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Abstract—in this letter, a constant-modulus-algorithm-based ables and jointly optimized with the receiver. Although, similar
multiuser detection scheme is proposed for a communication to the conventional CMA, our constrained CMA suffers from
system under multipath propagation. To mitigate channel distor-  g1\yer convergence than some existing linear multiuser detec-

tion and multiuser interference, we integrate multiple constraints ti thod h in 11 d 8l th d .
into the optimization criterion. According to our analysis, the ion methods such as in [1] and [8], the proposed receivers can

ability of the detector to remove all interference is ensured in the be adaptively implemented with low complexity and yield sat-
absence of noise when the constraints are properly preselected.isfactory performance.

However, in the presence of noise, the constraints highly affect
the performance of the receiver. In order to optimally combine
signals from different paths to achieve performance gains, those
constraints can also be treated as variables and jointly optimized  Consider a direct-sequence CDMA (DS—-CDMA) system
with the receiver, as verified by numerical examples. with .J users. Usey is assigned a periodic spreading sequence

Index Terms—Constant modulus algorithm, constrained opti- ¢;(k)(k =0,..., P — 1). Let the chip sequence be transmitted

Il. DATA MODEL

mization, multiuser detection. through a multipath channel with unknown coefficiepjén).
Then the received chip-rate discrete-time sign@l) has the
. INTRODUCTION form [9]
HE CONSTANT modulus algorithm (CMA) is a very J oo )
effective blind approach to combating intersymbol intery(n) = Z Z w;(l)ej(n—m—d;—1IP)g;(m)+v(n)
ference (ISI) when a communication channel is frequency- j=11=—c0o m=—oco
selective [2], [3]. Recently, the method has been applied to (1)

detect code-division-multiple-access (CDMA) signals basd{ierew;(n) is thenth information symbol from usej and
on a constrained optimization technique. With given spreadid§sumed to take eitherl or —1 with equal probabilityd; is
codes of the desired user, the CMA-based detector is forcedig chip delay of usef; andw(n) is zero-mean additive white
satisfy one or a set of linear constraints such that signals fréafussian noise (AWGN). All quantities in (1) are assumed to be
the desired user are detected in a flat fading channel [6], [1r@!JaI in this letter, and the maximum channel order for all users
or multipath environment [4], [7]. Although those CMA-baseds denoted ag. Without loss of generality, user 1 is treated as
approaches have shown better detection performance tHag user of interest. The receiver is assumed to be synchronized
some second-order-based methods, they exhibit certain dfsthis user. After collectind, = » P measurements in a vector
advantages. It is clear that [6] and [10] suffer from signatu#e, = [y(nP),...,y(nP + L — 1)]", the received data vector
mismatch. Among those capable of multipath mitigation, [4)ecomes [7]
exhibits local minima and inability to optimally combine signal
components from different paths. The approach in [7] is &, = Hw(n) +v, = hywi(n +10) + Hinewine(n) + v, (2)
batch iterative algorithm. Its global convergence has not been
established analytically. whereH = [hy, Hyn], by = Cyg, is the signature vector of the

In this letter, we adopt the CMA criterion but propose muldesired symbolv; (n + v) with a time offset) < vy < v; C;

tiple constraints to detect the desired signal in a multipath prag-the code-filtering matrix whose first) P rows are all zeros;
agation environment. Based on our analysis, the constraints gQ"s the channel vector

be properly preselected to guarantee global convergence of the

algorithm. However, in the presence of noise, the constraints i 0 0 T
highly affect the performance of the receiver. In order to op- c1(0) 0
timally combine signals from different paths to achieve per- : . 91(0)
formance gains, those constraints can also be treated as var'&-1 o ' . c1(0) g .
= . 1= :
C1 (P — 1) gl(q)
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the corresponding sighature matrix; amgis the noise vector. be transformed to the following unconstrained function with
The particular structure @f; will be exploited to derive a blind respect tax after explicitly evaluating the expectation [3]
detector that is capable of combating multipath distortion and

