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Abstract— The use of multi-user detection (MUD) in a co- still remain in the presence of MAI. Several multi-user dete
operative CDMA network is investigated for the uplink in_ tion (MUD) schemes [7] have been proposed to mitigate the
synchronous CDMA systems. Suppose that, at any instant in \a effect, including the maximal likelinood (ML) detector

time, part of the users serve as sources while the others serv the d lating detect dth ..
as relays. The proposed MUD scheme decorrelates the sourtes € aecorrefaling detector, an € minimum mean squaoe err

messages at the destination with the help of precoding at the (MMSE) linear detector. The main contribution of this work
relays. Three cooperation methods are considered: (1) tramit is to exploit the use of relay-assisted decorrelating MUD to
beamforming, (2) selective relaying and (3) distributed spce- mitigate MAI in a multi-user environment and demonstrate
time coding. The optimal weighting factors of each method hat cooperation still has advantages in such a context.

are determined by taking the quality of the source-to-relay . . .
and/or the relay-to-destination links into account. We sha that MUD was considered for cooperative CDMA networks in

significant improvements in terms of the spatial diversity ad [8], [9], where two users work as a cooperating pair and
multiple-access interference (MAI) mitigation can be attaned forward messages only for its cooperating partner. ThenpMU

when precoding is employed at the relays to aid the decorretn s ysed at the relay to decode messages from a single source.
at the destination. The advantages are even more pronounced yare e consider the case where each relay is allowed to
when selective relaying is combined with the other two schees. . . .
cooperate with multiple users simultaneously and messages
received from multiple sources are jointly processed aheac
|. INTRODUCTION relay. To address this problem, we apply precoding at the re-

Consider the uplink of a cooperative CDMA system wherléys to facilitate the decorrelating operation at the desibn.
i

users cooperate by relaying each other's messages to greover, by performing selection or optimal weightingta t

. . L . elays, users that suffer from the near-far effect at cereays
base station. This is an application scenario of cooperatiy : . .
may be suppressed while being enhanced at other relays if the

communications studied in [1]-[3]. Under such a context, ; . -
) ar-far effect is less severe. Hence, cooperative diyeisi
some users serve as sources while others serve as relays tha . o
used to combat fading as well as mitigate MAI.

forward messages from sources to base-stations at each tmw : . ; i
: . : e study MUD in three cooperative relaying schemes:
instant. Quite a few relay-based cooperation methods hag

been proposed and studied in the past. Amplify-and-forw :%Ztransmlt beamforming, (2) selective relaying and (3-di

(AF) and decode-and-forward (DF) [2] have been among the uted space-ume co@ng (DSTC). The precoding techmq_u
. N : used at relays is optimized for each strategy. To design
most popular ones due to the simple and intuitive design. In°a

. . . weighting factors for beamforming, error probabilities on
cooperative system, relaying users play an equivalentable ; : . .
N . . . source-to-relay links are considered to achieve diveratty
a distributed antenna array and provide diversity for sesirc

. - . : the destination. Furthermore, by combining selectiveyiath
without requiring multiple antennas on each device. Mogtkwo = . : . .
. . . —with beamforming and DSTC, the diversity of the system can
in the literature has focused on the performance of a smq%e

source and then extends the problem to multiple sources € significantly improved. Extensive computer simulatisn i

assuming orthogonal channels among them [4]—-[6]. cBhducted to corroborate our analysis.
In this work, we examine a cooperative CDMA system Il. SYSTEM MODEL
where the relays are allowed to jointly decode and forward . ,
) . Consider a cooperative network where users cooperate by

the messages from more multiple sources using the source

. . re?aying each other's messages to the destination. At a time
spreading waveforms. The spreading sequences are not.as:-

sumed to be orthogonal and. thereby. the sianal detection inStance, there ard&’ source users and relaying users that
9 : Y 9 MBrward messages from sources to the destination as shown in

