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Abstract—In this contribution we propose and investigate
a relay diversity transmission scheme for the direct-sequence
code-division multiple-access (DS-CDMA) downlink, where each
(destination) mobile terminal (MT) is aided by a cluster of
relays for achieving the relay diversity. In the considered system
downlink multiuser interference (MUI) is suppressed with the aid
of transmitter preprocessing operated at the base-station (BS).
Two transmitter preprocessing schemes are considered, which
are operated in the principles of transmitter zero-forcing (TZF)
and transmitter minimum mean-square error (TMMSE). At the
MTs, signals received from the BS and relays are combined
based on the principles of maximal ratio combining (MRC)
or of maximum signal-to-interference-plus-noise ratio (MSINR).
In this contribution the bit error rate (BER) performance of
the relay-assisted DS-CDMA downlink is investigated, when the
communications channels are assumed to experience both prop-
agation pathloss and generalized Nakagami-m fading. Our study
and simulation results show that the transmitter preprocessing
can help to achieve the relay diversity by efficiently mitigating
the MUI presenting at the relays and MTs. Furthermore, in
our proposed relay diversity scheme the relays only require low-
complexity signal processing for forwarding information to their
served MTs.

Index Terms—DS-CDMA, transmitter preprocessing, zero-
forcing, minimum mean-square error, relay diversity, coopera-
tion, power-allocation.

I. I NTRODUCTION

It is well-known that signals transmitted over wireless
channels experience fading, the effect of which can usually
be mitigated by employment of various diversity techniques
implemented in the time-domain, frequency-domain or space-
domain, or in their joints. Recently, spatial-diversity achieved
by using multiple transmit/receive antennas has drawn wide
attention in research and industry [1–6]. Specifically, when
downlink transmission in cellular communications is con-
cerned, transmit diversity may be achieved by deploying
multiple transmit antennas at base-station (BS) with the aid of
certain transmit diversity scheme, such as space-time coding
(STC) [1–3], space-time spreading (STS) [7, 8], etc. While
deploying multiple antennas at the BS is capable of achieving
the transmit diversity, this type of transmission schemes does
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not make use of the non-linear relationship between the
propagation pathloss and the propagation distance, as shown in
[9]. In practice, when the distance from the BS to a MT is long,
intermediate relays may be used to divide the long transmitter-
receiver path into several relatively short propagation paths,
in order to reduce the overall pathloss by exploiting the
non-linear relationship between the propagation pathlossand
propagation distance. Furthermore, the intermediate relays can
be viewed as extra transmit antennas, which can be utilized
for attaining relay diversity [10–13].

In this contribution we propose and investigate a coop-
eration scheme for DS-CDMA downlink. In our proposed
cooperation scheme a cluster of relays near a destination MT
is employed for enhancing the transmission between the BS
and the destination MT. The cooperation scheme is operated
based on time-division mode, where each symbol-duration
is divided into two time-slots. Within the first time-slot, the
BS broadcasts signals to the destination MTs as well as to
their relays. Within the second time-slot, the relays forward
the signals received from the BS within the first time-slot
to the MTs. Since there exist multiuser interference (MUI)
within the first time-slot and inter-relay interference within
the second time-slot, in the proposed cooperative DS-CDMA
downlink the MUI is suppressed with the aid of transmitter
preprocessing [4, 14–21] operated at the BS, while the inter-
relay interference is mitigated using receiver processingcar-
ried out at the destination MTs. Therefore, in the proposed
cooperative DS-CDMA downlink, the destination MTs and,
especially, the relays may have low-complexity due to the
employment of transmitter preprocessing executed at the BS.
To be more specific, in this contribution the transmitter prepro-
cessing is carried out based on either the zero-forcing (ZF)[4,
14, 16–18] or minimum mean-square error (MMSE) [4, 16,
19–21] principles. In order to make the cooperative DS-
CDMA downlink system as simple as possible, we assume
that the BS carries out the transmitter preprocessing using
only the knowledge about the spreading codes assigned to
the destination MTs, as in [15]. We assume that there is
no information exchange between the BS and any of relays
and that there is also no feedback channel from a destination
MT to the BS, implying that the transmitter preprocessing is
independent of the channel state information (CSI) about the
channels from the BS to the destination MTs. Finally, at the
destination MTs the transmitted information is detected based
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Fig. 1. Schematic block diagram of the relay-aided DS-CDMA downlink
system, which supportsK mobile terminals and employs transmitter prepro-
cessing at the base-station. Each MT and itsL relays form a cluster.

either on the maximal ratio combining [22] assisted single-
user combining (MRC-SUC) or on the maximum signal-to-
interference-plus-noise ratio [23, 24] assisted multiuser com-
bining (MSINR-MUC). Furthermore, in this contribution the
bit error rate (BER) performance of the relay-aided DS-CDMA
downlink using transmitter preprocessing is investigated, when
assuming that the communication channels experience both
propagation pathloss and fast fading [25]. Our study and
simulation results show that the proposed cooperative DS-
CDMA downlink transmission scheme is capable of mitigating
efficiently the MUI and inter-relay interference and achieving
the relay diversity as promised.

The remainder of this contribution is organized as follows.
In Section II we describe the cooperative DS-CDMA downlink
system in terms of the transmitted signal, transmitter prepro-
cessing and channel model. In Section III the signal processing
at the relays is addressed. Section IV derives the presentation
of received signals at the MTs, while Section V considers
the detection schemes used by the MTs. Power-allocation is
considered in Section VI and simulation results are provided
in Section VII. Finally, in Section VIII the conclusions are
summarized.

II. SYSTEM DESCRIPTION

We consider a cooperative multiuser DS-CDMA downlink
system as shown in Fig. 1, which supportsK MTs (users).
Each of theK MTs is aided byL relays. Furthermore, we
assume that a MT and itsL relays are close to each other
and form a cluster. For the sake of clarity of discussion, we
refer to the direct channels from the BS to theK MTs as the
D-channels. The relay channels from the BS through relays to
the K MTs are referred to as the R-channels. Furthermore,
the R-channels are divided into the BR-channels and RM-
channels. The BR-channels denote the channels from the BS
to the relays, while the RM-channels denote the channels from
the relays to theK MTs.

