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Abstract 

Cooperative Diversity in CDMA Networks 

Amr Mohamed Eid 

Spatial diversity is one of the well known diversity methods used in combating 

fading channels. Recently, cooperative diversity has been widely studied in litera

ture as a spatial diversity technique. Different from multiple-input multiple-output 

(MIMO) systems, each user in the cooperative network is employed with a single 

transmit/receive antenna. In this thesis, we propose a cooperative diversity tech

nique for asynchronous direct sequence code division multiple access (DS-CDMA) 

over frequency selective slow fading environment. First we assume the single co

operation relay case, where the bit-error-rate performance of the system is studied 

for both cases of perfect and imperfect inter-user channel (user-relay link). In order 

to mitigate the multi-access interference (MAI), decorrelator multiuser detectors are 

introduced at both relay and base station sides. Its effect on performance is stud

ied and compared to the performance of the conventional matched filter receiver. 

Additionally, the performance of the system is studied and compared for different 

multi-path diversity scenarios in the inter-user and uplink channel. Furthermore, a 

coded multi-relay cooperation technique is proposed, where channel coding is intro

duced to minimize errors over the inter-user channel. All users are embedded with 

convolutional encoder and a Viterbi decoder. We study the performance of the coded 

system for different number of cooperating relays and over different multi-path di

versity scenarios. Both simulation and analytical results are compared. Finally, we 

conclude that for a communication network to benefit from the cooperation diversity 
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technique, a reliable communication link between active users and the cooperating 

relays should be secured (inter-user channel). We show that for an active user coop

erating with V relays over a P-path frequency-selective fading channel, the expected 

diversity degree is P(V + 1). 
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Chapter 1 

Introduction 

With the continuous growth of wireless communication services, the performance of 

communication systems has always been one of the major points studied in literature. 

Channel fading is considered the main challenge in wireless communications. Signals 

affected by fading can suffer from severe loss of signal-to noise ratio (SNR) in case of 

deep fade. Fading channels can be categorized into slow and fast fading, or flat and 

frequency-selective fading depending on the coherence time or coherence bandwidth 

of the channel, respectively. 

Diversity is one of the most important methods used in combating different types 

of fading channels. Time diversity, frequency diversity and space diversity are the 

main forms of diversity. Time diversity is achieved by sending replicas of the same 

signal over independent fading channels during different time slots. The difference 

between the time slots should be equal or more than the coherence time of the channel 

[3]. Frequency Diversity is another diversity method where the same signal is sent 

over separate frequency bands. The different frequency bands should be larger than 
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the coherence bandwidth of the channel. Both time and frequency diversity methods 

can be integrated with space diversity in order to gain higher diversity degrees and 

mitigate the fading effect on the system performance. Another common form of 

diversity is spatial, where it can be achieved by transmitting copies of the signal to 

the receiver over different spatial channels. Multiple-input multiple-output (MIMO) 

is one of the widely used schemes in space diversity, where multiple antennas are used 

to transmit and/or receive the desired signal [4], [5]. A MIMO system with n-transmit 

and n-receive antennas is shown in Fig. 1.1. It is known that full diversity gain can 

be achieved using MIMO techniques [6]; however, embedding multiple antennas at 

the transmitter or the receiver can sometimes be expensive. 

Figure 1.1: MIMO channel. 
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1.1 Cooperative Diversity 

As an alternative to collocated antennas, cooperative diversity systems allow the 

receiver to see independent versions of information which yields to spatial diversity 

and/or coding gain compared to non-cooperative systems [7]. It was first introduced 

in [8], [9]. It has been shown that cooperative diversity can offer these gains by 

introducing both temporal and spatial correlation into the transmitted signals from 

different relays without increasing the total transmitted power. The cooperation 

among users can, in general, be categorized into two main methods; amplify-and-

forward (AAF), and decode-and-forward (DAF). 

1.1.1 Amplify-and- Forward 

The AAF cooperating method is based mainly on the idea of forwarding an amplified 

version of the data over different spatial channels (Fig. 1.2). First, the source will 

start transmitting its own data to the destination and the relay, then the relay will 

amplify the received noisy version of the data and re-transmits it to the destination. 

Finally, the destination receives two independent noisy versions of the same data, and 

benefits from space diversity. 

1.1.2 Decode-and-Forward 

Different from AAF, the relays cooperating using DAF method decode the received 

signal from the source before re-transmitting it to the destination (Fig. 1.3). In other 

words, during the first transmission time the source transmits its own data to the 

destination and the relay, then in the second transmission time, the relay decodes the 
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received signal and re-transmits the decoded bits to the destination. 

Transmitted Data 
n r 

Source 

f Relay 

HI I [H < Re-transmitted Signal 
i! t-t(J Wt 

v%v*v 

Destination 

Figure 1.2: Amplify-and-forward cooperation method. 

Transmitted Data 

Source 

,. .. R e l aV 

Re-transmitted Signal 

Destination 

Figure 1.3: Decode-and-forward cooperation method. 
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1.2 Motivation 

It was proved that the MIMO technique is an efficient technique used to gain transmit 

diversity benefits on cellular base stations. However, in some cases implementing 

this technique may not be practical. Cost, size and limitation of hardware can be 

considered as major obstacles in the way of implementing MIMO in wireless networks. 

Employing single transmit-receive antennas, cooperative diversity can be considered 

as the alternative technique that will be used in order to overcome the limitation of 

MIMO. 

The performance of the cooperative networks was widely studied in literature. 

In [1], the authors combined the cooperative diversity with DS-CDMA using non-

orthogonal codes for synchronous networks over flat fading channels, where each user 

is assigned a spreading signature which is used in modulating the transmitted data. 

Motivated by [1], we propose an asynchronous DS-CDMA network using coopera

tive diversity over the more realistic case of frequency-selective slow fading channels. 

Studying the impact of multiuser access interference (MAI) on the system perfor

mance, we introduce decorrelator multiuser detectors to the system, and we compare 

the performance of the decorrelator detectors to that of the conventional receiver. 

Moreover, we study the impact of the inter-user channel's condition on the system 

where we introduce channel coding in order to improve the inter-user channel relia

bility. 

The main objective of this thesis is to design a cooperative diversity scheme for 

asynchronous DS-CDMA networks that can improve the system performance and 

provide full diversity gain. 
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1.3 Thesis Contributions 

The main contributions of the thesis can be summarized as follow: 

1. We propose a single-relay cooperating system for asynchronous DS-CDMA net

works over frequency-selective slow fading channels using non-orthogonal codes. 

2. Decorrelator multiuser detectors are introduced to the proposed system in order 

to mitigate the multiuser access interference (MAI). The performance of the 

system using decorrelator detectors is compared to the case of conventional 

matched filter showing the impact of MAI on the overall system performance. 

3. An exact expression for probability of bit error for the perfect and imperfect 

inter-user channel cases for the uncoded system is evaluated and compared to 

numerical results for different multipath diversity scenarios. 

4. A coded multi-relay cooperating system is introduced. In this system, we em

ploy channel coding in the cooperating network in order to improve the perfor

mance over the uplink and inter-user channels. We evaluate the upper bound 

performance of the proposed system for the multi-relay case. We compare the 

evaluated formulas to the numerical results for different number of cooperating 

relays and multipath diversity scenarios. We show that the diversity gain of 

the system will depend mainly on the number of cooperating relays per active 

source. 
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1.4 Thesis Outline 

The organization of the thesis is as follow: In chapter 2, different DS-CDMA MIMO, 

and cooperative networks are reviewed, showing the effect of MAI on the system 

performance, and employing different mitigation methods. 

We propose a single-relay DS-CDMA cooperative network over frequency-selective 

slow fading channels in chapter 3. The performance of the DAF cooperative method is 

studied for asynchronous communication and using non-orthogonal spreading codes. 

We analyze mathematically the system's performance, providing an exact formula for 

the probability of bit error for both cases of perfect and imperfect inter-user channels. 

We compare the system performance with the numerical results for different number 

of channel paths. 

In chapter 4, we introduce convolutional codes to a multi-relay cooperative net

work. We study the performance of the system over frequency-selective slow fading 

channels, and for asynchronous communication. We present an exact formula for the 

upper bound of the system performance, and compare it with numerical results for 

different number of cooperating relays and channel paths. 

Finally, chapter 5 presents the thesis conclusions and the suggested future works. 
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Chapter 2 

Background 

Multiple-access systems have become very popular recently as a result of the rapid de

velopment in the area of wireless communications. Frequency-division multiple-access 

(FDMA), time-division multiple-access (TDMA) and code-division multiple-access 

(CDMA) are several ways of data multiplexing using orthogonal frequency bands, or

thogonal time slots or orthogonal codes respectively [3]. Using DS-CDMA, each user's 

data is spread using a unique spreading code. Because of the non-orthogonality of 

the codes, MAI will be present, resulting in degradation on the overall system per

formance. Interference suppression methods proposed in [10] can be used to mitigate 

the effects of such MAI. 

2.1 MIMO Networks 

In this section we will focus on the implementation of MIMO systems using non-

orthogonal CDMA codes. We will show the effect of multiple-access interference on 

the system and an overview on mitigation methods is presented. 
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Received 
Signal 

Matched Filter 1 

Matched Filter 2 

Matched Filter K 

Multiuser 
Detector 

Decision 

Figure 2.1: Multiple user detection. 

2.1.1 Bell-Labs Layered Space-Time (BLAST) 

The architecture of the Bell-labs layered space-time was first introduced in [11]. Using 

multiple antennas, BLAST takes advantage of spatial multiplexing in order to mit

igate fading effects and achieve higher data rates. Vertical (V)-BLAST, horizontal 

(H)-BLAST, and diagonal (D)-BLAST are different types of BLAST. 

For MIMO-CDMA networks, Huang et. al. [12] studied the down-link commu

nication in a V-BLAST multiple transmit-receive antennas system. They proposed 

a K-user system with Ar receive antennas at each user side, and base station with 

At transmit antennas indicated by m — 1, • • •, At. Each user's high data rate stream 

is split into G equal rate substreams, which is spread using spreading signatures of 

length N. In order to achieve transmit diversity, each substream will be transmit

ted from Mt transmit antennas where Mt < At. Two examples for the transmission 

9 



strategies are shown in Fig. 2.2, where each row m represents a transmit antenna 

and columns represent different spreading code. In Fig. 2.2(a), it is shown that ten 

substreams G are spread using two different spreading codes, and transmit from five 

different transmission antennas with each substream sent only once with transmit 

diversity (Mt — 1). While in Fig. 2.2(b), it is shown that the transmit diversity 

Mt = 2, as each substream is sent twice using different spreading codes and from a 

different transmit antenna. 

m m 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

8 

3 

7 

9 

6 

2 

10 

5 

4 

2 

6 

1 

9 

10 

4 

5 

7 

3 

8 

Code Code 

(a) M,=1 (b) M,=2 

Figure 2.2: Transmit strategy in MIMO networks. 

Assuming P multipath channel, the received signal model at antenna ar in vector 

format can be expressed as 

rar = CH a r S + n a r , (2.1) 

where C is the N x KGMtP spreading code matrix, H a r is the channel coefficients 

matrix with dimensions KGMtP x KG, S is the KG data vector, and na r is additive 
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white Gaussian noise (AWGN) vector. The received signal passes through a bank of 

niters matched to the P multipath replicas of the KG spreading codes. Using the 

conjugate of the channel coefficients, the output of the matched niters is weighted 

and summed. Finally, the sufficient statistic vector y can be written as [12] 

y = £ R e { H f r C r C H f r } S + j : R e { H f r C r n a r } 

= RS + n, (2.2) 

where Re{.} donates the real part, R is the space-time code correlation matrix with 

dimensions of KG x KG, and it can be shown as 

R = | > e { H £ C r C H f r } . (2.3) 
ar=l 

At the end of the detection process, vector y will pass through a V-BLAST de

tector to give [12] 

z = (R"1)[i:.(,1^]]_ [ R - 1 y W (2-4) 

where [R 1y]t1.i4ti is the first At elements of the vector R *y, and (R 1)r1.j4t VAt\ is 

the upper left At x At submatrix of R_ 1 . 

2.1.2 SINR Enhancement System 

In [13], the authors studied the improvement of the signal-to-interference plus noise 

ratio (SINR) in the down-link of MIMO-CDMA networks over frequency-selective fad

ing channels. As shown in Fig. 2.3, they proposed a cellular network with base station 

(BS) equipped with Mt transmit antennas, and a mobile station (MS) equipped with 

Mr receive antennas. At the base station, the transmitted signal passes through a Lt 
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tap transmit filter with complex response vector V L , while at the mobile station, the 

received signal passes through a Lr tap receiver filter with complex response vector 

U<*>. 

Base Station 

Transmitted 
Signal 

Transmit Filter 

Transmit Filter 

W Transmit Filter 
M, M, 

Mobile Station 

Receive Filter 

Receive Filter 

Receive Filter 

Received 
Signal 

Figure 2.3: MIMO-CDMA antenna system. 

Assuming that user k' is the desired user, it was shown in [13] that the decision 

statistic can be expressed as 

K 

xm = „(*') + Re J u<fc'>* J2 R ^ H ^ V W \ , (2.5) 
fe=i 

where n(fe') is the AWGN vector, R(fc/,fc) is the cross correlation matrix between user 

k' and user k, H(k"> is the channel coefficients matrix, U(fc') = [Uj ,---,U)Jr ]T , 

and V(fc') = [VJ , • • • ,*VM ]T - Equation (2.5) can be simplified and re-written as 

X(k') = v(k')+s(k')+A(k') + v{k')^ (2.6) 
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with rfk'} representing the noise term, V^k"> the desired signal, S^"1 the self inter

ference due to the multipath channel, and A^ is the multiple-access interference. 

