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Abstract— In this paper, we examine the uplink of a cooper-
ative CDMA network, where users cooperate by relaying each
other's messages to the base station. When spreading wavefs
are not orthogonal, multiple access interference (MAI) exsts
at the relays and the destination, causing cooperative divsity
gains to diminish. To address this issue, we adopt the multaer
detection (MUD) technique to mitigate MAI in achieving the
full advantages of cooperation. Specifically, the relay-assted
decorrelating multiuser detector (RAD-MUD) is proposed to
separate interfering signals at the destination with the hip
of precoding at the relays along with pre-whitening at the
destination. Unlike the conventional zero-forcing (ZF) pecoder
or the decorrelating MUD, the proposed RAD-MUD experiences
neither power expansion at the relays nor noise amplificatio
at the destination. Three cooperative transmission stratgies are
considered on top of RAD-MUD; namely, transmit beamforming
selective relaying and distributed space-time coding. Sge the
reliability of each source-relay and/or relay-destinatio links are
different, relay transmissions are weighted accordingly m our
schemes to further combat MAI. The advantages of RAD-MUD
over ZF precoding and other existing cooperative MUD schenwe

are shown through computer simulations. )
Index Terms— Cooperative communications, multiuser detec-

tion, MIMO, precoding, space-time code.

I. INTRODUCTION

Wireless transmissions are subject to non-ideal chanrel
fects such as multipath fading and multiple access internfes

(MAI). Many efforts have been made to mitigate these effec

in order to improve the transmission efficiency. Specificall
cooperative communications [1]-[6] have been proposed

combat multipath fading by allowing users to relay eac

other’s messages to the destination. Since each message
be transmitted through multiple relay paths, spatial diivgr

not orthogonal, MAI will exist at the relays and the destina-
tion, causing the cooperative diversity gains to diminigh.
address this issue, multiuser detection (MUD) schemes must
be adopted to mitigate MAI and to achieve the full advantages
of cooperation.

Many cooperative communication strategies have been pro-
posed in the literature based on relaying techniques, ssich a
amplify-and-forward, decode-and-forward [3], coded cerap
tion [7], quantize-and-forward [8tc. In this work, we focus
on the decode-and-forward (DF) scheme where the relays
decode and re-encode the sources’ messages before retrans-
mitting them to the destination. The relays form a distréolit
antenna array for each source using only one antenna at each
node. Numerous communication and signal processing tech-
niques originally developed for conventional multipleir
multiple-output (MIMO) systems, such as beamforming [9],
[10], space-time coding [11], [12], antenna selection sube
[13], [14], can be applied to cooperative systems as wekséh
techniques will also be studied in this work.

Several multiuser detection (MUD) schemes [15] have
been proposed to mitigate MAI in non-cooperative CDMA
networks. Some well-known methods such as the maximum
likelihood (ML) detector, the decorrelating detector [18]e

inimum-mean-square-error (MMSE) detector [17], the de-
cision feedback detector [18] and the successive or paralle

erference cancellation schemes [19]. The ML detectar-mi
imizes the error probability but has complexity that incea
ggzponentially with the number of users. In this regard,dine
ecorrelating and MMSE receivers, which require only poly-
Hitial complexity, have been proposed. However, the ratluce
computational complexity comes at the cost of higher hibrer

gains can be achieved without requiring multiple antenmmes pyoq (BER). In particular, the decorrelating receivenaiates
each communication terminal. In this work, we consider the x| pt may lead to noise amplification when spreading
_uP“Ek of a codef—d|V|S|on-rr_1ultlple-acces_s (_CDMA)hnetworl%odes are non-orthogonal. The MMSE receiver controls the
In the context of cooperative communications, where, at g,... amplification up to a certain degree but results indrigh

particular instant in time, a set of users serves as SOUr¢ESiqual MAI

and another set of users serves as relays that forward

messages from the sources to the base-station. Howevar, w;

Nonlinear decision-feedback and interfeen
fcelation schemes offer good performance but experience
?ge latency and error propagation.

the spreading waveforms adopted in the CDMA network are Most existing works on cooperative communications as-
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sume that there is only one source in the network (while all
other users serve as relays) or that there are multiple ssurc
but each transmits over an orthogonal channel (which iraplie
the availability of orthogonal spreading codes). Howevwer,
practical systems, the requirement for orthogonality fBadilt

to satisfy and, thus, the MAI cannot be ignored. More regentl
MUD has been studied in [20], [21] for pair-wise cooperative

systems, where each user is grouped with another user into
a cooperative pair and is only allowed to forward messages



transmitted by its dedicated partner. In other words, ealzyr
helps forward the message from only one source and utilizes
MUD to suppress signals transmitted by all other sources. Th
degree of freedom provided by the multiple relays and the
relays’ ability to jointly process the sources’ messagesrat
fully exploited.

In this work, we consider a different scenario where each
relay may cooperate with multiple users simultaneouslysMe
sages received from multiple sources are decoded using the
MMSE multiuser detector (MMSE-MUD) at the relays and are
jointly processed before being retransmitted to the bagmst
By exploiting the relay’s ability to preprocess messages, w
propose therelay-assisted decorrelating multiuser detector
(RAD-MUD) to separate (or to decorrelate) the multiple
access interfering signals at the destination. Although th
decorrelation of signals can also be achieved with either th
Zero_forcing (ZF) precoder [22] or the decorre'ating MU[flg 1. Cooperative CDMA upIink withK" sources and. relays.

[16], these schemes perform the decorrelating operatitmsre

entirely at the transmitter or entirely at the receiverutisg in

either power expansion at the transmitter or noise amptiifica study provides bounds on the achievable performance in more
at the receiver. Unlike ZF precoding or decorrelating MUDyractical settings.

