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Differential and Coherent Decorrelating Multiuser
Receivers for Space-Time-Coded CDMA Systems

Hongbin Li, Member, IEEEand Jian Lj Senior Member, IEEE

Abstract—Recently, we proposed a differential space-code mod- receiving significant interest recently. Space-time coding
ulation (DSCM) scheme that integrates the strength of differential has been shown to be able to produce dramatic increases in
space-time coding and spreading to achieve interference suppres-y.ansmission rate, due to its ability of fully exploiting the

sion and resistance to time-varying channel fading in single-user . . . .
environments. In this paper, we consider the problem of multiuser spatial and temporal diversity [2], [3]. A number of space-time

receiver design for code-division multiple-access (CDMA) systems coding schemes, including space-time trellis codes [4] and
that utilize DSCM for transmission. In particular, we propose two  space-time block codes [5]-[8], have been proposed thus
differential receivers for such systems. These differential receivers far. While space-time trellis coding achieves the maximum
do not require the channel state information (CSI) for detection diversity gain and coding advantage, the trellis complexity (and
and, still, are resistant to multiuser interference (MUI) and . L. ' . g

time-varying channel fading. We also propose a coherent receiver thus tht_e d_ecodlng complexity) increases expon(_antlally W'th_the
that requires only the CSI of the desired user for detection. The transmission rate [4, Lemma 3.3.2]. Meanwhile, space-time
coherent receiver yields improved performance over the differen- block coding offers the maximum diversity gain based on linear
tial receivers when reliable channel estimates are available (e.g., processing at the receiver [5], [6]. Despite a loss in coding
in slowly fading channels). The proposed differential/coherent advantage, space-time block coding is still attractive, partic-

receivers are decorrelative schemes that decouple the detection - . - U . . .
of different users. Both long and short spreading codes can be ularly in complexity-sensitive applications, since diversity

employed in these schemes. Numerical examples are presented t&ain is very effective in reducing the error probability at high
demonstrate the effectiveness of the proposed receivers. signal-to-noise ratio (SNR) [3], [4].

Index Terms—Code-division multiple-access, interference Coherem d?COding of Space'time COde_s requires the ?hannel
suppression, multiuser receiver, space-time coding, time-varying State information (CSI) at the receiver, which may be estimated
fading. through either training-based or blind channel estimators.
Channel estimation in space-time-coded systems, however, is
more difficult than in single-antenna systems since the number
of unknowns to be estimated increases proportionally to the

UTURE wireless mobile systems are expected to providgimber of transmit antennas. This translates to more required

broadband multimedia data services to mobile users undetining data for training-based channel estimators or a longer
high mobility conditions (e.g., high-speed trains moving up teonvergence time for blind channel estimators [3]. To circum-
500 km/h [1]). Reliable transmission over the wireless channgknt the difficulty of channel estimation, differential space-time
however, is a challenging task due to the inherent difficultie®ding schemes have been studied most recently in [9]-[13].
(e.g., channel fading and radio interference) of the wireledgnong them, theunitary space-time group codd8], [10],
transmission medium. Moreover, the detrimental effect ¢f3] are particularly suitable for low-complexity differential
fading and interference exacerbates as the transmission ratgjulation and decoding. A complete characterization of all
and/or mobility increases. As such, there is an urgent negd-diversity constellations that form a group for all rates and
to develop interference and fading mitigation schemes th@imbers of transmit antennas is provided in [13]. Although
are suitable for high-speed transmission and high mobiliggmilar to the scalar (single-antenna) differential modulation
environments. scheme, differential decoding of space-time codes incurs