Hence, the signal-to-interference plus noise ratio (SINR) of user k' can be written as 

~~ var(S(kr>) + var(A<-kr>) + var(rj(kn))' 

In order to maximize the SINR at the receiver, the transmit vector V^fc^ and the 

receive vector U'fe) must be optimized as follow [13] 

( v W , U « ) o p t = ar5| |v(fc) | |=1, | |u(fc) | |=1max {siNR<*>} . (2.8) 

Moreover, the authors in [13] compared the performance of the proposed system 

(SINR enhancement system) with the performance of the conventional rake receiver 

(system with one transmit antenna at the BS and one receive antenna at the MS with 

a rake receiver using maximum ratio combining (MRC) scheme), and the performance 

of the smart antenna rake system (system with one transmit antenna at the BS and 

multiple receive antennas at the MS with rake receiver). As concluded in [13], the 

SINR enhancement system showed a large improvement in the system performance 

when compared to the conventional rake system and the smart antenna rake system 

for different number of transmit/receive antennas. 

2.2 Cooperating Networks 

An overview on DS-CDMA cooperating networks is presented in this section. We 

will explore different cooperating network schemes that were introduced previously 

in literature. Also we will look at various MAI mitigation schemes employed in 

cooperating networks. 
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2.2.1 Conventional Detector 

For K-user CDMA system, the conventional detector consists of a bank of K filters 

matched to the users' signatures. The filters are followed by samplers, which are used 

to sample the output of the filters at the end of every bit duration T&. As shown in 

Fig. 2.4, the received signal first passes through the matched filters, the output is then 

sampled every bit time yielding to a soft estimate of the transmitted data. Finally, a 

hard decision is taken relying on the signal's sign. One of the main disadvantages of 

the conventional detector is due to MAI, which has a severe impact on the detector's 

performance in case of non-orthogonal users' signatures. 

Received 
Signal 

Matched Filter 1 

Matched Filter 2 

Matched Filter K 

Si 

Figure 2.4: Conventional detector structure. 

Considering DAF cooperative technique, Sendonaris et. al. [14], [15] studied the 

performance of an orthogonal CDMA implementation of a synchronous cooperating 

network. In their scheme, each mobile user receives a noisy version of its partner's sig

nal, combines it with its own data and forwards it to the base station as shown in Fig. 

14 



2.5. The base station then receives the sum of the signals from both users. Assuming 

possible echo cancelation, the received signals can be illustrated mathematically as 

Y0(t) = hwXx{t) + h2QX2{t) + nQ{t) 

Y^t) = h21X2(t) + ni(t) 

Y2(t) = hnX^ + n^t), 

(2.9) 

(2.10) 

(2.11) 

where Y0(t),Yi(t),Y2(t) represent the received signals at the base station, user 1 and 

user 2, respectively, A", is the user's i transmitted data, hij is the fading channel 

coefficients (assuming that h^ = hji) and n̂  is the additive noise. 

Figure 2.5: Cooperation model. 

Using orthogonal spreading codes and assuming the coherence time L = 3, the 

authors in [14] showed that for a non-cooperative case and during three successive 
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periods, the two cooperating users would transmit 

Xi(t) = axS^CiW.aiS^CxW.axS^CiCi) 

X2{t) = a2S
(^C2{t), a2Si2)C2(t),a2Si3)C2(t), (2.12) 

where 5J is the ith bit of user j , Cj(t) is user's j spreading code, and a; is the power 

allocated to each transmitted bit. While in the cooperation scheme, the transmitted 

signal during the three periods will be 

Xi(t) = oii^1)C1(t),a1251
(2)Ci(t))o13S'l2)C1(t) + a24S<2) C2(t) 

X2(t) = a2lS^C2{t),a22s¥]C2{t), a^S^C^t) + a2iSf]C2{t), (2.13) 

where 5j is the estimate of 5j , and a^ is the factor that controls the power allocation 

for the transmitted bits. As one can realize from (2.13), the transmitting users use 

period one in order to transmit its own data to the base station, while on the second 

period users send its data to the base station and the cooperating partner. After 

receiving the partner's data, each user takes a hard decision on the received data and 

combines it with its own data during the third period to build a cooperative signal. 

Comparing data rates of the non-cooperative and cooperative cases, users during 

the second and third periods transmit the same data bit. This means that each 

user will be able to transmit two data bits every three transmitting periods, while in 

the non-cooperative case users will be able to send three new data bits during the 

three periods. Taking into consideration the performance benefits of the cooperation 

scheme, the data rate loss can be disregarded. 

The case shown by (2.13) can be generalized to L periods, where the two cooper

ating users will use 2LC periods for cooperation, where the value of Lc varies in the 
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range of [0, |f]. The remaining Ln = L — 2LC will be used to send a non-cooperative 

data. This means that for the non-cooperative case Lc = 0, while for the fully coop

erative case Lc — |f. The 2LC cooperation periods will be organized as follow: odd 

periods are used to send user's own data to the partner and base station while during 

the even periods, users send the cooperated signal. 

Studying the performance of the cooperation scheme and focusing on user one, 

it is shown in [15] that during the L — 2LC non-cooperative periods, user one sends 

Xj = aii^iCi, which is received at the base station as Y0 = /iio^i + /120X2 + n0. 

The estimate of user one's bit at base station is Si = sgn (/i10anS'1 + n 0 ) , and the 

probability of bit error can be expressed as [15] 

Pei = Q fhroan^Y (2.14) 

where Nc is the spreading gain, and a\ is the noise variance. During the 2LC coop

erative periods, each user will send its own data to its partner and the base station. 

The signal sent by user one can be expressed as Xx = a^SiCi, which is received at 

the partner as Yi = /112X1 + rii. By forming a hard decision on the received signal, 

the probability of bit error at the partner side can be shown as [15] 

Pei2 = Q (h12a12^\ . (2.15) 

The signal received at the base station can be expressed as Ygdd = /110X1 + /120X2 + 

nQdd. In contrast, the base station forms a soft estimate of the desired bit which 

is then combined with the signal received during the even periods to form the final 

decision statistic. The signal transmitted by the users in the even periods can be 

shown as 

X i = &13S1C1 + 01402^2 
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X2 = oasSiCi + a24S2C2, (2.16) 

and the received signal at the base station YQV6TI — hio~K-i + h2oX.2 + n™6™. Now if 

we consider the following suboptimal detector, 

61 = sgn([/ii0a12 A(/ii0a13 + /i2oa23)]) (2.17) 

where A represents the base station confidence in the decision taken by the partner 

[15]. In case of perfect inter-user channel (Pei2 = 0), the value of A = 1, while as 

the inter-user channel becomes more unreliable the value of A will decrease to zero. 

Using this suboptimal receiver, the probability of bit error is given by [15] 

Pe2 = (1 - Pei2)Q ( ^ j L \ + Pei2Q (^=) , (2.18) 

where vx = [h10a12 \{h10a13 + h20a23)]
T, vl = [hwa12 (h10an + h20a23)]

T {^-J, 

and v2 = [h10a12 (hwan - h2oa2^)}T ( ^ J • 

2.2.2 Decorrelator Detector 

In order to overcome the impact of MAI on the conventional detector performance, 

the inverse of cross correlation matrix R _ 1 is applied to the output of the matched 

filters defining the so called decorrelator multiuser detector. The main advantage of 

the decorrelator detector is the ability to suppress MAI, which provides a significant 

performance gain over the conventional detector. 

In [16], the impact of non-orthogonality and asynchronous communications in flat-

fading channels for a CDMA system that employs DAF cooperation technique was 

studied. In [16] the set S — K is the set of all users of the network, the set C = V rep

resents the cooperating users C C S, and set N = K — V is the set of non-cooperating 
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users. Each user is assigned a non-orthogonal spreading code. During the first time 

interval, each user k will send its information using its own code. In the second time 

interval, all the relays in set C that are capable to decode user k information, will 

decode and forward the information to the base station asynchronously. 

The received signal at the base station from K users with V cooperating users 

and V — 1 relays can be expressed as 

V V-l L-\ 

K L - l 

+ J2 J2Sk^hkCk^~iT'-T^+n^ t2'19) 
k=V+l i=0 

where L is the block length, Ts is the symbol period, n(t) is the additive Gaussian 

noise, Ck is the spreading code assigned to user k, hi is the fading coefficient, and 

Sitk[i) is the information bit of user k transmitted by relay /. The received signal 

then passes through bank of filters that are matched to the delayed versions of the 

spreading codes, the output of the matched filters can be written in vector format as 
r = H R H " S + n, (2.20) 

with H represents the channel coefficients diagonal matrix, R is the cross correlation 

matrix, S is the data vector, and n is the noise vector. Applying the received signal 

r to a decorrelator detector, yields to 

y = ( H R ) - ' r + n, (2.21) 

where n is the additive noise vector with zero mean and covariance Ar0R
_1. 

In [16] the outage probability of the system was analyzed, where an exact ex

pression for underloaded CDMA uplink, fully-loaded CDMA uplink, and overloaded 
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CDMA uplink are obtained. Prom the major weakness of the decorrelator detector 

is the noise enhancement caused by applying the inverse of cross correlation R _ 1 to 

the noise term as can be seen in (2.21). 

2.2.3 Minimum Mean Square Error (MMSE) Detector 

The MMSE multiuser detector applies a modified inverse of the cross correlation 

matrix to the output of the matched filters. Assuming that Y is the vector repre

senting the output of the matched filters, then the output of the MMSE detector 

can be written as Z = WMMSEY, where WMMSE is the matrix needed to minimize 

the MSE between the transmitted data and the output of the detector. It can be 

shown that [17] WMMSE = [R + cr2A~2]- , where R is the cross correlation matrix, 

a\ is the AWGN variance, and A is the signal amplitude matrix. In addition to the 

interference cancelation, the MMSE detector takes the background noise into consid

eration, which gives it the advantage to deliver a better performance compared to the 

decorrelator detector. 

Employing non-orthogonal spreading codes, Venturino et. al. [1] investigated the 

performance of cooperative networks based on synchronous DS-CDMA, and using 

MMSE detector. In their work, they considered both DAF and AAF in cases of 

perfectly and partially known channel conditions. All channels are assumed to be 

frequency non-selective, also reciprocity of the channel is assumed. The authors 

assumed the cooperation takes place in two transmission phases. First, during the 

odd time intervals each user transmits its own data to its partner and to the base 

station. Then, each partner forms an estimate for the received signal and starts 
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forwarding it to the base station in the even intervals. 

Assume if-user network, where T — (1,2, • • •, V) is the subset of users that are 

welling to cooperate. Let [k, f(k)\eJ: be two cooperating partners, the received signal 

during the odd time interval at user veT can be expressed as 

V K 

r „ ( 2 i - l ) = Yi V(2-pk)hk,vCkSk(i)+ Y hKvCkxk(2i-l) + nv(2i-l),{2.22) 
k=l,k^v k=V+\ 

where Ck represents the signature of user k received at user v over the fading channel 

hktV and with processing gain N, Sk(i) is the symbol sent by cooperating user k, 

while Xk{i) is the symbol of the non-cooperative users, and pke[Q, 2] is the factor that 

controls the power allocation during the two cooperating time intervals, nv(2i — 1) 

is the AWGN vector. The received signal at the base station during the even time 

intervals can be represented as 

V K 
ro(2«) = YJ VPmhm)fiCf(k)Sk(i) + Y hfiCkxk(2i) + n0(2i), (2.23) 

fc=l k=V+l 

where n0(2i) is the AWGN vector, Sk(i) is the estimate of Sk{i). For the DAF 

technique, the estimate taken by the partner is a hard estimate, on the contrary a 

soft estimate is taken when using AAF technique. 

Studying the performance at the relay side, assuming that f(q) is the terminal of 

interest and using DAF technique, the output of the MMSE receiver can be written 

as [1] 

m 9 , / ( 9 ) = C](q)SqJ(q) 

K 

J2 sk,f(i)s"f(c) + " / to 1 " (2-24) 
k=l,kjtf(g) 

with C/(g) — E[rf(q)(2i — l)r/(,)(2i — 1)^], IN is N x N identity matrix, Sk,f(q) = 
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hk,f(q)Ck, and the decoded symbol to be relayed can be expressed as 

Sk(i) = (sgn[Re{£}] + jsgn[Im{£}])/N/2, i = 1, • • •, L (2.25) 

where £ = m"f,.Tf^q)(2i — 1). The probability of error conditioned on the fading 

channel, h, is equivalent to [1] 

P<,,m (&/(,)) = Q (VSINR*/fo)(>*/(*))). (2-26) 

where 

£[Re{£}|Re{Sg(*)}]2 

SINRgJ(9)(/i/(g)) = 
Vax[Re{0|Re{5,(»)}] 

n2 
±Re m"f(q)

s
q,m 

mgJ(g)SkJ(Q) + ^II«W(,)I 
-. (2.27) 

2 2-ik=l,k^qJ{q) 

For the AAF technique, the soft estimate formed by the partner and forwarded 

to the base station on the even time intervals can be expressed as 

£«(*) = ^ ^ = tfWfo)S,(») 
G/0z) y ^ ' 

Useful Signal 

V K 

+ YJ ^,f(a)Sk{i)+ Yl 1>k,f(q)Xk(2i-l) + vf(q)(2i-l)(2.28) 
k=\,k^q,f(q) k=V+l 
V . , , V v ' 

Residual Interference Filtered Noise 

where ^fci/(,) = - * ^ — , v/(,)(2i - 1) = G / w » a n d G/(«) 1S a P o w e r 

normalization factor. 