RAD-MUD performs half of the decorrelating operation at ) o

the relays and half at the destination. This unique featfire 'h@se | — Direct Transmission Phase

RAD-MUD allows us to avoid both power expansion and noise " Phase |, each source transmits a message Mitblata
amplification and, thus, results in better BER performancg¥mpPols to the de“nat'o”’ denoted Hy. Let x[m] =
compared to existing cooperative MUD schemes. Three codft [l: - s 2k [m]]” be the BPSK data symbols transmitted
erative transmission schemes are considered on top of RARY.SOUrcesSy, - -, Sk during them-th symbol period, where
MUD; namely, transmit beamforming, selective relaying ang[™ € {~1,1} and

------- Phase |

Phase Il

distributed space-time coding (DSTC). Moreover, since the I if m =/
. E [ T KxK, Irm
fading and MAI on each source-relay path (or each relay- [(x[m]x[(]"] = Oxxr, Otherwise -
destination path)is different, relay transmissions argited . ] ]
accordingly in our schemes to further combat MAI. (Ixxx denotes thek x K identity matrix andOx x the

The rest of this paper is organized as follows. The mod8l X & matrix with zeros in all elements.) Lefs, be the
for a cooperative CDMA system is given in Sec. Il and RADPOWer transmitted by sourc, and letsy(¢) be the spreading
MUD is described in Sec. Ill. The MMSE MUD used at thev@veform of S;.. Under the synchronous assumption, the
relays and the signal combining methods at the destination §/9n@! received at the destination during Phase | is
derived in Sec. IV. Three cooperative transmission stiateg M K
are examined in Sec. V and performance comparisons arg;(t)= Z ZhSkD Ps, xi[m]si(t — mTs)+vr(t), (1)
shown in Sec. VI. Finally, concluding remarks are given in m=1 k=1

Sec. VIL. whereT is the symbol periodhs, p is the complex channel
coefficient fromsS}, to D, andv,(¢) is the additive white Gaus-
Il. SYSTEM MODEL sian noise (AWGN). We assume a block fading environment
) _ where channel coefficients remain constant overitheaymbol
Consider a cooperative network whefé users, denoted 0y and are independent and identically distributedd()
by 51,52, , Sk, serve as sources ardusers, denoted by .5 piock to block. The channel coefficieht, p is assumed
Ry, R, Ry, serve as relays that forward messages frog pe circularly symmetric complex Gaussian witmean and
the sources to the destination as shown in Fig. 1. Each use{‘/é?ianceo—gw, i.e., hs,p ~ CN(0,0%, 1), and is assumed to

assigned a unique spreading code that is non-orthogonal BHtindependent among sourcesMfis the spreading gain, the
linearly independent from each other. The system perfor@ﬁreading waveform fof, can be expressed as
two phases of transmission. In Phase |, the sources send

their messages directly to the destination using theiraetspe 1 X

spreading codes. The transmissions are overheard andetecod % (f) = VN Z et —nTe), k=1, K (2)

by the relays in Phase II, and retransmitted to the destinati n=1

using the same set of spreading codes. The transmissiwerec[n] is then-th element of thet1 spreading sequence
from all users are assumed to be synchronous such that aéissigned toS,, and ¢(¢) is the normalized chip waveform
transmitted symbols arrive at the receivers simultangousbhith unit energy and duratiofi, = T, /N.

This simplifying assumption allows us to focus on the ben- The received signal;(¢) at the destinationD is passed
efits of relaying in a multiuser system and the performanterough a matched filter bank (MFB) corresponding to the



spreading waveforms (t), - -
known at both the relays and the destination. Betbe the
correlation matrix of the spreading waveforms with tlgj)-
th element equal to

T,
[R];, :/0 s:(t)s;(t)dt.

The signals obtained at the output of the MFB duringstivh
symbol period in Phase | is given by
yi[m]=RHgpx[m|+vi[m], m=1,--- , M, (3)
WhereHSD = diag(\ / P51 hSan / P52h52D1' i/ PSK hSKD)
andv;[m] is the AWGN with distributionCA (0x «1,02R).

The MFB outputs obtained over the entire symbol block
denoted byY; = [y[1],--- ,y1[M]].

Phase Il — Cooperative Transmission Phase

, sk (t), which are assumed which is fixed over all symbol periods and must satisfy the

total power constraint

L
> Pg, < Pg. @)
=1

Similarly, in them-th symbol period, the signal & is passed
through the MFB to yield the output

L
yU[m]:ZhRLDRtl[m]—i-vn[m], m=1,--, M, (8)
=1

wherehr,p ~CN(0,0%,p) and v ~CN (0 x1,02R). The
channel coefficients of each source-relay, relay-destinat
%nd source-destination links are assumed to be independent
among each other and.d. over each block. The MFB output
over the entire symbol block i¥ 77 = [yr;[1], -+, yrr[M]].

The signals received in Phase | and Il are then combined at

Due to the broadcast nature of wireless channels, signtis destination to further increase diversity gains.
emitted by the sources in Phase | are also received at relays

Ry, Ry, -+, Ry. Similar to (3), the signal received &, is
passed through an MFB and the output in theth symbol
period is

u; [m] = RHSRlx[m] +ny [m],
WhereHSRl :diag(\ / P51 h51 Ry n/ PSK hSKRL) and n; [m]

is the AWGN at relayR; with covariance matrix2R.. Here,
hs.r, ~ CN(0,0% g, ) is the channel coefficient betweeh

mzla"'va (4)

andR;, and is assumed to be independent for each source-relgy,

Ill. RELAY-ASSISTEDDECORRELATINGMULTIUSER

DETECTOR(RAD-MUD)

As shown in (3) and (8), the signals obtained at the MFB
output are subject to MAI if spreading waveforms are non-
orthogonal. In this case, MUD can be employed at both
the relays and the destination to mitigate MAI. For the
non-cooperative CDMA system, the decorrelating MUD was
proposed in [16] to eliminate MAI by multiplying the MFB
put with the inverse of the correlation matrix. That s f

link. Based on the MFB output, data symbols are detectgeh signal received in Phase I, as given by (8), the decaoel
at each relay using the MMSE multiuser detector as to %‘Eltput atD is equal to

described i[1 Sec. IV. The block of symbols detecte®®atre
denoted byX;=[x;[1],- - - ,%;[M]], wherex,;[m] is the detection
made at relayR; on the transmitted symbol vectafm].

