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Abstract—In this contribution we propose and investigate not make use of the non-linear relationship between the
a relay diversity transmission scheme for the direct-sequence propagation pathloss and the propagation distance, asishow
code-division multiple-access (DS-CDMA) downlink, where each [9]. In practice, when the distance from the BS to a MT is long,

(destination) mobile terminal (MT) is aided by a cluster of . ) L .
relays for achieving the relay diversity. In the considered system intermediate relays may be used to divide the long tranemitt

downlink multiuser interference (MUI) is suppressed with the aid receiver path into several relatively short propagatiothpa
of transmitter preprocessing operated at the base-station (BS in order to reduce the overall pathloss by exploiting the

Two transmitter preprocessing schemes are considered, which non-linear relationship between the propagation pathémss
are operated in the principles of transmitter zero-forcing (TZF) propagation distance. Furthermore, the intermediatgseian

and transmitter minimum mean-square error (TMMSE). At the be vi d tra t it ant hich be utilized
MTs, signals received from the BS and relays are combined € viewed as exira transmit antennas, which can be utlize

based on the principles of maximal ratio combining (MRC) for attaining relay diversity [10-13].
or of maximum signal-to-interference-plus-noise ratio (MSINR). In this contribution we propose and investigate a coop-
In this contri_bution the bit error rate (_BI_ER) p_erformance of  eration scheme for DS-CDMA downlink. In our proposed
the relay-assisted DS-CDMA downlink is investigated, when the ., haration scheme a cluster of relays near a destination MT
communications channels are assumed to experience both PTOP"is employed for enhancing the transmission between the BS
agation pathloss and generalized Nakagamin fading. Our study ploy S 9 . .
and simulation results show that the transmitter preprocessing and the destination MT. The cooperation scheme is operated
can help to achieve the relay diversity by efficiently mitigating based on time-division mode, where each symbol-duration
the MUI presenting at the relays and MTs. Furthermore, in s divided into two time-slots. Within the first time-slohe
our proposed relay diversity scheme the relays only require low- g5 1yrgadcasts signals to the destination MTs as well as to
complde):\% signal processing for forwarding information to their their relays. Within the second time-slot, the relays faxva
serve s. : :
) ) the signals received from the BS within the first time-slot
Index Terms—DS-CDMA, transmitter preprocessing, zero- . o \MTs. Since there exist multiuser interference (MUI)
forcing, minimum mean-square error, relay diversity, coopera- within the first time-slot and inter-relay interference it
tion, power-allocation. € nrs e-slot a er-rélay Interierence
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
It is weII—knqwn that IS|gnaIs transmitted over W|reles,§e|ay interference is mitigated using receiver processiag
channels experience fading, the effect of which can usualfgq oyt at the destination MTs. Therefore, in the proposed
be mitigated by employment of various diversity techniqueg,operative DS-CDMA downlink, the destination MTs and,
implemented in the time-domain, frequency-domain or spacgspecially, the relays may have low-complexity due to the
domain, or in their joints. Recently, spatial-diversith&ved omployment of transmitter preprocessing executed at the BS
by using multiple transmit/receive antennas has drawn wigg e more specific, in this contribution the transmitteppeoe
attention in research and industry [1-6]. Specifically, Whe.essing is carried out based on either the zero-forcing [ZF)
downlink transmission in cellular communications is congg 16-18] or minimum mean-square error (MMSE) [4, 16
cerned, transmit diversity may be achieved by deployingy 1] principles. In order to make the cooperative DS-
multiple transmit antennas at base-station (BS) with theo&i cpma downlink system as simple as possible, we assume
certain transmit diversity scheme, such as space-timengodinat the BS carries out the transmitter preprocessing using
(STC) [1-3], space-time spreading (STS) [7,8], etc. Whilgyy the knowledge about the spreading codes assigned to
deploying multiple antennas at the BS is capable of achievifhe gestination MTs, as in [15]. We assume that there is
the transmit diversity, this type of transmission schemessd 5 information exchange between the BS and any of relays
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_,w‘éiuster 1 duration equallingl}, of the bit-duration. Within the first time-
' " @ User slot, the BS broadcasts the sum Af user signals to the
'@ Relay K destination MTs and also to thefK L relays. Within the
second time-slot, thé( L relays forward the signals received
e L eslot 2 from the BS within the first time-slot to thél destination
i ° MTs. In order to focus our attention on the relay diversitg an
° also for the sake of simplicity, in this contribution we assu
S that any two clusters are sufficiently separated and thainglu

B the second time-slot, the interference between any twaestis
can be ignored after taking into account the long-distance
resulted propagation pathloss. Note however that, ourystud
in this contribution may be straightforwardly extended he t
communications scenarios, where interference exists gmon
the clusters during the second time-slot.

f - - Time-slot 1

.“:_Cluster 1&

Base station

Fig. 1. Schematic block diagram of the relay-aided DS-CDMAvaliink

system, which support& mobile terminals and employs transmitter Prepron - Transmission Scheme at Base-Sation
cessing at the base-station. Each MT andLiteelays form a cluster. )

The signals transmitted by the BS to relays and MTs within

the first time-slot of a symbol-duration are preprocessgd si
either on the maximal ratio combining [22] assisted singl@als. Lets = [sq, s1, .. .,sN,l]T represent the discrete-time
user combining (MRC-SUC) or on the maximum signal-tosignals transmitted by the BS, whehé denotes the number
interference-plus-noise ratio [23,24] assisted multiusem- of chips per bit or the spreading factor of the DS-CDMA
bining (MSINR-MUC). Furthermore, in this contribution thescheme. When both spreading and transmitter preprocessing
bit error rate (BER) performance of the relay-aided DS-CDMAre considereds can be formed as [18, 21, 26]
downlink using transmitter preprocessing is investigatdten s— PAb 1)
assuming that the communication channels experience both o
propagation pathloss and fast fading [25]. Our study anshere P = PC, P is a (N x N) transmitter preprocessing
simulation results show that the proposed cooperative D@atrix, whileC is a (N x K) spreading matrix structured by
CDMA downlink transmission scheme is capable of mitigatinthe spreading sequences assigned toKh#Ts. Explicitly,
efficiently the MUI and inter-relay interference and aclmev the transmitter preprocessing and spreading can be jointly
the relay diversity as promised. implemented by determining directly the mat# which can

