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ABSTRACT

In a wireless system with distributed mobile users, several mo-
bile users may cooperate with each other in order to achieve
the transmit diversity. In this contribution we investigate the
single-user performance of an uplink direct-sequence code-
division multiple-access (DS-CDMA) scheme, where one user
is assisted by scveral other users (relays) so as to achieve the
relay-assisted diversity. Specifically, the performance of the
relay-assisted DS-CDMA is investigated, when communicat-
ing over generalized Nakagami-m fading channels, where sig-
nals from the transmitter to the relays and that from the re-
lays to the base-station (BS) receiver may experience different
fading. In our study two types of detection schemes are in-
voked. The first detection scheme is a maximal ratio combin-
ing (MRC) assisted single-user detection (SUD) scheme, which
maximizes the output signal-to-noise ratio (SNR) without tak-
ing the interference among the relays into account. By con-
trast, the second detection scheme maximizes the output signal-
to-inferference-plus-noise ratio (MSINR), which is a multiuser
detection (MUD) scheme that is capable of suppressing the in-
terference among the relays. Our study and results show that, in
a relay-assisted DS-CDMA without using orthogonal spread-
ing codes, the relay-assisted diversity may only be achievable
after suppressing the inter-relay interference.

I. INTRODUCTION

It is well-known that transmission over wireless channels suf-
fers from fading, which may be mitigated by exploiting various
types of diversity in time-, frequency- and/or space-domain.
Specifically, in space-domain the spatial diversity can be ob-
tained by transmitting the same signal from geographically sep-
arated transmitters, thus generating independently faded repli-
cas of the signal at the receiver. In wircless commumnications
spatial diversity is particularly attractive, since it offers spec-
tral efficiency without incurring an expenditure of {ransmission
time or bandwidth [1]. In practicc multiple-antennas are desir-
able for deplovment at cellular basc stations, in order to achicve
the downlink transmit diversity. However, the transmit diver-
sity depending on multiple transmit antennas is not directly ap-
plicable to the uplink transmission, due to the mobile unit’s
size. Recently, cooperative diversity in wireless systems with
distributed nodes or users has attracted wide attention [2. 3].
This is because the capacity of a wireless system may be sig-
nificantly improved through cooperation among the distributed
nodes or users.  Specifically, in a wireless system with dis-
tributcd mobile users, a sct of mobile users may share their
transmit antennas in order to create a virtual antenna array for
achieving the transmit diversity [2-5]. This type of transmit
diversity is usually referred to as relay-assisted diversity.
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The performance of the relay-assisted diversity scheme has
been investigated in [4. 3]. when assuming that there exists no
interference amongst the relays. However, in practice. for ex-
ample in cellular DS-CDMA systems, there usually exists mul-
tiuser interference among the mobile users. Hence, in this con-
tribution we investigate the bit-error-rate (BER) performance
of an uplink DS-CDMA scheme, where one user is assisted
by several other users acting as relays, so as to achicve the
relay-assisted diversity. In our study, we assume a generalized
Nakagami channel model [8], where signals from the transmit-
ter to the relays and that from the relays to the BS receiver
may experience different fading. By contrast, [4] assumed only
Rayleigh fading, while [5] considered a common Nakagami-m
fading for both the transmitter-relay and relay-receiver chan-
nels. Furthermore, in this contribution two types of detection
schemes are investigated. The first detection scheme is a SUD,
which maximizes the output SNR without taking the interfer-
cnce among the relays into account. By contrast, the second
detection scheme is a MUD, which maximizes the output SINR
by taking both noise and interference among the relays into ac-
count.

Note that, the reason for us focusing our attention only on
single-user (multiple relays) case is that from the single-user
performance results we can gain insight into the achievable per-
formance, when the DS-CDMA system supports multiple users
associated with employing advanced MUD. Furthermore, it can
be shown that our approaches in this paper can be readily ex-
tended to the multi-user cases.

