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Abstract— Blind multiuser detectors based on the con-
stant modulus (CM) criterion have shown significant re-
sistance to the spreading code estimation error in its de-
modulation. In this paper, we consider a CM-based blind
adaptive multiuser detector which utilizes the spatial diver-
sity provided by an antenna array to improve the demod-

. ulation performance. QOur analysis and simulation results
show that the introduction of an antenna array leads to a
substantial improvement in the demodulation performance
and, compared with the constrained minimum output en-
ergy (CMOE) space-time blind adaptive multiuser detector,
the proposed detector is shown robustness to the signature
code inaccuracy.

I. INTRODUCTION

The constrained minimum output energy (CMOE) blind
adaptive multiuser detector for the demodulation in DS-
CDMA system was proposed in [1]. The results presented
in this paper show that the signature code estimation er-
ror in the receiver leads to significant degradation in the
demodulation performance. To ease this problem, a con-
stant modulus (CM)-based blind multiuser detection was
proposed in [2] and [3] and a further analysis of this method
was presented in [4] and [5]. It was shown that the CM-
based blind adaptive multiuser detector is robust against
the estimation error- of the spreading code in the demod-
ulation. In this paper, we consider a CM-based blind
adaptive multiuser detector which utilizes spatial diver-
sity provided by an antenna array in the receiver. In each
antenna of the proposed space-time detector, a chip-rate
matched-filter (MF) is followed by a tap-delayed adaptive
filter whose tap weights are adapted according to the CM
adaptation rule. The adaptive filters in the receiver are
implemented independently to suppress multiple accessin-
terference (MAI). Once the adaptive filters reach steady
state, the demodulation decision is made by considering
the weighted filtered outputs altogether. Our simulations
show that the proposed CM-based blind space-time de-
tector is robust with respect to signature code estima-
tion error and offers a bit-error-rate (BER) performance
comparable with that of the training-sequence-based min-
imum mean-squared-error (MMSE) space-time detector,
which is considerably better than that of the CMOE blind
space-time detector [6).

The rest of this paper is organized as follows. Section
IT describes a signal model for DS-CDMA systems. Sec-
tion III first presents a review of the constant modulus
algorithm (CMA) and linear constrained CM-based blind
detectors. A CM-based blind adaptive space-time detector
is then proposed. In section IV, the performance of the
proposed detector in presence of signature code estimation
error is examined through computer simulations.
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II. SigNAL MODEL

For simplicity of exposition, we consider a synchronous
DS-CDMA system, where K users transmit data packets
through an additive white Gaussian noise (AWGN) chan-
nel. The bit interval of each user is T}, seconds and each
information bit belongs to the set {1,—~1}. The kth user
signal is assigned a signature waveform s, (t) given by

N .
sk() =Y (-)%prft—(i-1)T] forte[o, 5] (1)

=1

where pr_(t) is a chip waveform which is nonzero for 0 <
t < T. and zero outside, sx = [s} s? --- 5|7 is the binary-
valued signature code vector, N = T} /T is the processing
gain. The signature waveforms are normalized to have unit
energy, i.e., ||sk(t)||? = 1, for 1 < k < K. The transmitted
kth user’s baseband signal is given by

N .
zk(t) = Y Abe(—1)%pr,[t - (i — 1)T] )

=1
where by, is the transmitted information bit, A; is the re-
ceived signal amplitude of the kth user.
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Fig. 1. CM-based multiuser detector with multiple antenna.

A diagram of the proposed space-time CM-based mul-
tiuser detector is shown in Fig. 1. In the receiver an array
of M antennas is used to exploit the space diversity. The
received signal from the M antennas is an M-dimensional
vector r(t) = [ri(t) ra(t) --- rar(t)]T which can be ex-
pressed as

K N

rt) = 33 Arbrar(=1)%ps [t — (i — 1)T] +n(t) (3)

k=1 i=1

where n(t) = [n1(2) n2(t) --- nu(@®))F is a vector of
complex-valued independent white Gaussian noise with
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zero mean and crosscorrelation matrix E [n(t)n?(t)] =
0?1 ay = [a1k a2k --- amx)” is the M-element antenna re-
sponse for the kth user, which is often referred to as spatial
signature. For a linear array structure described in Fig. 2,
the mth component of this array response can be expressed
as

—j2nd

amk = €xp [ (m - 1)003(amk)]

Fig. 2. Structure of three element antenna array.

where d is the distance between two elements of the an-
tenna array, X is the wave-length of the wireless signal and
ami is the direction of arrival (DOA) of the kth user to the
mth array element. If the array’s inter-element distance is
significantly longer than the wave length of the radio fre-
quency (RF) signal, then the effects of the wireless channel
on the signals received by different antennas are very likely
different. Consequently, it is expected that the usage of
multiple antennas will improve the demodulation perfor-
mance, especially in terms of outage probability. On the
other hand, if the array’s inter-element distance is com-
parable with the wave length of the RF signal, then the
received signals are affected almost equally. In this case,
an antenna array with non-omnidirectional radiation pat-
tern can be used to cancel the interference generated by
the signals of other users whose DOAs are different from
the desired one.