We assume that the cooperation is operated based on the
time-division principles. To be more specific, we assume that
each symbol-duration is divided into two time-slots with their

duration equallingTb of the bit-duration. Within the first time-
slot, the BS broadcasts the sum ofK user signals to the
K destination MTs and also to theirKL relays. Within the
second time-slot, theKL relays forward the signals received
from the BS within the first time-slot to theK destination
MTs. In order to focus our attention on the relay diversity and
also for the sake of simplicity, in this contribution we assume
that any two clusters are sufficiently separated and that, during
the second time-slot, the interference between any two clusters
can be ignored after taking into account the long-distance
resulted propagation pathloss. Note however that, our study
in this contribution may be straightforwardly extended to the
communications scenarios, where interference exists among
the clusters during the second time-slot.

A. Transmission Scheme at Base-Station

The signals transmitted by the BS to relays and MTs within
the first time-slot of a symbol-duration are preprocessed sig-
nals. Letsss = [s0, s1, . . . , sN−1]

T represent the discrete-time
signals transmitted by the BS, whereN denotes the number
of chips per bit or the spreading factor of the DS-CDMA
scheme. When both spreading and transmitter preprocessing
are considered,sss can be formed as [18, 21, 26]

sss = P̃PPAAAbbb (1)

whereP̃PP = PPPCCC, PPP is a (N × N) transmitter preprocessing
matrix, whileCCC is a (N ×K) spreading matrix structured by
the spreading sequences assigned to theK MTs. Explicitly,
the transmitter preprocessing and spreading can be jointly
implemented by determining directly the matrix̃PPP , which can
be expressed in terms of theK downlink MTs as

P̃PP = [p̃pp1, p̃pp2, · · · , p̃ppK ] (2)

wherep̃ppk is aN -length vector for preprocessing the data to be
transmitted to MTk. In (1)AAA is a (K ×K) diagonal matrix
expressed as

AAA = diag
{√

2P1t,
√

2P2t, . . . ,
√

2PKt

}

(3)

wherePkt denotes the transmission power in terms of MTk.
Finally, in (1)bbb denotes aK-length vector containing the data
symbols to be transmitted to theK MTs, which is expressed
as

bbb = [b1[n], b2[n], · · · , bK [n]]
T
, n = 0, 1, . . . , (4)

wherebk[n] is assumed binary and takes value in{+1,−1},
implying that the binary phase-shift keying (BPSK) baseband
modulation is assumed.

Based on (1), the signal broadcasted by the BS can be
expressed as

s(t) =
K∑

k=1

√

2Pktbk(t)p̃k(t) cos(2πfct) (5)

In (5) fc represents the carrier frequency,bk(t) =
∑∞

n=0 bk[n]PTb
(t−nTb) represents the transmitted data wave-

form, wherePTb
(t) represents the rectangular waveform de-

fined asPTb
(t) = 1, if 0 ≤ t < Tb, andPTb

(t) = 0, otherwise,
p̃k(t) is the waveform formed bỹpppk as shown in (2),pk(t) can
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be expressed as̃pk(t) =
∑∞

n=0 p̃knψTc
(t − nTc), wherep̃kn

denotes thenth element ofp̃ppk, Tc denotes the chip-duration
and ψTc

(t) is the chip-waveform defined within[0, Tc) and
normalized to satisfy

∫ Tc

0
ψ2

Tc
(t)dt = Tc.

Let assume that the downlink channels experience both
propagation pathloss and flat fading. Then, it can be shown
that the normalized discrete observation vector obtained at the
kth MT can be expressed as

rrrk = ξ
(k)
0 h

(k)
0 P̃PPAAAbbb+nnnk, k = 1, 2, · · · ,K (6)

where ξ(k)
0 and h

(k)
0 account for the propagation pathloss

and fast fading of thekth D-channel from the BS to MTk,
while nnnk is a N -length Gaussian noise vector, which obeys
the multivariate Gaussian distribution with zero mean and
a covariance matrix of2σ2IIIN , whereσ2 = N0/2 and N0

represents the single-sided power-spectral-density (PSD) of the
Gaussian noise process, whileIIIN denotes an(N×N) identity
matrix.

At MT k, rrrk is de-spread using thekth MT’s spreading
sequenceccck, yielding an observation variable forbk[n], which
is expressed as

yk = cccTk rrrk = ξ
(k)
0 h

(k)
0 cccTk P̃PPAAAbbb+ nk, k = 1, 2, . . . ,K (7)

wherenk = cccTknnnk, which is still a Gaussian distributed random
variable with zero mean and a variance ofσ2 per dimension.

Let yyy = [y1, y2, . . . , yK ]
T . Then, it can be shown thatyyy can

be expressed as

yyy = ξξξHHHCCCT P̃PPAAAbbb+nnn (8)

where, by definition, we have

ξξξ = diag{ξ(1)0 , ξ
(2)
0 , · · · , ξ

(K)
0 }

HHH = diag{h(1)
0 , h

(2)
0 , · · · , h

(K)
0 }

nnn = [n1, n2, · · · , nK ]T (9)

As shown in (8), there exists interference among theK
downlink MTs, whenCCCT P̃PP is not a diagonal matrix. In
this case, transmitter preprocessing [4, 14, 16–21] may be em-
ployed to suppress the downlink MUI. Let us below derive the
preprocessing matrix̃PPP , when the transmitter preprocessing is
based on the principles of either ZF or MMSE. Note that,
in this contribution the preprocessing is carried out underthe
following assumptions:

• The BS employs the knowledge about the spreading
sequences assigned to theK MTs, but does not have the
knowledge about the downlink channels associated with
theK MTs;

• There is no information exchange between the BS and
any of theKL relays.

