 97

Lin [88] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Lin [159] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Ling [201] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Lippman [28] . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

Liu [160] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Liu [200] . . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Liu [174] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .150

Liu [207] . . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Liu [208] . . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Lok [116] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Lops [165] . . . . . . . . . . . . . . . . . . . . . . . . . . 96, 97

Lops [151] . . . . . . . . . . . . . . . . . . . . . 95–97, 151

Luo [226] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Lupas [180] . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

M

M. [81] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

M. [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

M. [78] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

M. [79] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Madhow [114] . . . . . . . . . . . . . . . . . . 52, 69, 176

Madhow [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Madhow [135] . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Madhow [119] . . . . . . . . . . . . . . . . . . . . . . 52, 67



AUTHOR INDEX 261

Mahinthan [56] . . . . . 8, 11, 28, 29, 48, 49, 216

Mahinthan [74] . . . . . . . 11, 28, 29, 48, 49, 216

Mahinthan [69] . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Mantravadi [142] . . . . . . . . . . . . . . . . . . . . . . . 72

Mao [79] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Mark [56] . . . . . . . . . .8, 11, 28, 29, 48, 49, 216

Mark [74] . . . . . . . . . . . . 11, 28, 29, 48, 49, 216

Mark [69] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Mauve [257] . . . . . . . . . . . . . . . . . . . . . . . . . . 221

McLaughlin [29] . . . . . . . . . . . . . . . . . . . 2, 8, 51

Meulen [32] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Meulen [33] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Miller [120] . . . . . . . . . . . . . . . . . . . . . . . . . 52, 67

Miller [88] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Miller [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Miller [240] . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

Milstein [233] . . . . . . . . . . . . . . . . . . . . . . . . . 177

Milstein [255] . . . . . . . . . . . . . . . . . . . . . . . . . 220

Milstein [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . .67

Minn [68] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Miyano [163] . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Modi [227] . . . . . . . . . . . . . . 176, 177, 181, 183

Moelker [12] . . . . . . . . . . . . . . . . . . . . . . . 67, 123

Monzingo [240] . . . . . . . . . . . . . . . . . . . . . . . 179

Morelli [228] . . . . . . . . . . . . . . . . . 176, 177, 183

Morikawa [251] . . . . . . . . . . . . . . . . . . . . . . . 220

Morosi [234] . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Mourot [146] . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Mucchi [234] . . . . . . . . . . . . . . . . . . . . . . . . . . 177

Munster [245] . . . . . . . . . . . . . . . . . . . . . . . . . 185

Murata [163] . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Murch [211] . . . . . . . . . . . . . . . . . . . . . . 176, 177

Murch [212] . . . . . . . . . . . . . . . . . .176, 177, 183

Murch [213] . . . . . . . . . . . . . . . . . .176, 177, 179

Murch [214] . . . . . . . . . . . . . . . . . . . . . . 176, 177

Murch [215] . . . . . . . . . . . . . . . . . .176, 177, 183

Murch [217] . . . . . . . . . . . . . 176, 177, 183, 185

Murch [218] . . . . . . . . . . . . . . . . . . . . . . 176, 177

Myrick [10] . . . . . . . . . . . . . . . . . . . . . . . . 67, 185

N

N. [76] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Nabar [64] . . . . . . . . . . . . . . . 8, 11, 51, 150, 216

Nabar [41] . . . . . . . . . . . 3, 8, 14, 18–20, 22, 24

Nakagami [84]26, 40, 52, 60, 61, 96, 151, 152

Nakagawa [193] . . . . . . . . . . . . . . . . . . . 176–178

Nakagawa [192] . . . . . . . . . . . . . . . . . . . 176–178

Nakagawa [194] . . . . . . . . . . . . . . . . . . . 176–178

Nakagawa [235] . . . . . . . . . . . . . . . . . . . 177, 178

Nakagawa [195] . . . . . . . . . . . . . . . . . . . 176–178

Nakagawa [254] . . . . . . . . . . . . . . . . . . . . . . . 220

Nakagawa [199] . . . . . . . . . . . . . . . . . . . 176, 177

Nallanathan [205] . . . . . . . . . . . . . . . . . 176, 177

Nallanathan [206] . . . . . . . . . . . . . . . . . 176, 177

Nallanathan [97] . . . . . . . . . . . . . . . . . . . . . . . . 43

Navaie [169] . . . . . . . . . . . . . . . . . . . . . . . . 96, 97

Ness [140] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Ng [136] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Nosratinia [90] . . . . . . . . . . . . . . . . . . . . . . . . . .36