Space-time coding, which makes use of multiple-antena@proximately a 3-dB penalty in SNR compared with coherent
transmission and signal processing at the receiver, has beeboding [10]; the price is often worthwhile in fast-fading

channels, where coherent decoding becomes practically infea-
sible [9]-[13].
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cancellation techniques were derived based on the availabigheme is presented in Section Ill. Section IV contains the
of the CSI of both the desired and interfering users at tlierivations of the proposed differential and coherent receivers.
receiver. These techniques, however, were not designed farmmerical results are presented in Section V. Finally, the paper
wireless mobile systems since the number of antennas that aooncluded in Section VI.
be installed at the mobile is, in general, limited. Furthermore, Notation: Vectors (matrices) are denoted by boldface lower
it would also be difficult to apply them in (fast) time-varying(upper) case letters; all vectors are column vectors; superscripts
channels due to the need for the CSI. ()*, ()T, ()M denote the complex conjugate, transpose, and
Recently, we proposeddifferential space-code modulationconjugate transpose, respectively, denotes theV x N
(DSCM) scheme [14], [15], which enhances tHiferential identity matrix; E{-} denotes the statistical expectatidjn;||
space-time modulatiofDSTM) scheme in [9] by adding a denotes the matrix Frobenius norm [21-frdenotes the trace
spreading component (see Section Il for a brief review amd a matrix; © denotes the Kronecker product [21]; yéc
comparison of DSTM and DSCM). DSCM was shown to attaiélenotes the operation of stacking the columns of a matrix on
a remarkable interference suppression ability. Similar to tiep of one another [21}}t[] takes the real-valued part of the
ZF and MMSE schemes [2], however, DSCM utilizes onlpargument.
the spatial degrees of freedom. As a result, the number of
interferers that can be effectively canceled is also limited by II. REVIEW OF DSTM AND DSCM

the number of receive antenr?as. . . Consider a wireless communication system that is equipped
Although DSCM was considered only for single-user appligiih 1/ transmit antennas andl receive antennas. Assume a

cations in [15], we show herein that it naturally extends 10 8,sepand transmission employing a unit-energy signal constel-

multiuser code-division multiple-access (CDMA) scenario. Wetion ¢. At the transmitter, the information symbols are en-

examine the problem of multiuser receiver design for COMA4aq by a space-time encoder that outpMtsparallel coded

systems that employ DSCM for transmission. To obvialgeams. Let,,; € C denote the constellation point selected by
the need for channel estimation, we propose two differentigle encoder, which is transmitted from transmit antemna:
receivers that are resistant to both MUI and time-varying  1r ot timel = 1.... . L. The space-time code matris

fading. Unlike previous schemes [2], [15], which rely on spatig]afined as

degrees of freedom for interference cancellation, the proposed

differential receivers exploit the spreading structure offered i Gz ... ar

by DSCM to achieve effective MUl suppression, without c_ | @ o 1)
requiring an excessive number of receive antennas. As shown : : . :

in Section IV-A2, one of the proposed differential receivers CM1 CM2 --- CML

bears a close relation to the single-user DSTM receiver [9] and, .
ere each column corresponds to filesymbols transmitted

thus, can be thought of as a multiuser extension of DSTM. T llel f hell . A ime block
proposed differential receivers can also be classifiedeasr- n garla N rl?)mt_t € OMtrazsmg antetn_nas. q f;paé:g—ttlrr? e ocl
relators since both involve a decorrelating stage to remove yf@0€ IS a collection x £, code matrices defined in the signa
%onstellatlorC.

MUI (see Section IV for details). For single-transmit-antenn der to deal with rapidlv fi ina Ravleiah .
multiuser systems, noncoherent decorrelating receivers havén order fo dealwith rapidly ime-varying Rayleign environ-
nts, where the CSI are unknown and cannot be reliably es-

been studied for a general class of nonorthogonal muItipnglg ;
modulation schemes in Gaussian [16] and Rayleigh fading [1t ated at the receiver, Marzetta and Hochwald [1], [22] sug-

channels; decorrelating receivers have also been investigaq 8“*‘?' the use of code matrices with equal-energy, orthogonal

