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Abstract—In this paper, we propose a Cooperative Differential Space
Time Spreading (CDSTS) scheme employing multiple relays, kich
eliminates the demanding requirement of channel estimatio both at the
relays and at the destination. More explicitly, the source nde employs
differential encoding during the first transmission interval, and the
multiple relays perform Differential Space-Time Spreading (DSTS) based
Amplify-and-Forward (AF) relaying in the second transmisson interval.
Eliminating high-complexity channel estimation is particularly important
at the light-weight shirt-pocket-sized mobile handset basd relays, since it
is unrealistic to estimate the associated mobile-to-mol&l channels, which
would also pose a security threat and impose a Doppler-depdent pilot
overhead. Finally, it would be prone to a channel-estimatin-induced
performance degradation, which might be close to the 3 dB nowoherent
performance penalty. Loosely Synchronized (LS) CDMA spreding codes
were adopted for the asynchronous CDMA uplink for the sake of
achieving a near-single-user performance using a low-congxity single-
user matched-filter detector. The potential performance dgradation of
the noncoherent receiver experienced in fast fading chanteis mitigated
by the proposed Multiple-Symbol Differential Sphere Decoéhg (MSDSD).

. INTRODUCTION

In the absence of CSI estimation, the Conventional Difféaén
Detection (CDD) generally suffers from a 3 dB performancagtey
compared to its coherent counterpart. Furthermore, tiipiea irre-
ducible error floor is formed when the Doppler frequency éases.
To circumvent this problem, Multiple-Symbol DifferentiBlecoding
(MSDD) was proposed for noncoherent schemes in [12], [18}dler
to mitigate the potential performance-erosion at high Depjre-
quencies. As a further advance, Multiple-Symbol Diffei@nSphere
Decoding (MSDSD) was introduced in [14], [15] in order to im
the exponentially increasing complexity of MSDD, when e&sing
the detection window width.

Against this backcloth, the novel contribution of this paper is
that we propose an MSDSD aided CDSTS for the asynchronous
CDMA uplink, where neither CS estimation nor symbol-level syn-
chronization is required, yet, a good performance is guaranteed by
the MSDSD. The system model of [10] is adopted, and a general
model for CDSTS using multiple relays is presented. The MSDSD
designed for cooperative AF relaying using DPSK [16] is further

Space-Time Block Codes (STBCs) [1], [2] employing multipledleveloped for the case of CDSTS

antennas provide an effective means of mitigating the eetris
effects of channel fading. Inspired by STBCs, Space-Time&png

This paper is organized as follows. A general model develope
for CDSTS using multiple relays is presented in Section Hijlevthe

(STS) was proposed in [3] in order to achieve both a multirusproposed MSDSD designed for the CDSTS is portrayed in Setitio
support capability and a diversity gain in the context of €odFinally, our conclusions are offered in Section IV.

Division Multiple Access (CDMA) systems. However, due teeth
size, cost or other hardware limitations, multiple antenassociated
with insufficient element-spacing may experience spgtiatirelated
fading, which erodes the diversity gain. To mitigate thishtem,
cooperative schemes were proposed in [4]-[6], where thglesin
element Mobile Stations (MSs) may share their antennas o fo

a Virtual Antenna Array (VAA) and as a benefit, they typically

experience spatially uncorrelated fading.

It is well recognized that coherently detected cooperaisleemes Q~

require Channel State Information (CSI), which becomedd har
estimate, when the Source-Destination (SD) links, the GaRelay
(SR) links and the Relay-Destination (RD) links are rapicianging
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due to the movement of the source and/or the relays. To aheid tFig. 1. Block diagram of the CDSTS for the asynchronous CDMAnk.