The demodulation begins by passing the received signals
through a bank of chip-rate matched filters (MF) and chip-
rate samplers. This process can be modeled as

K
X = Z ApbiSy + N
k=1

4

where X = [x1 x2 --- xM]T is the sampled signal after the
bank of M chip-rate samplers in the array with x,, being
the sampled signal after the sampler in the mth antenna,
S = ags} is a M x N space-time signature for the kth
user and N = {n,} is the sampled noise n(t) in (3).

III. A SPACE-TIME BLIND ADAPTIVE MULTIUSER
DETECTION BASED ON CM CRITERION

A. CM Criterion and CM Approach

The constant modulus algorithm (CMA) was initially
proposed in [7] and [8] for blind channel equalization. Due
to its simplicity in implementation as a least-mean-square
(LMS) type adaptive filter, the CMA is one of the most

widely studied and implemented blind adaptive equaliza-
tion algorithms in digital communication systems. In a
CM-based equalizer, the CMA penalizes deviations of the
blind equalization output away from the constant modu-
lus of transmitted signal. The cost function involved is
given by

I(n) = Ellw"(n) - x(n)]’ — RP] (59)
_ Efjum)
B = Bl (5b)

where x(n) is an input signal vector for the equalizer,
w(n) is the tap-weight vector of the adaptive filter at nth
time instant, and u(n) is the transmitted signal which
has constant modulus. The constant R is chosen such
that the gradient of the cost function J(n) is zero when
perfect equalization is achieved. Based on the stochastic
gradient algorithm [10], the adaptation rule for w in (5)
is given by

w(n+ 1) = w(n) + u-x(n)e*(n)
e(n) = wH (n)x(n)(R — |w¥ (n) - x(n)[?)

(6a)
(6b)

where 4 is a step size. Compared with training-sequence
based equalization algorithms, the CM-based algorithm
adapts the equalizer blindly and thus improves channel ca-
pacity.

B. Linear Constrained CM-Based Blind Adaptive Mul-
tiuser Detection

Several CM-based blind adaptive multiuser detectors,
were proposed in [2] and [3]. In [3], the detection vec-
tor w; is characterized as the solution of the constrained
optimization problem

(7a)
(7o)

minimize: E[||wix|? - 7|?]
subject to: wis =1

where x is the chip-rate sampled input signal to the detec-
tor, which contains MAI and additive channel noise, wx
is the detection vector, and sj is the normalized signature
vector for the kth user. The linear constraint in (7b) is in-
troduced so that when the objective function is minimized
subject to this constraint, the interference from other users
will be effectively suppressed. It is worthwhile to point out
a connection of the problem in (7) to the well know decor-
relating detector: in a noise-free communication channel,
it can be shown that minimizing the objective function in
(72) achieves perfect MAI suppression and the detector ob-
tained is the same as the decorrelating detector.

Because of the presence of the constraint in (7), the
stochastic gradient algorithm shown in (6) cannot be ap-
plied directly. To deal with this problem, reference [3} pro=
posed a subspace type algorithm which projects the input
x onto the null space of desired user signature vector s;.
Although in general this algorithm works well, the compu-
tational complexity of the algorithm is rather high because
of the projection operation involved.
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C. An Improved Blind Adaptive CM-based Detector

A computationally more efficient blind adaptive detector
can be derived based on the adaptation rule in [1] which
was initially proposed for the CMOE detector. The algo-
rithm is described in Table 1, where the detection vector is
divided into two parts: the desired signature vector s; and
the adaptive term y(n) which is orthogonal to s;. In this
normalized adaptation algorithm, the step-size u is cho-
sen to minimize the error signal e = (|w# (n)x;(n)|? — 1)2
in each iteration. In practical implementation, the value
of 4 is reduced by multiplying it with a small posi-
tive constant in order to reduce the noise effect in the
adaptation.

TABLE 1
SUMMARY OF THE NORMALIZED STOCASTIC GRADIENT ALGORITHM
SOLVING THE PROBLEM IN (7).

Parameters: x(n): input signal
wg(n): adaptive detector
Sk: signature vector for the kth user

e step size
Initialize the algorithm by setting:
n=1 y(1)=0
At time instant n =1, 2, ..., compute
wi(n) = s +y(n)
7 = wi (n)x(n)
e=|Z]2-1
Zmy =s¥x(n)
Xo =X — Zmf - Sk
p=1/(lel- lIxa]|*)
yin+1)=yn)—p-e* Z*-x,

The signal-to-interference-plus-noise ratio (SINR) de-
fined by
A2 T 2

SINR = e ®)
o2|[w||2 + Z;I:; Aj(wj 55)

is used to measure the tracking ability of the adaptive de-

tectors, where ||wy]|| is the 2-norm of wy. From the analysis

of global convexity of the objective function in (7a) [3-5],
it is known that the minimizer w} is unique.

