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Abstract—A multiway relay direct-sequence code-division
multiple-access (MR-DS-CDMA) system is proposed for exchang-
ing information among a group of distributed mobile terminals
(MTs). In order to implement information exchange, a MT having
similar distances from the other MTs is chosen to act as a relay,
which assists the whole group of MTs to achieve their informa-
tion exchange within two time-slots. In our proposed MR-DS-
CDMA system, the relay is operated in detection-and-forward
(DF) relaying strategy. Signals at the relay and the MTs are de-
tected in the principles of minimum mean-square error multiuser
detection (MMSE-MUD) or of the receiver multiuser diversity
assisted multi-stage MMSE MUD (RMD/MS-MMSE MUD). The
error performance of the MR-DS-CDMA is investigated, when
communicating over Nakagamim fading channels. Our studies
show that the MR-DS-CDMA employing the RMD/MS-MMSE
MUD at both the relay and MTs constitutes a high-efficiency
information exchange system. It has low delay, promising error
performance and low-complexity. Furthermore, it is robust to
system overloading, where the number of MTs supported is higher
than the spreading factor of the DS-CDMA system.

I. INTRODUCTION

In wireless communications,
tions [1] have been becoming more and more attractive

multiple terminals exchange their information with the afdh
relay supported by a so-called functional-decode-forveardt

ing strategy. Furthermore, in [6], non-coherent fast feggy-
hopping (FFH) technique has been proposed for information
exchange among a group of MTs through a relay, which re-
covers and forwards a time-frequency matrix. The infororati
exchange in [6] is achieved using two time-slots regardidss
the number of MTs involved.

In this contribution, we propose and investigate a multiway
relay DS-CDMA (MR-DS-CDMA) system, which consists of a
group of distributed MTs exchanging their information. Dy
information exchange, one of the MTs preferably at the aente
of the MTs acts as the relay. In our MR-DS-CDMA system,
information exchange is accomplished within two time-slot
under the DF protocol, no matter how many MTs are involved.
During the first time-slot, all MTs (except the relay itself)
send their signals to the relay based on the DS-CDMA prin-
ciples [10]. The relay extracts the other MTs’ informatioor
the DS-CDMA signals received from the first time-slot. Then,

cooperative communicavithin the second time-slot, the relay broadcasts its ovwmeds

&3 the other MTs’ information also based on the DS-CDMA

recent years, in order to meet the requirements of the futysenciples. Finally, except the relay, any of the MTs is dalpa
generation wireless communication systems. In order to af-obtaining the information of the other MTs through deimtt
complish cooperation with high efficiency, a group of mobilef the signals received from the relay within the second time
terminals (MTs) in cooperation are required to share some sibt.

their information, which includes, such as, transmissiower
levels, channel state information (CSI), locations, traitier
processing vectors, etc. Additionally, there are somelesse

Due to multiuser interference (MUI) existing among the
MTs, we can know that the achievable error performance of
MR-DS-CDMA systems relies strictly on the detectors applie

networks, such as the wireless ad-hoc networks for videe cat both the relay and the MTs. In this contribution, two types

ference or multi-player gaming, which are designed matigat

of multiuser detectors (MUDs) having similar complexityear

to share information among a group of distributed terminaléwvestigated in the context of the MR-DS-CDMA system.
In these types of wireless systems where a group of termind@lse first one is the conventional minimum mean-square er-
are required to share part or full of their information, orfe acor MUD (MMSE-MUD) [10, 11], while the second one is
the efficient communication strategies may be the multiwalie receiver multiuser diversity assisted multi-stage MAVIS
communication, which has drawn an increasing attention re{UD (RMD/MS-MMSE MUD) [8, 9], which has been found

cently [2—6].

