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Abstract—In this paper, we examine the uplink of a cooperative
CDMA network, where users cooperate by relaying each other’s
messages to the base station. When spreading waveforms are
not orthogonal, multiple access interference (MAI) exists at the
relays and the destination, causing cooperative diversity gains
to diminish. To address this issue, we adopt the multiuser
detection (MUD) technique to mitigate MAI in achieving the
full advantages of cooperation. Specifically, the relay-assisted
decorrelating multiuser detector (RAD-MUD) is proposed to
separate interfering signals at the destination with the help
of precoding at the relays along with pre-whitening at the
destination. Unlike the conventional zero-forcing (ZF) precoder
or the decorrelating MUD, the proposed RAD-MUD experiences
neither power expansion at the relays nor noise amplification
at the destination. Three cooperative transmission strategies are
considered on top of RAD-MUD; namely, transmit beamforming,
selective relaying and distributed space-time coding. Since the
reliability of each source-relay and/or relay-destination links are
different, relay transmissions are weighted accordingly in our
schemes to further combat MAI. The advantages of RAD-MUD
over ZF precoding and other existing cooperative MUD schemes
are shown through computer simulations.
Index Terms—Cooperative communications, multiuser detection, MIMO, precoding, space-time code.

I. I NTRODUCTION

W

IRELESS transmissions are subject to non-ideal channel effects such as multipath fading and multiple
access interference (MAI). Many efforts have been made to
mitigate these effects in order to improve the transmission
efficiency. Specifically, cooperative communications [1]–[6]
have been proposed to combat multipath fading by allowing
users to relay each other’s messages to the destination. Since
each message may be transmitted through multiple relay
paths, spatial diversity gains can be achieved without requiring
multiple antennas on each communication terminal. In this
work, we consider the uplink of a code-division-multipleaccess (CDMA) network in the context of cooperative communications, where, at a particular instant in time, a set of
users serves as sources and another set of users serves as
relays that forward the messages from the sources to the basestation. However, when the spreading waveforms adopted in
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the CDMA network are not orthogonal, MAI will exist at the
relays and the destination, causing the cooperative diversity
gains to diminish. To 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 proposed in the literature based on relaying techniques, such as
amplify-and-forward, decode-and-forward [3], coded cooperation [7], quantize-and-forward [8] etc. In this work, we focus
on the decode-and-forward (DF) scheme where the relays
decode and re-encode the sources’ messages before retransmitting them to the destination. The relays form a distributed
antenna array for each source using only one antenna at
each node. Numerous communication and signal processing
techniques originally developed for conventional multipleinput multiple-output (MIMO) systems, such as beamforming
[9], [10], space-time coding [11], [12], antenna selection
schemes [13], [14], can be applied to cooperative systems as
well. These 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 are, for example, the maximum likelihood (ML) detector, the decorrelating detector [16],
the minimum-mean-square-error (MMSE) detector [17], the
decision feedback detector [18] and the successive or parallel
interference cancellation schemes [19]. The ML detector minimizes the error probability but has complexity that increases
exponentially with the number of users. To address this issue,
linear decorrelating and MMSE receivers, which require only
polynomial complexity, have been proposed. However, the
reduced computational complexity comes at the cost of higher
bit-error-rates (BER). In particular, the decorrelating receiver
eliminates MAI but may lead to noise amplification when
spreading codes are non-orthogonal. The MMSE receiver
controls the noise amplification up to a certain degree but
results in higher residual MAI. Nonlinear decision-feedback
and interference cancelation schemes offer good performance
but experience large latency and error propagation.
Most existing works on cooperative communications assume that there is only one source in the network (while all
other users serve as relays) or that there are multiple sources
but each transmits over an orthogonal channel (which implies
the availability of orthogonal spreading codes). However, in
practical systems, the requirement for orthogonality is difficult
to satisfy and, thus, the MAI cannot be ignored. More recently,
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
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II. S YSTEM M ODEL
Consider a cooperative network where K users, denoted
by S1 , S2 , · · · , SK , serve as sources and L users, denoted by
R1 , R2 , · · · , RL , serve as relays that forward messages from
the sources to the destination as shown in Fig. 1. Each user is
assigned a unique spreading code that is non-orthogonal but
linearly independent from each other. The system performs
two phases of transmission. In Phase I, the sources send
their messages directly to the destination using their respective
spreading codes. The transmissions are overheard and decoded
by the relays in Phase II, and retransmitted to the destination
using the same set of spreading codes. The transmissions
from all users are assumed to be synchronous such that the
transmitted symbols arrive at the receivers simultaneously.
This simplifying assumption allows us to focus on the benefits of relaying in a multiuser system and the performance
study provides bounds on the achievable performance in more
practical settings.

R1
h S1R1

hS

transmitted by its dedicated partner. In other words, each relay
helps forward the message from only one source and utilizes
MUD to suppress signals transmitted by all other sources. The
degree of freedom provided by the multiple relays and the
relays’ ability to jointly process the sources’ messages are not
fully exploited.
In this work, we consider a different scenario where each
relay may cooperate with multiple users simultaneously. Messages 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 base station.
By exploiting the relay’s ability to preprocess messages, we
propose the relay-assisted decorrelating multiuser detector
(RAD-MUD) to separate (or to decorrelate) the multiple
access interfering signals at the destination. Although the
decorrelation of signals can also be achieved with either the
zero-forcing (ZF) precoder [22] or the decorrelating MUD
[16], these schemes perform the decorrelating operations either
entirely at the transmitter or entirely at the receiver, resulting in
either power expansion at the transmitter or noise amplification
at the receiver. Unlike ZF precoding or decorrelating MUD,
RAD-MUD performs half of the decorrelating operation at
the relays and half at the destination. This unique feature of
RAD-MUD allows us to avoid both power expansion and noise
amplification and, thus, results in better BER performances
compared to existing cooperative MUD schemes. Three cooperative transmission schemes are considered on top of RADMUD; namely, transmit beamforming, selective relaying and
distributed space-time coding (DSTC). Moreover, since the
fading and MAI on each source-relay path (or each relaydestination path) is different, relay transmissions are weighted
accordingly in our schemes to further combat MAI.
The rest of this paper is organized as follows. The model for
a cooperative CDMA system is given in Section II and RADMUD is described in Section III. The MMSE MUD used at the
relays and the signal combining methods at the destination are
derived in Section IV. Three cooperative transmission strategies are examined in Section V and performance comparisons
are shown in Section VI. Finally, concluding remarks are given
in Section VII.
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Cooperative CDMA uplink with K sources and L relays.