At the end of the partner transmission, the base station combines both signals 

received during the two transmission intervals. Using DAF technique, the combined 

received signal will be equivalent to 

v K 

r(i) = J^H fcb fc(i) + Y. hkXk{2i) + n{i) (2.29) 
fc=l k=V+l 
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where Hk = \b£\b$k)], hk
1] = [skfi,0N}T, h£2) = [0N,skfif, Sk(i) = [Sk(i),Sk(i)]

T, 

and assuming that xk(2i) = xk{2i — 1). It can be shown that the decision statistic is 

equivalent to [1] 

£ = mfr(z) = m» [h^ + 8q(i)hflq)] Sq(i) 

K 

+ J2 m?H feS fc(t)+ J2 mfh fcx t(2t) + mfn(i) , (2.30) 

where 6q(i) is a random variable. Assuming that the interference is Gaussian dis

tributed, the conditional bit-error rate (BER) can be expressed as [1] 

Pq(h)= J2 Pr{6q(i) = \}Q (jsWRtfaX) 
Ae{±l,±j} 

(2.31) 

with 

SINRg(M) 
±Re m » (h*1' + Ah(2> (2) \ 1 ! 

f(l)J_ 

±Im m ^ ^ + Ah^)] +^+||mg||2f 
(2.32) 

and 

Pr{5q{i) = 1} = 1 - [2PqJ{q) (hm) - [PqJ(q) {hm)]2} 

Pr{5q(i) = -l}=[PqJ{q){hm)}2 

Pr{6q(i) = ±j} = PqJ(q) (hf(q)) [1 - PqJiq) (hm)] , (2.33) 

where (f> = E[Re{zq(i)}Re{zq(i)}}. Using Monte Carlo method, the probability of 

error can be evaluated by averaging (2.31) over realizations of the fading channel. 

Following the same procedure, the combined received signal at the base station 

when using AAF cooperating technique will be equivalent to 

v K K 

r(i) = ^hkSk(i)+ Yl h f c x f e (2z- l )+ Y, hfxfe(2z) + n(i) 
fc=i 

v 
k=V+l 

K 

k=V+l 

= ^hkSk(i)+ J2 *W2*) + n(») (2.34) 
fc=i k=P+l 
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where hfc = [sfc)o,Sfe,o]T, u* = [sfc,o,Sfci0 + Sfc)0]
T. The conditional probability of error 

can be expressed as [1] 

Pq(h) = Q UsmRq(h)] (2.35) 

where 

E[Re{Z}\Re{Sq(i)}}2 

Var[Re{£}|Re{Sg(i)}] 

±Re{r<hJ2 

SINRg(/i) 

= 2 " - - i — g -IJ ^ 3 6 ) 

i l m { r < h q p + I E L U ^ |mf hfc|2 + I ^ v + 1 | < u * | a + i < R * m , 

and Rn = E [h(i)h(i)H]. Finally, the BER can be obtained by averaging (2.36) over 

realizations of the fading channel using Monte Carlo method. 

In [1], the authors studied the impact of multiuser interference (MUI) on the sys

tem performance, where they compared the performance of the system using matched 

filter receivers at the relay side with the performance when the relays employ a linear 

MMSE receiver. Fig. 2.6 shows the results for both DAF and AAF cooperating tech

niques, comparing it with the non-cooperating network performance (NC network), 

and the ideal case of perfect inter-user channels (IC network). 

Moreover, the authors in [1] compared the performance of the DAF cooperating 

technique for both optimum (the base station has the knowledge of the BER in 

the inter-user channels) and sub-optimum (the base station assumes that the relay's 

estimate is always correct) combining methods. Their results show that in case of 

optimum combining technique the system performance converges to the IC network 

performance. 

In [18], a modified minimum mean-square-error (MMSE) detector was introduced 

for CDMA cooperative networks in synchronous flat-fading channels. A system with 
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Figure 2.6: Impact of MUI on the performance of cooperating networks [1]. 

.ff-mobile nodes {U\, t/2, • • •, VK) and a base station Ud is proposed. The K users 

are split into two groups GT and GR, such that each node in the GT group will be 

assigned a cooperating partner from the GR group. 

The received signals at the relay and the base station during the first and second 

transmission times are expressed in vector format as 

Y2[l] = RA d l H 2 S! + N2[l] 

Yd[l] - R A ^ H ^ S i + N ^ l ] 

Yd[2] = RAd 2Hd 2S2 + Nd[2], (2.37) 

where R is the cross correlation matrix, [H2, H J I , Hd2] are the K x K fading channel 

matrices, [N2,Nrf] are the zero mean noise vectors, and Si ,S 2 represent the data 
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vectors and are equivalent to 

Si 

S2 = 

5i [1], S2 [0], S3 [1], S4 [0], • • •, SK-i [1], SK [0] 

n T 

S1[1},S2{0},S3[1],S4[2},---,SK-1[1],SK[2}\ , (2.38) 

with Sk as the A;*'1 user transmitted bit. The [A^i, A^] are K x K diagonal matrices 

and can be shown as 

(Arfi)fefc — (Ad2)fe+i,fe+i = y~^F~' (2.39) 

where P^d is the transmission power, and Ta is the symbol period. The performance 

of cooperating network using MMSE detector is shown in [18]. The results show that 

as the inter-user channel becomes more reliable, the system performance improves 

and more power should be allocated for cooperation. 

2.2.4 Relay-Assisted Decorrelating Multiuser Detector (RAD-

MUD) 

In order to mitigate the effect of interference, a relay-assisted decorrelating multiuser 

detector for three relay cooperating methods was proposed in [2]: 

• Transmit beamforming: It is based on beamforming coefficients that will be 

assigned for each transmitting source data. Those coefficients will arrange 

the power allocated to the cooperated signals. It can be implemented for the 

relay-destination (R-D) link or the source-relay-destination (S-R-D) link. This 

method can be used when full channel state information (CSI) is available. 

• Selective relaying: When the relays have only the channel knowledge for its local 

(S-R) and (R-D) links, it can use threshold selection strategy. In this case, the 
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received signal power is compared to a threshold and based on that the relay is 

selected. In case of global CSI availability, best selection strategy can be used. 

• Distributed space-time coding (DSTC): In this method, space time codes can 

be generated at the relay side by multiplying the symbol period by a randomly 

generated unitary matrix. This method is used in the case of missing knowledge 

of the CSI at the relays. 

A synchronous CDMA network with K sources (s1( • • •, SK) and V relays (ri, • • •, ry) 

is shown in Fig. 2.7. Each relay is considered to be able to cooperate with multi-

sources simultaneously, where the relay decodes the received signals and re-transmits 

it to the destination. 

Phase 1 

Phase 2 

Figure 2.7: K users, V relays cooperative CDMA network. 
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For the proposed system, the received signal at the destination during the first 

transmission phase can be expressed as 

L K 

y^ = E £ KDy/KSk[l]Ck{t - IT,) + m(t), (2.40) 
Z = l k = l 

where L is the data block length, Ts is the symbol period, PSlc is the bit transmission 

power, hSko is the fading channel coefficient between user sk and destination D, ni(t) 

is the AWGN, Sk is user's k data, and Ck is user's k spreading signature. The output 

of the matched filter at the destination for the Ith period of user k during the first 

transmission phase can be expressed in vector format as 

y / ^ K E W S f l + n/fl, (2.41) 

where HSD is the uplink channel matrix, R is the cross correlation matrix of the 

spreading signatures, and S representing the data vector. While the output of the 

MF at the relay v during the I period can be shown as 

u ^ ] = R H S f l „ S [ J ] + !!„[/], (2.42) 

with HSRV &s the inter-user fading channel matrix, and n„ is the AWGN vector. 

During the second transmission phase, the V relays start transmitting the cooperated 

signals to the destination. In order to implement the proposed RAD-MUD scheme, 

and depending on the cooperating technique used, the relay rv first starts to encode 

the received data matrix Sv into another matrix gv(Sv), which will be multiplied 

by the matrix L~H, where L is the Cholesky decomposition of the cross correlation 

matrix R = LLH. The transmitted signal by relay rv can be written as Tv = /(S„) = 

L~Hgv(Sv), and the output of the matched filter at the destination during the second 
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transmission phase can be expressed as 

v 
Yn = J2 h^DKL-" gv(Sv) + N7 / . (2.43) 

Multiplying (2.43) by Lr 1 yields to 

v 
Yii = J2 h^D9v(Sv) + N//. (2.44) 

v=l 

where N/ / = L _ 1 N// is the additive noise term, with covariance matrix equals to 

E[N//[fc]N//[A;]H] = cr^i-xxK- Thus L _ 1 can be considered as a whitening filter. 

Finally, the MMSE combining technique will be used to combine the received signals 

during the two transmission phases at the destination side. 

>i i i i 

8 16 24 32 

Total Transmit Power P(dB) 

Figure 2.8: Performance of MMSE and RAD-MUD in cooperative networks [2]. 

Fig. 2.8 shows the performance of the RAD-MUD technique compared to the 

MMSE-MUD for different cooperation schemes. The results show the improvement 
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in the system performance when the RAD-MUD technique is introduced. 

2.2.5 Successive Interference Cancelation (SIC) Detector 

The SIC technique is based on removing the MAI from the received signal by sub

tracting users' interference one at a time. The user's data with the strongest signal 

is demodulated and detected. The detected data is then subtracted from the original 

received signal, removing the interference caused by this user. 

In [19] a successive interference cancelation for synchronous CDMA coopera

tive networks is proposed. It is assumed that users form a cooperating user pairs 

({1,2}, • • •, {K — 1, K}). In the proposed system, the authors show that the received 

signal at the relay v during the first time instant can be expressed as 

rv(t) = ^/P~khkv(t)Sk{t)Ck(t) + nv(t), (2.45) 

where hkv(t) is the fading channel between the pair {v, k}, Pk is the signal power of 

user k, Sk(t) is the transmitted user's k data, Ck(t) is user k spreading code, and 

nv(t) is the additive noise. While the received signal at the base station during the 

first and second time intervals can be shown respectively as, 

K 

rd{t) = ^\fKhUt)SkCk{t) + n{t) 
fe=i 
K 

r'M = £ ^ ( t ) S l ( t ) f t ( t ) + «(*). (2-46) 
fc=i 

where S'k(t) is the estimate of bit Sk(t). The proposed SIC technique is then applied to 

the received signal in the first time interval, where the user's data with the strongest 

signal is estimated and its MAI is canceled from the actual received signal. The 
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output of the matched filter for the user with the maximum signal power can be 

written as 

zmax = max <̂  — / rdCfc I . (2.47) 

During the second time interval, the same user's estimate is extracted from the re

ceived signal r'd(t), and the output of the matched filter can be expressed as 

en 1 f i 
2max ~ 7f I r c P 

J b Jo 
(2.48) 

The two estimated data during both time intervals are then combined and a final 

hard decision is taken. Finally, the MAI for the detected user is then subtracted from 

the original received signal as follow 

r'd = r'd~z'maxCk. (2.49) 

In [19], the performance comparison for the SIC receiver and the conventional matched 

filter (MF) detector for different inter-user channels SNR was shown. It was shown 

that the performance gap between both receivers gets wider as the inter-user channel 

SNR increases. 

2.3 Summary 

In this chapter, we presented an overview of both CDMA-MIMO and CDMA cooper

ating networks. We investigated the effect of multi-access interference on the system 

performance, and we showed the extreme impact of the interference on the system. 
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On the other hand, we reviewed different MAI mitigation techniques presented pre

viously in the literature. For MIMO networks, we explored the SINR enhancement 

system by studying the receive-transmit filters. 

Moreover, we presented different MAI mitigation methods for cooperating net

works. The performance of the decorrelator detector, MMSE, the relay-assisted decor-

relating multiuser detection, and successive interference cancelation was explored and 

compared to the performance of the conventional detector. 
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Chapter 3 

Uncoded Single Relay Cooperat ion 

In the previous works, related to CDMA systems, the performance of the coopera

tive network was either accompanied with the assumption of orthogonal subchannels 

(e.g., [14], [20]) or considering synchronous communications (e.g., [1], [2]). The im

pact of the non-orthogonality and asynchronous communication was studied in [16] 

for CDMA cooperative network but over flat fading channels. In this chapter, and dif

ferent from previous works, we study the impact of MAI on the performance of asyn

chronous DS-CDMA cooperative networks over the more realistic case of frequency-

selective fading channels. We show that the full benefits of cooperative diversity 

cannot be achieved if no multiuser interference suppression is employed for the inter-

user channel (source-relay). Our results show that in the presence of interference, the 

performance of the cooperative network is greatly affected resulting in a performance 

worse than the non-cooperative case. To this end, we analyze the performance of a 

system that employs interference suppression at both the cooperative user side and 

base station. In that, we consider two scenarios; (i) perfect inter-user channel (source-
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relay) where the relay (also referred as partner) correctly decodes the received user 

signal. This case is important since it serves as the optimal performance achieved 

using cooperation, where the distributed MIMO system reaches the performance of 

that of the centralized one (ii) imperfect inter-user channel where we assume that 

each relay has an error detection capability (e.g., cyclic redundancy check (CRC)) to 

decide weather cooperation can take place or not. In case of error, the cooperating 

user keeps silent (no cooperation). The receiver under consideration employs RAKE 

combining after interference suppression. The RAKE receiver exploits the path di

versity inherent to multipath propagation where the decorrelator detector is used at 

both the relay side and base station to mitigate the effect of MAI and the known 

near-far problem [21]. The communication protocol considered is full-duplex where 

all users can transmit their data and act as relays for other users at the same time 

The rest of this chapter is organized as follows: The asynchronous DS-CDMA 

system model used in this chapter is described in section 3.2. In section 3.3, the 

system performance for a DAF scheme is examined for the case of a multiuser system 

where we obtain the probability density function (pdf) of the signal-to noise ratio at 

the receiver output and then derive the probability of bit error. The performance 

of DAF with imperfect inter-user channel is also analyzed in this section. In section 

3.4, both analytical and simulation results are compared and discussed. Finally, 

conclusions are given in section 3.5. 
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3.1 Introduction 

The fourth generation (4G) of wireless networks has been recently one of the most 

widely studied topic in literature [22], [23], [24]. Inter-network cooperation, coop

eration at the application layer, cooperation at the IP layer and cooperation at the 

physical layer are all different cooperation techniques in the 4G world that was intro

duced by the authors in [25]. 

