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Abstract— A new multinser detector for direct-sequence code-division
multiple-access (DS-CDMA)} systems is proposed. In this detector, the
detection is carried out by solving a linear-constrained optimization
problem where the objective function is formulated based on the vector
constant modulus (VCM) criterion. Two adaptation algorithms are
developed for solving the optimization problem and computer simulations
are conducted to evaluate the performance of the VCM detector. It is
shown that this detector can effectively suppress multi-access interference
(MATI) and intersymbol interference (ISI) present in the received signal,
More importantly, the VCM detector offers robust detection performance -
against discrete-time signature distortion caused by aliasing at the
receiver.

1. INTRODUCTION

Blind multiuser detection in direct-sequence code-division multiple
access (DS-CDMA) systems has received a great deal of attention
since the work of Honig et al. [1]. In wireless communication
systems, the effective signatures can be distorted during multipath
propagation and can thus become unknown to the receiver. Simulation
results presented in [1] have indicated that the performance of the
blind detector is very semsitive to the distortion of the effective
signatures. One possible remedy for this problem is to first estimate
the impulse responses of the unknown multipath channels and then to
reconstruct the effective user signatures. This idea has been pursued
by several authors using subspace methods [2][3] on the one hand and
constrained optimization methods {4] on the other. In both methods, it
is assumed that the discrete-time effective signature can be expressed
as the linear convolution of the corresponding nominal signature
and channel impulse response [2-4]. In typical DS-CDMA systems,
however, the sampling frequency at the receiver can be lower than
the Nyguist rate of the effective signature waveform if the highest
frequency of the channel impulse response is significantly higher
relative to the chip frequency of the user signatures. In this case,
aliasing arises in the samples of the effective signatures and, as a
result, the linear convolution relationship assumed in the above two
methods breaks down. In this paper, we focus our attention on the
multiuser detection problem fer frequency-selective fading channels
when the discrete-time effective signatures are distorted by aliasing.

As is known, the effect of aliasing can be described by using
an additive term. Hence, the discrete-time effective signature can be
described as the linear convolution of the nominal signature and the
channel impulse response plus a distortion term that represents alias-
ing. In a time-varying communication channel, the distortion term
may change very quickly along with the channel impulse response.
For this reason, it is very difficult to timely and accurately estimate
the distortion due to aliasing. Our simulation results show that
detectors based on existing subspace and constrained optimization
methods are very sensitive to the presence of the signature distortion
caused by aliasing.
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In this paper, a new multiuser detector is proposed in which the
detection is carried out by sclving a linear-constrained optimization
problem whose objective function is formulated based on the vector
constant modulus (VCM) criterion. Two adaptation algorithms are
developed and computer simulations are conducted to evaluate the
performance of the VCM detector. It is shown that the proposed
detector can suppress multi-access interference (MAI) and intersym-
bol interference (ISI) effectively. More importantly, the proposed
detector offers robust performance against the discrete-time signature
distortion caused by aliasing at the receiver.

II. SIGNAL MODEL

Consider a K-user DS-CDMA system where each user is assigned

a distinct signature waveform si(t), k=1, 2, ..., K, namely,
N
()= s(iprlt—(-DT] forteo, B} O
i=1

where pr, (%) is the chip waveform which assumes nonzero values
between 0 £ ¢ < T and is zero elsewhere, N = T} /T, is the
spreading gain and s; = [$&(1) s&(2) --- 9x(N)]7 is the signature
sequence assigned for user k. The signature waveforms are usually

normalized to unit energy, i.e., [|sx(t)||* =1, fork=1, 2, ..., K.
The transmitted signal of user % is expressed as
Fo )
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where bi denotes the ith binary information bit, A is the amplitude,
and dj is the transmission delay for user k, respectively. For the
sake of simplicity, we consider synchronous systems by assuming
di=di=---=di =0.

The signals are wansmitted through a fregquency-selective fading
channel and the impulse response for the signal of user k can be
expressed as [5]

My
98(t) = ) ctkm exp(—38km) 8t = 7iem)
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where §(t) denotes the unit impulse function, M; denotes the number
of resolvable propagation paths for the signal of user k, axm denotes
the real amplitudes, T, denotes the excess delay, and 8., denotes
the additional phase shift of the mth propagation path for the signal
of user k. From (2) and (3), the noise-free signal of user % can be
expressed as
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where ‘+* denotes linear convolution and he(t) = sk(t) * ge(t)
denotes the effective signature waveform of user k due to multipath
propagation. By taking all user signals and channel noise into
account, the received signal y(t) can be expressed as