Phase I – Direct Transmission Phase
In Phase I, each source transmits a message with M data
symbols to the destination, denoted by D. Let x[m] =
[x1 [m], · · · , xK [m]]T be the BPSK data symbols transmitted
by sources S1 , · · · , SK during the m-th symbol period, where
xk [m] ∈ {−1, 1} and

IK×K , if m = 
.
E[x[m]x[]T ] =
0K×K , otherwise
(IK×K denotes the K × K identity matrix and 0K×K the
K × K matrix with zeros in all elements.) Let PSk be the
power transmitted by source Sk and let sk (t) be the spreading
waveform of Sk . Under the synchronous assumption, the
signal received at the destination during Phase I is
yI (t) =

M 
K


hSk D


PSk xk [m]sk (t − mTs )+vI (t), (1)

m=1 k=1

where Ts is the symbol period, hSk D is the complex channel
coefficient from Sk to D, and vI (t) is the additive white
Gaussian noise (AWGN). We assume a block fading environment where channel coefficients remain constant over the M symbol block and are independent and identically distributed
(i.i.d.) from block to block. The channel coefficient hSk D
is assumed to be circularly symmetric complex Gaussian
with 0-mean and variance σS2 k D , i.e., hSk D ∼ CN (0, σS2 k D ),
and is assumed to be independent among sources. If N is
the spreading gain, the spreading waveform for Sk can be
expressed as
N
1 
ck [n]ϕ(t − nTc ),
sk (t) = √
N n=1

k = 1, · · · , K,

(2)

where ck [n] is the n-th element of the ±1 spreading sequence
assigned to Sk , and ϕ(t) is the normalized chip waveform
with unit energy and duration Tc = Ts /N .
The received signal yI (t) at the destination D is passed
through a matched filter bank (MFB) corresponding to the
spreading waveforms s1 (t), · · · , sK (t), which are assumed
known at both the relays and the destination. Let R be the
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correlation matrix of the spreading waveforms with the (i, j)th element equal to
 Ts
[R]i,j =
si (t)sj (t)dt.
0

The signals obtained at the output of the MFB during the m-th
symbol period in Phase I is given by
yI [m] = RHSD x[m]+vI [m], m = 1, · · · , M,
(3)



where HSD = diag( PS1 hS1 D , PS2 hS2 D ,· · · , PSK hSK D )
and vI [m] is the AWGN with distribution CN (0K×1 , σv2 R).
The MFB outputs obtained over the entire symbol block is
denoted by YI = [yI [1], · · · , yI [M ]].
Phase II – Cooperative Transmission Phase
Due to the broadcast nature of wireless channels, signals
emitted by the sources in Phase I are also received at relays
R1 , R2 , · · · , RL . Similar to (3), the signal received at Rl is
passed through an MFB and the output in the m-th symbol
period is
ul [m] = RHSRl x[m] + nl [m], m = 1, · · · , M, (4)


where HSRl = diag( PS1 hS1 Rl ,· · · , PSK hSK Rl ) and nl [m]
is the AWGN at relay Rl with covariance matrix σn2 R. Here,
hSk Rl ∼ CN (0, σS2 k Rl ) is the channel coefficient between
Sk and Rl , and is assumed to be independent for each
source-relay link. Based on the MFB output, data symbols
are detected at each relay using the MMSE multiuser detector
as to be described in Sec. IV. The block of symbols detected
at Rl are denoted by X̂l=[x̂l [1],· · · ,x̂l [M ]], where x̂l [m] is the
detection made at relay Rl on the transmitted symbol vector
x[m].
Depending on the cooperative strategy, the detected symbols
X̂l may be re-encoded into the K-by-M symbol matrix Tl =
f (X̂l )=[tl [1],· · · ,tl [M ]], where tl [m]=[tl,1 [m],· · · ,tl,K [m]]T
is the symbol vector transmitted by Rl during the m-th symbol
period. When beamforming or selective relaying is considered
[c.f. Sec. III], tl [m] depends only on the detected symbols in
the m-th time period, i.e., x̂l [m]. When space-time codes are
considered, tl [m] will depend on the entire matrix X̂l . During
the m-th symbol period, tl,k [m] will be transmitted using the
spreading waveform of source Sk and the signal received at
destination D during Phase II is given by
yII (t) =

L
M 
K 


hRl D tl,k [m]sk (t − mTs )+vII (t), (5)

m=1 k=1 l=1

where hRl D is the channel coefficient between Rl and D and
vII (t) is the AWGN. The power transmitted by Rl in the m-th
symbol period is given by
⎡
2 ⎤
 ∞ 
K



PRl  E ⎣
tl,k [m]sk (t − mT ) dt⎦


−∞ 
k=1

=

H

E[tl [m] Rtl [m]],

l=1

PRl ≤ PR .

yII [m] =

(7)

L


hRl D Rtl [m]+vII [m],

m = 1,· · · , M,

(8)

l=1
2
) and vII [m] ∼ CN (0K×1 ,σv2 R).
where hRl D ∼ CN (0,σR
lD
The channel coefficients of each source-relay, relaydestination, and source-destination links are assumed to be
independent among each other and i.i.d. over each block. The
MFB output over the entire symbol block is YII = [yII [1],· · · ,
yII [M ]]. The signals received in Phase I and II are then
combined at the destination to further increase diversity gains.