M
suppressing both ISI and MUI. ngnj — 9 [(9T91)4 + Z(aT,Yi)4‘|

Throughout this letter, we make the following assumptions: =

AS1) all users’ information sequences are temporally indepen- M 2

dent and identically distributed with unit power and mutually +3((g%g,) + Z(O‘T'Yi)zl
independentAS2) channel noisev,, is white Gaussian and i1

independent of input signal#AS3) matrix [Cy, span{Hjy}] M

has full column rank, wherepan{H;,.} represents any set -2 [(ngl)2 +) (@) +1. (5)
of bases of the space spanned by all columndHgf,. The i=1

first two assumptions are common in most multiuser detectipfxt, we obtain the stationary points of (5). Taking the deriva-
approachesAS3 can be easily satisfied for the uplink commutive of (5) with respect tax and forcing it to be zero yields
nication due to distinct channel fading of each user. For the " v

downlink communication, even though the full column rank - T T \3_. _

condition on H has been shown to be mostly violated [5], VaJ = (124 - 4);0[ Vi 8;(0[ %) =0 (©)
AS3requires only the linear independence betwégand the - . .

range space of the interfering signatures, which is much le¥8eres = (9" 1) +3Z;(a",)*. Rearranging all terms in (6),
restrictive than that in [8] and, thus, enhance the applicabilify® have

of the approach proposed next. M
VaT =) %[12¢ —4—8(a",)’]7] pa=0
I1l. CONSTRAINED CMA-BASED MULTIUSER DETECTION i=1

Our objective is to design a linear detecfato blindly detect which is further expressed in the following matrix form

w1 (n+vp). We adopt Godard’s CMA criterion but with multiple VoJ = Ddiag{12¢ — 4 — 8(a"v,)*})TTa=0. (7)

constraints arranged in a vector [9
g o Equation (7) immediately suggests tlaat= 0 is a stationary

point. However, other nonzero stationary points are difficult to
obtain in a closed form. We will show that wheép’g,)? >
(1/3),a = 0 is the unique minimum point, while any nonzero
wherez, = fly, is the detector's outpuy is a preselected stationary point which satisfies (6) [or (7)] is impossible to be a
constraint vector aiming to properly combine the desired sigrainimum point.

components from different paths in the presence of multipathFirst, we obtain the Hessian matrix by taking the derivative
distortion. In a special case of flat fading, (3) reduces to i@ (6) with respect tax

method described in [10]. According to (2), becomes H(a) = 2[12¢ 4= 24(aTy,) 2yt

3

min 7 = E{(zg - 1)2} subjecttc’f=g  (3)

Zn = frCigywi(n 4+ o) + fr Hinewine(n) + frv,  (4)

T T T

where the contributiorj’Tclg1 from the desired symbol be- +24 <Za 'Yi’Yi) Za V7 |- (8)
comes a constant! g, due to the constraints in (3). Its power ' !
(g g,)? plays a critical role in removing both ISI and MUI, asAt the stationary poinia = 0, (8) reduces toH(0) =
shown in the following theorem. The theorem will also sugge4f3(9”9:)> — 1JTT”. Recalling thatT' has full rank, T'T”
how to select the constraint vectgr is positive definite. It can be easily concluded thaat= 0 is

Theorem: Under AS1 and AS3, if g is chosen to satisfy & minimum point when(g”g,)*> > (1/3). However, at any
(gTg,)? > (1/3), thenf obtained from (3) will remove ISI and nonzero stationary poit, it is not easy to obtain the property
MUI completely in the absence of noise. Otherwise, residu@i 7 (a) directly from (8). Thus, we left and right multiply (8)
interference exists. by @ and check the resulting quantity. At after replacingp

