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Abstract—Consider a multiuser cooperative CDMA networks
where multiple sources transmit signals toward their respective
destinations with assistance of multiple relays. We propose joint
designs of precoders at relays and decoders at the destinations
to eliminate MAI and improve system performance. Specifically,
two sub-optimal designs of precoders are developed to maximize
SNR averaged over all users and to maximize SNR of the worst
user respectively. It shows through computer simulations that the
precoder maximizing average SNR favors the best user, while the
precoder maximizing the minimal SNR balances radio usage of
relays such that all users can achieve near-optimal diversity order.

I. INTRODUCTION

Cooperative communications [1]-[3] attract significant at-
tention in academia or industrial standards. By allowing relays
to forward source user’s information, alternative transmission
paths are introduced and the set of relays forms a virtual
antenna array to combat channel fading effectively. In existing
work, cooperating strategies focused mostly on the case with
single source/desination pair [3]. If multiple sources would like
to leverage the spatial diversity of the cooperative networks,
the resource provided by relays was usually allocated in an
orthogonal manner over the time domain[4] or frequency
domain. However, it takes twice time-slots or bandwidth
to accomplish cooperative transmission of each source. To
enhance the spectral efficiency, the cooperative strategy that
allows relays to forward all sources’ symbols over a common
channel simultaneously was proposed in [S]. The precoders
proposed in [5] is able to eliminate multiple access interference
(MAI) among users completely, but it demands a large number
of relays to satisfy zero-forcing (ZF) criterion.

In this work, we consider a multiuser cooperative code-
division-multiple-access (CDMA) system where L relays as-
sist transmissions of K sources toward respective destinations
using a common spreading waveform. Due to imperfect or-
thogonality among spreading waveforms allocated to source
users, signals forwarded by relays and received at the destina-
tion are contaminated by MAI. To eliminate MAI and enhance
system performance, we proposed two sub-optimal designs
of precoders at relays and decoder at destinations in terms
of maximal average signal to noise ratio (SNR) of all users
and maximal SNR of the worst user, respectively. The former
design tends to allocate more radio resource to the users with
better channel quality, while the later balances resource usage
of relays such that each user has comparable performance. It
shows through simulation results that the precoder maximizing

average SNR favors the user with best channel quality in
terms of diversity gain and coding gain. In precoding scheme
maximizing the minimal SNR, all users achieve near-optimal
diversity order with penalty of observable coding gain.

II. SYSTEM MODEL

In this work, we consider a multiuser CDMA cooperative
network where K source users transmit signals simultaneously
to their respective destinations with assistant of L relays.
For concise notation, we denote the k-th source-destination
pair as (Sk,Dy), for k= 1,2,--- | K, and denote the ¢-th
relay as Ry, ({ =1,2,---,L). The cooperative transmission
is accomplished in two phases. During Phase I, each source,
say Sk, transmits signal with power Pg, using an user-
specific spreading waveform si(t) to its destination. The
spreading waveforms {s(¢)} have unit energy and spreading
factor N, and are assumed known at all relays and desti-
nations. After receiving signals, destinations first passes the
signal through a matched filter bank (MFB) corresponding to
s1(t), s2(t),- -+, sk (t). The MFB output vectors at destination
D, is given by

v = RHgsp,x +ny), (1)
where x = [z1,79, -+ ,2k]T is a vector of all source

symbols with E[xx] =1, Hgp, = diag(\/Ps, hs,p,> - *»
/Psyhs.p;)s hs,p, is channel coefficient of the Si-D; link,
R is correlation matrix of spreading waveforms, and ngz is a
zero-mean Gaussian noise vector with covariance matrix o2R.

The (m, j)-th element of correlation matrix R is given by

R}, ; = / Son(t)35 (),

and assume that the spreading waveforms are not perfectly
orthogonal due to practical concerns. Due to broadcasting
nature of wireless medium, relays can overhear all source
signals. The MFB output vectors at each relay, say Ry, is
then given by

Yr, = RHggr,x +ng,, 2

where HSRZ = diag(\ / P51 hSle, crty, 4/ PSK hSKRZ)’ hSkRe
is channel coefficient of the Si-R, link, and ng, is a noise
vector with ng, ~ CN(0,0°R).

During Phase II, the relays adopt amplify-forward relaying
scheme to assist transmissions of K source-destination pairs.
To eliminate MAI of forwarded symbols, relay R, passes



the MFB output yr, through decorrelating multiuser detector
followed by a linear precoder by =[bs1, be2, - -, bs k]. The
precoded symbol at R, is given by
ty = bZRilyRé.