_ Depending on the cooperative strategy, the detected sgmbol

X, may be re-encoded into thi€-by-A! symbol matrixT; =
FXy)=[ta[1],- - #a[M]], wheret;[m]=[t,1[m], -ty r [m]]"
is the symbol vector transmitted ¥, during them-th symbol

L
R_lyn[m] = ZthDtl[m] + R_1V][[m].
=1

In this case, thé:-th term of the decorrelator output depends
only on the symbols transmitted with the spreading code),
i.e, the k-th term in each of the vectors [m],---, tr[m].

period. When beamforming or selective relaying is congider Although this method eliminates MAI, the noise variance may
[c.f. Sec. Ill], ;[m] depends only on the detected symbols ifhcrease due to the correlation among spreading codes. This
the m-th time period,i.e,, %;[m]. When space-time codes ards observed from the noise covariance matrix which is given

consideredt;[m] will depend on the entire matriX;. During

by E[R v ;[m](R™ v [m])H] = 02R~!. To address this

the m-th symbol periody; .[m] will be transmitted using the issue, we proposed thelay-assisted decorrelating multiuser
spreading waveform of sourcg, and the signal received atdetector (RAD-MUD) which, with the help of precoding at the

destinationD during Phase Il is given by
hRLDtl,k[m]Sk(t — mTS)—I—’UU(t), (5)

wherehg, p is the channel coefficient betweédt) and D and
vrr(t) is the AWGN. The power transmitted ¥ in the m-th
symbol period is given by

2

P El/

E[ti[m]"Rt;[m]],

(>

K
> tikmlsk(t —mT)
k=1

(6)

relays, allows us to decorrelate the signals at the degtimat
D without noise enhancement.

The block diagram of RAD-MUD is illustrated in Fig. 2.
Suppose that the relayse, R;, I = 1,---,L) have knowledge
of the spreading codes of all sources. Each relay,/gayirst
encodes the detected symbol mafXixinto a & -by-M matrix
gl(Xl), whereg;(-) depends only on the specific cooperative
transmission strategy employed, as discussed in Sec. V. For
example, with beamforming, we haye(X;)=W,X;, where
W, is a diagonal matrix consisting of the beamforming
coefficients. The output of the cooperative operatj;@anl)
is then precoded by the matrx #, whereL is the Cholesky
decomposition ofR such thatR = LL¥ (L is a K-by-K



Ry RSW Tl A. MMSE Multiuser Detection at Relays
1 Eaaa N
0 2 . . lv‘ As described in Sec. Il, each relay receives an aggregate
: 5 0 H e \\ 1 VH D i i i
_ MUD ' . . ....... A .Y .L,1 MmsE |2 signal from the sources in Phase | and passes it through a

combining MFB to obtain wu;[m], which is given in (4). At relayR;,

o 2 ' T S we apply the MMSE-MUD onuy;[m] and obtain the detected
mup | o.0x} L symbol vector
xi[m] = sgn(#{z;[m]}) = sgrR{Ciu;[m]}), (12)

where z;[m] = Cju;[m] is the MMSE estimate ok[m] at
relay R; and C; is the K x K matrix chosen to minimize

lower triangular matrix). The symbol matrix transmitted byh€ mean square error (MSE); nameliyj|C;u [m] —x[m]|?].

Fig. 2. The Block diagram of RAD-MUD

R, is given by (Here,R{a} denotes the real part af and, forb that is real,
. T sgrib) =1if b>0and—1if b<0.)
T = f(Xy) =L " q(Xy). (9)  When the spreading codes are linearly independent and the

The mappingg,(-) must be chosen to satisfy the total powet;.orrelatlon matrixR. is of full rank, the MMSE solution can
constraint in (6) and (7) such that be computed as

L ., Lo Ci = Elxmlu ] JEfw [m]w[m] ]

> E[ty[m]" Rty [m]] =Y E[g(X:)[m]" 9:(X;)[m]] < P, — HY, R(RHspHZ, R+02R)™!,  (13)

=1 =1

where indexm is omitted in C; since symbolsx[m| are

where g;(X;)[m] is the m-th column ofg;(X;). It is worth- | . :
while to note that, unlike the ZF precoding [22] scheme, th%\s/zlr”:i]rii to bei.d. with respect tom so thatC, is constant

Fesull in power oxpansion since the ranamited power atpep, ot C1 = 68t~ wheree(! = cf}..- (1)1
or all k. The detected symbol corresponding ). is

only on the cooperative transmission strategy and not on the
correlation of the spreading codes. #1.4[m] = SR {26 [m]}) = sgriR{ (c”)"wm]}]. The BER

With precoding at the relays, the MFB outputAt(which of S’s transmitted symbol ak; is given by
is obtained by substituting (9) into (8)) is given by - 2;_1 Z Pr(R{ 2]} < Ol [m], s [m], i k)

L .
N i [m]e{ £}V
Y= Z hr,pRL™ g;(X;) + Vi1, (10) o ml
=1
(ON/Y 2
whereV;=[v[1],- - ,vir[M]]. The received signal in (10) = 2;71 Z Q 2%{(21@ )(Z)I;HSR(zl’;[m]} (14)
is then pre-multiplied witiL—, which yields the output o [mIe 21}k or(e;)TR(c;”)*
x [mEL
L k
YII = ZthDgl(Xl) + VII, (11) WhereQ(:C) _ fzoo \/%Giédt.

=1 When the number of interfering users is large, we can

WhereS?U:L—lYH:[yH[1],. Ly M]] andV;;=L-1'V;; approximate the MAI contribution as Gaussian and the BER
=[Vrr[1],- -+ ¥1rr[M]]. It is worthwhile to point out that the of the message transmitted I8y can be expressed as
noise termv;;[k] =L~!'v;;[k] now has the covariance matrix

Q J

2[(c\”)TRHsp, |2
E[|21,6[m][?] — [(c{)"RHsg,]?