III. R ELAY-A SSISTED D ECORRELATING M ULTIUSER
D ETECTOR (RAD-MUD)
As shown in (3) and (8), the signals obtained at the MFB
output are subject to MAI if spreading waveforms are nonorthogonal. 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
output with the inverse of the correlation matrix. That is, for
the signal received in Phase II, as given by (8), the decorrelator
output at D is equal to
R−1 yII [m] =

L


hRl D tl [m] + R−1 vII [m].

l=1

In this case, the k-th term of the decorrelator output depends
only on the symbols transmitted with the spreading code sk (t),
i.e., the k-th term in each of the vectors t1 [m],· · · , tL [m].
Although this method eliminates MAI, the noise variance may
increase due to the correlation among spreading codes. This
is observed from the noise covariance matrix which is given
by E[R−1 vII [m](R−1 vII [m])H ] = σv2 R−1 . To address this
issue, we proposed the relay-assisted decorrelating multiuser
detector (RAD-MUD) which, with the help of precoding at the
relays, allows us to decorrelate the signals at the destination
D without noise enhancement.
The block diagram of RAD-MUD is illustrated in Fig. 2.
Suppose that the relays (i.e., Rl , l = 1,· · · ,L) have knowledge
of the spreading codes of all sources. Each relay, say Rl , first
encodes the detected symbol matrix X̂l into a K-by-M matrix
gl (X̂l ), where gl (·) depends only on the specific cooperative
transmission strategy employed, as discussed in Sec. V. For
example, with beamforming, we have gl (X̂l ) = Wl X̂l , where
Wl is a diagonal matrix consisting of the beamforming
coefficients. The output of the cooperative operation gl (X̂l ) is
then precoded by the matrix L−H , where L is the Cholesky
decomposition of R such that R = LLH (L is a K-by-K
lower triangular matrix). The symbol matrix transmitted by
Rl is given by
Tl = f (X̂l ) = L−H gl (X̂l ).

(6)

which is fixed over all symbol periods and must satisfy the
total power constraint
L


Similarly, in the m-th symbol period, the signal at D is passed
through the MFB to yield the output

(9)

The mapping gl (·) must be chosen to satisfy the total power
constraint in (6) and (7) such that
L
L


E[tl [m]H Rtl [m]] =
E[gl (X̂l )[m]H gl (X̂l )[m]] ≤ PR ,
l=1

l=1
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where gl (X̂l )[m] is the m-th column of gl (X̂l ). It is worthwhile to note that, unlike the ZF precoding [22] scheme, the
precoding employed in RAD-MUD as given in (9) does not
result in power expansion since the transmitted power depends
only on the cooperative transmission strategy and not on the
correlation of the spreading codes.
With precoding at the relays, the MFB output at D (which
is obtained by substituting (9) into (8)) is given by
YII =

L


hRl D RL−H gl (X̂l ) + VII ,

L


hRl D gl (X̂l ) + V̆II ,

(11)

l=1
−1

where Y̆II =L YII =[y̆II [1],· · · ,y̆II [M ]] and V̆II =L−1 VII
= [v̆II [1],· · · ,v̆II [M ]]. It is worthwhile to point out that the
noise term v̆II [k] = L−1 vII [k] now has the covariance matrix
E[v̆II [k]v̆II [k]H ] = σv2 IK×K and, thus, L−1 can be viewed
as a whitening filter. To conclude, with precoding at the relays
and pre-whitening at D, the signals transmitted by different
spreading codes are decorrelated at the destination without
noise amplification or power expansion and, thus, constructing
K orthogonal channels between the relays and the destination.

=

1
2K−1



(13)

⎞
(l) T
2
2{(c
)
RH
x[m]}
SRl
k
⎠
⎝
⎛

Q

xi [m]∈{±1}∀i=k
xk [m]=1

(l)

(l)

σn2 (ck )T R(ck )∗

,(14)

∞
t2
where Q(x) = x √12π e− 2 dt.
When the number of interfering users is large, we can
approximate the MAI contribution as Gaussian and the BER
of the message transmitted by Sk can be expressed as
⎞
⎛
(l) T
2
2[(c
)
RH
]
SRl k
k
⎠
αl,k ∼
= Q ⎝
(l)
E[|zl,k [m]|2 ] − [(ck )T RHSRl ]2k


2[Γl ]k,k
= Q
,
(15)
1 − [Γl ]k,k
where
H
2 −1 −1
) HSRl
Γl = HH
SRl (HSRl HSRl + σn R

IV. MMSE M ULTIUSER R ECEIVERS AND S IGNAL
C OMBINING

(16)

and [B]i,j is the (i,j)-th element of matrix B.

Although transmissions from relays to the destination can
be decorrelated with RAD-MUD, signals received at the relays
are still subject to MAI. In the following, we describe the use
of MMSE-MUD at the relays1 and MMSE signal combining
methods at D to improve the system performance.
A. MMSE Multiuser Detection at Relays
As described in Sec. II, each relay receives an aggregate
signal from the sources in Phase I and passes it through a
MFB to obtain ul [m], which is given in (4). At relay Rl ,
we apply the MMSE-MUD on ul [m] and obtain the detected
symbol vector
x̂l [m] = sgn({zl [m]}) = sgn({Cl ul [m]}),

E[x[m]ul [m]H ]E[ul [m]ul [m]H ]−1
H
2
−1
HH
,
SRl R(RHSRl HSRl R + σn R)

xi [m]∈{±1}∀i=k
xk [m]=1

(10)

where VII = [vII [1],· · · ,vII [M ]]. The received signal in (10)
is then pre-multiplied with L−1 , which yields the output

=
=

where index m is omitted in Cl since symbols x[m] are
assumed to be i.i.d. with respect to m so that Cl is constant
over time.
(l) (l)
(l)
(l)
(l)
(l)
Let Cl = [c1 ,c2 ,· · · ,cK ]T , where ck = [ck,1 ,· · · ,ck,K ]T
for all k. The detected symbol corresponding to Sk is
(l)
x̂l,k [m] = sgn({zl,k [m]}) = sgn({(ck )T ul [m]}). The BER
of Sk ’s transmitted symbol at Rl is given by

1
Pr({zl,k [m]} < 0|xk [m], xi [m], ∀i = k)
αl,k = K−1
2

l=1

Y̆II =

553

(12)

where zl [m] = Cl ul [m] is the MMSE estimate of x[m] at
relay Rl and Cl is the K × K matrix chosen to minimize
1 MMSE receivers are chosen here simply as a representative scheme. RADMUD is not reliant on any particular detection method at the relays.