During Phase II, each relay forwards the precoded symbol
to the destinations using a common spreading waveform
sr(t). After passing the received signal to a matched filter
corresponding to s, (t), each destination, say D;, obtains an
output symbol given by

yh = Z hpite + 1%, 3)
=1

where hp,p, is channel coefficient of the R;-D; link, and ng)
is zero-mean Gaussian noise with variance o2. The destination
D, the proceeds to demodulate source symbol of interest x;
based on received symbols in ygj and ygl) To eliminate MAI,
the MFB output y( ) is first multiplied by a decorrelating
matrix R~ before combining symbols received in both phases
through a linear decoder. More specifically, decoder output at
the i-th destination is given by

2 ( )R_1 (1 )+Cz K+1y( ) “4)

where C,El) = [¢i1,¢i2,-.-,¢i kx| and ¢; g1 are coefficients
of decoder at destination D;. The destination D; can demod-
ulate source symbol x; from z;. In this work, we assume that
global channel information is known, and the set of precoders
at relays and decoders at destinations is optimized to eliminate
MALI as well as to maximize SNR of z;.

III. ZERO-FORCING DESIGN OF PRECODERS AND
DECODERS

A. Design of Zero-Forcing Decoders

Substituting (1) and (3) into (4), the decoder output z; can
be re-written by

L
z; =1/ Ps, (Ci,ihS,LDi +Ci,K+1§ hiéibe,z) x;

=1

K L
JrZ\/ Ps, (ci,khSkDi +Ci,K+1théibl,k> Ty
s =1

L
+eiki1y bR 'nghp,p, +e "R np) 4o rcpang)),

(=1
&)

where hyp = hs.r,hr,D, is the effective coefficient of the
composite channel from source Sy, to destination D; through
the relay Ry. The first term in (5) is desired for destination
D,, the second term is composed of MAI, and the third term
is additive Gaussian noise. To completely eliminate MAI, we

introduce zero-forcing (ZF) criterion by forcing the second
term to be zero, which can be achieved by setting

L _
> hkeibek
=1

Cik+1, Vk#i, Vi. (6)
hs,. b,

Cik=—

After applying ZF criterion, design of K + 1 decoder
coefficients for destination D; is now reduced to optimization
of ¢;; and ¢; x11. The SNR at destination D; is then given

by
2

Ps,

L
Ciihs; D, +¢ik+1 Y Pieib s

“=
SNR;—

; (7
o? (|Ci,i|2 ai; + |C¢,K+1|2 5i(b))

where a; ; is the (i,j)-th element of R™!, and 4;(b) is a

function of b £ [by, by, ..., by] given by
L K K
(b) = 14> > > bewarbi; .|
=1 k=l =l
S S i,
o hsipihs b g o=

kAL A

Letc; = [cZ i»Ci,ik+1], the value of SNR in (7) can be further
simplified by

SNR; =

Ps, |u;(b)c;]
TN, (b)G; ()

2
o2 ¢AN;(b)c;’
where w;(b) = [hSiDmZ(eLzl fLmbLl} and N;(b) =
diag(1, §;(b)) are functions of precoding vector b.

It is worthwhile noting that the received SNR at destination
D; depends on the joint precoding vector b and respective
decoding coefficients in c;, rather than decoding coefficients
regarding other destinations c;, j # . To maximize received
SNR at each destination, the first step is to determine optimum
solution of ¢; (i=1,2,---, K), which can be written as

t lu; (b )62|2
Pt = arg max —p—— -~ —
! e ¢IN;(b)e;
— N (b)ul!(b), ©)

where «; is arbitrary nonzero constant. The resulting maximal
received SNR at destination D; is now given by
Ps, u -1

ul’ (b)N; Mu;(b)

o2

SNR; =

hieibe.; (10)

o2

The first term in (10) is contributed by direct link between
source S; and Destination D;, while the second term is
resulted from relays’ assistance and depends on the precoder
b. In the remaining part of this section, we will investigate
two precoder designs to maximize average SNR of all users
and maximize SNR of the worst user respectively.



B. Precoder Design to Maximize Average SNR

In this section, we will develop sub-optimal design to
maximize average SNR of all users subject to satisfying
aggregate power constraint at all relays. The optimum precoder
maximizing SNR is can be written by

K
1
bopt = arg ml?XNZ; SNR;

K p. | L 2
_ LS hinby s
= arg mgx; 5:(b) ; higibe| (11)

where the value of b must satisfy power constraint given by

L

> E[ltf| =bR,b™ < Prr,

=1
where R, =diag(R, 1,Ry 2, -, Ry 1) is a LK x LK block
diagonal matnx and R, = HSREHSRZJrUQR is correlation
matrix of R~y Rr,- However, the optimal solution in (11) is
intractable since the denominator terms §;(b) are different
for all . In this work, we adopt an alternative criterion to
maximize the ratio of desired signal power summed over all
users to the power of noises at all destination. The suboptimal
precoder can be written by

12)

L 2

Z Nzézbl,i
i=1
K
3 6i(b)
bZb"
= arg max s
& K + bQb” + bUbY
where Z is a LK x LK block matrix with the (/,¢)-th
block (£,¢' = 1,2,---, L) being Zyy = dlag(Pslhlglh Ter1s
Ps,hopahlpg, - ’PSKhK‘gKhKE’K) Q is a LK x LK block
diagonal matrix with the (4,7)-th element (i,5=1,2, -, K)
of the ¢-th diagonal block(¢ =1,2,---, L) being [Qye];; =
a;j Zszl |hr,p,|? and U is a LK x LK block matrix where
the (4, j)-th element of the (¢, ¢)-th block is

Z Lekhjzlkaw]
k 1 hS thS Dy,

m»

bsubopt = arg ml?‘x

13)

[(Ueer)ij

After manipulation, the suboptimal solution of precoder equals

Pgrr H oLl
bsubopt = “Viax P 2, 14
’ pt \/ TI;IIB,XP_ER P 2 Vmax ( )
where P = %Ry + Q + U, vy is the eigenvector of
1 H ) . . .
P~2ZP ™ = corresponding to the maximum eigenvalue.