1) Transmitter Zero-Forcing: The transmitter preprocessing
based on the ZF principles, which we refer to as transmitter ZF
(TZF), is capable of removing fully the downlink MUI. Based
on (8) and the above-stated assumptions for preprocessing,
the preprocessing matrix for the TZF can be expressed as [14,
16–18]

P̃PP = βCCC
(
CCCTCCC

)−1
(10)

When applying (10) into (8), we can obtainyyy = βξξξHHHAAAbbb+nnn.
Explicitly, the MUI existing among the downlink MTs is fully
removed, sinceξξξ,HHH andAAA are all diagonal matrices. However,
as the ZF multiuser detection [23], the TZF-assisted transmitter
preprocessing eliminates MUI at the cost of background noise
amplification [19].

In (10) the parameterβ is applied for achieving the
constraint on the transmission power. The value ofβ can
be determined according toE

[

‖P̃PPbbb‖2
]

= E
[
‖bbb‖2

]
, which

yields [4, 16, 18]

β =

√

K

trace((CCCTCCC)−1)
(11)

where trace(AAA) denotes the trace of the square matrixAAA.
2) Transmitter Minimum Mean-Square Error: The trans-

mitter preprocessing based on the MMSE principles, which
is referred to as the transmitter MMSE (TMMSE), is capa-
ble of mitigating the downlink MUI, while, simultaneously,
suppressing the background noise [16, 19–21]. In the context
of the TMMSE, based on (8) and the available knowledge
for preprocessing, the transmitter preprocessing matrix can be
expressed as [4, 16, 21]

P̃PP = βCCC
(
CCCTCCC + 2σ2ρρρ

)−1
(12)

where ρρρ = diag{ρ1, ρ2, . . . , ρK} contains the noise-
suppression factors [21] with respect to theK MTs. Note that,
the noise-suppression factors may be optimized in order to
achieve the best possible performance, when ideal knowledge
about the noise power associated with theK MTs is not reli-
able. As our simulation results in Section VII shown, when the
BS has no knowledge about the noise power of theK MTs, the
matrixρρρ in (12) may be set to an appropriate nonzero diagonal
matrix. As a result, the performance achieved in this case may
still outperform that achieved by the DS-CDMA downlink
employing the TZF-assisted transmitter preprocessing.

In (12) the parameterβ for achieving the power constraint
can be evaluated by

β =

√
√
√
√

K

trace
(

P̂PPP̂PP
H
) (13)

where by definition we havêPPP = CCC
(
CCCTCCC + 2σ2ρρρ

)−1
. Let

us now consider the channel model.

B. Channel Model

There are three types of channels, namely the D-channels,
BR-channels and RM-channels, associated with the considered
relay-assisted DS-CDMA downlink systems. We assume that
the downlink channels experience both propagation pathloss
and fast fading. We assume that the propagation pathloss
Lp(d) can be expressed with respect to the transmitter-receiver
(T-R) distanced as [25]

Lp(d)(dB) = Ls(d0)(dB) + 10η log(
d

d0
) (14)

whereLs(d0) denotes the pathloss measured at the reference
distanced0 and η is the pathloss exponent, which takes a
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typical value ofη = 2 in free-space andη = 4 in cellular
mobile systems [25].

The fast fading experienced by the downlink signals
transmitted over the D-channels, BR-channels and the RM-
channels is modelled by the generalized Nakagami-m fading.
In detail, let the (fast) fading gains of the D-channels
be expressed as

{

h
(k)
0 = α

(k)
00 e

jθ
(k)
00 , k = 1, . . . ,K

}

,
that of the BR-channels be expressed as{

h
(k)
l = α

(k)
l1 e

jθ
(k)
l1 , l = 1, . . . , L; k = 1, . . . ,K

}

and that of the RM-channels be expressed as{

h
(k)
rl = α

(k)
l2 e

jθ
(k)
l2 , l = 1, . . . , L; k = 1, . . . ,K

}

. Then,

the phases{θ(k)
li } are assumed to obey the independent

uniform distribution in [0, 2π), while {α
(k)
li } obey the

Nakagami-m distribution with the probability density
function (PDF) given by [27]

f
α

(k)
li

(y) =
2mmli

li y2mli−1

Γ(mli)Ωli

exp

(

−
mli

Ωli

y2

)

, i = 0, 1, 2;

l = 0, 1, . . . , L; k = 1, 2, . . . ,K (15)

wheremli represents the fading parameter of the D-channels,
BR-channels or the RM-channels depended on the values

of l and i, and Ωli = E

[(

α
(k)
li

)2
]

. As shown in (15)

the parametersmli and Ωli are independent of the indexk,
implying that all the downlink signals with respect theK MTs
are assumed to experience identical fading.

Note that, we use the generalized Nakagami-m distribu-
tion as shown in (15) since, in the considered relay-assisted
DS-CDMA downlink systems, the D-channels, BR-channels
and the RM-channels may experience different fast fading.
Specifically, the distance between a relay and its assisted MT
may be significantly shorter than the distance between the
BS and the relay or shorter than that between the BS and
the MT. In this case, the corresponding RM-channel may
experience less severe fading than the D-channels or the BR-
channels. Correspondingly, we may model the RM-channels
by the Nakagami-m fading associated with a relatively high
m value, while model the D-channels or BR-channels by the
Nakagami-m fading associated with a relatively lowm value.
For example, we can assume that the RM-channels experience
the Nakagami-m fading associated with a value ofm > 1,
and the D-channels as well as the BR-channels experience
the Rayleigh fading, which corresponds to the Nakagami-m
fading withm = 1.

III. S IGNAL PROCESSING ANDFORWARDING AT RELAYS

The relays receive and process signals transmitted by the
BS within the first time-slot of a symbol-duration. Within the
second time-slot of a symbol-duration, the processed signals
are forwarded by the relays to their served MTs. In this section
we consider the operations carried out at the relays.