E[v;[k|Vir[k]7] = 021k« x and, thus,L~! can be viewed
as a whitening filter. To conclude, with precoding at theysla
and pre-whitening af, the signals transmitted by different
spreading codes are decorrelated at the destination withou 2[T )k k
noise amplification or power expansion and, thus, consitryct Q 1— [Tiler

K orthogonal channels between the relays and the destination
where

1%

ayk

(15)

IV. MMSE MULTIUSER RECEIVERS AND SIGNAL
COMBINING

Although transmissions from relays to the destination c&id[Bl:; is the (i,j)-th element of matrixB.
be decorrelated with RAD-MUD, signals received by the
relays from sources are still subject to MAI. In the follogin B. MMSE Signal Combining at Destination
we describe the use of MMSE-MUD at the relayand
MMSE signal combining methods & to improve the system
performance.

Fl = Hgle (HSRngRz + 02R71)71H5Rl (16)

Based on the system model in Sec.ll,receives two sets
of signals: one directly from the sources in Phase | and the
other from the relays in Phase Il, as given in (3) and (8),

IMMSE receivers are chosen here simply as a representatieensc RAD- respectively. When the preC.Oding strategy at th? relaystend
MUD is not reliant on any particular detection method at tekays. channel coefficients on all links are knowniat signals from



both the direct and the cooperative paths can be combinBd at The estimate of5;,'s symbol received from both the direct
to improve the detection performance. For example, sourcasd cooperative paths can be expressed as

that suffer from the near-far effect at certain relays may be

detected reliably by others, therefore, diversity gains ba  y{*)[m) £ [f’vk[m] }

enhanced by properly weighting the signals received on each grrlm]

path. B [ [T D]k,k ]x [m]+[ &klm] ]
Suppose thafl; = L~ ¢,(X,) is transmitted byR; and "X hapwiibkm] | U1 k[m]

assume thatgl(Xl) takes on the linear fornw,;X; (eq. _ hg)xk[m] +v5:’f), (22)

in the case of beamforming and selective relaying [c.f. Sec.

V]), where W;=diag(w; 1, - - w;, i) is @ diagonal weighting ) _ [ L }T k) _
matrix whose elements are determined by the transmlssmn erehy, Lol 2aly hrpwisbix| and vy =

strategies and the total power constraint. To analyze iror [S&[m], #17x[m]]". The MMSE estimate ofty[m] is then
the detected symbol matrix, we define the random diagorfgimputed ba(sed on the signal in (22), which is given by
matrix @l[ ]—dl&g(@ljl[ ] 6‘17}{[ ]) where 6‘171€[ ] S Zk[ ] C/DyD with

{%1} is a Bernoulli random variable witBr(6; x[m]=—1)= _
ar and Pr(6; [m] = 1) = 1—ay.. More specifically, we csz[xk[m](y}?) [m])H]E[y@ () (y%) [m])H] . (@23)
setd; [m] =1 if the detection ofS;’s m-th symbol atR; is

correct andd; ;[m] = —1 if it is incorrect (v is equivalent Note that
to the BER). Therefore, the detected symbol matrix can be L
written asX; = [%;[1],- - - . %;[M]], where E{xk[m](ygj) [m])H} = l[I‘D]k’k’ Zh}}mw;ﬁk(l - 2al7k)1
%[m] = Ofm|x)[m], m=1,2,...M.  (17) =
and
The random variable8; ;[m] arei.i.d. over time with mean
E[0; x[m]] = 1 —2aq . The signals received ab in both E{ (k) (k) H}
phases can be expressed jointly ¥$, = [YI YT |7 = F{|ka[m] 2) =g o [mlift,  [m]
1], -, yp[M]], wh = . 5 = ,
ol yolM] V[” ]ere { Eljosilm)zglm]] Bl lm] ) }
_ yrim
yplm] = { ¥ 11[m] } where
RHsp vilm] } B2 4[m] %] = [Tp]
= o 18 ’ kK
{Zf_lthDWlel[m]}x[mH {VH[ | 48 L
is the signal received in both phases duringsti¢h transmis- Bz k [y lm]] = Loy Z hrpwin(1 = 2auk),
sion period. Based on the signal given in (18), we can compute =1
the MMSE multiuser detector as and

Xplm] = sgr(R{zp[m]}) = sgnR{Cpyplm|}), (19)  H]y;; ,[m]?

where Cp = E[x[m]yf [m]|E[yp[m]yp[m]]~". L& . . 9
Alternatively, to simplify the detection complexity, wedtir = >3 haphy, pwiswy B kM0 k[m]] + o7
take the MMSE estimate of each source’s symbol based on the =1 V=1

signal received from the direct pathe., y;[m]. The MMSE The detection made 0f;’s transmitted symbol is given by
estimate for each source obtained from the direct path is thep, ,[m] = sgn(R{zx[m]}). This method yields little perfor-
combined with the corresponding decorrelated signal frioen tmance loss compared with the previous method as shown
cooperative path using the MMSE criterion. Specifically, through simulations in Sec. VI.
first computes the MMSE estimate afm| based ony;[m] With RAD-MUD, it appears at first sight that the choice
as of spreading waveforms does not have a direct influence on
_ H Hi-1 symbol detection in Phase Il. However, higher correlations
zi[m] = E[;[m]w[m] ]E}[gl[m]y;{m] J yilm] between spreading waveforms do result in higher decoding
= HgpR(RHspHgpR+0,R) "y1[m].  (20) BERs at the relays and, consequently, errors at the ddetinat