For a synchronous cooperative CDMA network, the authors in [2] considered a 

different cooperation technique where each relay can cooperate with multiple active 

users over flat fading channels. The opportunistic relaying (OR) and the selection 

cooperation (SC) are two relay selection methods studied in [26]. Closed form expres

sions for the outage probability and probability of error were provided for the uncoded 

single relay cooperation case. Furthermore, the impact of asynchronous communica

tion on cooperative networks in frequency non-selective fading channels was studied 

in [27]. 

Other cooperative techniques including coded cooperation, where the cooperative 

diversity integrates with channel coding, have been considered in [28], [29]. A sce

nario where multiple transmitting sources and destinations using MMSE communicate 

simultaneously through number of relays was proposed in [30]. In [31], a coopera

tive wireless network using MIMO antenna selection algorithm was proposed, where 

transmitting users and relays employ multiple antennas. Using partial DAF strategy 

introduced in [32], the authors in [33] investigated the problem of relay selection in a 

multi-relay environment and studied the impact of the relay transmission power on 

the performance of the network. 
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3.2 System Model 

3.2.1 Proposed Diversity Scheme 

Consider an uplink transmission for an asynchronous K-usev DS-CDMA system. The 

system employs one transmit antenna at the transmitter side and one receive antenna 

at the receiver side. In what follows, to simplify the notation, we refer to the base 

station with subscript b. 

The transmission scheme considered is described in Fig. 3.1, 3.2, for a 2-user 

system [1]. As shown, during the first transmission period each user will send its 

own data to the base station and to its partner (Fig. 3.1), while during the second 

transmission period the cooperating user transmits the decoded version of its partner 

to the base station (Fig. 3.2). 

Figure 3.1: First transmission period (single relay). 

Consider a multipath channel with P paths during each transmission period. For 
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Figure 3.2: Second transmission period (single relay). 

the DAF, the low pass equivalent of the received signal at the base station and relay 

(r) during the first transmission period can be expressed respectively as 

L-\ K P 

m(t) = Y Y Y \fE^Sk{m)Ck{t - rfe - rfe)P - mTb)h
p

kb(m) + nbl(t) (3.1) 

m=0 fc=l p= l 

L - l K P 
rr(t) = J2 Y E V ^ ^ f m J ^ f t - rfe - u , - m T t ) ^ ( m ) + n r(t) (3.2) 

where L is the frame size, Euk and Eik are the received signal energies per path of user 

k at the base station (uplink channel) and the relay (inter-user channel) respectively, 

Sk{m) is the mth data bit of user h, Ck(t) is the spreading code assigned to the kth user 

with processing gain (T(,/Tc), where Tb is the bit period and Tc is the chip period, and 

Tfc is the random transmit delay of the kth user which is assumed uniformly distributed 

along the symbol period. The parameter TktP represents the delay of the pth path of 

user k during one transmission period. The channel coefficient hp
kr models the fading 

of the inter-user channel between users k and r over the pth path, while hp
kb represents 

the fading coefficients for the uplink channel between user k and the base station 
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b over the path p. These fading coefficients are modeled as independent Gaussian 

random variables with zero mean and unit variance. The noise nbi(t) and nr(t) are 

complex Gaussian distributed each with zero mean and variance o\ = N0/2. 

During the second transmission period, each two users k and f(k) will cooperate 

together in which each cooperating user retransmits the received signal. Each cooper

ating user (relay) first decodes the partner's received signal, then using error checking 

techniques it decides whether or not to forward the estimated partner's data to the 

base station during the second transmission period. The low pass equivalent of the 

received signal at the base station during the second transmission period can then be 

expressed as 

L-\ K P 

Tiaify = ] T ^2J2 \/Euflk)Sk(rn)Cfik)(t-Tfik)-Dk-Tf{k):P-mTb)h
p

f{k)b(m) + rib2(t) 
m=0 fc=l p=l 

(3.3) 

where f(k) is the user cooperating with user k, Sfc(m) is the estimate of Sk(m), the 

noise Ub2{t) is real Gaussian with zero mean and variance a\ — N0/2, Dk is the 

transmission delay during the second transmission period as shown in the timing 

diagram in Fig. 3.3, where user k will wait a time delay Dk for its partner f(k) to 

finish transmission, and it is equivalent to 

( \Tk-Tf(k)\ for user k 
• 

0 for user f(k) 

3.2.2 Multiuser Detector 

In a K-user system, where each user signal is transmitted over a multipath channel 

with P-resolvable paths, a RAKE receiver is employed at the front-end of both relay 
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Figure 3.3: Cooperation timing diagram (single relay). 

and base station sides. The outputs of these RAKE receivers represent the sufficient 

statistics for users' data detection where it consists of (K — \)P filters at the relay-

side and KP filters at the base station. All filters are matched to the delayed versions 

of the normalized signature waveforms of each user. The output of the base station 

filter matched to the signature of user k, delayed over path p for the bit m, during 

the first transmission phase can be expressed in scalar form as 

L - l K P 

MTML = E E E V ^ f c ' V , n)h°wb(n)Sw(n) + N*(m) (3.4) 
n=0 w—1 s=l 

where R££'(m,n) is the cross correlation value between bit m of user k transmitted 

over path p and the n bit of user w transmitted over path s, and it is equivalent to 

Rt\m,n) = jcw(t ' w 'w.s 
nTb)Ck{t - rfc - rKp - mTb)*dt. (3.5) 

The output of the bank of matched filters at both the base station and relay (r) 
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can be expressed in vector format, respectively, as 

Yf, — RfjH&Xf, + N , (3.6) 

x f — xVriXj<^\.|> r~ i^i f (3.7) 

where X& is the (KLP x 1) data vector of the K users and it can be expressed as 

V ^ S i ( l ) • • • V ^ S i ( l ) • • • y/E^Si(L) • • • y/E^S^L) • • • y/E^SK(l) 

• • • y/E^SK(l) • • • y/E^SK(L) • • • JE7KSK{L) 

T represents transpose, Nb is (KLP x 1) noise vector with Gaussian elements each 

of zero mean and variance N0/2, Hh is the (KLP x KLP) uplink channel matrix 

defined as 
r h\b(l) 0 

H„ 

0 

hP
lb{L) (3.8) 

0 hp
Kb(L) 

Assuming the channels to be fixed over the whole frame L, the channel coefficients 

are equivalent hp
kb(l) = • • • = hp

kb(L). Similarly, at the relay side 

X, = ( v ^ S x U ) • • • V ^ S i ( L ) • • • ^/WKSK(l) • • • JETKSK{L)}T 

N r is {{K - l)LP x 1) Gaussian noise vector, and H r is the ((K - \)LP x (K - l)LP) 
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inter-user channel matrix defined as 

h\r(l) 0 

H r hfr(L) (3.9) 

kjtr 
0 hp

Kr{L) 

The matrices R(, and Rr are the (KLP x KLP) base station and ((K — l)LP x (K — 

l)LP) relay cross-correlation, given respectively by 

Rft = >(M), >(M) (1,-P), 

R r 

i ^ ( L , l ) ••• i ? i ^ (L ,L) ••• R\^'(L,L) (3.10) 

?(!.!)/ ?(U) • (LP) / R\^(L,1) ••• R\l
t[

l,(L,L) ••• R[^>(L,L) (3.11) 

k^r 
R{^(L,l) ••• R%?(L,L) •.. R%P(L,L) 

where R££ (m,n) is defined in (3.5). Note that the outputs of the matched filter 

bank in (3.6) and (3.7) suffer from MAI which can be eliminated using the one-shot 

decorrelator detector at both the relay and base station receivers [21]. In this case, 

the output of the matched filter bank Yf,, Y r are applied to linear mappers as follows 

Zb = (R&)- Y& 
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where (Rj,)-1, (Rr)"1 are the inverses of the cross-correlation matrices. The (KLP x 

1) vector Z& represents the output of the one-shot decorrelator at the base station, 

defined by 

Zb = H6X6 + ( R i , ) - 1 ^ (3.12) 

while the ((K — \)LP x 1)) vector Z r represents the output of the decorrelator at the 

relay (r), given by 

Z r = H r X r + ( R , . ) - 1 ^ . (3.13) 

3.3 Performance Analysis 

In this section, we analyze the average bit error rate (BER) at the base station 

decorrelator output using the DAF cooperative method and considering both cases 

of perfect inter-user channel, and the case of errors at the cooperating user side. For 

the sake of simplicity, we consider binary phase-shift-keying (BPSK) transmission. 

3.3.1 Perfect Inter-user Channels 

Here we consider perfect inter-user channels between the transmitting user and relays. 

This assumption is too optimistic, however, it serves as our reference for optimum 

performance (i.e., lower bound). Later we will consider the more realistic case where 

relays are subject to decoding errors. 

Considering the mth data bit of user 1 is the desired bit, the decorrelator output 

in the first and the second transmission periods at the base station can be expressed 
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respectively as 

[ZX]M = HfcpdjM + C R * ) - 1 ^ ^ 

[Z!]M = H6[X1]fc2 + (R6)-1[N1]62. 

where [Xi]f,i, [Xi](,2 represent the data vector transmitted during the first and the 

second transmission periods respectively 

[Xi]M = V ^ 5 i ( l ) • • • y/E^Siil) • • • y/E^S^L) • • • y/E^ML) • • • y/E^SK(l) • • • 

[Xi]M -

• • • \/EUKSK{1) • • • \/EUKSK{L) 

vEuiSf(i)(l) • • • y/E^Sf(i)(l) • • • y/E^Sf^){L) • • • y/E^Sf(i)(L) • 

T 

VEuK
sf(K)(l) • • • \/EuKSf(K){^) • • • \/EuKSfiK)(L) 

lT 

The P elements of [Zi]&i correspond to the decision statistics of bit m for user 1 

before RAKE combining, during the first transmission 

[Zl(m)]bl = ^/Wlh\b(m)S1(m) +[(R^N^}1 

[Zf(m)]61 = v ^ ^ M 5 i ( m ) + [(R6)-1NM] i ' (3.14) 

where [Z%(m)]bl is the element that corresponds to the decision statistics of bit m for 

user k transmitted over path p before RAKE combining, and [(Rb)~1Nf)1]
p is the pth 

entry of the vector, while the P elements of [Zi]f,2 that represent the contribution of 

the cooperative phase (i.e., second frame), are given by 

[^iV)]b2 = TjET^yf^ws^ + iiR,)-1^}1 

[Zi(m)]b2 = ^/EJ^)h^1)b(m)S1(m) + [(B^)-1Nta]
p. (3.15) 
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Under the assumption of perfect inter-user channels, Si(m) = Si(m), and by com

bining the 2P elements, the decision statistic of the desired user signal is 

&(m) = h\l(m) [Z±(m)]bl + ••• + h$(m) [Z?(m)]bl + h)\l)b{m) [Z\(m)]b2 + ••• 

+/ l; (*1)6(m)[Zf(m)]w . (3.16) 

Assuming that the two cooperating users are transmitting with the same energy 

[Eut = Ey ], one can show that Si(m) is equivalent to 

&(m) = y/E^ [\h\b(m)\2 + ••• + \hp
lb(m)\> + \h}{1)b(m)\2 + ••• + \h^iyb(m)\2] Sx(m) 

+Re{h\'b(m) [(Rb)-
1Nbi]

1 + --- + h^{m) [(R*)-1NM]P + 

hy(1)b{m) [ ( R * ) " 1 ^ ] 1 + • • • + h%)b{m) [(R6)-1N6 2]P} (3.17) 

where (*) denotes complex conjugate operation, and Re{.} donates the real part. 

3.3.1.1 Conditional Probabili ty of Error 

From (3.17), the probability of error at the base station conditioned on the uplink 

channel coefficients can be expressed as 

p ^;S^>/^(l^M|' + |^ ( 1 ) 6(m)|»)-
fbp = Q \ - = [6.16) 

where Q(x) — J -J= exp(—\)dv. In (3.18), a\ is the variance of the noise term in 

(3.17) which can be written as 

^ = °l E \hP
lb(™)\\Rb)f + \hP

mb(m)\\Rb)j?lv (3.19) 
P=I 

where (Rb)^
2 is the square of the sum of the kth row in the inverse of the cross-

correlation matrix. 
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Let us define a\b — \h\b(m)\2 and ofj^b = \hPf^b{m)^. Then a\b , aPf^b are 

chi-square distributed of two degrees of freedom with variance a2 and characteristic 

function [34] 

<MW) = 1 k—2- (3'2°) 
1 — fewer* 

Also, by designating the two parameters (i?(,)j~2, {Rb)l?x\, as Ci,C/(i), respectively, 

the noise variance o\ in (3.19) can be written as 

^ = ^ E « ^ i + «P
/(i)fcC*/(i)- (3-21) 

P = i 

Define the variable 7 as 

7 - ^ , (3.22) 

where A = £ p = 1 < 6 + «/(i)6 a n d B = EP=i < A + tf(i)b
cM)- U s i n § t h e n e w 

conventions the conditional probability of error can be expressed as 

n, = Q \xP4- • (3-23) 

3.3.1.2 Probability Density Function 

In order to obtain the pdf of 7, we need to determine the joint characteristic function of 

A and B. As shown in Appendix A, the joint characteristic function can be expressed 

as 

where Cuk = 2PU-i is the residue term obtained from the partial fraction, and K\j 

is a function of the cross-correlations among users. The joint pdf, f(A,B), is then 

given by 

-1 POO POO 

f(A,B) = — / / <f>A,B(^W^)^p~iwlA exp-JW2B dwldw2. (3.25) 
^" « /— OO J —CO 
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By solving the double integral as shown in Appendix A and letting W — B, we obtain 

T-T2P J _ IP , yrr-.2P-2 ._ ^ . 