B. MMSE Signal Combining at Destination
Based on the system model in Sec. II, D receives two sets
of signals: one directly from the sources in Phase I and the
other from the relays in Phase II, as given in (3) and (8),
respectively. When the precoding strategy at the relays and the
channel coefficients on all links are known at D, signals from
both the direct and the cooperative paths can be combined at D
to improve the detection performance. For example, sources
that suffer from the near-far effect at certain relays may be
detected reliably by others, therefore, diversity gains can be
enhanced by properly weighting the signals received on each
path.
Suppose that Tl = L−H gl (X̂l ) is transmitted by Rl and
assume that gl (X̂l ) takes on the linear form Wl X̂l (e.g. in
the case of beamforming and selective relaying [c.f. Sec. V]),
where Wl =diag(wl,1 ,· · · ,wl,K ) is a diagonal weighting matrix whose elements are determined by the transmission strategies and the total power constraint. To analyze errors in the
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detected symbol matrix, we define the random diagonal matrix
Θl [m] = diag(θl,1 [m],· · · ,θl,K [m]) where θl,k [m] ∈ {±1} is
a Bernoulli random variable with Pr(θl,k [m] = −1) = αl,k
and Pr(θl,k [m] = 1) = 1 − αl,k . More specifically, we set
θl,k [m] = 1 if the detection of Sk ’s m-th symbol at Rl is
correct and θl,k [m] = −1 if it is incorrect (αl,k is equivalent
to the BER). Therefore, the detected symbol matrix can be
written as X̂l = [x̂l [1],· · · ,x̂l [M ]], where
x̂l [m] = Θl [m]x[m],

m = 1, 2, ..., M.

(17)

The random variables θl,k [m] are i.i.d. over time with mean
E[θl,k [m]] = 1 − 2αl,k . The signals received at D in both
T T
] =
phases can be expressed jointly as YD = [YIT Y̆II
[yD [1],· · · ,yD [M ]], where


yI [m]
yD [m] =
y̆II [m]




RHSD
vI [m]
= L
(18)
x[m]+
v̆II [m]
l=1 hRl D Wl Θl [m]
is the signal received in both phases during the m-th transmission period. Based on the signal given in (18), we can
compute the MMSE multiuser detector as
x̂D [m] = sgn({zD [m]}) = sgn({CD yD [m]}),

(19)

H
H
[m]]E[yD [m]yD
[m]]−1 .
where CD = E[x[m]yD
Alternatively, to simplify the detection complexity, we first
take the MMSE estimate of each source’s symbol based on the
signal received from the direct path, i.e., yI [m]. The MMSE
estimate for each source obtained from the direct path is then
combined with the corresponding decorrelated signal from the
cooperative path using the MMSE criterion. Specifically, D
first computes the MMSE estimate of x[m] based on yI [m]
as

zI [m] = E[x[m]yI [m]H ]E[yI [m]yI [m]H ]−1 yI [m]
H
2
−1
= HH
yI [m].
SD R(RHSD HSD R+σv R)

(20)

The k-th element of zI [m] is the MMSE estimate of symbol
xk [m], which is given by
zI,k [m] = [ΓD ]k,k xk [m] + ξk [m],

(21)

H
2 −1 −1
) HSD and ξk [m]
where ΓD = HH
SD (HSD HSD + σv R
is the combined MAI-plus-Gaussian-noise term. By exploiting the fact that xk [m] is independent of ξk [m] and
E[zI [m]zI [m]H ] = ΓD , one can show that ξk [m] has zero
mean and variance [ΓD ]k,k − [ΓD ]2k,k .
The estimate of Sk ’s symbol received from both the direct
and cooperative paths can be expressed as


zI,k [m]
(k)
yD [m] 
y̆II,k [m]




[ΓD ]k,k
ξk [m]
= L
xk [m]+
v̆II,k [m]
l=1 hRl D wl,k θl,k [m]
(k)

(k)

= hD xk [m] + vD ,
(22)


T
L
(k)
(k)
and vD =
where hD = [ΓD ]k,k ,
l=1 hRl D wl,k θl,k
T

[ξk [m], v̆II,k [m]] . The MMSE estimate of xk [m] is then

computed based on the signal in (22), which is given by
(k)
zk [m] = CD yD with
 
−1

(k)
(k)
(k)
CD= E xk [m](yD [m])H E yD [m](yD [m])H . (23)
Note that


L



(k)
∗
E xk [m](yD [m])H = [ΓD ]k,k ,
h∗Rl D wl,k
(1 − 2αl,k )
l=1

and



(k)
(k)
E yD [m](yD [m])H

E[|zI,k [m]|2 ]
=
∗
[m]]
E[y̆II,k [m]zI,k

∗
E[zI,k [m]y̆II,k
[m]]
E[|y̆II,k [m]|2 ]


,

where
E[|zI,k [m]|2 ] = [ΓD ]k,k ,
∗
[m]] = [ΓD ]k,k
E[zI,k [m]y̆II,k

L


∗
h∗Rl D wl,k
(1 − 2αl,k ),

l=1

and
E[|y̆II,k [m]|2 ]
L
L 

=
hRl D h∗Rl D wl,k wl∗ ,k E[θl,k [m]θl ,k [m]] + σv2 .
l=1 l =1

The detection made on Sk ’s transmitted symbol is given by
x̂D,k [m] = sgn({zk [m]}). This method yields little performance loss compared with the previous method as shown
through simulations in Sec. VI.
With RAD-MUD, it appears at first sight that the choice
of spreading waveforms does not have a direct influence on
symbol detection in Phase II. However, higher correlations
between spreading waveforms do result in higher decoding
BERs at the relays and, consequently, errors at the destination
as well. The overall performance can be improved by choosing
weighting factors that take into account detection reliability at
relays as discussed in Sec. V.
Given the set of channel realizations
H={hSk D , hSk Rl , hRl D , for k = 1,· · · ,K, and l = 1,· · · ,L}
and correlation matrix R, we can compute the BER of Sk ’s
decoded symbols at D, which is denoted by BERk|H,R . As
shown in (18), the detection performance depends on the
specific error patterns at the relays, i.e., θk  [θ1,k ,· · · ,θL,k ].
The conditional BER for decoding Sk ’s messages is