Nosratinia [89] . . . . . . . . . . . . . . . . . . . . . . 36, 95

Nosratinia [91] . . . . . . . . . . . . . . . . . . . . . . . . . .36

Nosratinia [101] . . . . . . . . . . . . . . . . . . . . . 51, 96

Nosratinia [92] . . . . . . . . . . . . . . . . . . . . . . 36, 37

Nosratinia [94] . . . . . . . . . . . . . . . . . . . . . . 36, 38

Nosratinia [93] . . . . . . . . . . . . . . . . . . . 36, 39, 95

Nosratinia [95] . . . . . . . . . . . . . . . . . . . . . . . . . .36



262 AUTHOR INDEX

Nosratinia [22] . . . . . . . . . . . . . . . . . .2, 8, 51, 95

Nossek [219] . . . . . . . . . . . . . . . . . 176, 177, 183

Nossek [220] . . . . . . . . . . . . . . . . . . . . . . . . . . 176

O

O. [77] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Oechtering [3] . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Oh [198] . . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Olivier [11] . . . . . . . . . . . . . . . . . . . . . . . . 67, 123

Oohama [80] . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

P

P. [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

Pados [115] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Park [222] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Park [223] . . . . . . . . . . . . . . . . . . . . . . . . 176, 177

Patel [161] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Perreau [225] . . . . . . . . . . . . . . . . . 176, 177, 183

Pickholtz [209] . . . . . . . . . . . . . . . . . . . .176, 177

Poor [246] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

Poor [72] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Poor [190] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Poor [118] . . . . . . . . . . . . . . . . . . . . . . . . . . 52, 67

Poor [186] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Poor [189] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Poor [187] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Proakis [5] . . . . . . . . . . . . . . . .16, 18, 51, 64, 67

Proakis [137] . . . . . . . . . . . . . . . . . . . 72, 95, 119

Pursley [141] . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

R

Rankov [264] . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Rappaport [124] . . . . . . . . . . . . . . . . 52, 58, 152

Rashid-Farrokhi [174] . . . . . . . . . . . . . . . . . . 150

Razavizadeh [231] . . . . . . . . . . . . 176, 177, 183

Reed [28] . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51, 95

Rey [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8

Reynolds [227] . . . . . . . . . . .176, 177, 181, 183

Ribeiro [23] . . . . . . . . . . . . . . . . . . . . . . . .2, 8, 51

Ribeiro [71] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Rubin [147] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Rudolph [86] . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Rushforth [181] . . . . . . . . . . . . . . . . . . . . . . . .176

Rutagemwa [69] . . . . . . . . . . . . . . . . . . . . . . . . . 9

Ryzhik [130] . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Ryzhik [133] . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

S

Sadler [62] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Sanayei [92] . . . . . . . . . . . . . . . . . . . . . . . . 36, 37

Sanayei [94] . . . . . . . . . . . . . . . . . . . . . . . . 36, 38

Sanguinetti [228] . . . . . . . . . . . . . 176, 177, 183

Sankaran [258] . . . . . . . . . . . . . . . . . . . . . . . . 221

Sayed [110] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Sayeed [11] . . . . . . . . . . . . . . . . . . . . . . . . 67, 123

Scherzer [178] . . . . . . . . . . . . . . . . . . . . . . . . . 150

Schniter [67] . . . . . . . . . . . . . . . . . . . . . . 9, 96, 97

Scutari [102] . . . . . . . . . . . . . . . . . . . . .51, 52, 95

Sendonaris [14] . . . . . . . . . . . . . .2, 8, 10, 51, 95

Sendonaris [2] 2, 8, 10–16, 18, 39–43, 51, 95,

216

Seshadri [99] . . . . . . . . . . . . . . . . . . . . . . .51, 150

Sezgin [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Shafiee [31] . . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Shah [12] . . . . . . . . . . . . . . . . . . . . . . . . . . 67, 123

Shao [128]. . . . . . . . . . . . . . . . . . . . . . .52, 59, 97

Sharif [221] . . . . . . . . . . . . . . . . . . . . . . . . . . . 176



AUTHOR INDEX 263

Shen [74] . . . . . . . . . . . . 11, 28, 29, 48, 49, 216

Shen [69] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9

Short [181] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

Simon [98] . . . . . . . . . . . . . . . . . . . . . . . . . . 51, 52

Sklar [125] . . . . . . . . . . . . . . . . . . . . . . . . . . 52, 58

Sklar [126] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Smith [45] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Sneesens [247] . . . . . . . . . . . . . . . . . . . . . . . . 220

Song [197]. . . . . . . . . . . . . . . . . . . . . . . .176, 177

Song [30] . . . . . . . . . . . . . . . . . . . . . . . . . . 2, 8, 51

Sourour [194] . . . . . . . . . . . . . . . . . . . . . 176–178

Sourour [235] . . . . . . . . . . . . . . . . . . . . . 177, 178

Sourour [195] . . . . . . . . . . . . . . . . . . . . . 176–178

Sourour [254] . . . . . . . . . . . . . . . . . . . . . . . . . 220

Sourour [196] . . . . . . . . . . . . . . . . . . . . . 176, 177

Sousa [177] . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
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