K
y(e) = Y ux(t) +v(®) ©)

k=1

where v(t) denotes a complex-valued additive white Gaussian noise
(AWGN) with zero mean and variance o3,

At the receiver, y(£) is sampied to generate P samples in each
chip duration. The sampled signal is given by

oo K
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where y(n) = y(t)l=nr./P+ Br(n) = Br(thi=nr /P, 20d v(n} =
v()js=nT, /P denote the discrete-time counterparts of y(t), h(t), and
v(t). respectively. Note that when the sampling frequency, P/Te, is
equal 1o or higher than the Nyquist rate of ke (t), then hx{(n) can be
expressed as

he(n) = {sx(m} + {(m} = D selm)ge(n—m) )

m==00

where sx(n) = % ()|sont.p and gr{n) = ge(t)|imnT./p denote
the discrete-time counterparts of 8 () and g (t), respectively. When
the sampling frequency is lower than the Nyquist rate of hy ().
however, aliasing arises in kg (n) and (7) is modified as

o

hi(m)= Y se(m)gi(n —m)+ ex(n) - ®
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where {ex(n)} denotes an aliasing term introduced in the discrete-
time effective signatures. Note that in a frequency-selective fading
channel, ex(n) stays the same within the coherent time duration but
may change dramatically beyond this period. In the rest of this paper,
we make the following assumptions:
1) The sampler generates one sample per chip duration, ie., P =1.
2 {ge(n),n=12...}for k=1, 2, ..., K are normalized and
of finite duration with lengths no greater than M, where M < N.
3) The first user is the desired one and a coherent detection is
conducted, ie., f1m form =1, ..., M are known at the receiver.
The second assumption implies that the detection of the current
symbol only depends on the signal samples in the previous, the
current, and the subsequent symbol durations. By collecting N +
M —1 samples of y(n) to form a vector y = [y(1) ¥(2) --- y(N+
M —1)]7, (5) can be expressed in a matix form as

1 K
S5 Adbughig +v ®

j=—1 k=1

y:

where the subscripts § = —1,0, and 1 denote the previous, the
current, and the subsequent symbol duration, bs,; and hg,; denote
the information bit and the discrete-time effective signature of the jth
symbot duration of user &, and v = [v(1) v(2) --- o(N+M-1)7

is a vector of complex-valued white Gaussian noise source with zero-
mean and covariance matrix o21. Specifically, hk,o can be expressed
as

hio = Skgr +€x for k=1,2,...,K (10}

where ge = [9:(1) gx(2) - gu(MIT, er = [ex(1) €x(2) ---
ex(N+M—1)]7, and Sy is defined as an (N + M —1) x M Toeplitz
matrix whose first column and the first row vectors are sfo0--- O]T
and [sx(1) O --- 0], respectively.

III. A VCM-BASED BLIND MULTIUSER DETECTOR

A. Brief Review of VCM Approach

The VCM approach was first proposed for blind channel equaliza-
tion whereby the source signal has a near-Gaussian distribution and
a channel equalizer using a constant modulus (CM) approach fails
to converge. It has been shown that the performance of the equalizer
based on the VCM approach is superior to that of the equalizer based
on the CM based approach [9].

Let a = {a(n)}, ¢ = {c{n)}, x = {z(n)}, w = {u1 w2
.o+ wi)¥, and 7 = {z(n)} denote the transmitted signal, the channel
impulse response, the received signal, the equalization vector, and the
equalized signal, respectively. On the basis of these assumptions, we
have x = a*c and z = w + x. The VCM-based channel equalizer
is characterized by the soluticn of the minimization problem [9]

(1

where ||z|| denotes the norm of z and o = E(a*)/E(a’) is a constant
denoting the modulus of source signal.

minimize:  J(w) =E [llzll® —a®]*

B. VCM-Based Multiuser Detector

Consider suppressing the interference in DS-CDMA systems by
using a VCM approach. By regarding the signals of the previous and
the subsequent symbol durations as the signals of the current symbol
duration of additional 2K users, (9) can be written as

8K
y = ijbkﬁk +v
k=1

(12

In (12), Ay is the amplitude, By is the information bit, and by is
the discrete-time effective signature of the kth equivalent user, which
are defined in Table L.