for systems with differential phase-shift keying (DPSK)'°WS:!-€-

which can be considered a special member of multipulse ccH = LIy, @)
modulation (see [17]), and diversity combining [18], [19]. Our
proposed receivers can be thought of the extensions of thé#serder to approach the channel capacity. This leads to the
single-transmit-antenna noncoherent/differential decorrelating-called unitary space-time modulation [1].
receivers to multitransmit-antenna systems. Differential encoding can be introduced between two ad-
We also introduce a coherent decorrelating receiver f@cent space-time code matrices so that the decoding at the
differentially space-time-coded CDMA systems. The coherefgiceiver is independent of the underlying channel. Among
receiver requires only the CSI of the desired transmission. arious differential space-time coding schemes proposed so far
slowly fading environments when channel estimates can -[13], theunitary space-time group codéstroduced in [9],
reliably derived at the receiver, the coherent receiver achie@§], and [13] are particularly interesting for low-complexity
improved performance over the differential receivers. Coheretifferential modulation and decoding. Specifically, by assuming
decorrelating detection requiring only the CSI of the desired = L, unitary space-time group codes are used to yield a
user has also been studied for single-transmit-antenna CDMimple DSTM scheme [9]. For example, the code
systems [20]. The proposed coherent receiver can be considered 10 0 1 1 1
to be an extension of the coherent decorrelating scheme therein.G = {i {0 1} , L 0 } }, D= [1 1 } 3
The rest of the paper is organized as follows. In Section Il,
we briefly review the DSTM [9] and DSCM [15] modulationis a unitary group code of dimension two over the binary phase-
schemes. The data model for CDMA systems with the DSCBhift keying (BPSK) constellation [9]. Each pair of information
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bits in {00,01,10,11} is mapped into a space-time codedn two adjacent code matric&s; ;_; andCy +), {s(j)’ ]J:l de-
To send the messade; € G at timet, the transmitter sends note theL spreading codes of lengthassigned to uset, and
C; € CM>L where n,(j) € CV*! is the channel noise corresponding to time

C —C._ G @) Note that botht' andj are time indexes: The former denotes

' K the tth space-time block code, whereas the latter denotes the

and the transmitter begins wit®; = D. Note the analogy jth chip of thetth code matrix. We assume a Rayleigh fading
between (4) and the standard scalar (single-antenna) DPSK [28jannel model so that elementsH, ; andn.(j) are indepen-
For the above BPSK example, two transmit antennas are usedeat, identically-distributed (i.i.d.), complex Gaussian random
transmit each of the two elements of one colum@gpht atime. variables with zero mean and unit variance [27]. Hverage
The unitary space-time group code matrices are orthogonal [SNR per receive antenna for userduring the transmission

ie., of Cy.+ is thusM pi+. Note that the channel matric¢$; .}
are different from one another for the uplink; for the downlink,
c.cl=clic, = MTy,, Ve (5) Hy, == Hg,.
Two transmission schemes are considered in this paper.
where we have assumeéd = L. The first one makes use of differential modulation whereby

The DSTM scheme [9] works well in time-varying chanthe space-time code matric€, , are differentially encoded,
nels, provided that the channel do not change significantly 0vgs in (4). This transmission scheme is adopted when the CSI
two adjacent code matrices. DSTM itself, however, is not infs not available, and differential detection is performed at
mune to unknown interference [15]. Recently, we introducefle receiver. The second scheme does not need differential
a new DSCM scheme thgt integrates the strength (_)f Un_'taéﬁcoding, in which caseC;; can be any space-time block
space-time group codes with spread spectrum to achieve in{ge introduced in, e.g., [6]. This scheme is applicable when
ference suppression and fading resilience [14], [15]. The idg& cs is estimated and coherent detection is employed at the
is to vector-spread and combireach column of a space-timegceiver.
block code matrix. Specifically, each column 6%, is spread  The problem of interest herein is to determine the code ma-

temporally with a unique spreading code of unit energy, and thg.ag Cr., k = 1,...,K or, equivalently, the transmitted
coded columns of’; are transmittect the same time.et the  gympols forK users from the received dalg. (5)}

output of the DSCM modulator corresponding to thie block =t
andjth chip bex,(j), which has the form [15] IV. RECEIVER DESIGN

x(j) =Cis(j), j=1,....J (6)  Optimum coherent and noncoherent detection based on
wheres(j) € C/*!, j =1,...,J correspond td spreading maximum likelihood (ML) processing can be readily derived
codes of length/ used to spread;. The L spreading codes from (7) (see also, e.g., [25] and [28]). These optimum detectors

{s(4)} need not be periodic, which implies that both short arierform joint detection for all users and incur an exponential
long spreading codes can be used in this modulation scheff@MPlexity in both the user numbéf’ and transmission rate.

