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ABSTRACT

We propose here alinear blind multiuser detector, referred
to asthe Capon receiver, for space-time coded CDMA (code
division multiple access) systems. The proposed Capon re-
celver isdesigned to pass desired signals without distortion,
meanwhile minimizing the overall interference signals, ir-
respective of their origins. It is shown that the Capon re-
ceiver achieves similar performance in terms of the output
SINR (signal-to-interference-and-noise ratio) to that of the
optimum, linear, training-assisted MM SE (minimum mean
sguared error) receiver over awide range of the input SNR
(signal-to-noise ratio). It is also shown that the ratio of the
output SINR of the Capon receiver to that of the MMSE
receiver converges to a constant very close to one at high
SNRs. The Capon receiver aso yields a blind channel esti-
mate which convergesto the true channel parameters (within
ascaar ambiguity) asthe SNR increases. Simulation results
are provided to support our study.

1. INTRODUCTION

Future wireless mobile networks are envisioned to provide
capacities and transmission rates by orders of magnitude
higher than state-of-the-art systems[1]. However, dueto the
inherent difficulties of the wireless transmission medium,
characterized by fading, multipath and interference, reliable
high-speed transmission over the wireless channel in mo-
bile radio networks is significantly more challenging than
in wired networks.

Space-time coding (STC) has been fueling significant
interest recently. Making use of multiple transmit anten-
nas, space-time coding provides an effective way to exploit
spatial and temporal diversity, and is capable of drastically
increase the transmission rate. A number of STC schemes
have been proposed (e.g., [2], [3], [4]). Most of previous
studies on STC assumed that the receiver has perfect knowl-
edge of the channel state information (CSl). In practice, the
receiver has to estimate the CSI by training or blind meth-
ods. As multi-channel state information is required for co-
herent decoding in multiple-antenna systems, channel esti-
mation in the current case is much more difficult than in
single-antenna systems [5]. Additionally, when the CSl is

unknown (or imperfectly known) to the receiver, STC ag-
gravates the problem of interference [5], [6], since in ad-
dition to the standard radio interference encountered in a
single-antenna system, the transmitted signals (for the same
mobile user) from different antennas are mixed spatially
when they arrive at the receiver. They interfere with each
other’s detection, acting as a sort of self-interference.

In this paper, we are interested in blind receivers, which
do not require channel estimation and yet are robust to inter-
ference, for space-time coded CDMA systems. In particu-
lar, we present ablind linear receiver that passesthe signals
from the desired user undistorted, while minimizing the re-
ceiver output power, so that the overall interference, includ-
ing the multiuser interference (MUI), is suppressed. There-
ceiver ishenceforth referred to as the Capon receiver sinceit
resembles a technique used by Capon in 1960s for spectral
estimation [7]. The proposed Capon receiver is compared
with the training-assisted linear MM SE receiver, the opti-
mum in the class of linear receivers, in terms of the output
SINR. It is shown that the output SINR of the Capon re-
ceiver is close to that of the MMSE receiver over a wide
range of the input SNR. Furthermore, the ratio of the output
SINR of the Capon receiver to that of the MM SE receiver
convergesto aconstant very closeto oneat high SNRs. The
Capon receiver also obtains a blind channel estimate. It is
shown that the Capon channel estimate convergesto thetrue
channel parameters (within a scalar) as the SNR increases.

2. SYSTEM MODEL

We consider the Alamouti’s space-time coding scheme [2]
involving two transmit antennas and achieving afull-diversity
gain based on linear processing. For this coding scheme,
during a given symbol interval, b; and b, drawn from some
constellation are transmitted from the first and second an-
tenna, respectively; during the next symbol interval, —b}
and b; are transmitted from the two antennas in the same
order. Here, (-)* denotes complex conjugate.