The k-th element ofz;[m] is the MMSE estimate of symbol &S well. The overall performance can be improved by choosing

z1,[m], which is given by weighting factors that take into account detection religbat
relays as discussed in Sec. V.
zre[m] = [Iply pxi[m] + &[m], (21)  Given the set of channel realizations
Where FD - HSD(HSDHSD+02R_ )_1HSD and gk[ ] H= {hSkD,hSle,thD,for k= 1 ,K, andl:1,~ .. ,L}
is the combined MAI-plus-Gaussian-noise term. By ex-
ploiting the fact thatxzy[m| is independent of¢;[m] and and correlation matriR, we can compute the BER df;’s

E(z;[m]z;[m]"] = T'p, one can show tha{;[m] has zero decoded symbols ab, which is denoted by BERy r. As
mean and variancl'p|x i — [FD]%,C. shown in (18), the detection performance depends on the



specific error patterns at the relays, 0, = [01.1,--,0rx]. is used to retransmit the detected symbols corresponding to

The conditional BER for decodin§'s messages is each source,.e, Zle |w; k| =Pr/K, for all k.
BER.2.r= Y BERus ryg, Pr(liH,R),  (24)
9, {£1}F A. Transmit Beamforming

where BER» r, is the BER conditioned or?,R,0, When full CSl is available to all relays, transmit beamform-
and Pr(¢,|H,R) is the probability of detection error8; ing can be applied, treating the relays as multiple antertoas
given’ andR. By treating the interference as Gaussian, thémpensate for the phase differences on each relay path and

conditional BER can be computed from (22) as obtain a coherent addition of signals At Here, we consider
BER two beamforming methods.
k|H. R0, . L
SR e (B) 1) Beamforming for Relay-Destination (R-D) Channels:
= Pr(%{_CDhD +Cpvp M|} >0|zk[m]=-11, R, Qk) In this scheme, beamforming coefficients at each relay are
chosen based only on the values of the relay-destination (R-
=Q (\/SlNRD,k(HaRa Qk)) Liricpn®y>0) D) channels. This is the solution that maximizes the signal-
1 to-noise ratio at the destination when the antennas are co-
+11-Q \/SINRD HLR,00) |1y 1B located at a single terminal, or, when the errors at the selay
: | HR{CLRE <0y

are negligible. For transmit beamforming schemes, we write
wherel g, represents the indicator function which is equal t9,(X;) = W,;X; where W; = diag(w; 1, --,w;, k) contains

1 if the statement3 is true ando, otherwise, and the signal-the beamforming coefficients for each sourceRaton the
to-interference-plus-noise ratio is diagonal. Specifically, we have

(R{Cph})})?

(k) ) ; wyx = BrohR,p, Y 1k,
$B[Cov ) i) (Cpv i im)¥]

SINRp x(H, R, 8,)=

whereSrp = \/PR/(K Zle |hr,p|?) is chosen to meet the
power constrain® ;- , |w; x|? = Pr/K.
o244 Z|hR1le_’k|2(alyk_al27k)] 2) Beamforming for Source-Relay-Destination (S-R-D)
7 Channels: If errors at the relays are not negligible, one must
consider the detection reliability at each relay when degv
+%{ZZhRLDhEl/le7szk(l_2al/7k>91ak} , the beamforming coefficients. Lew; = [wy . --,wpx]”
1o be the beamforming coefficients used for retransmitith&
and detected symbols at relay®;,---, Ry. To take into consid-
eration the reliability of the relay detection, we choagg to
E[Cpv [ml(CHv [m])” ] inimi inat |
minimize the MMSE at the destination for the signals corre-
] sponding toSy in Phase Il. Specifically, with the derivations

where

RO =~ Tmi

)

o7 + 4 |hrpwikl*(cuk — afy)
l

given in Appendix I, we obtain the optimal coefficients as

2

wi, = argmin< minE[|cx s k[m] — a:k[m]|2]}
+02 Zthle,k(l —204.%) Wi { <k
! Ko? -1
The above derivation holds for all cooperative transmissio = Prsrp (‘I)’“ + Pr ILXL) Pk (25)
strategies for whichy;(X;) = W;X.
wherepy, = [hr, p(1—-201 k), -, hr,p(1—2ar )] and @y
V. COOPERATIVE TRANSMISSION STRATEGIES is an L x L matrix with elements
In RAD-MUD, the relay precoding allows us to construct \h, b2 if =1
. . [‘I’ ] , — RD| > ) (26)
K orthogonal channels between the relays and the destipation [®k]u.i W phr;pE0LK00 k], if 1A
similar to that in [2]. The message of each source is then ' ! o
tr_angmltted through orthogonal channels with the he_lp Ofﬁere,ﬁk <np — Pr/K s chosen to meet
distributed antenna array formed by the relays. In this case ’ pkH<q>k+1§:’3ILxL) -
the cooperative signal processing techniques studied en th r

literature can be readily applied to this system. Based en the power con_strainzle lwk|*> = Pr/K. Notice that, in_
availability of channel state information (CSI), we dissamd Pk. Smaller weights are given to relays with larger decoding
compare the performance of three cooperative transmissRjiRors and/or less reliable R-D channels.

strategies: (a) transmit beamforming; (b) selective ralgy
and (c) distributed space-time coding. For transmit beamfo
ing and selective relaying schemes, symbols transmitte@};by
can be expressed in linear form @$XZ) =W,;X;. To main- When only partial CSl is available at the relays, we consider
tain fairness, we shall assume that the same total relay rpoweo selective relaying strategies as detailed below.