potentially excessive complexity of coherent detectiandistributed

MIMO schemes, the family of Differential STBCs (DSTBCs) was The block diagram of the proposed system is shown in Fig. 1.
proposed in [7], [8], and the corresponding DifferentialSSDSTS) During the first7 symbol periods, which is referred to as the
schemes were summarized in [9]. Against this background, arpadcast interval, thé{ Source Nodes (SNs) spread their differ-
Amplify-and-Forward (AF) relaying aided Cooperative DSTSD-  entially encoded symbols by their user-specific signafuaed then
STS) scheme employing four relays designed for the asyno transmit the CDMA-chips to both the Relay Nodes (RNs) and to
CDMA uplink was proposed in [10], in which Loosely Synchroeil  the Destination Node (DN). Each user relies &hRNs, where the
(LS) codes [11] were adopted for the sake of eliminating thdtiM corresponding user's CDMA-chips are de-spread and thespnead
User Interference (MUI) despite using a low-complexity ohad- based on DSTS. During the following symbol period, which lsoa
filter-based single-user-receiver. referred to as the cooperation interval, the DN receivesDi8@ S-
chips forwarded from the RNs. The DN de-spreads the CDMA-
chips and the DSTS-chips received from the SNs and from the
RNs, respectively. Finally, MSDSD is invoked at the DN. Ireth
proposed system, a frame-synchronized Time Division aldB§IA

The financial support of the RC-UK under the auspices of tlkatuK
Advanced Technology Centre as well as of the China-WK generation
wireless systems project and that of the European Unionruthd@eauspices
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(TD-CDMA) model is adopted, which implies that no symbolde where the DSTBC transmission matr&M(sk(i)) has " x M)

synchronization is required. elements. They may be summarized as:
In this paper, we focus our attention on real-valued BPSKIPA _ st s2(d)
signalling. In the proposed system, the signals receivedh fthe Ga(sk(i)) = 85(2) _;1 @ |
M RNs are faded by independent complex-valued Channel Im- kl ; _ a3, 4.
pulse Responses (CIRs). Therefore the coherently-detentaog- 5’5(’) Skl(’)_ Sg(?) Sk:,f’)_ (4)
onal complex-valued?, structure [1] cannot be formed at the RNs. Ga(sk(i)) = 5’;(’) _S{Z(’_) Skl(z), _gk(_’) ,
Instead, we derive a universal system model for the DSTS @f Fi 5{;(’) _gk(,z) _85(?) Skl(z),
using M=2, 3 and 4 RNs. k(@) sk())  —si())  —si()

The following notation is used throughout the paper. The M ang G, (s (i) is obtained by taking the first three columns of
of RNs per user is denoted hy/, which corresponds to the numberg, (s, (4)). Therefore, the differential encoding process of Eq. (1) is
of transmit antennas used for DSTS. The number of channal URuivalent to the DSTBC encoding process, but only a singjientn
(symbol periods) and the number of transmitted symbols [BT®  of the transmission matrix of Eq. (3) is retained, becaubsak use
block are denoted b¥" and @, respectively, while the notation usedg single antenna element.

respectively. The total number of user-specific S|gnatme|ﬂ|red at employed by the SNs. Thieth user now spreads every symbol with
the SNs and that of the unique DSTS spreading-sequencesetquihe ajd of its unique signature, yielding:

at the RNs are/ and KT, each of which had s and Lr chips,

respectively. MoreoverN and N,, refer to the number of receive yi(i) = Ps 25 (Ir @ &) - suli), (5)
antennas and the MSDSD window length employed at the DN. Gs

Furthermore, we employ matrix representations througtiistpaper where® denotes the Kronecker product, and the resultant chig-leve
for the convenience of block-wise processing in our MSDSIeste. transmission matrix, (i) has ("Ls x 1) elements, which implies

TABLE | that each transmission block requiré<.s chip periods, as well as
SUMMARY OF THE NOTATION FORDSTS a single transmit antenna. Furthermor®; represents the source’s
DSTS using two transmit antennaf M =2 | T=2 [ Q=2 transmission power, while the transmit power of the relaydanoted
DSTS using three transmit antenngsM =3 | T=4 | Q=4 by Pr. For the sake of appropriate power normalization in our AF
DSTS using four transmit antennag M =4 | T=4 | @ =4 cooperative system, we have a total transmit powePof- Pr = 1.
A. Source Node B. Relay Node
During the broadcast phase, tteth user firstly maps its in-  puring the broadcast interval, the-th RN receives the super-
fogmgtlon b'g bk( ) to the BPSK/PAM symbols vectokx(i) = imposed Ls-chip CDMA signals from all theX users. In the
[z4(9), ...,z (i)]". The differential encoding process employed aisynchronous CDMA uplink, all signals arrive with diffetechip-
the single-element-based SN is expressed as [9]: level delays. The LS codes employed in our system have bath ze
s(0) i1 out-of-phase Auto-Correlations (ACLs) and zero Crossr€lations
si(i) = { %GT(xk(i)) su(i—1) i>1 (1) (CCLs) within their Interference Free Window (IFW). Witholoss