) : . Ei:ig. 1. The cooperative transmission consists of two phases
interference (MAI). The MAI effect is especially severe whe In phase I, source nodes in S8t — {Si, s, , Sx}

the target user is distant from the receivieg, the near-far . . . .
effect. It is not obvious whether the advantages of coofmarat transm!t their respective data symbols t% relay nodes using
' spreading waveforms;(t) = (1/vVM)> .~ _, ci(m)p(t —

This work was supported in part by the National Science Cihufmiwan, 1c)s @ = L, N, Whereci_(m) 1S them-.th element of t_he
under grants NSC-95-2221-E-007-043-MY3 and NSC-95-21%7-010. 1 spreading sequence assigned to ngde.e., the spreading



X{R(z,)>0}» and wherex, is the indicator function. The
decoding error probability for symbal; at the k-th relay is
given by

2[Tkli

er; = Pri{tr; #z;} =Q ( W) ; 2

where

T, = E[ZkaH] = PSH,};{(PSH]CH;CH + UQR_l)_lHk

is the correlation matrix of the MMSE detectiar, and
Fig. 1. The system model. Qu) = %f;’o e=?’/2dy. It is worthwhile to point out
that, if two of the spreading waveforms are highly corredate
matrix R has an eigenvalue close to zero. Then, the error

©(t) is the normalized chip waveform of durati@h = T'/M . : T
such that [ |o(t)?dt = 1. The spreading sequences aréate of messages transmitted with the corresponding sipgead
)z;\veforms would be higher.

assumed to be non-orthogonal, which may occur especiaW
when the number of users is greater than the processpgMMSE Detection at Destination
gain,i.e, N + L > M. Thus, the signal transmitted by
S; is ui(t) = /Pswisi(t), i = 1,2,---, N, where Py is

the transmit power of the source and is the BPSK data

sequence of5; is denoted byc; = [¢;(1),- -, c;(M)]T, and

It is assumed that all channel coefficients and spreading
waveforms are known at the destination. In the second phase,
the received signal at the destination is passed throughF® M

symbol with zero mean an&[z;z;] = d;;, whered;; is - :
the Kronecker delta. Relay nodd#, Ra. -, R, decode again and the resultant signal can be expressed as
data symbolsx = [z1,29, - ,2n]T using a linear MMSE L
multi-user detector [c.f. section Ill-A]. The decoded \erobf y= Z hxpRtx + v,
symbols atRy, is denoted by&y, = [#x.1,- - ,Zx.n] 7T k=1
In phase I, each relay nodesd., node R;) precodes where h;p is the channel coefficient betweeR; and the
detected symbol, into t, = [ti1,tk2, -+ ,tkn]? and destination, and is the additive Gaussian noise vector with

retransmits the data using the set of spreading waveforgeyo mean and covarian@&vv’| = ¢2R. With knowledge
{si(t),1 < i < N}, wheret;,; is modulated withs;(t). of the spreading waveforms, we can choogdo be
Thjt\e[ transmitted signal of relay nod®; is given by (t) = by = L-HW, %, 3)
Zi:l tk,isi (t)

. MMSE M ULTI-USERDETECTION where LHis the Cholejsky factorization of matriiR_, i.e,

. R =LL", andW,, = diag(wg1,--- , wk,n) Whose diagonal
A. MMSE Detection at Relays terms depend on the cooperating strategy adopted by redays a
It is assumed that transmitted signals are synchronousdigcussed in Section IV.

that messages arrive at relays at the same time and relayshe multiplication of L—* at the relay can be viewed as
have the knowledge of all signature waveforms. In the firgiie precoding that allows to decompose user’s signals at the
phase, relay nodd?; passes the received signal througl@estination. Weighting factorsy;, k = 1,---,L andi =
the matched filter bank (MFB) corresponding to spreading... N, are chosen to optimize the detection performance
waveformss (t), ---, sy(t). The output of the filter bank at the destination subject to the constraint on the totaktrt
can be written as power of relaysj.e.,

Vi = \/ERHkx—i—nk,k: 1,2,---, L.