B. Sdlective Relaying



1) Threshold Selection Strategy: Assume that each relayto M consecutive symbols at each relay, whédeis chosen
has the knowledge of only the local S-R and R-D channtd be greater thai in order to achieve full diversity [23]. Let
coefficients. In this strategy, the relays decide indepetigle A; be the unitary and isotropic random matrix of dimension
whether it will relay a particular source’s message using-a |M x M used to encode the detected symbols from each source.
cally selected threshold. Suppose that SENR is the signal- The transmitted symbol matrix is then given by
to-MAIl-plus-noise ratio forSy’s transmitted signal measured

— I-HW X —
at R; and SNR;, p is the signal-to-noise ratio at the destination Ti=L"W:X;A;, =1L (27)
for the signal transmitted bjt;. Then, for Since no CSl is available at relays, all diagonal elementsef
vk = min{SINRs, s, SNRg, p} weighting matrix is set to the same value. At the destination
I 82, haol? the MMSE estimate obtained on the direct path and the signal
= mi LI , Thik QRZD , received from the orthogonal cooperative path for eachcsour
1= [Tk 9% is combined together to perform the maximum likelihood

where SINR, r, and T; are given in (15),R; relays the (ML) detection. (The residual MAI of the MMSE estimate

message transmitted b, if and only if ~. is greater or IS treated as Gaussian when applying the ML in Sec. VI.)
equal to the thresholdr. That is,wi s = Brax if Yk > VT Note that the MMSE detector is not used here since it does
and0, otherwise. The reasoning behind this selection criteridlft achieve diversity in the case that we consider [c.f.][24]
is that, since the BER 0B;’s symbol at the destination is Furthermore, if only local CSI of the S-R links is available
dominated by the maximum error probability between the @i relays, we can also combine the threshold selectioregyat
R link and the R-D link, we allowR, to relay the symbol With DSTC so thatw, ;= Gpsrc if and only if SINRs, z, >
only if the maximum error probability of the two links are?- Similarly, Gpsrc is chosen to satisfy the average power
sufficiently reliable,i.e, when the minimum SNR or SINR constraint as in Sec. V-B.
exceeds a certain threshold.

Note that, since only the local channel coefficients are VI. PERFORMANCE COMPARISONS ANDNUMERICAL
known at each relaypry,  can only be chosen to satisfy SIMULATIONS

o L
the average power constra@:l:l E[|wl=k_|2]_ :_PR/K' The The performance of RAD-MUD with various cooperation
thresholdyr is chosen numerically to minimize the averagg,eihogs discussed in Sec.V is studied by computer simalatio
BER at the destination in Sec. VI. Furthermore, the thrashgl, s section. In these experiments, the channel coeftsie
selection strategy can be combined with the beamf_orm_lng R _, are assumed to id.d. for all k and! with distribution
strategy. In_ this case, only the SINR on the S-R_Imk IS US&E\/(0,1). We assume that all sources and relays have equal
for comparison since full CSI of the R-D channel is ava'labl%istance toD such thaths, p, hg,p ~ CN'(0,1/16), ¥ & and

H * H kL 1 1 )
Specifically, we setwx = frn-prhy,p If SINRs.r 297, | This corresponds to the case where sources and relays are
and w ;. = 0, otherwise. This method can be viewed as fcateq in the vicinity of each other and are all sufficieridy
compromise between Beamforming R-D and Beamforming g4y the destination such that the distances to the deistimat

R-Din ternsﬁ, of complexny. andhperfc:rrgalnce. _ —— be considered as equal. The variance of the AWGN is
2) Best Selection Srategy: When global CSI is available o o) 191 for all receivers. Each source transmits with equal

but phase coherent transmission is not achievable due er P, and the sum transmit power of the sources is equal
imperfect synchronization, we can employ the best selectiQy ha sum transmit power of the relays, K P, = Pr—=P

. . "y s - .
strategy where only one relay is chosen to transmit for eaghe spreading waveforms are generated randomly with non-

) b ; ,

source. In this case, we sef,; = frn. if Yk =70 ¥ gingular correlation matrices. The spreading gaiiVis: 8.
and w; , =0, otherwise, wheredry, x = \/Pr/K. When the £, 5 oqnerative network with — 8 sources and, = 8

relays have only the local CSI, the selection can be conduc%lays we first compare, in Fig. 3, the proposed RAD-MUD
at the destination in a centralized manner or, distribytei} with three different transmission schemes: (i) Zero-Fugci

using the opportunistic carrier sensing method proposed Plecoding [22]; (ii) Cao & Vojcic Cooperative MUD [20];
[14]. The best selection strategy has been studied extpsiv, 4 (iii) Cooperative MMSE-MUD without precoding at the
in the literature and has been shown to achieve full di\berSiFelays (Cooperative MMSE-MUD). In all of these schemes,
in the absence of MAL. In Appendix Il, we show that fully;\se_\MUD is used at the relays to decode the messages
diversity can also be achieved with RAD-MUD even in theqm 51 sources. At the destination, MMSE multiuser degect
presence of MAI. is derived using the assumption that; is independent over
relays for simplicity, which is suboptimal detection. Irhstne
C. Distributed Space-Time Coding (DSTC) (i), each relay performs ZF precoding (as proposed in [22])
When no CSI is available at the relays, we can empldyefore the messages are retransmitted to the destinatiat. T
distributed space-time coding (DSTC) [2], [11], [12] to éip is, the symbol transmitted b, is T;=3.;R g, (X;) where
diversity in the cooperative system. B.¢ is chosen to satisfy the total power constraint in (7). In
In particular, we adopt the linear dispersive space timeecodcheme (ii), each relay forwards only the message of one
[23], where the space time code is obtained by multiplyingpurce i.e., its dedicated partner) while, in scheme (iii), each
the symbol block with a random unitary matrix generateklay decodes-and-forwards the messages from all sources,
independently at each relay. Suppose that DSTC is applchilar to RAD-MUD, but do not perform precoding at the
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Fig. 4. BER performance comparison for systems employi@gsimit
Fig. 3. BER performance comparison for different precodangi MUD  beamforming.
strategies at the relays