/(7' W) = A^Jr ^ *VW* V^ ~ C^J ^ ' (3"26) 

where ^u = mp^i) • Hence, one can determine the pdf of the SNR as (see Appendix 

A) 
T T 2 F J _ 2P 

where 

Ru{y)= W ' l y ^ - — j e x p V - ^ dW. (3.28) 

Using the binomial series expansion, setting t — \/W and expressing the equation in 

terms of confluent hypergeometric function, as shown in Appendix B we get 

Rv(l) = 2 7 " ' , - , C - f + ' e x p V T ^ ; £ (=S*) 2P-2 

m=Q 

( 

\ 

2P-2 \ (_!)2P-2-m 

AP-m-l 
m 

lFl(l;4P-m;^pj. (3.29) 

Finally, the pdf of the SNR can be obtained by substituting (3.29) in (3.27). 

3.3.1.3 Probability of Bit Error 

The probability of bit error can be obtained by averaging (3.23) over the pdf given 

in (3.27) 
/•oo 

Pbp = / Q(V^f)f(l)d7, (3.30) 
Jo 

where 6 = —&, and 

1 /"i 
Q(x) — — / exp2sin*e d9 

n Jo 
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to give, 

Pt bP 

1 f% f00 -if 
= — I / expasinie f^d'ydO 

7T J0 Jo 
1 IP 

T-r2P J _ 2P 

47T3 

t /= l 

where 

1 / " J />0O _ 2 

MS) = T^yp Jo I exp^° Ruh)djd8 
(2a 

2P-2 I nr, n \ 

m=0 

2 P - 2 

m 

(-1) 2 P - 2 - 7 7 1 

4P - 1 - m 

and 

Gm(<J) 2 ) 2 P / o /o 
7 4 P * e X p 7 ^ s i n ^ s " 1 " ^ ) 

(2<r 

Letting t = 7 in (3.33), and using [35] 

/" exp-5 t i6-1
1Fi(a;c;^)di = r(6)(5-A;)-b2Fi ( c - a , 6 ; c ; - — ] , 

(3.33) yields (see Appendix C) 

r(2P) 

(3.31) 

Gm(<5), (3.32) 

(3.33) 

(3.34) 

Gm(<5) = 
2(P<5) 2P 

f2(sm2e) 
Jo 

2P
2F1 I 4P - m - 1, 2P; 4P - m; 

-C[/sin2g 

(PS) 
(3.35) 

where J = BH^mf\E^ i s t h e average SNR of the channel. Substituting V = sin2 6 

in (3.35) and using [eq. (7.512.12), [35]], 

/ (1 - x)u~lxv~1
pFq(ai,...,ap;bi,...,bq;ax)dx 

T(u)T(v) 
T(u + v) P

+iFq+i(v,ai,...,ap;u + v,bi,...,bg;a), (3.36) 
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we have from Appendix C 

Gm®=(Ti*n!^))3F2(±^tAP-m-l,2P-,2P + l,iP-m-1^ 
V 8P{PS) J V 2 (PS) 

(3.37) 

Finally, using (3.37) and (3.32) the average probability of bit error in (3.31) can be 

evaluated as 

/ o 2 P - L \ 2P 

47T3 

\ / t/=l 

2^2 I IP - 2 ^ 

m=0 \ m I 

( _ 1 ) 2 P - 2 - m r ( I ) r ( 4 ^ t i ; 

4 P - l - m 8P(P6fP 

( AD I 1 /"I \ 

— 2 ~ , 4 P - m - l , 2 P ; 2 P + l , 4 P - m ; — ^ J . (3.38) 

From (3.38), we can examine the asymptotic BER performance of the cooperative sys

tem as the SNR gets large. Noting that 3P2 (
iE^1,4P - m - 1,2P; 2P + 1,4P - m; =fA 

1 as 6 —• oo, one can see that Pbp = ( =4P ) , and the achieved diversity order d = 2P. 

3.3.2 Inter-User Channel Errors 

As mentioned earlier, the performance of the cooperative system with perfect inter-

user channel is not realistic in some cases and can only serve as a lower bound indi

cating optimal performance. Therefore, here we consider the effect of errors in the 

inter-user channels where cooperation among users can only take place if the relay 

detection is error-free. If errors exist, the corresponding relay (cooperating user) stays 

idle during the second transmission period. 



3.3.2.1 Probability of Bit Error 

Without loss of generality, consider the mth data bit of user one as the desired bit, 

the decorrelator outputs at the cooperative user side / ( l ) is given by 

[Zi]r = HP[X1]r + (R r)-1[Ni] r (3.39) 

where the P elements of Z\ are 

[Z\{m)]r = vrErih\f(i)(m)S1(m) + [(Rr)-
1N1}

1 

[Z[(m))r = v ^ / i f / ( 1 ) ( m ) 5 1 ( m ) + [(R r)- 1N 1] p . (3.40) 

At the output of the RAKE combiner, we have the user data decision statistic 

Si(m) = [lM / ( 1 )(m)|2+.-.. + |/ lf / (1)(m)|2]51(m) 

+ Re {/»i;(1)(m)((Rr)-1N1)1 + • • • + /if /
,
(1)(ro)((RP)-1N1)p} , (3.41) 

and the probability of error of the inter-user channel 

^^jS^W)), (3,2) 

where 

<=^EK / ( 1)(™)|2(*r)r2 , (3-43) 
p=l 

and (Rr)k
2 is the square of the sum of the kth row in the inverse of the cross-

correlation matrix. Similar to the case of perfect inter-user channel, we define oO^.,^ — 

|/i^(1s(m)|2with characteristic function given by (3.20). Also, letting (i?r)f2 = Ci> 

the noise variance U\T can be expressed as 

p 

< = o 5 ^ a ? / ( 1 ) C 1 . (3.44) 
P = i 
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Following the same analysis as the perfect case, we define a variable 7 r as 

where Ar = X^f=i a i /(i) an<^ &r ~ X)p=i o^/mCi-Then, it is easy to show that 

where Cukr — ~F^T is the residue term obtained from the partial fraction and Kyr 

can be obtained in terms of the cross-correlation among users. The pdf, f(Ar, Br), is 

then given by 

with VUr = ̂ % and 

f^) = ^^f:^urRuM, (3.47) 

where 

RUr(lr) = 2 7 r i ^ + 1 exp(^)g / P 

m=0 \ m 

f"1 '—\ f lA;2P-m;%#). (3.48) 

The probability of bit error at the relay can then be obtained using (3.42) and (3.47) 

bE 

1 H f™ Sr?? 
= — / / exp2sin2» f (pfr)d'yrd9 

n Jo Jo 
nl^ p 

47T3 

E / = l 

^urFUr (3.49) 
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with 

P-2 
CZf P-2 /(-l)p-2-m\ 

FUr(5r) = 2C^ E U p - m - l ) Gm'{6r)> 

E\\hp
kf(k)(rn)\2]EI 

where 5r = — ' — ^ 4 — J — is the average SNR of the inter-user channel, and 

(3.50) 

Similar to the perfect case shown in Appendix C, the average probability of bit error 

for the inter-user channel can be expressed as 

P»* = (-^ £ 2 * ^ + 1 

)r(3£ti) 2 / x V 2 

4{P)(RcdP5r)
p J 

-Cu (3.51) 
RcdP8r 

Having obtained the probability of bit error at the relay, one can find the average 

BER at the base station as 

Pb = PbEPbNC + (l-PbE)Pbp, (3.52) 

where PbE represents the probability of error at the relay, Pbp represents the proba

bility of error in the uplink channel (perfect inter-user channel case), and PbNC is the 

average probability of error for the direct transmission between the active user and 

the base station. Note that if the inter-user channel is perfect (PbE = 0), the average 

probability of error Pb is equal to the full cooperation probability of error Pbp, and 

the system gains full benefit from cooperation. While in case of very poor inter-user 
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channels, the probability of error is dominated by the non-cooperative probability of 

error, PbNC- Similar to the discussion in the perfect inter-user channel, we can see 

that the maximum diversity order of 2P is achieved when the inter-user channel is 

perfect. 

3.4 Simulation Results 

In this section, we present simulation results to assess the performance of the cooper

ative system when considering different scenarios. Also, we examine the accuracy of 

our analytical results obtained in section 3.3. We consider the cooperative diversity 

spreading scheme in [1] with one transmit and one receive antennas. An 8-user asyn

chronous DS-CDMA system with BPSK transmission is assumed where every user 

data is spread using non-orthogonal Gold codes of length 31 chips. For the asyn

chronous channel, the transmitted frames are 100 bits each, the fading coefficients 

are fixed for a number of frames and the delay between users, r^, is uniformly dis

tributed along the symbol period. We also assume perfect knowledge of the channel 

coefficients at the base station and the relay. 

In Fig. 3.4, the performance of the cooperative system is simulated for a 2-

path frequency-selective slow fading channels. The performance of the system will 

be compared to the non-cooperation case. In order to have a fair comparison, each 

transmitting user in the non-cooperation case will send its information bits twice 

to the base station. Considering errors in the inter-user channels, the performance 

of the network with conventional matched filter receivers at the relays is compared 

with the performance of the relays using decorrelator detectors. As shown, when the 
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Figure 3.4: BER performance for an 8-user asynchronous DS-CDMA network over 

2-path frequency-selective slow fading channels. 

decorrelator receiver is used at the relay, the system is immune to multiple-access 

interference. However, the conventional receiver becomes almost ineffective resulting 

in an error floor due to the fact that the detected signals at both the relays and the 

base station suffer from high levels of interference. As a result, the performance of 

the cooperative network when employing matched filter receivers at the relays can 

in some cases be worse than the non-cooperative case. Comparing the two relay 

forwarding protocols, where the relay forwards the decoding errors with the case of 

silent transmission when errors exist at the relay, the results show that forwarding 

the decoding errors will cause degradation in the overall network performance shown 

in the loss of diversity gain. The results also show that the system can achieve the 

full diversity gain when considering perfect inter-user channels. These results suggest 

that, in the presence of MAI at the relay, the overall system performance degrades 
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significantly and no benefit for user cooperation can take place. 

Fig. 3.5 shows the impact of the inter-user channels over the overall performance of 

an 8 user cooperating network over 2-path frequency-selective slow fading channels. 

The figure compares the performance of the cooperating network as a function of 

the inter-user channel SNR (Ej) with the no cooperation case and the perfect inter-

user channels case (Ei = oo). The results show that as the inter-user channel SNR 

increases, the network gains from diversity and the performance gets closer to the 

perfect inter-user channel case. 

.0"' —Cooperat ion Inter-User SNR=20 DB Analysis ; : :: : : : :: : i: ::. ;; : :: : : : : . : :: : ;„ .:;::::,::i::i::::: -

7 Cooperation Inter-User SNR=20 DB Simulation ;:;:;E:E::::E::IEE:::::::::::i::E:::E::::±^ 

_B •-•-'Cooperation Perfect Inter-User Channels " j j | , j 
'° 0 2 4 6 8 10 12 14 16 18 20 

SNR 

Figure 3.5: BER performance for an 8-user asynchronous DS-CDMA network over 

2-path frequency-selective slow fading channels, for different inter-user channel SNR. 

To show the full benefits of user cooperation, Fig. 3.6 shows both simulation and 

analytical results for the cooperative system with the same number of users under 

perfect inter-user channel and as a function of the number of resolvable paths. As 

54 



can be seen from these results, the cooperative system always achieve higher diversity 

gains as the number of paths per channel increases. Note that the derived BER results 

are quite accurate when compared to simulated results. It is worthy to mention 

that the system, in this case, achieves the maximum diversity gain (cooperative and 

multipath diversities) of 2P. 

Finally, in Fig. 3.7, we consider the case of imperfect inter-user channel using 

both simulations and analytical results. By comparison with the perfect inter-user 

channel case, we can conclude that when the number of resolvable paths increases, 

the system can achieve high diversity gains, however, due to errors in the inter-user 

channel the system cannot gain the full cooperation diversity. 

10"' 

IO-1 

i 
I 

10"' 

" 6 2 4 6 B 10 12 14 16 18 20 
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Figure 3.6: BER performance for an 8-user asynchronous DS-CDMA with DAF co

operation as a function of the number of paths over frequency-selective slow fading 

channels assuming perfect inter-user channels. 
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3.5 Conclusion 

In this chapter, we examined the performance of cooperative diversity using DAF 

cooperation in asynchronous DS-CDMA systems over frequency-selective slow fad

ing channels. Several issues have been studied, such as the impact of, multi-user 

interference, inter-user channel errors, and multipath diversity on the overall system 

performance. We have shown that if no multiple-access interference suppression is 

applied at the relay side, the system cannot achieve the diversity gains promised by 

the cooperative network. When considering multiuser interference suppression using 

the decorrelator detector at both the relay and base station sides, we showed that the 

system is capable of achieving large diversity gains. In that, we have analyzed the 

system performance for both the perfect and imperfect inter-user channel cases. We 

have provided mathematical forms for the probability of bit error for the cooperative 

DAF system for these two scenarios. The high accuracy of our analytical results was 

verified through simulation examples and under different system parameters. 
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Figure 3.7: BER performance for an 8-user asynchronous DS-CDMA with DAF co

operation as a function of the number of paths over frequency-selective slow fading 

channels and considering errors in the inter-user channels. 
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Chapter 4 

Coded Multi-relay Cooperation 

In the previous chapter, we analyzed the performance of asynchronous DS-CDMA un-

coded cooperative networks over frequency-selective fading channels. In this chapter, 

we study the impact of inter-user channel performance in asynchronous DS-CDMA 

multi-relay coded cooperative networks over the more realistic case of frequency-

selective fading channels. In order to mitigate the effect of decoding errors in the 

inter-user channels, we integrate channel coding with the DAF cooperation technique 

for the more general case of multi-relay cooperative networks. We show the full ben

efits of cooperative diversity when channel coding is employed. Our results show 

that the performance of the cooperative network is greatly affected by the quality of 

inter-user channel. To this end, we analyze the performance of a system that employs 

convolutional coding at both the cooperative user side and base station. In that, we 

consider two scenarios; (i) perfect inter-user channel (source-relay) where the relay 

(also referred as partner) correctly decodes the received user signal. This case is im

portant since it serves as the optimal performance achieved using cooperation, where 
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the distributed MIMO system reaches the performance of the centralized one, (ii) 

imperfect inter-user channel where we assume that each relay has an error detection 

capability (e.g., cyclic redundancy check (CRC)) to decide weather cooperation can 

take place or not. In case of error, the cooperating user keeps silent (no cooperation). 