We note that similar spreading schemes have been considefdifn differential modulation is utilized, optimum performance
in [24] under the name ddpace-time spreadings well as in " general requires joint decoding of all transmitted code ma-

[25, eq. (27)] for general space-time communications. trices (i.e., for alk) [9], [29]. The enormous complexity of such
optimum receivers renders them mainly of theoretical interest.

In what follows, we present several suboptimal decorrelating
receivers that decouple the detection of different users. The
We consider a synchronots-user system operating in a fre-complexity of these suboptimal receivers is exponential only
quency-nonselective, Rayleigh fading channel. The fading cogf- the transmission rate, similarly to single-user space-time
ficients may either change slowly or vary rapidly. Extensiongceivers. The first two proposed receivers are customarily
may be made to include frequency-selective channels by, feferred to asdifferential receiverssince they exploit the
example, considering multicarrier CDMA systems [26]; howinherent structure of differential space-time codes and do not
ever, such an extension is beyond the scope of the current papgjuire the CSI for detection. The third proposed receiver is a
Under these assumptions, the baseband discrete-time signatérerentdecorrelating receiver that requires only the CSI of
ceived by theN receive antennas at the receiver can be ethe desired user. As one can expect, considerable performance

I1l. DATA MODEL AND PROBLEM FORMULATION

pressed as (see [9] and [15]) improvement can be obtained if the CSI is available and
K incorporated in detection.
vi(4) = Z VotHi Crasi(G) +m(y), Jj=1,...,J In order to express (7) more compactly, we define
=t @) Y 2y, vl )] ®)
where M p; , denotes usekt’s averagereceived power per re- N, 2 [ny(1),...,n.(J)] 9)
ceive antenna during the transmission oftespace-time code Sk = [sk(1), ..., sx(J)] (10)
matrix C, € CM*L H;, € CV*M is userk’s channel ma- & raT T
. ’ . . . s&[s],....sk] (11)
trix assumed (approximately) unchanged during the transmis- R
sion of Cy, (for differential modulation, we assume i, , Apt =Pt Hi e Chot (12)

remains approximately unchanged during the transmission of o [A1s, .- AR y]. (13)
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Then, (7) can be expressed as where Ay ; £ [Ap,1,Ar ] and€y, = [Ey 1, Exy]. We
first write vedE, ) as
Yt - A.tS + Nt. (14)
vedE,) = {[sH(ssH)*l]T ® IN} vedN;)  (21)
Since all information about the transmitted code matrices
{Cy}£ | is contained inA,, the key of the differential and where we have used the identity
coherent receivers introduced in the sequel is to obtain an initial

estimate ofA,, which is used for subsequent detection. vedXYZ) = (zT ® X)vedY) (22)
The unstructuredML estimate ofA,, which is conditioned
on{H, };—, and{Cy };—,, is given by for arbitrary matricesX, Y, andZ of appropriate sizes [30].
Since ve¢N,) has a Gaussian distribution with zero mean and
A, =v,sH (ss”)’l (15) covariance matrixl; v, veqE,) is also Gaussian with zero

mean and covariance matrix

where we have assumed ti$&" has full rank, and by “unstruc- E {vec(Et)ved*(Et)} _ { [SH(SSH)—I]T & IN}
tured,” we mean that the structureAf, as specified in (12) and

(13), is not enforced in the estimation. We note that the ML esti- . { [sH(ssH)1] "9 IN}H
mateA, is effectively the output of decorrelatorwith the input -
being the received daf¥,. The decorrelator cancels the MUI =[S ] eIy =2. (23

and decouples the detection of different users. Due to the blolgk . . o .
structure ofA,, the ML estimateA, ; of Ay , is easily obtained ccordingly, ve¢Ey ;) has a Gaussian distribution with zero
b ot ot mean and covariance matri&;, where®,, is a LN x LN

from_At. Note that aI_I mformgﬂon_about the transmitted COdrenatrix that corresponds to theth diagonal block ofB. It is
matrix Cy, , for userk is contained irAy ;.

trivial to show that ve€E, ,_,) and ve¢E, ,) are i.i.d. There-
fore, ve¢&;. ;) has a Gaussian distribution with zero mean and
covariance matrids @ ®;,.