C. Precoder Design to Maximize SNR of the Worst User

The precoder in (14) is designed to maximize the average
SNR, which tends to allocate more power to the user pair
with better channel quality. If fairness is a major concern of

the cooperative system, the precoding vector can be designed
to maximize received SNR for the worst user, i.e.,

byt = arg ml?x min SN R;

= arg maX 1’I111’1 mbg i (15)
The optimization problem can be expressed as follows
1
r%iXt (16)
2
st — hieibes| >t, Vi
L. é-z(b) WiV U, )
bR,b < Pgr.

Nevertheless, it is difficult to find a solution of optimization
problem in (16). Since the precoder design is to maximize the
minimum SNR value of all users, we propose a sub-optimal
solution composed of vectors which are optimal respectively
to user pairs. More specifically, let

K
b = Zwkbopt,lw (17)
k=1
where
L 2
bopt,; = arg maX Z kb
(=
arg ma; bZka (18)
= X
ST bQ, b + bU,bH

is the optimal precoder maximizing SNR of user i, Zj is
a LK x LK block matrix with the (¢,¢)-th block being
Zyp =diag(0,0,- - -, Ps, hperhlpps - ,0), Qi is a LKXLEK
block diagonal matrix with the /-th diagonal block being
|hr,p,|°R™, Uy is a LKXLK block matrix where the (i, j)-

th element of the (£, ¢')-th block is h[khfi;i"“a’ if i and 0

if 1=7j. After algebraic manipulation, solutian of bops, i equals

boyir = BvE P2 19
opt,k EVmax, kT g (19)

where Pr.= %T

P, ZkP - corresponding to the maximum eigenvalue, [
is a constant. Without loss of generality, we set 5, = 1. The
suboptimal design of precoding vector can be rewritten by

(20)

R, + Qi+ Uk, Viax,k is the eigenvector of

max t
{wr},t
K

s.t. b= Zwkbom’k?

k=1
L
Ps -
: Rieibe.i
6] |2

bR,b < Ppr.

2

>t Vi

The optimal values of {wy} can be obtained numerically.
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Fig. 1. Comparison of average outage performances for K = 2 and L = 2

IV. COMPUTER SIMULATIONS

In this section, outage performance of proposed scheme
is demonstrated through Monte Carlo simulations. In the
following simulations, assume that the transmission rate of
each source user is set as R = 1, and all channels are
Rayleigh fading with unit gain. Transmission power of each
source is set as Pg, = P/K, and total transmission power
of relays is Prr—P. In Fig.1, average outage performance of
the proposed schemes in terms of SNR = P/o? is compared
with direct transmission scheme for cooperative systems with
K =2 users and L =2 relays. In direct transmission scheme,
transmission power of eah source is 2P/K for fariness. The
outage probability of the i-th user using direct transmission is

Pout,i = Pr{10g2(1 + SNRi) < R},

where SNR; is the received SNR at destination D; over
direct transmission channel. In our proposed schemes, K +1
spreading waveforms is ultilized to serve K user pairs, thus,
outage probability of the proposed scheme can be written as

Pout,i = Pr { K[j— 1 1Og2(1 + SNR,L) < R} .

It shows that the precoder maximizing SNR of the worst user
outperforms and achieve higher diversity order in average.
The average outage performance of the precoder maximizing
average SNR is dominated by the worst user pair at high
SNR since most radio resource is allocated to the user pair
with better channel quality. Nevertheless, it still outperforms
direct transmission by 3 dB. To gain more insight on resource
allocation among two user-pairs, Fig.2 demonstrates outage
probabilities of the best user and the worst user and average
outage probability for K = 2 users and L = 4 relays. In
precoding scheme that maximizes average SNR, the best user
attains the best outage performance with penalty of diversity
gain attained by the other user. It also shows that both users is
able to achieve diversity gain with precoders maximizing the
minimum SNR.
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Fig. 2. Comparison of outage probabilities for X' =2 and L =4

V. CONCLUSIONS

We proposed joint designs of precoders at relays and
decoders at destinations to eliminate MAI and enhance sys-
tem performance in multiuser cooperative CDMA networks.
Simulation shows that the precoder maximizing average SNR
allocates most radio resource to the best user, while precoder
that maximizes the minimal SNR allows all users to have
comparable performances.
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