TL L L N
whereR is the correlation matrix of spreading waveforms Witr/0 > Elig(t)*dt=y_EtF R =Y > [wil* < Pr. (4)
[R]’LJ = fOT S’L(t)sj(t)dti Hk = diag(hlkvh’Qki o 7h’Nk) k=1 k=1 k=li=1

with h;;, being the complex channel coefficient between sourde this case, we have

S; and relay Ry, ny is the additive Gaussian noise &Y L
which is zero mean and has covariafe);n’] = o?R. Let y = Z hipILW ks + V. (5)
us assume that the correlation matRxis non-singular. It is =1

straightforward to find that the MMSE estimation of the datgy applying a whitening filter at the destination, the signal
symbol at thek-th relay is

becomes .
zZr = E[kaH]E[YkYE]_IYk y= L—ly _ Z hip WXy + v, (6)
= VPHIR(PRHH/R +o°R) 'y,. (1) pt

Then, the decoded vectdt, can be obtained from the where the noise term is whitenede, v ~ CAN(0,021).
hard decision onz;y = [zx1," - ,zkyN]T, where z;,; = This is equivalent to havingV orthogonal channels with



independent noise on each channel. Each channel correspdhd optimal weighting factors imw; = [wy;,- - ,wLyl-]T are
to a different user in the system. The MMSE estimate gfiven by

symbolz; (i =1,---,N) at the destination is given by . . 9
w; = argmin{min |¢;z; — x;|°}
Elz:y;] e
% = G5 i ) :
E[|7:]?] = BiBre(®:i+ %1)711)1_7 (10)
wherey; is thei-th element ofy. The detection of symbat; '
is qi b Wherepi = [th(l — 261_i), cee ,hLD(l — 26L 1)]H, and<I>1-
given by \ (1= 2ey, i
is an L x L matrix with elements
&= SignR{z}) = sign(R{Elz:7;] - 5:}) - { hip? m=k
L ilk,m =
) . . ' hiphmp(1 —2er:)(1 — 2em) m#k
= sign( > (1 — 26 )R{hjpwi Hi} ). () o _ o
1 Constantf; pre in Eq. (10) is set to meet the individual

; 2 _ N _

As shown in Eq. (6), it appears that the correlation matrio e’ .constra|nl1\wz|| P, where Z%:l P Pr. qu
. . . Simplicity, we choos&’;, = Pr/N here. It is however possible
of spreading waveforms does not have a direct influente . L
. , - .~ 10 apply power allocation among sources to optimize the
on signal detection at the destination. However, a higher .
. . ; - _overall detecting performance furthermore.
correlation among spreading waveforms does result in aehigh

decoding error rate at relays and, consequently, moressator B, Selective Relaying
the destination. The overall performance can be signifigant
improved by choosing weighting factors carefully as diseas
in the following section.

If only the local CSI is available at the relay, we consider
two selective relaying strategies, which are conductedcl|
relay nodes and the destination, respectively.

(1) Selection by Relays (SEL-R):

In this case, each relay has only the knowledge of local CSI
Based on the channel status information (CSI), we c@tween sources and itself. By estimating the error prdibabi
apply different cooperative transmission schemes at selayor each user, the relay node only forwards messages from