The remainder of this contribution is organized as followse expressed in terms of t€ downlink MTs as

In Section Il we describe the cooperative DS-CDMA downlink - o N
system in terms of the transmitted signal, transmitter farep P =[p.py Pl ©)
cessing and channel model. In Section I1l the signal prasgsswherep,, is a N-length vector for preprocessing the data to be
at the relays is addressed. Section 1V derives the pregemtatransmitted to MTk. In (1) A is a (K x K) diagonal matrix
of received signals at the MTs, while Section V considesxpressed as
the detection schemes used by the MTs. Power-allocation is

considered in Section VI and simulation results are pravide A= diag{\/QPlt, V2P, ./ ZPKt} (3)
in Secthn VII. Finally, in Section VIII the conclusions arewherePkt denotes the transmission power in terms of MT
summarized.

Finally, in (1)b denotes & -length vector containing the data

symbols to be transmitted to thi€ MTs, which is expressed
Il. SYSTEM DESCRIPTION as

We consider a cooperative multiuser DS-CDMA downlink b= [b1[n],b2[n], - ,bK[n]]T, n=0,1,..., (4)

system as shown in Fig. 1, which suppoKs MTs (users). whereby[n] is assumed binary and takes value{inl, —1},

Each of theK MTs is aided byL relays. Furthermore, we . . . : :
assume that a MT and ité relays are close to each other'mplymg. tha_t the binary phase-shift keying (BPSK) baseban
modulation is assumed.

and form a cluster. For the sake of clarity of discussion, we :
refer to the direct channels from the BS to theMTs as the Based on (1), the signal broadcasted by the BS can be
%pressed as

D-channels. The relay channels from the BS through relays

the K MTs are referred to as the R-channels. Furthermore, K

the R-channels are divided into the BR-channels and RM- s(t) =Y /2Pubi(t)pi(t) cos(2m f.t) (5)
channels. The BR-channels denote the channels from the BS k=1

to the relays, while the RM-channels denote the channets fran (5) f. represents the carrier frequencyy(t) =
the relays to theX MTs. oo o bi[n) Pr, (t—nT,) represents the transmitted data wave-

We assume that the cooperation is operated based on ftiven, where Pr, (¢) represents the rectangular waveform de-
time-division principles. To be more specific, we assumé théined asPr, (t) = 1, if 0 < ¢t < Ty, and Pp, (¢) = 0, otherwise,
each symbol-duration is divided into two time-slots witleith p,(t) is the waveform formed by, as shown in (2)ps(¢) can
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be expressed a&.(t) = >, -, Prnt7. (t — nT:), wherepy, When applying (10) into (8), we can obtajn= SEH Ab +n.
denotes thenth element ofp,, 7. denotes the chip-duration Explicitly, the MUI existing among the downlink MTs is fully
and ¢ (t) is the chip-waveform defined withifd,7.) and removed, sinc€, H andA are all diagonal matrices. However,
normalized to satisfnyT“ V7 (t)dt =T.. as the ZF multiuser detection [23], the TZF-assisted traitesm
Let assume that the downlink channels experience bdireprocessing eliminates MUI at the cost of backgroundenois
propagation pathloss and flat fading. Then, it can be showmplification [19].
that the normalized discrete observation vector obtaitédea  In (10) the parameters is applied for achieving the
kth MT can be expressed as constraint on the transmission power. The valuefotan
be determined according t& {HPbH?} = E [||b]|*], which
yields [4, 16, 18]

where 5(()'“) and hék) account for the propagation pathloss K

and fast fading of théth D-channel from the BS to Mk, = \/trace((CTC')—l)

while n;, is a N-length Gaussian noise vector, which obeys

the multivariate Gaussian distribution with zero mean arnwhere tracéA) denotes the trace of the square matdix

a covariance matrix oRo2Iy, whereo? = Ny/2 and Ny 2) Transmitter Minimum Mean-Square Error: The trans-

represents the single-sided power-spectral-density Y@Sbe mitter preprocessing based on the MMSE principles, which

Gaussian noise process, whilg denotes artiN x N) identity is referred to as the transmitter MMSE (TMMSE), is capa-

matrix. ble of mitigating the downlink MUI, while, simultaneously,
At MT k, ry is de-spread using thkth MT’'s spreading suppressing the background noise [16,19-21]. In the cbntex

sequencey, yielding an observation variable for[n], which of the TMMSE, based on (8) and the available knowledge

re =P PAb 4y k=1,2,- - K (6)

11)

is expressed as for preprocessing, the transmitter preprocessing masix e
ur = clr = PP PAb 4y, k=1,2,... K (7) expressed as [4:16’ = X
o o P =pC (CTC +20°p) (12)
wheren,, = ¢! ny, which is still a Gaussian distributed random
variable with zero mean and a varianceodf per dimension. Where p = diag{p1,p2,...,px} contains the noise-
Lety = [y1, 92, ..., yx])" - Then, it can be shown thgtcan Suppression factors [21] with respect to theMTs. Note that,
be expressed as the noise-suppression factors may be optimized in order to
~ achieve the best possible performance, when ideal knowledg
y=£(HC"PAb+n (8) about the noise power associated with #ieMTs is not reli-

able. As our simulation results in Section VII shown, whea th

where, by definition, we have BS has no knowledge about the noise power ofRhBITs, the

—di (1) ¢(2) . LK) matrix p in (12) may be set to an appropriate nonzero diagonal
E Iag{€0 » S0 ,50 } . . . .

e 1) () () matrix. As a result, the performance achieved in this case ma
H =diaglhy ", hy", -+ b '} still outperform that achieved by the DS-CDMA downlink
n=[ny,ng, - ,ng)’ (9) employing the TZF-assisted transmitter preprocessing.