is capable of achieving near-optimum error performance Th

Multiway communication was investigated in [7] as earlgrror performance of the MR-DS-CDMA systems using various

as in 1977, where the achievable rate region was studiedmbinations of MMSE-MUD and RMD/MS-MMSE MUD is
Recently, multi-way communication has been suggested to ibgestigated, when assuming communications over Nakagami
implemented with the aid of relays, forming the multiwayn fading channels [12]. Our studies show that the MR-DS-
relay communication [2—6]. Specifically, in [2], the symmetCDMA employing RMD/MS-MMSE MUD at both the relay
ric rate achievable by all users involved has been studiedhd the MTs is a high-efficiency information exchange system
when amplify-and-forward (AF), decode-and-forward (D) olt has relatively low delay, requiring only two time-slots fin-
compress-and-forward (CF) relaying protocol is invoked. Iformation exchange among a group of MTs. It significantly out
[3, 4], the multiway relay communication has been considerperforms the MR-DS-CDMA system employing the MMSE-
for a group of single-antenna MTs supported by a half-dupl®tUD at the relay or/and at the MTs, in terms of their achiegabl

multiantenna relay station, when non-regenerative [3ggen-
erative [4] relaying strategy is considered. The capaditthe

error performance. Furthermore, the RMD/MS-MMSE MUD
is low-complexity, as the analysis in [8, 9] shows. Addition

binary multiway relay channel has been studied in [5], whegdly, the MR-DS-CDMA employing RMD/MS-MMSE MUD at



both the relay and the MTs is capable of supporting overt@adibe written as
and still achieving good error performance at reasonagleasi

to-noise ratio (SNR). y=Hz+n 1)
where, when assuming a spreading factorNgfy is an N-
length observation vectat, = [r2, 23, ..., 7x]T isan(K —1)-
length vector containing the data symbols transmitted ey th
(K — 1) MTs. It is assumed thak|[|z;|*] = 1. In (1), H =
CA, whereC = [eq,c,- -+ ,ck] IS a spreading matrix with
c., k= 2,..., K, the spreading sequence assigned to,MT
We assume thafe, } are random binary spreading sequences
andey, is normalized to satisfylex||> = 1. The matrixA is

a diagonal matrix expressed @& = diag{as,as,...,ax},
wherea,, accounts for the fading of theh MA channel. Since
we assume that the MA/BC channels experience Nakagami-
fading, |ai| is hence obeys the Nakagami-distribution with

the probability density function (PDF) [13]

i - m,.2m—1
___________ Multiple a.ccoss ; (T) _ oM yp2m —(mQ)r? @
> Broadcasting lak] L(m)Qm

Il. SYSTEM MODELS

Fig. 1. Schematic of the DS-CDMA aided Multiway Relay system ~ Where Q = FE[|ax|?] and m is the Nakagamin fading pa-
rameter characterizing the severity of fading. Finally,(1,

The proposed MR-DS-CDMA system, as shown in Fig. T is_ an N-length _Gaus_sian npise vector, whiqh obeys the
consists ofK’ MTs of equal priorities, each of which emmoysmultlvanate_Gaussu’;m _dlstrlbutlon associated with zeam
one antenna for receiving and transmission. TheMTs are and a covariance matrdo*I y, whereo? = 1/(27;) with 5,
assumed to be close to each other. In order to carry out infd&noting the average signal-to-noise ratio (SNR) per symbo
mation exchange efficiently, one of the MTs is chosen basBBd{~ is an(N x N) identity matrix. _ _
on certain rules to act as a (temporary) relay. For example 1€ relay MT, detects forz using certain detection algo-
when distance-based rules are considered, the MT seatindj'%_’”’ as detailed in Section Ill. Let after the detectior th
a location that has short and similar distances from therottRStimate tar be expressed as TT hen, the relay adds its own
MTs is chosen as the relay. In our case, as shown in Fig.dgtez: to toformz = [z1,27 7. Finally, the relay transmits
we assume for simplicity that MTis chosen as the relay. InZ With the aid of a random spreading mat@k= [c,, C] over
order to exchange the information among fieViTs, the MR- the BC channels. From the BC channels, M3an obtain the
DS-CDMA system is operated in two modes: multiple-acce§servations expressed in matrix form as
MA) and broadcasting (BC), supported by two time-slots for - _

E)ne)period of informago(n e;charege. In thg first time-slbg t U =Hp@ + 0, k=2, K ©)
(K —1) MTs send their information to their relay of MTUsing - wherey,,, H;, Z and#,. have similar explanations as those in

the MA mode. At MT,, the information sent by theK' — 1) (1), except thaf is K-length andH j, = a,,C with a, being the
MTs can be detected based on certain detection schemesgigfhnel gain of théth BC channel.