TABLE [
DEFINITIONS OF A, bg. AND h;, FOR (12)

kE | ke[, K] ke[K+1,2K] ke[2K+1, 3K]

Ag Ag Ap-x Ag-2x
by be.o e —1. e +1
hg b0 hi,—1 hi

Note that after the reformulation, ihe ISI of the previous and
subsequent symbol durations in (9} becomes the MAI from 2K
equivalent users in (12). According to Table 1, the current information
bit of the desired user corresponds to the first equivalent user in (12).
If we denote the detection vector of the VCM detector as w, it is
easy to see that
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where, ym = [y(m) yim + 1} --- ym+ N-1)T isa N x 1
column vector which, according to (12), can be expressed as

3K
Ym = Z Akzkﬁk.m + vV

k=1

(14

In (14}, Bz = [he(m) he(m+1) - - he(m+N-1)]7 and v,, =
fv(im) v(m+1) -+ vim+N=1)]" are truncated counterparis of
hy and v in (12), respectively.

According to (12)-(14), the proposed VCM based detector is
characterized by the solution of the optimization problem

minimize E |:||wr”Y|]2 - Af]z

subject to:

(15a)

Cfw=u (15b)

where Y =fy1 y2 --- ym|. Al = Af denotes the modulus of the
signal of the desired equivalent user, C is a N x (2M — 1) Toeplitz
matrix where the first column and the first row vectors are given
by [s1{M) si{M +1) -~ (N) 0 --- 0]F and [s1(M) s1(M —
1) -+-s1(1) 0---0), respectively, u is a (2M — 1) x 1 vector with
its M'th component being one and all other components being zeros.

There are two purposes for introducing the linear constraint in
(15) into the optimization problem. The first is to fix w¥s; = 1 and
the second is to force the orthogonality of w to all other shifted and
truncated counterparts of s1. In doing so, the term w¥ by ., included
in the objective function in (15a) can be expressed as

wHﬁl,m = g(m) + wHel,m (16}
where €1, = Jei(m) ex(m) -+ ex{(m + N~ 1)j7 is a truncated
counterpart of e1. If we temporarily ignore the error term in (16), it
can be shown that minimizing the objective function in {15a) leads to
the suppression of the terms w™hy ,, fork=2,3,...,3K andm =
1,2,..., M. In other words, the MAI signal of the other equivalent
users can be effectively suppressed by w.

Once the optimization problem in (15) is solved, the information
bit of user one can be demodulated according to the maximum ratio
combination (MRC) criterion as (7]

b1(i) = sign [Re(w? Y - &1)] an

where Re(-) denotes the real part of a complex quantity, sign(-}
denotes the sign of a scalar, and g = [B1(1) g1(2) -- g1(M)T
is an approximation of the channel impulse response of user one,
which can be computed as

gi(m) = E{w"ym|exp(—jbim) for m=1,2,...,M (18)

We conclude this section with two remarks:

1) Channel Order Selection: Though it is assumed that the max-
imum channel length for all users is M, it does NOT imply that
the channels should be of the maximum length exactly. In fact, if
the number of nonzero components in g is less than M and their
positions are known a priori, then the redundant constraints can be
removed from (15b) to reduce the amount of computation required.

2) Group-Blind Detectors: In uplink CDMA systems, the nominal
signatures of other users may be known at base station. In this
case, the performance of the proposed detector can be improved by
expanding the linear constraint in (15b) in a way that forcing w to be
orthogonal to the shifted and truncated counterparts of the nominal

signatures of the other users known at receiver. Interested readers are
referred to [6] for more details. '

IV. ADAPTATION ALGORITHMS

In this section, two adaptation algorithms, namely, the constrained
stochastic gradient (CSG) algorithm and the recursive VCM (RVCM)
algorithm, are proposed for solving the optimization problem in (15).

In the CSG algorithm, the detection vector w is jnitialized as
w(0) = C(C¥ C)~'u, which is one of the solutions for the equality
in (I5b). In each iteration of the CSG algorithir, we first compute
the instantaneous gradient of the objective function, denoted as g(z).
Then g(1) is projected onto XIZ so that the updated detection vector
can still satisfy the constraint in (15b) in the next iteration. The step-
size used for the adaptation algorithm is normalized to improve the
convergence rate of the algorithm. A step-by-step description of the
aigorithm is presented in Table 2 where Y{i) is formulated based on
the observation of y at the ¢th symbol duration according to (15).