When the downlink DS-CDMA signals in the form of
(5) are transmitted over flat fading channels, the complex
baseband equivalent signal received by thelth relay of the
kth MT within the first time-slot of thenth symbol-duration

can be written as

r
(k)
l (t) =h

(k)
l

K∑

k′=1

√

2P
(k)
k′l bk′ [n]p̃k′(t) + n

(k)
l (t),

l = 1, 2, · · · , L; k = 1, 2, · · · ,K (16)

where P (k)
k′l represents the power received by thelth relay

of MT k from the k′th user signal transmitted by the BS
after taking into account the pathloss of the BR-channel,h

(k)
l

represents the fading gain of the BR-channel from the BS to
thelth relay of MTk, whilen(k)

l (t) denotes the Gaussian noise
observed at thelth relay of MT k, which has mean zero and
a single-sided power spectral density ofN0 per dimension.

Let us express the observation and noise samples obtained
at thelth relay of MT k as

yyy
(k)
l = [y

(k)
l0 , y

(k)
l1 , · · · , y

(k)
l(N−1)]

T

ñnn
(k)
l = [ñ

(k)
l0 , ñ

(k)
l1 , · · · , ñ

(k)
l(N−1)]

T (17)

whereñnn(k)
l is a Gaussian noise vector distributed with mean

zero and a covariance matrixN0/E
(k)
l IIIN , where E(k)

l =

P
(k)
kl Tb. Then, it can be shown thatyyy(k)

l can be expressed
as

yyy
(k)
l =h

(k)
l p̃ppkbk[n] + h

(k)
l

K∑

k′ 6=k

√
√
√
√
P

(k)
k′l

P
(k)
kl

p̃ppk′bk′ [n] + ñnn
(k)
l ,

l = 1, 2, . . . , L (18)

Let assume that thelth relay of MT k employs the knowl-
edge of ccck of the spreading sequence assigned to thekth
MT. We also assume that thelth relay of MT k employs the
knowledge ofh(k)

l of the channel gain from the BS to this
relay. Note that, the channel gainh(k)

l may be estimated in
the same way as estimating the channel from the BS to MT
k, for example, with the aid of the pilot information sent by
the BS to thekth MT. Then, thelth relay of MTk can estimate
bk[n] by forming the soft-decision variable of

b̂
(k)
l [n] =

1

|h
(k)
l |2

(h
(k)
l )∗cccTk yyy

(k)
l

= cccTk p̃ppkbk[n] +

K∑

k′ 6=k

√
√
√
√
P

(k)
k′l

P
(k)
kl

cccTk p̃ppk′bk′ [n] +
1

h
(k)
l

cccTk ñnn
(k)
l

(19)

After the estimation,̂b(k)
l [n] of (19) is then re-spread and

forwarded by thelth relay to MTk using the second time-slot
of the nth symbol-duration. The transmitted signal of thelth
relay of MT k can be expressed as

s
(k)
l (t) =

√

2P
(k)
lt

ςkl

b̂
(k)
l [n]c

(k)
l (t) cos(2πfct+ φ

(k)
l ) (20)

wherel = 1, 2, · · · , L, P (k)
lt , c(k)

l (t), fc andφ(k)
l represent re-

spectively the transmission power, signature waveform, carrier
frequency and initial phase associated with thelth relay of MT
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k. In (20) ςkl is a normalization coefficient applied so that the
transmission power ofs(k)

l (t) is P (k)
lt , ςkl can be evaluated by

ςkl = E
[

|b̂
(k)
l [n]|2

]

=

K∑

k′=1

P
(k)
k′l

P
(k)
kl

cccTk p̃ppk′p̃ppT
k′ccck +

1

|h
(k)
l |2

N0

E
(k)
l

(21)

Note that, it can be shown that, when the TZF is applied,
we have respectively

b̂
(k)
l [n] = βbk[n] +

1

h
(k)
l

cccTk ñnn
(k)
l

ςkl = β2 +
1

|h
(k)
l |2

N0

E
(k)
l

(22)

Let us now consider the signals received at MTk.

IV. REPRESENTATION OFRECEIVED SIGNALS AT MOBILE

TERMINALS

The MTs receive signals from both the first and second
time-slots of a symbol-duration. Within the first time-slotof
a symbol-duration, the MTs receive signals from the BS.
Specifically, the received complex baseband equivalent signal
by MT k within the first time-slot of thenth symbol-duration
can be expressed as

r
(k)
0 (t) =h

(k)
0

K∑

k′=1

√

2P
(k)
k′r bk′ [n]p̃k′(t) + n(t),

k = 1, 2, · · · ,K (23)

whereP (k)
k′r , k′ = 1, . . . ,K, represents the power received by

MT k from thek′th signal transmitted by the BS after taken
into account the pathloss of the D-channel from the BS to
MT k. In (23),h(k)

0 represents the fading gain accounting for
the fast fading of thekth D-channel, whilen(t) denotes the
complex baseband equivalent Gaussian noise at MTk, which
has mean zero and a single-sided power spectral density of
N0 per dimension.

Within the second time-slot of a symbol-duration, the MTs
receive signals from their relays. We assume that the relays
serving a given MT have similar distances from the MT and
experience the same large-scale fading. However, we assume
that the relays of a given MT are also sufficiently separated,
resulting in that the signals received by the MT from its
relays experience independent small-scale fading. Under these
assumptions, the received complex baseband equivalent signal
by MT k during the second time-slot of thenth symbol-
duration can hence be expressed as

r
(k)
1 (t) =

L∑

l=1

√

2P
(k)
r

ςkl

h
(k)
rl b̂

(k)
l [n]c

(k)
l (t) + n(t),

k = 1, 2, · · · ,K (24)

whereP (k)
r represents the received power by MTk from any

one of itsL relays, whileh(k)
rl denotes the (fast) fading gain

of the lth RM-channel of MTk.
Let, after the chip-waveform matched-filter (MF), the ob-

servations obtained from the first and second time-slots of the

nth symbol-duration be collected intoyyy(k)
0 and yyy(k)

1 , where
yyy

(k)
i = [y

(k)
i0 , y

(k)
i1 , · · · , y

(k)
i(N−1)]

T , (i = 0, 1). Then, after the

normalization by
√

2P
(k)
kr NTc, it can be shown thatyyy(k)

0 can
be expressed as

yyy
(k)
0 =h

(k)
0 p̃ppkbk[n] + h

(k)
0

K∑

k′ 6=k

√
√
√
√
P

(k)
k′r

P
(k)
kr

p̃ppk′bk′ [n] + ñnn0,

k = 1, 2, · · · ,K (25)

whereñnn0 = [ñ00, ñ01, · · · , ñ0(N−1)]
T is aN -length Gaussian

noise vector distributed with mean zero and a covariance
matrix of N0/E

(k)
0 IIIN , whereE(k)

0 = P
(k)
kr Tb represents the

energy per bit received by thekth MT from the BS.