We herein assume a K -user CDMA system that is syn-
chronous (downlink) and experiences flat-fading. Extension
to frequency selective fading is being investigated and will
be reported elsewhere. Consider the case where the system



isemployed with M = 2 transmit antennasand N (N > 1)
receive antennas, and a distinct spreading code is assigned
to each user signal from each transmit antenna. After down-
converting to baseband and chip-matched filtering, the out-
put of the chip-matched filter is sampled at the chip rate. We
then collect J x 1 vectors, where J denotes the spreading
gain, for processing. We restrict in this paper the spreading
codes and data symbols to be real-valued. Extension to the
case of complex constellation is straightforward [8]. The
received vectors corresponding to the n-th receive antenna
over two consecutive symbol periods can be expressed as:

n(2t = 1) Z VPk [hincirbe(2t — 1)
+h2n02kbk(2t)] +w, (2t — 1),
X, (2t) Z \/_ —hinc1kbr(2t)

+ h2nc2kbk (2t - 1)] + W’VL(Zt)’
where

pr received signal power per transmit per receive an-

tennafor user k;

hmn channel coefficient from m-th transmit antennato
n-th receive antenna; modeled as complex (pos-
sibly non-Gaussian) random variables with zero
mean and unit variance;

cmr J x 1 spreading code for signal of user k£ from
transmit antenna m,;

bi(t) t-th information symbol for user k;

w,(t) J x 1 noise vector sampled during ¢-th symbol
period at receive antenna n; modeled as station-
ary (possibly colored and non-Gaussian) with zero
mean and variance o2,.

Lety, () 2 [x7(2t — 1), xT(2t)]7, v (t) 2 [wT(2t —

, where ()T denotestranspose. Then we have
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where ® denotes the Kronecker product. We collect the
outputs of all receive antennas and define

yO = [y, -, vk ]
= /p1[g101(2t — 1) + g1b1(21) ] 3
K
+ Z VoK [8rbr(2t — 1) + 8rbk(2t) | + v (1),
k=2
wherev(t) 2 [vT(t), .-, vE(1)]T.

The problem of interest isto detect {b; (2t—1), by (2t) }/—*
from the received signal {y(t)}/_'

3. MMSE RECEIVER

The MM SE receiver F,; € C?/N*2K js obtained by mini-
mizing the M SE criterion:

Ty® 1”@

Fy =arg  min
_7:6([:2JN><2K

E{[| b(t) -

where E{-} denotes statistical expectation, (-) denotescon-
jugate transpose, and
b(t)=[ bi(t), -+, bi(t)
bi(t) = [ be(2t— 1), b(2t) |7

The solution to (4) is standard, given by

]T

fM:R;leym
where
Ryy:E{y(t)yH }
Ry = E{y(t)b(t)} = V01 GP,
G =] Gy, - Gk |, Gr=[gr & ],
P =diag{ Vp1, VP, =, VPK: VPK },

where we assumed b(¢) and v(¢) are independent of each
other and b(t) is drawn from some unit-energy constella-
tion. If only the first user is of interest, the MM SE receiver
reduces to

Fu = piR,,) G
4. CAPON RECEIVER

The MM SE receiver requires the CSI. In the sequel, we in-
troduce an alternative receiver, referred to as the Capon re-
ceiver, which

e does not require training;

e needs only the spreading codes and timing of the de-
sired user but not the others;

e isableto suppress al kinds of interference, irrespec-
tive of their origin, that is, MAI, IS, spatial self-
interference, inter-cell interference, narrow-band in-
terference, etc.;



e iscomputationally efficient and also facilitates adap-
tive implementation.

Theideaisto design areceiver F. which minimizesthe re-
celver output power, while passing the desired signal with-
out distortion (unit-gain):

[ B ]=me, min , B{IF 0O

=arg min tr {FHRny} ,

FeC2J/N x2

subjectto g, =1andffig, =1,

where f and f, respectively, are the first and second column
of the dummy matrix F, while g. and g. are estimates (to
be determined next) of the true parameters g and g, respec-
tively. Similar criterion has been used to design blind re-
ceivers for CDMA systems without SPC [9], [10]. Solving
the above constrained minimization problem yields

— -1
fC = (ngy'L}gC) Ryy1g67 (5)
— _ 1 -1 1
fC = (ngyylgC) Ryy1g67 (6)
_\ A .
Vige 8e) = FeliNyx2 tr {F"R,,F}

=(gl'R,)g.)' + (&R, &)

To obtain g. and g., we maximize V (g, g.) (in order to
maximize the signal component at the receiver output) with
respect to the unknowns or, equivalently, minimize

g’R,'g. + &R, 8. @)
We thus obtain a channel estimate [by replacing g, and g;
in (7) by their expressions in (1) and (2)] as given in (8),
shown on top of the next page, where h is a dummy vec-
tor that is used to distinguish from the true channel vector
h. The solution to (8), subject to the standard constraint
|h.|| = 1, isthe eigenvector that corresponds to the small-

est eigenvalue of ©2. To summarize, the Capon receiver con-
sists of the following steps:

1. Edtimate the data covariance matrix R, from the re-
ceived data {y (t)}L_;

2. Compute h, as the minimum eigenvector of €2;

3. Compute g. and g, using (1) and (2), respectively;

4. Calculate the Capon receiver F. = [ f., f.] using (5)
and (6), respectively.

5. PERFORMANCE ANALYSIS

In this section, we present several analytical results regard-
ing the proposed Capon receiver. Proofs of these results are
omitted due to space limitation. Interested readers are re-
ferred to [8] for details.

A fundamental question of the proposed blind channel
estimator is identifiability, i.e., the conditions under which
the channel can be uniquely and perfectly (within a scaling
factor) recovered when SNR= co. Thisis addressed by the
following result.

Theorem 1 (Identifiability) [8]: The channel parameter
h is perfectly and uniquely (within a scalar) identifiable at
NR= o if @) the spreading codes c,; and co; for thefirst
user are linearly independent of each other; b) ¢i; and co;
are linearly independent of the spreading codes of all other
users; and ¢) h,, = [h1,,, ha,]T # 0 at least for somen.

The above conditions are satisfied in amost all practical
systems. The next result quantifies the channel estimation
error at high but finite SNRs.

Theorem 2 [8]: Under the identifiability conditions, h.. in
(8) satisfies

h
h.=—+¢ with lim |¢||=0.
Y 0% —o0

An explicit expression for ¢ at high SNR is given in [8].
Finaly, we compare the performance of the MMSE and
Capon receiver in terms of the output SINR. To obtain a
compact expression for the output SINR, we break the co-
variance matrix R, into three parts:

R,, 2R, + R, +R;,

where
R, = pigigl, Rs=pigigl.
K
R; = > pkGrG{ + oL, ©)
k=2

Notethat to facilitate our analysis, we assume here the chan-
nel noise is white [cf. (9)] even though the Capon receiver

does no impose this restriction. Let F 2 [f, f] € C2/Nx2
denote a generic receiver. The output SINR is given by

H FHER T
SINR — fR,f + £ R,f _
fH(Ryy —Ry)f + fH(Ryy —R,)f

The MMSE receiver is optimum in the sense that it min-
imizes the output SINR [11]. The next result states that
the proposed blind Capon receiver achieves similar output
SINR to that of the MMSE receiver, particularly when the
input SNR is high.

Theorem 3 [8]: Under the identifiability conditions, the
receiver output SINR for the Capon receiver and MMSE re-
ceiver are related by

SINR.
lim MMSE -1 + 67
02 —o00 SINRCapon

where § isvery small for small o2,

Again, an explicit expression for § isderived in [8].
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Fig. 1. Performance of the Capon and MM SE receiversvs. input SNR with N = 1 and N = 2 receive antennas. (a) Output
SINR. (b) Output SINR ratio. (c) Channel estimation error ||h. — ||h|~'h||.

6. SSIMULATION RESULTS

A simulation study of the Capon and MMSE receivers is
depicted in Figure 1, where we simulated a 10-user CDMA
system that employsthe Alamouti’s space-time coding sche-
me (M = 2), BPSK constellation, Gold codes of spreading
gain J = 31, and one or two receive antennas. A near-
far scenario was simulated, with the power of all interfering
users being 10 dB larger than that of the desired one. The
simulated channel experiences Rayleigh flat-fading. There-
sults were obtained by using the true covariance matrix R,
for both the Capon and MM SE receiver. In particular, Fig-
ure 1(a) depicts the output SINR as a function of the input
SNR for both receivers; it is noted that the output SINR for
both receivers are very close for a wide range of the input
SNR. Figure 1(b) shows the ratio of the output SINR for
both receivers; we see that at high input SNRs, the ratio
converges to a a humber very close to 1, as predicted by
Theorem 3. Figure 1(c) shows the channel estimation er-
ror of Capon; it is seen that the error vanishes quickly as
the SINR increases, as predicted by Theorem 2. Also ob-
served in Figures 1(a) to 1(c) is the improved performance
achieved by the system with two receive antennas.
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