In (12) the parametef for achieving the power constraint

As shown in (8), there exists interference among fie o1 pe evaluated by

downlink MTs, whenC”P is not a diagonal matrix. In

this case, transmitter preprocessing [4, 14, 16—-21] maynbe e 3= K (13)
ployed to suppress the downlink MUI. Let us below derive the - trace(PPH)
preprocessing matri®, when the transmitter preprocessing is

based on the principles of either ZF or MMSE. Note th
in this contribution the preprocessing is carried out urttier
following assumptions:

o« The BS emplqys the knowledge about the spreadlrg;_] Channel Model
sequences assigned to theMTs, but does not have the
knowledge about the downlink channels associated with 1 here are three types of channels, namely the D-channels,

Afyhere by definition we hav® = C (CTC + 202p)71. Let
us now consider the channel model.

the K MTs: BR-channels and RM-channels, associated with the comrsider
« There is no information exchange between the BS affglay-assisted DS-CDMA downlink systems. We assume that
any of theK L relays. the downlink channels experience both propagation pathlos

1) Transmitter Zero-Forcing: The transmitter preprocessinganOl fast fading. We assume that the propagau_on pathl_oss
L . : »(d) can be expressed with respect to the transmitter-receiver
based on the ZF principles, which we refer to as transmitier R) distanced as [25]
(TZF), is capable of removing fully the downlink MUI. Base

on (8) and the above-stated assumptions for preprocessing, L,(d)(dB) = Ly(do)(dB) + 107 log(i) (14)
the preprocessing matrix for the TZF can be expressed as [14, ! do
16-18] where L,(do) denotes the pathloss measured at the reference

P=pC (C'TC’)_1 (10) distanced, and n is the pathloss exponent, which takes a

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.

4

typical value ofn = 2 in free-space and) = 4 in cellular can be written as
mobile systems [25]. K
The fast fading experienced by the downlink signals Tl(k)(t) :hz(k) Z QPEZ)bk/[n]ﬁk/(t)+nl(k)(t),

transmitted over the D-channels, BR-channels and the RM- 1
channel; is modelled by the generalized Nakageniading. 1=1,2,--- L: k=12 K (16)
In detail, let the (fast) fading gains of the D-channels
(K . .
be expressed as hé’“) = aé’é)ef"oo), E=1,....K } where P,Ef‘l) represents the power received by thk relay
that of the BR-channels be expressed” a¥ MT k from the £'th user signal transmitted by the BS
h;k) — al(f)ejeff)7 l=1,...,L: k=1,...,K after taking into account the pathloss of the BR-chanhlfeﬁ),
and that of the RM-channels be “expressed &gPresents the fading gain of the BR-channel from the BS to
{hi,lf) _ Oél(;f)ejel(;“7 I=1,...,L: k=1,...,K}\. Then, theithrelay of MT#%, while nl(k)(t) denotes the Gaussian noise

*) ] observed at théth relay of MT k&, which has mean zero and
the phases{f,;'} are assumed to obey the independent single-sided power spectral density 6§ per dimension.

. L . . k
uniform  distribution in [0,27), while {af’} obey the  Letus express the observation and noise samples obtained
Nakagamirm distribution with the probability density at theith relay of MT k as

function (PDF) given by [27]

k k k k
Qmmzinm”—l my; yl( = [yl(o)’yl(l)7 T ’yl((]zr—l)]T
li - i 92 .
— — =0.1.2: ~(k ~ (k) ~(k ~(k
fal(ak)(y) F(mli)Qli <P < Qliy ) ! 0, B nl( ) = [nl(O)’nl(l)v' o 7”1((11[—1)]T (17)
1=0,1,....L; k=1,2,..., K (15)

Whereﬂl(k) is a Gaussian noise vector distributed with mean
wherem,; represents the fading parameter of the D-channeisro and a covariance matriNO/El(k)IN, where El(k) =
BR-channels or the RM-channels depended on the valuzeg’)Tb, Then, it can be shown thzyf”” can be expressed

2
of  andi, and Q; = E [(a}?) . As shown in (15) S

the parametersn;; and €);; are independent of the index

implying that all the downlink signals with respect theMTs y,@ :hfk)j)kbk [n] + hl(k) Z

are assumed to experience identical fading.
Note that, we use the generalized Nakagamiistribu- 1=1,2,...,L (18)

tion as shown in (15) since, in the considered relay-asgkiste

DS-CDMA downlink systems, the D-channels, BR-channels Let assume that theh relay of MT & employs the knowl-

and the RM-channels may experience different fast fadingdge ofc, of the spreading sequence assigned to Atfe

Specifically, the distance between a relay and its assistBd MIT. We also assume that thiéh relay of MT k& employs the

may be significantly shorter than the distance between tkeowledge ofh{*) of the channel gain from the BS to this

BS and the relay or shorter than that between the BS aralay. Note that, the channel galrfk) may be estimated in

the MT. In this case, the corresponding RM-channel makie same way as estimating the channel from the BS to MT

experience less severe fading than the D-channels or the BRfor example, with the aid of the pilot information sent by

channels. Correspondingly, we may model the RM-channeke BS to thekth MT. Then, thdth relay of MTk can estimate

by the Nakagamin fading associated with a relatively highb,[n] by forming the soft-decision variable of

m value, while model the D-channels or BR-channels by the

Nakagamim fading associated with a relatively lomw value. i’z(k) [n] = %(hl(k))*cfyl(k)
For example, we can assume that the RM-channels experience |h,"|?
the Nakagamin fading associated with a value ef > 1, K k) )

- - i ~ ’ ~ ~(k
and the pchannels aslweII as the BR-channels experience  — ¢T'p, by [n] + Z %Cfpk/bkf [n] + chnz( )
the Rayleigh fading, which corresponds to the Nakageami- w2k \ Pri hy

fading withm = 1. (19)

After the estimationf)gk) [n] of (19) is then re-spread and
forwarded by théth relay to MT & using the second time-slot
The relays receive and process signals transmitted by thfethe nth symbol-duration. The transmitted signal of ttile

BS within the first time-slot of a symbol-duration. Withineth relay of MT k can be expressed as

second time-slot of a symbol-duration, the processed Egna W

are forwarded by the relays to their served MTs. In this secti 2P .

we consider the operations carried out at the relays. s () = \/ T:;bl(k) e () cos(2r fot + 6/)  (20)
When the downlink DS-CDMA signals in the form of