The following three schemes are considered in this sectiqQisers that are decoded reliably. That is, for khth relay, we
(a) transmit beamforming; (b) selective relaying (at thiaye setw, , = S5z > 0 if the decoding error ratey; is less
or the destination); and (c) distributed space-time coding than a certain threshold and;,; = 0 if e, is larger than
the threshold. The positive constafitr is set to meet the
total power constraint as given in Eq. (4). This strategy can
As shown in Eq. (6)L relays form a virtual antenna arraybe combined with strategy BF-P by setting ; = Bsrhi p
that forwards messages frolV sources using orthogonalif e, ; exceeds the desired threshold.
channels. When the CSI is known at all relays, the transn(#) Selection by Destination (SEL-D):
beamforming technique can be used to maximize the strengthn this case, the destination has the knowledge of global
of the received signal. Here, we compare two beamformit@s| and chooses a single relay path for each source in the
methods depending on whether decoding errors at relays gystem. The decision is then fed back to relays. Specifically
considered or not. we setw; , = \/Pr/N for
(1) Beamforming with Perfect Relay Detection (BF-P):
If the detection at the relay is perfecg., without any error,

symbols to be transmitted at relays will be identical and the . . .
o . . . andw; ; = 0, otherwise. The strategy can be carried out in a
transmission will be identical to that of a source withco- ’

located antennas. The weighting factors are then given by g?tglgl'gsgeg?r??%]by the use of opportunistic carrier isgns

IV. COOPERATIVE TRANSMISSION STRATEGIES

A. Transmit Beamforming

k= argmax_min{(Py/0*)him ?, (Pr/No?)|hmp|*}

Wk.i = PeEPhip, ©) ¢ Distributed Space-Time Coding (DSTC)
wherefgrp is a positive constant used to satisfy the constraint To exploit the spatial diversity without the CSI knowledge a
on the total transmit power in Eq. (4). relays, distributed space-time coding (DSTC) can be applie
(2) Beamforming with Detection Errors (BF-E): Here, we adopt DSTC proposed in [11], where the coding

Although precoding allows us to decorrelate each userisatrix is randomly chosen by each relay.
messages from relays to the destination, symbol decoding aGpecifically, at each relay, DSTC is applied ov&r suc-
relays may have errors, which depend on the channel statessive symbol periods. That is, we encode the data in the
and the correlation properties of spreading waveformssThiime domain and retransmit them using a set of spreading
for each relay, one should adjust the weighting factors hyaveforms{s;(t)}¥ ;. Let X, be theN x T, matrix whose
taking decoding reliability into account. By minimizingeth i-th row contains the-th user's symbols of lengtii, decoded
mean square error of; (i = 1,--- ,N), we can obtain the by thek-th relay. The length of the space-time cdfieshould
optimal weighting factors corresponding to souf;e That is, be equal or larger than the number of relays,to achieve



full diversity at high SNR [11]. Lefl';, be anN x T matrix 10°
whosen-th column contains symbols transmitted by th¢h

relay with spreading waveforms in theth symbol period of T R
the second phase. Matrik,, is given by

~o

Tp = LW, XAy, 10°

whereA, is aT, x T, unitary and isotropically random rpatrix g
that is used to encode each row of decoded symbolX;in © 10
In this case, diagonal matriXV,, is set to satisfy the power

constraints at thé-th relay. The diagonal terms &, can be w0 B e R b,
set to the same value or combined with the selective stegegi B BreLs o8
such that only relays that have sufficiently reliable detect o S BE-PWSELoR L= '
are allowed to forward messages. - - Direct transmission
At the destination, received symbols obtained at the outpu n - ~ 2 '3;

of the MFB followed by a whitening filter withifl’; successive
symbol-period is given by

Total Transmit power P (dB)

Fig. 2. The average BER as a function of total transmit pai®édor transmit
beamforming.