detailed in Section Ill. Up to this point, MThas obtained the  Finglly, at MT,, &k = 2,..., K, & is detected according to
information of all theK” MTs (including its own). During the certain detection algorithm, in order to recover the infation
second time-slot, MT conveys the information of all th&" {ransmitted by the MTs other than MTLet us now consider

MTs to each of the other MTs using the BC mode. Finallfhe getection strategies used by the relay and other MTs.
at each of thd K — 1) MTs, the other MTs’ information can

be extracted based on certain detection schemes, as détaile [1l. DETECTIONALGORITHMS

Section Il1. In this paper, two detection algorithms are considered for
In the considered MR-DS-CDMA system, we assume thefe MR-DS-CDMA systems. The first one is the well-known
the K’ MTs are close to each other. This assumption is reasqiMSE-MUD, while the second one is the RMD/MS-MMSE
able for some practical scenarios. For example, when a grauRiD proposed and investigated in [8, 9]. Either of them may
of MTs motivate cooperation, the MTs close to each othge employed by the relay or by the MTs. Note that, since the
are usually preferably chosen. Another example is that an agiMO equation (3) has the same form as (1), we hence describe
hoc network operated in one room consists of a number @fe detection algorithms only according to (1). The detecti

MTs exchanging their information. Under the above assumgtgorithms based on (3) can be obtained directly by repdacin
tion, we further assume that the MA/BC channels as seentife corresponding terms.

Fig. 1 experience independent identically distributed)(fiat

Nakagamim fading without considering the large-scale fading® MMSE-MUD

including propagation pass-loss and shadowing. Furthegmo It is well-known that, when the MMSE-MUD is employed,
the MA and BC channels are reciprocal. Based on the abaye decision variables far in (1) is given by [10]

assumptions, it can be shown that, during the first time-giet " "

DS-CDMA signal received by MTfrom the MA channels can z=W%y, orz, =wpy, k=2,... K (4)



decision variable vectoWW = [w,,...,wk]isan(N x (K — whereR;, is the autocorrelation matrix of interference-plus-

1)) weight matrix, whilew,, is an N-length weight vectoW  noise expressed aB;, = HpH% + 20%Ion — hg)h,g)T.
andwy, are expressed as [10], Furthermore, as shown in [9/}1(;) in (12) has the PDF of (8)
R; 'hy, associated with the SINR of.) = A\ /"R 'A{).

W =R,'H, w, =

TR Ty ©)
k Yk B. RMD/MSMMSE MUD

where R, and R, denote, respectively, the autocorrelation . .
matrix of y and the autocorrelation matrix of the inten‘erencel\-/I Tge R'\fD/MdS.'MF':ASEbMUD [8’.9] 'Si pund on thg _MI\?I]SE-_
plus-noise, which are UD analyzed in the above section. It is operated in the prin-

ciples successive interference cancellation (SIC), aalddtin

" ) K - ) [8,9]. The RMD/MS-MMSE MUD can be briefly described as
R,=HH" +20°Iy = Zhlhl +20°Iy (6)  the following steps:

[=2 Step1: Initialization;
K I ) I Ste2: forn = 1,2,..., (K — 1) if one-dimensional mod-
Ry, = Zhlhl +20°In = Ry — hihj, (") ulation scheme is employed, er = 1,2,...,2(K — 1) if
I#k two-dimensional modulation scheme is employed, executing

When applying the Gaussian approximation on the multiuséire following operations:
interference after the MMSE-MUD, it can be shown that the 1) MMSE-MUD;

inphase component’ and quadrature componetff®’ of z; 2) Finding the most reliable among the symbols having not
obey the PDF been detected according to their reliabilities measured
0 )2 based on a scheme as shown below;
) 1 (Zk -m ) 3) Making a decision for the most reliable symbol;
[z @) = ﬁexp 2 (8) 4) Canceling the component due to the detected symbol
2oy 20 from the observation equation (1) or (10);
5) Updating the weight matrix (vector) used by the MMSE-
Wherez,i') denoteSZ,(CI) or z,ﬁf” andx,(c') denoteSz:,(f) or x,(cQ), ) MEJD; J g ( ) Y
the mean and variance in the above equation are givenby ) Settingn = n+1 and returning to 1) until all the symbols
) T (02 Tk ©) are detected.
k Ly k2 7k 2(1 + )2 In the above algorithm for the RMD/MS-MMSE MUD,