Similarly, after normalization using
√

2P
(k)
r NTc, we can

expressyyy(k)
1 of the observations obtained from the second

time-slot as

yyy
(k)
1 =

L∑

l=1

ccc
(k)
l

√
1

ςkl

h
(k)
rl ccc

T
k p̃ppkbk[n]

+

L∑

l=1

ccc
(k)
l

√
1

ςkl

h
(k)
rl

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

cccTk p̃ppk′bk′ [n]

+

L∑

l=1

ccc
(k)
l

√
1

ςkl

h
(k)
rl

[

cccTk ñnn
(k)
l

h
(k)
l

]

+ ñnn1 (26)

where ñnn1 represents theN -length Gaussian noise vector,
which has mean zero and a covariance matrixN0/E

(k)
r IIIN ,

whereE(k)
r = P

(k)
r Tb denotes the energy per bit received by

the kth MT from its lth relay.
Alternatively, (26) can be expressed in a compact form as

yyy
(k)
1 = CCCkAAAkhhhkccc

T
k p̃ppkbk[n] +nnnI (27)

associated with defining

nnnI =CCCkAAAkhhhk

K∑

k′ 6=k

√
√
√
√
P

(k)
k′,l

P
(k)
k,l

cccTk p̃ppk′bk′ [n]

+CCCkAAAkHHHk(IIIL ⊗ cccTk )ñnn(k) + ñnn1 (28)

where⊗ denotes theKronecker product [24], and the related
matrices and vectors are defined as follows:

• CCCk is a (N×L) matrix, which can be expressed as

CCCk = [ccc
(k)
1 , ccc

(k)
2 , · · · , ccc

(k)
L ] (29)

whereccc(k)
l , l = 1, · · · , L, is the spreading sequence used

by the lth relay of MT k.
• AAAk is a (L×L) matrix given by

AAAk = diag

{√
1

ςk1
,

√
1

ςk2
, · · · ,

√
1

ςkL

}

(30)

where the normalization coefficientsςkl for l = 1, · · · , L
are given in (21).

• hhhk is a L-length vector related to the RM-channels of
MT k, which can be expressed as

hhhk = [h
(k)
r1 , h

(k)
r2 , · · · , h

(k)
rL ]T (31)
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• HHHk is a (L×L) matrix related to both the BR-channels
and RM-channels, which can be expressed as

HHHk = diag

{

h
(k)
r1

h
(k)
1

,
h

(k)
r2

h
(k)
2

, · · · ,
h

(k)
rL

h
(k)
L

}

(32)

• Finally, ñnn(k) is a Gaussian noise vector of lengthLN ,
which can be expressed as

ñnn(k) =

[(

ñnn
(k)
1

)T

,
(

ñnn
(k)
2

)T

, · · · ,
(

ñnn
(k)
L

)T
]T

(33)

whereñnn(k)
l , l = 1, · · · , L, is given by (17).

V. SIGNAL DETECTION AT MOBILE TERMINALS

Since there is no interference between the first and second
time-slots, the signals received within the first and second
time-slots can be treated separately before the final-stage
combining for making decision. Furthermore, since transmitter
preprocessing is employed at the BS for suppressing the
downlink MUI, signals transmitted over the D-channels within
the first time-slot conflict no MUI, when the TZF is employed,
or conflict very low MUI, when the TMMSE is employed. By
contrast, within the second time-slot, theL number of relays
communicate simultaneously with thekth MT and they may
interfere with each other. Therefore, the signals receivedby
MT k through its RM-channels during the second time-slot
need to be combined with considering MUI suppression. In
this contribution, as two examples, two combining schemes
are considered, which are the MRC-SUC and the MSINR-
MUC.

Note that, the SUC and MUC schemes derived below are
suitable for the systems using either the TZF or TMMSE. If
only the TZF is considered, the relevant equations may be fur-
ther simplified with the aid of (22). Additionally, it is worthy
of noting that, although the TMMSE is capable of mitigating
simultaneously both MUI and background noise, it however
cannot fully eliminate the MUI. As our simulation results in
Section VII shown, the leaked MUI from the TMMSE may
cause performance degradation in high SNR region, especially,
when random spreading sequences are employed.

The received signal by MTk over the D-channel during
the first time-slot of thenth symbol-duration is first de-spread
usingcccTk , yielding

ȳ
(k)
0 =cccTk yyy

(k)
0 = h

(k)
0 cccTk p̃ppkbk[n]

+ h
(k)
0

K∑

k′ 6=k

√
√
√
√
P

(k)
k′r

P
(k)
kr

cccTk p̃ppk′bk′ [n]

︸ ︷︷ ︸

ID

+cccTk ñnn0 (34)

whereID denotes the downlink MUI within the first time-slot,
which is zero when the TZF is employed, and is usually very
small when the TMMSE is employed. Based on (34), it can be
shown that, after approximatingID as a Gaussian distributed
random variable, the weight for finally combininḡy(k)

0 can be
expressed as

w
(k)
0 =

(

N0

E
(k)
0

+ σ2
D

)−1

cccTk p̃ppk

(

h
(k)
0

)∗

(35)

whereσ2
D represents the second-order moment ofID, which

is given by

σ2
D = |h

(k)
0 |2

K∑

k′ 6=k

P
(k)
k′r

P
(k)
kr

cccTk p̃ppk′p̃ppT
k′ccck (36)

Let us now consider the combining of the signals received by
MT k during the second time-slot of thenth symbol-duration.