TABLE II
CONSTRAINED STOCHASTIC GRADIENT ALGORITHM

Step 1: Compute the initial solution as w(0} = C(CEC)~lu.
Step 2. Compute FI§ = I - C(CEC)-1CH,
Step3 For =0, 1, 2, ..,
(1) Compute (i) = {jw# (i)Y (3)]|2 — Al
{2) Compute the stochastic gradient as
gli) = efi) - Y)Y ¥ {5)w(i)
and its projection on T as
£(i) = OF g(4). respectively.
(3) Compute the normalized step-size as
p(i) = |80/ [e(d) - {187 (BYY (D)II?]
(4) Update the detection vector as
wii+ 1) = wli) — uf@) - £{(8)

Because the objective function in (15a) involves fourth-order
statistics of the received signal, the convergence rate of the stochastic
gradient type algorithms can be rather slow [8]. When the statistics of
the received signal experience dramatical change in a fast frequency-
selective fading channel, the CGS algorithm may fail to track the
variation of the received signal. In what follows, a recursive YCM
(RVCM) algorithm is proposed which offers faster convergence rate
at the cost of increased amount of computation.

The RVCM algorithm is developed on the basis of the well-known
recursive least square (RLS) algorithm [8]. The initialization for the
RVCM algorithm is the same as that for the CGS algorithm. Two
key formulas for the RVCM algorithm are given by

1
A+sH(DP(E — 1)s(
P() = % [P(i - 1) - k(5" ()P - 1)]

k(i) =

3 P(i—-1)s(i) (19

(19b)

where s(i) = g Y (5)Y ¥ (i}w(i), P(i) is a matrix to approximate
the inverse of the crosscorrelation matrix of s(f), and 0 < A< lisa
forgetting factor. A step-by-step description of the RVCM algorithm
is presented in Table 3.

V. SIMULATION RESULTS

Two Monte-Carlo computer simulations were conducted to in-
vestigate the performance of the VCM detector when ex for k =
1, ..., K were present at receiver. The performance measure in the
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TABLE I}
RECURSIVE VCM ALGORITHM

Step 1: Initalize P{0) = &I with d to be a positive scalar and

w{0) = C(CHC)~lu
Step 2; Compute né = 1 c(cH C)-1CH,
Step 3: For i =0,

(1) Compute e(z) |[w(z)"’Y(z)||2 .
(2) Compute 8(i} = MY (EYH (t)w{l)
(3) Update k(i) as k(i) = P(i)s(@)/ [ + s (i)P(i)s(i)] -
(4 Update the detection vector as
w(i+ 1) = wii) — e(i) - k(5)
(5) Update P(i + 1) = (1/2) - [P(s) = k(i)s¥ (5)P(5)].

simulations is the bit-error-rate (BER) averaged over 100 runs. In
each run, the detector coefficients for both algorithms were obtained
after convergence and the BERs were obtained based on the detection
of 10° information bits. In both simutations, s, and g, were modeled
as vectors of zerc-mean Gaussian variables of -unity norm, and Ag
was assurmned to be a log-normally distributed random variable whose
logarithmic variance is denoted by 2. For the sake of simplicity, ex
for k = 1, , K were modeled as vectors of Gaussian variables
with zero-mean and variance <. These parameters remain unchanged
in a single run but were distinct in different runs. For comparison
purposes, the BERs obtained by the constrained optimization method
and the subspace method were also evaluated.

In the first example, we considered a 6-user DS-CDMA system
with light near-far problem where o2, N, and M were assumed to be
a2 =10, N = 63, and M = 4, respectively. In the second example,
we considered an 8-user DS-CDMA system with more severe near-
far problem where o2, N, and M were assumed to be o2 = 103,
N = 127, M = 5, respectively. The BERs of various detectors
versus the magnitude of -y obtained in the two examples are plotied
in Figs. 1 and 2 where the dash-dot, dot, and dash lines denote the
BERs obtained for 4 = 0.01, 0.03, and 0.05, respectively.

Bit—arrot rate (BER)

L n L 1 L

I 5 8 ? [ [l L]
Signal-to-noise ratic {SNR)

Fig. 1. Demodulation bit-error rates in the first example.

It can be seen from Figs. 1 and 2 that the VCM detectors offer
improved BERs relative to the other two detectors for nonzero values
of . In addition, the BER performance offered by the VCM detector
using the RVCM algorithm is slightly better re]auve to that of the
VEM detector using the CGS algorithm.
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Fig 2 Demodulation bit-error rates in the second example.

VI. CONCLUSIONS

A new multiuser detector for direct-sequence code-division
multiple-access (DS-CDMAY) systems has been propesed based on
the VCM criterion. Two adaptation algorithms have been developed
and computer simulations have been conducted to evaluate the perfor-
mance of the VCM detector. It has been shown that the VCM detector
can effectively suppress the MAI and ISI present in the received
signal. More importantly, this detector offers robust performance
against discrete-time signature distortion caused by aliasing at the
Teceiver.
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