BERk|H,R =
BERk|H,R,θk ·Pr(θk |H, R),
(24)
θk∈{±1}L

where BERk|H,R,θk is the BER conditioned on H, R, θk
and Pr(θ k |H, R) is the probability of detection errors θk
given H and R. By treating the interference as Gaussian, the
conditional BER can be computed from (22) as
BERk|H,R,θk




(k)
(k)
= Pr {−CD hD +CD vD [m]} > 0 xk [m] = −1,H, R, θk

=Q
SINRD,k (H, R, θk ) ·1{{C h(k) }≥0}
D D



+ 1−Q
SINRD,k (H, R, θk ) ·1{{C h(k) }<0}
D

D
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where 1{B} represents the indicator function which is equal to
1 if the statement B is true and 0, otherwise, and the signalto-interference-plus-noise ratio is
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the beamforming coefficients for each source at Rl on the
diagonal. Specifically, we have
wl,k = βRD h∗Rl D ,

∀ l, k,

L
SINRD,k (H, R, θk ) =
where βRD = PR /(K l=1 |hRl D |2 ) is chosen to meet the

2
power constraint L
l=1 |wl,k | = PR /K.
where
2) Beamforming for Source-Relay-Destination (S-R-D)


Channels: If errors at the relays are not negligible, one must

[Γ]
k,k
(k)
|hRl D wl,k |2(αl,k −α2l,k )
σ 2 +4
{CD hD } =
consider the detection reliability at each relay when deriving
1−[Γ]k,k v
T
l
!
" the beamforming coefficients. Let wk = [w1,k ,· · · ,wL,k ]

be the beamforming coefficients used for retransmitting Sk ’s
∗
+
hRl D h∗Rl D wl,k wl,k
(1−2αl ,k )θl,k , detected symbols at relays R ,· · · , R . To take into consid1
L
l
l
eration the reliability of the relay detection, we choose wk to
and
minimize the MMSE at the destination for the signals corre

sponding to Sk in Phase II. Specifically, with the derivations
(k)
(k)


H
E CD vD [m](CD vD [m])
given in Appendix A, we obtain the optimal coefficients as


#


[Γ]k,k
2
σv2 + 4
|hRl D wl,k |2 (αl,k − α2l,k )
=
wk = arg min min E[|ck y̆II,k [m] − xk [m]| ]
1 − [Γ]k,k
wk
ck
l

2

−1


Kσv2

2
=
β
+
I
pk .
(25)
Φ
k,SRD
k
L×L
hRl D wl,k (1 − 2αl,k )
+σv 
PR


(k)
({CD hD })2
,

1
 v(k) [m](C v(k) [m])H
E
C
D D
D D
2

l

The above derivation holds for all cooperative transmission
strategies for which gl (X̂l ) = Wl X̂l .
V. C OOPERATIVE T RANSMISSION S TRATEGIES
In RAD-MUD, the relay precoding allows us to construct
K orthogonal channels between the relays and the destination,
similar to that in [2]. The message of each source is then
transmitted through orthogonal channels with the help of a
distributed antenna array formed by the relays. In this case,
the cooperative signal processing techniques studied in the
literature can be readily applied to this system. Based on the
availability of channel state information (CSI), we discuss and
compare the performance of three cooperative transmission
strategies: (a) transmit beamforming; (b) selective relaying;
and (c) distributed space-time coding. For transmit beamforming and selective relaying schemes, symbols transmitted by Rl
can be expressed in linear form as gl (X̂l ) = Wl X̂l . To maintain fairness, we shall assume that the same total relay power
is used to retransmit
L the detected symbols corresponding to
each source, i.e., l=1 |wl,k |2 = PR /K, for all k.
A. Transmit Beamforming
When full CSI is available to all relays, transmit beamforming can be applied, treating the relays as multiple antennas, to
compensate for the phase differences on each relay path and
obtain a coherent addition of signals at D. Here, we consider
two beamforming methods.
1) Beamforming for Relay-Destination (R-D) Channels:
In this scheme, beamforming coefficients at each relay are
chosen based only on the values of the relay-destination (RD) channels. This is the solution that maximizes the signalto-noise ratio at the destination when the antennas are colocated at a single terminal, or, when the errors at the relays
are negligible. For transmit beamforming schemes, we write
gl (X̂l ) = Wl X̂l where Wl = diag(wl,1 ,· · · ,wl,K ) contains

where pk = [hR1 D(1−2α1,k ),· · · , hRL D(1−2αL,k )]H and Φk
is an L × L matrix with elements

|hRl D |2 ,
if l = l
[Φk ]l,l =
(26)
∗

hRl D hRl D E[θl,k θl ,k ], if l = l .

PR /K
„
«−2
Here, βk,SRD =
is chosen to meet
Kσ2
pH
Φk +
k

L

v
PR

IL×L

pk

the power constraint l=1 |wl,k |2 = PR /K. Notice that, in
pk , smaller weights are given to relays with larger decoding
errors and/or less reliable R-D channels.
B. Selective Relaying
When only partial CSI is available at the relays, we consider
two selective relaying strategies as detailed below.
1) Threshold Selection Strategy: Assume that each relay
has the knowledge of only the local S-R and R-D channel
coefficients. In this strategy, the relays decide independently
whether it will relay a particular source’s message using a locally selected threshold. Suppose that SINRSk Rl is the signalto-MAI-plus-noise ratio for Sk ’s transmitted signal measured
at Rl and SNRRl D is the signal-to-noise ratio at the destination
for the signal transmitted by Rl . Then, for
γl,k