A. MRC-Assisted Single-User Combining

The signals received within the second time-slot of thenth
symbol-duration isyyy(k)

1 as given by (27). When the MRC-
SUC is considered,yyy(k)

1 is first de-spread usingCCCT
k of (29),

yielding
ȳyy = [ȳ

(k)
1 , ȳ

(k)
2 , · · · , ȳ

(k)
L ] = CCCT

k yyy
(k)
1 (37)

Upon substituting (27) and (29) into (37), thelth entry of ȳyy
can be expressed as

ȳ
(k)
l =

√
1

ςkl

h
(k)
rl ccc

T
k p̃ppkbk[n] +

L∑

l′=1

√
1

ςkl′

h
(k)
rl′

h
(k)
l′

(

ccc
(k)
l

)T

ccc
(k)
l′ ccc

T
knnn

(k)
l′

+
(

ccc
(k)
l

)T

nnn1 + IR, l = 1, 2, . . . , L (38)

whereIR is given by

IR =

L∑

l′ 6=l

√
1

ςkl′
h

(k)
rl′

(

ccc
(k)
l

)T

ccc
(k)
l′ ccc

T
k p̃ppkbk[n] (39)

+
L∑

l′=1

√
1

ςkl′
h

(k)
rl′

(

ccc
(k)
l

)T

ccc
(k)
l′

K∑

k′ 6=k

√
√
√
√
P

(k)
k′l

P
(k)
kl

cccTk p̃ppk′bk′ [n]

Note that, at the right-hand side of (38), the first term is the
desired output, the second term is the noise forwarded by the
L relays, the third term is the noise received at MTk and,
finally, IR is the MUI forwarded by theL relays to MTk.

For the MRC-SUC,ȳ(k)
l of (38) is approximated as a

Gaussian distributed signal with mean given by the first term
at the right-hand side of (38) and a variance given by

σ2
R =

L∑

l′ 6=l

1

ςkl′

∣
∣
∣
∣
h

(k)
rl′

(

ccc
(k)
l

)T

ccc
(k)
l′ ccc

T
k p̃ppk

∣
∣
∣
∣

2

(40)

+

L∑

l′=1

1

ςkl′

∣
∣
∣
∣
h

(k)
rl′

(

ccc
(k)
l

)T

ccc
(k)
l′

∣
∣
∣
∣

2 K∑

k′ 6=k

P
(k)
k′l

P
(k)
kl

cccTk p̃ppk′p̃ppT
k′ccck

Consequently, the weights achieving the MRC-SUC can be
expressed as [9]

w
(k)
l =

(
L∑

l′=1

|h
(k)
rl′ |

2

ςkl′ |h
(k)
l′ |2

∣
∣
∣
∣

(

ccc
(k)
l

)T

ccc
(k)
l′

∣
∣
∣
∣

2

N0 +N0 + σ2
R

)−1

×

√
1

ςkl

β
(

h
(k)
rl

)∗

(41)

Finally, when both the first and second time-slots of thenth
symbol-duration are considered, the decision variablezk[n] for
bk[n] can be formed as

zk[n] =

L∑

l=0

w
(k)
l ȳ

(k)
l , k = 1, 2, . . . ,K (42)

Let us now consider the MSINR-MUC.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on May 6, 2009 at 09:23 from IEEE Xplore.  Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

7

B. Maximum SINR-Assisted Multiuser Combining

For convenience, we express the observations of (27) as

yyy
(k)
1 = h̄hhkbk[n] +nnnI (43)

where by definition

h̄hhk =CCCkAAAkhhhkccc
T
k p̃ppk (44)

nnnI =CCCkAAAkhhhk

K∑

k′ 6=k

√
√
√
√
P

(k)
k′l

P
(k)
kl

cccTk p̃ppk′bk′ [n]

+CCCkAAAkHHHk(IIIL ⊗ cccTk )ñnnk + ñnn1 (45)

where h̄hhk may be viewed as the equivalent channel impulse
response (CIR) associated with MTk, while nnnI contains the
MUI, inter-relay interference and background noise.

Let www be aN -length vector for combiningyyy(k)
1 in MSINR

sense. According to (43), it can be shown thatwww can be
expressed as [9, 24, 28]

www = µRRR−1
I h̄hhk (46)

whereµ denotes a constant andRRRI represents the covariance
matrix of nnnI , which, after some simplification, can be ex-
pressed as

RRRI =E
[
nnnInnn

H
I

]

=

L∑

l=1

1

ςkl

|h
(k)
rl |2ccc

(k)
l

(

ccc
(k)
l

)T
K∑

k′ 6=k

P
(k)
k′l

P
(k)
kl

cccTk p̃ppk′p̃ppT
k′ccck

+

L∑

l=1

N0

E
(k)
l

1

ςkl

∣
∣
∣
∣
∣

h
(k)
rl

h
(k)
l

∣
∣
∣
∣
∣

2

ccc
(k)
l

(

ccc
(k)
l

)T

+
N0

E
(k)
r

IIIN (47)

Finally, when the signals received from both the first and
second time-slots of thenth symbol-duration are combined,
the decision variable forbk[n] can be formed as

zk[n] = w
(k)
0 ȳ

(k)
0 +wwwHyyy

(k)
1 , k = 1, 2, . . . ,K (48)

whereȳ(k)
0 andw(k)

0 are given in (34) and (35).