The rest of this chapter is organized as follows: The following section describes 

the asynchronous DS-CDMA system model used in this chapter. In section 4.3, the 

system performance for a DAF scheme is examined for the case of a multiuser system 

where we obtain the probability density function of SNR at the receiver output. Then 

we derive the pairwise probability of error, which will be used to obtain an upper 

bound performance. The performance of DAF with imperfect inter-user channel is 

also analyzed in this section. In section 4.4, both analytical and simulation results 

are compared and discussed. Finally, conclusions are given in section 4.5. 

4.1 Introduction 

Coded cooperation integrates cooperative diversity with channel coding and it was 

introduced in [28] where the codewords for the active transmitting users are split 

and sent over a number of independent fading channels. In [36], serial concatenated 

convolutional coding was introduced to a half duplex TDMA single link cooperative 

scheme where the performance of the system was studied over flat fading channels 

for both cooperation schemes DAF and AAF. The performance of coded single relay 

cooperative network for OFDM systems was the point of research in [37]. Multi source 

cooperative TDMA network was studied in [38], where a distributed complex field 

coding (DCFC) was introduced and the performance was analyzed over Rayleigh 
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fading channels. The performance of coded cooperation was also studied in [39], 

[40], [29]. In [41], adaptive coding protocol was introduced to cooperative networks, 

where active users and partners employ ACK/NACK concept in order to confirm the 

reception of correctly decoded data. 

Multiple source-destination communication employing multi-relay cooperative net

work was introduced in [42], where the authors studied a multiple-relay case for 

CDMA network. More recently, the performance of multi-relay cooperative networks 

was studied using AAF in flat fading channels and employing orthogonal frequency 

division multiplexing (OFDM) [43]. 

The authors in [44] studied a coded multi-relay protocol for a half duplex coop

erative system, also a distributed convolutional coding scheme was presented where 

the coded data is sent over several transmission periods. In [44] the performance 

of the system was investigated over slow fading channels. In [45], an antenna/relay 

selection protocol was presented, where each relay will be embedded with multiple an

tennas and an integration between relays and antennas selection was introduced. For 

a multi-relay cooperating network the authors in [46] introduced a parity forwarding 

DAF protocol, where each relay partially decodes and forward the source's messages. 

In [46], the authors proposed joint decoding strategy where the receiving node will be 

able to retrieve full information received from different relays. Recently, the authors 

in [47] studied a distributed coded cooperation method for a multi-relay convolu

tional coded cooperative network for M-ary phase-shift keying (M-PSK) modulation 

scheme, where the active users and their relays share their antennas for transmission. 
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4.2 Coded System 

4.2.1 Proposed Diversity Scheme 

Consider an uplink transmission for an asynchronous K-usev DS-CDMA system. Each 

active transmitting user in the network will be cooperating with V relays. The system 

employs one transmit antenna at the transmitter side and one receive antenna at the 

receiver side. All users and relays are embedded with convolutional encoders of rate 

Rc = mc/nc and a Viterbi decoder [48]. In what follows, to simplify the notation, we 

refer to the base station with subscript b and the vth cooperating relay with subscript 

v. 

The transmission scheme considered is described in Fig. 4.1, 4.2, for a V-relay 

system. As shown, during the first transmission phase each active transmitting user 

sends its own data to the base station and to its V partners (Fig. 4.1), while during 

the second transmission phase (relaying phase), each cooperating relay transmits the 

decoded version of its partner's data to the base station at different time slots (Fig. 

4.2). 

Consider a multipath channel with P paths during each transmission period. For 

the DAF, the low pass equivalent of the received signal at the base station and relay 

(v) during the first transmission phase can be expressed respectively as 

L-\ K P 

Tbi(t) = J2 X X VRcEUkSk(m)Ck(t - rfc - rfe,p - mTb)h
p

kb(m) + nbl(t) (4.1) 

m=0 fc=l p=l 

L-\ K P 
r*W = X X X VRcEIkvSk(m)Ck(t - rfc - TKP - mTb)h{v{m) + nv{t) (4.2) 

m = 0 fe=lji;?i„ p = l 

where L is the size of the transmitted frame (output of the modulator), Sk(m) is the 
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Figure 4.1: First transmission phase (multi-relay). 
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Figure 4.2: Second transmission phase (multi-relay). 
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mth transmitted bit of user k, Euk and Ejkv are the received signal energies per path 

of user k at the base station (uplink channel) and the relay v (inter-user channel) 

respectively, Chit) is the spreading code assigned to the kth user with processing 

gain (Tb/Tc), where T& is the bit period and Tc is the chip period, and r/t is the 

random transmit delay of the kth user which is assumed uniformly distributed along 

the symbol period. The parameter TfciP represents the delay of the pth path of user k 

during one transmission period. The channel coefficient hp
kv models the fading of the 

inter-user channel between users k and v over the pth path, while hp
kb represents the 

fading coefficient for the uplink channel between user k and the base station b over 

the path p. These fading coefficients are modeled as independent Gaussian random 

variables with zero mean and unit variance. The noise n ^ i ) and nv(t) are complex 

Gaussian, each with zero mean and variance a\ — N0/2. 

During the second transmission phase (relaying phase), V set of relays [/i (k) • • • fv(k)} 

cooperate with user k in which each cooperating relay retransmits the received signal. 

Each cooperating relay first decodes the partner's received signal, then using error 

checking techniques it decides whether or not to forward the estimated partner's data 

to the base station in the relaying phase. The relaying phase is done in V time slots 

where each cooperating relay will start transmitting at a different time slot. Hence, 

the data transmission rate of the system will decline as the number of the cooper

ating relays per transmitting user increases as illustrated in Fig. 4.3. The low pass 

equivalent of the received signal at the base station during the relaying phase can 
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then be expressed as 

£ - 1 K V P 
En 

rK(t) = E E E E f c - f i 5 f c ( m ) C w t ) ( t - D M - r „ , r m « r t ) ^ ( f c ) t ( m ) + n M ( t ) 
ro=0 k=l v=l p=l 

(4.3) 

where /u(A:) is the relay v cooperating with user k, Sk(m) is the estimate of the 

transmitted coded bit Sk(m), the noise n^t) is Gaussian with zero mean and variance 

<7̂  = N0/2, DktV is the transmission delay during the relaying phase (see the timing 

diagram in Fig. 4.4), where each cooperating relay [fi(k) • • • fv(k)} will have to 

wait for a time delay of Dk,v for the preceding relay to finish transmission, and it is 

equivalent to Dk,v — r^ 

Figure 4.3: Data transmission rate for multi-relay cooperation. 
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Figure 4.4: Cooperation timing diagram (multi-relay). 

4.2.2 Multiuser Detector 

In a K-usev system, where each user signal is transmitted over a multipath channel 

with P-resolvable paths, a RAKE receiver is employed at the front-end of both sides 

of the relays and base station. The outputs of these RAKE receivers represent the 

sufficient statistics for users' data detection where it consists of (K — 1)P filters at the 

relay side and KP filters at the base station. All filters are matched to the delayed 

versions of the normalized signature waveforms of each user. The output of the base 

station filter matched to the signature of user k, delayed over path p, for the bit m 

during the first transmission phase can be expressed in scalar form as 

K ? W ] M = E E E y/R&ZrftH™, n)h°wb(n)Sw(n) + np
k(m) (4.4) 

n=0 w—1 s= l 
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where Rk
p^ (m,n) is the cross-correlation value between bit m of user k transmitted 

over path p and the n bit of user w transmitted over path s, and it is equivalent to 

R{k!w\mi n) = Cw{t -TW- TW<3 - nTb)Ck(t - Tfc - Tk,p - mTb)*dt. (4.5) 

The output of the bank of matched filters at both the base station and relay (v) 

can be expressed in vector format, respectively, as 

Yb = RfcHfcXf, + N;, (4.6) 

Y„ = R^X* + N„ (4.7) 

where X& is the (KLP x 1) data vector of the K users, expressed for the first trans

mission phase as 

Xf, = [y/i?c£'t/15i(l) • • • \/RcE^S^L) • • • ^/RCEUKSK(^) • • • \/RCEUKSK(L)] , 

(4.8) 

Nb is {KLP x 1) noise vector with Gaussian elements each of zero mean and variance 

N0/2, H6 is (KLP x KLP) uplink channel matrix defined as 

h\b(l) 0 0 

H„ = hP
lb{L) (4.9) 

0 hp
Kb{L) 

assuming the channels to be fixed over the whole frame L, the channel coefficients 

are equivalent hp
kb(l) = • •• = hv

kb(L). Similarly, at the relay side, 

X„ = [y/R^Siil) • • • y/RcEjiML) • • • ^RcElKvSK(l) • • • y/RcElKvSK(L)}T, 

(4.10) 
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N„ is ((K - l)LP x 1) Gaussian noise vector, and Hv is ({K — l)LP x (K - l)LP) 

inter-user channel matrix denned as 

M„(i) o o 

H„ hUL) (4.11) 

0 hp
Kv{L) 

The matrices R6 and R„ are the {KLP x KLP) base station and ((K — l)LP x (K — 

1)LP) relay cross-correlation, given respectively by 

R?f(l,l) ••• R[][X)(l,L) ••• R[]'P(l,L) 

R-b R^iL,!) ••• flft^L.L) ••• R{lp{L,L) 

Ru = 

< f ( L , l ) ••• R£}\L,L) RK,K (L> L) 

(4.12) 

?(M)/ ?( i . i ) ( i , -P)/ i ? i ^ ( L , l ) ••• ^ ' ( L . L ) ••• R\%>(L,L) (4.13) 

k^v 
R%}\L,1) ••• B%f(L,L) ••• R%?(L,L) 

where R^ (m,n) is denned in (4.5). To overcome the effects of MAI, the output of 

the matched filter bank Y&, Y„ are applied to linear mappers as follows 

Z& — (Rb) Yb 
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where (R^) l, (R«) l axe the inverses of the cross-correlation matrices. The (KLP x 

1) vector Z;, represents the output of the decorrelator at the base station, defined by 

Zb = UbXb + (Rfe)- 1^ (4.16) 

while the ((K — 1)LP x 1)) vector Z„ represents the output of the decorrelator at the 

relay (v), given by 

Zv = HVXV + ( R , ) " 1 ^ . (4.17) 

4.3 Performance Analysis 

In this section, an upper bound on the average bit error rate at the base station 

decorrelator output using DAF cooperative method and considering both cases of 

perfect and imperfect inter-user channels is derived. For the sake of simplicity, we 

consider binary phase-shift-keying transmission. 

4.3.1 Perfect Inter-user Channels 

The decorrelator output in the first transmission phase at the base station can be 

expressed as 

[Zx]M = HftpdlM + C R * ) - 1 ^ ^ 

where [Xi]61 represents the data vector transmitted during the first transmission 

phase, 

[Xx]H = [ v ^ ^ S i ( l ) • • • y/R^S^L) • • • JKE^~KSK{1) • • • JB~E^~KSK{L)}T. 

68 



Also, the decorrelator output during the relaying phase at the base station for the 

time slot v can be expressed as 

[̂ l]&2,7; ~ H&[Xi]fc2,i> + (R*)~ [Nl]i2,j, 

with [Xi]h2,v being the data vector transmitted during the vth time slot of the relaying 

phase, 

where Sj?(l) is the estimate of the Ith bit of the active user cooperating with user k 

during the vth time slot of the relaying phase. The P elements of [Z^ i correspond 

to the decision statistics of the mth bit for user one before RAKE combining, during 

the first transmission phase, are given by 

[Z\(m)]bl = y/KE^h\b(m)S1(m) + [(Rb)-
1Nbl}

1 

[Zf(m)]M = y/R&rXb(™)Si(m) + [(nb)-
1Nbl]

p, (4.18) 

where [(R.6)~1N;,i]p is the pth entry of the vector, while the VP elements of [Zi]&2 

that represent the contribution of the relaying phase are given by 

[zfMW = y^^^^(1)6(m)51(m) + [(R6)-
1N62,v] .̂ (4.19) 

Under the assumption of perfect inter-user channels, S\(m) = Si(m), and by com

bining the P(V + 1) elements, the decision statistic of the desired user signal is 

&(m) = h\l(m)[Z\(m)]bl + ••• + / # (m) [Zf (m)]M + /# (1)6(m)[Zl(m)]Mll + • • • 
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+/i/; (i )b(m)[Zf(m)]62, (4.20) 

Assuming that all relays transmit with the same energy Ey1 = Ev — • • • = E\j , 

one can show that S\{m) is equivalent to 

&(m) = [/V\h\b(m)\2 + ••• + W\hfb(m)\2 + |^ l ( 1 ) 6(m)|2 + • • • + | ^ ( 1 ) 6 (m) | 2 " 

yJR^S^m) + Re {/^(mXCR*)"1]^)1 + • • • + /1f;(m)((R6)-1N f e l)
p+ 

hl(l)b{m){{Kby^b2+Y + ••• + /i;; (1 )6(m)((R6)-1Nw,v)p} . (4.21) 

4.3.1.1 Conditional Pairwise Probability 

The pairwise probability of error can be denned as the number of errors between 

the received codeword Si(m) = [Sl(m),S2(m),-• • ,Sic(m)] and the all zero trans

mitted codeword. Prom (4.21), the probability of pairwise error at the base station 

conditioned on the uplink channel coefficients can be expressed as 

A P (d) = Q 

where 
V / 

EI^^MI'WJ-O (1) 
.v=l 

(4.22) 

(4.23) ol = cjlYJ\Kb{m)\\Rb)-l
2 + 

and (Rb)^1 is the sum of the kth row in the inverse of the cross-correlation matrix, and 

{Rb)k2 is i t s squared value. Let us define a\b — \hp
lb(m)^ and a£ mb — l^/„(i)b(m)|2-

Then o?lb , a
p~ (1N6 are chi-square distributed with two degrees of freedom with variance 

a2 and characteristic function (3.20). Also, by designating the two parameters (Rb)^
2, 

(i?b)T
2
(1w as C\,Cfv(i), respectively, the noise variance a\ in (4.23) can be written as 

p = l 
J2alwbCfM) 
v=l 

(4.24) 
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Define the variable 7 as 

7 = A (4.25) 

where A = £ £ . , s/Vcfc+^r < ( „ „ } and S = l £ . i <*<?! + { E L I ^ ( / W , ] } . 