(5) are transmitted over flat fading channels, the compleherel =1,2,--- L, Pl(tk), cl(’“)(t), fe and¢l(k) represent re-

baseband equivalent signal received by ttte relay of the spectively the transmission power, signature wavefornrjera

kth MT within the first time-slot of thenth symbol-duration frequency and initial phase associated with/tierelay of MT

I11. SIGNAL PROCESSING ANDFORWARDING AT RELAYS
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k. In (20) ¢x; is a normalization coefficient applied so that thexth symbol-duration be collected intgpék) and y§k>, where

transmission power ofl(k)(t) is Pl(tk), Sk can be evaluated byyz(.k) = [ygg),ygf), e ,ygg,_l)]T, (i = 0,1). Then, after the
s =E [|z}§’“> ["’“2} normalization by,/2P{* NT., it can be shown thag{" can
K o) be expressed as
Pl r. . 1 N
= Z B elp phey + — e (21)
() TREREREE T @2 g® (k) _p (k) ()
k=1L 1 1 Yo =hgy Drbr[n] + hg
Note that, it can be shown that, when the TZF is applied,
we have respectively k=1,2,--- K (25)
- 1 _ U - . .
blU“) [n] = Bbk[n] + chﬁl(k) whereny = [figg, o1, - - - ,nO(N_l)]T is a N-length Gaussian
hy noise vector distributed with mean zero and a covariance
= 5%+ 1 Ny (22) matrix of NO/_Eék)I]_V, WhereEék) = P,gf)Tb represents the
K ™2 E® energy per bit received by theh MT from the BS.
. . . imi izati ing/ (k)
Let us now consider the signals received at MT Similarly, after normalization using/2P,"' NT,, we can

expreSSygk) of the observations obtained from the second
IV. REPRESENTATION OFRECEIVED SIGNALS AT MOBILE  time-slot as
TERMINALS L T
k k k ~
The MTs receive signals from both the first and second Z/g ) :Zcz( )\/ ;clhv(nz)cgpkbk[n]
time-slots of a symbol-duration. Within the first time-skuit =1

a symbol-duration, the MTs receive signals from the BS. L I pk)
(k) (k) k'l
+ E :Cz \ P
Pt Skl

T~
¢;. Dy b 1)
k) CEPE
llg,l)

>

k' £k

Specifically, the received complex baseband equivalemasig
by MT £ within the first time-slot of thexth symbol-duration

can be expressed as L T (k)
1 cn .
B +Zc§k>,/§—klh£’f> [ ’;L(,j) +iy (26)
r$ @) =" > 2P b nlp (1) + n (), =1 | l
k=1 where n; represents theN-length Gaussian noise vector,
k=1,2,--- K (23) which has mean zero and a covariance mabvix/E\¥ Iy,
where EY = PM)T, denotes the energy per bit received by

whereP,gf?, K :/1’ .-+, I, represents the power received bya 1.th MT from its Ith relay.
MT k from the k’th signal transmitted by the BS after taken Alternatively,
into account the pathloss of the D-channel from the BS to

MT k. In (23), h{*) represents the fading gain accounting for y\") = CLAh el BLbi[n] + 1y (27)
the fast fading of theéith D-channel, whilen(t) denotes the
complex baseband equivalent Gaussian noise atkMhich
has mean zero and a single-sided power spectral density of
Ny per dimension.

Within the second time-slot of a symbol-duration, the MTs ,
rece_ive sigr)als from their r_elgys. We assume that the relays +CLAH (I, ®cg)ﬁ(k) 1Ry (28)
serving a given MT have similar distances from the MT and
experience the same large-scale fading. However, we assuMfi@re® denotes thé<ronecker product [24], and the related
that the relays of a given MT are also sufficiently separate@iatrices and vectors are defined as follows:
resulting in that the signals received by the MT from its « C} is a(/NxL) matrix, which can be expressed as

(26) can be expressed in a compact form as

associated with defining

relays experience independent small-scale fading. Ut &) (k) (k)
assumptions, the received complex baseband equivalerdlsig Cr=ler’,ey - ep] (29)
by M.T k during the second time-slot of theth symbol- wherec}"'), I=1,--- L, is the spreading sequence used
duration can hence be expressed as by theith relay of MT k.
L [op® o A is a(LxL) matrix given by
k T k)7 (k k
i) =30 =08 [l () + n(e), — -
2\ o an=dagfy/ L[ L o)
k= 172’_._ ,K (24) Sk1 Sk2 SkL
L where the normalization coefficiendg; for  =1,--- | L
where p% represents the received power by MTrom any are given in (21).
one of its L relays, whileh}) denotes the (fast) fading gain « h, is a L-length vector related to the RM-channels of
of the lth RM-channel of MTk. MT k, which can be expressed as
Let, after the chip-waveform matched-filter (MF), the ob- *) 5 (k) (T
servations obtained from the first and second time-slothef t hio = [hyy' hag oo s et (31)
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e Hy is a(LxL) matrix related to both the BR—channeIswhereo,% represents the second-order moment gf which

and RM-channels, which can be expressed as is given by
; hﬁ) h%) hgkL) 2 (k)2 y Plgfer) Tz =T
H) = dlag{ h(k)’ h(k) [ h(k) (32) Op = |h0 ‘ Z (k) Ci PP Ck (36)
1 2 L k'#k L kr
« Finally, a*) is a Gaussian noise vector of lengihV, Let us now consider the combining of the signals received by
which can be expressed as MT k during the second time-slot of theh symbol-duration.
~ CanT /oo T _anT1t e .
A — {(ng )) ,(né )) e 7<n(L)> } 33 A MRC_Asssxed Sir?gIeUs_er _Comblnlng _
The signals received within the second time-slot of stile
wherea*), 1 =1,.-. | L, is given by (17). symbol-duration isy!") as given by (27). When the MRC-
SUC is consideredygk) is first de-spread usin@} of (29),
V. SIGNAL DETECTION AT MOBILE TERMINALS yielding
Since there is no interference between the first and second g=" 5", 5P =Ty (37)

t!me-slots, the signals received within the first and_ secorﬂgipon substituting (27) and (29) into (37), tiith entry ofg

time-slots can be treated separately before the flnal-stacqae
- . . . . Can be expressed as

combining for making decision. Furthermore, since trattani .