VI. POWER-ALLOCATION

As our study in [9, 29] shown, when large-scale fading is
considered in the relay-assisted DS-CDMA systems, power
should be allocated appropriately to the first and second time-
slots for transmission of a symbol, in order that the DS-CDMA
systems are energy-efficient and can achieve the near-best error
performance. In order to carry out a fair comparison between
the relay-assisted DS-CDMA downlink and the conventional
DS-CDMA downlink without using relays, as in [29], in this
contribution we assume that the total transmission power is
the same for the DS-CDMA systems either using or without
using relays. Specifically, letP0 = Pkt + LP

(k)
lt denote the

total power radiated to MTk by the DS-CDMA downlink
without using relays, wherePkt andP (k)

lt are detailed in the
context of (5) and (20), respectively. Then, for the relay-aided
DS-CDMA with each MT helped byL relays,Pkt = αP0

is allocated to the first time-slot of a symbol for the BS to
transmit signals to MTk and itsL relays. During the second
time-slot of a symbol, theL number of relays of MTk use

the rest power of(1 − α)P0 to forward the signals received
from the first time-slot to MTk. Hence, the power allocated
to each of theL relays of MTk is P (k)

lt = (1 − α)P0/L.
Note that, in our simulations in Section VII we assume for

simplicity that all the clusters of relays have a similar distance
from the BS and that the relays within a cluster also have
a similar distance from their common MT. We assume that,
within each of clusters, the large-scale statistics of the received
signals by a MT and its relays are similar. However, within
a cluster, the signals transmitted by the relays to their MT
are assumed to experience independent Nakagami-m fading,
implying that the small-scale statistics of the transmitted
signals by the relays of a cluster are independent. In our
simulations we assume that all the distances concerned are
normalized by the distancedBM between the BS and MTk.
Specifically, we assume that the distance between the BS and
MT k is one unit, the distance between MTk and its relays
is 0 < δ < 1, while the distance between the relays of MTk
and the BS is(1 − δ).

Note that, the power-allocation scheme used in this con-
tribution is the same as that proposed in [29, 30], where
the BER performance against the parameters(α, δ) of the
relays’ location and power-allocation for the relay-assisted DS-
CDMA system has been evaluated, when communicating over
the channels experiencing both propagation pathloss and fast
fading. It has been observed that the near-optimum values
for the relays’ location and power-allocation parameters are
approximately(α = 0.8, δ = 0.4) for the propagation pathloss
exponent ofη = 3. Hence, in our simulations in Section VII
the parameters of(α = 0.8, δ = 0.4) are adopted. Note that,
more details about the power-allocation can be found in [29,
30].

VII. PERFORMANCERESULTS AND DISCUSSION
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Fig. 2. BER versus SNR per bit performance of the relay-assisted DS-
CDMA downlink using TZF-based transmitter preprocessing atBS and MRC-
SUC at MTs, when the D-channels and BR-channels experience Rayleigh
fading, while the RM-channels experience Nakagami-m fading associated
with ml2 = 2 for L = 1, 2, 3, 4. The other parameters used in our simulations
wereN = 15, K = 11, α = 0.8, δ = 0.4 andη = 3.

In this section we provide a range of simulation results,
in order to illustrate the BER performance of the relay-
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Fig. 3. BER versus SNR per bit performance of the relay-assisted DS-CDMA
downlink using TZF-based transmitter preprocessing at BS and MSINR-
MUC at MTs, when the D-channels and BR-channels experience Rayleigh
fading, while the RM-channels experience Nakagami-m fading associated
with ml2 = 2 for L = 1, 2, 3, 4. The other parameters used in our simulations
wereN = 15, K = 11, α = 0.8, δ = 0.4 andη = 3.

assisted DS-CDMA downlink using the TZF- or TMMSE-
based transmitter preprocessing. Figs. 2 and 3 depict the BER
versus the average SNR per bit performance for the relay-
assisted DS-CDMA downlink using the TZF-based transmitter
preprocessing. The detection scheme employed by the desti-
nation MTs is the MRC-SUC for Fig. 2 and the MSINR-MUC
for Fig. 3. The other parameters used in our simulations can
be found in the captions of Figs. 2 and 3. From the results
of Figs. 2 and 3, we may obtain the following observations.
Firstly, the BER performance improves significantly, when
the number of relays per MT increases. Therefore, the relay-
assisted DS-CDMA downlink is capable of achieving the relay
diversity as promised. Secondly, for both random sequences
andm-sequences, whenL = 1, the BER performance of using
MRC-SUC is the same as that of using MSINR-MUC. This
is because, in this case, the MUI within the first time-slot
is fully removed by the TZF-based transmitter preprocessing,
while there is no interference within the second time-slot.
Finally, when comparing Fig. 2 and Fig. 3, we can find that,
whenm-sequences are employed, the BER performance of the
DS-CDMA downlink using both the MRC-SUC and MSINR-
MUC is similar, whenL ≥ 2 relays per MT is employed.
By contrast, when random sequences are utilized and when
L ≥ 2, the BER performance of the relay-assisted DS-CDMA
downlink using MSINR-MUC is better than that of the relay-
aided DS-CDMA downlink using MRC-SUC.

In Figs. 4 and 5, we investigate the effect of the noise-
suppression factor,ρ (where we assumedρρρ = ρIIIK), on the
achievable BER performance of the relay-assisted DS-CDMA
downlink using TMMSE-based transmitter preprocessing at
BS and MRC-SUC at MTs, when the D-channels and BR-
channels experience Rayleigh fading, while the RM-channels
experience Nakagami-m fading associated withml2 = 2 for
L = 1, 2, 3. The other parameters used in our simulations were
N = 15, K = 11, α = 0.8, δ = 0.4, η = 3 and SNR=4 dB for
Fig. 4, and wereN = 15, K = 11, α = 0.8, δ = 0.4, η = 3
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Fig. 4. BER versus the noise-suppression factor,ρ, performance of the relay-
assisted DS-CDMA downlink using TMMSE-based transmitter preprocessing
at BS and MRC-SUC at MTs, when the D-channels and BR-channels
experience Rayleigh fading, while the RM-channels experience Nakagami-
m fading associated withml2 = 2 for L = 1, 2, 3. The other parameters
used in our simulations wereN = 15, K = 11, α = 0.8, δ = 0.4, η = 3

and SNR=4 dB.
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Fig. 5. BER versus the noise-suppression factor,ρ, performance of the relay-
assisted DS-CDMA downlink using TMMSE-based transmitter preprocessing
at BS and MRC-SUC at MTs, when the D-channels and BR-channels
experience Rayleigh fading, while the RM-channels experience Nakagami-
m fading associated withml2 = 2 for L = 1, 2, 3. The other parameters
used in our simulations wereN = 15, K = 11, α = 0.8, δ = 0.4, η = 3

and SNR=8 dB.