II. SYSTEM DESCRIPTION

A, Transmitfed Signal
In our considered DS-CDMA there is one mobile user, say user
k, communicating with the BS with the assistance of L relays,
which arc also mobile users. The transmitter schematic of user
k is shown in Fig. 1. It can be shown that the signal transmitted
by the kth user can be expressed as

s5(8) = V2Pibp(t) e (t) cos(2m fot + o) (N
where P, represents the transmitted power of user k, f, is the
carrier frequency, while ¢, denotes the initial phase angle as-
sociated with the carrier modulation. In (1) by (¢) represents the
transmitted data waveform, which can be expressed as

@

where by[n] € {—1,+41}, T, represents the bit duration,
Pr, (¢) represents the rectangular waveform, which is defined
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Figure 1: Transmitter schematic block diagram of the kth user.
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Figure 2: Channels in a relay-assisted DS-CDMA, where one transmitter is
assisted by L relays.

as Pr,(t) =10 <t < Ty, and P, (¢) = O otherwise. Fur-
thermore, in (1), ¢ (1) represents the DS spreading waveform,
which can be expressed as

o)

er(t) = crntor, (t = nT.) (3)

where T, represents the chip-duration, N 14/T, repre-
sents the spread factor, cz,, € {—1,-+1}, o7 (¢) is the chip-
waveform, which is defined within [0, 7,.) and normalized to
satisty |, ﬂT 7, (t)dt = 1. Let us now describe the cooperation
scheme.

B.  Cooperation Operation

We assume that there are L relays constituted by the mobile
users, which assist the transmission from user 4 to the BS, as
shown in Fig.2. For the sake of convenience, in Fig.2 we define
the direct (D) channel as the D-channel, which directly con-
nects user & with the BS. The relay channel is defined as the
R-channel, which represents the channel from user & througha
relay to the BS. Furthermore, the R-channel includes the chan-
nel connecting the Ath user to the relay and that connecting the
relay to the BS. Hence, for convenience, the former is referred
to as the TR-channel, while the latter as the RB-channel.

Throughout this paper we assume that a mobile user cannot
transmit and receive signal simultaneously, and the cooperation
scheme is based on time-division (TD). Specifically, in the con-
sidered cooperation scheme, user & communicates with the L
relays and the BS receiver over the first time-slot, while within
the second time-slot, the L relavs transmit the signal received
from user k in the first time-slot to the BS. Furthermore, in this
paper we assume frequency non-sclective fading channels so
as to focus on relay-assisted diversity alone. Additionally, we
assume that transmitited signals can be perfectly synchronized
whenever necessary.

rl(k)(t) Detection | bg[n]
-y (T, — 1) — basedon —
N !
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Fi gure 3: Receiver schematic diagram of the relays.

Let the complex bascband equivalent signal received by the
lth relay within the first time-slot of the nth bit duration be
cxpressed as

(k)

r () = vﬁhfk’)bk [n]ck(t:)an;‘k)(:t), [=1,2,...,L 4
where h(l\k') represents the fading gain of the {th TR chan-
nel, while n;k" (t) represents the complex baseband equivalent
Gaussian noise, which has mean zero and a variance of V; per
dimension. The received signal of (4) is first detected by the
Ith relay on a symbol-by-symbol basis according to Fig.3, in
order to gencrate a soft estimate, by [n| for the transmitted bit
by |n]. Specifically, as shown in Fig 3, 'rl(k') (t) is first input to a
filter matched to the transmitted chip-waveform vy (). Then,
the matched-filter’s output is sampled at the chip-rate. which
provides N samples per symbol to the /th detector. According
to Fig.3, given the knowledge of /zl“’), the Ath sample can be
cxpressed as

1 DT /
— / (), () dt,

Yin = _\/QPL‘:ANTC ot

(3)
Upon substituting (4) into (5), we obtain

1 (k) T AT
Yin ﬁh}mbk[n]cm FNALA=0,1,- , N=1 (6)

where N, is the Gaussian noise component, which is given by

1 (A-1)T% "
N R — m () (H)dt 7
2 V/Wll /XTC 1 < J T(.< ) (N

which has mean zero and a variance of Ny /2F;, per dimension,
where E, = P;T;, represents the energy per bit received by the
{th relay from the kth transmitter.