TProof: UnderAS3, fTb;im in (4) is linearly independent by ¢ = ¢(a) andy_ .(a;)* by ¢ — (g7 g,)?, we obtain

of f'C, = g”. Therefore,f" H;,; can be replaced by a new _
set of optimization variables independent of constraints. @hTH(&)d = 32[1% —4-8(a",)’l(a"y,)*
the other handH;,; is not necessarily of full column rank in i
a multipath environment [5], ang” H;,, cannot be defined +8Z[1 -3(9"g1)%(@" )% (9)
in general as a set of new variables as in [10]. Supdse i
hasM columns but has rank < M. Arrange! independent Notice thata satisfies (6). Left multiplying (6) bya” clearly
columns of Hi,. in a matrix ¥. Then Hi,, = WL wWhere zeros out the first part in (9). Therefore H(a)a = 8[1 —
' = [yy,...,7)] has rankl. Therefo;e, we can define a3(g7g,)2] . (aTy,)?. Obviously, if (¢7g,)> > (1/3) then
set of new independent variables as = (f'®)”. Then a’H(a)a < 0, which implies thatH(a) is nonpositive defi-
f"H,,, = o"T. On the basis of the above analysis, (3) canite. Therefore, any nonzero stationary point from minimizing



XU AND LIU: CODE-CONSTRAINED BLIND DETECTION OF CDMA SIGNALS 391

(3) cannot be a minimum point. Hence, we can conclude th@t/v/3|g,||) < p < (1/]lg,|). In the case of unknown channel
if (gTg,)? > (1/3), thena = 0 is the only minimum point. parameters, an empirical choite/v/3) < p < 1 is adoptable,
Sincea = 0 implies f'H;,, = 07, the receiver obtained since||g, || < 1 for most wireless communication systems.
from (3) will remove both ISI and MUI completely. In the case With decomposition (10), the CMA cost function becomes a
of (g7g,)?> < (1/3), H(0) becomes negative definite. Thenfunction of bothg andu. After taking the derivative with re-
a = 0 is not a minimum point. Nonzero stationary points causspect tog, which gives(C{ C;)~*CT EF{(2% — 1)z,y,,}, an up-
fTHim = oTT to be nonzero, sincE has full column rank. date equation similar to (11) follows
This situation results in some residual interference. O )

It is worth to mention that in a special case when the channel  g(n + 1) =g(n) — g (22 — 1) z, (C{C1) Cly,
is flat fading andH,; has full column rank (i.e.] = M), p
all previous analyses are applicable and will reduce to those in gln+1) = llg(n + 1)||g(n +1) (13)

[6], [10] by taking ¥ = H;,; and correspondingl¥' to be an i i
wherep, is a step size. Once andg are updated by (11) and

identity matrix. . . . .
To easily implement the proposed approach, we decomp&é) respectively, the receiver can be obtained by (10) at dif-

the receiver in a generalized sidelobe canceler structure as [5]r€nt ime. The two step sizes, andy,, can be independently
adjusted in the light of [9] and [11].

f=C (Ci‘rcl)f1 g+MOtu IL21-C (ClTle1 cr. According to our previous analysig”g,)? > (1/3) should
(10) be satisfied to guarantee the convergence of the algorithm.
Under the norm constraint apn this can be achieved by good
The constrained optimization problem is then transformed infgitialization of g and proper selection of.,. Satisfactory
an unconstrained one. Under this decomposition, (3) becomggalization is achievable by resorting to the MOE method [9].
an unconstrained function af The derivative of7 with respect  sjnce the constraint vector in [9] has been shown to converge at
to u is easily found to bell; E{(z; — 1)zny,}. By using the 5 satisfactory rate tg, within a scalar ambiguity in the absence
stochastic gradient descent method and instantaneous apprgxiawGN, we may initially run the MOE algorithm and then
mation to the expected value, we readily obtain the followingyitch to our algorithm with sufficiently small, to guarantee
update ofu wheng is preselected according to our theorem (47 )2 > (1/3). The turning point may be any point after
w(n+ 1) = u(n) — iy (2 — 1) z,Tty,  (11) convergence of the MOE algorithm. Typically, a few hundred
iterations are sufficient, based on the simulation results in [9].
where a factor of four in the gradient has been absorbed into 9gwever, how to properly initializgg without assistance of
step sizeu,. After u is obtainedf can be constructed accordingother methods in order to guarantee favorable convergence still