By generalizing (4.22), the pairwise conditional probability can be expressed as 

P6pW = Qy»!j. (4.26) 
4.3.1.2 Probabil i ty Density Function 

In order to obtain the pdf of 7, the first step is to determine the joint characteristic 

function of A and B. Similar to the uncoded single-relay case discussed in chapter 3 

(see Appendix A), the joint characteristic function can be expressed as 

T T P ( V + 1 ) J_ /P(V+1) \ 

where Cuk — P(v+\)-\ is the residue term obtained from the partial fraction, and Kv 

is a function of the cross-correlation among users. The joint pdf, f(A,B), is then 

given by 

1 poo roo 

f(A,B) = —J J <t)AtB(w1,w2)exp-^Aexp-^Bdw1dw2. (4.28) 

By solving the double integral and letting W = B, we obtain 

/ ( 7 . W = 4 ^ g a ) P ( g : i ) E ^ W h [ ^ - c r ) e * P ( ^ } - (4-29) 

where ^u = r(p4<v+i)-i) • Hence, one can determine the pdf of the SNR as 

TTP(V+1) J_ P(V+1) 

/ (7) = 47r2("2;
1

2)P(v"+1) E <M*,(7), (4-30) 
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where 

Ru(1)= w*(iVW- — J expy~&~)dW. (4.31) 

Using the binomial series expansion, setting t = \/W and expressing (4.31) in terms 

of confluent hypergeometric function, as shown in Appendix B for the uncoded case 

we get 

(-c,n2\ P(V+l)-2 ( ply + ^ _ 2 

Rvb) = 2 7
2 ^ + 1 ) - 1 C r + 1 ) + 1 e x p l ^ ^ i Y, \ 

m=o \ rn 

Finally, the pdf of the SNR can be obtained by substituting (4.32) in (4.30). 

4.3.1.3 Pairwise Probability of Error 

The pairwise probability of error can be obtained by averaging (4.26) over the pdf 

given in (4.30) 
/•oo 

Pbp{d) = / Q{^R^f)f{1)d1, (4-33) 
Jo 

where S = y^, it can be re-written as 

1 H f°° -Rr.di-y2 

PbP(d) — — / exp 2»Vn2« /(^djdO 
7T Jo Jo 
yrP(V+l) J _ P(V+1) 

= 1 3
 Cu E WM (4-34) 4 ^ 

with 

1 t l [™ -Rcdii* 
F^6) = (2(72)P(v+i) J J exP^t^t~ Ru{l)did6 

P(V+\)-2 

m=o I rn I 
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( -1) P ( V+l)-2-m 

2P(V + l)-l-m 
Gm(<J),(4.35) 



and 

oM = ^^j;r^v+^^2^^ 
On" 

2<72 1F1 ( i ; 2 P ( V + l ) - m ; - ^ 4 - )d-yd9. (4.36) 

Letting t = 72 in (4.36), and using (3.34), (4.36) yields 

Gm(S)= r ^ _ + 1 » f\^er^ 
{ ' 2(RcdP6)p(v+V Jo [ ' 

2F, (2P(V + l)-m-l,P(V + 1); 2P(V + 1) - m; ~ ^ * " f g > ) ^ (4.37) 

where 5 = ^ K ^ ' r ^ _ Substituting K = sin2 6 in (4.37) and using (3.36), we have 

G (-6) _ r(i)r(gg±a±i) /2P(v + i) + i 
G m W " 4(P(F + l ) ) ( i ? c ^ ) ^ + 1 ) *F>{ 2 . 2F(F + l ) - m - l , 

P(V + 1); P ( F + 1) + 1,2P{V + 1) - m; ^ = " ) • (4-38) 

Finally, using (4.38) and (4.35), the average pairwise probability for V cooperating 

relays in (4.34) can be evaluated as 

~ " P(V + l)-2 yrP(V+l) J _ \ P(V+1) P(V+l)-2 I n ^ u , 1\ r> \ 

V / t/=l m=0 m 
/ (_i)P(v+D-2-7n x / r ^ ^ ^ ^ v + D + i ) \ / 2 p ( V + i) + i 

V2P(K + 1) - 1 - m) \4(P(V + l))(RcdPS )P(v+i)J 3 2 \ 2 

2P(y + 1) - m - 1, P(V + 1); P(V + 1) + 1,2P(V + 1) - m; - ^ ) . (4.39) 

4.3.1.4 Upper Bound Probability of Bit Error 

By obtaining the average pairwise error probability, the upper bound on the proba

bility of bit error can be expressed as [3] 

1 oo 

Pep< — X>(d)pfcp(rf). (4-4°) 
d=df 
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where df is the code's minimum free distance, mc is the number of information bits 

shifted to the encoder at the same time instant and c(d) is the sum of errors for error 

events of distance d [49]. 

4.3.2 Inter-User Channel Errors 

As mentioned earlier, the performance of the cooperative system with perfect inter-

user channel is not realistic in some cases and can only serve as a lower bound indi

cating optimal performance. Therefore, here we consider the effect of errors in the 

inter-user channels where cooperation among users can only take place if the relay 

detection is error-free. If errors exist, the corresponding relay (cooperating user) stays 

idle during the second transmission period. First we derive the probability of pairwise 

error on the inter-user channels (source - relay channels), from which we can express 

the pairwise probability of error of the overall network. 

Without loss of generality, consider the mth bit of user one as the desired bit, the 

decorrelator outputs at the cooperative user side fv(l) is given by 

[Z!]„ = H„[X1]„ + ( R , ) - 1 ^ , (4.41) 

where the P elements of Zi are 

[Z\(m)]v = V
/ ^ ^ M / „ ( i ) ( ™ ) S i ( m ) + [( I^)- 1N 1 ] 1 

[Z?(m)]v = ^R^Xf^MSrM + l^r^f. (4.42) 

At the output of the RAKE combiner, we have the user data decision statistic 

Si{m) = [|/1lwl)(m)|2 + --- + | / l f / „ ( 1 ) (m) | 2 ]yS^ :5 1 (m) + 
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Re {[/ll}„(I)(m)((R1))-1N1)1 + ••• + ••• + ^ ( 1 ) ( m ) ( ( R , ) - 1 N 1 ) p } , (4.43) 

and the pairwise probability of error over the inter-user channel 

PtM) _ Q ( & « « * ) , ( 4 , 4 ) 

\ \/<y. 

where 

< = ̂ X>W™)lWr2 (4-45) 
p = l 

and {Rv)^2 is the square of the sum of the kth row in the inverse of the cross-

correlation matrix. Similar to the case of perfect inter-user channel, we define ap, ,xs = 

\hp. (1Am)\2 with characteristic function given by (3.20). Also, letting ( i^) r 2 = Cu 

the noise variance O\T can be expressed as 

p 

P = i 

Following the same analysis as the perfect case, we define the variable j r as 

lr = ^ f ( 4 4 ? ) 

where Ar = Y2P=i aiA,(i) an<^ ^ = S P =i a?/„(i)Ci- Then, it is easy to show that 

^(—^wfs^fe) (448) 

where Cukr — ~P^T is the residue term obtained from the partial fraction and KUr 

can be obtained in terms of the cross-correlation among users. The pdf, f(Ar, Br), is 

then given by 

75 



with <HUr = * 0 ^ , a n d 

fM =J}:='J:Pir*urRurM 
4TT 2 (2CT 2 ) 

(4.49) 

where 

(7=1 

-_£ia£ 
P-2 

RvAlr) = 2 7 f - 1 C ^ 1 e x p ( ^ t ) ^ 

( _ 1 \P-2-m 

' P-2^ 

m = 0 V - ) 
1F1 l ; 2 P - m ; 

CUT; (4.50) 

The pairwise probability at the relay can then be obtained using (4.44) and (4.49), 

PbE{d) = - / / exp 2si„^ f('yr)d'yrd9 
it Jo Jo 

n^1 p 

47T3 

[7=1 

(4.51) 

with 

P - 2 ^ . P - 2 \ (_1\P-2-m 
FUr(6r) = 2C^J2\ ' 2P - m - 1 

Gmr(Sr) 

- E\\hp
kf <k)(m)\2)E, 

where or = —>•—££L-L2 ' is the average SNR of the inter-user channel, and 

Gmr.[Sr) — r(P) 
2(RcdP8r)

p / ( s i n 2 ^ 
Jo 

Pi 2 P - m - l , P ; 2 P - m ; 
-Cv sin2 6 

RcdPSr 

d9. 

(4.52) 

Similar to the perfect case, the average pairwise probability for the inter-user channel 

can be expressed as 

KM) = ^ i f ^ c T 1 
47T3 

P - 2 / 

E 
m = 0 

(7=1 

P-2 \ f (-i)P-a-m x / r ( | ) r ( 3 £ t l ) ^ 

2P-m-\) \4(P)(RcdPdr)
p

/ 

3-^2 

m 

2 P + 1 - G ; 
„ , 2 P - m - l , P ; P + l , 2 P - m ; 
2 ' RrdP8r 

(4.53) 
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4.3.3 Average Pairwise Probability 

Having obtained the pairwise probability at the relay, one can find the average pair-

wise probability at the base station for the imperfect inter-user channels case as 

Pb(d) = (1 - PbE(d))v(Pbp(d))v + J2 (V) (PbE(d))n(l ~ PbE(d))V'n(Pbp(d))v-n 
(i) £-1 v , 

(2) 

+ (PbE(d))v(Pbp(d))0. (4.54) 
< „ ' 

(3) 

The first term represents the system pairwise probability in case of error-free inter-

user channels (all V relays are cooperating) with PbE(d) representing the pairwise 

probability per inter-user channel given by (4.53) and (Pbp(d))v is the overall system's 

pairwise probability with (V) cooperating relays in (4.39). The second term expresses 

the combination of erroneous and error-free inter-user channels with (Pbp(d))v-n as 

the overall system's pairwise probability with (V — n) relays, while the third term is 

the pairwise probability in case of all inter-user channels are in error with (Pbp(d))0 

as the pairwise probability for the case of zero cooperating relays (no cooperation). 

4.4 Simulation Results 

In this section, we present simulation results to assess the performance of a multi-relay 

coded cooperative system when considering different scenarios. Also, we examine the 

accuracy of our analytical results obtained in Sec. 4.3. We consider the coopera

tive diversity spreading scheme described before with one transmit and one receive 

antennas. A multi-user asynchronous DS-CDMA system with BPSK transmission is 

assumed where every user data is spread using non-orthogonal Gold codes of length 
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31 chips. Convolutional coding of rate | with constraint length [7,5] is used at both 

active user and relay sides. For the asynchronous channel, the transmitted frames 

are 100 bits each, the fading coefficients are fixed for a number of frames and the 

delay between users, r^, is uniformly distributed along the symbol period. We also 

assume perfect knowledge of the channel coefficients at the base station and the relay. 

In order to maintain a constant data rate for all cases, the transmitting users in the 

non-cooperation case will transmit each data bit V times, so that the data rate is the 

same as the cooperating case. 
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Figure 4.5: BER performance for a 8-user asynchronous DS-CDMA coded network 

over 2 paths frequency-selective slow fading channels (1 relay cooperation). 

In Fig. 4.5, a wireless network using the DAF coded cooperating method is 

simulated over a 2-path frequency-selective fading channel. The SNR of the inter-

user channel is assumed to be equal to the uplink channel. The performance of 
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the non-cooperative case is also compared with the perfect and imperfect inter-user 

channels of a single-relay cooperation. Figure 4.6 shows the performance for the case 

of 2-relay cooperating network. We can conclude that by increasing the number of 

cooperating relays per active user, the overall system performance will be able to gain 

higher cooperative diversity degrees. 
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Figure 4.6: BER performance for a 8-user asynchronous DS-CDMA coded network 

over 2 paths frequency-selective slow fading channels (2 relays cooperation). 

By fixing the inter-user channel SNR, Fig. 4.7 compares the performance of the 

coded cooperating network for eight users over 2-path slow frequency-selective fading 

channel. With the overall system performance for the non-cooperative case acting 

as the upper performance bound, and the perfect inter-user channel as the lower 

bound, it can be concluded that as the quality of the inter-user channel improves, a 

remarkable improvement in the system performance can be seen where large diversity 
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gains achieved. It is shown that the system can achieve the full diversity gain when 

considering perfect inter-user channels. The results also suggest that, in the presence 

of MAI at the relay, the overall system performance degrades significantly and no 

benefit for user cooperation can take place. 
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Figure 4.7: BER performance for a 8-user asynchronous DS-CDMA network over 2 

paths frequency-selective slow fading channels (1 relay cooperation). 