= min {SINRSk Rl , SNRRl ,D }
!
"
βT2 h,k |hRl D |2
[Γl ]k,k
= min
,
,
1 − [Γl ]k,k
σv2

where SINRSk Rl and Γl are given in (15), Rl relays the
message transmitted by Sk if and only if γl,k is greater or
equal to the threshold γT . That is, wl,k = βT h,k if γl,k ≥ γT
and 0, otherwise. The reasoning behind this selection criterion
is that, since the BER of Sk ’s symbol at the destination is
dominated by the maximum error probability between the SR link and the R-D link, we allow Rl to relay the symbol
only if the maximum error probability of the two links are
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sufficiently reliable, i.e., when the minimum SNR or SINR
exceeds a certain threshold.
Note that, since only the local channel coefficients are
known at each relay, βT h,k can only be chosen to satisfy
L
the average power constraint l=1 E[|wl,k |2 ] = PR /K. The
threshold γT is chosen numerically to minimize the average
BER at the destination in Sec. VI. Furthermore, the threshold
selection strategy can be combined with the beamforming RD strategy. In this case, only the SINR on the S-R link is used
for comparison since full CSI of the R-D channel is available.
Specifically, we set wl,k = βT h−BF h∗Rl D if SINRSk Rl ≥ γT ,
and wl,k = 0, otherwise. This method can be viewed as a
compromise between Beamforming R-D and Beamforming SR-D in terms of complexity and performance.
2) Best Selection Strategy: When global CSI is available
but phase coherent transmission is not achievable due to
imperfect synchronization, we can employ the best selection
strategy where only one relay is chosen to transmit for each
source. In this case, we set wk,l = βT h,kif γl,k ≥ γl ,k , ∀ l ,
and wi,k = 0, otherwise, where βT h,k = PR /K. When the
relays have only the local CSI, the selection can be conducted
at the destination in a centralized manner or, distributedly, by
using the opportunistic carrier sensing method proposed in
[14]. The best selection strategy has been studied extensively
in the literature and has been shown to achieve full diversity
in the absence of MAI. In Appendix B, we show that full
diversity can also be achieved with RAD-MUD even in the
presence of MAI.
C. Distributed Space-Time Coding (DSTC)
When no CSI is available at the relays, we can employ
distributed space-time coding (DSTC) [2], [11], [12] to exploit
diversity in the cooperative system.
In particular, we adopt the linear dispersive space time code
[23], where the space time code is obtained by multiplying
the symbol block with a random unitary matrix generated
independently at each relay. Suppose that DSTC is applied
to M consecutive symbols at each relay, where M is chosen
to be greater than L in order to achieve full diversity [23]. Let
Al be the unitary and isotropic random matrix of dimension
M ×M used to encode the detected symbols from each source.
The transmitted symbol matrix is then given by
Tl = L−H Wl X̂l Al ,

l = 1, · · · , L.

(27)

Since no CSI is available at relays, all diagonal elements of the
weighting matrix is set to the same value. At the destination,
the MMSE estimate obtained on the direct path and the signal
received from the orthogonal cooperative path for each source
is combined together to perform the maximum likelihood
(ML) detection. (The residual MAI of the MMSE estimate
is treated as Gaussian when applying the ML in Sec. VI.)
Note that the MMSE detector is not used here since it does
not achieve diversity in the case that we consider [c.f. [24]].
Furthermore, if only local CSI of the S-R links is available
at relays, we can also combine the threshold selection strategy
with DSTC so that wl,k = βDST C if and only if SINRSk Rl >
γT . Similarly, βDST C is chosen to satisfy the average power
constraint as in Sec. V-B.

VI. P ERFORMANCE C OMPARISONS AND N UMERICAL
S IMULATIONS
The performance of RAD-MUD with various cooperation
methods discussed in Sec.V is studied by computer simulation
in this section. In these experiments, the channel coefficients
hSk Rl are assumed to be i.i.d. for all k and l with distribution
CN (0, 1). We assume that all sources and relays have equal
distance to D such that hSk D , hRl D ∼ CN (0,1/16), ∀ k and
l. This corresponds to the case where sources and relays are
located in the vicinity of each other and are all sufficiently far
from the destination such that the distances to the destination
can be considered as equal. The variance of the AWGN is
equal to 1 for all receivers. Each source transmits with equal
power Ps and the sum transmit power of the sources is equal
to the sum transmit power of the relays, i.e., KPs = PR = P .
The spreading waveforms are generated randomly with nonsingular correlation matrices. The spreading gain is N = 8.
For a cooperative network with K = 8 sources and L = 8
relays, we first compare, in Fig. 3, the proposed RAD-MUD
with three different transmission schemes: (i) Zero-Forcing
Precoding [22]; (ii) Cao & Vojcic Cooperative MUD [20];
and (iii) Cooperative MMSE-MUD without precoding at the
relays (Cooperative MMSE-MUD). In all of these schemes,
MMSE-MUD is used at the relays to decode the messages
from all sources. At the destination, MMSE multiuser detector
is derived using the assumption that θl,k is independent over
relays for simplicity, which is suboptimal detection. In scheme
(i), each relay performs ZF precoding (as proposed in [22])
before the messages are retransmitted to the destination. That
is, the symbol transmitted by Rl is Tl = βzf R−1 gl (X̂l ) where
βzf is chosen to satisfy the total power constraint in (7). In
scheme (ii), each relay forwards only the message of one
source (i.e., its dedicated partner) while, in scheme (iii), each
relay decodes-and-forwards the messages from all sources,
similar to RAD-MUD, but do not perform precoding at the
relays, i.e., Tl = gl (X̂l ). The cooperative source-relay pairs
for scheme (ii) are chosen randomly in our experiments. To
focus on the advantages of relay-assisted decorrelation, the
BER performances in Fig. 3 are shown without combining
the signal on the direct path since the signal is common for
all schemes. Moreover, we assume that all relays transmit
with equal power and the weighting factors of all relayed
symbols are identical for scheme (iii)
 and the RAD-MUD,
i.e., gl (X̂l ) = Wl X̂l , where Wl = P/KLIK×K , ∀ l. It
is worthwhile to notice that the system with ZF Precoding
at the relays achieves the same performance as the system
that employs Decorrelating MUD at the destination without
precoding at the relays; therefore, the latter is not shown
redundantly in the figure. Although the signals received at the
destination are decoupled for both ZF Precoding and RADMUD, we can see that RAD-MUD outperforms ZF Precoding
by 7 dB since no power expansion occurs at the relays. We
also show that RAD-MUD outperforms both scheme (ii) and
scheme (iii) since the signals received at the destination are
free of MAI.
In Figs. 4, 5 and 6, we show the performance of RAD-MUD
with the different cooperative transmission strategies described
in Section V. Since the Cooperative MMSE MUD of scheme
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(iii) outperforms schemes (i) and (ii), as shown in Fig. 3, and
has a structure that is able to incorporate the cooperative transmission strategies (i.e., each relay in scheme (iii) is allowed
to decode-and-forward messages from all sources), we shall
compare RAD-MUD only with the Cooperative MMSE-MUD
in the following experiments. The performance of the direct
transmission with total transmit power set to 2P is plotted as a
reference. Here, we also consider a cooperative network with
K = 8 number of sources and L = 8 number of relays. The
signals received at the destination in both phases are combined
using the low complexity MMSE combining method given in
(23). The BER performance versus the total transmit power
P are shown in Figs. 4, 5 and 6 for transmit beamforming,
selective relaying and DSTC, respectively. These methods are
utilized to achieve the cooperative diversity gains in addition
to reducing MAI with MUD. We can see that the RADMUD outperforms the Cooperative MMSE-MUD in all cases
as detailed below. The improvement under RAD-MUD is most
pronounced for cooperative transmission strategies that yield
large cooperative diversity gains since, in these cases, MAI
may dominate the BER and thus, it becomes increasingly
important to effectively mitigate MAI. For conciseness, the
word beamforming is abbreviated as “BF” and selective as
“SEL” in the legend.
In Fig. 4, we compare the performance of Cooperative MMSE-MUD and RAD-MUD for three beamforming
schemes: Beamforming S-R, Beamforming S-R-D and Beamforming with threshold selection. We can see that, by weighting the relay symbols by the reliability of the detection
at the relays in Beamforming S-R-D, we can significantly
improve the BER performance over Beamforming R-D. The
Beamforming with threshold selection serves as a compromise
between the above two schemes since it allows a relay to
forward the symbol only when the detection is reliable. The
improvement due to RAD-MUD is largest for beamforming
S-R-D since this scheme yields the largest cooperative gain. In
Fig. 5, the threshold selection and the best selection strategies
are compared, where γT , in the threshold selection strategy, is
obtained numerically to minimize the average of BER at D.