to (10). constitutes an open topic.
In order to maximize the power of the desired symbol while
maximally suppressing the interference, the constraint vegctor V. SIMULATIONS

can be further optimized as discussed next. ) ) )
We consider a CDMA system with spreading fackbr= 12

IV. OPTIMIZATION OF THE CONSTRAINT VECTOR and four equal power users. Each user transmits binary
) phase-shift-keying signals through individual multipath chan-
~ In Section Ill, we have shown that@T!ll)Q > (1/3),then  neis of order three. Each channel coefficient is Gaussian
interference can be completely canceled in the absence of Noiigiributed. The first path has unit power, while each of the
At the unique minimum point = 0, the residual CMA cost \emaining paths has power of 0.3. Delays of interfering users
becomesTmin(g) = [_(9T91)2 — 12 according to (5). Itis @ 416 yniformly distributed from zero t® — 1. Each user's
function of g* g, if g is treated as a variable. Meanwhile, thgpre4ding sequence, channel, and delay are randomly generated
power of the desired symbol under our constraints is obsernigthach of 100 realizations. We set= 5 andv, = 3.Inthe
tobe(f"h1)* = (_9T91)2* which also depends an Therefore, ot experiment, we use the theoretical cost function (3) to test
the preselecteg in our previous discussion highly affects thene effect of the constraint vector on the performance of the
receiver's performance. In order to achieve the minimum CMfyon6sed CMA receiver when constraints are fixed (termed as
cost and obtain the maximum power for the deS|_red symbol, W&1A-FC). The total interference power over differégt g, )
propose to further minimize the residual cost with respegt 1o 5 noiseless system is plotted in Fig. 1. The critical value of
under a norm constraint ({1}/{3}) is experimentally observed, justifying our analysis.
min Jmin(g) subject to||g|| = p. (12) Next, we compare our adaptive CMA receiver when constraints
9 are updated (termed as CMA-UC), our adaptive CMA-FC
A similar idea has been applied in the minimum output emeceiver, the adaptive MOE receiver [9], Li and Fan’s adaptive
ergy (MOE)-based approach [9], which maximizes the residuaceiver (LF) [4], and the ideal minimum-mean-square-error
output power of the receiver after constrained minimization iMMSE) receiver. The constraint vector obtained from the MOE
the first step. The norm constraint in (12) aims to fogceo method after 800 iterations is used directly for the CMA-FC
be in the direction ofg, in order for optimal combining of receiver and as an initial vector to update the constraint vector
the signal components from different paths. To guarantee zeeguired by the CMA-UC receiver. Those 800 received data
interference and zero cost, which requigg’g,)> > (1/3) vectors are also used for estimating the best delay in [4]. Fig. 2
and(g7g,)? = 1 respectively,» should be chosen to satisfycompares bit error rates (BERS) of those receivers over various
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Fig. 1. Total interference power vers(g" g, )* for the proposed CMA-FC Fig. 3. BER versus input SNR under two-ray Rayleigh fading.

receiver.

VI. CONCLUSION

We have proposed a blind multiuser detector to combat mul-
tipath distortions and suppress both ISl and MUI. The method is
based on the CMA criterion with multiple constraints on the de-
tector. The choice of constraints affects the performance of the
detector. It is shown that under certain conditions on the con-
straints, the algorithm enjoys global convergence in the absence
of noise. We also seek optimal constraint parameters by jointly
updating them with the detector. Initialization for the proposed
algorithm can be performed by the MOE approach to guarantee
favorable convergence.
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