As in the standard scalar DPSK modulation scheme wherenext, we examine véod, ;). Note that A, =
detection is performed based on the received signal over tWHk,tck,t [cf. (12). Using (22) again, we have
adjacent symbol periods (e.g., [23]), our proposed differential
receivers for space-time-coded CDMA systems make use of vedAy.e) = /pre(Cr, @ In)ved(Hy ). (24)

A1 andAy, 10 detectCy . To elaborate, we first need e fact that vegH, ;) is Gaussian with zero mean and covari-

determine the distribution oA ;. andAy,, which is stated 5nce matrixt,, v implies that veGAy, ;) is also Gaussian with

in the following result. a e . - zero mean and covariance matrix
Theorem 1:Let Ay = [Ay;—1, Ax,]. Then, conditioned

~ . " ) T T H
on Gy, ved Ay ;) is a complex Gaussian random vector with £ {ved Ax i ved (Ar.)} =pi+(CL, @ IN)(CL, © Ly)
zero mean and covariance matrix ka7t(Cg tCk,t)T QIn. (25)

A. Differential Detection

S = o (CC )T OTn + T, @ By 16 Hence, ve€Ax,:) is the_ sum of two zero-mean Gau_ssian
e = Pha(CiciCit) N ? * (16) random vectors that are independent of each other (since the
channel coefficients and the noise samples are independent).

where It follows that ve¢.A; ;) also has a Gaussian distribution with
Cit 2 [Chi—1,Cril (17) Z€ro mean and covariance matrix given by (16), and the proof
is complete. ]
and®; ¢ CLV*LN js thekth diagonal block of®: 1) Differential Receiver A:With the distribution of
ved Ay ;) at hand, the ML detector based on {#g, ;) is given
&2 [(8sM) 7 o1y g by (e.g.[31)
é’ .t —arg a _1 2 c
Proof: According to (14) and (15), we have Ft =418 GI???G{ 0|3 ¢
~ _ —1 - A
A, :(AtS + Nt)SH(SSH)_l tr {ijtvec(Akjt)ved*(Akjt)}}
=A,+N;S"(ss") ' = A, + E (19) k=1,...,K. (26)

The above receiver requires an estimate of the received signal

A H Hy— N .
whereE, = N,S%(SS87) 1.AWe decomposé.; and E, '”tf power p;. ; [see (16)], which can be obtained as follows. Note
N x L blocks, i.e., letA; = [Aljt,...,AK,t} andE; = that

[Eit,...,Exy]. Let A,_, and E,_; corresponding to time

H _ H H
t — 1 be similarly decomposed. Then, we have tr{ A Ay b =p e tr{H :Cr :Ch JHy

=2Mpy + U‘{Hk,tHllj,t}
ved Ay ¢) = ved Ay +) + ved €y +) (20) :2Mpk,t||Hk,t||%“ @7)
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where we have used the fact that [see (17)] Applying the matrix inversion lemma (e.g., [21]), we have
it =Tary +Th, T} )

=Ly —Tp(Inyn + I‘}itrk,t)ilrltl,t

=Ly — Ti (T + 2Mpk,t:[]\l]\’)_lrll;l7t

cH
thckt—[ckt 1> th][ éﬁ 1}
k.t

:Ck,t—lck7t—1 + Ckthkjt = 2MTIy, (28)

due to the unitary structure of the code matrices [cf. (5)]. Taking 1 1 L.t 36
the expectation of (27), while noting the fading coefficients in TN T L oMpy,, s MR (36)
Hy. areiid., yields Substituting (36) into (26), while dropping all constant terms

(29) (includingln |3 +|), we have

E {tr{AMA,';"t}} = 2M2Npy..
Gy =arg Jnax_ tr {I‘UI‘,';' ved Ay, )ved! (.Akyt)}
ke, CE ?