10°

relays,i.e, T; = gl(Xl). The cooperative source-relay pairs 4 e S :
for scheme (ii) are chosen randomly in our experiments. Tc N
focus on the advantages of relay-assisted decorrelatien, t
BER performances in Fig. 3 are shown without combining
the signal on the direct path since the signal is common folg
all schemes. Moreover, we assume that all relays transmg
with equal power and the weighting factors of all relayed &
symbols are identical for scheme (iii) and the RAD-MUD,  1o*
ie, g(X)) = WX, whereW,; = /P/KLIgyx, ¥V L. It —_—
is worthwhile to notice that the system with ZF Precoding ;| © Cooperative MMSE-MUD, Threshold SEL
at the relays achieves the same performance as the syste . R, Trvecha S St
that employs Decorrelating MUD at the destination without + B —— ‘ |
precoding at the relays; therefore, the latter is not showr 10 15 20 25 30 35 40
redundantly in the figure. Although the signals receivedat t Total Transmit Power P (dB)
destination are decoupled for both ZF Precoding and RAIp_i-g. 5
MUD, we can see that RAD-MUD outperforms ZF Precodinglaying.
by 7 dB since no power expansion occurs at the relays. We
also show that RAD-MUD outperforms both scheme (ii) and
scheme (jii) since the signals received at the destinatien atilized to achieve the cooperative diversity gains in #ddi
free of MAI. to reducing MAI with MUD. We can see that the RAD-
In Figs. 4, 5 and 6, we show the performance of RAD-MUIMUD outperforms the Cooperative MMSE-MUD in all cases
with the different cooperative transmission strategiesctdbed as detailed below. The improvement under RAD-MUD is most
in Section V. Since the Cooperative MMSE MUD of schempronounced for cooperative transmission strategies tiedd y
(iii) outperforms schemes (i) and (ii), as shown in Fig. 3danlarge cooperative diversity gains since, in these casesl MA
has a structure that is able to incorporate the cooperatinst may dominate the BER and thus, it becomes increasingly
mission strategies.e., each relay in scheme (iii) is allowedimportant to effectively mitigate MAI. For concisenesseth
to decode-and-forward messages from all sources), we shedird beamforming is abbreviated as “BF” and selective as
compare RAD-MUD only with the Cooperative MMSE-MUD“SEL” in the legend.
in the following experiments. The performance of the direct In Fig. 4, we compare the performance of Coopera-
transmission with total transmit power setAf is plotted as a tive MMSE-MUD and RAD-MUD for three beamforming
reference. Here, we also consider a cooperative netwotk wiichemes: Beamforming S-R, Beamforming S-R-D and Beam-
K =8 number of sources anfi = 8 number of relays. The forming with threshold selection. We can see that, by weight
signals received at the destination in both phases are caubiing the relay symbols by the reliability of the detection
using the low complexity MMSE combining method given irat the relays in Beamforming S-R-D, we can significantly
(23). The BER performance versus the total transmit powienprove the BER performance over Beamforming R-D. The
P are shown in Figs. 4, 5 and 6 for transmit beamformin@geamforming with threshold selection serves as a compmmis
selective relaying and DSTC, respectively. These methogls detween the above two schemes since it allows a relay to

BER performance comparison for systems employirigctee
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Fig. 7. BER comparison of the case with two users and two seiah 8 16 | ) d24
correlation coefficientg = 0.75 and 0.25. Total Transmit Power P (dB)
Fig. 9. Performance comparison between MMSE joint decodngl9)

(dashed line) and the alternative low-complexity MMSE carmty in (23)
forward the symbol only when the detection is reliable. Thgolid line).
improvement due to RAD-MUD s largest for beamforming S-
R-D since this scheme vyields the largest cooperative gain. |

Fig. 5, the threshold selection and the best selectionesfies o ]
are compared, wherer, in the threshold selection strategy, i€°d€s is highi.e, p = 0.75. When p = 0.25, the MAI is
obtained numerically to minimize the average of BERat Small and both RAD-MUD and Cooperative MMSE-MUD
We can see that best selection outperforms threshold ielec'@ve comparable performance.
since it utilizes global CSI. More interestingly, the inase in In Fig. 8, the BER of the best selection scheme is shown
diversity order for the best selection scheme is larger #8DR for K = 8 and L = 2,4,8. We can see that the increase in
MUD than Cooperative MMSE-MUD since the performanceiversity is more evident for RAD-MUD as the number of
is less restricted by MAI. When DSTC is applied, as shown irlays increases. When BER0~*, 3.5 dB improvement is
Fig. 6, the RAD-MUD outperforms the Cooperative MMSEebserved ad. increases fron2 to 8 for Cooperative MMSE-
MUD by 7 dB when BER-1073. MUD, while 7 dB is observed for RAD-MUD. To show
In Fig. 7, we consider the case withh = L = 2 and the effectiveness of the low complexity MMSE combining
compare the BER performance fpe=0.25 and0.75, where method of (23), we compare the BER performance of the
p= [ s1(t)s2(t)dt is the correlation between the two spreadingptimal MMSE combining (dashed-line) and the alternative
codes. The direct transmission, equal gain and best smlectiow-complexity method (solid-line) in Fig. 9 for the equalig,
methods are given for both Cooperative MMSE-MUD andelective relaying, and beamforming strategies. As shown i
RAD-MUD. As shown in the figure, RAD-MUD effectively the figure, the alternative method yields only little penfi@ance
combats the MAI when the correlation between two spreadihgss while requiring a much lower decoding complexity.
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VIl. CONCLUSION APPENDIX I
DIVERSITY OF THE BEST SELECTION STRATEGY

The relay-assisted decorrelating multiuser detector (RAD _ ) )
MUD) was proposed to decouple users’ signals at the base] N€ best selection strategy in RAD-MUD achieves full
station without noise amplification. This is achieved by-prélIVersity as shown in the following. Without loss of genéial
coding transmitted messages at the relays along with plgt SourceSy be the user of interest, anfd,- be the selected
whitening of the received signals at the destination. Thré%lay' ForQSlmpI|C|2ty, we choosé’s = Pr/K = P and
cooperative transmission schemes were studied on top of fiier, = 9r,p = 9y = 0, = 1,V k andi. Meanwhile, we
RAD-MUD system. They are transmit beamforming, selectivePnSider the case whefR; ; =p <1, fori7j and[R];; =1,

relaying, and distributed space time coding. The perfomaanfor all i (i.e., the set of spreading codes is generated using the

of the proposed RAD-MUD scheme was demonstrated [3{iTt€d versions of m-sequences [25]). Without considgtie
computer simulation in representative test cases and igrshd/I'éct transmission, the outage probability [3] of uses given

to outperform cases where cooperative MUD is used withoBY

relay-assisted decorrelation. 1
Pouty = Pr{imin{log(l—FSlNRglRl* ), log(14+SNRg,. p) }< /\}