~ _ pHp-1 ; ; _when binary phase-shift keying (BPSK) is employed and as-
e s oo s 224G that ne soutce it rs Cheyncependent Gt
Additionally, as discussed in [9], when the RMD/MS-MmsgPUton (iid), the reliabilities measured in maximum a-feir
MUD is applied for the multiuser systems with 1-Q type(MAP) principles is given by
baseband modulation, such a¢-ary quadrature amplitude

— (I
modulation (MQAM), it is desirable that the real and imagina Ly = |In f(xk_—w
parts of a transmitted symbol are separately detected lmased flay = —1|z,§: ))
an equivalent real-domain MIMO equation formed from (1). f(z(1)|x Y
This equivalent real-domain MIMO equation can be expressed S WY AL IR L S N (14)
(1) _ ) 9 9
as f(zk |xk - 1)
Yr=HRrTr +nr (10)  Upon applying the PDF of (8) associated W’tt%) =+lor—1
where into above equation, we obtain [8]
T T _
Yr = [%{yT}7%{yT}] y TR = |:($(I))T7 ("E(Q))T:| Ly = (1 +7k)|ZIE;I)|7 k= 2,3, ..., K (15)
Hp— P?{H} —S{H}} — [%{n}} (11) By contrast, when the I-Q modulation, such as MQAM,
S{H} R{H} |~ S{n} is employed, given the decision variable$” (:\%)) as

Then, when the MMSE-MUD is applied based on (10), thehown in (12) for:cff) (xéQ)), Wherex,(f) (xéQ)) e § =
decision variable vector for the (K — 1) users or, specifically, {50,557}, according to [9], the reliabilities Of’/‘z(f)

i ; (I) (Q) () (,.(Q)
the decision variable;,” (or z,*" ) for z;* (z,*’) can be (#\?) can be evaluated in MAP sense by the formula
expressed as

_ WT ) .. T k=29 K 12 ) ]
z = Yr, 2z, =W, YR, = Ly ey ( ) max,,cs { exp |— <1+’Y(k.) Z](q) o ’7()81>
whereW andw,(c') optimized in MMSE sense are given by VT

T 2 -1 Ll(@.) = 2] ’
_ ~()
w (HRHRl—i-(?)U IzN) Hpg, > s.cs €XP |:— (1\}—%22) - '_Y(')ysj>
R, "h J K
w}(€>_ k "k k=1,2,... K (13) k

C1+R0TR R k=2, 2K—1 - (16)



1 DF: Nakagami-m, BPSK, N=16; R-MMSE, D-MMSE 1DF: Nakagami-m, BPSK, N=16; R-RMD/MS-MMSE, D-MMSE
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Fig. 2.  BER performance of MR-DS-CDMA systems where both relafig. 3. BER performance of MR-DS-CDMA systems employing RMDAVS
and MTs use MMSE-MUD, when communicating over Nakagamfading MMSE MUD at relay and MMSE-MUD at MTs, when communicating over
channels. Nakagamim fading channels.

1DF: Nakagami-m, BPSK, N=16; R-RMD/MS-MMSE, D-RMD/MS-MMSE

Additionally, in the RMD/MS-MMSE MUD algorithm,
given the initial weight matrid (*), the weight matrix at the
following iterations can be updated according to the foanjg]
i e 1)h e W(‘S D7 ° [y
w6 = |[we-D + b @ Pe.@a7) 5. x
1—h (Q 1>’wk(b 1) - - *\Z\!
if the real part of a symbol is detected, or 210°7 4 K=1(OSUB) oy T
R yT i o K=10 A, 2 0
(Q S— =
wk(571)hk(5*1>w( 1) 10* H Z i:;g A"-._A,..
we = |wk-1 L © P (18) _ me1 kY
1-h (b 1)'wk(s | m=3 A
L i 16° : ; : B,
when the imaginary part of a symbol is detected. In (17) and et :Veragge Sng perlf)it (dlé) roro

(18), Wy, wk(s 1, h}i{) 1) h(@) ,, correspond to the

Fig. 4. BER performance of MR-DS-CDMA systems with both relag 81Ts
symbol detected at thes — 1)th detecuon stageP®) is a using RMD/MS-MMSE MUD, when communicating over Nakagamifading

permutation matrix obtained froffy ;- by deleting the columns channels.
corresponding to the symbols having been detected.