of generality, we assume that the signal received from theretd
where the transmission matri, (i) has (" x 1) elements, and the USer is perfectly synchronized, but all the other signalehrandom
process commences with the all-one reference symbol mgifiy). delays with respect to the desired user's signal within thege
The normalization factor of =|| s, (i — 1) || becomes a constant [~Tmaz; Tmaz]. The delayed signal received from theth user is
of v/2 for BPSK signalling. In the case of higher-order multi-leverepresented by (z). Then the signal received at the-th RN may
modulation, this factor has to be estimated at the receitgf. [ P& modelled as:

The (I x T)-element information matrixGr(xx(2)) represents the K
orthogonal STBC structure, which was summarized in [9] as: (i) =Y Fk(i) - by (i) + ngr,, (i), (6)
k=1
1/, 2(s
Ga(xx (i) = _3652(8) i‘fgz; , where the fadingh; ™™ (i) obeys the Rayleigh distribution, and the
1’“ ' ’“2 ] 5. " chip-level Additive White Gaussian Noise (AWGN) vectogr,, (7)
ka(Z) ifzf(%) zi(%) xk3(l) (2) has (- Ls x 1) elements, which has a zero mean and a variance
Gal(xx () = —93:1;(?) xk4@ l’lf@ _ik('l) ) of NJ*™ in each dimension. The composité-user received signal
_mfj(l,) —ﬂgk@ $k2(1) 9511@(?) vector also hasT( - Ls x 1) elements.
—p(t) (@) () @i The first processing step of the RNs is to de-spread the desire

user’s signal. Assuming that the-th RN is dedicated to thé-th

Actually, the differential encoding operation of Eq. (1)dsvariant ) A
4 g op a- (1) user, then the de-spreadlng operation may be expressed as:

of the DSTBC encoding process, which may be formulated as [9]

SRy 3y _ Comy
Grr(sn(i)) = Gu(se(0) i=1 - d, (1) = ﬁGs Ir®er)’ - x™(0) @
$Gr(xk(i) - Gu(si(i—1)) i>1 = /Pssi(d) - h3Fm () + I5Fm (5) + NSBm (3),
SRm (i SRum1(; SR,
1We also note that in practice the number of available RNs nuiyba as where the vectord, ™ (i) = [d" """ (i), dg™"" (i )] has a

SRm
high asNg = K M, but we set aside this resource allocation issue for ofize of (" x 1). The MUI term J;77 (i) Of Eq (7) is supposed
future research [17]. to be zero, when the maximum user-signal defay... is smaller



than the IFW length of the employed LS code. Otherwise, thel MWector HSD’”(z') is of size ( x N). The received signal matrix
imposed on the RNs would propagate to the DN, hence resiitting r®P (i) has Cr x N) elements, while the AWGN matrixizp (i)

severely degraded overall performance. The noise Nr,frﬁm (i) = has the same size and a varianceNgf in each dimension.
\/%(IT ® €)" ‘nsr,, (i) has a zero mean and a variance\gf™ . The DN then de-spreads the received signal usihgpreading

After de-spreading, the RNs perform re-spreading based®Ra codes for the desired user. The resultant signal is repeseny
The M RN act as the DSTS VAA, in whicli’ symbols are spread {dx" ' }/=1- The de-spreading operation may be expressed as:
using T' Lg-chip spreading codes at the RNs according to the RDy /- 1
orthogonal Gy, structure of Eq. (4). In case o/ = 2, the DSTS dy (0 = \/G_R(Ck)
mapping at the two RNs may be expressed as:

T

P (i), (13)

whered; " (i) has a size of [ x N). For the case of using/ = 2

. « N~ N~
ygl (1) = \/Tl_g [den () T+ dfmz(l) Ci} ) RNs, the de-spread signals may be formulated as:
®)
Ro s Q2 SRag (- =1 _ jSRo1 ;=2 RDy /N 1 ~1T. RD /.