L
Y = Z hip Wi XAy + V,
k=1

where V is an N x T, additive white noise matrix whose (i.€., the case of BF-P). However, to increase the number of
elements arei.d. Gaussian distributed with varianeg. Since relays improves the BER performance By5dB. Diversity
rows in matrix Y are uncorrelated, transmitted symbols ofan be well achieved by combining BF-P with SEL-R since
each row can be decoded separately. Xét) be thei-th row relays that are likely to make an error will not be selected.
of true symbol matrixX (i.e., the packet transmitted by thie With the knowledge of global CSI, BF-E provides astonishing
th source) andy (i) be thei-th row of symbol matrixY. The performance gains as compared with the direct transmission
detection ofX (i) can be obtained by the maximum-likelihoodgscheme.
(ML) decoding,i.e, We compare SEL-R, SEL-D and the the equal gain scheme
9 that applies equal weighting factors to all users in Fig. 3.
For the equal gain scheme and SEL-R, to increase the relay
number is not beneficial since they cannot suppress random
interference from different relays at the destination. ldeer,
V. SIMULATION RESULTS AND DISCUSSION by discarding symbols with a higher error probability atteac
The performance of various methods discussed above &gy, SEL-R outperforms the equal gain schemed. With
studied by numerical simulation in this section. Consider t the selection rule based on the global CSI, SEL-D attains a
case of N = 3 and spreading codes;, i = 1,2,3, are Mmuch higher diversity gain since only one relay is used for
generated randomly with spreading gdifi = 8 subject to €ach user and no random interference occurs at the destinati
det(R) > 0. Suppose thah;, and h;p, for all i and k, But this requires a feedback message from the destination.
are i.i.d. circularly symmetric Gaussian with unit variance. We show the BER curves for selective relaying combined
The additive noise at relays and destination are circulamyith DSTC in Fig. 4. The block length of DSTC is equal
symmetric Gaussian wita? = o2 = 1. Let P be the total to the number of relays,e., T; = L. DSTC achieves better
transmit power in both phasese, P, = P/N and P = P. diversity even with an equal gain scheme. The performance
The threshold for SEL-R is set to the average of decodiggin is more obvious when DSTC is combined with SEL-R,
error probabilities over all sources and relays. For coispar since symbols with smaller SINR at relays are discarded and
we consider the case with no cooperation where each soukt8l is mitigated effectively at the destination. The coogtare
transmits directly to the base station with pow&r= 2P/N, strategy combining SEL-R and DSTC seems attractive since
and h;p, Vi, arei..d. circularly symmetric Gaussian withonly the local CSI at each relay is needed. By comparing
variancel/2%, where« is the path loss factor which is setFigs. 3 and 4, we see that SEL-D with and without DSTC
to 2 in the simulation. have similar performance. Since symbols forwarded by each
The BER curvers averaged over three sources for caseky node are different and these symbols are de-cordelate
employing transmit beamforming at relays are shown in Figt the destination, DSTC is not useful when the best selectio
2. Strategies of BF-P (dashed line), BF-P combined with SEEtrategy is utilized.
R (solid line), and BF-E (dash-dot line) fat = 3,5 are Figure 5 shows the BER of all strategies described above
compared. We see that diversity is not well achieved if déer a network with five relays. The strategies with the equal
coding errors at relays are not considered even thoughlsigngain, SEL-R and SEL-D are marked by triangles, circles and
from all relays are coherently combined at the destinati@guares, respectively. Solid and dash-dot lines indicases
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namely, beamforming, selective relaying and distribufeate-
time coding. It was shown that diversity can be achieved for
beamforming only when we take the detection performance
at the relay into account in the determination of weighting
factors. With MUD at relays, cooperation provides spatial
diversity as well as mitigate MAI for the uplink transmis-
sion. By combining selective relaying with beamforming and
DSTC, the MAI and the near-far effects can be further reduced
Studies as reported in this work are however preliminary.
Systematic design of cooperative DF networks and their per-
formance analysis are under our current investigation.
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with DSTC and beamforming, respectively. We see from the
figure that strategies using one of DSTC, SEL-R or the BF-R] J. Laneman and G. Wornell, “Distributed space-timeamcprotocols

do not increase the diversity order, although they provig@ 5
dB gain over the direct transmission. In contrast, by cornigin

5
either BF-P or DSTC with SEL-R, we can get an improved[ )
diversity gain. SEL-D is comparable with BF-E and even

outperforms it at high SNR. Thus, by sharing local CSI with®

a reasonable amount of overhead, the selective strategyy
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