It follows that an estimate qfy, is given by

1 o H T oo
2M2Ntr{.Ak t.Ak s (30) = arg max. tr { [(Ck,tck,t) ® Iz\}

To summarize, Differential Receiver A consists of the fol- xveo(ﬁk,t)ved*(}tk,t)} (37)
lowing steps.

1) Compute A, and A, by (15), and obtain

Ay = [A“ LA, t] by identifying thekth block of
At 1 andAt, respectively.

Pr =

where in the second equality, we udég, = | /pk,t(CzthbIN).
Applying (22) again yields

(€)™ @ Tn] ved Ay) = ved Ap CF! Cra).  (38)

2) Computegy, ; by (30). It follows that

3) ComputeXy, . by (16), using;. + in place ofp;. +, for each H . "
member of the information code matrix s@f choose tr{[(c’“ Cre)' @ IA} ved Ay .)vec' (A, )}
G+ as the one that maximizes (26). =tr {vec(Ak tck +Cht) yved! Ak +)

2) Differential Receiver B:Differential Receiver A has to !
compute th& LN x 2N covariance matris&,, , as well as its = vec(Ay,)ved Ay, Y Cr.)
determinant and inverse for everynd every space-time code —tr {A,'j A tC;':' .Ch t} (39)
matrix in G, which may be computationally involved especially
for high transmission rate with a large value bfand/or N. Where, in the last equality, we used the fact thgKif'Y) =

When orthogonal spreading codes are used, we can see  Vec' (X)veqY) for arbitrary matriceX andY of appropriate
sizes. Next, we observe that

&), =Irn. (31 X R . .
. . e - - A Asy = [A?:t—aA’““ Alt!:t—lAA’“’t} (40)
I_n this case, D|f_ferent|al Rec_:elver A can be significantly simpli- TR AR AL, A Ay,
fied, as shown in the following result. " cH’ ’
Theorem 2: When orthogonal spreading codes are used, the CriCri = [ éﬁ_l} [Ch,t—1, Cht]
ML detector based o, ; is given by kit
. ’ L [T, G (41)
G, =arg Gmagc R [tr {ijtAgytAkyt_l}} G;'jyt I, |-
k,1 €6 . . .
k=1 . K 32) Using (40) a:d (41) in (39), we obtain
) ) H
Proof: First, we write tr{Ak:tA’“itck:tc’“it}
X =lorn + pk,t(cllj,tck,t)-r @Iy =Mt {Ag,t—lAk:t—l + Ag,t—lAk:tGE,t
=Ly + 50y, (33) FAN A, Gy + A,';'thk,t} . (42)
where Dropping the terms in (42), which are independentGof .,
N T while using the identityX + X" = 2R [X], one immediately
Lie = /Pra(Crp @ Ly)- (B34 sees that (37) reduces to (32). n

The receiver (32) is identical to (26), or Differential Receiver
A, for orthogonal spreading codes. When nonorthogonal
Zht| =|Torn + iR = [Taw + T3 Tt spreading codes are used, the two receivers are generally

=|IMN + pk,t(Ck,tC,';' DT oly different, and the former is referred to as Differential Receiver
’ MN B in that case. It makes sense to consider Differential Receiver
=|Tyn +2Mpi Ty n | = (1+2Mpi )M (35) B for nonorthogonal spreading codes not only because it is
where in the second equality, we used the factfhatXY| = computationally more efficient but also because spreading
[T + YX]| for arbitrary matriceX andY of appropriate sizes, codes in real systems are typicafigar-orthogonalin which
and in the fourth equality, we used (28). As sud, .| isinde- case, Differential Receiver B yields a performance very close
pendent of the information code mat, . and can be dropped to that of Differential Receiver A; see Section V for numerical
from (26). comparison.