D. CM-Based Space-Time Blind Adaptive Multiuser De-
tection

In the CM-based space-time detector shown in Fig. 1,
there are M CM-based adaptive detectors that indepen-
dently suppress the MAIL The algorithm presented in Ta-
ble 1 can be applied for filter adaptation for each ele-
ment of the array. After the blind tracking period termi-
nates, the binary demodulation decision is made by com-
bining the outputs of the adaptive filters in the array alto-
gether. To achieve best performance, the combiner mul-
tiplies each filtered output by the corresponding ampli-
tude of the desired user signal [9]. This approach en-
ables us to weight the signal by a factor proportional to

the signal strength to achieve maximum combination gain.
After the weighting operation is performed, the decision
is made by taking the sign of the sum of the weighted
outputs, i.e.,

M
br = sgn [Re (Z Amkwﬁ,‘xm)J 9)

m=1

where A,x is the received signal amplitude, and w,,; is
the filtering vector for the kth user in the mth array ele-
ment. The above signal processing is often referred to as
mazimum ratio combination (MRC).

It can be observed from (9) that the realization of MRC
requires the knowledge of A,,x which usually is not avail-
able in the receiver. Note that as soon as the adaptive filter
of each antenna begins to converge, the MAI present in the
filtered outputs is considerably suppressed yet most energy
of the desired signal is reserved. Therefore, the amplitude
of the filtered output signal is proportional to the strength
of the desired signal. Consequently, the ratio of the ampli-
tude of the filtered outputs can be considered as an alter-
native to disclose the relative signal strength of the desired
user. This approach is particularly effective in a CDMA
system with moderate near-far problem and high signal-
to-noise ration (SNR) because in such a system, the MAI
residue in the filtered output is insignificant and the above
ratio becomes an accurate resemble of Apk. Finally we re-
mark that the accuracy of the approach can be improved by
normalizing the filtering vectors in the receiver and averag-
ing the amplitude of the filtered output over certain time
duration.

IV. SIMULATION RESULTS

Computer simulations were conducted to evaluate the
performance of the proposed space-time CM based blind
adaptive multiuser detector and to compare it with several
existing detectors. Performance was evaluated in terms of
SINR in tracking period and bit-error-rate (BER). Based
on (8), the SINR for space-time linear detectors is meant .
to be

v s
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The demodulation performance of the CM-based and the
CMOE space-time blind adaptive detectors [6] with respect
to signature estimation error was also investigated in our
simulations.

We considered an eight-user DS-CDMA system where
each interference signal was 6dB stronger than the desired
user. The user signatures used were the Gold codes of
length 15. The DOAs of six users are evenly distributed
from [20° to 145°], and the estimation error of the desired-
user signature was modeled as a vector of independent
and identically distributed (iid) complex Gaussian vari-
ables with zero mean and a variance of 0.05.

The SINR in the tracking period of the MMSE, CMOE
and CM-based space-time detectors was plotted in Fig. 3,

SINR = ] (10)
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where the receivers were equipped with a 3-element an-
tenna array with an inter-element spacing of d = 2A. The
SNRs of desired user signal for the three antennas were 10,
10.5 and 11dB.

SINR (dB)

L L "
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s x "
201 251 301
Number of lterations

Fig. 3. SINR in the tracking period of three space-time detectors
with a 3-element array.

From Fig. 3 it is observed that as soon as the adaptive
algorithms begin to converge, the CM-based space-time de-
tector demonstrates a higher SINR compared with that of
the CMOE detector. Due to the presence of signature es-
timation error, however, both the CM-based and CMOE
blind adaptive detector offer lower SINR than that of the
training-sequence-based MMSE detector.
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Fig. 4. BER of eight-user CDMA system versus SNR of desired user
with m antennas.”

Next, the demodulation performance of the CM-based,
CMOE, and. training-sequence-based MMSE detectors
were evaluated versus the number of antennas used, which
varies from 2 to 4 with an inter-element spacing of
d 4\ and the relative signal strength for the de-
sired user of different antennas were set to 1, 1.1, 1.2,
0.8, respectively. The detection vectors of the three de-
tectors were obtained after 500 tracking iterations and

the MRC weights were obtained by averaging the am-
plitude of filtered output over 100 symbols. The ob-
tained BER of three space-time detectors were plotted
in Fig. 4.

It is observed from Fig. 4 that the CM-based space-time
detector demonstrates practically the same performance as
that of the training-sequence-based MMSE detector. It is
also observed that compared with the CMOE detector, the
proposed CM-based blind detector shows a much improved
BER performance.

V. CONCLUSIONS

In this paper, the CM based space-time multiuser de-
tector has been investigated. From the analysis and simu-
lation results presented, we have seen that the CM based
space-time multiuser detector offers a significant capacity
gain with the presence of estimation error of signature for
desired user.
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