IV. PERFORMANCERESULTS MR-DS-CDMA systems improves. We can deduce from the

Figs. 2 - 4 show the BER performance of the MR-DS-CDMAesults that the RMD/MS-MMSE MUD significantly outper-
systems using BPSK modulation, when different combinatioforms the MMSE-MUD. This can be reflected by the following
of detection algorithms at relay and MTs are employed. $pecbbservations. First, when comparing the BER performance
ically, in the context of Fig. 2, the conventional MMSE-MUDcorresponding to the cases with= 1 andK = 16, we can see
is employed at both the relay and the MTs. For Fig. 3, the relétyat the BER performance in Fig. 3 is better than that in Fjig. 2
employs the RMD/MS-MMSE MUD, while the MTs employwhile the BER performance in Fig. 4 is better than that in both
the conventional MMSE-MUD. Finally, in the MR-DS-CDMA Fig. 2 and Fig. 3. Second, when comparing Fig. 3 with Fig. 4,
systems for Fig. 4, the RMD/MS-MMSE MUD is employed atvhich considered similar cases, we can observe that, for the
both the relay and the MTs. In these figures, the curves nitifi& > 1 cases, the BER performance shown in Fig. 4 is usually
asK = 1 (OSUB) are the one-hop single-user bounds, whighuch better than the corresponding BER performance shown
are the error probabilities of corresponding DS-CDMA syste in Fig. 3. Furthermore, when the RMD/MS-MMSE MUD is ap-
supporting single user. Furthermore, in Figs. 3 and 4 whelied at both the relay and the MTs, as shown in Fig. 4, the MR-
the RMD/MS-MMSE MUD is employed, the BER of overloadDS-CDMA system is capable of achieving a reasonable BER
MR-DS-CDMA systems supportingg = 25 > 16 MTs was performance, even though the system is significantly oaerlo
also depicted. with K = 25 > 16. Additionally, from the above observations,

From the results of Figs. 2 - 4, we can observe that, where can be implied that, in Fig. 3 when the RMD/MS-MMSE
the channel fading becomes less severe, i.e., as the valueMafD is applied at the relay, the BER performance of the RMD-
the fading parameter increases, the BER performance of th®S-CDMA systems is mainly limited by that achieved by the
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Finally, we note that, in addition to that the RMD/MS-
MMSE MUD outperforms significantly the conventional
MMSE-MUD in terms of their achievable error performance,
the RMD/MS-MMSE MUD also has a low complexity, which
only linearly increases with the number of MTs involved [8].

V. CONCLUSIONS

In this contribution, we have proposed and studied a multi-
way relay scheme based on DS-CDMA signaling, i.e., the MR-
DS-CDMA system. In our MR-DS-CDMA system, information
exchange among MTs is always achieved within two time-slots
regardless of the number of MTs supported. The relay used
in the MR-DS-CDMA system is operated in DF mode. Fur-
thermore, two types of detection schemes, namely the MMSE-
MUD and RMD/MS-MMSE MUD, have been proposed for
signal detection at the relay and at the MTs. Our studies

Fig. 5. BER performance of MR-DS-CDMA systems employing RMDAsand simulation results show that the MR-DS-CDMA system
MMSE MUD at relay and MMSE-MUD at MTs, when communicating overemploying the RMD/MS-MMSE MUD at both the relay and

Nakagamim fading channels.

1DF: Nakagami-m, QPSK, N=16; R-RMD/MS-MMSE, D-RMD/MS-MMSE
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Fig. 6. BER performance of MR-DS-CDMA systems with both relagl MTs
employing RMD/MS-MMSE MUD, when communicating over Nakagami-

fading channels.

MMSE-MUD operated at the MTs.

the MTs constitutes one of the highly promising multiwayasel
schemes. The MR-DS-CDMA system is low delay, which re-
quires only two time-slots for information exchange redesd

of the number of MTs supported. It is capable of achieving
near-optimum error performance as demonstrated in [8,9] as
well as in this paper. Furthermore, the RMD/MS-MMSE MUD
invoked is low-complexity, which is only linearly depend®m

the number of MTs involved.
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