preprqcessing i§ employed .at the BS for suppressiln_g the) ih(k)cp b [”]+Z 1 hff;,) (c(k))TC(k)cT’n(k)

downlink MUI, signals transmitted over the D-channels with Y1 = =/ "rt €k Pi0% e p 0\ v Sk

the first time-slot conflict no MUI, when the TZF is employed, . =1 I

or conflict very low MUI, when the TMMSE is employed. By + (cl(k)) ny+1Ig, 1=1,2,...,L (38)

contrast, within the second time-slot, thenumber of relays

communicate simultaneously with tiiegh MT and they may

wherely is given by

interfere with each other. Therefore, the signals received L T ) (0NT (6 7

MT k through its RM-channels during the second time-slofr :Z\/ ahrz/ (cz ) ¢ ¢ Pr.bk[n] (39)
need to be combined with considering MUI suppression. In Ul

this contribution, as two examples, two combining schemes L 1 T K pk)

are considered, which are the MRC-SUC and the MSINR-  + %~ ,/%l/ h%) (cgk)) DY s et b bu [n]

k
MUC. =1 k' #£k kl)
Note that, the SUC and MUC schemes derived below atgyte that, at the right-hand side of (38), the first term is the
suitable for the systems using either the TZF or TMMSE. Hesired output, the second term is the noise forwarded by the

only the TZF is considered, the relevant equations may be fyr rejays, the third term is the noise received at MTand,
ther simplified with the aid of (22). Additionally, it is wdry finally, I, is the MUI forwarded by the. relays to MTk.

of noting that, although the TMMSE is capable of mitigating For the MRC-SUC z?l(k) of (38) is approximated as a
simultaneously both MUI and background noise, it howeveg,yssian distributed signal with mean given by the first term

cannot fully eliminate the MUI. As our simulation results ing; ipe right-hand side of (38) and a variance given by
Section VIl shown, the leaked MUI from the TMMSE may

. . . . . 1 T 2
cause performance dggradauon in high SNR region, espgcial o2 = Z h(/lc,) (cl(k)) c}f“)cfi)k (40)
when random spreading sequences are employed. = s r
The received signal by MT over the D-channel during . 2 K )
the first time-slot of thexth symbol-duration is first de-spread Lo ( (k))T (k) Poi ro 1
usinge?, yielding + Z e | T € € Z (k) Sk PiPrs Ck
=1 k'#k Tkl
ﬂék) Znyék) = hék)cfi)kbk[n} Consequently, the weights achieving the MRC-SUC can be
K ) expressed as [9]
+h{P 3 %c;{f)k,bk,[n] +clng (34) . L0 T o2 -1
ek \ Prr w® = el (cl( )> cl(,) No + No + 0%
(k)2
= sk [y |

Ip
wherel denotes the downlink MUI within the first time-slot, % iﬁ (hi’;))* (41)
which is zero when the TZF is employed, and is usually very Skl
small when the TMMSE is employed. Based on (34), it can be Finally, when both the first and second time-slots of stltfe
shown that, after approximatinfy, as a Gaussian distributedSymbol-duration are considered, the decision variaple] for
random variable, the weight for finally combinir@ék) can be bk[n] can be formed as
expressed as

-1
k No _ B\ ¢
U’(() )= (E(k) + U%) ci Py (hé )) (35)
0

L
z[n) :Zwl(k)gl(k), k=1,2,...,.K (42)
1=0

Let us now consider the MSINR-MUC.
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B. Maximum SINR-Assisted Multiuser Combining the rest power of1 — «) P, to forward the signals received
For convenience, we express the observations of (27) agrom the first time-slot to MTk. Henge, the power allocated
® 5 to each of thel relays of MTk is Pl(t ) = (1 —-a)Py/L.
Y1 = hibp[n] +ng (43)  Note that, in our simulations in Section VIl we assume for
simplicity that all the clusters of relays have a similartaliee
- from the BS and that the relays within a cluster also have
hy, =C’kAk.hkc;fi)k (44) a similar distance from their common MT. We assume that,
within each of clusters, the large-scale statistics of doeived
signals by a MT and its relays are similar. However, within
Nk a cluster, the signals transmitted by the relays to their MT
T~ _ are assumed to experience independent Nakagarfaeing,
+CLAH (T ® € )y + 1 (45) implying that the small-scale statistics of the transrditte
where h;, may be viewed as the equivalent channel impulssignals by the relays of a cluster are independent. In our
response (CIR) associated with M while n; contains the simulations we assume that all the distances concerned are
MUI, inter-relay interference and background noise. normalized by the distancég,, between the BS and ME.
Let w be aN-length vector for combinin(ygk) in MSINR Specifically, we assume that the distance between the BS and
sense. According to (43), it can be shown thatcan be MT k& is one unit, the distance between MTand its relays

where by definition

K

ny ZCkAkhk Z

expressed as [9, 24, 28] is 0 < 0 < 1, while the distance between the relays of MT
_ and the BS i1 — 9).
w=puR;'h (46) i 0 thi
plep - feg Note that, the power-allocation scheme used in this con-

wherey denotes a constant ad®); represents the covariancelfibution is the same as that proposed in [29,30], where
matrix of n;, which, after some simplification, can be exthe BER performance against the parameterss) of the

pressed as relays’ location and power-allocation for the relay-aggiDS-

CDMA system has been evaluated, when communicating over
R, =E ["I"ﬂ the channels experiencing both propagation pathloss atd fa
Lo e e T o~ P fading. It has been observed that the near-optimum values

:Z *|h51)\201( ) (Cl( )) Z "g,f) ch P Phcr for the relays’ location and power-allocation parametees a

1=1 °K k'#k £kl approximately(« = 0.8,6 = 0.4) for the propagation pathloss

L Ny 1 Bk 2 @ onT  No exponent ofy = 3. Hence, in our simulations in Section VII

+ Z o (r,i) c <cl ) + WIN (47) the parameters ofo = 0.8, = 0.4) are adopted. Note that,
1= Bk Iy E; more details about the power-allocation can be found in [29,