APPENDIX| = Pr{v-1<7}, (30)
DERIVATION OF BEAMFORMING COEFFICIENTS IN(25) where) is the target rate angl=22*—1. With best selection,

] ) o ) ) we choose the relay;- such thaty;- ; = max~;; and the
Here, we derive the beamforming coefficients given in (252)'uta e probability can be written as l
Given ¢y x[m], the MMSE estimate of the symbal,[m] is gep y

computed and yields the MSE as Pouta :Pr{mlax%l <y}=Pry1<v,VI1=1,2,--- ,L}.

minKf|exgjrr,k[m] —zk[m]|*]
F Cx 9 1-T]1,1°
[Elzk[m]yy; ml]]* P wy|? (16), we can see that the value of ; depends only on
E|y7; 1 m][? B wH®wi+02’ hs, g,y -+ hsxr, andhg,p. Thereforey 1,721, yr,1 are

’ independent and the outage probability can be written as

where p, and ®, are defined as in Sec. V-A. Under the L L
. g :

power constraint _tha|twk| = Pr/K, vV k, the beamforming Poury = HPI"(%,l <) = H [1—Pr(y1 > )]
coefficients are given by P P

Since 1 = Inin( LYjESe P|thD|2?, for I'; given in

= Elzg[m]|*~

L
H (2 . Ti]11
wi = arg min 1 — [Py W;Laz . (28) =11 [1—Pr{mm <W,Plhmplz) ZVH
w:|w\2:PTR WH(@k + PR”I)W lzl 1,1
Ko? \ 3 — H[I—Pr(& 27)Pr(P|hRLD|227)](31)
Then, by definingu = (<I>k+ P‘;v I) w, the optimization 1 1-[Ti]1a

roblem can be expressed as
P P Notice that, from (16) and the fact thaf =1, we havel';=

2 HgRl (HSRZ Hngi_orQL R™! ) -1 HSRL:(I+H§11%1 R~ H;}}%Il )_1 .

H Kop =1
py (Pr + F2 I~ (29) Then, we can show that
R

u; =argminl —
u

|u

I-T; @ Hgp (R+HgH Hgp ) '"Hg
By Cauchy-Schwarz inequality, the minimum of the MSE is ' = s (RAHsp Hsp,) ™ Hsp,

_ CHeyr—1 1-11x_
attained wheny, is given by ® Hsjlgl [PeKe£+(1—P)IKXK+H5§€HS§Z] Hsgp

Ko2 \ 2 where (a) follows from the matrix inversion lemma, which
g,
uy = Bk, SkrD <‘I>k + 2 v > Pk, states that

R
A+BCB)"1=A"-A"'B(C"4BYA'B)'BfA ",

wherefi srp is a non-zero arbitrary constant. It follows that(
by taking A =1, B=Hg, C=R"! and (b) follows by

Ko? -t rewriting the correlation matrix aR = pex e’ +(1—p) Ik« i,
Wi = Br.srp | i+ Pr Lixr Pk whereex is a K x 1 all-1 vector. By applying the matrix
inversion lemma again, withl = (1—p)IK><K+H§§ILH§}%l
and, to satisfy the power constraint, we set (which is diagonal) B=ex andC =p, we have
—Hgr—1 -1
8 Pr/K (RtH s Hyp, )
k,SRD = 1 . ... T ...
o2 . Ri1, y RILK] R, y RILK
Py (‘I)k+ I;RvILXL) Pk = diag(ki,1, -, Kt i) [ - ] [K ](32)
‘ PN D i KLk



wherek; =

P‘hslel

T p)Plhs 7P Thus, it follows that the1, 1)

entry of I-T is

1-T] ! p us
-I'hi=———|k1———%—
Plhs,r,[* P KLk
| ) TS 1 _
Moreover, SIT'IC\.[I_FL]L1 =T 1, we have
pr(—LULL S ) _prdpln TRELEN PON Y
(1 [Fl]l 1 | S1RL| —pP VMAI v

33)

where

K
1 P|hs, r,|?
Varar—=— LBy .
Mal p+kZ:2 1+P|h’SkRL|2(]‘_p)

Note thatVy; 4; depends on the the channel from sourSes

Ss, ...,

Sk to R;. Assume that the correlation coefficiemts

strictly less than one. At high SNR.€.,, P> 1), V47 can
be approximated as a deterministic variablg 15 ~ %4-%
and the probability in (33) can be written as

Pr<
1—

LVIFI
L]

) ool e 5 )

[7] M. Janani,

(8]

El

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Finally, by substituting (34) into (31) and from the fact tha
Pr{P|hg,p|>> v} = exp/F, since hg,p ~ CN(0,1), we [18]

have
L
1}[ (—%1+p(1z<+—pz(>l:2<2f)<—1>) e"p(_%)}
. Pz( p)+p(2—p)(K 1)]L
P (1=p[+ (K -1
= exp {_Lm E 2(1(1_;>p)+[1pz5 (—Kp)_(;f)lﬂ 1)} }
- exp{_L [m <22R7P_1> +lnC(P,K)] } :
where C(p, K) = 5 (=plLH(E— 1>P1 €[0,1) represents the

performance degradatlon caused by the MAI.
shown that the best selection strategy achieves diversigro
equal to the number of relays even in the presence of MAI.

(1]

(2]

(3]

(4]

(5]

(6]

2(1=p)+p(2—p)(K—
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