and SNR=8 dB for Fig. 5. Note that, as shown in Section II,
the TMMSE is reduced to the TZF whenρ = 0. From the
results of Figs. 4 and 5, we can observe that, for a given SNR,
there exists an optimumρ value, which results in the lowest
BER. However, the BER performance of the relay-assisted
DS-CDMA downlink using TMMSE is not highly sensitive to
the noise-suppression factor, especially, whenm-sequences are
used for spreading. As shown in Figs. 4 and 5, the BER is only
loosely dependent on theρ value, when random sequences are
employed. Furthermore, from the results of Figs. 4 and 5, we
can observe that, for bothm-sequences and random sequences,
the BER becomes lower, when a MT is aided by more relays.
Hence, the diversity gain can be guaranteed for the relay-
assisted DS-CDMA downlink, if each destination MT can be
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aided by some relays.
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Fig. 6. BER versus SNR per bit performance of the relay-assisted DS-
CDMA downlink using m-sequences, TZF- or TMMSE-based transmitter
preprocessing at BS and MRC-SUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. The other
parameters used in our simulations wereρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8, δ = 0.4 andη = 3.
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Fig. 7. BER versus SNR per bit performance of the relay-assisted DS-CDMA
downlink using random sequences, TZF- and TMMSE-based transmitter
preprocessing at BS and MRC-SUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. The other
parameters used in our simulations wereρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8, δ = 0.4 andη = 3.

Figs. 6 and 7 show the BER versus the average SNR per bit
performance of the relay-assisted DS-CDMA downlink using
TZF- or TMMSE-based transmitter preprocessing and MRC-
SUC detection. In our simulations for Fig. 6m-sequences were
assumed, while for Fig. 7, random sequences were employed.
From the results of Figs. 6 and 7, it can be seen that the
BER performance of the relay-assisted DS-CDMA downlink
using both the TZF and TMMSE is nearly the same, when
the m-sequences are employed for spreading. By contrast,
when random spreading sequences are employed, the TMMSE
outperforms the TZF. The reason for the above results may be
stated as follows. We know that random sequences generate

higher MUI thanm-sequences. It is well-known that the TZF
is capable of fully removing the downlink MUI, but at the
cost of noise amplification. By contrast, the TMMSE is capa-
ble of suppressing efficiently both the MUI and background
noise. Consequently, when random spreading sequences are
employed, the TZF removes the MUI with severe noise
amplification, resulting in BER performance degradation, in
comparison with the TMMSE, which can suppress both the
MUI and background noise.
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Fig. 8. BER versus SNR per bit performance of the relay-assisted DS-
CDMA downlink usingm-sequences, TZF- and TMMSE-based transmitter
preprocessing at BS and MSINR-MUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. The other
parameters used in our simulations wereρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8, δ = 0.4 andη = 3.
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Fig. 9. BER versus SNR per bit performance of the relay-assisted DS-CDMA
downlink using random sequences, TZF- and TMMSE-based transmitter
preprocessing at BS and MSINR-MUC at MTs, when the D-channels and
BR-channels experience Rayleigh fading, while the RM-channels experience
Nakagami-m fading associated withml2 = 2 for L = 1, 2, 3, 4. The other
parameters used in our simulations wereρ = 1.0 for TMMSE, N = 15,
K = 11, α = 0.8, δ = 0.4 andη = 3.

Finally, in Figs. 8 and 9 we evaluate the BER versus the
average SNR per bit performance of the relay-assisted DS-
CDMA downlink using TZF- or TMMSE-based transmitter
preprocessing and MSINR-MUC detection. The other param-
eters for simulations of Figs. 8 and 9 are the same as those
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for simulations of Figs. 6 and 7. From the results of Figs. 8
and 9, it can be observed that the BER performance of the
relay-assisted DS-CDMA downlink using both the TZF and
TMMSE is nearly the same, whenm-sequences are used for
spreading. This observation is similar as that seen in Fig. 6,
where the MRC-SUC detection was employed. By contrast,
when random spreading sequences are employed, the BER
performance corresponding to the TMMSE is better than that
corresponding to the TZF in low to medium SNR regions,
when L ≤ 3. However, forL = 4, the TMMSE is outper-
formed by the TZF, when the SNR value is relatively high.
The reason for the above observation is that, when random
spreading sequences are employed, the leaked interference
due to the TMMSE may become dominant, which cannot be
further mitigated by the MSINR-MUC operated at the MTs.
However, when comparing the results of Figs. 7 and 9, we
can find that the MSINR-MUC always outperforms the MRC-
SUC, if two or more relays per MT are used.

VIII. C ONCLUSIONS

In this contribution we have proposed and investigated
a relay-assisted DS-CDMA downlink transmission scheme,
where MUI is suppressed using TZF- or TMMSE-based
transmitter preprocessing. At the MTs, the signals received
from the BS and relays are combined based on the MRC or
MSINR principles. From our analysis and simulation results,
we can conclude that the relay diversity can be achieved
after the MUI is mitigated using either the TZF- or TMMSE-
assisted transmitter preprocessing. It can be seen that, when
random spreading sequences are employed, the TMMSE-based
transmitter preprocessing is capable of achieving better BER
performance than the TZF-based transmitter preprocessingat
low to medium SNR region. By contrast, whenm-sequences
are employed, both the transmitter preprocessing schemes
achieve similar BER performance within the considered SNR
region. Our simulation results show that, when the TMMSE-
assisted transmitter preprocessing is employed, the BER per-
formance is not very sensitive to the noise-suppression factor.
Furthermore, in our proposed relay diversity transmission
scheme, the signal processing required by the relays is low-
complexity.
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