Finally, when the signals received from both the first and0l-
second time-slots of theth symbol-duration are combined,
the decision variable fob,[n] can be formed as VIl. PERFORMANCERESULTS AND DISCUSSION

zeln) = wFg +wFy™ k=12, K (48)

whereg" andw(" are given in (34) and (35). . o=t =l =2 R
— m-sequences 0O L=0
; T random sequences O L=1
VI. POWER-ALLOCATION 10 328l 00, | 2 ig
As our study in [9,29] shown, when large-scale fading is @ | & L=4
considered in the relay-assisted DS-CDMA systems, power %10'2 =
should be allocated appropriately to the first and second-tim g {— z e
slots for transmission of a symbol, in order that the DS-CDMA %10'3 S=ru—=o :
systems are energy-efficient and can achieve the near+best e e ‘f:‘f“' F— i
performance. In order to carry out a fair comparison between 10* \}1‘\\ ‘w%’i —=
the relay-assisted DS-CDMA downlink and the conventional £ T —
DS-CDMA downlink without using relays, as in [29], in this 00, WAk ©

0 5 10 15 20
contribution we assume that the total transmission power is Average SNR per bit (dB)

the same for the DS-CDMA systems either using or without

. I o (k)
using relays. Specifically, leby, = Py + LF,,” denote the rig. 2. BER versus SNR per bit performance of the relay-asbi©S-

total power radiated to MTk by the DS-CDMA downlink CDMA downlink using TZF-based transmitter preprocessing$iand MRC-

; i (k) ; ; SUC at MTs, when the D-channels and BR-channels experiergteigh
without using relays, wher&; and by~ are detailed in the fading, while the RM-channels experience Nakagamifading associated

context of (5) and (20), respectively. Then, for the reladed with m,, = 2 for . = 1,2, 3, 4. The other parameters used in our simulations
DS-CDMA with each MT helped byl relays, P,y = aFP, wereN =15 K =11, a=0.8,6=0.4andn=3.

is allocated to the first time-slot of a symbol for the BS to

transmit signals to MTk and its L relays. During the second In this section we provide a range of simulation results,
time-slot of a symbol, thd, number of relays of MTk use in order to illustrate the BER performance of the relay-
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moo=1 mu=1m;=2 K=11 TMMSE: SNR=4 dBm,=1 m;=1 mp=2 K=11
1 1
—— m-sequences O L=0 o 141
oa. random sequences O L=1 5 5 L:2
10 g O L=2 A I=3
= > AN L=3 2
oo Sy <t —
) (W S L. & I=4 Lot
T 8.0 Q a. S
Q10 — o x %
5 SR oy S Oy = 4 %%, 0Tt ot e aefeal
e B\ S e 2 tog pagiRReddfRats
. B o wy 0 2 [22000000¢ 29282
o0 AR ) S=] 142
x\\\\;@_ 3 o
A . 5
10" = = [}
o 3
IV VAN AR =, 2
. W &% 3 °N . , m-sequences

25 30 0 1 4 5

0 5 10 15 20 2 3
Average SNR per bit (dB) Noise-suppression factqr,

Fig. 3. BER versus SNR per bit performance of the relay-a$iBS-CDMA  Fig. 4. BER versus the noise-suppression fagipperformance of the relay-
downlink using TZF-based transmitter preprocessing at B& BISINR- assisted DS-CDMA downlink using TMMSE-based transmitt@ppocessing
MUC at MTs, when the D-channels and BR-channels experierspdelgh at BS and MRC-SUC at MTs, when the D-channels and BR-channels
fading, while the RM-channels experience Nakagamifading associated experience Rayleigh fading, while the RM-channels expeeeNakagami-
with m;o = 2for L = 1, 2, 3, 4. The other parameters used in our simulationsn fading associated withn;o = 2 for L = 1,2,3. The other parameters
wereN =15, K =11, « = 0.8,6 = 0.4 andn = 3. used in our simulations wer® = 15, K =11, « = 0.8,6 =04, n =3

and SNR=4 dB.

assisted DS-CDMA downlink using the TZF- or TMMSE-
based transmitter preprocessing. Figs. 2 and 3 depict tike BE 1
versus the average SNR per bit performance for the relay-
assisted DS-CDMA downlink using the TZF-based transmitter 10
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

TMMSE: SNR=8 dBmy,=1 m;=1 m;=2 K=11

>3S0

L
L
L

11
WN

|

3 N
Ffantofi Sequences
Py

Bit Error Rate

the number of relays per MT increases. Therefore, the relay- -seq]
assisted DS-CDMA downlink is capable of achieving the relay 10°) L - - - )
diversity as promised. Secondly, for both random sequences Noise-suppression factqr,

andm-sequences, wheh = 1, the BER performance of using
MRC-SUC is the same as that of using MSINR-MUC. This

. . . e . . Fig. 5. BER versus the noise-suppression fagipperformance of the relay-
is because, in this case, the MUI within the first time-sl sisted DS-CDMA downlink using TMMSE-based transmitteppocessing

is fully removed by the TZF-based transmitter preprocegsinat BS and MRC-SUC at MTs, when the D-channels and BR-channels
while there is no interference within the second time-slo‘t%ﬁeg?nce Ray!eigfc‘}I fad};?lg, Wh”eftheLRM'Chan“efh eXF’ﬁE‘eNakagami'

. . . . . ading associated withn;o = 2 for L = 1,2,3. The other parameters
Finally, when comparing Fig. 2 and Fig. 3, we can find thaﬂéed in our simulations werd = 15, K = 11, a = 0.8,6 = 0.4, n = 3
whenm-sequences are employed, the BER performance of th& SNR=8 dB.