Figs. 4.8 and 4.9 show the performance of an eight-user DAF coded cooperating 

network simulated over a different number of resolvable paths for both the perfect and 

imperfect inter-user channel, respectively. In these results, the SNR of the inter-user 

channel is taken to be equal to the uplink channel (i.e., first transmission phase). For 

the single relay case, one can notice that as the number of paths per channel increases, 

the network benefits from higher diversity gains. Similarly, for the multi-relay case 

shown in Figs. 4.10 and 4.11, the overall diversity achieved is (V + l)P when the 
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inter-user channels are error-free. That is, the overall diversity order of the system is 

a function of the number of cooperating relays V, and the number of resolvable paths 

P. In all the above scenarios, the accuracy of our analytical results is quite evident. 

4.5 Conclusion 

We examined the performance of a multi-relay coded cooperative diversity using 

DAF method in asynchronous DS-CDMA systems over frequency-selective slow fading 

channels. In order to mitigate the multi-access interference, decorrelator multiuser de

tectors have been employed at both the relays and the base station. The performance 

of the system has been studied, and an exact expression for the pairwise probability 

of error has been obtained for the case of imperfect and perfect inter-user channels. 

The impact of erroneous inter-user channels on the overall system performance was 

also studied, where we have shown that as the quality of the channel gets poorer, 

the system starts losing the diversity. As a result, we showed that DAF cooperating 

technique should be integrated with channel coding. Furthermore the impact of the 

number of cooperating relays have been studied in this work. We have presented and 

compared the performance of the system for different number of cooperating relays. 

A trade-off between the system performance and transmission rate was discussed, as 

the number of relays increases, the system gains higher diversity order, but on the 

other side the transmission rate starts to decline. Finally, our results show that the 

diversity gain of a multi-relay DAF cooperating network will mainly depend on the 

number of cooperating relays, inter-user channels conditions and the number of paths 

per channel. 
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Figure 4.8: Performance for an 8-user network with DAF cooperation as a function 

of the number of paths for perfect inter-user channels (1 relay cooperation). 
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Figure 4.9: Performance for an 8-user network with DAF cooperation as a function 

of the number of paths for imperfect inter-user channels case (1 relay cooperation). 
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Figure 4.10: Performance for an 8-user network with DAF cooperation as a function 

of the number of paths for perfect inter-user channels case (2 relays cooperation). 
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Figure 4.11: Performance for an 8-user network with DAF cooperation as a function 

of the number of paths for imperfect inter-user channels case (2 relays cooperation). 
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

In this thesis we focused on studying the performance of cooperative diversity tech

niques over different channel conditions. First, we introduced DAF cooperative diver

sity to DS-CDMA networks over frequency-selective slow fading channels. Through 

the thesis, we proved that cooperative networks will start benefiting from the cooper

ative diversity gains as the inter-user channels condition improves. We studied both 

extreme cases assuming perfect inter-user channel cooperation and no cooperation 

case. 

In chapter 3, the performance of DAF cooperative networks was analyzed for 

asynchronous DS-CDMA systems in frequency-selective slow fading environment. We 

studied the multiple-access interference impact on the performance of the cooperative 

networks. Both conventional matched filter receivers and decorrelator multiuser de

tectors were employed at the cooperating relay side and base station. When decorre-
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lator detectors are employed at the relay, the system is immune to the multiple-access 

interference. It was shown that the conventional receiver becomes almost ineffective 

due to the fact that the detected signals at both relays and base station will be suf

fering of high levels of interference. As a result, the performance of the cooperative 

network employing matched filter receivers at the relays can in some cases be worse 

than the non-cooperative network. We showed that the full benefits of cooperative 

diversity cannot be achieved if no multiuser interference suppression is employed at 

the cooperative end. We considered two scenarios; perfect and imperfect inter-user 

channel. The bit-error-rate performance of the cooperative system was investigated 

for an uplink transmission where a decorrelator detector is used at both the relay 

and base station receivers. Both simulation and analytical results were presented to 

demonstrate the diversity gains of cooperative networks. 

Through chapter 4, multi-relay decode-and forward cooperative transmission em

ploying convolutional coding was studied for the case of asynchronous DS-CDMA sys

tems over frequency-selective slow fading channels. The performance of the network 

was analyzed for both cases of perfect and imperfect inter-user channels. Decorrelator 

multiuser detectors were used at both the relay and base station receivers with the 

advantage of mitigating the multipath fading and multiple-access interference effects. 

We obtained an expression for the pair wise probability of error, where it was used to 

evaluate an upper bound on the BER. Moreover, simulation results were presented 

and compared to the performance analysis, showing that the network will be able to 

reach the full benefit of cooperation only by accompanying it with some type of chan

nel coding. Also the system's performance was shown to gain more diversity degrees 

with the increase of the number of cooperating relays per active user. We found that 
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for an active user transmitting to the base station over P paths and cooperating with 

V relays, the expected diversity degree is P(V + 1). 

5.2 Future Work 

The following could be an interesting topics for future studies: 

1. We studied the performance of cooperative networks over frequency-selective 

slow fading channels. This work could be extended to different channel con

ditions as fast fading channels, in which the channel state information perfect 

knowledge assumption is unrealistic. 

2. We have assumed perfect channel and spreading codes knowledge at the relay 

side which is not fully practical. Channel estimation is an important aspect 

of our results. Therefore, a study of the effects of imperfect channel state 

information on the uncoded and coded systems is of great interest. 

3. Through the thesis, we assumed random relay selection criteria, but future 

work can include more advanced criteria in relay selection, depending on the 

reliability of the (user-relay) and (relay-base station) links. 
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Appendices 

APPENDIX A 

In order to obtain the pdf of 7, the first step is to determine the joint characteristic 

function of A and B as follows 

<I>A,B(VI,V2) = E [exvj{wiA+W2B)] , (A-l) 

where E[.} is the expected value of the enclosed argument. Equation (A-l) can be 

rewritten with respect to a and C as 

<PA,B(WUW2) = E [expJ'£p=i <^+w2d) _ expj£P
p=i ^ (1 )6^i+^c / (1 ))l _ ( A_2 ) 

Letting y — ^2 — jwi, and assuming independent fading channels, we can show that 

p 

^ , B K , W 2 ) = Y[E [ex^^+^A E [expJQ?(i)*(t"1+W2^(1))] . (A-3) 
P=I 

As oc^b and oPf^b &re chi-square distributed each with two degrees of freedom, and 

using the characteristic function in (3.20), the joint characteristic function of A and 

B can be expressed as 

1 P 1 
^4 ,B(U>I , 102) = (r> 2\2P I I 7 7^ \7 7^ \ ' (A~4) 
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or equivalently as 

2P 
1 . • i 

<J>A,B{W\,W2) = , 2 , 2 P TT 7 T^ r. (A-5) 

In order to simplify the analysis, we will use a partial fraction expansion of a rational 

function with high order poles method [50]. Equation (A-5) can be simplified to 

^ ( w i , r o 2 ) . i k ^ n _ _ . (A.6) 

Consider Z a proper rational function having no zeros and 2P poles -Jfe-

2P 

Z(w1,w2) = f[- v . (A-7) 

Using [eq.(l) in [50]], 
2P r 

Z{wl,w2) = Y.f V
 ( A - 8 ) 

U=l [W2 - fa) 

where Cuk represents the expansion coefficients. The characteristic function in (A-5) 

can be simplified to 

*"<-">-S^ffiT^y). (A"9) 
Ku=i {w2 

where Cuk = ip-i is the residue term obtained from the partial fraction, and K\j is 

a function of the cross-correlations among users. The pdf, f(A, B), is then given by 

-1 /»OG / *00 

f(A,B) = —2 \ \ c(>A^(w1,w2)exp-^Aexp-^Bdw1dw2 
-OO • / —OO 

r2F J_ IP 

47r2(2CT2 )2P £ , 

where 

Tr — 

. , . „ , [°° exp~JWlA [°° e x p - ^ 2 a , , , A 1 1 , 
u(A,B)= F

2 P / - ^ ^dw2dw1. (A-ll) 
7-oo 2/ ./-oo ( w 2 _ ^ - J 
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By solving the double integral, we can find that 

A 2 / D\ 2P-2 

'"W-mhT^-c;) •*<*«, (A-i2) 

where Y(.) represents gamma function. Hence, f(A, B) is given by 

T-r2P J_ 2P , „ \ 2F-2 

where ^ ^ = wp^i) • L e t t i n g W — B, the pdf of 7 and W as defined in (3.22) can be 

obtained from the relation f(y, W) = f(A, B)\n(y, W)\ where ^(7 , W) = y/W is the 

Jacobian of the transformation. By substitution of (A-13) in this relation, we obtain 

ft2? 1 ™ 1 / r- W\2P-2 (-^) 
/ ( 7 ' W ) = 4 * 2 ( 2 ^ £ * ^ 5 ( ^ - ^ J exp(-fe-) . (A-14) 
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APPENDIX B 

We can determine the pdf of the SNR from equation (A-14) as follow 

r2P l 2P 
n 

where 

Ru(1)= WihVW- — ) e x p i ^ ^ i dW. 

/ , \ 2 P - 2 
Assume Xx = f 7 ̂ H 7 - ^ J , then 

*-<-*>~(£r( i-^ 2 P - 2 

Using binomial series, we can show that 

i(2P-2)(2P-3) f 1 V 
+ 21 l - 7 C t / 7 ^ J + ' 

or equivalently 

T/t/ 2P~2 ( 2P — 2 

"Cu' 

\ 

) 

' 2P - 2 » 

Then Ru{"i) can be expressed as 

2 P - 2 

^(7) = £ 
771=0 

( - l ) 2 P " 2 - m 7 ^ 

V m / 
, ^ 2 P - 2 - m 

4 P - 3 - m / - W W 

exp 
/ -ww\ dW. 

(B-l) 

(B-2) 

(B-3) 

(B-4) 

( - 1 ) " Y ^ ( v ^ ) m . (B-5) 

(B-6) 
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/

Cu~<2 / , \ 4 P - 3 - m (-WW\ 

(VW) expV"i^ ; dW, (B-7) 

/ 2 xnexp-axdx = . 1 , , C ? ( o C 2 ) ^ 
7c: o(n + l) 2V 

In what follows, we let 

fCy^2 , , x 4 P - 3 - m 

'0 

and use [35] 

^

r•C,2 

e x p ( ^ ) M ( n , IL + 1, a C 2 ) - CUaCjfr) e x p ( ^ ) 

^ ( — . a C , ) ] , (B-8) 

where M(k, m, z) represents the WhittakerM function [51] 

M(k,m,z) = z^+^exp-f [1 + {u2m+V)
z + •••• 

(f + m-AQ(f + m-AQ 
+ 2!(2m + l)(2m + 2) + ""^ l ^ j 

Now, by setting t = \fW in (B-7), we get 

' t4p-2~m exp^) dt (B-10) 
o 

2 2 P - f + l a 4 P - m C 2 P - l - f / _ c ^ N / 4 p _ 2 _ m 4 P - 1 - m C ^ T 
: V-. eXDV 4<r J Ml . . —~± 

7 ( 4 P - l - m ) ^ " 7 M V 2 ' 2 ' 2o» 

One can then express (B-10) in terms of confluent hypergeometric function using [35] 

M{k,m, z) = z^+mexp(^) xFi ( m - Jfc + | ; 1 + 2m; 2 J , (B-ll) 

where 

.^M = E i ^ 
n=0 v ' 

is the confluent hypergeometric function and (a)„,(6)n are pochhammer symbols. 

Hence 

"*» = ̂ S S - ^ •« (^—^) • <•»» 
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and by substitution in (B-6), 

f-c,na\ 2 p - 2 

m = 0 

2 P - 2 

m ) 

(-1) 2P-2-m 

4P-m-l 

l - f i F, 1-AP-m: 
2a2 (B 

Finally, the pdf of the SNR can be obtained by substituting (B-13) in (B-l). 
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" 7 " * e X D ' v 2s in a 9 ' 2<T 4^-1 ^ - ^ ( ^ k s + gfr) 

APPENDIX C 

Using [35] 

I exv-sHb-\F1(a\c;kt)dt = r(b)(s-k)-b
2F1(c-a,b]C]-^—], (C-l) 

we can solve the integral 

Gm{6) = wwL* L 
iF! f 1; 4P - m; ^ ) d 7 ^ - (C-2) 

Let t = 72, s = ^ g + | £ , a = 1, c = 4P - m, fc = | £ , and 6 = 2P, then 

Gmffl - 2 ( 2 a 2 ) 2P / y * 6 _ W ~ t j ) 1*1 (a; c;fci)dtd0. (C-3) 

Using (C-l), we can integrate (C-3) with respect to t 

Gm(£) = - ^ p / % i n 2 0 ) 2 V \ ( 4 P - m - l , 2 P ; 4 P - m ; ^ ^ 
2(P<5) ^ ^ ( P 5 ) 

where <5 is the average SNR of the channel. Define x = sin2 9 

Gm(S) = - ^ ^ p / ( l - a O - V * - * 

(p<5); 

Prom [eq. (7.512.12) [35]] 

/ (1 - x)u~1xv~1
pFq(a1, ...,Op]bi, ...,bq;ax)dx 

Jo 

= r , y+iFq+i(v,a1,...,ap;u + v,bi,...,bq;a) (C-6) 
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(C-4) 

r(2P) r\ i 2 P_i 

4(PJ)2 

2Pi ( 4 P - m - l , 2 P ; 4 P - m ; ^ ^ ) d x . (C-5) 



the integral (C-5) can be solved as 

Gm{5) ~ WET) [r(2P+i)) 

3 F 2 ^ ^ i , 4 P - m - l , 2 P ; 2 P + l , 4 P - m ; ^ ) . (C 

Prom T(.) properties, T(2P + 1) = 2P T(2P), and (C-7) can be rewritten as 

\ mpsf J 
3 F 2 ( ^ i , 4 P - m - l , 2 P ; 2 P + l , 4 P - m ; - ^ ) . (C 
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