V) = = [0 & - ) & AP ) = —= @) ")
where theT spreading codes used at the RN&?. }7_, }1< ,, which = a1V/Ps - si (i) - by (i) - HEP (i)
have Lr chips and a power of7r, are differept for each of th& + a2v/Ps - sp(i) - B B2 (i) - HEP2 (i) + JBP1 (4) 4 NEP1(4),
users. Hencel{ x K) spreading codésre required for the RNs. The RDo . 1 9T rp,.
transmission matriy "™ (i) at them-th RN has (r x 1) elements, i (4) = E(Ck) (i)

which implies that each transmission block requifes chip periods

_ L2 3SR gyRD1;
and a single transmit antenna. The amplification factor efrthth = 1V Ps - si (i) by ™ (1) - H ()

AF relay is given by: — o/ Ps - s3,(i) - by 2 () - HEP P2 (i) + IE02 (0) + NP2 (d),
(14)
— PR
@ =\ M- (P on + NEmY’ ©)  where the noise terniN 7" (4)}{_, has a variance ol - (N§’ +
" SM_aZohp, NE™), whereokp, represents the power of the
WherecrgRm represents the power of the-th SR (SR,) link. m-th RD (RD,,) link.

The DSTS employing four RNs may be conducted in the sameThe MUI terms at the destination, i.d;7° (i) of Eq. (12) and
way, as documented in [10]. For the caseMf = 3, the 4-th RN {J?Dt(i)}thl of Egs. (13)-(14), are supposed to be zero, when.
employed in [10] is not activated. is smaller than the IFW length of the LS code employed, andethe
C. Destination Node terms will be ignored by the detector.

3) MSDD/MSDD: Due to lack of space, we only portray the

1) Broadcast Interval: Atthe DN, the CDMA-chips received from MSDD/MSDSD case in this paper. A summary of CDD may be

the SNs during the broadcast interval may be expressed as:

found in [9].
K Similar to the DSTBC received signal model, Eq. (11) may be
(i) = > §(i) - HZP(0) + nsp (i), (10)  formulated as:
k=1
SD- ~ . rSD SDy.
where {4 (i) }5_, denotes the asynchronous signals received from Y (1) = G (si(d) - Hy ™ (4) + N7 (0), (15)

the K users. The non-dispersive channel ved®i® (i) is of size where YSP(i) = dSP(i) has (" x N) elements. The

(1 x N). The received signal vectar’? (i) has ("Ls x N) elements equivalent SD links' fading channel matrixﬁfD(z') _

and the AWGN matrixnsp (i) has the same size, as well as a zer

mean and a variance 6> in each dimension. I
The de-spreading operation carried out at the DN is the same

T
(VEHEP ()T, (0m_1yxn) T represents an equivalent
%;[I x N)-element channel, where the fading coefficients between th

the one at the RNs, which is given by: (M — 1) hypothetical transmit antennas and tNereceive antennas
) are all zero.
d2P (i) = It )T - %P Similarly, a universal model of Eg. (13) is given by:
k(1) EGS(T k) (4) 1) e o e
= VPssi(i) - HEP (i) + I3P (i) + NP (i), Y (i) = G (se(i) - Hy™ (i) + Ni™ (d), (16)
\(/jvhteret znly theI de?irflgDugerhis assumNed tlo be tsynch(;otr::zezi. Thhere YRDP(G) = (dgpl (i))T,.. ’(ngT(i))::JT has
etected signal matridy * (i) has (° x V) elements, and the de- (T x N) elements, while the equivalent AWGN term

spread AWGN termiN7 P (i) = (It ® )" - nsp(i) has the same i T
size as well as a variance of - N - Ir. NED() = [(NkRDl(z')> e (NkRDT (i)) } has the