DS-CDMA downlink using both the MRC-SUC and MSINR-

MUC is similar, whenZL > 2 relays per MT is employed.
By contrast, when random sequences are utilized and whgfy SNR=8 dB for Fig. 5. Note that, as shown in Section II,
L>2, the BER performance of the relay'aSSiSted DS-CDMﬂqe TMMSE is reduced to the TZF WhQﬂZ 0. From the
downlink using MSINR-MUC is better than that of the relayresults of Figs. 4 and 5, we can observe that, for a given SNR,
aided DS-CDMA downlink using MRC-SUC. there exists an optimurp value, which results in the lowest
In Figs. 4 and 5, we investigate the effect of the nois®ER. However, the BER performance of the relay-assisted
suppression factop (where we assumeg = plx), on the DS-CDMA downlink using TMMSE is not highly sensitive to
achievable BER performance of the relay-assisted DS-CDMHAe noise-suppression factor, especially, whesequences are
downlink using TMMSE-based transmitter preprocessing ased for spreading. As shown in Figs. 4 and 5, the BER is only
BS and MRC-SUC at MTs, when the D-channels and BReosely dependent on thevalue, when random sequences are
channels experience Rayleigh fading, while the RM-chan@mployed. Furthermore, from the results of Figs. 4 and 5, we
experience Nakagamir fading associated withn;, = 2 for can observe that, for both-sequences and random sequences,
L =1,2,3. The other parameters used in our simulations wetlee BER becomes lower, when a MT is aided by more relays.
N =15 K =11,a=0.8,6§ = 0.4, = 3 and SNR=4 dB for Hence, the diversity gain can be guaranteed for the relay-
Fig. 4, and wereNV = 15, K =11, a = 0.8,0 = 0.4, n = 3 assisted DS-CDMA downlink, if each destination MT can be
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aided by some relays. 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-

mp=1my=1my;;=2 K=11 ble of suppressing efficiently both the MUI and background
g 3 [ 9 10 noise. Consequently, when random spreading sequences are
I - . .
- TMMSE | O I=1 employed, the TZF removes the MUI with severe noise
1 = . . . . . -
10 — X 225 amplification, resulting in BER performance degradation, i
Y By - . . .
g . . o & L=4 comparison with the TMMSE, which can suppress both the
o S e MUI and background noise.
g "\‘\6 K\
_I'I._flo'3 X
@ Ree ) moo=1 my=1 mp=2 K=11
10* o :
RS = I T — TZF O L=0
FLIRN L o, TMMSE | O I=1
10° W\ % 'Y 10* O L=2
-10 5 0 5 10 15, 20 25 30 vy e A L=3
Average SNR per bit (dB) @ o e & =4
&10’2
é W ‘\ =
Fig. 6. BER versus SNR per bit performance of the relay-as$iflS- u".lw,a tY
CDMA downlink using m-sequences, TZF- or TMMSE-based transmitter & R ==
preprocessing at BS and MRC-SUC at MTs, when the D-channals a WA W i
BR-channels experience Rayleigh fading, while the RM-cleds experience 10* \RY bt
Nakagamim fading associated withn;, = 2 for L = 1,2, 3,4. The other i )
parameters used in our simulations were= 1.0 for TMMSE, N = 15, . WY N
K=11,a=0.8, = 0.4 andn = 3. Yo s 25 30

0 5 10 15, 20
Average SNR per bit (dB)

Fig. 8. BER versus SNR per bit performance of the relay-assifS-

mop=1 mp=1m=2 K=11 CDMA downlink using m-sequences, TZF- and TMMSE-based transmitter
1 ; ; preprocessing at BS and MSINR-MUC at MTs, when the D-chanaed
+ — TzZF a L=0 BR-channels experience Rayleigh fading, while the RM-clesexperience
. Zoas TMMSE g if; Nakagamim fading associated withn;, = 2 for L = 1,2,3,4. The other
10 —r— X =3 parameters used in our simulations were= 1.0 for TMMSE, N = 15,
o | Papd i PR K=11,a=0.8,6§ = 0.4 andn = 3.
T N8 o B8
10 e
g '_“ u\'\\. Sn
ijra - \Q'c;\\
m \i‘.i“‘" o N mog=1my=1mp=2 K=11
- *\:\:‘ 2By ‘ i — TzF O £=0
O B, TERgas TMMSE | O L=1
:;\;_\Qg\ b.’ ot ‘ Bag : S L2
10° " s 7935w A L=3
-10 5 0 5 10 15 20 25 30 © g s . B
Average SNR per bit (dB) T o Seal | & L=4
1o
S G | D =8,
g AN =
Fig. 7. BER versus SNR per bit performance of the relay-as$isS-CDMA =10° S = \ﬁ\
downlink using random sequences, TZF- and TMMSE-basedsrniter @ ~ °N
preprocessing at BS and MRC-SUC at MTs, when the D-channats a 10 ) °X
BR-channels experience Rayleigh fading, while the RM-cleds experience Ten ==
Nakagamim fading associated withn;o = 2 for L = 1,2, 3,4. The other '3 WEAN B
parameters used in our simulations were= 1.0 for TMMSE, N = 15, 10° AR WA
K=11,a=0.8,§ =04 andn =3 ‘0 5 0 5 10 15 20 25 30
' -0, : n . Average SNR per bit (dB)

Figs. 6 and 7 show the BER versus the average SNR per bit

performance of the relay-assisted DS-CDMA downlink usirgdg- 9. BER versus SNR per bit performance of the relay-a=b55-CDMA
. . ownlink using random sequences, TZF- and TMMSE-basedsrnéter
TZF- or TM_MSE-baseq trangmltter preprocessing and MRGyeprocessing at BS and MSINR-MUC at MTs, when the D-chanael
SUC detection. In our simulations for Figné-sequences were BR-channels experience Rayleigh fading, while the RM-cletsexperience
assumed, while for Fig. 7, random sequences were employR@kagamim fading associated withn,, = 2 for L = 1,2,3,4. The other
. . arameters used in our simulations were= 1.0 for TMMSE, N = 15,

From the results of Figs. 6 and 7, it can be seen that tﬁez 11, a = 0.8,6 = 0.4 andn = 3.
BER performance of the relay-assisted DS-CDMA downlink
using both the TZF and TMMSE is nearly the same, when Finally, in Figs. 8 and 9 we evaluate the BER versus the
the m-sequences are employed for spreading. By contraaterage SNR per bit performance of the relay-assisted DS-
when random spreading sequences are employed, the TMMSBMA downlink using TZF- or TMMSE-based transmitter
outperforms the TZF. The reason for the above results may fiireprocessing and MSINR-MUC detection. The other param-
stated as follows. We know that random sequences genertiers 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. §5] R. U. Nabar and H. Bélcskei, “Space-time signal designféoting relay
and 9, it can be observed that the BER performance of the channels,” iNEEE GLOBECOM'03, vol. 4, (San Francisco, CA, USA),