Fig. 4.
BER performance comparison for systems employing transmit
beamforming.
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BER performance comparison for systems employing selective
relaying.
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Fig. 3. BER performance comparison for different precoding and MUD
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VII. C ONCLUSION
The relay-assisted decorrelating multiuser detector (RADMUD) was proposed to decouple users’ signals at the basestation without noise amplification. This is achieved by precoding transmitted messages at the relays along with prewhitening of the received signals at the destination. Three
cooperative transmission schemes were studied on top of the
RAD-MUD system. They are transmit beamforming, selective
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Bit Error Rate

We can see that best selection outperforms threshold selection
since it utilizes global CSI. More interestingly, the increase in
diversity order for the best selection scheme is larger for RADMUD than Cooperative MMSE-MUD since the performance
is less restricted by MAI. When DSTC is applied, as shown in
Fig. 6, the RAD-MUD outperforms the Cooperative MMSEMUD by 7 dB when BER= 10−3 .
In Fig. 7, we consider the case with K = L = 2 and
compare
the BER performance for ρ = 0.25 and 0.75, where

ρ = s1 (t)s2 (t)dt is the correlation between the two spreading
codes. The direct transmission, equal gain and best selection
methods are given for both Cooperative MMSE-MUD and
RAD-MUD. As shown in the figure, RAD-MUD effectively
combats the MAI when the correlation between two spreading
codes is high, i.e., ρ = 0.75. When ρ = 0.25, the MAI is
small and both RAD-MUD and Cooperative MMSE-MUD
have comparable performance.
In Fig. 8, the BER of the best selection scheme is shown
for K = 8 and L = 2,4,8. We can see that the increase in
diversity is more evident for RAD-MUD as the number of
relays increases. When BER= 10−4 , 3.5 dB improvement is
observed as L increases from 2 to 8 for Cooperative MMSEMUD, while 7 dB is observed for RAD-MUD. To show
the effectiveness of the low complexity MMSE combining
method of (23), we compare the BER performance of the optimal MMSE combining (dashed-line) and the alternative lowcomplexity method (solid-line) in Fig. 9 for the equal gain,
selective relaying, and beamforming strategies. As shown in
the figure, the alternative method yields only little performance
loss while requiring a much lower decoding complexity.
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Fig. 9. Performance comparison between MMSE joint decoding in (19)
(dashed line) and the alternative low-complexity MMSE combining in (23)
(solid line).

relaying, and distributed space time coding. The performance
of the proposed RAD-MUD scheme was demonstrated by
computer simulation in representative test cases and is shown
to outperform cases where cooperative MUD is used without
relay-assisted decorrelation.
A PPENDIX A
D ERIVATION OF B EAMFORMING C OEFFICIENTS IN (25)
Here, we derive the beamforming coefficients given in (25).
Given y̆II,k [m], the MMSE estimate of the symbol xk [m] is
computed and yields the MSE as
minE[|ck y̆II,k [m]−xk [m]|2 ]
ck

= E|xk [m]|2 −

∗
[m]]|2
|E[xk [m]y̆II,k
|pH wk |2
= 1− H k
,
∗
2
E|y̆II,k [m]|
wk Φk wk +σv2

where pk and Φk are defined as in Sec. V-A. Under the
power constraint that |wk |2 = PR /K, ∀ k, the beamforming
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coefficients are given by
wk = arg min 1 −

2
|pH
k w|

.
(28)
Kσ2
wH (Φk + PRv I)w

 12
Kσ2
Then, by defining u = Φk + PRv I w, the optimization
problem can be expressed as
2

 H
u 
Kσv2 −1

2
I)
.
(29)
uk = argmin 1 − pk (Φk +
u
PR
|u| 
w:|w|2 =

PR
K

By Cauchy-Schwarz inequality, the minimum of the MSE is
attained when uk is given by
−1

2
Kσv2
I
pk ,
uk = βk,SRD Φk +
PR
where βk,SRD is a non-zero arbitrary constant. It follows that

−1
Kσv2
wk = βk,SRD Φk +
IL×L
pk
PR

Notice that, from (16) and the fact that σn2 = 1, we have Γl=
H
2 −1 −1
−1 −H −1
HH
) HSRl =(I+H−1
HSRl ) .
SRl (HSRl HSRl+σn R
SRl R
Then, we can show that
I−Γl