2_) Cooperation Int_erva_l: The DSTS_—chlps received from the RNSqame size. The equivalent fading channel matfb{j‘D(z‘) _
during the cooperation interval are given by: . . T . mD 7T
© M (au/Pshk L) H, 1(1')) R (OéM\/Psh;€ M@H,; M (i)) }
P (i) = Z Z yim (i) - HEP™ (i) + nrp (i), (12) has (M x N) elements.

k=1m=1 Upon combining Eqg. (15) and Eq. (16), the overall universatie
where {{gF" (i)}}_,}/< | denotes the randomly delayed signal"® be formulated as:
received from allNg = MK RNs. The non-dispersive channel Y. (i) = [12 ®éw[(sk(i)):| CH (i) + Nk (i), (17)

2We note that in case of LS codes having an IFW the system maymieec : . . . .
‘code-limited’, rather than interference-limited, sint® number of LS codes where thTe CommeedT spread  signal  matrixy, (i) -
is more limited than that of say Walsh-Hadamard codes. [(YSD(Z'))  (YEP (1)) ] has @I" x N) elements, and



[12 ® Gar(si (i))]
matrix. The equivalent cooperTative
~ T ~ T
) = | (ApP0) " (B ) |
incorporates all the cooperative IiTnks. The equivalent AWatrix
N (i) = [(NgP ()7, (N,{?D(i))TJ
the AWGN both at the RNs and at the DN.

fading channel

having a size of IM x N)

forms an equivalent cooperative transmissiowhere the component matrig{F; ;}N*
matrigments. Thus, the decision metric in Eq. (21) may be decoaapos

of (2T x N) elements contains

Ny
i has @M x 2M) el-

Instead of making a decision on a single information matrix

based on two consecutive received signal matrices as in GIDD,

MSDD/MSDSD scheme observes,, received blocks and makes a
joint decision based onN,, — 1) information matrices. Therefore,

the equivalent de-spread signal model of our MSDD/MSDS[2sth
may be expressed as:

Yy, =Sk -Hy 4+ Ny, (18)

where the N,, blocks based de-spread signal matrix,
T T
(k@) (Vi N~ )] = (D)7 ()

T
has QT N, x N) elements. The accumulated fading clannel

matrix H, and the accumulated AWGN matritN, are mod-
elled in the same way, and their sizes agV/(N,, x N) and
(2T'N, x N), respectively. TheN,-block transmit signal ma-
trix 8y = diag {Io ® Gar(si (@), - T2 @ Gar(s(i+ N — 1)} =
diag {S}ﬁ, e SkNw} has QT' N, x 2M N,,) elements.

MSDD/MSDSD aims for maximizing the posteriori probability
in terms of [12], [13]:

Pr (Yk | sk) & exp (— Tr {Yf(Ryy)’lYk}) .9

where the autocorrelation matrix &, of Eq. (18) is given by:

Ryy = SyRuuSy + Ran

P 20
=S§,CSH, (20)

and the channel correlation matri Ryng + %RNN has
(2M N, x 2M N,,) elements, becaus8;, in Eq. (19) is a scaled
unitary matrix satisfyingSxS# = M - Istxn,,, which therefore
does not affect the correlations Ry .

According to Clarke’s model, the correlation factors of et
Rayleigh fading are determined hky(i) = e{h(t) - h*(t + i)} =

as:
| FS{Y | —Z I ZF,J (&) v @
Then the MSDSD algorithm may be formulated as:
3 F; (S,) Y5 |
;HZ 2 (81) v o

=di+ || A+ K|

where the Partial Euclidean Distance (PEBJ} Y ! lies within the
decoding sphere. Throughout the Sphere Decoding (SD) guoee

used [14], [15], A; = F,, (s;)Hy,g should be updated, and

~N\NH_ - .
K; = Z;,V;iHFZ-J (Si) Y+ should be accumulated. The detailed

SD search strategy may be found in [14], [15].

In this section, we present our performance results for tiee p
posed MSDSD aided CDSTS scheme designed for the asynctsronou
CDMA uplink. BPSK signalling is employed. All the channelvpers
are normalized to unity in order to provide a fair comparison
between the corresponding non-cooperative and cooperstivemes.
Furthermore, the power allocated to the SN and to the RNs wias s
to Ps = Pr = % as suggested in [19]. It was also suggested in
[19] that the attainable performance becomes better, ilRNs are
close to the DN in AF cooperative schemes. Thus, we assunte tha
the noise power imposed at the RNs and at the DN are the same.