Observe that
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We summarize Differential Receiver B as follows.
1) QomputeAt_l andAt by (15), ar]d obtain&kyt_l and
A, ; as thekth block of A,_; and A, respectively.
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Finally, we remark that the above coherent receivers may be
thought of as extensions of prior works (e.g., [20]) on decor-
relating coherent receivers for the case of one transmit antenna.

2) Evaluate (32) for each member of the information code

matrix setGg, and choosékyt as the one that maximizes

(32).

V. SIMULATIONS

Remark 1: Note that Differential Receiver B does not need We consider d& = 10 synchronous CDMA system equipped

an estimate of the received signal powgy, which is, however,
required by Differential Receiver A.

with M = 2 transmit antennas ad = 1 or 2 receive antennas.
For differential modulation/detection, we utilize the unitary dif-

Remark 2: A close relationship exists between the proposeddrential space-time code given by (3) with BPSK constellation;

multiuser Differential Receiver B and thsingle-userDSTM

for coherent transmission/detection, the Alamouti's space-time

receiver introduced in [9]. Specifically, [9, eq. (16)] is producedode [5] with BPSK constellation is employed. We simulate a

as follows for easy reference (using our notation):

CA%kyt = arg G}nag(cﬁ% [tr{katYr'Yt_l}] .

Kt €6

(43)

A comparison of (32) and (43) indicates th&t ; and Ay ;_1,
which correspond to the output of the decorrel&B(SSH)—!

near—far environment, where the power level of all (nine) inter-
fering users is 10 dB higher than that of the first (desired) user.
Nonorthogonal Gold codég = 63) are used for spreading. We
consider independent Rayleigh fading channels, i.e., the fading
coefficients are generated as i.i.d. complex Gaussian random
variables with zero mean and unit variance.

We first consider differential modulation/detection. In partic-

when the input is the raw daf#, andY,_1, respectively [see ular, we evaluate the bit error rate (BER) of the following re-

(15)], play the same role as the raw dafa_, andY; in the

ceivers:

single-user DSTM receiver. Hencthe multiuser Differential
Receiver B may be interpreted as consisting of a two-step
process: with the first step of decorrelating By'(SS")~!,
which removes the MUI, followed by the single-user DSTM e«
receiver, which detects the information code magix ;.

Remark 3: The unstructured estimat®, in (15) is a consis-
tent (for high SNR) estimate di;. When the SNR— oo, we
haveA, — A,, as one can see from (19). As a result, the pro-
posed differential receivers are also consistent, and their error

conventional decorrelating differential BPSK (DBPSK)
receiver (see, e.g., [16], [17]) with Gold codes avd= 1
transmit antenna;

Differential Receiver A (DRA) with Gold codes;
Differential Receiver B (DRB) with Gold codes;

DBPSK receiver in single-user environments
(SU-DBPSK) with M N diversity channels [23, p.
783], which effectively serves as a lower bound on our
multiuser differential system.

probability decreases as the SNR increases.

The BERs of these receivers are shown in Fig. 1(a)¥oe 1

Remark 4: The proposed differential receivers introducegxceive antenna and Fig. 1(b) foF = 2 receive antennas. We
here can also be considered as extensions of the noncohefiggitnote that DRA and DRB with nonorthogonal Gold codes

decorrelating receivers in previous works [16]-[19] for t
single transmit antenna case.

B. Coherent Detection

h9ield nearly identical BERs; hence, the computationally more
efficient DRB should be preferred if complexity is a concern. It
is seen that the multitransmit-antenna based, space-time-coded
DRA and DRB offer a substantial performance gain over the

When the CSl is available at the receiver, by a procedure sifpnventional single-transmit-antenna-based DBPSK  system.
ilar to the proof of Theorem 1, one can show that the condor example, at BER= 1072, an improvement of approxi-
tional distribution of ve¢A, ;) is complex Gaussian with meanmately 10 dB (respectively, 5 dB) is obtained by DRA/DRB

ved A, ;) and covariance matri®,, where®, € CHV*EN
is the kth diagonal block of® given by (18). Maximizing the
distribution of ve€A,, ,) with respect to the coding matr{&;. .
yields the following coherent receiver:

ék t =arg min
’ Cy 1 €C

{ved" (Ak,t - \/pk,tHk,tCk,t) P,

xvec (Ak,t - \/pk,tHk,tCk,t) }

k=1,....K. (44)

with N = 1 (resp.N = 2) receive antenna(s). This clearly
motivates the use of multiantenna transmission and space-time
coding in fading channels. We also note that the BERs of DRA
and DRB are very close to that of the SU-DBPSK, with a
difference less than 1 dB. Finally, a comparison of Fig. 1(a)
and (b) indicates that a performance gain of close to 7 dB at
BER = 1072 is achieved withV = 2 over N = 1 receive
antenna(s). Hence, whenever feasible, receive diversity should
be pursued.

We next consider coherent transmission/detection. The fol-
lowing receivers are examined:

When orthogonal spreading codes are used, the receiver (44) in= conventional decorrelating coherent BPSK (CBPSK) re-

reduces to

A . ~ 2
Cir =arg lelclc HAk,t - \/pk,tHk,tCk,tH P
k.t

k=1,...,K. (45)

ceiver (see, e.g, [20]) with Gold codes abid= 1 transmit

antenna;
» proposed coherent receiver (CR) with Gold codes;
« CBPSK receiver in single-user environments

(SU-CBPSK) with M N diversity channels [23, p.
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Fig. 1. BERs of conventional and proposed differential receivers in Rayleid#id: 2 BERS of conventional and proposed coherent receivers in Rayleigh
ading channels. (@) = 1 receive antenna. (Y = 2 receive antennas.

fading channels. (a) = 1 receive antenna. (BY = 2 receive antennas.

as our multiuser multitransmit-antenna systems (i.e., CR and

. . . DRA). Atthe cost of increased complexity, the performance loss
Fig. 2(a) and (b) depict th_e BERs ofthe above c_oherent reCeNVEtIhe differential receivers can be reduced by including multiple
for v =1 andN = 2receive antennas, respectlvely. The ml.“t'é de matrices for joint detection, similarly to the use of multiple
transm_lt-antenna-based, space-tlme-coqled CR yleld_s a signific ol for detecting scalar DPSK [29].
cantly improved performance over the single-transmit-antenna
based CBPSK system, with a gain of about 10 dB (resp. 5 dB)
for N = 1 (resp.N = 2) at BER = 1073, similarly to the
differential receivers. We also note that the BER of CR is very We have presented two differential receivers and one co-
close to that of SU-CBPSK. As for receive diversity, CR witlherent receiver for space-time-coded CDMA systems that
N = 2 outperforms CR withV = 1 by approximately 7 dB at utilize the DSCM transmission. The proposed differential/co-
BER = 10732. herent receivers are MUl and (time-varying) fading resistant.
Finally, we compare the differential and coherent receiverBhese multitransmit-antenna based, space-time-coded trans-
Fig. 3(a) and (b) depict the BERs of DBPSK, CBPSK, DRA, anahission/reception schemes have been shown to significantly
CR with Gold codesN = 1 and, respectivelyV = 2 receive outperform the conventional single-transmit-antenna-based
antennas. It is well known that coherent detection outperforreshemes. The proposed coherent receiver requires only the
differential detection by approximately 3 dB in single-user sy& Sl of the desired transmission and can be used to yield about
tems (e.g., [23]). This is also observed in the multiuser singld-dB performance gain over the proposed differential receivers

coherent system.

VI. CONCLUSIONS
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Fig. 3. Comparison of differential and coherent receivers in Rayleigh fadin
channels. (a)V = 1 receive antenna. (by = 2 receive antennas.

(4]

(5]

(6]

(71

(8]
9]
(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

%0

when reliable channel estimates can be obtained at the receiVé?
(e.g., in slowly fading channels). Future research directiong2]
include extending the receivers to multicarrier CDMA systems

to handle frequency-selective multipath fading and to utilize[23]

multiple code matrices for joint detection.
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