(a)
=
(b)
=

−H
−1 −1 −H
H−1
HSRl
SRl (R+HSRl HSRl )
'
(
−H
−1 −1
T
H−1
H−H
SRl ρeK eK +(1−ρ)IK×K +HSRl HSRl
SRl ,

where (a) follows from the matrix inversion lemma, which
states that
(A+BCBH )−1 = A−1−A−1 B(C−1+BH A−1 B)−1 BH A−1 ,
−1
by taking A = I, B = H−1
and (b) follows by
SRl , C = R
rewriting the correlation matrix as R = ρeK eTK +(1−ρ)IK×K ,
where eK is a K × 1 all-1 vector. By applying the matrix
−1
inversion lemma again, with A = (1−ρ)IK×K +H−H
SRl HSRl
(which is diagonal), B = eK and C = ρ, we have
−1 −1
(R+H−H
SRl HSRl )

= diag(κl,1 ,· · ·, κl,K )−

and, to satisfy the power constraint, we set
βk,SRD = 

pH
k



PR /K
Φk +

Kσv2
PR IL×L

−1

.
pk

A PPENDIX B
D IVERSITY OF THE B EST S ELECTION S TRATEGY
The best selection strategy in RAD-MUD achieves full
diversity as shown in the following. Without loss of generality,
let source S1 be the user of interest, and Rl∗ be the selected
relay. For simplicity, we choose PS = PR /K = P and
2
= σv2 = σn2 = 1, ∀ k and l. Meanwhile, we
σS2 k Rl = σR
lD
consider the case where [R]i,j = ρ < 1, for i = j and [R]i,i = 1,
for all i (i.e., the set of spreading codes is generated using the
shifted versions of m-sequences [25]). Without considering
the direct transmission, the outage probability [3] of user 1 is
given by

#
1
Pout,1 = Pr min{log(1+SINRS1 Rl∗ ), log(1+SNRRl∗ D )}< λ
2
= Pr{γl∗ ,1 < γ},
(30)
where λ is the target rate and γ = 22λ −1. With best selection,
we choose the relay Rl∗ such that γl∗ ,1 = max γl,1 and the
l
outage probability can be written as
Pout,1 = Pr{max γl,1 < γ} = Pr{γl,1 < γ, ∀ l = 1, 2, · · · , L}.
l


[Γ ]
2
, for Γl given in
Since γl,1 = min 1−[Γl l1,1
,
P
|h
|
R
D
l
]1,1
(16), we can see that the value of γl,1 depends only on
hS1 Rl ,· · · ,hSK Rl and hRl D . Therefore, γ1,1 ,γ2,1 ,· · · ,γL,1 are
independent and the outage probability can be written as
Pout,1 =

L
$

Pr(γl,1 < γ) =

l=1
L 
$

L
$
l=1

[1−Pr(γl,1 ≥ γ)]



#
[Γl ]1,1
, P |hRl D |2 ≥ γ
1−Pr min
1−[Γl ]1,1
l=1



L
$
%
&
[Γl ]1,1
2
=
≥ γ Pr P |hRl D | ≥ γ (31)
.
1−Pr
1−[Γl ]1,1

=

l=1
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P |h

[κl,1 ,· · ·, κl,K ]T[κl,1 ,· · ·, κl,K ]
K
ρ−1 + k=1 κl,k
(32)

|2

S k Rl
where κl,k = 1+(1−ρ)P
|hSk Rl |2 . Thus, it follows that the (1, 1)
entry of I−Γl is


κ2l,1
1
[I−Γl ]1,1 =
κl,1 −
.

P |hS1 Rl |2
ρ−1 + K
k=1 κl,k

[Γ ]

1
Moreover, since [I−Γl l1,1
]1,1 = [I−Γl ]1,1 −1, we have



#
[Γl ]1,1
1
≥ γ = Pr P |hS1 Rl |2 1−ρ+
Pr
≥γ ,
1−[Γl ]1,1
VMAI
(33)
where
K
P |hSk Rl |2
1 
.
VMAI = +
ρ
1+P |hSk Rl |2 (1−ρ)
k=2

Note that VMAI depends on the the channel from sources S2 ,
S3 , . . ., SK to Rl . Assume that the correlation coefficient ρ is
strictly less than one. At high SNR (i.e., P 1), VMAI can
be approximated as a deterministic variable VMAI ≈ ρ1 + K−1
1−ρ
and the probability in (33) can be written as


[Γl ]1,1
1+ρ(K −2)
γ
Pr
≥ γ ≈ exp −
.
1−[Γl ]1,1
P 1+ρ(K −2)−ρ2(K −1)
(34)
Finally, by substituting (34) into (31) and from the fact that
Pr{P |hRl D |2 ≥ γ} = exp−γ/P , since hRl D ∼ CN (0, 1), we
have


L
$
1 + ρ(K − 2)
γ
γ
Pout,1 ≈
)
1−exp −
exp(−
P 1+ρ(K −2)−ρ2(K −1)
P
l=1

L
γ 2(1 − ρ) + ρ(2 − ρ)(K − 1)
≈
P
(1 − ρ)[1 + (K − 1)ρ]


#
P
(1 − ρ)[1 + (K − 1)ρ]
= exp −L ln
γ 2(1 − ρ) + ρ(2 − ρ)(K − 1)

 
#
P
= exp −L ln
+ ln C(ρ, K) ,
22R − 1
(1−ρ)[1+(K−1)ρ]
∈ [0, 1) represents the
where C(ρ, K) = 2(1−ρ)+ρ(2−ρ)(K−1)
performance degradation caused by the MAI. Hence, we have
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shown that the best selection strategy achieves diversity order
equal to the number of relays L even in the presence of MAI.

[24] J. Liu, J.-K. Zhang, and K. M. Wong, “On the design of minimum
BER linear space-time block codes for MIMO systems equipped with
MMSE receivers,” IEEE Trans. Signal Processing, vol. 54, no. 8, pp.
3147–3158, Aug. 2006.
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