Without loss of generalityd = 2 RNs are employed for each
of the K 4 users, hence the total number of RNs becomes
Nr = 8. As summarized in [11], a LS code is represented by
LS(NLs,Prs,Wo), which implies that the code is constructed from
an orthogonal complementary code set having a codewordhesfg
Nrs with the aid of a(Prs x Prs)-dimensional Walsh-Hadamard
matrix, and as a result’,s users could be supported. The corre-
sponding IFW length is given bynin{N.s — 1, Wy}, and the code
length is given byL = NpsPrs + 2Wy [10]. The LS(8,4,7) code
is employed for thek = 4 SNs, and the LS(8,8,7) code is used for

PERFORMANCERESULTS AND DISCUSSION

Jo(2mifq), where Jo and f; denote the zero-order Bessel functlor}heN — 8 RNs.

of the first kind and the normalized Doppler frequency, retipely.
Therefore, the flat fading channel autocorrelation mambEQ (20)
is given by Rupg toeplitz {T'o,T1,--- ,I'n,—1}, Where
I'; = diag {rSD riP}, and bothr?? = NPSUSDa,DSD( i)It and

rfr = & [Zm 1 NagnPSUSRmURDMSOSRm (1)9RD,, (2)] - It
have (T x T) elements Furthermore, the =~ AWGN
autocorrelation matrix is given byRyy = In, ®

[diag N-NP,N (NP +3M_ oa2o%p NE)l g IMl.
According to Egs. (19)-(20), the ML decision metric of the
may be formulated as:

S = argmin | FSIY, |7, (1)
Sk

The BER performance of CDD operating in slow fading channels
is shown in Fig. 2. It can be seen that the proposed schemevashi
the expected diversity gain and outperforms the corregpgnaon-
cooperative scheme, when the maximum delay obgys. < 7T..
However, the attainable performance degrades severebmn wha.
exceeds the IFW length, and the performance of the cooperati
scheme becomes even worse than that of the non-cooperetiems,
when Gold codes are employed. This is because the non-zeks CC
of Gold codes, or those of the LS code, which fell outside A&/
induce non-zero MUI in Egs. (7), (11) and (13).

Fig. 3 compares our cooperative DSTS scheme and the cetbcat
DSTS scheme of [3]. In the absence of antenna correlati@encdh
located DSTS scheme outperforms cooperative DSTS. Thixl tre

where the upper triangular matr is generated from the decompo-prevails even if our cooperative scheme has a higher diyeosiler,

sition of C™! = FHF, which may be defined as:
Fi1 Fi2 Fin,
O2Txe2T Fao Fa N,
(22)

F= . . } . )

O2rx2t O2Tx2T Fn, Ny

because the noise imposed at the RNs is amplified and fordarde
to the DN. However, it is also demonstrated by Fig. 3 that the ¢
located DSTS gradually loses its beneficial diversity gaimealistic
spatially correlated fading channels, and the proposegearative
scheme becomes more advantageous, as a benefit of its udisdrib
design.
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When the fading channel fluctuates rapidly, an irreduciblere
floor is formed for the CDD, which is evidenced by Fig. 4. As
a remedy, MSDSD is introduced. Fig. 4 demonstrates that tHell
performance of the non-cooperative scheme remains woasettat
of the cooperative scheme, even when we use MSDSD in coimanct ;]
with as wide a detection window &é,, = 11 for the non-cooperative
scheme, while employing low-complexity CDD for the coopime
scheme. Finally, the MSDSD scheme successfully mitigakes
pronounced error floor encountered in rapidly fading chimne

IV. CONCLUSIONS
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In this contribution, we proposed a MSDSD aided CDSTS scheme
for the asynchronous CDMA uplink, where neither CSI nor sgkb
level synchronization is required. We demonstrated thafptioposed
scheme outperforms its non-cooperative counterparts img usulti-
ple relays based on DSTS. Furthermore, the irreducible @oor of
CDD encountered in rapidly fading channels is successfualtigated
by our proposed MSDSD.
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