Let us define

o T
¥ = oy iy -
7.7 AT T
N, [N, Nigy - Nyv—pyl ®)
oy i
Cr = = CR0CkLy - CR(N =)
VN T '

Then, it can be shown that we have
Y = ¢ h;\k)bk[n} + N, (9)

From (9), we can readily obtain the estimate b, [n], which can
be expressed as
. 1 1
biln] = kY = b|n] + —er Ny (10)
Iy K ]z; K
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Explicitly, by [] contains noise in addition to the bit by, [] to be
relayed. A
After the detection, b;[n] is then spread and relayed by the
Ith relay to the BS within the second time-slot of the nth bit
duration by using the similar scheme shown in Fig.1. Corre-
spondingly, the transmitted signal of the [th relay can be ex-
pressed as
s (1) = /2Pubg[n)ct™ () cos(2m fot + &),
[=1,2,---,L (D
where Py, ¢ , [) and ”’z represent respectively, the trans-
mitted power, signature waveform and initial phase associated
with the the /th relay signal.
Conscquently, at the BS, the received complex baseband
equivalent signal within the first time-slot of the nth bit du-
ration can be expressed as

3 /Tho brlnler(t) + nlt)

(12)
where h;‘]m represents the chanmnel gain of the D-channel, while
n(t) the Gaussian noise received at the BS, which, again, has
zero mean and a variance of Vg per dimension. The received
complex bascband cquivalent signal by the BS during the sec-
ond time-slot of the nth bit duration can be expressed as

L
ri(t) = rz(t)+Z\/2P;€lh§;f’)bk{n}cr[(‘k’)(t)
=1
L T
—— | N1 @y,
FY V2P /’;(M’ My a3)
[=1 I

C. Channel Modeling

We assume that the TR-channels and RB-channels may expe-
rience different fading. Specifically, let in (13) h,l(k
and hf};’j = aped?z forl = 1,2,.... L, where ayq, c and
8,1, 6o signify the amplitudes and phases of the /th TR-channel
and RB-channel respectively. We assume that the fading am-
plitude oy;, i = 1, 2, obeys the Nakagami distribution with the
probability dcnslty functions (pdb) of

) n
P = qyyedfn

mL, 2y —1
2my; o,

e (ma/ o Ji==1,2
r(mg/,, 10

(14

where my; represents the fading parameter of the /th TR-
channel when ¢ = 1 or the /th RB-channel corresponding to
i = 2. According to [8], my; = E?[af]/Varlod]. In (14) Qy is
a scaling parameter that signifies the average power, which was
assumed to be unity in our simmlations. Note that fs = o b
where ap and 9y signify the amplitude and phase of the D-
channel. The pdf of oy can be readily obtained from (14) with
my,; replaced by mg and Qy; by Q. Furthermore, the phases
Ay and 6 for | = , L are assumed to be the indepen-
dent identically dlsmbuted (iid) random variables uniformly
distributed within [0, 27). Let us now considering the detec-
tion algorithms.
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Figure 4: Receiver schematic block diagram at the base station (BS).

III. DETECTION ALGORITHMS

In this section we investigate the detection of the relay-assisted
DS-CDMA signal, when assuming that the spreading codes of
the transmitter and relays constitute the sct of sequences exist-
ing cross-correlations. Hence, there exists interference among
the relayed signals, since these relayed signals arc received by
the BS at the same time. Specifically, two types of detection
schemes are derived, which are detailed in our forthcoming
discourse. Let us first derive the representation of the received
signal by the BS.

A.  Representation of the BS Received Signal

As at the relays, the received signal at the BS is first filtered by a
chip-waveform matched-filter and is then sampled at chip-rate
in order to provide the detector observation samples, as shown
in Fig.4. Since by [n] is transmitted by two time-slots, each of
which is associated with V-length spreading sequences, hence
the BS receiver can obtain a total of 2V samples for detecting
beln]. Lety = [yd,¥{]" contain the 2N observation sam-
ples. where y; = [yi0, vi1, -+ wiv—1y]”» # =0, 1. Assuming
Py, = Py = Py, then it can be shown that y; can be expressed
as

1 O 1T
/Wr - //\l ‘7’,1:(t)zzlﬂqw(: (t)dt, =01
)\:0?17'”?‘7\/*_1 (15)

Upon substituting (12) or (13) into the above equation, we ob-
tain

Yox = h(()k)('mbzﬂ [2] + 10
N

i = Z‘;’ 1 (i>\ bl» ] TLZ}’U“ N {Ck(—\l 4+ 11
&

where n;y, ¢ = 0,1 is an independent Gaussian random vari-
able with zero mean and a variance of No/2F; per dimension,
where Fy = PT} represents the average energy per bit received
from the D-channel or one of the TB-chammel.