. . . pp. 1952-1956, Dec. 2003.
relay-assisted DS-CDMA downlink using both the TZF and{s} I. E. Telatar, “Capacity of multiantenna Gaussian chéshduropean

TMMSE is nearly the same, when-sequences are used for  Trans. on Telecommun., vol. 10, pp. 585-595, Nov./Dec. 1999.

spreading. This observation is similar as that seen in F,ig. ¢7] B.Hochwald, T. L. Marzetta, and C. B. Papadias, “A trartsenidiversity
h the MRC-SUC detecti | d B trast scheme for wideband CDMA systems based on space-time spréading
where the - etection was employed. by CONrast, |geg j on Select. Areas in Commun., vol. 19, pp. 4860, Jan. 2001.

when random spreading sequences are employed, the BEER L.-L. Yang and L. Hanzo, “Performance of broadband muttiea DS-
performance corresponding to the TMMSE is better than that CDMA using space-time spreading-assisted transmit diyerdiEEE

. . . . Trans. on Wireless Commun., vol. 4, pp. 885 — 894, May 2005.
corresponding to the TZF in low to medium SNR reglor‘s{g] W. Fang, L. L. Yang, and L. Hanzo, “Single-user performaut direct-

when L < 3. However, forL = 4, the TMMSE is outper- sequence code-division multiple-access using relay diyessd power
formed by the TZF, when the SNR value is relatively high. allocation,”IET Proceedings Commun., vol. 2, pp. 462—-472, Mar. 2008.

. . 10] A. Sendonaris, E. Erkip, and B. Aazhang, “Increasindjnkpcapacity
The reason for the above observation is that, when randJJm] via user cooperation diversity,” ifProceedings of |IEEE International

spreading sequences are employed, the leaked interference Symposium on Information Theory, (Cambridge, MA, USA), p. 156,
due to the TMMSE may become dominant, which cannot 1el] ﬁu%e]r-l?i%?\éris E. Erkip, and B. Aazhang, “User coopenatliversity
further mitigated by the_MSINR'MUC opera_ted at the MTs:"" p,rt | and II,”IiEEE Trans. on Commun.,, vol. 51, pp. 1927-1948, Nov.
However, when comparing the results of Figs. 7 and 9, we 2003.

can find that the MSINR-MUC always outperforms the MRCI12] P. A. Anghel and M. Kaveh, “Exact symbol error probailief a
cooperative network in a Rayleigh-fading environmetEEE Trans.

SUC, if two or more relays per MT are used. on Wreless Commun,, vol. 3, pp. 1416-1421, Sept. 2004.
[13] M. O. Hasna and M. S. Alouini, “Harmonic mean and end-td-en
VIIl. CONCLUSIONS performance of transmission systems with relay&EE Trans. on

) ) ) ) ) Commun., vol. 52, pp. 130-135, Jan. 2004.
In this contribution we have proposed and investigatgth] B. R. Vojcic and W. M. Jang, “Transmitter precoding in sjnonous
a relay-assisted DS-CDMA downlink transmission scheme, multiuser communications,1EEE Transactions on Communications,

. . vol. 46, pp. 1346-1355, Oct. 1998.
where MUI is Squressed using TZF- or TMMSE'baseHS] W. Fang, L.-L. Yang and L. Hanzo, “Performance of DS-CDM#&wn-

transmitter preprocessing. At the MTs, the signals reckive link using transmitter preprocessing and relay diversitgravakagami-
from the BS and relays are combined based on the MRC or ™ fading channels,TEEE Trans. on Wreless Commun., Vol. 8, pp. 678

MSINR princiol = VSi d si lati | - 682, Feb. 2009.
principles. From our analysis and simulation resultg;s) | _y. ‘choi and R. D. Murch, “Transmit-preprocessingHeigues with

we can conclude that the relay diversity can be achieved simplified receivers for the downlink of MISO TDD-CDMA systefhs
after the MUI is mitigated using either the TZF- or TMMSE-__|EEE Trans on Veh. Tech,, vol. 53, pp. 285-295, Mar. 2004.

isted . . | b h H7] L. Li and G. Gu, “Design of optimal zero-forcing precoddor MIMO
assisted transmitter preprocessing. It can be seen than w channels via optimal full information control/EEE Trans. on Signal

random spreading sequences are employed, the TMMSE-based Processing, vol. 53, pp. 3238-3246, Aug. 2005.
transmitter preprocessing is capable of achieving betiR B [18] L.-L. Yang, “A zero-forcing multiuser transmitter preywessing scheme

. . for downlink communications fEEE Trans. on Commun., vol. 56, June
performance than the TZF-based transmitter preprocessing  »qpg.

low to medium SNR region. By contrast, whemsequences [19] A. Klein, G. K. Kaleh, and P. W. Baier, “Zero forcing and mtnum

are employed both the transmitter preprocessing schemes Mean-square-error equalization for multiuser detectionouteedivision
. o L . multiple-access channeld EEE Trans. on \eh. Tech., vol. 45, pp. 276—
achieve similar BER performance within the considered SNR 5 ?\Aay 1996. F PP

region. Our simulation results show that, when the TMMSHE20] S. Sud, W. Myrick, P. Cifuentes, J. Goldstein, and M.t@afski, “A low

assisted transmitter preprocessing is employed, the BER pe complexity MMSE multiuser detector for DS-CDMA,” i€onference
f . t itive to the noise-s ressicioac Record of the 35th Asilomar Conference on Sgnals, Systems and
ormance Is not very sensitive 10 I upp ' Computers, vol. 1, (Pacific Grove, CA, USA), pp. 404-409, Nov. 2001.

Furthermore, in our proposed relay diversity transmissigai] L.-L. Yang, “Design linear multiuser transmitters froindar multiuser

scheme, the signal processing required by the relays is low- receivers,” inlEEE ICC’ 07, (Glasgow, UK), pp. 5258-5263, June 2007.
9 P g req y Y [22] J. G. Proakis,Digital Communications. New York: McGraw-Hill,

complexity. 4th ed., 2000.
[23] S. Verdu,Multiuser Detection. Cambridge, UK: Cambridge University
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