Let
o { () () 0 r
ki — — s s G a1y
\/Af o H{N=-1)
T .
n; - [ni@? 1, 77”7:(]\771)} , b= O/ 1 (17)

Then, it can be shown that, after ignoring the superscript & for
convenience. ¥ can be expressed as

Cp hr 0

v Zcm/m ZCH/W { '1)

g
} + {nj (18)
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Furthermore, the above equation can be rewritten as

y = Chopby[n] + CrLH, (I, & ¢l ng +n, (19

ny

where & represents the Kronecker product |7} operation and
the other arguments in (19) are given as follows:

e, O o ... 0
C = 20
]iO Cr1 Cpo CJQL} ( )
hor, = [ho,hei, by, hpr) 20
0 o ... 0
C; o= 22
g Lm Ci2 Crr @22)
h”r’ ]r; h”r’;
H,, diag § Dot ez Dk (23)
hl hg h’L
T
ny, = [N{,Nj,--- N] 24)
n, = [nénﬂT (25)

Having obtained the representation of the BS received signal
as seen in (19), let us now consider the detection scheme.

B. Maximal Ratio Combining (MRC) Assisted Single-User
Detection

The received signal y of (19) can be despread using C” , yield-

ing

(26)

It can be shown that the {th component of ¢ can be expressed
as

_ hobg [n] + o, it=0
= hubuln] + el N, 1 eliny 1 RL, il >0 7

where IRI represents the inter-relay interference.

Since the MRC-assisted SUD scheme does not exploit the
knowledge of the inter-relay interference, it can be readily
shown that the weight for g is given by

¥ for{ =20

for{ >0 (28)

Note that the above-derived combining scheme maximizes the
SNR, when there exists no inter-relay interference.

C. Maximum SINR Assisted Multiuser Detection

Since the BS receiver employs the knowledge about the spread-
ing codes and channels of both the Ath user and its relays, the
SINR can jointly be maximized as follow.

Let w be the weight vector, which maximizes the SINR of
the combiner. Then, it can be shown that the optimum weight
vector is given by [6]

(29)

of ny. Correspondingly. the decision variable is given by
2~ R{wgy} (30)

where y is shown in (19), while % {z} represents the real-part
of z.

IV. PERFORMANCE RESULTS
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F igure 5: BER performance bound of the relay-assisted DS-CDMA support-
ing single-user, when the D-channel and the TR-channels experience Rayleigh
fading, while the RB-channels experience Nakagami-rn fading associated with
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F igure 6: BER versus the SNR per bit performance of the relay-assisted DS-
CDMA using m-sequence and MRC-assisted SUD, when the D-channel and
the TR-channels experience Rayleigh fading, while the RB-channels experi-

In this section we provide a range of simulation results in
order to illustrate the BER versus the SNR per bit performance
for the relay-assisted cooperative DS-CDMA systems, when
communicating over Nakagami-m fading channels. Tn our sim-
ulations we assumed that power control was employed, result-
ing in that the received power from the original transmitter and
that from any of the relays were the same. Furthermore, in
order to carry out a fair comparison, the average SNR associ-
ated with one transmitted data bit was maintained to be £,/ Ny
regardless of the value of L.

Fig.5 shows the BER versus the average SNR per bit perfor-
mance bound of the proposed relay-assisted DS-CDMA, when
the D-channel and the TR-channels experience Rayleigh fad-
ing, while the RB-channels experience Nakagami-m fading as-
sociated with mpp == 2.0 for [ = 1,2,3,4. In our simula-
tions orthogonal spreading codes were employed, hence there
was no interference among the relays. Consequently, the BER
performance shown in Fig.5 represents the best BER perfor-



The 17th Annual IEEE International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC’06)

my=1 m;=1 mp=2

Bit Error Rate

0 5

Figure 7: BER versus the SNR per bit performance of the relay-assisted
DS-CDMA using random spreading sequences and MRC-assisted SUD, when
the D-chamnel! and the TR-channels experience Rayleigh fading, while the RB-
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Figure 8: BER versus the SNR per bit performance of the relay-assisted
DS-CDMA using both me-sequences and random spreading sequences and
MBSINR-assist ed MUD, when the D-channel and the TR-channels experience
Rayleigh fading, while the RB-channels experience Nakagami-r fading asso-
ciated with myo = 2.0forl = 1,2, 3,4.

mance that the relay-assisted DS-CDMA is capable of achiev-
ing. The results of Fig.5 show that the BER performance im-
proves, when using more relays for providing the diversity, pro-
vided that the average SNR per bit is sufficiently high. How-
ever, as shown in Fig 5, if the average SNR per bit is too low,
diversity gain cannot be guaranteed and the BER performance
may even become worse, when using more relays.

InFig.6 and Fig.7 we show the BER versus the average SNR
per bit performance of the relay-assisted DS-CDMA associ-
ated with using the MRC-assisted SUD derived in Section B..
Specifically, in the context of Fig.6 the spreading codes were
constituted by the m-sequences, while in Fig.7 they were con-
stitated by random sequences. From the results of Figs.6 and
7 we observe that the BER performance in both figures is the
same as that shown in Fig.5, when L == 1. The reason for this
is that, when L == 1, there exists no interference between user k&
and its relay due to using time-division. Howgver, as shown in
Figs.6 and 7, when . > 2, we observe that there is either small
diversity gain or no diversity gain at all. This is because, when

L > 2, there exists significant interference among the relays
when using the MR C-assisted SUD.

Finally, Fig.8 shows the BER versus the average SNR per
bit performance for the relay-assisted DS-CDMA associated
with using the the MSINR-assisted MUD derived in Section C.,
when communicating over generalized Nakagami-m fading
channels. The parameters used in our simulations for this fig-
ure were the same as that used in Figs.5, 6 and 7. Both m-
sequences and radom spreading sequences were considered.
From the results of Fig.8, explicitly, the BER performance cor-
responding to any of the cases is close to the BER performance
bound shown in Fig.5. Therefore. when the MSINR-assisted
MUD is employed, the interference among the relays can be
cfficiently mitigated.

In summary, in this contribution we have investigated the
performance of a relay-assisted DS-CDMA, when commumi-
cating over generalized Nakagami-m fading channels. From
our study and simulation results, we conclude that in a relay-
assisted DS-CDMA without using orthogonal spreading
codes, the rclay-assisted diversity may only be achievable
when the interference among the relays is efficiently sup-
pressed.

ACKNOWLEDGMENT

The author would like to acknowledge with thanks the financial
assistance from EPSRC of UKL

REFERENCES

{1] R. U. Nabar and H. Bolcskei, “Space-time signal design for fading relay
channels,” Proc. IEEE Globecom, San Francisco, CA, Vol. 4, pp. 1952-
1956, Dec. 2003.

2] A. Sendonaris, E. Erkip, and B. Aazhang, “Increasing uplink capacity
via user cooperation diversity,” in Proc. of IEEE Int. Symp. on Info. The-
ory, Cambridge. MA, Aug. 1998, p. 156.

[3] A. Sendonaris, E. Erkip. and B. Aazhang, “User cooperation diversity -
Part L and 1, JEEE Transactions on Wireless Communications, Vol. 51,
No. 11, Nov. 2003.

[4] P. A. Anghel and M. Kaveh, “Exact symbol error probability of a coop-
erative network in a Rayleigh-fading environment,” [EEE Transactions
on Wireless Communications, Vol. 3, No. 3, pp. 1416-1421, Sep. 2004.

[5] M. O. Hasna and M.-S. Alouini, “Harmonic mean and end-to-end per-
formance of transmission systems with relays,” /EEE Transactions on
Communications, vol. 52, pp. 130 — 135, January 2004.

[6] Compton, R. T. (Jr), Adaptive Antenmas: Concepts and Performance.
Englewood Cliffs, New Jersey, USA: Prentice-Hall, 1996.

[7] H. L. V. Trees, Optimum Array Processing. Wiley Interscience, 2002,
[8] M. Nakagami, “The m-distribution: a general formula of intensity dis-

tribution of radid fading.” in Statistical Methods in Radio Wave Propa-
gation. W. C. Hoffinan, Ed.. New York: Pergamon, 1960, pp, 3-36.



